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BACKGROUND
•
•

•

•

a)
Illumina

Integration of human papillomavirus (HPV) DNA into the human genome after viral infections of the female
reproductive tract is a near ubiquitous factor in cervical tumorigenesis.1-3
HPV DNA integration generates viral-host DNA junctions at the genomic sites of insertion. These junctions
are frequently accompanied by local rearrangements of human DNA ranging from small to large indels, other
chromosomal rearrangements, and establishment of episomal viral-host genome fragments.
Next-generation sequencing (NGS) methods provide powerful tools for understanding of the role of HPV
DNA integration in tumorigenesis, most notably identification of human genome oncogene targets. While
short read approaches are potent means for junction identification, they can be susceptible to ligation and
polymerase-jumping artifacts and are unable to elucidate genomic complexity near the junctions.4
Long read, nanopore sequencing (Oxford Nanopore Technologies, ONT) can generate single molecule
template, sequencing reads from tens to hundreds of kilobases and can thereby provide a tool to resolve
complex genomic rearrangements accompanying HPV DNA integration.
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Illumina sequencing results: 34 million demultiplexed read pairs were obtained with average HPV16 coverage
depth of 2.8 *106. All previously known and validated CaSki-human junctions (n=47) were identified; in
addition we mapped n=193 novel junctions. Of the novel junctions, 4 out of 6 have been validated by PCR
methods. Clustering of junctions at nearby human genome positions was identified for specific chromosomal
locations, with n=30 (13.5%) called less than 1 kb apart on the human genomic side.

•

Nanopore sequencing results: ~150K reads were obtained with a median length of 17kb [Range: 3-110kb].
Average coverage depth of HPV16 and the human genome was 220X and 0.60X respectively. Integrations
were mapped to chromosomes 2,5,7,10,19,20, and X, confirming 4 additional novel junctions called by
Illumina sequencing. All of these integration sites contained HPV16 in tandem arrays. The number of HPV
tandem repeats ranged from 2 to 8 viral genome copies (Figure 1).

•

FISH analysis confirmed the presence of HPV16 integration mapping to chromosome 10 (Figures 1 and 2).
Only one cell failed to to show co-localization of both chromosome 10 probes, thus indicative of a low false
negative frequency. However, both HPV16 signals at the chromosome 10 locus and chromosome ploidy
varied widely among the cells. 8 different chromosome 10 phenotypes were identified (Table 1 and Figure 3),
strongly suggestive of ongoing genomic variation within this cultured cell line. The most frequently observed
phenotype was 3 copies of chromosome 10 with 1 of those copies harboring the HPV16 insertion.

Nanopore

b)

OBJECTIVES
•

To combine HPV16-targeted hybridization capture-Illumina NGS with long read (ONT) sequencing to CaSki.
CaSki is a well studied cervical carcinoma cell line containing many HPV16 insertions. Our ultimate goal is to
map with single nucleotide resolution the genomic rearrangements associated with HPV16 integration.

METHODS

CONCLUSIONS
•

The hybridization capture-NGS approach here described is highly sensitive and specific for detecting and
mapping individual HPV-human DNA junctions. Combining this molecular approach with long read, ONT
analysis generated a direct examination of the tandem arrays of HPV16 DNA in the CaSki cell line.

•

•CaSki genomic DNA (gDNA) was extracted using the QIAamp DNA mini kit (Qiagen), mechanically fragmented
to 900 bp (Covaris), ligated to Illumina adapters, hybridized to our custom probe panel and sequenced by
Illumina HiSeq 2500 using the paired end 300 bp mode.

The clusters of HPV-human DNA junctions at nearby positions within the human genome for many HPV
insertion sites are suggestive of frequent, ongoing, genomic instability. Sites with fewer supporting reads on
short read sequencing may reflect low frequency, subclonal populations rather than false positive results, as
demonstrated by technical validation of a fraction of them using PCR or long range sequencing.

•

•Read pairs were aligned using BWA MEM6 to a custom human genome assembly of human GRCh37/hg19 plus
HPV16 reference genome. Junction fragments were computationally identified using Delly7 and SplazerS8.

FISH analysis of one integration site mapping to chromosome 10 identified 8 different phenotypes involving
this locus, thus providing further evidence of ongoing, genomic instability at HPV16 integration sites.

•

We are currently applying our combined molecular approaches to determine if these findings hold true in
primary lesions from patients.

Targeted hybridization capture/NGS:
•We designed a custom HPV DNA capture assay using the Roche Nimblegen SeqCap EZ system5 targeting the
full length genomes HPV16 and other high risk HPV types.

Figure 1. a) Positions of Chromosome 10, HPV16 junctions. b) Architecture of chromosome 10 integration based on ONT sequencing results.
Human genome positions and distance were from hg19. c) Circos plot of inter-chromosomal rearrangements between the host genome and
HPV16. Orange = Illumina novel junctions. Green = Illumina prior validated junctions. Purple = Nanopore junctions. Black = number of tandem
HPV genomes by Nanopore long read sequences.
a)

b)

Nanopore Sequencing:
•CaSki gDNA was mechanically sheared to 20 kb using the g-TUBE (Covaris) and libraries were prepared using
the Oxford Nanopore 1D ligation library prep kit SQK-LSK108.
•Libraries were loaded onto one R9.4 flow cell and sequenced on MinION Mk1b device (ONT) using the
standard 48 hour scripts. Post sequencing base calling and fastq file extraction were performed with Albacore
v2.0.
•Reads were aligned to the custom reference genome using Ngmlr9 and structural variants called using Sniffles9
with parameter adjustment for expected low coverage.
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Figure 2. Representative FISH depicting CaSki cells: Red = HPV16,
= RP11-625K18 (5’ junction end), Green = RP11-348M1 (3’ junction
end) a) Interphase with trisomy chromosome 10, one copy with HPV16. b) Metaphase with chromosome 10 disomy, one copy with HPV16.

Fluorescent in situ hybridization (FISH):
•Two BAC clones (RP11-348M15 and RP11-625K18) flanking the 5’ and 3’ ends of one HPV16 integration
mapping to chromosome 10 identified by NGS and long range sequencing were fluorescently labeled to
visualize both junctions of the integration event. A plasmid containing HPV16 full length sequence was also
labeled and co-hybridized to CaSki cells.
•Signals for HPV16 and the 5’ and 3’ ends of the chromosome 10 junction sites were visually inspected and
evaluated in 26 cells.
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Table 1. Signal counts in n=26 CaSki cells
Figure 3. Frequencies of chromosomal
phenotypes (n=26 cells)
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