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Abstract

Approximately 70% of oropharyngeal squamous carcinomas (OPSCC) are associated with
human papillomavirus (HPV). While HPV-positive (HPV+) OPSCC responds better to standard
therapies and patients with HPV+ tumor generally have better outcomes than those with HPV-
negative (HPV-) tumors, a subset of HPV+ patients do have poor outcomes. Our previous work
suggested that tumors with integrated virus exhibit significantly greater genome wide genomic
instability than those with only episomal viral genomes and patients with HPV+ OPSCC with
episomal viral genomes had better outcomes. To explore the causal relation between viral
integration and genomic instability, we have examined the time course of viral integration and
genetic instability in tonsillar keratinocytes transformed with HPV16. HPV-infected human
tonsil keratinocyte cell lines were continuously passaged and every fifth passage some cells were
retained for genomic analysis. Whole genome sequencing and optical genomic mapping
confirmed that virus integrated in five of six cell lines while remaining episomal in the sixth. In
all lines genome instability occurred during early passages, but essentially ceased following viral
integration but continued to occur later passages in the episomal line. To test tumorigenicity of
the cell lines, cells were injected subcutaneously into the flanks of nude mice. A cell line with
the integrated virus induced tumors following injection in the nude mouse while that with the
episomal virus did not. We conclude that genomic instability is not the result of viral integration
but likely promotes integration. Moreover, those transformants with episomal virus appear to be

less tumorigenic than those with integrated virus.
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Introduction

Head and Neck Squamous Cell Carcinoma (HNSCC), an aggressive malignancy with high
morbidity and mortality, is the seventh most common cancer worldwide (1-5). While the classic
risk factors have been tobacco and alcohol, human papillomavirus (HPV) has emerged as the
major risk factor for some of these cancers, specifically for oropharyngeal squamous cell
carcinoma (OPSCC). The fraction of head and neck cancers diagnosed as HPV-positive (HPV+)
oropharyngeal cancers in the United States rose from 16.3% in the 1980s to more than 72.7% in
the 2000s. Because of this increased prevalence of HPV+ cases, OPSCC is one of the few
cancers with rapidly increasing incidence in recent years, predominantly among younger people,
mostly male, and likely as a result of oral-sex exposure (6-11). Accordingly, improved methods
for diagnosis, prognosis and treatment will be needed for the foreseeable future to address this

epidemic of HPV-positive OPSCC.

Following initial infection, HPV persists in the nucleus of its host cell as an extrachromosomal
episome, but can subsequently integrate into the host genome (12,13). The reported proportion of
HPV-positive tumors in which the virus integrates into the genome varies by cohort and cancer
type, with approximately 71% in virus-positive head and neck cancer and 83% in cervical cancer
(14,15). These integration events occur essentially randomly throughout both the human and
viral genomes. Most often only a fragment of the viral genome is retained following integration,
spanning E6, E7 and a random amount of the adjacent viral genome but lacking an intact E2
(15,16). The retention of E6 and E7 and the loss of E2 is likely the consequence of selection

during tumorigenesis, as the elimination of E2 results in increased expression of the E6/E7 viral
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oncogenes, which drives tumorigenesis. The E6 protein of the oncogenic strains of HPV
inactivates the p53 pathway by promoting degradation of p53, resulting in abrogation of genome
integrity surveillance (17,18). In addition, the second HPV oncoprotein, E7, binds to and
inactivates the cell cycle inhibitor, Rb, leading to unrestricted cell cycle progression.
Accordingly, tumorigenesis results predominantly from loss of cell cycle regulation elicited by

E7 and abrogation of DNA damage checkpoint control caused by E6.

The HPV status of OPSCC tumors influences patients’ outcomes. In general, overall survival and
disease-free survival are more favorable for patients with HPV+ OPSCC, who tend to have better
responses to surgery and radiotherapy (19,20). However, several studies have noted outcome
differences in subcategories of HPV+ HNSCCs. For instance, Jung et al (21) noted that patients
whose tumors exhibit high E6/E7 and p16 expression have better outcomes than other HPV+
cases. Similarly, Mooren et al. (22) observed better outcomes in HPV+ tonsillar squamous cell
carcinoma versus HPV-negative but that chromosome instability, even in the HPV+ cases,
correlates with unfavorable prognosis. In fact, around 20% of HPV+ OPSCC patients have poor
prognoses and the defining molecular characteristics of this subset of patients have not yet been
clearly identified (17). One possibility as suggested by a recent report (23) is the loss of HPV
expression in subsets of cells within an HPV+ tumor, resulting in resistance to treatment and
potentially worse progression-free survival. As an alternative, or potentially related hypothesis,

we have proposed that one contributing factor may be the integration state of the virus (24).

We recently applied optical genome mapping (OGM) in conjunction with whole genome

sequencing (WGS) to a number of OPSCC patient samples and showed that HPV integrated into
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the genome in two-thirds of the cases but remained episomal in the other third (24). Strikingly, in
those tumors with integrated HPV the entire human genome exhibited extensive instability with
multiple translocations, inversions, insertions and deletions not just at the site of integration but
throughout the genome. Those cases that were HPV+ but not integrated showed little to no
genome instability. This apparent correlation between genome-wide structural rearrangements
and viral integration raises a question of causality: does integration induce genome instability or
does genome instability lead to viral integration. The results presented here are consistent with
the conclusion that genome instability precedes viral integration rather than occurring as a result

of integration and that integration promotes more aggressive tumorigenesis.

Materials and Methods

Cell Lines and Culture Conditions. Human tonsillar keratinocytes were infected with HPV16
virus and cultured with J2 3T3 feeder cells for up to 100 passages (Figure 1) (25). Each passage
represents approximately two cell doublings. At every fifth passage, aliquots of cells were frozen
and some grown into organotypic (raft) cultures and assessed by hematoxylin and eosin (H&E)
staining and by immunohistochemical staining for changes in morphology and gene expression
associated with cancer progression (25). The E2 and E6 levels were measured by qPCR to the

respective coding regions in total genomic DNA isolated from cells.

Optical Genome Mapping (OGM). We performed OGM on fresh cells from each cell line at six
different time points during the first 50-60 passages. We extracted Ultra high molecular weight

DNA from fresh cells (~ 1.5x10° as determined on an Eve Cell Counter) as recommended (CG-
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00037-Ionic-G2-Tissue-to-DNA-Kit-Protocol.pdf) and direct labeled it with the DLS-G2

Labeling Kit as described (bionano.com/wp-content/uploads/2024/02/CG-30553-1 Bionano-
Prep-DLS-G2-Protocol.pdf). The samples were run on Bionano G2.3 Saphyr chips. The data was
analyzed with the De Novo assembly using Bionano Access version 1.7. Structural variants
included insertions, deletions, inversions and duplications >500 bp as well as translocations.
Copy number variants were defined by gain or loss of chromosomal segments > 30 Mb. A
structural variant or copy number variant that appeared in any of the passages was added to the
number of accumulated SVs if the variant had an allele frequency greater than 0.1 and recurred

in later passages.

Whole Genome Sequencing. Ultrahigh molecular weight DNA previously isolated using the
Bionano protocol underwent buffer exchange using the Zymo Research Genomic DNA Clean
and Concentrate kit (cat no. D4033). The libraries were prepared using [llumina DNA PCR-free
Prep Kit, Tagmentation according to manufacturing instructions. Unique dual-indexed adapters
were used to reduce index hopping on the NovaSeq platform. Samples were run on an S1

flowcell of the Illumina NovaSeq 6000 Sequencer with 150 bp paired end reads.

Anchored PCR. For this modification of the protocol developed by Dawes et al (26), ultrahigh
molecular weight DNA (1 ug) previously isolated using the Bionano protocol was sheared to 10-

20 kb using the Covaris® g-TUBE (https://www.covaris.com/wp/wp-

content/uploads/2020/05/pn_010154.pdf) and then re-isolated using sparQ PureMag beads

(sparQ beads). DNA libraries were prepared with the KAPA HyperPrep Kit using custom 15 uM

half-adapters and then isolated using sparQ beads. PCR amplification using the Phusion® Hot
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Start Flex DNA Polymerase was performed in either 25 pL reaction volume for 20-30 ng of

library DNA or 50 pL for 40-50 ng of library DNA (https://www.neb.com/en-

us/protocols/2012/09/06/protocol-for-phusion-hot-start-flex-dna-polymerase-m0535). Each

sample was performed in triplicate with indexed barcoded primers: one with the E6 primer, one
with the reverse E6 primer (E6v2), and one no template control (NTC). The reactions incubated

in the thermocycler for 16 cycles.

Cycle # Denaturation Extension

1 98°C for 30 sec

2-17 98°C for 10 sec 72°C for 3.5 min
18 72°C for 5 min
HOLD at 4°C indefinitely until next step

The reactions were cleaned up using sparQ beads and then were quantified using HS Qubit. The
DNA 12000 kit was used to analyze the samples on the Bioanalyzer to ensure the amplified
DNA were of adequate size. The samples were pooled and HS Qubit was performed to obtain an
approximate final concentration before sequencing. Samples were sequenced on PacBio® Sequel
ITe System, after confirming that the amplified DNA fragments were 10 Kbp or greater by

analysis of an aliquot on an Agilent TapeStation 4150.

Assessment of tumor growth in nude mice. Seven weeks old Athymic nude Crl:NU(NCr)-
Foxnlnu immunodeficient outbred female mice were obtained from Charles River Laboratories.

After a week of acclimation, mice were injected in the right and left flank with 1x107 cells
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suspended in 200 pl PBS. Prior to injection, cells were cultured for three days in E medium in
the presence of mitomycin C-treated J2 3T3 feeder cells (27) with or without 10 nM
dibenzo[def,p]chrysene-11,12-dihydrodiol 13,14-epoxide (synthesized by the Penn State Cancer
Institute Organic Synthesis Core as described (28)). At 70% confluence, cells were trypsinized,
pelleted, washed with PBS and pelleted again and resuspended in PBS. Treated cells were
injected on the left flank and untreated on the right of five separate mice for each strain. Two
dimensional measurements of the tumors were begun seven days after inoculation and repeated

twice a week for four weeks. Volumes were calculated as Length x (Width/2)?.

Results

HPYV often integrates during propagation of HPV-transformed primary tonsillar keratinocytes.
In order to examine the events occurring around the time of viral integration during HPV-
induced tumorigenesis, we examined transformants obtained by HPV infection of primary
tonsillar keratinocytes as previously described (Figure 1A) (25). Briefly, six HPV16 infected
human tonsil keratinocyte cell lines, three from male donors and three from female, were
continuously passaged and every fifth passage some cells were retained for subsequent use.
Additionally, at various intervals some cells were grown in organotypic raft culture to assess
changes in morphology and gene expression patterns normally associated with cancer
progression. Expression of p16, a prognostic marker of HPV 16 oropharyngeal cancer (29,30),
increased in this progression model (Figure 1B). These observations confirm that the
transformed cells obtained by HPV infection exhibited features characteristic of OPSCC. In

addition, we monitored the state of the HPV genome to assess its integration status. The ratio of
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E2 to E6 DNA provided an indirect indicator of integration, since as noted above E2 is almost
always disrupted during integration while E6 and E7 must remain intact to maintain the
transformed state. By this measure, HPV became integrated during passage of some of the cell

lines but remained episomal in others (Figure 2).

To confirm and characterize the integration events, we performed OGM on cells taken at
approximately every tenth passage of six separate cell lines, the five noted in Figure 2 and one
additional line. We also performed WGS on cells obtained from approximately the forty-fifth
passage of each cell line, since data in Figure 2 indicated that, for those lines in which HPV
apparently integrated, integration occurred by that passage. To conclude that the virus had
integrated we required that WGS returned a significant number of hybrid reads in which viral
sequences abutted human genomic sequences as well as a number of split reads in which one of
the paired end reads mapped to the virus and the other paired end read mapped to the human
genome at a site consistent with the hybrid reads. We further required that the OGM data for
cells from the same passage showed an insertion at the site predicted by the WGS reads. By these
criteria the virus had integrated into the host genome in five of the six cell lines. Moreover,
consistent with previous results from tumor tissue, viral integration resulted in loss of E2 and
retention of E6 and E7 (Figure 3). In four of the five cell lines, this occurred through deletion a
significant fraction of the viral genome eliminating E2 but retaining E6 and E7. In one
interesting case, the entire viral genome was retained with a duplication of the E2 coding region
but with truncation of opposite ends of the duplicated gene, rendering both copies of E2 likely
inactive. This likely derived from a viral genome dimer and accounts for the discrepancy in

integration status of the virus as determined by E2/EG6 ratios versus that assessed from
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WGS/OGM data. Thus, based on the WGS and OGM data, we found that the virus had become

integrated in five of the six cell lines.

To confirm and further characterize the status of the virus in the six cells lines, we modified the
previously published LUMI-PCR technique (26) by adapting it to long-distance anchored PCR in
combination with long read PacBio sequencing (see Figure S1). Specifically, we sheared DNA
from the late passage cells to approximately 20 kb fragments onto which we ligated a half
adapter, that is, a duplex oligonucleotide with a single strand 5’ extension whose sequence
templates the subsequent PCR primer site. We then initiated two separate PCR reactions on the
fragmented genomic DNA, with one primer targeting the half adapter and the other targeting the
E6 coding region, using E6 primers of opposite orientation for the two separate PCR reactions.
After amplification, we added hairpin oligonucleotides for initiating PacBio sequencing and
subjected the samples to long range PacBio sequencing. For all cell lines, the resulting
sequencing reads covered the entire residual HPV genome and, for the integrated viruses, up to
ten Kb of human sequence abutting the viral integration (Figures 3, S2). Results from that
analysis confirmed the HPV integration status and site of integration of the virus in all six cells

lines and clarified the local structure of the virus in those lines in which it had integrated.

Consistent with previous results from tumor tissue, the site of integration of the virus into the
genome in every cell line showed significant focal amplification and other structural
rearrangements (Figure 4). In the simplest cases, the virus was captured at the junction of an
intrachromosomal translocation that resulted in a duplication of the chromosomal segment

bracketed by the translocation endpoints (F19 and M29). In a more complex case (F26) the virus
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integrated juxtaposed to a 90 kb fragment of chromosome 1 inserted into chromosome 12. The
200 kb region of chromosome 12 spanning the chromosome 1 and virus insertion was duplicated
in tandem six times. The 11 kb of chromosome 12 immediately adjacent to the viral insertion
along with the viral fragment and 12 kb of the chromosome 1 sequences on the opposite side of
the viral insert excised from the chromosome as a 42 Kb human-viral hybrid episome,
amplifying approximately 30-fold in the cell line. The focal amplification at the sites of
integration in the other two cell lines exhibited a complexity intermediate between those two

extremes.

Substantial structural rearrangements occur genome wide prior to, but not after, viral
integration. OGM performed on cells from approximately every tenth passage of the cell lines
allowed us to pinpoint when virus integration occurred during the propagation of the cell line
and, at the same time, assess the accumulation of structural variants over the course of
propagation. Figure 5 shows a set of Circos plots from six separate passages distributed over the
course of approximately sixty passages of line F18. Whole genome short read sequencing from
passage 44 documented virus insertion at the junction of an intrachromosomal translocation
between positions 234,232,527 and 234,273,679 on chromosome 2, an assignment confirmed by
anchored PCR (Figure S2). Moreover, OGM identified an insertion/duplication at that precise
position in cells from passage p44. The same exact insertion is seen in all the other passages
examined except for p12. Accordingly, we conclude that the virus became stably integrated

between passages 12 and 19 in this cell line.

11


https://doi.org/10.1101/2024.08.14.607944
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.08.14.607944; this version posted August 17, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

The circos plots also depict the accumulation of structural variants over the course of
propagation of the cell line. Such variants include insertions, deletions, duplications of 500bp or
greater in length as well as translocations and segmental aneuploidies of larger sizes. Because we
did not have access to untransformed keratinocytes or other tissue or blood samples from the
tonsil donor for each cell line, we were unable to distinguish private polymorphisms that
preexisted in the donor sample from somatic structural variants that arose prior to passage 12.
Numerous prior studies have documented that each individual carries 20-40 such structural
variants as private polymorphisms, and we detected approximately 30 structural variants that
were both present at an allele frequency of approximately 0.5 and detected in all the passages
examined. Accordingly, we cannot determine the number of de novo SVs that arose prior to
passage 12 and we have assumed that most of the SVs, except translocations and segmental
aneuploidies, present at the earliest examined passage of each cell line are private polymorphism.
However, we can calculate the number of SVs that arose in the intervals between each of the
subsequent passages we examined. This is shown in Figure 6, which presents the cumulative
accumulation of persistent SVs in each cell line as a function of passage number. For those cell
lines in which virus integration occurred, the passage at which integration was first detected in

that line is also indicated.

The data in Figure 6 suggest several characteristics regarding viral integration and SV
accumulation. First, viral insertion occurred relatively early in the propagation of the culture,
generally by around the 20" passage. This is consistent with the data obtained from E2/E6 ratios.
Second, all the lines accumulated SV at essentially equivalent rates prior to viral insertion but

for four of the five lines with insertions, the rate significantly decreased after insertion. The
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exceptions are the line with solely episomal HPV and the line with the vast majority of the viral
genomes persisting as episomal human-virus hybrids. Accordingly, we conclude that viral
integration does not promote genome instability or accumulation of SVs but rather may stabilize

the genome.

Integration is associated with more tumorigenic transformants. Our previous studies suggested
that HPV+ tumors with integrated virus led to poorer outcomes than did those tumors with only
episomal virus. To explore whether this correlation persists in our transformed cell lines, we
performed subcutaneous injections in nude mice of later passage cells from a cell line with
integrated virus (M19p44) and the one with solely episomal virus (M28p44). Prior to injection,
one culture of each cell line was treated with the tobacco carcinogen dibenzo[def,p]chrysene-
11,12-dihydrodiol 13,14-epoxide (DBJ[a,l]JPDE), since prior work had indicated that such
treatment enhanced the tumorigenicity of HPV transformed cell lines (31). As evident from
Figure 7, both the treated and untreated M 19 cells formed visible and palpable growths that
expanded in volume for four weeks post injection and then decreased in size at later times.
Treated cells generated slightly larger tumors but not at statistical significance. In contract, the
mass from the injected M28 cells, both treated and untreated, steadily decreased in volume,
essentially disappearing by the end of the observation period. These observations were consistent
with our previous suggestion that HPV+ tumors with integrated virus are more aggressive than

those with only episomal virus.

Discussion
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Viral integration does not cause increased genome instability. Our previous studies established a
correlation between increased genome instability and viral integration in OPSCC tumors (24).
This raised the question as to causality: does integration induce instability or does instability lead
to integration? To address this question, we examined HPV transformed human tonsillar
keratinocytes in culture and monitored accumulation of structural and copy number variants as
well as viral integration during the propagation of the transformants. The results presented in this
report examining the timing of genome instability and viral integration suggest that integration
does not lead to instability. Rather, we found that genome instability preceded integration and

diminished subsequent to integration.

The results regarding HPV integration and genome instability for HPV transformed
keratinocytes in vitro exhibit both similarities with and differences from those observed for
HPV+ OPSCC tumors. First, we observed focal rearrangements and amplifications at the site of
viral integration in the cell lines with features quite similar to those observed at the site of HPV
integration in OPSCC tumors. Second, as seen in vivo, integration appears to occur randomly,
both in the viral genome and the human genome. Third, also as seen in vivo, the viral genome
can persist in the cells in one or more of several different states — as an intact episomal genome,
as a hybrid human/viral episome or as a fragment integrated into the host genome. Nonetheless,
the major significant difference between our in vitro culture and human tumors is that we
observed a continual increase in accumulation of structural variant both during the early passages
and, in the lines with episomal virus, in the later passages as well. This contrasts with our
previous in vivo results in which tumors with episomal virus showed little or no accumulation of

structural variants.
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Our observation that genome instability precedes viral integration is consistent with previous
studies establishing that DNA double strand breaks in both the host and viral genome initiate
integration through non-homologous end joining or microhomology directed recombination
(15,32-34). Accordingly, agents that induce double strand breaks, such as oxidative stress or
ionizing radiation from y- or proton-irradiation, potentiate capture of extrachromosomal DNA
(35,36). Our results suggest that initial transformation of keratinocytes by HPV and the stress of
adaptation to in vitro culture conditions result in DNA damage leading to the accumulation of
SVs and other somatic mutations and in some cases to the capture of a portion of the episomal
viral genome. That the accumulation of structural variants does not continue after integration
clearly demonstrates that viral integration does not cause DNA damage and accumulation of
structural variants. Thus, these results are inconsistent with a model in which integration results
in inactivation of the E2 gene with attendant increase in expression of E6, with the consequence
of increased DNA damage. Why structural variants continue to increase in the line with only
episomal DNA or the line with integrated and hybrid episome is unclear. One significant
difference between those two lines and the integrated lines is the copy number of E6 and E7,
suggesting that the exceptionally high levels of these genes may be responsible for increased

DNA damage. However, this will require further evaluation.

Viral integration is associated with increased tumorigenicity. We previously suggested that
tumors with integrated virus were more aggressive than those with episomal virus. Consistent
with that previous observation, we found that cells with integrated virus generated tumor masses

upon subcutaneous injection into nude mice whereas the cells with only episomal virus did not.
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In a parallel experiment, we pretreated those same cells with the carcinogen
dibenzo[def,p]chrysene-11,12-dihydrodiol 13,14-epoxide (DB[a,I]PDE) followed by
subcutaneous injection in nude mice, since earlier studies using oral keratinocytes showed
cooperation between HPV and tobacco carcinogens (31,37,38) and the synthetic carcinogen 4-
nitroquinoline-N-oxide (4NQO) has been shown to be a potent co-factor in driving HPV
associated HNSCC in HPV 16 transgenic mice (39). With these pretreated cells, we also observed
that the cells with integrated, but not episomal, virus induced tumors, with the pretreated cells
with integrated virus showing increased in tumor volume relative to the untreated cells. We do
not yet understand why cells with integrated virus appear more tumorigenic than those with only
episomal virus. Certainly, integration is not the only factors distinguishing more aggressive
HPV+ OPSCC from less aggressive cases: only 20% of HPV+ OPSCC exhibit poorer outcomes
while 70-80% of those tumors have integrated virus. One possibility is that the structural variants
arising in integrated virus can affect oncogenes or tumor suppressor genes well removed from
the site of integration, as we observed in our previous study. Nonetheless, our the results
presented here reinforce the notion that viral integration, or lack thereof, may prove to be a

useful prognostic indicator for cases of HPV+ OPSCC.

Acknowledgements

The authors would like to thank Dr. Craig Praul in the Genomics Core Facility of the Penn State

Huck Institute for performing long range sequencing on the PacBio Sequel Ile System.

Funding

16


https://doi.org/10.1101/2024.08.14.607944
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.08.14.607944; this version posted August 17, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

This work was supported by a grant from the Laverty foundation and by a generous gift from the

Kia Kermani Foundation.

Data Access
Bionano variant calls and mapped reads for our samples can be downloaded from

https://www.datacommons.psu.edu/commonswizard/MetadataDisplay.aspx?Dataset=6286.

Author Contributions

CM, DG and JRB conceived the experiments and supervised their execution. KC, CT, EM and
DG performed the genomic studies. SA and SC performed cell culturing and histochemistry. LS,
KS, KC and JRB analyzed the genomic data. KC and JRB wrote the manuscript, which was

edited by DG and CM.

17


https://doi.org/10.1101/2024.08.14.607944
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.08.14.607944; this version posted August 17, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

References

1. Bray F, Ferlay J, Soerjomataram I, Siegel RL, Torre LA, Jemal A. Global cancer
statistics 2018: GLOBOCAN estimates of incidence and mortality worldwide for 36
cancers in 185 countries. CA Cancer J Clin 2018;68(6):394-424 doi 10.3322/caac.21492.

2. Jou A, Hess J. Epidemiology and Molecular Biology of Head and Neck Cancer.
Oncology research and treatment 2017;40(6):328-32 doi 10.1159/000477127.

3. Siegel RL, Miller KD, Jemal A. Cancer statistics, 2018. CA Cancer J Clin 2018;68(1):7-
30 doi 10.3322/caac.21442.

4, Siegel RL, Miller KD, Wagle NS, Jemal A. Cancer statistics, 2023. CA Cancer J Clin
2023;73(1):17-48 doi 10.3322/caac.21763.

5. Sung H, Ferlay J, Siegel RL, Laversanne M, Soerjomataram I, Jemal A, ef al. Global
Cancer Statistics 2020: GLOBOCAN Estimates of Incidence and Mortality Worldwide
for 36 Cancers in 185 Countries. CA Cancer J Clin 2021;71(3):209-49 doi
10.3322/caac.21660.

6. Chaturvedi AK, Engels EA, Pfeiffer RM, Hernandez BY, Xiao W, Kim E, ef al. Human
papillomavirus and rising oropharyngeal cancer incidence in the United States. J Clin
Oncol 2011;29(32):4294-301 doi 10.1200/JC0O.2011.36.4596.

7. Elrefaey S, Massaro MA, Chiocca S, Chiesa F, Ansarin M. HPV in oropharyngeal
cancer: the basics to know in clinical practice. Acta Otorhinolaryngol Ital
2014;34(5):299-309.

8. Gillison ML, Chaturvedi AK, Anderson WF, Fakhry C. Epidemiology of Human
Papillomavirus-Positive Head and Neck Squamous Cell Carcinoma. J Clin Oncol
2015;33(29):3235-42 doi 10.1200/JC0O.2015.61.6995.

9. Osazuwa-Peters N, Simpson MC, Massa ST, Adjei Boakye E, Antisdel JL, Varvares MA.
40-year incidence trends for oropharyngeal squamous cell carcinoma in the United States.
Oral Oncol 2017;74:90-7 doi 10.1016/j.oraloncology.2017.09.015.

10. Tota JE, Anderson WF, Coffey C, Califano J, Cozen W, Ferris RL, ef al. Rising
incidence of oral tongue cancer among white men and women in the United States, 1973-

2012. Oral Oncol 2017;67:146-52 doi 10.1016/j.oraloncology.2017.02.019.

18


https://doi.org/10.1101/2024.08.14.607944
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.08.14.607944; this version posted August 17, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

11. You EL, Henry M, Zeitouni AG. Human papillomavirus-associated oropharyngeal
cancer: review of current evidence and management. Curr Oncol 2019;26(2):119-23 doi
10.3747/c0.26.4819.

12.  Morgan IM, DiNardo LJ, Windle B. Integration of Human Papillomavirus Genomes in
Head and Neck Cancer: Is It Time to Consider a Paradigm Shift? Viruses 2017;9(8) doi
10.3390/v9080208.

13. Thierry F. Transcriptional regulation of the papillomavirus oncogenes by cellular and
viral transcription factors in cervical carcinoma. Virology 2009;384(2):375-9 doi
10.1016/5.virol.2008.11.014.

14. Cancer Genome Atlas Research N, Albert Einstein College of M, Analytical Biological
S, Barretos Cancer H, Baylor College of M, Beckman Research Institute of City of H, et
al. Integrated genomic and molecular characterization of cervical cancer. Nature
2017;543(7645):378-84 doi 10.1038/nature21386.

15. Parfenov M, Pedamallu CS, Gehlenborg N, Freeman SS, Danilova L, Bristow CA, et al.
Characterization of HPV and host genome interactions in primary head and neck cancers.
Proc Natl Acad Sci U S A 2014;111(43):15544-9 doi 10.1073/pnas.1416074111.

16. Symer DE, Akagi K, Geiger HM, Song Y, Li G, Emde AK, et al. Diverse tumorigenic
consequences of human papillomavirus integration in primary oropharyngeal cancers.
Genome Res 2022;32(1):55-70 doi 10.1101/gr.275911.121.

17. Taberna M, Mena M, Pavon MA, Alemany L, Gillison ML, Mesia R. Human
papillomavirus-related oropharyngeal cancer. Ann Oncol 2017;28(10):2386-98 doi
10.1093/annonc/mdx304.

18. Leemans CR, Snijders PJF, Brakenhoff RH. The molecular landscape of head and neck
cancer. Nat Rev Cancer 2018;18(5):269-82 doi 10.1038/nrc.2018.11.

19. Ang KK, Harris J, Wheeler R, Weber R, Rosenthal DI, Nguyen-Tan PF, et a/. Human
papillomavirus and survival of patients with oropharyngeal cancer. N Engl J Med
2010;363(1):24-35 doi 10.1056/NEJM0a0912217.

20. Chow LQM. Head and Neck Cancer. N Engl J Med 2020;382(1):60-72 doi
10.1056/NEJMral715715.

21. Jung AC, Briolat J, Millon R, de Reynies A, Rickman D, Thomas E, ef al. Biological and

clinical relevance of transcriptionally active human papillomavirus (HPV) infection in

19


https://doi.org/10.1101/2024.08.14.607944
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.08.14.607944; this version posted August 17, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

oropharynx squamous cell carcinoma. Int J Cancer 2010;126(8):1882-94 doi
10.1002/ijc.24911.

22. Mooren JJ, Kremer B, Claessen SM, Voogd AC, Bot FJ, Peter Klussmann J, et al.
Chromosome stability in tonsillar squamous cell carcinoma is associated with HPV16
integration and indicates a favorable prognosis. Int J Cancer 2013;132(8):1781-9 doi
10.1002/ijc.27846.

23. Puram SV, Mints M, Pal A, Qi Z, Reeb A, Gelev K, et al. Cellular states are coupled to
genomic and viral heterogeneity in HPV-related oropharyngeal carcinoma. Nat Genet
2023;55(4):640-50 doi 10.1038/s41588-023-01357-3.

24, Labarge B, Hennessy M, Zhang L, Goldrich D, Chartrand S, Purnell C, ef al. Human
Papillomavirus Integration Strictly Correlates with Global Genome Instability in Head
and Neck Cancer. Mol Cancer Res 2022;20(9):1420-8 doi 10.1158/1541-7786.MCR-21-
0831.

25. Israr M, Biryukov J, Ryndock EJ, Alam S, Meyers C. Comparison of human
papillomavirus type 16 replication in tonsil and foreskin epithelia. Virology 2016;499:82-
90 doi 10.1016/j.virol.2016.09.004.

26. Dawes JC, Webster P, ladarola B, Garcia-Diaz C, Dore M, Bolt BJ, ef al. LUMI-PCR: an
[llumina platform ligation-mediated PCR protocol for integration site cloning, provides
molecular quantitation of integration sites. Mob DNA 2020;11:7 doi 10.1186/s13100-
020-0201-4.

27. Meyers C, Frattini MG, Hudson JB, Laimins LA. Biosynthesis of human papillomavirus
from a continuous cell line upon epithelial differentiation. Science 1992;257(5072):971-3
doi 10.1126/science.1323879.

28.  Sharma AK, Kumar S, Amin S. A Highly Abbreviated Synthesis of
Dibenzo[def,p]chrysene and Its 12-Methoxy Derivative, a Key Precursor for the
Synthesis of the Proximate and Ultimate Carcinogens of Dibenzo[def,p]chrysene. J Org
Chem 2004;69(11):3979-82 doi 10.1021/j00303822.

29. Matthias C, Mack B, Berghaus A, Gires O. Keratin 8 expression in head and neck
epithelia. BMC Cancer 2008;8:267 doi 10.1186/1471-2407-8-267.

30. Mulder FJ, Pierssens D, Baijens LWJ, Kremer B, Speel EM. Evidence for different

molecular parameters in head and neck squamous cell carcinoma of nonsmokers and

20


https://doi.org/10.1101/2024.08.14.607944
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.08.14.607944; this version posted August 17, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

nondrinkers: Systematic review and meta-analysis on HPV, p16, and TP53. Head Neck
2021;43(1):303-22 doi 10.1002/hed.26513.

31. Kim MS, Shin KH, Baek JH, Cherrick HM, Park NH. HPV-16, tobacco-specific N-
nitrosamine, and N-methyl-N'-nitro-N-nitrosoguanidine in oral carcinogenesis. Cancer
research 1993;53(20):4811-6.

32. Bodelon C, Untereiner ME, Machiela MJ, Vinokurova S, Wentzensen N. Genomic
characterization of viral integration sites in HPV-related cancers. Int J Cancer
2016;139(9):2001-11 doi 10.1002/ijc.30243.

33, Christiansen 1K, Sandve GK, Schmitz M, Durst M, Hovig E. Transcriptionally active
regions are the preferred targets for chromosomal HPV integration in cervical
carcinogenesis. PLoS One 2015;10(3):e0119566 doi 10.1371/journal.pone.0119566.

34, Thorland EC, Myers SL, Persing DH, Sarkar G, McGovern RM, Gostout BS, ef al.
Human papillomavirus type 16 integrations in cervical tumors frequently occur in
common fragile sites. Cancer research 2000;60(21):5916-21.

35. Chen Y, Williams V, Filippova M, Filippov V, Duerksen-Hughes P. Viral
carcinogenesis: factors inducing DNA damage and virus integration. Cancers (Basel)
2014;6(4):2155-86 doi 10.3390/cancers6042155.

36. Katerji M, Duerksen-Hughes PJ. DNA damage in cancer development: special
implications in viral oncogenesis. Am J Cancer Res 2021;11(8):3956-79.

37. Merne M, Rautava J, Ruutu M, Syrjanen S. Smokeless tobacco increases aneuploidy in
oral HPV16 E6/E7-transformed keratinocytes in vitro. J Oral Pathol Med
2014;43(9):685-90 doi 10.1111/jop.12185.

38. Trushin N, Alam S, El-Bayoumy K, Krzeminski J, Amin SG, Gullett J, et al.
Comparative metabolism of benzo[a]pyrene by human keratinocytes infected with high-
risk human papillomavirus types 16 and 18 as episomal or integrated genomes. J
Carcinog 2012;11:1 doi 10.4103/1477-3163.92309.

39. Strati K, Pitot HC, Lambert PF. Identification of biomarkers that distinguish human
papillomavirus (HPV)-positive versus HPV-negative head and neck cancers in a mouse

model. Proc Natl Acad Sci U S A 2006;103(38):14152-7 doi 10.1073/pnas.0606698103.

21


https://doi.org/10.1101/2024.08.14.607944
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.08.14.607944; this version posted August 17, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

Figures

A Tonsil Tissue (Male and Female) >
Primary tonsil keratinocytes

Direct infection with HPV16 >

Continuous passaging of cell lines >

Organotypic raft culture and genomic analysis7
(Every 5th passage)

Passage 12 Passage 24 Passage 48 Passage 76

Figure 1. Transformation of primary tonsillar keratinocytes by HPV16.

A. Scheme for generating and characterizing HPV-transformed primary tonsillar keratinocytes.

B. Human tonsil keratinocytes infected with HPV16 were propagated as outlined in A. At the
indicated passages a subset of cells was grown into organotypic raft cultures and either

stained with hematoxylin and eosin (H&E) or immunostained for p16.
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Figure 2. Assessment of HPV integration status by E2/E6 ratios.
Shown are HPV E2/E6 ratios as a function of passage number during propagation of five
independent human tonsillar keratinocyte cell lines following infection with HPV16. E2 and E6

levels were determined by qPCR.
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Figure 3. WGS and anchored PCR analysis of HPV genomes in transformed keratinocytes.

Shown underneath a map of the HPV16 genome are sequence coverages as a function of
genome position of virus in the six cell lines examined in this study. Coverage was
determined either from the total WGS read counts at each position of the virus (violent
panels) or from anchored PCR read counts (teal, from the E6 primer, second row of each
panel, and from the E6v2 primer, third row in each panel). Numbers immediately to the left
of each panel denotes the maximum coverage value for the adjacent sample. Positions of
single nucleotide polymorphisms relative to reference HPV16 (NC _001526.4) in each virus
are designated, color coded to indicate the nucleotide substitution (T, red; C, blue; A, green;

G, orange).
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Figure 4. Structure of integration sites.

Shown are diagrams of the regions surrounding the sites of viral integration in five cell lines.
Virus is shown as a yellow bar or dot and regions of the genome that become duplicated
following integration are shown in color. The upper portion of each diagram indicates the
location of integration, with nearby genes shown above, while the lower portion represents

the local structure following integration and focal amplification. Diagrams are not to scale.
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Figure 5. Accumulation of structural variants as a function of time in culture.

Circos plots of genomes of cells from the F18 cell line taken at the indicated passage number,
showing translocations and inversions in the center, copy number on the inner rings and
insertions (green), deletions (orange) and duplications (light blue) on the third most outer ring.
Chromosomes are ordered sequentially in the outer ring on which are indicated cytological

banding patterns and the centromere (red bar). Red arrow indicates the site of virus insertion.
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Figure 6. Genome Instability Precedes Viral Integration.
The HPV transformed cell lines indicated were passaged and sampled at the indicated passage
numbers to determine HPV integration status and the accumulation of structural variants (CVs

and SVs). Red circles indicated the passage at which integration was first detected.
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Figure 7. HPV Transformants with integrated virus are more tumorigenic than those with
episomal virus. Cells from lines M19 (passage 44) and M28 (passage 43) were cultured for three
days in E-media in the presence (T) or absence (U) of DB[a,l]PDE. Cells (107) were suspended
in PBS and injected subcutaneously into either flank of five nude mice for each condition.
Growth was monitored by measurement of dimensions of the growth over time. Values are the
means with standard deviation of the five growths from each sample.
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