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Left: Histograms for various cancer samples of the HPV 
virome in human cancers.

Right: Focal amplifications and rearrangements explained 
by ‘‘looping’’ model. 
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Human papillomavirus (HPV) causes about 610,000 cases of cancer worldwide, accounting for 
about 5 percent of all cancer cases and including virtually all cases of cervical cancer. Scientists 
have long known that certain types of HPV cause cancer, but they don’t completely understand all 
the steps that are involved.

For example, while the HPV cancer-causing genes E6 and E7 
are known to be essential for the development of cancer, they 
are not sufficient to cause cancer. Additional alterations in 
host-cell genes are necessary for cancer to develop. Recently, 
a team of researchers at Ohio State’s Comprehensive Cancer 
Center identified a new way by which HPV might spark 
cancer development – by disrupting chromosomal DNA with 
repeating loops when the virus is inserted into host-cell DNA 
as it replicates.

“Our sequencing data showed in vivid detail that HPV can 
damage host-cell genes and chromosomes at the sites of viral 
insertion,” said David Symer, M.D., Ph.D., assistant professor 
of Molecular Virology, Immunology and Medical Genetics at 
Ohio State’s Comprehensive Cancer Center – Arthur G. James 
Cancer Hospital and Richard J. Solove Research Institute 
(OSUCCC – James). 

Keiko Akagi, Ph.D., a bioinformatics expert and research 
assistant professor of Molecular Virology, Immunology 
and Medical Genetics at OSUCCC – James, leveraged the 
computational capabilities of OSC’s Oakley Cluster.

She studied whole genome sequencing data and other 
datasets to examine the DNA sequences of ten cancer-cell 
lines and two head and neck tumor samples collected from 
patients. Each sequence represented fragments of the 
roughly three billion chemical units within the human genetic 
instruction set.

chromosomal hotspots. However, we observed HPV insertional

breakpoints to cluster at specific chromosomal regions in different

cell lines (Fig. 2; Supplemental Fig. 5). Genomic distances between

viral integrants in a ‘‘cluster,’’ defined by three or more unique

insertional breakpoints, spanned up to 3 Mb (Tumor A). As ex-

amples, HPV integrant clusters mapped to chromosome Xq21 in

UD-SCC-2 cells, chromosome 3p11 in UM-SCC-47, and chromo-

somes 3p12, 6p21, and 9q22 in UPCI:SCC090 cells (Fig. 2).

To examine HPV integrant clusters further, we performed

both fluorescence in situ hybridization (FISH) using HPV16-spe-

cific probes and spectral karyotyping (SKY) on all cell lines. Several

observations were made. Chromosomal locations of the majority

of integrant clusters identified by WGS were confirmed (Fig. 2;

Supplemental Fig. 6), but low-copy-number integrants were not

detected (e.g., HMS001 and UM-SCC-104). HPV FISH signals were

found in identical cytogenetic regions of duplicate chromosomal

copies, but with variable intensities, suggesting that integration

preceded chromosomal duplication and subsequent divergence in

viral copy numbers. Chromosomal paints and HPV FISH signals

routinely overlapped, consistent with alternating viral and host

genomic sequences. Combined FISH and SKY analysis also fre-

quently identified HPV integrants adjacent to chromosomal

translocations. Although these juxtapositions also were observed

fromWGSdata, in several instances, the physical distance between

HPV insertions and translocations exceeded 1 Mb.

HPV insertions flank copy number variations (CNVs)

HPV insertional breakpoints detected byWGS were observed to be

less numerous than viral copy numbers in some cases (Table 1).We

hypothesized that this discrepancy was due to amplification of

viral integrants and flanking genomic sequences, leading to

Figure 1. The HPV virome in human cancers. WGS reads were aligned to the HPV16 (x-axis coordinates, bottom) or HPV18 (Tumor A only) reference
genomes. (A) In each row, histograms for various cancer samples indicate copy numbers of viral sequences (blue) and counts of discordant paired-end
reads supporting insertional (red), intraviral (yellow), or both (orange) breakpoints. The scale (y-axis) of each plot was normalized to maximum read
counts (upper left, each row). HPV breakpoints are defined further in Supplemental Figure 1 and Supplemental Table 3. (B) Verification of insertional
breakpoints. Counts of discordant paired-end reads supporting each breakpoint (displayed both on the y-axis and by dot sizes), identified in any of the
samples studied, are shown according to position in HPV16 genome (x-axis). (Black dots) Confirmed by PCR and Sanger sequencing; (red) failed PCR;
(blue) not tested; (LCR) long control region; (OR) origin of replication. See also Supplemental Figure 2 and Supplemental Tables 3 and 4.
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“HPV can act like a tornado hitting the genome, disrupting and 
rearranging nearby host-cell genes,” Symer said. “This can lead 
to overexpression of cancer-causing genes in some cases, or it 
can disrupt protective tumor-suppressor genes in others. Both 
kinds of damage likely promote the development of cancer.”

“We observed fragments of the host-cell genome to be 
removed, rearranged or increased in number at sites of HPV 
insertion into the genome,” said Maura Gillison, M.D., Ph.D., 
professor of Medicine, Epidemiology and Otolaryngology 
and the Jeg Coughlin Chair of Cancer Research at OSUCCC 

– James. “These remarkable changes in host genes were 
accompanied by increases in the number of HPV copies in the 
host cell, thereby also increasing the expression of viral E6 and 
E7, the cancer-promoting genes.” 
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