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Abstract 

Investigating the Underlying Causes of Cancer Using Sequencing 

Allison Cheney 
   

Cancer is a genetic disease. All cancers are caused by and dependent on 

mutations. The widespread adoption of NGS in cancer research has revolutionized 

the field by allowing us to catalog the variants within and across cancer types.  This 

knowledge was used to create a new taxonomy of cancers, where many tumors are 

classified by genetic alterations in addition to tissue of origin. Despite the role of 

NGS in identifying the mutations behind these new classifications, pre-genomic 

methods such as ISH and IHC are still commonly used in the clinic to identify 

relevant genetic alterations in tumors. 

About 20% of tumors worldwide are caused by viruses such as HPV, 

Epstein-Barr virus and Hepatitis B and C viruses. The virus may act as a mutagen 

by causing prolonged inflammation or by integration into the host genome. Viral 

infection can therefore be considered another type of genetic alteration used for the 

classification of tumors, and indeed some tumors are now classified by their causal 

viral infections. 

Epimutations are a type of genetic alteration affects epigenetic marks such 

as DNA methylation rather than the DNA sequence.  Epimutations are the genetic 

lesions behind several disorders including cancer predisposition syndromes.  

 Here I present my work developing an app that integrates with the UCSF 500 

pipeline to detect known oncogenic viral sequences in DNA samples from tumors 

(Chapter 2). I also present my work analyzing long-read sequencing and 

methylation data of a patient with bilateral Wilms tumor to identify the epimutation 

causing their cancer predisposition syndrome previously missed by other 
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technologies (Chapter 3). My work reflects the utility of adapting state-of-the-art 

sequencing technologies for diagnostic use in the clinic.  

H3K27M gliomas have a mutation in the genes encoding histone H3 that 

interferes with the deposition of the repressive epigenetic mark H3K27me3. This 

mark is important in regulating cell type development and EMT. In Chapter 4 I 

present my work using gene expression analysis to identify the role of EMT in the 

development and oncogenesis of H3K27M gliomas. Aberrant EMT may serve as a 

key dependency of these tumors.  
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Chapter One. Introduction 

Cancer and its Causes 

Cancer is the second leading cause of death around the world1. In many cases, 

cancer is thought to be caused by the chance accumulation of somatic mutations in 

cells over time2, modified by environmental and lifestyle factors3. The other 10-30% 

of cancers are thought to be attributable to a genetic cancer predisposition4. These 

mutations result in an advantage to the cancer cell by allowing uncontrolled cell 

growth.  

Overview of History of Research 

Cancer may be our oldest medical mystery. Tumors have been found in 300 million 

year old fossils5,6 of fish. A large-scale study of fossils from dinosaurs from the 

Jurassic and Cretaceous eras found tumors in 0.2% of specimens examined6–8. 

Neoplasms have been identified in the remains of Ancient Egyptian mummies5. In 

the year 160, Galen claimed cancer was caused by black bile that had become 

“trapped” in the body7. This idea was not overturned until the 1530s when Vesalius 

noted that none of his dissections of deceased cancer patients showed any 

evidence of black bile9.  

More credible theories emerged. The theory that cancers are caused by 

carcinogens took an early lead. In 1713, Bernardo Ramazzini noted several cases 

of occupation-associated cancers7. In 1761, John Hill was widely ridiculed for 

arguing that the use of snuff (oral tobacco) caused cancer10. In 1765, Percivall Pott 

noted that he had encountered many cases of skin cancers of the scrotum in boys 

who had worked as chimney sweeps11. Yet it was not until the twentieth century that 

scientists were able to successfully induce cancer in an experimental system. Jean 

Clunet was able to induce tumors in a single rat by exposing it to X-rays in 191012. In 



2 
 

1915, the Japanese scientist Katsuaburo Yamagiwa reported that repeatedly 

painting the ears of rabbits with coal tar over many months results in tumors13. 

However, the mechanism behind this oncogenesis was not known.  

In the early 1900s, Theodor Boveri, a scientist working with sea urchins, 

made a critical observation involving chromosomes14. He noted that sea urchin 

eggs fertilized by two sperm instead of one gave different numbers of 

chromosomes to their daughter cells. This led to differing effects on the cells. In 

many cases, the cells die, but in others, the cells grow and develop abnormally. 

Boveri was the first to propose chromosomes as the mechanism of heredity. 

Additionally, in a remarkable intuitive leap, Boveri suggested that cancer is caused 

by the inheritance of “a particular, incorrect chromosome combination”14.  

Others held that cancer was caused by infections. The citizens of Reims, 

France thought so: in 1779, the first cancer hospital was built a good distance from 

the city because they feared cancer was contagious7. In 1876, Mistislav Novinski, a 

researcher in Russia, showed that transplanting tumor cells from one dog to another 

could spread cancer9,15. This may be the first evidence of viruses causing cancer, 

but Novinski did not suggest this, as viruses would not be discovered until the 

1890s.  

In 1911, Boveri’s contemporary Peyton Rous proved that a virus, later called 

Rous Sarcoma Virus (RSV), caused sarcomas in chickens16,17. Had the main causal 

agent of cancer been found? Initially, his observations weren’t well received 

because cancers were thought to be of some unspecified “endogenous origin”18. 

When the evidence for RSV’s role in avian cancer became irrefutable, it was 

dismissed by many as irrelevant to human cancers16.  Many early attempts to 

identify cancer-causing viruses (“oncoviruses”) in mammals failed16. Finally, in 1935, 

Richard Shope identified a type of papillomavirus in rabbits that could cause 

cancer19. Yet Shope’s papillomavirus differed from RSV in a surprising way: it was a 

DNA virus, while RSV was an RNA virus.  
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In 1913, Johannes Fibiger published results showing that infection with 

nematodes in rats led to cancer20. Fibiger was awarded the Nobel prize for these 

results in 1927. At the time, cancer was “regarded essentially as a parasitic 

disease”21. Years later, a review of Fibiger’s histology images and other evidence 

would prove that the lesions Fibiger found in the rats were not cancerous at all, but 

rather benign formations caused by an abnormal diet and nematode infection21.  

By the late 1950s, oncoviruses were back in favor. Viruses had recently 

been discovered as the culprits behind numerous diseases that had been 

mysterious for centuries: rabies, foot and mouth disease, and smallpox. It seemed 

plausible that viruses could be behind cancers as well. The first human oncovirus 

was identified in Epstein Barr Virus (EBV) in 1958 in Burkitt’s lymphoma16. Largely 

on the strength of this discovery, the National Cancer Institute (NCI) created the 

“Special Virus Cancer Program” to discover new oncoviruses22, with a significant 

portion of the NCI’s budget behind it. In 1962, Life Magazine’s headline announced: 

“Cancer may be infectious”. And in 1966, Rous finally won his Nobel prize for the 

discovery of RSV 55 years earlier. In his Nobel lecture, he sharply dismissed what 

he termed “somatic mutation hypothesis”: that somatic mutations can cause, or at 

least contribute to, cancer. Rous was well aware of Boveri’s hypothesis, but he 

believed, mistakenly, that it was incompatible with viral oncogenesis16. The viral 

oncogenesis camp and the genetic oncogenesis camp were as far apart as ever.  

 While it was accepted that RSV and other viruses could cause cancer, what 

wasn’t known was how this occurred. Little thought was given to a genetic basis for 

cancer and according to the virologist Harold Varmus, at the time “viruses seemed 

to be the only game in town”23. In the early 1970s, the labs of Sol Spiegelman, 

Robert Gallo, and others  found retroviral RNA in many different types of cancers24–

27: leukemias and lymphomas28–35, breast cancer36–41, lung cancer42, sarcomas43, 

nasopharyngeal carcinomas44, brain tumors45, and melanomas46, and, oddly, human 
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milk47. But when these findings could not be replicated, the field of viral oncology 

suffered an embarrassment. 

In 1970, Peter Vogt and Peter Duesberg showed that RSV strains with 

certain deletions could not cause cancer48. It was suspected that a certain gene in 

RSV caused cancer in its host, later called “src”. Src, the first “oncogene”, was 

sequenced in 198049.   

Oncogenes had first been proposed by Huebner and Todaro in 196950. They 

suggested that because viral DNA had accumulated over time in many vertebrate 

genomes including humans, cancer might be caused by the aberrant activation of 

this viral DNA50. While prescient, research did not bear out their theory: src did not 

have the hallmarks of a viral gene. In fact, src had both exons and introns; in other 

words, it had the structure of a typical gene in a normal, non-cancer cell18,51,52. 

Harold Varmus and Michael Bishop found src in normal, non-cancerous cells of 

chickens, mammals, and numerous other species 53. It was clear that the src gene 

in RSV had originated from a normal cell infected by RSV. The src gene was then 

“kidnapped” by the virus and incorporated into its genome. RSV’s src was simply a 

slightly mutated version of the proto-oncogenes we all carry. The mechanism of 

carcinogens was explained when Bruce Ames showed that many carcinogens, 

such as the compounds found in coal tar, are in fact mutagenic54. Finally, other 

studies showed that adding DNA from human cancers into normal cells induced 

cancer55,56.  The most direct cause of cancer isn’t an outside agent but our own 

mutated genes; in the words of Harold Varmus, “a distorted version of our normal 

selves”23.  

 

Types of Mutations 

Categories of mutations can include alterations at a single base (SNPs) or multiple 

bases (including small insertions/deletions (indels), copy number variants (CNVs), 
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translocations and inversions)57. A variant is considered a CNV if it is greater than 

1000 bases in length.  

In addition to the above changes occurring directly to the DNA sequence, 

gene expression is also controlled epigenetically, such as changes in DNA 

methylation or histone modifications58.  

Not all mutations seen in cancer cells contribute to the growth or 

aggressiveness of the cancer57. “Driver mutations” are clinically relevant mutations 

in cancers that are seen in two types of genes: oncogenes and tumor suppressor 

genes57,59. Proto-oncogenes are normal genes that become oncogenes following 

mutations that lead to increased activity. Proto-oncogenes can be activated by 

many mechanisms, including chromosomal translocation. In Burkitt’s lymphoma, the 

MYC proto-oncogene is translocated from its normal position on the q arm of 

chromosome 8 to a position on other chromosomes60. Activation of MYC leads to 

increased proliferation of the cell60.  

Tumor suppressor genes normally prevent the development of cancer, until 

they are mutated in such a way that their function is lost. For example, RB1 is a 

tumor suppressor gene that normally regulates the cell’s entrance into the cell 

cycle. When it is mutated, cell proliferation may occur unchecked.  

Tumors in adults typically carry two to eight driver gene mutations57,61, but 

pediatric cancers may contain as few as two or none at all61. This may be explained 

by the fact that the oncogenic events behind pediatric cancers are hypothesized to 

occur in early progenitor cells that already have the capability of proliferation and 

self-renewal61. Therefore, pediatric cancers may be caused by a stall in 

differentiation rather than cells taking on the characteristics of stem cells.  

Germline Mutations 

While the majority of cancers are caused by somatic mutations, approximately 10% 

of cancers are due to inherited genetic traits (germline mutations)62. In 2014, at least 
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114 cancer predisposition genes were known63. These inherited mutations may 

cause cancer in childhood or in adulthood. 

Retinoblastoma 

An illustrative example of a cancer caused by frequent germline mutations is 

retinoblastoma, a tumor of the retina which usually affects young children. The first 

suggestion of a cancer predisposition syndrome occurred in 1886, when Hilário de 

Gouvêa, a Brazilian ophthalmologist, first reported retinoblastoma running in a 

family64. In 25%-40% of cases, patients carry a heterozygous (single) germline 

mutation in RB165. These patients have a high risk of developing other cancers62. 

Alfred Knudson proposed his two-hit model to explain the mechanism of hereditary 

retinoblastoma66: one mutation in RB1 is inherited, and the other occurs as a 

sporadic mutation in somatic cells of the retina. While the chance that a second 

mutation will occur in any one cell is low, the chance that they occur in at least one 

of the child’s retinal cells is high because of their large population (about 100 

million) and rapid proliferation. Occasionally, the form of the second mutation is 

epigenetic, such as methylation of the promoter leading to RB1 silencing67,68.  

 

Genomic Sequencing Methods 

The first method developed to sequence DNA was the Sanger method (first-

generation sequencing technology), first published in its final form in 197769. Sanger 

sequencing was labor-intensive, costly, and inefficient. Still, Sanger sequencing 

was used to generate the first draft of the human genome through the Human 

Genome Project, which began in 1990 and finished in 200370.  

In 2004, the first of many “next-generation sequencing” (NGS) methods 

debuted, called pyrosequencing71. Other methods followed, decreasing the cost of 

sequencing a human genome 50,000 fold when compared to the cost of the Human 

Genome Project72.  
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NGS methods involve either PCR-based amplification or hybrid-capture 

targeting. The Illumina platform is currently the most commonly used amplification-

based, short-read sequencing method73. DNA molecules are attached to a surface 

and amplified in situ74. Hybrid capture sequencing involves targeting specific loci or 

regions for sequencing rather than the entire genome. This method is commonly 

used in the clinic because it is more economical and allows for deeper sequencing 

coverage of the targeted regions75. In the research described in this thesis, a panel-

based hybrid capture sequencing method was used on various tumor samples in 

Chapter 2.  

Long-read Sequencing 

In addition to the short-read technologies mentioned above, long-read sequencing 

technologies such as Nanopore have been used to characterize genomic variants. 

Its advantages include longer reads (>10 kb on average), which allows for better 

characterization of repeat regions76, and better characterization of longer variants 

such as CNVs77,78. Disadvantages include a higher error rate than other NGS 

methods79. In the research described in this thesis, Nanopore long-read sequencing 

was used in Chapter 3 to detect structural variants and methylation changes in a 

patient with Wilms tumor.  

 

Revolutions in the Diagnostics and Treatment of 

Cancer and Mendelian Disorders 

Cancers have been classified by tissue characteristics and histopathology, or 

appearance under the microscope80. Reproducibility of histopathological 

classifications can be low in many tumor types81–89. For example, in one study, only 

76% of patients with childhood brain tumors received the same diagnosis on two 

different readings by the same histopathologists81. 
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 Following the advent of NGS, the first whole cancer exome was sequenced 

in 2007, and the first whole cancer genome quickly followed in 200890. Early whole 

exome sequencing (WES) cancer studies typically contained only 20 tumors at a 

cost of about $100,000 per case. The size of large genomic datasets has rapidly 

increased: a recent cancer study from the UK contained tumor samples from over 

10,000 individuals in addition to their germline WGS data91. Detailed genomic 

characterization of tumors by NGS from large initiatives such as these has allowed 

us to identify and catalog the variants within92–111 and across cancer types112–118. This 

knowledge has been used to create a new taxonomy of cancers, where many 

tumors are classified by genetic alterations119 in addition to tissue of origin and 

histology.  

The genetic vulnerabilities identified in these cancers have been used to 

develop targeted treatments. Targeted treatments are considered to be both more 

effective and less toxic than previous treatments. Following the discovery of 

mutations in the HER2 oncogene in a subset of breast cancer patients120, the first 

genomic-based targeted cancer drug, trastuzumab (Herceptin), was approved to 

treat HER2 amplified breast cancer121. Patients with non-small-cell lung cancer are 

treated with inhibitors of EGFR, ALK and ROS1, depending on their mutations122–124. 

Melanoma patients may be treated with MAPK inhibitors if BRAF mutations are 

found125,126.  

However, WES and WGS are still not routinely used in all cancer patients. 

Barriers to widespread adoption include cost, turnaround time, and in some cases. 

clinical utility122. Pre-genomic methods such as in situ hybridization (ISH) and 

immunohistochemistry (IHC) are still commonly used in the clinic to identify relevant 

genetic alterations in tumors. 127 

In addition to cancer, NGS has also been applied to Mendelian genetic 

disorders. By 2009, primarily through the use of Sanger sequencing and linkage 

mapping, the gene or genes underlying only one third of Mendelian disorders had 
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been identified128. The arrival of “affordable exomes” was hailed in 2010, and by 

2011, WES had been used to identify causal variants in at least “several dozen 

Mendelian disorders”74, and many more variants in the following years129–131. WES 

was also successfully adapted for diagnostic purposes132–137. WGS is particularly 

helpful in diagnosing newborns who have been hospitalized, as the full clinical 

symptoms of a disorder may not manifest until later in life138–140. Long-read 

sequencing has been used to identify pathogenic mutations in numerous cases 

where short-read technologies could find no lesion73,141–148. The data generated by 

NGS changed the phenotypic spectrum considered to be diagnostic in several 

syndromes149. Identifying the pathognomonic mutation behind a disorder frequently 

leads to the discovery that the range of phenotypes associated with it are much 

broader than anticipated150–153. This is so common that there is a term for it: 

syndrome expansion.  

The field of cancer predisposition syndromes has been profoundly affected 

by the advent of NGS. Where previously clinicians relied on individual tests for each 

gene, NGS allows for the testing of multiple genes or even the entire genome63. 

Currently, NGS is commonly used in the diagnosis of genetic disorders only when 

first line technologies return no result154.  

Interpreting NGS data may be a challenge, however. WGS, and to a lesser 

extent WES, produce many variants that require filtering and analysis. Exome 

sequencing will identify 20,000 – 24,000 SNVs on average, depending on 

ancestry128. The 1000 Genomes Project estimated that individuals carry about 2500 

non-synonymous variants on average at conserved sites155. Other techniques 

include 1) filtering out those variants which appear in databases of healthy 

individuals such as gnomAD and the Database of Genetic Variants (DGV), 2) 

selecting for coding variants, especially those at conserved regions and 3) 

prioritizing variants found to be pathogenic by other clinicians in databases such as 

ClinVar156.  
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Epigenetics 

DNA methylation 

DNA methylation is the addition of a methyl group to DNA. When it occurs near a 

gene promoter, this methylation is associated with transcriptional repression157. 

Each cell in the body has the same number of genes in its DNA, more genes than 

any cell type will ever need. In order to regulate the expression of cell type-specific 

genes, many genes are methylated (and therefore silenced) early in 

embryogenesis157,158. The enzymes DNMT3A/3B and DNMT1 are responsible for 

depositing159–162 and maintaining163 DNA methylation, respectively.  

DNA methylation occurs most commonly the CpG dinucleotide164. Regions 

with clusters of the CpG dinucleotide are called CpG islands157,165. Many CpG 

islands are associated with gene promoters. Most CpGs outside of CpG islands are 

methylated by default159. 

Methylation at CpG islands is often dysregulated in cancer164. Loss of DNA 

methylation, which is associated with gene activation, was the first epigenetic 

alteration found in cancer166,167. This hypomethylation has been seen in various 

cancers168–171 including Wilms tumors172, lymphomas173, gastric cancers174, and 

breast cancers175.  

Hypermethylation is seen in cancers as well. The promoters of tumor 

suppressor genes are frequently hypermethylated in tumors176–178, including 

colorectal cancer170,171,179,180 , prostate cancer181, gastric cancer182,183, and gliomas184–

190. In sporadic retinoblastoma, RB1 is frequently methylated191. Hypermethylation is 

also seen in the genomes of HPV and the Epstein-Barr virus in order to silence 

certain genes166,192.  
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Imprinting 

In most cases, individuals inherit two copies of each gene, one from each 

parent. However, in the case of imprinted genes, genes are expressed only from 

one parent: either the paternal or maternal allele. First discovered in humans in the 

1990s, currently over 200 imprinted genes are known in the human genome193. DNA 

methylation maintains allele-specific expression (the “imprint”) by silencing one 

allele. Interestingly, imprinted regions share some similarities to endogenous 

retroviral DNA, including their repression by DNA methylation194.  

The first suggestion that imprinted genes might be found in humans followed 

the observation that Wilms tumors with loss of heterozygosity (LOH) always lost their 

maternal copy of the chromosome 11p15 alleles195,196. Additionally, Beckwith–

Wiedemann syndrome (BWS), which predisposes children towards developing 

Wilms tumors, is only inherited when the affected parent is the mother197. The genes 

associated with BWS, H19 and IGF2, were the first imprinted genes identified in 

humans198–202. In the research described in this thesis, long-read sequencing was 

used in Chapter 3 to detect methylation changes in the imprinted genes H19 and 

IGF2 in a patient with Wilms tumor.  

Histone Modifications 

Histone tails are subject to extensive post-translational marks, such as methylation, 

phosphorylation, and acetylation, which modify the expression of DNA. Histone 

methylation, like DNA methylation, is generally associated with transcriptional 

repression. One well known type of histone methylation is H3K27me3, or histone H3 

lysine 27 trimethylation. H3K27me3 is essential for the regulation of cell type 

development and differentiation203,204. EZH2 is the catalytic subunit of Polycomb 

repressive complex 2 (PRC2)205,206, which deposits H3K27me3207,208.  

 It is not clear whether EZH2 is a tumor suppressor or an oncogene. EZH2 is 

overexpressed in many cancers including breast209–212, bladder213, prostate214, 
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endometrial215, gastric216, lung217,218, pancreatic219, and melanoma220, and increased 

H3K27me3 has also been seen in prostate cancer221, gastric cancer, lung cancer222, 

and melanoma223. Confusingly, however, reduced levels were found in breast210,224, 

bladder , and pancreatic cancers224. Both activating226 and inactivating227,228 

mutations have been found in EZH2 in B-cell lymphomas. About half of malignant 

peripheral nerve sheath tumors exhibit loss of H3K27me3229. Reduction of 

H3K27me3 is seen in many brain tumors, including meningiomas230–232, 

ependymomas233, oligodendrogliomas234, and diffuse midline gliomas235,236.  

The reduction of H3K27me3 in diffuse midline gliomas is caused by the H3K27M 

mutation235,237,238. This mutation substitutes histone H3’s residue K27 for methionine, 

which interferes with the deposition of H3K27me3. Notably, however, some loci in 

H3K27M gliomas gained the mark, particularly unmethylated CpG islands239–241.   

In the research described in this thesis, we examine the gene expression changes 

caused by the H3K27M mutation in diffuse midline gliomas.  

The overall goal of my thesis is to uncover the causes of cancer using new 

genomic technologies. In Chapter 2, I will focus on detecting cancer-causing 

viruses in hybrid capture DNA samples from tumors associated with viral 

oncogenesis. I created an app that integrates into the UCSF 500 cancer genomic 

analysis pipeline.  

In Chapter 3, I describe the detailed genomic analysis of a patient with 

bilateral Wilms tumor who was suspected to have a cancer predisposition 

syndrome. Previous analyses using short-read sequencing and methylation testing 

detected no causal variants in the patient’s whole blood sample. This project was a 

collaboration with Dr. Vivian Chang at UCLA, and Miten Jain, Jean Monlong, Holly 

Beale and Olena Vaske at UCSC. Miten Jain and Jean Monlong led the sequencing 

and variant calling. Thousands of variants were identified, and I led the filtering, 

annotation, and interpretation of variants. I identified the epimutation putatively 

responsible for the patient’s Beckwith-Wiedemann syndrome. Portions of the 
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introduction were previously published in an abstract that I wrote in Cancer 

Research in 2021242. 

In Chapter 4, we use gene expression data from a large cohort of diffuse 

midline gliomas to analyze the developmental origin of H3K27M tumors and the role 

of the Epithelial-Mesenchymal Transition (EMT). I led this study. I performed the 

analysis of the gene expression data that found the EMT pathway was upregulated, 

and I noted the expression of the EMT genes. I performed the experiments 

validating expression of these genes in glioma cell lines. This manuscript was 

published in Giga Science in 2020. Lauren Sanders was co-first author. Lauren 

Sanders performed the analysis of the single-cell data and developed the EMT 

score. Lucas Seninge contributed the analysis of the organoid data. Anouk van den 

Bout additionally performed RT-PCR on glioma cell lines to quantify expression of 

EMT genes.  
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Chapter Two. Repurposing an Existing 

Gene Panel for Detecting Viral 

Sequences in Cancer 

 

Introduction 

In 2009, the International Agency for Research on Cancer identified viruses 

classified as carcinogenic to humans243,244. Infections from these viruses account for 

15-20% of cancer cases globally245.  

 

Table 1: Human Oncogenic Viruses and the Tumor Types 
They Cause. 

Adapted from “Global burden of cancer attributable to infections in 2018: a worldwide 
incidence analysis”245. 

 

Virus Tumor types
Nasopharyngeal carcinoma

Gastric carcinoma
Lymphomas

Cervix uteri carcinoma
Oropharyngeal carcinoma

Penis carcinoma
Human Herpesvirus Type 8 (HHV8) Kaposi’s sarcoma

Hepatitis B Virus (HBV) Hepatocellular carcinoma
Hepatocellular carcinoma
Non-Hodgkin’s lymphoma

Human T-cell Lymphotropic Virus (HTLV) T-cell leukemia and lymphoma
Merkel Cell Virus (MCV) Merkel cell carcinoma

Epstein-Barr Virus (EBV)

Human Papillomavirus (HPV)

Hepatitis C Virus (HCV)
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The first oncovirus was discovered in chicken leukemias by Ellerman and Bang in 

1908246. This was largely ignored by researchers because at that time leukemia was 

not thought to be a type of cancer. Peyton Rous’s discovery of RSV in chicken 

sarcomas was better appreciated, yet 20 years would pass before the next 

oncoviruses were found, in rabbits247, mice248, and frogs249, not humans. The first 

human oncovirus discovered was Epstein-Barr virus250. In 1958, the surgeon Denis 

Burkitt noticed that a particular type of pediatric lymphoma was only seen in certain 

geographic regions251. This regional specificity suggested an infectious agent. 

While Burkitt initially theorized that mosquitoes were spreading the infection, the 

virologists Anthony Epstein and Yvonne Barr isolated the responsible oncovirus that 

now bears their names252. EBV DNA was soon found in Burkitt’s lymphomas as well 

as nasopharyngeal carcinomas253. The role of EBV in cancer was proven following 

the induction of lymphomas in marmosets254 and owl monkeys255 in 1973. These 

discoveries received little attention from the field of oncology, however250.  

In the 1970s, the field of viral oncology was embarrassed by a large number 

of irreproducible studies from the labs of Sol Spiegelman, Robert Gallo, and others, 

reporting retroviral infections in virtually every cancer type they checked24,25,35. Many 

of these mistakes were caused by “cross contamination with an animal 

retrovirus”256. This was followed by a period of “intense antagonism towards 

research directed toward finding human tumor viruses”256. The role of viruses in 

causing cancer in humans was not widely accepted until the discoveries of Human 

papillomaviruses (HPV) and the hepatitis viruses in the 1980s.  

The viral etiology of hepatitis and liver cancer was first theorized in the 

1956250,257. Numerous epidemiological studies of these conditions linked Hepatitis B 

virus (HBV) to hepatocellular carcinomas258–262. The clearest evidence came from a 

study of over 22,000 people that showed that hepatitis B infection increased the risk 

of developing hepatocellular carcinoma over a hundred-fold263.  
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A viral etiology for cervical cancer was long suspected. Unfortunately, for 

over a decade researchers focused on a role for Herpes simplex virus 2 (HSV-2). In 

the late 1960s, a report noted increased antibody levels against HSV-2 in cervical 

cancer patients264, and a study of 245 patients with herpes infections found 12 

cases of cervical cancer265. Antigens for HSV-2 were even proposed as cervical 

cancer markers266,267. HSV-2 RNA and DNA was found in one cervical cancer 

sample268. However, a large study found no HSV-2 antigens in the blood of cervical 

cancer patients269, and other researchers could not reproduce the finding of HSV-2 

DNA in cervical tumors.  

In 1983, HPVs were finally linked to cancer when HPV16 was found in the 

majority of cervical cancer samples tested270, followed by the discovery of 

HPV18271,272. HPV DNA is sufficient to transform cell lines273,274 and induce tumors in 

mice275–283. The key role of the viral oncogenes E6 and E7 was quickly identified. 

Large case control studies have confirmed the oncogenicity of HPV284–286. The HSV-

2 reports highlight the inherent difficulties in viral detection. HSV-2 may have been 

detected because of contamination or the partial homology of HSV-2 and HPV 

sequences. Additionally, some patients may truly have been co-infected with both 

HPV and HSV-2.  

The first human oncogenic retrovirus, Human T-lymphotropic virus (HTLV), 

was found by the lab of Robert Gallo in a T-cell lymphoma in 1980287,288, and this 

was quickly reproduced by researchers in Japan289,290. HTLV-1 causes adult T-cell 

leukemia, a rare malignancy which was seen almost exclusively in patients from 

Kyushu, an island of Japan290,291, though it has since spread292. Despite the critical 

role of retroviruses such as RSV in discovering the mechanisms of oncogenesis, 

HTLV is the only retrovirus that has ever been shown to cause cancer in humans.  

The most recently discovered oncovirus, Merkel cell virus (MCV), was found 

in 2008 in a rare form of neuroendocrine carcinoma, Merkel cell carcinoma. Like 

EBV and HPV, MCV infections are widespread293,294. It is interesting that the majority 
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of known oncoviruses are widespread or very common in some regions. This may 

reflect the difficulty in detecting rare oncoviruses, or perhaps oncogenicity confers 

an advantage in transmissibility.  

 

Epstein-Barr Virus  

Epstein-Barr Virus (EBV) is a double stranded DNA virus that infects 90% of the 

world’s population 295. Like most members of the herpesvirus family, after infection, it 

is carried as an asymptomatic latent infection in the majority of people296. However, 

it can cause a wide range of conditions from multiple sclerosis297 to mosquito bite 

hypersensitivity298 in addition to cancers in adults and children. EBV is responsible 

for 300,000 cases of cancer per year globally, including Hodgkin’s and non-

Hodgkin’s lymphomas, gastric carcinomas299, and nasopharyngeal carcinomas300. It 

is estimated to have caused as many as 200,000 deaths in 2020300. 

EBV also has a causative role in pediatric Burkitt’s lymphomas (BL)252, 

though its detection rate in tumors varies by geographic region. It is detected in 

about 30% of Burkitt’s lymphoma cases in the US301 versus virtually all cases of BL 

in equatorial Africa302,303 and New Guinea304,305. Widespread coinfection with malaria 

in these regions is believed to contribute to the oncogenesis of Burkitt’s 

lymphoma306. 

The EBV genome is about 170kb long307 and contains about 100 genes, but 

the 9 “latent genes” are most relevant in cancer cells: EBNA1, EBNA2, EBNA3A, 

EBNA3B, EBNA3C, EBNALP, LMP1, LMP2A, and LMP2B308. These genes influence 

cell proliferation, cell motility, metastasis, and immune response. The expression of 

these latent genes differs by malignancy: for example, Burkitt’s lymphomas express 

only EBNA1, while Hodgkin’s and diffuse large B cell lymphomas express EBNA1, 

LMP1, LMP2A, and LMP2B309. These expression patterns could be adapted for 

diagnostic use. In patients with EBV+ diffuse large B cell lymphoma, the expression 
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of EBNA2 and EBNA3 should prompt an investigation into underlying 

immunosuppression, according to the WHO310–312. The presence or absence of EBV 

in tumor cells is relevant clinically: 9 disease entities in the 2022 WHO classification 

of lymphoid neoplasms are defined primarily by its presence312. Additionally, higher 

amounts of EBV DNA detectable in the plasma of cancer patients correlates with an 

increased risk of recurrence or metastasis313, but low interlaboratory concordance 

has limited the ability to establish clear cutoffs314. The presence of EBV DNA in 

plasma was successfully used to screen for nasopharyngeal cancer. Routine 

methods for EBV detection include IHC for the LMP1 protein and ISH for EBERs 

(EBV-encoded RNAs)315,316; the latter being described as the “gold standard”317 

despite its relative lack of sensitivity compared to PCR315.  

 

Human Papillomavirus 

Human Papillomavirus (HPV) causes 5% of all cancer cases globally318, 

approximately 730,000 cases of cancer per year245. HPV was associated with 

342,000 deaths in the year 2020245,319,320. HPV causes virtually all cases of cervical 

cancer and 70% of oropharyngeal cancers in the US321,322.  

There are at least 200 known strains or types* of HPV323. Only 12 are 

considered to be “high-risk” (HR-HPV) for cancer243. Of these, HPV16 and HPV18 

alone cause about 70% of cervical cancer324. The risk of cervical cancer among 

HPV16+ and HPV18+ individuals is 17% and 14%, respectively325. The remaining 

types of HPV are considered “low-risk” for cancer. Approximately 10 HPV types are 

associated with genital warts called condylomas326. HPV6 and HPV11 alone cause 

about 90% of condylomas197,327.  

 
* HPV sequences are traditionally known as “types” within the HPV field but referred to as 
“strains” in publications of International Committee of Viruses (ICTV). “Type” is used 
throughout this document.  
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The HPV genome is 7-8 kbp long and has four to eight genes, depending on 

the type. The L1, L2, E1 and E2 genes are highly conserved, while E6 and E7 are 

oncogenes, found in only high-risk HPV types. While all of these genes can be 

found in some HPV-infected cancer cells, E6 and E7 are the only genes consistently 

expressed328. E6 targets p53, a critical tumor suppressor, for degradation329–331. 

Similarly, E7 is believed to initiate oncogenesis by inactivating the tumor suppressor 

RB1 and targeting it for degradation328. Additionally, E7 proteins epigenetically 

reprogram host cells by dramatically decreasing the amount of histone H3 lysine 27 

trimethyl (H3K27me3) marks, which silence gene expression332. Both E6 and E7 

contribute to EMT333–335. The L1 sequence is used to determine if a new HPV isolate 

sequence is a new type336. If the L1 sequence differs by 10% or more from the next 

closest type, it is considered a new type.  

In 2020, at least 254 commercially available HPV detection methods were 

available, the majority of which were not clinically validated. Only 7 of these were 

FDA approved337. About 10-25% of HPV infections are missed338,339 depending on 

the detection method. The most popular methods include PCR and hybridization. 

The choice of PCR primers emphasizes a trade-off between type-specificity and 

sensitivity. The most commonly used PCR primers include those targeting a 

conserved region in the L1 gene, or type-specific primers targeting E6 or E7340. 

Type-specific PCR detection of the E7 gene can detect HPV in many cases that L1 

primers miss341, possibly due to deletion of L1 upon integration into the host 

genome342. 

The presence of HPV is used as a prognostic factor in oropharyngeal 

squamous cell carcinoma (OPSCC)343. Remarkably, current ASCO guidelines for 

HPV detection in OPSCCs recommend the use of surrogate marker for HR-HPV, 

p16, via immunohistochemistry344 rather than detecting the HPV sequence itself. 

However, p16 IHC has a 20-28% false positive rate for HPV in OPSCCs345.  
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Some studies have found that HPV positive samples have a better prognosis 

than “HPV negative” samples, but it is not clear that there are any truly HPV 

negative cervical cancers342. Most, perhaps all, “HPV negative” samples are 

samples in which the HPV DNA has integrated into the genome in such a way that 

the L1 is deleted339,341,342.  

Other Oncogenic Viruses 

Hepatitis Viruses 

Hepatitis B and C viruses are associated with 80-90% of hepatocellular carcinomas 

(HCC)245. Despite their names, these viruses are not closely related346. Hepatitis C 

virus (HCV) is a single-stranded RNA virus347, though not a retrovirus. About 3% of 

those infected with HCV will develop HCC348. Hepatitis B virus (HBV) is a DNA virus 

and 22% of chronic carriers of HBV will develop HCC in their lifetime349. Viral load is 

relevant clinically: the risk of developing HCC increases with increasing HBV viral 

load350,351. A higher viral load in HCC is also associated with a worse prognosis352. 

Antiviral therapy is crucial in the treatment of cancers caused by HBV353, therefore 

detecting hepatitis viruses is critical in treating HCC. 

 

Polyomaviruses 

Polyomaviruses can induce tumors in animal models, and therefore have long been 

suspected as human oncogenic agents. Four polyomaviruses have been 

associated with human cancers: BKV, JCV, SV40, and Merkel Cell Virus (MCV).  

Evidence for MCV’s causative role in cancer is the strongest of all the 

polyomaviruses, although the transforming capacity of MCV is not yet proven. MCV 

infections are widespread globally293,294, and MCV is detected in 80% of Merkel cell 

carcinomas, a rare but highly aggressive type of skin cancer354–357. Despite 

extensive searches, MCV has not been linked to any other cancer type.  
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HTLV-1 

HTLV-1 is the only human retrovirus associated with cancer. Like the cancer it 

causes, HTLV-1 is rare, and was initially found almost exclusively in patients from 

the island of Kyushu, Japan256. It causes adult T-cell leukemias (ATL), a highly 

aggressive malignancy358. Of those infected with HTLV-1, about 5% will be 

diagnosed with ATL359.  

 

HHV8 (KSHV) 

Human herpesvirus 8 (HHV8), also known as Kaposi's sarcoma-associated 

herpesvirus (KSHV), is a double-stranded DNA virus360. While endemic in sub-

Saharan Africa, it is found in only 1% of the population of the United States360. HHV8 

was first identified as the cause of Kaposi’s sarcoma, and has more recently been 

associated with various lymphomas, including diffuse large B-cell lymphoma361 and 

primary effusion lymphoma362. HHV8 is detected in almost 100% of Kaposi’s 

sarcomas363. The majority of Kaposi’s sarcomas are found in immunocompromised 

individuals, especially those with AIDS .   

Detection of HHV8 in leukemias and lymphomas is relevant diagnostically; 

confirmation of its presence is necessary to diagnose 8 lymphoproliferative 

disorders360.  

Missteps in Oncogenic Viral Discovery 

In the 1970s, numerous scientists searching for novel human retroviruses in cancer 

samples were misled by the endogenous retroviral DNA that makes up an estimated 

8% of the human genome. These sequences, and similar retroviral DNA found in 

mice and other species, led to a number of false oncovirus discoveries in that era365.  

The advent of NGS has led to a similar number of false positives more recently. For 

example, the Cancer Genome Atlas (TCGA) is a large, public database of tumor 

samples366, commonly used to detect novel oncogenic viruses. However, care must 
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be taken to eliminate technical artifacts and contaminants: numerous samples in 

TCGA are contaminated with bacteriophage DNA, viral vector DNA, and several 

samples are cross-contaminated367. In 2013, several studies detected HPV18 in 

cases of colon, rectal, or stomach adenocarcinoma in TCGA368,369. These cancers 

had not been previously associated with HPV. Analysis showed that these samples 

were contaminated by RNA or DNA from HeLa cells, which are known to be infected 

with HPV18370. The contamination was limited to samples from 2 specific TCGA 

sequencing centers and a limited number of specific dates in 2011 and 2012. 

Cross-contamination from samples at one of these sites also lead to false positive 

results involving HPV38 in another study371.  

More recently, a large-scale, widely publicized analysis of tumor samples 

from TCGA found that distinct microbial signatures were detected in 32 of 33 

cancer types372. However, reanalysis showed that the vast majority of microbial 

reads detected were in fact human373. This error is possible in part because many 

sequences in GenBank and other popular sequence databases are contaminated 

or mislabeled 374,375. For robust results, careful selection of reference genomes is 

necessary.  

False positives in oncogenic viral detection are not limited to TCGA. In 2006, 

a novel virus, named xenotropic murine leukemia virus-related virus (XMRV), was 

detected in 10% of prostate cancer tumors in a cohort of 86 patients376 at the 

Cleveland Clinic. It was considered plausible that XMRV might be oncogenic 

because the XMRV sequence was similar to murine leukemia viruses (MLVs) that 

are known to cause cancer in mice. In follow-up experiments, several laboratories 

detected XMRV in prostate cancer samples377–381, but others were unable to 

replicate this382–384. In 2010, Oakes, et al. suggested that XMRV detection might be 

attributable to contamination from mouse DNA, as MLVs are widespread and 

commonly integrate into the mouse genome385. Supporting this, an RT-PCR kit was 

found to be contaminated with MLV DNA386. Subsequent studies noted that prostate 
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cancer samples which were positive for XMRV also tested positive for mouse DNA 

contamination387–390. Elegant analysis showed that the contamination of prostate 

cancer samples in the original study was due to RNA contamination from XMRV-

infected cell lines (LNCaP and 22Rv1) at the Cleveland Clinic391,392.  

 

Bioinformatic Tools for Viral Detection and Annotation Using 

Sequence Data 

Next generation sequencing is used clinically to evaluate genomic mutations in 

neoplasms, but adoption for the purposes of microbial detection has been slow.  

A substantial number of programs exist to detect viral DNA in NGS samples. The 

majority are intended for the discovery of new oncogenic viruses or bacteria in 

research (metagenomics), not for clinical diagnostics. Many are computationally 

expensive, difficult for non-experts to use, unvalidated, or poorly maintained393. 

These methods vary in sensitivity and specificity, and false positive results are 

common394–397. 

Assembly versus Alignment 

Viral detection pipelines utilize either reference-based assembly, de novo assembly, 

or both. Reference-based assembly requires a pre-made reference genome or the 

use of viral sequence databases. De novo assembly can be used to discover novel 

viruses but may not be useful in diagnostic scenarios and increases the runtime.  

Viral Reference Genome Selection 

Most viral detection pipelines use NCBI RefSeq or GenBank as their reference 

databases. As of February 2024, GenBank currently contains over 13 million viral 

sequences, over 11 million of which are from human hosts. Many of these 

sequences are incomplete, unannotated, or contaminated, and the majority are 

unvalidated. RefSeq contains only validated sequences but is missing a significant 

number of relevant viruses: it contains only 375 viral sequences taken from human 
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hosts. The massive size of GenBank will increase computation time for any pipeline 

that uses it as a reference genome.  

I developed the ARCV (Analysis of Reads for Carcinogenic Viruses) app to 

detect known human oncogenic viruses in tumor samples sequenced by NGS. The 

app is designed to integrate with the results of the existing UCSF pipeline on the 

DNAnexus platform. ARCV was tested on known HPV+ and EBV+ tumor samples. 

Tumor samples with other viruses were not tested due to a lack of confirmed data.  

Here I describe a method for detecting viral sequences in UCSF 500 panel data 

and I evaluate the performance on real tumor and non-tumor specimens.  

Implementation 

ARCV is written in bash and implemented for DNAnexus. ARCV is fully automated, 

with the option to input custom specifications, and high-throughput. The app is 

integrated with the existing UCSF analysis pipeline. ARCV removes human aligned 

sequences, aligns to a custom viral reference genome, and reports detailed viral 

coverage information, including viral gene coverage. ARCV was designed to be 

used for clinical/diagnostic purposes. 

Viral Reference Genome 

A custom reference file was created consisting of 139 complete, annotated viral 

reference sequences from sequences from the Papillomavirus Episteme (PaVE)398, 

RefSeq, and GenBank (Table 2, Supplementary File 1), including 109 types of 

HPV, 10 types of polyomavirus, 3 types of HTLV, Hepatitis B, Hepatitis C, EBV and 

HHV8. HPV genomes were derived from the Papillomavirus Episteme database. 

Other viruses were selected from RefSeq when a well annotated sequence was 

available. Annotated sequences were manually selected from GenBank. A custom 

viral gene bed file was used to generate gene coverage information. These gene 

annotations were derived from the original reference sequences.  
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Users may easily replace the reference genome and viral gene files with their own 

files. ARCV is available at https://github.com/allisoncheney/ARCV/.  

Table 2: Viral Sequences Included in the Reference File of 
ARCV and their Source Databases. 

 

virus general type source accession
EBV EBV RefSeq NC_007605.1
HTLV type1 HTLV GenBank MH399769.1
HTLV type1 HTLV GenBank J02029.1
HTLV type2 HTLV GenBank Y14365.1
HTLV type3 HTLV GenBank EU649782.1
Hepatitis B Hepatitis GenBank MH818373.1
Hepatitis B Hepatitis GenBank MT114172.1
Hepatitis B Hepatitis GenBank MT437386.1
Hepatitis B Hepatitis GenBank MN683729.1
Hepatitis C Hepatitis GenBank AF165053.1
Hepatitis C Hepatitis GenBank AF207754.1
Hepatitis C Hepatitis GenBank MT212178.1
Hepatitis C Hepatitis GenBank LC368448.1
Hepatitis C Hepatitis GenBank NC_009824.1
Hepatitis C Hepatitis GenBank D84263.2
Hepatitis C Hepatitis GenBank MH155319.1
Hepatitis C Hepatitis GenBank D63822.1
Hepatitis C Hepatitis GenBank MG428679.1
Hepatitis C Hepatitis GenBank MG406988.1
HHV8 human herpes virus RefSeq NC_009333.1
WU human polyomavirus RefSeq NC_009539.1
MW human polyomavirus RefSeq NC_018102.1
BK human polyomavirus RefSeq NC_001538.1
MCV human polyomavirus RefSeq NC_10277.2
HPyV 9 human polyomavirus RefSeq NC_15150.1
HPyV 7 human polyomavirus RefSeq NC_14407.1
HPyV 6 human polyomavirus RefSeq NC_14406.1
HPyV 8 human polyomavirus RefSeq NC_14361.1
JC human polyomavirus RefSeq NC_001699.1
KI human polyomavirus RefSeq NC_009238.1
444 HPV types HPV PaVE consortium see appendix

https://github.com/allisoncheney/ARCV/
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Viral Detection and Quantitation Workflow 

The ARCV workflow is shown in Figure 1.  

The app takes as input BAM files produced by the UCSF 500 pipeline 

containing deduplicated reads mapped to the human reference genome 

(GRh37/hg19). In the first step, reads not mapped to the human genome are 

extracted using samtools399 view (samtools version: 1.10-3) and then sorted using 

samtools sort. The resultant BAM file is converted into fastq files using samtools 

fastq. The fastq files are aligned to the viral reference file using BWA-MEM (BWA 

version: 0.7.17-4)400. The aligned reads are converted to BAM files, sorted by 

samtools sort. The user is given the option to filter out reads with a low mapq score 

(default of 10). If the total number of viral reads are below the customizable cutoff, 

the sample is reported negative for viral reads. To generate viral genotype 

information, samtools idxstats is used. Next, bedtools401 genomecov (bedtools 

version: 2.27.1) in combination with custom scripts are used to generate detailed 

viral read sequence depth by region as well as depth by position. Coverage 

statistics generated include the minimum coverage level, maximum coverage level 

and average coverage depth per viral type detected, as well as the percent of the 

viral sequence at each level of coverage. Finally, using bedtools coverage and the 

custom viral gene bed file, viral gene read statistics are generated including which 

genes have coverage, the fraction of the gene with coverage, and the read count 

per gene. Custom scripts package this viral read information into an easily 

interpretable format. A text report is generated containing four files: a summary file 

giving basic viral read information (Figure 2), a file with coverage statistics, a gene 

coverage results file, and a bed file with detailed coverage information per base.  
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Figure 1: ARCV Viral Detection Workflow. 
This is a workflow of the ARCV viral detection app, which is part of the UCSF 500 assay. Top 
panel: The UCSF 500 assay includes the following steps: DNA extraction, enrichment with 
cancer probes, sequencing, preprocessing and alignment to the human genome. Bottom 
panel: The ARCV app receives BAM files as input and includes the following steps: human 

read subtraction, alignment to the viral reference genomes, and quantification of viral 
coverage and viral gene coverage. The report includes viral types detected, the coverage of 

the viral genome, and viral genes in a dataset. 
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Figure 2: Example Output from the ARCV App for an 
HPV+ Sample. 
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Patient Cohort 

The tumor samples tested included 25 UCSF cervical cancer samples (23 known to 

be HR-HPV positive by previous ISH testing and 2 negative controls) and 18 

lymphomas (13 known to be EBV positive and 5 negative controls), for a total of 43 

tumor samples. I was blinded to EBV or HPV status of these samples when 

performing my analysis.  

An additional 25 condyloma (non-tumor) samples were run through ARCV. 

They had not been tested for HPV by any previous methods including ISH, but were 

presumed to be positive for HPV6 or HPV11.  

Targeted Gene Sequencing 

Hybrid capture-based NGS was performed on formalin-fixed paraffin embedded 

(FFPE) tissue samples at the University of California, San Francisco Clinical Cancer 

Genomics Laboratory, using a clinically validated targeted sequencing panel, the 

UCSF 500 Cancer Gene Panel, as previously described402–404. UCSF 500 targets 

over 500 human variants relevant to cancer, in addition to containing 1069 probes 

derived from viruses known to cause cancers in humans (Table 3). The viral probes 

were designed using the MSSPE algorithm405 in order to capture as many divergent 

viral sequences as possible.  

Table 3: Viral Probes in the UCSF 500 Cancer Gene 
Panel. 

Number of probes per virus, according to labels. 

 

Virus Number of probes
EBV 22

HPV16 20
HPV18 15

Other high risk HPV types 855
Human polyomaviruses 100

HTLV-1 17
HHV4 18

Hepatitis B virus 8
Hepatitis C virus 14
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Results 

UCSF 500 HPV Viral Probes are Specific to High-Risk HPV Types. 

At the time I was assigned this project, little was known about the development of 

the viral probes. I had access to a fasta file containing the sequence of the viral 

probes and a corresponding label, i.e. “HPV16_1” or “HPV_20”. 20 probes were 

labeled “HPV16”, 15 were labeled “HPV18”, and 855 were labeled as HPV but had 

no strain specified.  

To determine which specific viral types the probes were targeting, I ran 

BLAST406 on all probe sequences against both my reference genome file and all 

human viruses in GenBank. Of the 15 probes labeled “HPV18”, only 8 mapped to 

HPV18. 7 mapped to other HPV types (including HPV16, HPV45, HPV84, HPV39, 

and HPV6). Similar results were found for the HPV16 probes: only ten aligned to 

HPV16. All 855 of the remaining HPV probes aligned to high-risk HPV types. No 

probes mapped to low-risk strains.  

After contacting the original designer of the probes, he explained that the 

probes "were not designed to be specific for individual viral strains but were 

designed as highly conserved probes to broadly capture as many divergent viral 

sequences as possible.” The probes were not designed with diagnostic purposes in 

mind, but rather novel oncogenic viral discovery. Thus, it may not be possible to 

accurately detect all HPV viral types with the current probes.  

HPV and EBV are Detected by a Targeted Sequencing Panel 

ARCV successfully detected HPV in 23 known HPV-positive samples (Table 4) and 

detected EBV in 13 known EBV-positive samples (Table 5). No viral reads were 

detected in 7 negative control samples. The number of viral reads detected in a 

sample varied, ranging from 179 to 2 million, with a mean of 177,426.  
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Of the HPV positive samples, the majority (21) had reads aligned to HPV16, one 

sample aligned to HPV18, and one sample aligned to HPV56. Notably, the read 

count for the HPV18 sample was very low (178).  
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Table 4: ARCV Results of 25 Cervical Cancer Samples: 
Basic Viral Read Counts. 
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Table 5: ARCV Results of 15 Lymphoma Samples: Basic 
Viral Read Counts. 

 

 

Viral Genome Coverage 

Coverage of the HPV16 viral genome varied by sample (Table 6, Figure 3), ranging 

from 100% coverage to 40% coverage. Read depth was highest in regions covered 

by UCSF 500 capture probes (Figure 3), and lower or non-existent in regions far 

from probe coverage. However, several probes labeled as “HPV16” had low 

sequence identity with the HPV16 reference genome. These probes did not appear 

to impact coverage at their locations. Notably, a probe labeled “HPV18” aligned to 

HPV16 with 100% sequence identity and there is an identifiable peak in coverage 

corresponding to that region.  

Only one sample was HPV56+, and 48% of the HPV56 genome was covered 

(Figure 4). Coverage for the single HPV18+ sample was lowest, at 22% 

(Supplementary Figure 1).  

 

Sample ID Cancer type Viral ISH results Virus detected 
by ARCV

Viral read 
percent of 
total reads

EBV read 
count

 CGP14605 Lymphoma EBV positive EBV 0.005846 2,252

 CGP15944 Lymphoma EBV positive EBV 0.906719 451,438

 CGP17765 Lymphoma EBV positive EBV 0.591918 288,189

 CGP19553 Lymphoma EBV positive EBV 0.063132 27,642

 CGP21070 Lymphoma EBV positive EBV 0.055786 18,151

 CGP23360 Lymphoma EBV positive EBV 0.013264 6,469

 CGP23819 Lymphoma EBV positive EBV 0.406916 226,106

 CGP26223 Lymphoma EBV positive EBV 0.079863 37,249

 CGP29936 Lymphoma EBV positive EBV 0.233148 141,960

 CGP30202 Lymphoma EBV positive EBV 0.446120 150,485

 CGP30527 Lymphoma EBV negative control no virus detected 0

 CGP30899 Lymphoma EBV negative control no virus detected 0

 CGP26254 Lymphoma EBV negative control no virus detected 0

 CGP26777 Lymphoma EBV negative control no virus detected 0

 CGP28135 Lymphoma EBV negative control no virus detected 0
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Table 6: HPV Coverage Results of 25 Cervical Cancer 
Samples Run on ARCV.  
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Figure 3: HPV16 Coverage Varied by Sample. 
Circular visualization of viral coverage in three representative HPV16+ samples. The 

outermost ring represents the HPV16 reference viral genome (accession: K02718) with 
seven genes shown with brown arrows. The E1 and E2 genes partially overlap and the E4 

gene sequence entirely overlaps with the longer E2 gene. Black bars represent locations of 
the probes labeled HPV16 that aligned to the HPV16 reference genome with 100% 

sequence identity. Gray bars represent locations of putative HPV16 probes that aligned to 
other HPV types with 100% sequence identity. The white bar represents a putative HPV18 
probe that aligned to the HPV16 reference genome with 100% sequence identity. The E6 

and E7 genes had two probes each. E1 had six probes, but only two of these probes (black 
bars) aligned to the HPV16 reference genome with a high sequence identity. The other four 
E6 probes (gray bars) ranged from 85 to 90 percent sequence identities. E2 had one probe 

and there was one probe aligning to the region shared by both E2 and E4. L1 had eight 
probes. Only two of these probes had 100% sequence identity with the HPV16 reference 

genome (black bars). The white bar represents a putatively “HPV18” probe, which has 100% 
sequence identity with the HPV16 genome and 85% sequence identity with the HPV18 

genome. E5 and L2 had no probes. 
The next three rings represent viral coverage maps in three representative samples. Read 

counts were normalized per sample, and y-axes are not equivalent. CGP-9680 (second ring) 
had non-zero coverage over the entire HPV16 genome (denoted by unbroken red line). 
CGP-20541 (third ring) had coverage over 99% of the HPV16 genome, denoted by the 
broken pink line. CGP-20351 (innermost ring) had coverage, over 40% of the genome, 

denoted by the broken fuchsia lines. Coverage was highest in regions surrounding probes 
except for the probes with less than 100% sequence identity (gray bars). These probes did 
not appear to increase coverage. Samples were chosen to accurately display the range of 
coverage: CGP-9680 had the highest HPV16 coverage, CGP-20351 had the lowest, and 

CGP20541 represented the median level of coverage of all samples. The plot was created 
using the Pycirclize package in python407. 
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Figure 4: HPV56 Coverage was Highest in the L1 and L2 
Region. 

Circular visualization of viral coverage in the only HPV56+ sample. The outermost ring 
represents the HPV56 reference viral genome (accession: X74483) with five genes shown 
with brown arrows. The E1 gene is fragmented in the HPV56 genome and not shown. Gray 

bars represent locations of 25 “HPV” probes with no type specified that aligned to the 
HPV56 reference genome. Only the portion of probes that aligned to the HPV56 genome is 
shown. Shorter bars represent shorter aligned sequences in probes. The percent sequence 

identities of these probes ranged from 98.5 to 81.4%. 
The E6 and E7 genes had one probe each. The fragmented E1 region had six probes, some 

of which overlapped. E2 had ten probes. L1 had five probes. L2 had two probes. 
The next ring represents the viral coverage map in CGP-18006. CGP-18006 had coverage 
over 48% of the HPV16 genome, denoted by the broken pink line. Coverage was highest in 

regions surrounding probes. The plot was created using the Pycirclize package in python407. 
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Due to the larger relative size of the EBV genome (17 kb), a greater fraction 

of the EBV genome had zero coverage. Coverage ranged from 49% to 7% (Table 7, 

Figure 5).  Given the relatively small size of the probes (60 bp), it is interesting that 

the 22 EBV probes were able to obtain coverage in such a high fraction of the 

genome.  

Table 7: EBV Coverage Results of 15 Lymphoma 
Samples Run on ARCV. 

  
 

 

 

 

 

 

 

 

Sample ID EBV status by ISH Virus detected by 
ARCV EBV read count

Highest  
coverage 

depth

Mean  
coverage 

depth

Lowest  
coverage 

depth

Percent of 
EBV 

genome 
with no 

coverage
 CGP14605 EBV positive EBV 2,252 160 1.3 0 93%

 CGP15944 EBV positive EBV 451,438 38,347 264.21 0 51%

 CGP17765 EBV positive EBV 288,189 19,682 168.25 0 83%

 CGP19553 EBV positive EBV 27,642 2,029 16.18 0 90%

 CGP21070 EBV positive EBV 18,151 1,029 10.6 0 91%

 CGP23360 EBV positive EBV 6,469 397 3.79 0 92%

 CGP23819 EBV positive EBV 226,106 12,355 132.65 0 85%

 CGP26223 EBV positive EBV 37,249 2,732 21.76 0 91%

 CGP29936 EBV positive EBV 141,960 10,292 82.65 0 87%

 CGP30202 EBV positive EBV 150,485 25,347 86.82 0 89%

 CGP30527 EBV negative control no virus detected 0 0 0 0 0%

 CGP30899 EBV negative control no virus detected 0 0 0 0 0%

 CGP26254 EBV negative control no virus detected 0 0 0 0 0%

 CGP26777 EBV negative control no virus detected 0 0 0 0 0%

 CGP28135 EBV negative control no virus detected 0 0 0 0 0%
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Figure 5: EBV Coverage Varied by Sample. 
Circular visualization of viral coverage in three representative EBV+ samples. The outermost 

rings represents the EBV reference viral genome with genes shown with purple arrows. 
Black bars represent locations of EBV-specific probes. The next three rings represent viral 
coverage maps in three representative samples. Read counts were normalized per sample, 

and y-axes are not equivalent. CGP-23819 (second ring) had coverage over the entire 
HPV16 genome (denoted by broken orange line). CGP-15944 (third ring) had coverage over 

XX genome, denoted by the broken pink line. CGP-17765 (innermost ring) had coverage, 
over 40% of the genome, denoted by the broken purple lines. Coverage was highest in 

regions surrounding probes The plot was created using the Pycirclize package in python407. 
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HPV viral gene coverage varied by sample and by gene (Figure 6). All HPV+ 

samples had 100% coverage of the E7 oncogene sequence. E6 also had high 

coverage, and to a lesser extent L1 and E1. 2 samples had no coverage of L2, 5 

samples had no coverage of E2, and only 8 samples had any coverage at all of E5.  
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Figure 6: ARCV Results of 25 Cervical Cancer Samples 
Visualized Using the OncoPlot package in R. 

Top panel: Bar plot of total viral reads in each sample. Second panel: Heatmap containing 
percentage HPV genome covered as well as detection status by ISH and ARCV. Bottom 

panel: Heatmap visualizing coverage across HPV genes. Light orange indicates the lowest 
relative levels of expression and dark orange the highest, as defined by the color key. 

Overall, we had perfect concordance in terms of whether HPV was detected or not, but the 
coverage was not uniform. The only HPV18 positive sample had the worst coverage of any 

sample.  
 

 

 
 

ARCV provides viral gene coverage information for EBV latent genes. As expected, 

gene coverage decreased with increasing gene length. In general, greater viral 

gene coverage corresponded to a higher viral read count per sample.  
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Figure 7: ARCV Results of 15 Lymphoma Samples 
Visualized using the OncoPlot Package in R  

Top row: Bar plot with EBV read count per sample. Middle panel: Heatmap containing 
percentage of EBV genome covered as well as detection status by ISH and ARCV. Bottom 

panel: Heatmap of percent sequence coverage per EBV latent gene: LMP-1, LMP-2A, 
EBNA-1.2, LMP-2B, EBNA1.1, EBNA-3B/3C, EBNA-3A, and EBNA-2. Light orange indicates 
the lowest relative levels of expression and dark orange the highest, as defined by the color 

key. Right box: Bar chart with gene length in base pairs.  
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High-risk HPV detected in condyloma samples. 

Condylomas are genital warts caused by HPV. An estimated 90% are caused by the 

low-risk types HPV6 and HPV11, although coinfection with HPV16 or other high-risk 

types is frequently seen197,327. ARCV was run on 25 condyloma samples with 

unknown HPV status. HPV6 or 11 was detected in only 7 samples (Table 8). In 3 of 

those samples, both high-risk and low-risk HPV types were detected. No HPV type 

was detected in 3 samples. Given that there are no probes in the UCSF 500 panel 

explicitly labeled for HPV6 or HPV11, it is not surprising that these types were not 

consistently detected. There was a probe labeled “HPV18” that had 100% 

sequence identity with HPV6. In cases where both HPV16 and HPV6 are actually 

present, HPV6 reads may be outcompeted by HPV16 reads, especially following the 

use of the probes.  
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Table 8: ARCV Results for 25 Condyloma Samples of 
Unknown HPV type. 
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Discussion  

In this Chapter I have described a computational pipeline, ARCV, for detecting viral 

sequences in cancer gene panel data. This pipeline was able to accurately detect 

HPV and EBV viruses in clinical samples, outputs coverage statistics including 

coverage of key viral genes, and runs quickly. No viral reads were detected in the 

negative control samples.  

 Additionally, I have generated a viral reference genome that contains 

validated reference sequence for all known human oncogenic viruses, including 

109 types of HPV, 10 types of polyomaviruses, 3 types of HTLV, Hepatitis B, 

Hepatitis C, EBV and HHV8. 

Notably, few reads or no reads at all were found in regions where the probes 

had low percent identity to the reference sequence. This suggests that the strategy 

of adjusting the probe sequence to capture a broader spectrum of viral types may 

not be reliable if used for diagnostic purposes. However, these non-specific probes 

were able to capture HPV6 reads in a portion of the samples.  

Given the relative sizes of the EBV genome and the small size (60 bp) and 

number (22) of EBV probes, covering about 7% of the genome, it is surprising that 

the coverage of the EBV genome ranged to as high as 49% in one sample.  

While the accuracy of sequencing-based assays for viral detection purposes 

is well established, those in the clinic commonly use less accurate, obsolete 

methods such as IHC for surrogate markers rather than HPV itself. Adoption of 

sequencing based-assays like ARCV will decrease the number of samples where 

viral presence is missed. 
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Chapter Three. Detection of a Putative 

Aberration Indicative of BWS Spectrum 

Disorder by Nanopore Sequencing 

 

Introduction 

Wilms tumor (WT), also known as nephroblastoma, is the most common childhood 

kidney cancer408. Bilateral WT, in which WT is found in both kidneys, has both a 

lower survival rate and a higher rate of kidney failure.  

While 15% of patients with Wilms tumor have germline pathogenic variants in 

genes or regions such as WT1 or the 11p15 region, up to 75% of patients with 

bilateral Wilms tumor had a germline predisposition syndrome409. Among these is 

Beckwith-Wiedemann syndrome (BWS). BWS is an overgrowth syndrome: 

symptoms of BWS can include hemihypertrophy, abdominal wall defects, and 

hyperinsulinism. Recently, BWS was recognized as a spectrum (BWSp) in that in 

some patients only one of those symptoms is seen149. BWSp is caused by genetic or 

epigenetic alterations in either of two imprinted regions in the chromosome 11p15 

region (ICR1 or ICR2)410.  

The clinical understanding of BWS has evolved over time. Original reports 

emphasized macroglossia, exomphalos, gigantism and neonatal hypoglycemia411, 

without finding any cases of WT, though one author did note that a cousin of a 

patient with BWS had WT. Ten years later, clinicians noted that phenotypes were 
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frustratingly variable between patients and no clear diagnostic criteria could be 

proposed412. Additionally, though BWS was clearly heritable, no clear mechanism of 

inheritance could be discerned. The first linkage of BWS to Wilms tumor occurred 

when Sotelo-Avila proposed that hemihyperplasia was an “incomplete form of 

BWS”412. They also noted the strong association of hemihyperplasia with WT413–416. 

Wiedemann himself noted this in 1983417. 

In the search for a candidate gene (or genes) associated with BWS, it was 

noted that mutations in the chromosome 11p15 region were found in 2% of BWs 

patients418. Researchers quickly focused on IGF2, an imprinted gene in the 11p15 

region. In 1993, Weksberg, et al. noted biallelic expression of IGF2 in BWS patients 

and monoallelic expression in normal controls419. In a patient with BWS and WT, 

biallelic expression of IGF2 was also found in samples taken from her peripheral 

blood, the normal part of the kidney, and from her tumor202. A follow up study found 

10 BWS patients with increased levels of methylation in this region detectable in 

peripheral blood samples, in addition to biallelic expression of IGF2420. Notably, all 

10 of these patients were female. The authors hypothesized that BWS in these 

cases could be caused by a mutation occurring in the “early embryo”, leading to 

some cells with increased methylation and other cells with normal methylation. 

ICR1 

In humans, the majority of autosomal genes are expressed equally from both alleles. 

However, imprinted genes have monoallelic expression, depending on the parental 

origin of the allele (maternal or paternal). Imprinting control region 1 (ICR1, also 

known as H19/IGF2 intergenic differentially methylated region) consists of two 

genes, H19 and IGF2, which are imprinted in a reciprocal manner, and a 

methylated region upstream of H19421.   

On the maternal unmethylated allele, CTCF proteins bind the ICR1, forming 

an insulator421,422. This insulator blocks activation of IGF2 by enhancers downstream 
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of H19. Therefore, IGF2 is silenced and H19 is activated on the maternal 

(unmethylated) allele. On the paternal allele, the ICR1 is methylated and CTCF 

binding is blocked, so no insulator is formed. The enhancers activate expression of 

IGF2. As a result, on the paternal (methylated) allele, IGF2 is expressed and H19 is 

silenced (Figure 8).  

 

Figure 8: ICR1 is Methylated on the Paternal Allele.  
Schematic representation of the ICR1 in humans and the genes it regulates, including the 

IGF2 gene and H19 lncRNA. 

 
 

While loss of methylation at the maternal ICR2 allele is the most common cause of 

BWSp, gain of methylation at the maternal ICR1 has been seen in 5% of BWSp 

patients149. These patients with BWSp caused by gain of methylation at ICR1 have a 

25% chance or greater of developing a tumor410. 

The diagnostic criteria for BWS were reevaluated following the identification 

of the epigenetic/genetic defects that cause BWS. Many patients with isolated 

hemihyperplasia were found to have the same genetic defects as BWS423. 

Therefore, in 2018, the consensus recommendation was that BWS should be 
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considered a spectrum with variable phenotypes, including patients with isolated 

hemihyperplasia149. Additionally, all individuals with 11p15 anomalies are 

considered to be on the BWS spectrum, even if no symptoms associated with BWS 

are found149.  

The most commonly used assay for BWS detection is methylation-specific 

multiplex ligation-dependent probe amplification (MS-MLPA), which can detect 

changes in methylation status and some copy number variants149. However, other 

more sensitive methods are needed to detect low-level increases in 

hypermethylation in the blood424, as MS-MLPA has a detection threshold of 10%425. 

If a methylation abnormality is detected, the current consensus recommends follow-

up testing to identify any CNVs using chromosome microarray analysis149. It is 

estimated that 20% of patients with ICR1 hypermethylation might also carry SNVs or 

small CNVs in ICR1, and these patients have a higher risk of recurrence149.  

Recent studies424,426 of the peripheral blood of patients with WT have demonstrated 

that low-level gain of methylation at ICR1 is detectable in the blood of patients with 

no other genetic abnormalities. The majority of patients positive for ICR1 gain of 

methylation had bilateral WT and notably, nearly all were female.  

In many cases of Wilms tumor, no known pathogenic variant could be found 

using the state-of-the-art technologies, including comprehensive approaches such 

as Illumina whole exome sequencing. One explanation for this is that such 

technologies have difficulties in detecting structural variants (SVs) in areas 

associated with repeat or low complexity sequences. ICR1 contains 2 repeat 

sequences. Long-read sequencing detects SVs with higher accuracy than short 

read methods427. In addition, Illumina technology does not support direct 

methylation detection428. In 2023, a study of 20 individuals with Prader-Willi 

syndrome, another syndrome caused by changes in methylation at an imprinted 

region, detected increased methylation in all samples using Nanopore long-read 

sequencing429. Therefore, we hypothesized that analysis of bilateral Wilms tumor of 
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unknown etiology using long-read sequencing could reveal molecular events of 

potential clinical interest.  

We performed in-depth genomic analysis on a whole blood DNA sample 

from a patient with a bilateral Wilms tumor (Figure 9). This patient had no significant 

family history of cancer, and previously tested negative for Beckwith-Wiedemann 

syndrome by methylation testing of the 11p15 region; clinical exome sequencing of 

the patient's germline detected no variants associated with Wilms tumors. We 

detected low-level gain of methylation at ICR1, consistent with BWSp. 

Figure 9: Workflow of Bilateral Wilms Tumor Patient 
Genomic Analysis. 
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Methods 

Case Presentation 

A 3-year-old female patient presented to the University of California, Los Angeles 

with stage IV bilateral Wilms tumor with metastases in her lungs and 

hemihypertrophy. Due to the presence of hemihypertrophy and bilateral Wilms 

tumor, the patient underwent a genetic workup. Methylation analysis of 11p15 was 

normal and germline clinical exome sequencing identified no clinically significant 

variants. 

We sequenced a whole blood DNA sample from this patient using long-read 

whole genome sequencing (WGS), Illumina WGS and exome sequencing. Long-

read sequencing was performed at 40x depth using PromethION Nanopore 

sequencing.  

SVs 

We performed SV calling using Sniffles and SVIM. Only high-confidence SVs that 

were detected by both methods were considered for downstream analysis. SVs 

were annotated and filtered based on predicted functional impact and frequency in 

the population. SVs found in gnomAD-SV (v2.1.1) at a frequency greater than 1% 

were filtered out. All SVs found in LR catalog were filtered. Additionally, SVs found in 

our 11 in-house Nanopore samples were filtered out based on manual inspection.  

Compound heterozygotes were detected using phased variant calls.  

SVs from regulatory regions and CTCF peaks in kidney cells from ENCODE were 

flagged.  

Epigenetic Marks 

For the methylation analysis, we used a publicly available normal blood sample from 

an adult male as a control. The frequency of methylation in CpG sites genome-wide 
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was detected using nanopolish. We searched for extreme differences across large 

regions and gene promoter regions. 

Clinical Annotation 

I led the annotation of variants following filtering. I created a list of genes of interest 

that are implicated in WTs, kidney cancers in general, kidney development, and 

cancer in general and focused on variants in genes found on that list.  

 

Results 

While gain of chromosome 1q and loss of chromosome 22q are commonly found in 

bilateral WT samples as somatic mutations, no chromosomal abnormalities were 

detected in the patient’s blood sample. Additionally, we detected no loss of 

heterozygosity or copy number variants in the 11p15.5 region.  

I filtered the SVs found using the list of genes I created, which included 

genes relevant to Wilms tumors and kidney development. No SVs were found in the 

coding regions, promoters, or UTRs of genes from that list. A 42 bp deletion was 

found in the intronic region of CTNNB1. CTNNB1 is commonly mutated in WTs, but 

this deletion was found in healthy controls.  

Because we looked for both SVs and small mutations, we were able to 

identify compound heterozygous variants. Compound heterozygosity refers to the 

presence of two different mutations on two different alleles of the same gene. Two 

compound heterozygous variants were found overlapping an exon of the OVCH2 

gene (Figure 10). A heterozygous missense mutation was identified in haplotype 

one, while a 300 base pair insertion in an ALU element was present in haplotype 

two. Notably, the ALU element was not detected by prior Illumina analysis. Deletions 

in OVCH2 have been associated with multiple endocrine neoplasia type 2, a cancer 

predisposition syndrome430.  
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Figure 10: Compound Variant and ALU Insertion in 
OVCH2.  

Screenshot of IGV viewer of Nanopore sequencing reads mapped to the OVCH2 locus. 
Gray bars show individual reads with indel mutations in black lines or single nucleotide 
mutations in colored letters. Top: haplotype one, a heterozygous missense mutation is 

detected in OVCH2 (red box). Bottom: a 300 base pair insertion in an ALU element was 
present in haplotype two (red box). 
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Comparison of Methylation Levels Between Patient and Control 

Samples 

Comparing the patient with the control sample, we found that overall methylation 

patterns were consistent. However, some outliers were visible. As expected, 

methylation levels differed on X chromosome genes due to X inactivation. Immune 

gene methylation was also higher in the patient (Figure 11). This is consistent with 

previous studies which have found the composition of certain immune cell types, 

including monocytes, varies with age431.  

DNA methylation levels at specific loci vary between individuals based on 

factors such as age432–436, diet437–439, and exposure to stress440,441. DNA methylation 

has been used to predict the age of a DNA source. However, this could be 

explained by the changes in proportion of white blood cell types as we age442.  

Figure 11. Gene Promoter Methylation Differences 
Between Patient and Control Samples. 

Black dots represent methylation intensity of autosomes. Red dots represent 
methylation intensity of X chromosome. Blue dots represent methylation intensities 
from the Y chromosome. I noted the differential methylation of the X chromosome, 

which we expected because the patient and control were different sexes. 
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Methylation was higher in olfactory receptor genes in the patient. Changes in 

methylation of olfactory receptor genes have previously been associated with 

dietary intake including carbohydrate intake443. Therefore, these changes may be 

explained in differences in diet between patient and control.  

Notably, hypermethylation over the ICR1 locus was observed in the patient 

as compared to the control (Figure 12).  Gain of methylation over ICR1 is 

associated with BWS, and significantly increases the risk of developing Wilms 

tumors. Even relatively low-level hypermethylation meets the criteria for BWSp424. No 

significant difference was detected in methylation over ICR2 (Figure 13).  

 

Figure 12: Low-Level Hypermethylation Over ICR1 was 
Detected in the Patient.  

Methylation frequency over ICR1 and surrounding region in patient vs control samples. ICR1 
is the region in between the dashed lines. 
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Figure 13: Methylation Frequency Over ICR2 in the 
Patient is Similar to the Control. 

Methylation frequency over ICR2 and surrounding region in patient vs control samples. ICR2 
is the region in between the dashed lines. 

 
 

Discussion 

Germline cancer predisposition syndromes are associated with about 10% 

of pediatric cancers444,445, but this number excludes predispositions caused by 

alterations in methylation or epimutations424. Increased usage of sequencing 

technologies which can support methylation detection may allow us to identify new 

epimutations relating to cancer susceptibility which may otherwise be missed, such 

as in this case. In addition to detecting mosaic hypermethylation other technologies 

missed, nanopore sequencing detected a gene with compound heterozygosity that 

was not detectable by Illumina sequencing.  

We detected hypermethylation over the ICR1 in our patient’s blood sample, 

indicating BWS. Our results are remarkably consistent with recent studies of 

patients with WT that found low-level gain of methylation at ICR1 detectable in the 

blood424,426. Of the combined 20 patients without a detectable germline mutation, 19 
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were female and 18 had bilateral Wilms tumor. While bilateral Wilms tumor is more 

common in females, this dramatic gendered pattern warrants further research.  

Evidence suggests that this mosaic gain of methylation at ICR1 is the first hit in a 

two-hit model424,426. Murphy, et al. theorized that the somatic mosaic epimutation 

occurs at an early embryonic stage in a mesodermal progenitor cell before the 

embryonic kidney is lateralized426. Mesodermal cells are progenitors of both kidney 

and lymphocyte cells. This explains why 11p15.5 hypermethylation is detectable in 

the peripheral blood of some patients. Oncogenesis does not occur until a second 

mutation occurs in the kidney. No tumor samples from our patient were available to 

us to test for somatic mutations.  

A similarly gendered pattern of mosaic constitutional epimutation has been 

found in children with SDHC gastrointestinal stromal tumors. 12 out of 12 patients 

with SDHC hypermethylation and without coding mutations were female446. This 

hypermethylation was detectable, although to a lesser degree, in the blood446.  

MS-MLPA, the most commonly used technique to detect changes in methylation 

associated with BWSp, may not be sensitive enough to detect the low-level gain of 

methylation present in the blood of some patients with BWSp. MS-MLPA has 

difficulty in detecting hypermethylation at levels <20% relative to the expected 

normal 50% methylation value447–450. A recent study of the peripheral blood of 97 

patients with WT found detectable gain of methylation in only one patient using MS-

MLPA425. This female patient had hemihypertrophy. The authors attributed the low 

detection rate to the relatively low sensitivity of MS-MLPA compared to other 

methods425,451–453.  

In conclusion, Nanopore technology is able to detect variants missed by 

Illumina sequencing and has the potential to yield new findings of interest in a case 

of a child with suspected cancer predisposition syndrome. To my knowledge, this 

was the first use of Nanopore sequencing to detect an epimutation.  
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Chapter Four. Identification of a 

Differentiation Stall in Epithelial 

Mesenchymal Transition in Histone H3-

Mutant Diffuse Midline Glioma 

 
In Chapter 4, we use gene expression data from a large cohort of diffuse 

midline gliomas to analyze the developmental origin of H3K27M tumors and the role 

of the Epithelial-Mesenchymal Transition (EMT). I led this study. I performed the 

analysis of the gene expression data that found the EMT pathway was upregulated, 

and I noted the expression of the EMT genes. I performed the experiments 

validating expression of these genes in glioma cell lines. This manuscript was 

published in Giga Science in 2020. Lauren Sanders was co-first author. Lauren 

Sanders performed the analysis of the single-cell data and developed the EMT 

score. Lucas Seninge contributed the analysis of the organoid data. Anouk van den 

Bout additionally performed RT-PCR on glioma cell lines to quantify expression of 

EMT genes.  
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Abstract
Background: Diffuse midline gliomas with histone H3 K27M (H3K27M) mutations occur in early childhood and are marked
by an invasive phenotype and global decrease in H3K27me3, an epigenetic mark that regulates differentiation and
development. H3K27M mutation timing and effect on early embryonic brain development are not fully characterized.
Results: We analyzed multiple publicly available RNA sequencing datasets to identify differentially expressed genes
between H3K27M and non-K27M pediatric gliomas. We found that genes involved in the epithelial-mesenchymal transition
(EMT) were signi!cantly overrepresented among differentially expressed genes. Overall, the expression of pre-EMT genes
was increased in the H3K27M tumors as compared to non-K27M tumors, while the expression of post-EMT genes was
decreased. We hypothesized that H3K27M may contribute to gliomagenesis by stalling an EMT required for early brain
development, and evaluated this hypothesis by using another publicly available dataset of single-cell and bulk RNA
sequencing data from developing cerebral organoids. This analysis revealed similarities between H3K27M tumors and
pre-EMT normal brain cells. Finally, a previously published single-cell RNA sequencing dataset of H3K27M and non-K27M
gliomas revealed subgroups of cells at different stages of EMT. In particular, H3.1K27M tumors resemble a later EMT stage
compared to H3.3K27M tumors. Conclusions: Our data analyses indicate that this mutation may be associated with a
differentiation stall evident from the failure to proceed through the EMT-like developmental processes, and that H3K27M
cells preferentially exist in a pre-EMT cell phenotype. This study demonstrates how novel biological insights could be
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derived from combined analysis of several previously published datasets, highlighting the importance of making genomic
data available to the community in a timely manner.

Keywords: glioma; H3K27M mutation; epithelial mesenchymal transition

Background
Pediatric high-grade gliomas (pHGGs) are aggressive brain tu-
mors occurring at a median age of 6 years [1]. Sixty percent of
pHGGs harbor a histone H3 K27M (H3K27M) mutation, which is
associated with an aggressive phenotype and dismal survival
rates [2]. H3K27M-mutant pHGG tumors are located along the
midline, including in the pons, cerebellum, and brainstem. A
diffuse phenotype and delicate location leave them unsuitable
for surgery, and their pronounced chemoresistance renders the
standard treatments for gliomas ineffective, resulting in a me-
dian survival time of only 12 months [3, 4]. The prognostic sig-
ni!cance of the H3K27M mutation in these gliomas resulted in
a new World Health Organization tumor classi!cation, diffuse
midline glioma with H3K27M mutation [5].

The H3K27M mutation results in a global decrease in
H3K27me3, an epigenetic repressive mark and posttranslational
histone modi!cation [6]. Seventy-!ve percent of gene loci lose or
have reduced H3K27me3, although a few loci gain the mark as a
result of the H3K27M mutation [2, 7]. H3K27me3 is deposited pre-
dominantly by EZH2, the catalytic subunit of the PRC2 methyl-
transferase complex. By regulating H3K27me3, EZH2 maintains
cell identity and regulates cellular differentiation [8–11]. Silenc-
ing EZH2 in neuroepithelial cells before their differentiation al-
ters the distribution of the progeny cell types [12]. EZH2 also
maintains neuroepithelial cell integrity and midbrain identity
[13, 14].

Because H3K27me3 is globally lost in H3K27M-mutant
glioma, the subsequent deregulation of gene expression is
thought to lead to tumorigenesis, although the developmental
timing of the mutational event is important [15]. H3K27M ex-
pression in neural stem cells has led to tumorigenesis in mice
when accompanied by TP53 knockout and/or PDGFRA ampli!ca-
tion, but this combination of molecular aberrations failed to re-
sult in tumorigenesis when introduced in mature astrocytes [16,
17]. However, the precise cell type of origin for H3K27M gliomas
is not yet known. Candidate cell types include neuroepithelial
cells (also known as neural stem cells), radial glia (also known
as neural progenitor cells), and oligodendrocyte precursor cells
(OPCs) [16–18].

Many important brain developmental processes are regu-
lated by H3K27me3 deposition and could contribute to glioma-
genesis if not well controlled. One of these is the epithelial-
mesenchymal transition (EMT) pathway, which is essential for
gastrulation, migration of neural crest cells, and neural tube for-
mation [19–22]. The EMT is regulated by SNAI1, a transcription
factor master regulator [23–25]. By regulating EMT, SNAI1 plays a
critical role in many developmental processes, including gastru-
lation and differentiation of embryonic stem cells [26–28]. SNAI1
induces EMT through direct recruitment of PRC2, resulting in
H3K27 trimethylation of key epithelial genes, as well as concur-
rently upregulating mesenchymal genes [29, 30].

In the brain, cellular transitions driven by EMT-like transcrip-
tional programs are involved in key developmental steps such as
the differentiation of neuroepithelial cells to both neuronal and
glial cells [31, 32]. These transitional transcriptional programs,
which control cell fate and identity in early neural cell develop-
ment, are regulated by EZH2 [33].

Given the regulation of EMT-associated gene transcription by
H3K27me3 deposition in the brain, and the disruption of this de-
position by the H3K27M mutation, we sought to investigate EMT-
related gene expression in pHGGs with and without the H3K27M
mutation. We analyzed RNA sequencing (RNA-seq) data from
78 pHGGs obtained from several different studies (Supplemen-
tary Table S1). First, we performed differential expression anal-
ysis using RNA-seq–derived gene expression from bulk tumor
samples and found that H3K27M gliomas differentially express
pre-EMT genes [34]. Second, we examined previously published
cerebral organoid data and observed transcriptional similarities
between pretransition neural stem cells and H3K27M gliomas
[35]. Finally, we leveraged a recent single-cell RNA-seq dataset to
uncover multiple EMT-related transcriptional states in H3K27M
tumor cells [18]. Overall, our results suggest that the H3K27M
mutation may cause an arrest in development of a neural stem
cell type due to lack of H3K27me3 transcriptional control of EMT-
related cellular transitions, indicating a developmental window
of opportunity for H3K27M mutations to induce gliomagenesis.

Our study highlights the importance of genomic data sharing
for rare diseases, such as pHGGs. By combining RNA-seq data
from multiple previously published studies, we were able to as-
semble a cohort of 78 pHGGs, large enough for the differential
expression analysis of pHGGs with and without the H3K27M mu-
tation. We used this new cohort of previously published data to
derive a novel biological model to describe the molecular patho-
genesis of the disease.

Data Description
The RNA-seq data from bulk clinical pediatric glioma sam-
ples used in these analyses were downloaded from the Tree-
house cancer compendium v8, which is publicly available at
the Treehouse website [36]. All samples passed the RNA-seq
quality control analysis used in the curation of the Treehouse
cancer compendium [34]. The single-cell glioma RNA-seq data
were downloaded from the Gene Expression Omnibus (acces-
sion: GSE102130), where they are publicly available. The dataset
was log-normalized and !ltered for low-expression and low-
variability genes. The RNA-seq data from glioma cell lines were
accessed with permission from dbGap phs000900.v1.p1, where
they are available to other researchers with permission, and all
samples passed the RNA-seq quality control analysis used in the
curation of the Treehouse cancer compendium [34]. The bulk
and single-cell organoid RNA-seq data were downloaded from
the Gene Expression Omnibus (accession: GSE106245), which is
publicly available. The datasets were log-normalized and !ltered
for low-expression and low-variability genes.

Analyses
Differential expression analysis of pediatric gliomas
with and without H3K27M mutation reveals
deregulation of genes involved in
epithelial-mesenchymal transition

We obtained RNA-seq data from 33 H3K27M pediatric/young
adult (ages 0–29 years) high-grade gliomas (pHGGs) and 45 non-
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K27M pHGGs from the Treehouse Childhood Cancer Initiative
public cancer compendium v8 [36] (Supplementary Table S1).
These data came from several cohorts including the Paci!c Pedi-
atric Neuro-Oncology Consortium (PNOC), Dr. Michelle Monje’s
studies, and The Cancer Genome Atlas [37–42].

Using the limma package in R [43], we conducted differential
expression analysis between the H3K27M and non-K27M pHGG
cohorts. A total of 1,905 genes are differentially expressed be-
tween the 2 tumor types (Supplementary Table S2). Using Gene
Set Enrichment Analysis (GSEA) and the Molecular Signatures
Database (MSigDB) [44], we found 23 biological signaling path-
ways with signi!cant enrichment in protein-coding genes over-
expressed in the H3K27M cohort (Supplementary Table S2). The
top 5 most signi!cantly enriched gene pathways included “Hall-
mark KRAS Signaling Down” (genes repressed by KRAS acti-
vation) and the “Hallmark Epithelial Mesenchymal Transition”
(Fig. 1A). KRAS pathway enrichment is consistent with a re-
cent study that found RAS signaling to be activated in H3K27M
gliomas [45].

Because genes involved in the EMT are regulated by deposi-
tion of H3K27me3, an epigenetic transcriptional repressive mark
that is lost in H3K27M cells, we were particularly interested in
the differential expression of genes involved in the EMT path-
way. The hallmark EMT pathway gene list is limited to 200
genes [46], so to comprehensively characterize expression of
EMT-associated genes in H3K27M-mutant versus non-K27M tu-
mors, we generated a master list of non-redundant EMT-related
genes (n = 437) by merging several MSigDB developmental and
cellular EMT-related gene sets (Supplementary Table S2). We in-
cluded only genes from gene sets focused on EMT as a develop-
mental process and eliminated gene sets that were derived from
published studies of EMT in adult carcinomas as per MSigDB [46]
because the epithelial nature of those cancers makes those gene
sets inapplicable to pediatric gliomas. This list includes genes
implicated in both pre- and post-EMT cell states, as well as in-
termediate EMT cell states and EMT-like processes.

To investigate differential EMT gene expression, we calcu-
lated the overlap between the EMT master list and the differ-
entially expressed genes (Supplementary Table S2). We found
49 differentially expressed genes from the EMT master list, in-
dicating potential differential activity of the EMT pathway in
H3K27M-mutant gliomas (P < 7.89−14, hypergeometric test). Of
these genes, 26 were more highly expressed in H3K27M tumors,
and the remaining 23 were more highly expressed in non-K27M
tumors (Fig. 1B). Further investigation via manual inspection re-
vealed that, in general, the EMT-related genes overexpressed in
the H3K27M cohort are associated with the transcriptional pro-
!le of cells prior to an EMT-like transition. In contrast, many of
the EMT genes underexpressed in H3K27M tumors were associ-
ated with a post-EMT cell state.

To statistically quantify the association of the 26 EMT-related
genes overexpressed in the H3K27M cohort with pre-EMT cell
states in the brain, we manually identi!ed 9 gene sets relating to
epithelial cells and early brain development (Supplementary Ta-
ble S2). The H3K27M-high EMT genes had signi!cant enrichment
in 8 of 9 gene sets (P < 0.1). In contrast, we calculated the enrich-
ment of 26 randomly selected genes in these 9 gene sets and
it was not signi!cant (Supplementary Table S2). The enriched
epithelial gene sets include “GO Epithelium Development” (P <

3.4−12, hypergeometric test), “GO Epithelial Cell Differentiation”
(P < 3.587−4), and “GO Neural Tube Formation” (P < 0.001). In the
developing brain, some of the cells of the neural tube, a pseu-

dostrati!ed epithelium, undergo an EMT in order to migrate [21].
RHOB, which plays a role in epithelial cell maintenance in the
neural tube [47], is more highly expressed in H3K27M tumors
and belongs to 3 of 9 epithelial gene sets. Additionally, SFRP1
and SFRP2, which are crucial in neural tube formation [48], are
more highly expressed in H3K27M tumors and belong to 6 of 9
epithelial gene sets.

Importantly, we noted that SNAI1, a transcription factor and
key regulator of the EMT transcriptional program, is signi!cantly
overexpressed in H3K27M tumors (log2 fold-change [LFC] = 0.6;
Fig. 1C). High expression of SNAI1 is a marker of the begin-
ning of the induction of EMT or EMT-like cellular transitions.
If the transition is successful, this is followed by high expres-
sion of post-EMT markers TWIST1 [49], !bronectin (FN1) [50],
N-cadherin (CDH2) [51], and cadherin-11 (CDH11) [52]. Using a
Mann-Whitney nonparametric signi!cance test, we found sig-
ni!cantly reduced expression of all of these genes in H3K27M
tumors (TWIST1 LFC = −1.2, FN1 LFC = −0.2, CDH2 LFC =
−0.2, CDH11 LFC = −0.3; Fig. 1C). TWIST1, CDH2, and CDH11
are also underexpressed in the H3K27M cohort by the limma
analysis.

Because SNAI1 induces EMT-like processes in the developing
brain by directly recruiting PRC2 methyltransferase activity for
H3K27-trimethylation, a process blocked by the H3K27M muta-
tion, we hypothesized that the occurrence of the H3K27M muta-
tion may promote tumorigenesis by stalling EMT during early
neuroepithelial differentiation. To further investigate this hy-
pothesis, we performed comparative RNA-seq expression out-
lier analysis developed by the Treehouse Childhood Cancer Ini-
tiative, which identi!es genes with outlier expression in indi-
vidual samples as compared to a background cohort of highly
correlated and disease-matched samples (pan-disease analysis,
see Methods) [34]. We identi!ed genes with outlier expression
only in non-K27M pHGG samples (but not H3K27M pHGG sam-
ples) as compared to a background glioma cohort and noted that
4 of the top 10 enriched pathways were related to EMT, includ-
ing “TGF-Beta regulation of the extracellular matrix” (adjusted P
= 4.01−9) and “Extracellular matrix organization” (adjusted P =
2.98−5) (Supplementary Fig. S1, Supplementary Table S2).

Finally, because EMT is associated with invasiveness in
gliomas, and diffuse midline gliomas are by nature more inva-
sive than hemispheric glioma, we performed an additional anal-
ysis restricted to diffuse intrinsic pontine glioma (DIPG) to elu-
cidate the role of the H3K27M mutation in the observed EMT-
related transcriptional pro!les. The goal of this analysis was to
remove any potential histological or location signal that may
be in"uencing the EMT-related gene expression. We used 10
H3 wild-type DIPG samples and 47 H3K27M DIPG samples from
Treehouse Cancer Compendium v11.

Limma differential expression analysis revealed 48 genes
with higher expression in H3K27M DIPG compared with non-
K27M DIPG (Supplementary Table S2). We again computed statis-
tical overlap of these genes with 9 gene sets relating to epithelial
cells and early brain development and found signi!cant overlap
with 4 of the 9 gene sets (P < 0.1, Supplementary Table S2). The
enrichment of 48 randomly selected genes in these 9 gene sets
was not signi!cant (Supplementary Table S2).

Overall, our multiple analyses of the pHGG RNA-seq cohort
suggest that H3K27M pHGG tumors are characterized by a tran-
scriptional pro!le typically expressed by cells before undergoing
an EMT-like transitional process, while non-K27M pHGG tumors
are characterized by post-EMT gene expression.
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Figure 1. The EMT pathway is differentially expressed in H3K27M gliomas as compared with non-K27M gliomas. A, Differential expression analysis of a cohort of
H3K27M and non-K27M pHGGs revealed signi!cant enrichment of Hallmark Epithelial Mesenchymal Transition in genes overexpressed in H3K27M gliomas. B, Heat
map of differentially expressed EMT genes between H3K27M and non-K27M pHGGs. C, SNAI1 is overexpressed in H3K27M glioma, while TWIST1, FN1, CDH2, and CDH11
are underexpressed in H3K27M glioma as compared with non-K27M gliomas (Mann-Whitney signi!cance test; ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001). Boxplot shows median
and quartiles, whiskers are at 1.5 interquartile range.

H3K27M-mediated gliomagenesis is associated with
pre-EMT cell types

Consistent with our differential expression analysis, a review
of the literature revealed that H3K27M-associated gliomagene-
sis has been experimentally recapitulated only in cell types that
are poised to undergo an EMT differentiation event (Fig. 2A). For
example, a combination of H3K27M, p53 loss, and PDGFRA con-
stitutive activation in human neural progenitor cells (NPCs) in-
duced low-grade gliomas when injected into the pons of neona-
tal mice [16]. These gliomas expressed markers of pre-EMT neu-
roepithelial cells. Another study found that H3K27M and Trp53
loss was suf!cient for gliomagenesis in the NPCs of embryonic
mice in the forebrain and hindbrain [17]. Strikingly, when intro-
duced postnatally, H3K27M and p53 loss in pre-EMT NPCs was
not suf!cient for gliomagenesis, although postnatal induction of
H3K27M, Trp53 loss, and PDGFRA ampli!cation in pre-EMT NPCs
resulted in glioma formation [53, 54]. Additionally, no tumori-
genesis was observed upon introduction of H3K27M, p53 loss,
and PDGFRA constitutive activation in mature astrocytes, a post-
EMT cell type [16]. These observations indicate that experimen-
tal H3K27M-mediated gliomagenesis occurs in a pre-EMT cell
type.

On the basis of our gene expression analysis and review of
the literature, we hypothesized that H3K27M gliomas arise in
pre-EMT cell types and retain the EMT-related transcriptional
pro!le of the cell type in which the mutation arises. To com-
pare the expression of the EMT-related genes of interest be-

tween H3K27M tumors and normal developing brain cells, we
examined total and single-cell RNA-seq data from a human em-
bryonic stem cell–derived cerebral cortex organoid time course
experiment (Fig. 2B) [35]. These organoid cultures mimic the
early weeks of human prenatal cortical development and gener-
ate relevant cell types, uniquely allowing us to investigate early
time points in development that are not available in existing hu-
man fetal brain datasets. After induction of neural epithelium by
week 1, at week 2 radial glia cells and Cajal-Retzius neurons are
present, in addition to some remaining neuroepithelial cells. By
week 5, the organoids contain populations of radial glia, inter-
mediate progenitors, and deep-layer neurons.

When we investigated EMT-related gene expression in cere-
bral organoids during gestational weeks 1–6, we noted the pres-
ence of 2 EMT-related transcriptional transitions (Fig. 2A, bot-
tom). The !rst transition starts as SNAI1 expression peaks in
neural stem cells (week 1), coincident with low expression of
post-EMT markers TWIST1, CDH2, CDH11, and FN1. As differ-
entiation from neural epithelial cells to early radial glia occurs,
SNAI1 expression decreases while post-EMT marker expression
increases. In the second transition, as radial glia cells differen-
tiate intermediate progenitor cells, SNAI1 expression increases
once again.

To further characterize the EMT-like transcriptional pro!les
represented in cerebral organoids, we utilized single-cell RNA-
seq data from the cerebral organoids at gestational weeks 3 and
6 [35]. These sample collection times effectively covered all rele-
vant cell type diversity because gestation week 3 organoids con-
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Figure 2. H3K27M-speci!c EMT transcriptional signature is similar to pre-EMT neural stem cell expression in cerebral organoids. A), In vitro and in vivo experimental
H3K27M-associated gliomagenesis occurs exclusively in pre-EMT cell types (top). These cell types are represented in our cerebral organoid assay, and a time course
of these organoid cultures represents 2 EMT events in early brain development (bottom). B, Experimental work"ow for total RNA-seq and single-cell RNA-seq from
a human embryonic stem cell–derived cerebral cortex organoid time course experiment. C, Single cells from cerebral organoids were scored for EMT completion.
Pre-EMT neural epithelium and early radial glia were least enriched for the EMT score, while post-EMT intermediate progenitors, late radial glia, and neurons were
the most enriched. Boxplot shows median and quartiles, whiskers are at 1.5 interquartile range. D, A signature of genes differentially expressed in H3K27M gliomas
and expressed in cerebral organoids shows highest expression in pre-EMT neural epithelium and early radial glia. E, EMT-related genes highly expressed in H3K27M-
mutant gliomas are also highly expressed in neural epithelium and early radial glia (Mann-Whitney signi!cance test; ∗P value < 0.05, ∗∗P value < 0.01, ∗∗∗∗P value <

0.0001). The violin plots show a kernel density estimation of the data distribution.

tain substantial populations of neural epithelial cells, early ra-
dial glia cells, and Cajal-Retzius neurons, while week 6 organoids
are composed of late radial glia cells, intermediate progenitors,
and immature neurons. We scored the EMT status of each cell
using a gene signature representing EMT completion and a pre-
viously published scoring method based on aggregate expres-
sion of the gene set as compared with a control gene set (Fig. 2C,
Supplementary Table S3, see Methods) [18, 55–58]. Neural ep-
ithelial and early radial glia cells show signi!cantly lower EMT
scores than post-EMT intermediate progenitors, late radial glia,
and neurons (Mann-Whitney test, P < 0.0001). This shows that
our assay contains distinct populations of pre- and post-EMT
cerebral cells and is consistent with the levels of SNAI1, CDH2,
CDH11, FN1, and TWIST1 in the bulk weeks 1–6 organoid data.

This dataset enables us to investigate transcriptional similari-
ties between H3K27M-mutant gliomas and normal pre-EMT cell
types during neural development.

We then examined the expression of genes overexpressed in
H3K27M gliomas in the single-cell organoid RNA-seq dataset to
see which normal cell type is most similar to H3K27M glioma
cells. Of the 1,180 H3K27M-overexpressed genes, 152 genes
passed the single-cell RNA-seq expression !lter (Supplementary
Table S3, see Methods). Hierarchical clustering of the expression
pro!les of these genes in normal cell types during neural devel-
opment revealed highest expression in pre-EMT neural epithe-
lium and early radial glia (Fig. 2D). We then ranked this gene
signature on the basis of each gene’s expression in each cell
type (see Methods). We found that this signature is ranked most
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highly in pre-EMT neural epithelium and in early radial glia (P <

0.05, Fig. 2E).
Overall, these results suggest that the differential EMT-

related gene expression observed in our tumor cohort is con-
sistent with identi!able stages in cyclic EMT-like transcriptional
programs in the normal developing brain and that H3K27M tu-
mor cells resemble normal developing brain cells at a point
where they are expressing a pre-EMT transcriptional pro!le.

Single-cell pro!ling of H3K27M gliomas reveals groups
of cells with different EMT-related transcriptional
pro!les

We used recently published single-cell RNA-seq data from 6
H3K27M and 2 H3 wild-type (H3WT) gliomas to directly inves-
tigate the EMT-related transcriptional pro!les of single-cell pop-
ulations within each tumor type [18]. One of the H3K27M tu-
mors harbors the mutation in the HIST1H3B gene (referenced as
H3.1K27M), while the remaining 5 H3K27M tumors harbor the
mutation in the H3F3A gene (referenced as H3.3K27M).

We performed hierarchical clustering of 3,057 tumor cells us-
ing 207 genes from the EMT master list that passed expression
!lters (see Methods, Supplementary Table S4) [59]. Nine EMT-
related clusters were discovered and named A–I (Fig. 3A, Sup-
plementary Table S4). Cluster gene signatures were identi!ed by
assigning each cluster the genes with maximum mean expres-
sion in that cell cluster across the dataset (Supplementary Table
S4).

We assigned cluster function on the basis of manual review
of genes in each signature, and observed several populations of
cells whose presence in this dataset has already been noted [18].
Cluster I is composed predominantly of non-malignant immune
cells, indicated by comparatively high expression of immune
markers such as CD68 [60]. Cluster H resembles oligodendrocytic
cells, with highest expression of PADI2, PMP22, and RHOA, and
Cluster G resembles oligodendrocyte precursor cells with the
highest expression of PDGFRA [61–64]. The presence of each of
these cell types has already been noted in H3K27M gliomas [18].

However, the remaining clusters are de!ned by genes asso-
ciated with EMT. We again scored the EMT status of each cell
with a gene signature representing EMT completion (Fig. 3A, see
Methods) [18, 55–58]. Clusters D, E, and F scored the lowest over-
all, while Clusters A, B, and C scored the highest overall. Cluster
relationships are shown with Uniform Manifold Approximation
and Projection (UMAP) in Fig. 3B, and expression patterns of se-
lected genes relating to transcriptional stages of EMT-like transi-
tions are shown in the lower panel of Fig. 3B. Of the genes iden-
ti!ed in the bulk RNA-seq analysis (Fig. 1C), only FN1, CDH2, and
CDH11 were expressed in the glioma single-cell RNA-seq data,
so we also visualized VIM as a post-EMT marker and SFRP1 as a
pre-EMT marker.

In keeping with our previous analysis, we noted that Clus-
ter A, which is composed mainly of H3WT glioma cells, strongly
resembles post-EMT cells and most highly expresses canonical
post-EMT markers including CDH2, CDH6, and VIM [65, 66]. This
is consistent with our observation that non-K27M gliomas tran-
scriptionally resemble a post-EMT state as compared to H3K27M
in the bulk RNA-seq pHGG cohort.

Interestingly, within the clusters composed predominantly
of H3K27M cells, we observed multiple EMT-related transcrip-
tional pro!les. Cluster B, composed of H3K27M cells, had high-
est expression of post-EMT markers including CDH11 and FN1,
potentially indicating a subclonal population of cells that differ-

entiated through alternative means. Thus, we de!ned Clusters
A and B “post-EMT.”

In contrast, H3K27M-expressing Clusters E and F cells exhibit
comparatively the highest expression of several genes known for
their expression in pre-EMT cell types, including CADM1, PTEN,
CTNNB1, and SFRP1 [48, 67–70]. Therefore, we de!ned Clusters
E and F “pre-EMT.” In contrast, Cluster C has comparatively the
highest expression of only 10 genes and has no clear expres-
sion pro!le of any stage of EMT, so we de!ned Cluster C “EMT-
ambiguous.”

Cluster D was de!ned “EMT-intermediate” because it dis-
plays high expression of genes normally expressed while the
EMT process is taking place, without a clear bias towards ep-
ithelial or mesenchymal gene expression, including SMAD2 and
VCAN, which are activated during the EMT process rather than
before or after [71, 72].

Histone H3.1K27M glioma cells express a different
EMT-related transcriptional pro!le than H3.3K27M
glioma cells

Further examination revealed that cluster D mainly con-
sists of cells from the H3.1K27M-mutant tumor. H3.1 and
H3.3K27M characterize 2 functionally different subtypes of
H3K27M gliomas; H3.1K27M gliomas are comparatively rare but
have a slightly better prognosis [40, 73]. Normally, histone H3.3 is
preferentially located at active chromatin [74–76]. This leads to
distinct patterns of epigenetic reprogramming in each histone
variant, where loss of the H3.3K27me3 mark is directly corre-
lated with areas of H3.3 genomic enrichment, while H3.1K27me3
loss is higher at intergenic regions [76, 77]. Because the H3K27M
mutation is known to induce dose-dependent inhibition of PRC2
methyltransferase, this suggests that the localized distribution
of histone H3.3 may result in higher local inhibition of PRC2 and
loss of H3K27me3 at H3.3K27M sites [53, 76]. Because precise
control of gene transcription via active chromatin is necessary
for EMT-like developmental cell state transitions, a H3.3K27M
mutation would be particularly damaging to proper regulation of
these processes. Indeed, functional analysis of enhancer regions
in H3.3K27M-expressing NPCs revealed enrichment of regions
positively regulating EMT-related genes, indicating that H3.3 ac-
tive chromatin regions are directly involved in transcriptional
control of EMT-related genes [76]. This suggests that EMT-poised
H3.3K27M cells will be unable to properly complete the transi-
tion owing to lack of transcriptional control.

Accordingly, we observed EMT-intermediate or E/M hybrid
expression genes in glioma single-cell Cluster D, which has a
substantial number of H3.1K27M glioma cells. We hypothesized
that H3.1K27M cells may be more differentiated than H3.3K27M
cells.

To investigate this hypothesis further, we subset the single-
cell glioma RNA-seq data to 2,458 cells with H3.1K27M or
H3.3K27M mutation and performed the Wilcoxon rank-sum test
to identify genes overexpressed in each variant group (Sup-
plementary Table S4, Supplementary Fig. S2). Consistent with
our previous observations, GSEA of Gene Ontology (GO) gene
sets (Fig. 4B, Supplementary Table S4) revealed enrichment
of epithelial gene sets in H3.3K27M compared with H3.1K27M
(GO Adhesion pathways, GO Neurogenesis, GO Embryo Devel-
opment) and mesenchymal gene sets in H3.1K27M compared
with H3.3K27M (GO EMT pathway, GO Mesenchymal Cell Dif-
ferentiation, and GO Mesenchyme Development). Additionally,
scoring of all cells for EMT completeness shows that H3.1K27M
cells score signi!cantly higher overall than H3.3K27M cells,
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Figure 3. Single-cell RNA sequencing of H3K27M and non-K27M gliomas reveals multiple EMT stages within tumors. A, Expression heat map showing hierarchical
clustering of 3,057 cells from 6 H3K27M and 2 non-K27M high-grade gliomas, with a master list of EMT genes. Nine clusters (A–I) were assigned gene signatures on
the basis of maximum mean gene expression in each cluster, and clusters were classi!ed on the basis of manual review of each gene signature. Histone H3 mutation
status and EMT score are shown at the bottom of the heat map (ODC: oligodendrocyte; OPC: oligodendrocyte precursor). B, UMAP dimensionality reduction projection
of the same expression data as the heat map and labeled by cluster, histone H3 mutation status, and EMT score. Expression of selected pre-EMT and post-EMT genes
is shown in the bottom panel.

while non-K27M cells score signi!cantly higher than either mu-
tant cell type (Supplementary Fig. S3). However, because the
H3.1K27M cells come from a single tumor, we performed addi-
tional analysis to investigate this observation.

We cultured DIPG primary cell lines isolated in a previous
study to investigate the expression of EMT markers in H3.3K27M,
H3.1K27M, and non-K27M glioma cells [78]. Morphologically,
we observed that when cultured in serum-free conditions, the
H3.1K27M cell lines preferentially grow attached to the "ask (4
of 5 cell lines), while the H3.3K27M cells preferentially grow as
neurospheres (8 of 9 cell lines) (Fig. 4C). Because differentiation
out of the neurosphere state is accompanied by attachment and
increased expression of N-cadherin, this morphological trend is

consistent with our hypothesis that H3.1K27M cells exist in a
more differentiated state than H3.3K27M cells [79].

We analyzed RNA-seq data from 3 DIPG cell lines to com-
pare the expression of EMT genes (SU-DIPG-IV is H3.1K27M
mutant; SU-DIPG-VI and JHH-DIPG1 are H3.3K27M mutant). We
used 4 replicate samples from each of SU-DIPG-IV and SU-DIPG-
VI and 3 replicate samples from JHH-DIPG1. Each sample was
scored using a gene signature of EMT completion (see Methods),
and the H3.1K27M samples scored signi!cantly higher than the
H3.3K27M samples (Fig. 4D, P < 0.05).

We then performed RT-PCR to quantify the expression of FN1
and CDH2, canonical post-EMT genes that were previously iden-
ti!ed as differentially expressed by Mann-Whitney test in the
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Figure 4. H3.1K27M glioma cells express a different EMT-related transcriptional pro!le than H3.3K27M glioma cells. A, UMAP dimensionality reduction of 2,458 histone-
mutant glioma single cells. B, Gene set enrichment analysis of genes overexpressed in H3.3K27M vs H3.1K27M (top) or H3.1K27M vs H3.3K27M (bottom) by Wilcoxon
rank-sum test using glioma single-cell RNA-seq data. C, Representative images of H3.1K27M and H3.3K27M glioma–derived cell cultures. Scale bar 400 µm. D, Total
RNA sequencing datasets from glioma cell lines were scored for EMT completeness (4 samples from SU-DIPG-IV, 4 samples from SU-DIPG-VI, and 3 samples from
JHH-DIPG1). Scoring is shown in a heat map and a box plot (Mann-Whitney signi!cance test; ∗P < 0.05). E, RT-PCR of FN1 and CDH2 expression in glioma primary cell
cultures (all numbered lines are SU-DIPG).

bulk glioma RNA-seq analysis (Fig. 4E, full-length gel in Supple-
mentary Fig. S4). We attempted to quantify E-cadherin/CDH1 be-
cuse it is a canonical pre-EMT marker, but the levels were so low
as to be undetectable by RT-PCR in these cell lines [RNA-seq < 1.0
log2(TPM + 1)]. We compared 9 H3.3K27M cell lines (SU-DIPG-
VI, XIII, XVII, XIX, 24, 25, 27, 35, and 43) with 5 H3.1K27M cell
lines (SU-DIPG-IV, XXI, 33, 36, and 38) and included 5 H3 wild-
type lines (SU-DIPG-48, pcGBM2R, KNS42, SJ-GBM2, and normal
human astrocytes hTERT) and a negative RT-PCR control (NC).
Overall, the H3 wild-type and H3.1K27M cell lines appear to
more highly express both post-EMT markers, in keeping with the
bulk and single-cell RNA-seq analyses. Our computational and in
vitro observations are consistent with a recent study indicating
that H3.1K27M tumor cells are overall more differentiated than
H3.3K27M tumor cells [76]. Our results are also consistent with
previous studies on EMT in pediatric gliomas, which !rst found
a mesenchymal subtype of DIPG and subsequently discovered
that H3.1K27M-mutant gliomas express genes associated with a
more mesenchymal subtype of glioblastoma [73, 80].

Overall, these data suggest that the histone H3K27M muta-
tion is associated with a preferentially early or pre-EMT cell state

as compared with non-K27M cells but that H3.1K27M cells may
represent a somewhat later or intermediate-EMT cell state as
compared with H3.3K27M cells.

Discussion
H3K27M diffuse midline gliomas are aggressive tumors gen-
erally occurring in early childhood in the hindbrain or mid-
line. These tumors have poor prognosis and do not respond
to standard chemotherapies for adult gliomas [81]. In contrast
to most adult cancers, pediatric cancers, including pediatric
gliomas, are thought to occur due to a developmental stall re-
lating to epigenetic dysregulation of normal cellular differen-
tiation pathways [15, 40, 82]. H3K27M diffuse midline glioma
cells lose EZH2-deposited H3K27me3 epigenetic transcriptional
control markers, which are known to play crucial roles in cell
differentiation and development in the brain [6]. In particular,
normal H3K27me3 deposition controls neural cell differentia-
tion through multiple EMT processes [22]. Research has impli-
cated the EMT in pediatric gliomas [80, 83, 84], particularly those
with a more invasive phenotype. Histone deacetylase inhibitor
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treatment of in vitro pHGG cells reversed mesenchymal pheno-
types, in keeping with a model in which the interplay between
H3K27 acetylation and methylation controls EMT-related tran-
scriptional states [38]. We hypothesized that loss of H3K27me3
in H3K27M-mutant gliomas may lead to a stall in EMT processes
in normal brain development.

In this study, we observed that various canonical EMT-
inducing genes are signi!cantly overexpressed in H3K27M-
mutant pHGGs, compared with non-K27M pHGGs, while
many canonical mesenchymal markers are underexpressed in
H3K27M pHGGs as compared with the non-K27M tumors. In par-
ticular, we noted higher expression of the pre-EMT transcrip-
tion factor SNAI1 in H3K27M-mutant gliomas. Because SNAI1
relies on PRC2 and H3K27me3 to facilitate EMT through gene
expression regulation, this may indicate an arrest in the EMT
process. The existence of a hybrid epithelial/mesenchymal phe-
notype is well established: the result of a partial EMT is the ex-
pression of both epithelial and mesenchymal genes [85]. Stud-
ies have shown that a hybrid E/M phenotype may indicate a
worse prognosis than mesenchymal-only states in solid tumors
[85–87].

We hypothesized that if H3K27M mutation prevents full EMT,
neural stem cells harboring H3K27M may be forced to retain
a proliferative, stem cell phenotype, eventually leading to tu-
morigenic development. Accordingly, we observed from exten-
sive literature review that experimental induction of H3K27M-
associated gliomas has occurred exclusively in pre-EMT cell
types, and that 2 consecutive EMT-like transcriptional transi-
tions occur early in normal brain development.

Single-cell RNA-seq from H3K27M and non-K27M tumors
con!rmed a post-EMT expression signature in the non-K27M
cells and also revealed subsets of H3K27M cells with different
EMT-related transcriptional pro!les. Speci!cally, we observed an
intermediate EMT signature in the H3.1K27M cells as compared
with the H3.3K27M cells. This was also observed in bulk RNA-
seq and in vitro RT-PCR analysis. We hypothesize that because
the H3.1K27M mutation is not concentrated at active chromatin,
it has less repressive power as speci!c developmental processes
such as EMT are activated over time. If a subset of H3.1K27M
cells are able to differentiate, this may explain why H3.1K27M
gliomas have a slightly better prognosis.

To conclude, we mined 3 publicly available RNA-seq datasets
from pediatric gliomas and cerebral organoids to generate a hy-
pothesis for the gliomagenesis of H3K27M gliomas. We propose
that the H3K27M mutation is tumorigenic when the mutational
hit occurs in a cell poised to undergo an EMT-like cell state tran-
sition, due to the dependence of EMT-associated transcriptional
activity on the correct timing of the H3K27me3 mark (Fig. 5).
More work is needed to characterize the observed difference
in the EMT-associated transcriptional pro!les between the H3.1
and H3.3K27M variants. Additionally, a limitation of our study is
that it is dif!cult to isolate the role of the H3K27M mutation from
other factors such as histology and tumor location. Future stud-
ies will focus on EMT-related transcriptional programs in cellular
models with inducible H3K27M expression to further character-
ize the molecular interplay between the H3K27M mutation and
EMT in developing brain cells.

Taken together, our results hold important implications
for better understanding the developmental origin and tim-
ing of these aggressive and untreatable cancers. Furthermore,
the presence of an epigenetically driven differentiation stall
may imply that a pharmacological methylation agent or a pro-
differentiation therapy may aid in future treatment of H3K27M-
mutant tumors [88].

Potential Implications
Our study holds implications for other diseases because H3K27M
mutation is not exclusive to diffuse midline gliomas. It can also
be found in a fraction of pediatric ependymomas and medul-
loblastomas [89]. Interestingly, ependymomas located in the
posterior fossa typically do not harbor the H3K27M mutation
but exhibit the K27M-associated H3K27 hypomethylation phe-
notype. Thus, the proposed differentiation stall and an associ-
ated EMT transcriptional signature as a result of H3K27me3 loss
may also apply to these cancers. Beyond the SNAI1-H3K27me3
axis, EMT is also regulated by other epigenetic marks [90]. Given
the epigenetically dysfunctional nature of many pediatric can-
cers [15], EMT arrest could conceivably play a role in the onco-
genesis of these tumors as well.

Methods
Glioma bulk RNA sequencing data

Gene expression data from 78 pHGG samples were downloaded
from the Treehouse Childhood Cancer Initiative public com-
pendium v8 (Tumor Compendium v8 Public) [36]. All samples in
the compendium have been uniformly processed using the UC
Santa Cruz TOIL RNA-seq pipeline (v3.3.4) [91]. This dataset (n =
58,581 genes) is in transcripts per million (TPM) and normalized
by log2(TPM + 1). We divided the dataset into 33 H3K27M-mutant
samples and 45 non-K27M samples and performed differential
expression analysis of all genes between the 2 groups using R
library limma v3.34.9 in R v3.3.4. We performed GSEA of the re-
sulting 1,905 differentially expressed genes (P < 0.1) with MSigDB
v7.0 on the GSEA/MSigDB website v6.4 (Supplementary Table 2).
Because the EMT pathway was in the top 5 most signi!cantly
enriched pathways in H3K27M overexpressed genes, we created
a non-redundant master list of EMT genes (n = 437) by merging
7 EMT-related MSigDB pathways and by identifying EMT-related
genes through manual literature curation (Supplementary Table
2).

We performed pan-disease outlier analysis on all the pHGG
samples using Treehouse CARE (see Availability of Source Code
and Requirements section) against the Treehouse Cancer Com-
pendium v10. Pan-disease outlier analysis identi!es genes with
outlier expression in each sample of interest as compared to a
background cohort of tumors identi!ed as most similar (in this
analysis, the background cohort was 37 pediatric gliomas, 19
young adult gliomas, 18 pediatric glioblastomas, and 4 young
adult glioblastomas) [34]. We identi!ed a list of genes with out-
lier expression in the non-K27M pHGG samples that did not
also have outlier expression in the H3K27M pHGG samples, and
performed GSEA using Enrichr in the GSEApy package (gseapy-
v0.9.17) [92] against the BioPlanet 2019 library with P-value cut-
off 0.05 (outlier genes and enriched pathways in Supplementary
Table 2). We used the EnrichmentMap app in Cytoscape to visu-
alize functionally similar clusters of enriched pathways [93].

Cerebral organoid RNA sequencing data (bulk and
single cell)

Gene expression data (TPM) from 6 weekly time points of hu-
man cerebral organoid growth were downloaded from accession
GSE106245 [35]. Organoid weeks 0–5 were converted to gesta-
tional weeks 1–6 and duplicate gene measurements were aver-
aged. For Fig. 2A, expression of each gene was normalized in the
range 0–1. Single-cell RNA-seq data from weeks 2 and 5 (gesta-
tional weeks 3 and 6) cerebral organoids were downloaded from
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Figure 5. Proposed model for EMT stall in H3K27M cells. We propose that H3K27M cells retain high levels of SNAI1 expression but remain stalled in a pre-EMT state
owing to inability of PCR2 to tri-methylate H3K27.

accession GSE106245 [35]. Expression data were !ltered to re-
move genes with expression in <10% of cells. Cell types were
assigned using a list of marker genes (Supplementary Table S3).

Glioma single-cell RNA sequencing data

Smart-seq2 RSEM TPM single-cell RNA-seq data from 3,057
glioma cells were downloaded from accession GSE102130 [18].
Data were log2-normalized and !ltered to remove genes with
expression in <20% of cells. The cells per tumor remaining af-
ter !ltering are as follows: MUV1: 146, MUV5: 708, MUV10: 286,
BCH836: 527, BCH869: 492, BCH1126: 299, MGH66: 442, MGH101:
92, MGH104: 65. Hierarchical clustering of all cells was per-
formed using the Python scipy.cluster.hierarchy function (scipy
v1.4.1) after subsetting to a non-redundant master list of EMT
genes (n = 437, Supplementary Table S2). Of these genes, 207
passed the expression !lter and were included in the hierar-
chical clustering. The clustering results were plotted using the
scipy.cluster.hierarchy.dendrogram function with threshold set
to 3.5. Gene signatures for each cluster were assigned by iden-
tifying the cluster in which each gene has maximum mean ex-
pression, and assigning that gene to that cluster. For UMAP vi-
sualizations, Leiden clustering was performed on the single-
cell data using the scanpy.tl.leiden function (scanpy v1.4.5.post1)
with resolution set to 0.5 and top 10 principal components used
as input.

DIPG cell lines

The patient-derived DIPG cell lines (SU-DIPG-IV, SU-DIPG-VI,
SU-DIPG-XIII, SU-DIPG-XVII, SU-DIPG-XIX, SU-DIPG-XXI, SU-
DIPG-24, SU-DIPG-25, SU-DIPG-27, SU-DIPG-33, SU-DIPG-35, SU-
DIPG-36, SU-DIPG-38, SU-DIPG-48) were kindly provided by Dr.
Michelle Monje (Stanford University School of Medicine, Stan-
ford, CA) [38]. SU-DIPG-IV, SU-DIPG-XXI, SU-DIPG-33, SU-DIPG-
36, and SU-DIPG-38 cells harbor a H3.1K27M mutation while SU-
DIPG-VI, SU-DIPG-XIII, SU-DIPG-XVII, SU-DIPG-XIX, SU-DIPG-24,
SU-DIPG-25, SU-DIPG-27, SU-DIPG-35, and SU-DIPG-43 cells har-
bor a H3.3K27M mutation. SU-DIPG-48 and glioblastoma cell line

SU-pcGBM-2 are H3WT. Glioblastoma H3WT cell lines, as well as
KNS-42 (BCRJ Cat# 0295, RRID:CVCL 0378), SJ-GBM2 (RRID:CVCL
M141), and 1 normal astrocyte cell line NHA hTERT, were kindly

provided by Prof. Sameer Agnihotri (University of Pittsburgh
Medical Center Children’s Hospital of Pittsburgh, Pittsburgh, PA).
The Universal Mycoplasma Detection Kit (ATTC, Manassas, VA)
was used for testing SU-DIPG-XIII, XVII, XIX, and VI latest on
10 January 2020. All cells were cultured in tumor stem medium
containing 50X B-27 Supplement Minus Vitamin A (Invitrogen,
Waltham, MA), H-EGF at 20 ng/mL (Shenandoah Biotechnol-
ogy, Warwick, PA), H-FGF-basic-154 at 20 ng/mL (Shenandoah
Biotechnology, Warwick, PA), H-PDGF-AA at 10 ng/mL (Shenan-
doah Biotechnology, Warwick, PA), H-PDGF-BB at 10 ng/mL
(Shenandoah Biotechnology, Warwick, PA), and 0.2% heparin so-
lution at 2 µg/mL (STEMCELL Technologies, BC, Canada). All ex-
periments used cells collected within 5 passages after thaw-
ing. The cells were passaged by the treatment of TrypLE (Gibco,
Waltham, MA) and DNAse I (Worthington, Lakewood, NJ) rock-
ing at 37◦C for 5–15 minutes, then HBSS (Corning, Corning, NY)
was added to deactivate TrypLE. The cells were transferred to
new Nunc EasYFlask Cell Culture Flasks (ThermoFisher Scien-
ti!c, Waltham, MA) and grown in tumor stem medium as previ-
ously described. The bulk RNA-seq data from lines SU-DIPG-VI,
SU-DIPG-IV, and JHH-DIPG1 were obtained with permission from
Dr. Michelle Monje from dbGap accession phs000900.v1.p1.

RNA extraction and RT-PCR

Total RNA was extracted from cell pellets using the Quick-
RNA Miniprep Kit (Zymo Research, Irvine, CA). Complementary
DNA was synthesized from 1 µg of total RNA using Oligo(dT)20
primers and the SuperScript III First Strand Synthesis System
(Invitrogen, Waltham, MA). PCR was performed using KAPA HiFi
HotStart ReadyMixPCR Kit (KAPA Biosystems, Wilmington, MA),
50 ng of template DNA, and the appropriate primers and 27
PCR cycles and an annealing temperature of 64◦C. CDH2 primer
sequences were as follows: forward: ggcttaatggtgattttgctcag;
reverse: tccataccacaaacatcagcac. FN1 primer sequences were
as follows: forward: cttgaaccaacctacggatgac; reverse: tcccatcat-
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cataacacgttgc. Primer oligos were purchased from Integrated
DNA Technologies.

Data Analysis

All statistical comparisons were performed with a 2-sided
Mann-Whitney test, with measurements taken from distinct
samples without assumption of normality, and Benjamini-
Hochberg multiple testing correction was applied. Single-cell
and bulk tumor samples were scored for EMT activity using a
manually curated set of mesenchymal genes and a previously
published scoring method based on aggregate expression of the
gene set as compared to a control gene set (Supplementary Table
S3) [18, 56, 94].

Availability of Source Code and Requirements
Code for !gures and data analysis: https://github.com/lauren-sa
nders/EMT-paper
Code for outlier analysis: https://github.com/UCSC-Treehouse/
CARE/
License: Apache-2.0
Operating system: Platform independent
Programming languages: Python, R
Other requirements: Python 3.8 or higher, R 3.3 or higher

Data Availability
All data used for this article are available at the following web-
sites or accession numbers: publicly available: (i) bulk glioma
RNA-seq: [36], (ii) cerebral organoid RNA-seq: GSE106245, (iii)
glioma single-cell RNA-seq: GSE102130. Data available with
permission for the glioma cell line RNA-seq data dbGap
phs000900.v1.p1. All supporting data and materials are available
in the GigaScience GigaDB database [95].

Additional Files
Supplementary Figure S1. Comparative gene expression analysis
shows enrichment of post-EMT and mesenchymal pathways in
genes with outlier expression in H3WT pHGG tumors.
Supplementary Figure S2. Top 30 differentially expressed genes
by Wilcoxon rank-sum test comparing H3.3K27M mutant glioma
cells with H3.1K27M mutant glioma cells.
Supplementary Figure S3. Continuum of EMT completeness
scores in glioma single cell RNA-seq data.
Supplementary Figure S4. Full-length RT-PCR gel images for FN1
and CDH2 quanti!cation.
Supplementary Table S1. Patient characteristics.
Supplementary Table S2. Differentially expressed genes be-
tween H3K27M and H3WT gliomas.
Supplementary Table S3. Genes used for EMT scoring.
Supplementary Table S4. Glioma single-cell clusters and genes.
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Supplementary table 1 

 

virus general type source accession
EBV EBV RefSeq NC_007605.1
HTLV type1 HTLV GenBank MH399769.1
HTLV type1 HTLV GenBank J02029.1
HTLV type2 HTLV GenBank Y14365.1
HTLV type3 HTLV GenBank EU649782.1
Hepatitis B Hepatitis GenBank MH818373.1
Hepatitis B Hepatitis GenBank MT114172.1
Hepatitis B Hepatitis GenBank MT437386.1
Hepatitis B Hepatitis GenBank MN683729.1
Hepatitis C Hepatitis GenBank AF165053.1
Hepatitis C Hepatitis GenBank AF207754.1
Hepatitis C Hepatitis GenBank MT212178.1
Hepatitis C Hepatitis GenBank LC368448.1
Hepatitis C Hepatitis GenBank NC_009824.1
Hepatitis C Hepatitis GenBank D84263.2
Hepatitis C Hepatitis GenBank MH155319.1
Hepatitis C Hepatitis GenBank D63822.1
Hepatitis C Hepatitis GenBank MG428679.1
Hepatitis C Hepatitis GenBank MG406988.1
HHV8 human herpes virus RefSeq NC_009333.1
WU human polyomavirus RefSeq NC_009539.1
MW human polyomavirus RefSeq NC_018102.1
BK human polyomavirus RefSeq NC_001538.1
MCV human polyomavirus RefSeq NC_10277.2
HPyV 9 human polyomavirus RefSeq NC_15150.1
HPyV 7 human polyomavirus RefSeq NC_14407.1
HPyV 6 human polyomavirus RefSeq NC_14406.1
HPyV 8 human polyomavirus RefSeq NC_14361.1
JC human polyomavirus RefSeq NC_001699.1
KI human polyomavirus RefSeq NC_009238.1
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HPV1 HPV PaVE consortium V01116
HPV2 HPV PaVE consortium X55964
HPV3 HPV PaVE consortium X74462
HPV4 HPV PaVE consortium X70827
HPV5 HPV PaVE consortium M17463
HPV6 HPV PaVE consortium X00203
HPV7 HPV PaVE consortium X74463
HPV8 HPV PaVE consortium M12737
HPV9 HPV PaVE consortium X74464
HPV10 HPV PaVE consortium X74465
HPV11 HPV PaVE consortium M14119
HPV12 HPV PaVE consortium X74466
HPV13 HPV PaVE consortium X62843
HPV14 HPV PaVE consortium X74467
HPV15 HPV PaVE consortium X74468
HPV16 HPV PaVE consortium K02718
HPV17 HPV PaVE consortium X74469
HPV18 HPV PaVE consortium X05015
HPV19 HPV PaVE consortium X74470
HPV20 HPV PaVE consortium U31778
HPV21 HPV PaVE consortium U31779
HPV22 HPV PaVE consortium U31780
HPV23 HPV PaVE consortium U31781
HPV24 HPV PaVE consortium U31782
HPV25 HPV PaVE consortium X74471
HPV26 HPV PaVE consortium X74472
HPV27 HPV PaVE consortium X74473
HPV28 HPV PaVE consortium U31783
HPV29 HPV PaVE consortium U31784
HPV30 HPV PaVE consortium X74474
HPV31 HPV PaVE consortium J04353
HPV32 HPV PaVE consortium X74475
HPV33 HPV PaVE consortium M12732
HPV34 HPV PaVE consortium X74476
HPV35 HPV PaVE consortium X74477
HPV36 HPV PaVE consortium U31785
HPV37 HPV PaVE consortium U31786
HPV38 HPV PaVE consortium U31787
HPV39 HPV PaVE consortium M62849
HPV40 HPV PaVE consortium X74478
HPV41 HPV PaVE consortium X56147
HPV42 HPV PaVE consortium M73236
HPV43 HPV PaVE consortium AJ620205
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HPV44 HPV PaVE consortium U31788
HPV45 HPV PaVE consortium X74479
HPV47 HPV PaVE consortium M32305
HPV48 HPV PaVE consortium U31789
HPV49 HPV PaVE consortium X74480
HPV50 HPV PaVE consortium U31790
HPV51 HPV PaVE consortium M62877
HPV52 HPV PaVE consortium X74481
HPV53 HPV PaVE consortium X74482
HPV54 HPV PaVE consortium U37488
HPV56 HPV PaVE consortium X74483
HPV57 HPV PaVE consortium X55965
HPV58 HPV PaVE consortium D90400
HPV59 HPV PaVE consortium X77858
HPV60 HPV PaVE consortium U31792
HPV61 HPV PaVE consortium U31793
HPV62 HPV PaVE consortium AY395706
HPV63 HPV PaVE consortium X70828
HPV65 HPV PaVE consortium X70829
HPV66 HPV PaVE consortium U31794
HPV67 HPV PaVE consortium D21208
HPV68 HPV PaVE consortium DQ080079
HPV69 HPV PaVE consortium AB027020
HPV70 HPV PaVE consortium U21941
HPV71 HPV PaVE consortium AB040456
HPV72 HPV PaVE consortium X94164
HPV73 HPV PaVE consortium X94165
HPV74 HPV PaVE consortium AF436130
HPV75 HPV PaVE consortium Y15173
HPV76 HPV PaVE consortium Y15174
HPV77 HPV PaVE consortium Y15175
HPV78 HPV PaVE consortium KC138720
HPV80 HPV PaVE consortium Y15176
HPV81 HPV PaVE consortium AJ620209
HPV82 HPV PaVE consortium AB027021
HPV83 HPV PaVE consortium AF151983
HPV84 HPV PaVE consortium AF293960
HPV85 HPV PaVE consortium AF131950
HPV86 HPV PaVE consortium AF349909
HPV87 HPV PaVE consortium AJ400628
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HPV88 HPV PaVE consortium EF467176
HPV89 HPV PaVE consortium AF436128
HPV90 HPV PaVE consortium AY057438
HPV91 HPV PaVE consortium AF419318
HPV92 HPV PaVE consortium AF531420
HPV93 HPV PaVE consortium AY382778
HPV94 HPV PaVE consortium AJ620211
HPV95 HPV PaVE consortium AJ620210
HPV96 HPV PaVE consortium AY382779
HPV97 HPV PaVE consortium DQ080080
HPV98 HPV PaVE consortium FM955837
HPV99 HPV PaVE consortium FM955838
HPV100 HPV PaVE consortium FM955839
HPV101 HPV PaVE consortium DQ080081
HPV102 HPV PaVE consortium DQ080083
HPV103 HPV PaVE consortium DQ080078
HPV104 HPV PaVE consortium FM955840
HPV105 HPV PaVE consortium FM955841
HPV106 HPV PaVE consortium DQ080082
HPV107 HPV PaVE consortium EF422221
HPV108 HPV PaVE consortium FM212639
HPV109 HPV PaVE consortium EU541441
HPV110 HPV PaVE consortium EU410348
HPV111 HPV PaVE consortium EU410349
HPV112 HPV PaVE consortium EU541442
HPV113 HPV PaVE consortium FM955842
HPV114 HPV PaVE consortium GQ244463
HPV115 HPV PaVE consortium FJ947080
HPV116 HPV PaVE consortium FJ804072
HPV117 HPV PaVE consortium GQ246950
HPV118 HPV PaVE consortium GQ246951
HPV119 HPV PaVE consortium GQ845441
HPV120 HPV PaVE consortium GQ845442
HPV121 HPV PaVE consortium GQ845443
HPV122 HPV PaVE consortium GQ845444
HPV123 HPV PaVE consortium GQ845445
HPV124 HPV PaVE consortium GQ845446
HPV125 HPV PaVE consortium FN547152
HPV126 HPV PaVE consortium AB646346
HPV127 HPV PaVE consortium HM011570
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HPV128 HPV PaVE consortium GU225708
HPV129 HPV PaVE consortium GU233853
HPV130 HPV PaVE consortium GU117630
HPV131 HPV PaVE consortium GU117631
HPV132 HPV PaVE consortium GU117632
HPV133 HPV PaVE consortium GU117633
HPV134 HPV PaVE consortium GU117634
HPV135 HPV PaVE consortium HM999987
HPV136 HPV PaVE consortium HM999988
HPV137 HPV PaVE consortium HM999989
HPV138 HPV PaVE consortium HM999990
HPV139 HPV PaVE consortium HM999991
HPV140 HPV PaVE consortium HM999992
HPV141 HPV PaVE consortium HM999993
HPV142 HPV PaVE consortium HM999994
HPV143 HPV PaVE consortium HM999995
HPV144 HPV PaVE consortium HM999996
HPV145 HPV PaVE consortium HM999997
HPV146 HPV PaVE consortium HM999998
HPV147 HPV PaVE consortium HM999999
HPV148 HPV PaVE consortium GU129016
HPV149 HPV PaVE consortium GU117629
HPV150 HPV PaVE consortium FN677755
HPV151 HPV PaVE consortium FN677756
HPV152 HPV PaVE consortium JF304768
HPV153 HPV PaVE consortium JN171845
HPV154 HPV PaVE consortium JN211193
HPV155 HPV PaVE consortium JF906559
HPV156 HPV PaVE consortium JX429973
HPV157 HPV PaVE consortium KT698166
HPV158 HPV PaVE consortium KT698168
HPV159 HPV PaVE consortium HE963025
HPV160 HPV PaVE consortium AB745694
HPV161 HPV PaVE consortium JX413109
HPV162 HPV PaVE consortium JX413108
HPV163 HPV PaVE consortium JX413107
HPV164 HPV PaVE consortium JX413106
HPV165 HPV PaVE consortium JX444072
HPV166 HPV PaVE consortium JX413104
HPV167 HPV PaVE consortium KC862318
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HPV168 HPV PaVE consortium KC862317
HPV169 HPV PaVE consortium JX413105
HPV170 HPV PaVE consortium JX413110
HPV171 HPV PaVE consortium KF006398
HPV172 HPV PaVE consortium KF006399
HPV173 HPV PaVE consortium KF006400
HPV174 HPV PaVE consortium HF930491
HPV175 HPV PaVE consortium KC108721
HPV176 HPV PaVE consortium KR816167
HPV177 HPV PaVE consortium KR816168
HPV178 HPV PaVE consortium KJ130020
HPV179 HPV PaVE consortium HG421739
HPV180 HPV PaVE consortium KC108722
HPV181 HPV PaVE consortium KR816169
HPV182 HPV PaVE consortium KR816170
HPV183 HPV PaVE consortium KR816171
HPV184 HPV PaVE consortium HG530535
HPV185 HPV PaVE consortium KR816172
HPV186 HPV PaVE consortium KR816173
HPV187 HPV PaVE consortium KR816174
HPV188 HPV PaVE consortium KR816175
HPV189 HPV PaVE consortium KR816176
HPV190 HPV PaVE consortium KR816177
HPV191 HPV PaVE consortium KR816178
HPV192 HPV PaVE consortium KR816179
HPV193 HPV PaVE consortium KR816180
HPV194 HPV PaVE consortium KR816181
HPV195 HPV PaVE consortium KR816182
HPV196 HPV PaVE consortium KR816183
HPV197 HPV PaVE consortium KM085343
HPV199 HPV PaVE consortium KJ913662
HPV200 HPV PaVE consortium KP692114
HPV201 HPV PaVE consortium KP692115
HPV202 HPV PaVE consortium KP692116
HPV203 HPV PaVE consortium MG921180
HPV204 HPV PaVE consortium KP769769
HPV205 HPV PaVE consortium KT698167
HPV206 HPV PaVE consortium U85660
HPV207 HPV PaVE consortium MK645900
HPV208 HPV PaVE consortium MK645901
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HPV209 HPV PaVE consortium KY242583
HPV210 HPV PaVE consortium MH460956
HPV211 HPV PaVE consortium MF509816
HPV212 HPV PaVE consortium MF509817
HPV213 HPV PaVE consortium MF509818
HPV214 HPV PaVE consortium MF509819
HPV215 HPV PaVE consortium MF509820
HPV216 HPV PaVE consortium MF509821
HPV219 HPV PaVE consortium MH172376
HPV220 HPV PaVE consortium MH172377
HPV221 HPV PaVE consortium MH172378
HPV222 HPV PaVE consortium MH172379
HPV223 HPV PaVE consortium MG063749
HPV224 HPV PaVE consortium MF356498
HPV225 HPV PaVE consortium MG520499
HPV226 HPV PaVE consortium MG813996
HPV227 HPV PaVE consortium MK080568
HPV228 HPV PaVE consortium ON482334
HPV229 HPV PaVE consortium MW535770
HPV-mCG2 HPV PaVE consortium JF966378
HPV-mCG3 HPV PaVE consortium JF966379
HPV-mCGG5 HPV PaVE consortium MG869605
HPV-mCH2 HPV PaVE consortium KF791917
HPV-mDysk1 HPV PaVE consortium KX781280
HPV-mDysk2 HPV PaVE consortium KX781281
HPV-mDysk3 HPV PaVE consortium KX781282
HPV-mDysk5 HPV PaVE consortium KX781284
HPV-mDysk6 HPV PaVE consortium KX781285
HPV-mEV03c05 HPV PaVE consortium MF588698
HPV-mEV03c09 HPV PaVE consortium MF588687
HPV-mEV03c104 HPV PaVE consortium MF588724
HPV-mEV03c188 HPV PaVE consortium MF588729
HPV-mEV03c212 HPV PaVE consortium MF588735
HPV-mEV03c40 HPV PaVE consortium MF588746
HPV-mEV03c434 HPV PaVE consortium MF588755
HPV-mEV03c45 HPV PaVE consortium MF588721
HPV-mEV06c107 HPV PaVE consortium MF588747
HPV-mEV06c118 HPV PaVE consortium MF588736
HPV-mEV06c12b HPV PaVE consortium MF588676
HPV-mEV07c367 HPV PaVE consortium MF588716
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HPV-mEV07c382 HPV PaVE consortium MF588723
HPV-mEV07c390 HPV PaVE consortium MF588705
HPV-mFD1 HPV PaVE consortium JF966375
HPV-mFD2 HPV PaVE consortium JF966376
HPV-mFS1 HPV PaVE consortium JF966373
HPV-mFi864 HPV PaVE consortium KC311731
HPV-mHIVGc36 HPV PaVE consortium MF588677
HPV-mJDFY01 HPV PaVE consortium MW311489
HPV-mKC5 HPV PaVE consortium JX444073
HPV-mKN1 HPV PaVE consortium JF966371
HPV-mKN2 HPV PaVE consortium JF966372
HPV-mKN3 HPV PaVE consortium JF966374
HPV-mL55 HPV PaVE consortium KF482069
HPV-mLCOSOc196 HPV PaVE consortium MF588688
HPV-mSD2 HPV PaVE consortium KC113191
HPV-mSE379 HPV PaVE consortium KP692117
HPV-mSE383 HPV PaVE consortium KP692118
HPV-mSK001 HPV PaVE consortium MH675888
HPV-mSK008 HPV PaVE consortium MH777156
HPV-mSK010 HPV PaVE consortium MH777158
HPV-mSK011 HPV PaVE consortium MH777159
HPV-mSK012 HPV PaVE consortium MH777160
HPV-mSK013 HPV PaVE consortium MH777161
HPV-mSK014 HPV PaVE consortium MH777162
HPV-mSK015 HPV PaVE consortium MH777163
HPV-mSK019 HPV PaVE consortium MH777167
HPV-mSK020 HPV PaVE consortium MH777168
HPV-mSK022 HPV PaVE consortium MH777170
HPV-mSK023 HPV PaVE consortium MH777171
HPV-mSK025 HPV PaVE consortium MH777173
HPV-mSK027 HPV PaVE consortium MH777175
HPV-mSK028 HPV PaVE consortium MH777176
HPV-mSK029 HPV PaVE consortium MH777177
HPV-mSK030 HPV PaVE consortium MH777178
HPV-mSK034 HPV PaVE consortium MH777182
HPV-mSK037 HPV PaVE consortium MH777185
HPV-mSK038 HPV PaVE consortium MH777186
HPV-mSK039 HPV PaVE consortium MH777187
HPV-mSK040 HPV PaVE consortium MH972557
HPV-mSK041 HPV PaVE consortium MH777188
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HPV-mSK043 HPV PaVE consortium MH777190
HPV-mSK045 HPV PaVE consortium MH972558
HPV-mSK046 HPV PaVE consortium MH777192
HPV-mSK049 HPV PaVE consortium MH777194
HPV-mSK050 HPV PaVE consortium MH777195
HPV-mSK051 HPV PaVE consortium MH777196
HPV-mSK054 HPV PaVE consortium MH777199
HPV-mSK055 HPV PaVE consortium MH777200
HPV-mSK056 HPV PaVE consortium MH777201
HPV-mSK057 HPV PaVE consortium MH777202
HPV-mSK058 HPV PaVE consortium MH777203
HPV-mSK061 HPV PaVE consortium MH777206
HPV-mSK062 HPV PaVE consortium MH777207
HPV-mSK063 HPV PaVE consortium MH777208
HPV-mSK064 HPV PaVE consortium MH777209
HPV-mSK065 HPV PaVE consortium MH777210
HPV-mSK067 HPV PaVE consortium MH777212
HPV-mSK075 HPV PaVE consortium MH777219
HPV-mSK076 HPV PaVE consortium MH777220
HPV-mSK078 HPV PaVE consortium MH777222
HPV-mSK081 HPV PaVE consortium MH972561
HPV-mSK083 HPV PaVE consortium MH777226
HPV-mSK085 HPV PaVE consortium MH777228
HPV-mSK086 HPV PaVE consortium MH777229
HPV-mSK087 HPV PaVE consortium MH777230
HPV-mSK089 HPV PaVE consortium MH777232
HPV-mSK090 HPV PaVE consortium MH777233
HPV-mSK091 HPV PaVE consortium MH777234
HPV-mSK093 HPV PaVE consortium MH777236
HPV-mSK094 HPV PaVE consortium MH777237
HPV-mSK095 HPV PaVE consortium MH777238
HPV-mSK096 HPV PaVE consortium MH777239
HPV-mSK098 HPV PaVE consortium MH777241
HPV-mSK100 HPV PaVE consortium MH777243
HPV-mSK101 HPV PaVE consortium MH972562
HPV-mSK102 HPV PaVE consortium MH777244
HPV-mSK103 HPV PaVE consortium MH777245
HPV-mSK107 HPV PaVE consortium MH777249
HPV-mSK109 HPV PaVE consortium MH777251
HPV-mSK111 HPV PaVE consortium MH777253



85 
 

 

HPV-mSK115 HPV PaVE consortium MH777257
HPV-mSK116 HPV PaVE consortium MH777258
HPV-mSK117 HPV PaVE consortium MH777259
HPV-mSK118 HPV PaVE consortium MH777260
HPV-mSK119 HPV PaVE consortium MH777261
HPV-mSK120 HPV PaVE consortium MH777262
HPV-mSK121 HPV PaVE consortium MH777263
HPV-mSK126 HPV PaVE consortium MH777268
HPV-mSK128 HPV PaVE consortium MH777270
HPV-mSK131 HPV PaVE consortium MH777273
HPV-mSK132 HPV PaVE consortium MH777274
HPV-mSK138 HPV PaVE consortium MH777280
HPV-mSK139 HPV PaVE consortium MH777281
HPV-mSK146 HPV PaVE consortium MH777288
HPV-mSK147 HPV PaVE consortium MH777289
HPV-mSK150 HPV PaVE consortium MH777292
HPV-mSK152 HPV PaVE consortium MH777294
HPV-mSK155 HPV PaVE consortium MH777297
HPV-mSK156 HPV PaVE consortium MH777298
HPV-mSK160 HPV PaVE consortium MH777302
HPV-mSK164 HPV PaVE consortium MH777306
HPV-mSK165 HPV PaVE consortium MH777307
HPV-mSK166 HPV PaVE consortium MH777308
HPV-mSK167 HPV PaVE consortium MH777309
HPV-mSK168 HPV PaVE consortium MH777310
HPV-mSK169 HPV PaVE consortium MH777311
HPV-mSK170 HPV PaVE consortium MH777312
HPV-mSK171 HPV PaVE consortium MH777313
HPV-mSK173 HPV PaVE consortium MH777315
HPV-mSK174 HPV PaVE consortium MH777316
HPV-mSK176 HPV PaVE consortium MH777318
HPV-mSK183 HPV PaVE consortium MH777325
HPV-mSK185 HPV PaVE consortium MH777327
HPV-mSK186 HPV PaVE consortium MH777328
HPV-mSK189 HPV PaVE consortium MH777331
HPV-mSK190 HPV PaVE consortium MH777332
HPV-mSK191 HPV PaVE consortium MH777333
HPV-mSK192 HPV PaVE consortium MH777334
HPV-mSK197 HPV PaVE consortium MH777339
HPV-mSK199 HPV PaVE consortium MH972563
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HPV-mSK202 HPV PaVE consortium MH777343
HPV-mSK204 HPV PaVE consortium MH777345
HPV-mSK205 HPV PaVE consortium MH777346
HPV-mSK206 HPV PaVE consortium MH777347
HPV-mSK209 HPV PaVE consortium MH777350
HPV-mSK210 HPV PaVE consortium MH777351
HPV-mSK211 HPV PaVE consortium MH777352
HPV-mSK216 HPV PaVE consortium MH777355
HPV-mSK217 HPV PaVE consortium MH777356
HPV-mSK218 HPV PaVE consortium MH777357
HPV-mSK219 HPV PaVE consortium MH777358
HPV-mSK227 HPV PaVE consortium MH777366
HPV-mSK229 HPV PaVE consortium MH777368
HPV-mSK231 HPV PaVE consortium MH777370
HPV-mSK238 HPV PaVE consortium MH777377
HPV-mSK239 HPV PaVE consortium MH777378
HPV-mSK240 HPV PaVE consortium MH777379
HPV-mSK241 HPV PaVE consortium MH777380
HPV-mSK242 HPV PaVE consortium MH777381
HPV-mSK244 HPV PaVE consortium MH777383
HPV-mSK245 HPV PaVE consortium MH777384
HPV-mSK246 HPV PaVE consortium MH777385
HPV-mSK249 HPV PaVE consortium MH777388
HPV-mSK250 HPV PaVE consortium MH777389
HPV-mTG550 HPV PaVE consortium MF176072
HPV-mTVMBSFc09 HPV PaVE consortium MF588684
HPV-mTVMBSGc529 HPV PaVE consortium MF588706
HPV-mTVMBSGc2024 HPV PaVE consortium MF588686
HPV-mTVMBSGc2450 HPV PaVE consortium MF588732
HPV-mTVMBSHc13 HPV PaVE consortium MF588738
HPV-mTVMBSHc33 HPV PaVE consortium MF588707
HPV-mTVMBSWc141 HPV PaVE consortium MF588739
HPV-mZJ01 HPV PaVE consortium KX082661
HPV-md01c06 HPV PaVE consortium MF588757
HPV-mdo1c02 HPV PaVE consortium MF588734
HPV-mdo1c232 HPV PaVE consortium MF588704
HPV-mga2c01 HPV PaVE consortium MF588744
HPV-mga2c70 HPV PaVE consortium MF588754
HPV-mm090c09 HPV PaVE consortium MF588681
HPV-mm090c10 HPV PaVE consortium MF588745
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HPV-mm090c145 HPV PaVE consortium MF588737
HPV-mm090c66 HPV PaVE consortium MF588748
HPV-mm292c100 HPV PaVE consortium MF588685
HPV-mm292c14 HPV PaVE consortium MF588682
HPV-mm292c88 HPV PaVE consortium MF588683
HPV-mw02c24a HPV PaVE consortium MF588696
HPV-mw07c34d HPV PaVE consortium MF588753
HPV-mw07c68b HPV PaVE consortium MF588717
HPV-mw11C24 HPV PaVE consortium MF588709
HPV-mw11C39 HPV PaVE consortium MF588710
HPV-mw11C51 HPV PaVE consortium MF588689
HPV-mw11c13 HPV PaVE consortium MF588718
HPV-mw18c07 HPV PaVE consortium MF588740
HPV-mw18c11d HPV PaVE consortium MF588733
HPV-mw18c134 HPV PaVE consortium MF588725
HPV-mw18c25 HPV PaVE consortium MF588714
HPV-mw18c39 HPV PaVE consortium MF588741
HPV-mw20c01a HPV PaVE consortium MF588701
HPV-mw20c01b HPV PaVE consortium MF588708
HPV-mw20c02c HPV PaVE consortium MF588702
HPV-mw20c03a HPV PaVE consortium MF588715
HPV-mw20c04 HPV PaVE consortium MF588695
HPV-mw20c08a HPV PaVE consortium MF588742
HPV-mw20c09 HPV PaVE consortium MF588703
HPV-mw20c10a HPV PaVE consortium MF588726
HPV-mw21c693 HPV PaVE consortium MF588743
HPV-mw22c09 HPV PaVE consortium MF588750
HPV-mw23c08c HPV PaVE consortium MF588690
HPV-mw23c101c HPV PaVE consortium MF588711
HPV-mw23c77 HPV PaVE consortium MF588719
HPV-mw27c03a HPV PaVE consortium MF588758
HPV-mw27c04c HPV PaVE consortium MF588728
HPV-mw27c157c HPV PaVE consortium MF588692
HPV-mw27c39c HPV PaVE consortium MF588712
HPV-mw34c04a HPV PaVE consortium MF588693
HPV-mw34c11a HPV PaVE consortium MF588720
HPV-mw34c14a HPV PaVE consortium MF588694
HPV-mw34c28a HPV PaVE consortium MF588751
HPV-mw34c34a HPV PaVE consortium MF588731
HPV-mwg1c05 HPV PaVE consortium MF588756
HPV-mwg1c09 HPV PaVE consortium MF588727
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Supplementary figure 1: HPV18 viral coverage map in one 
sample.  
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