
The three resolutions of two-breakpoint HPV integration events

Detecting HPV integration

HPV and cervical cancer
Human papillomavirus (HPV) infection is necessary in the devel-
opment of cervical cancer. Often, part of the transformation into 
cancer is the integration of the HPV genome into the host ge-
nome1. The integrated form of HPV changes the regulation of 
HPV genes, and transforms the genome and epigenome at the 
regions harbouring HPV2. 

B

Figure 1: (A) The evolution of HPV infection, to cervical intraepithelial neoplasia 
(CIN), to invasive cervical cancer (ICC). (B) Examples of the episomal and inte-
grated forms of the HPV genome including the genes and regulatory regions. 
Figure from Porter and Marra3, 2022. 

Figure 4: (A) An example of sequencing read coverage at each two-breakpoint integration type. Orange lines denote the HPV integration breakpoints. (B) The distance between 
breakpoints in the two-breakpoint integration types.

Figure 7: (A) The density of differentially methylated regions (DMRs) across the chro-
mosomes in an example sample. Regions harbouring HPV integration are noted by a 
dotted line. HPV integrated region shown in (B) is marked by an orange box. (B) Inte-
grative Genome Browser (IGV) snapshot of the DMR hotspot at the HPV-integrated 
region on chr5 from (A).  
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Figure 3:  (A) Graphical representations of the six categories of HPV integration event structures (eccDNA = extrachromosomal circular DNA). (B) The number of each HPV 
integration event type across the cohorts. (C) The frequency of the integration event types between HPV types.
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1. Detect HPV integration breakpoints 
as translocations between HPV and 
human chromosomes. 

2. Group HPV breakpoints into inte-
gration events if they (1) co-occur on 
one or more of the same reads OR (2) 
map within 500 kb.

3. Subset sequencing reads from the 
integration event and create an as-
sembly of the region. 

4. Categorize integration event using 
the assembly and read alignment pat-
terns.

5. Use the subsetted reads to in-
vesigate integrant lengths and methyl-
ation patterns.
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Objective and Aims 

Figure 5: (A) Schematic of possible integrant structures in an HPV integrant with two breakpoints. (B) Schematic of how several heterologous integrants can exist between a 
single breakpoint pair, with the size of the integrant increasing by n HPV copies. (C) The number of integrant structures between all identified breakpoint pairs within the cohort. 
Integrants with 2+ identified structures were classified as heterologous. (D) The maximum size of the integrant structure in a breakpoint pair as shown by the number of HPV ge-
nomes in HPV16 and HPV18 integrants. 

Objective: Investigate how integration of HPV affects the 
structure and regulation of cervical cancer genomes using 
Oxford Nanopore Technology (ONT) long read sequencing.

Aims:
1) Determine the structural categories of HPV integration using 
ONT long-read whole genome data (59 samples total).
2) Investigate and describe how each category affects the 
human genome.
3) Assess the impact of HPV integration on local methylome 

1: HPV integration events often involve structural variants that can be delineated and 
categorized using Oxford Nanopore Sequencing. 

4: HPV integration corresponds with long-range differential methylation between allelic 
haplotypes in the tumour.

(1) de Sanjosé, Silvia, et al. "Burden of human papillomavirus (HPV)-related cancers attributable to 
HPVs 6/11/16/18/31/33/45/52 and 58." JNCI cancer spectrum 2.4 (2018): pky045.
(2) Akagi, Keiko, et al. "Genome-wide analysis of HPV integration in human cancers reveals recurrent, 
focal genomic instability." Genome research 24.2 (2014): 185-199.
(3) Porter, Vanessa L., and Marco A. Marra. "The Drivers, Mechanisms, and Consequences of Genome 
Instability in HPV-Driven Cancers." Cancers 14.19 (2022): 4623.

HPV integrants can have heterologous structures of the HPV genome

HPV

segment 2

segment 1

breakpoint 1 breakpoint 2

possible integration structures

xN HPV genomes

A B C

D E

xN HPV genomes

breakpoint pair heterologous integrants

0

50

100

150

200

1 2 3 4 5 6 15
# of integrant structures in a breakpoint pair

# 
of

 b
re

ak
po

in
t p

ai
rs

heterologous
single

Wilcoxon, p = 0.00079

0

1

2

3

4

HPV16 HPV18

HPV type

m
ax

 #
 o

f H
PV

 g
en

om
es

 in
 in

te
gr

an
t

A B

C

D

Samples 

B

A

Haplotype 1 
(HPV-containing)

Haplotype 2 

DMR hotspot 
DMRs

HPV integration

Methylated CpG Unmethylated CpG

100 kb IGV Snapshot

HPV integration

Haplotype-specific DNA methylation 
changes around HPV-integration

The frequency of HPV integration structures in cervical cancer 

0
10
20
30
40
50

mult
i-b

rea
kp

oin
t

de
let

ion

ec
cD

NA

du
plic

ati
on

rep
ea

t

tra
ns

loc
ati

on

com
ple

x e
ccD

NA

# 
of

 e
ve

nt
s

HPV integration type repeat

multi-breakpoint

complex eccDNA

eccDNA

deletion

duplication

translocation

% of events within 
the HPV type

20%
40%

60%

HPV16
(n=61)

HPV18
(n=25)

HPV45
(n=7)

Other HPVs
(n=22)

H
PV

 in
te

gr
at

io
n 

ty
pe

Distinct methylation patterns 
within the integrated HPV genome
A

025
%

50
%

75
%

10
0%

HPV

H
PV16

average % 
methylation

H
PV16

E6

E7 E1

E2

E4

E5 L2

L1

LCR

1
2
3
4
5
6
7

1
2
3
4
5
6
7

H
PV16

de
le

tio
n 

ev
en

ts

H
PV16

1
2
3
4
5
6
7
8
9

1
2
3
4
5
6
7
8
9

HPVupstream
region

downstream
region

upstream
breakpoint

downstream
breakpoint

ec
cD

N
A

 e
ve

nt
s

50
00 0 0

20
00

50
00

distance from HPV integration (bp)

0

20
00

40
00

60
00

adjusted position in HPV genome (bp)

10
00

30
00

40
00

10
00

20
00

30
00

40
00

upstream
region

downstream
region

Figure 6:  (A) The methylation frequency within and adjacent to HPV integrants in de-
letion and eccDNA integration events. The regions 5kb upstream and downstream 
(relative to the direction of HPV transcription) are divided into 500bp bins. Within HPV, 
the methylation of each CpG group is shown as a point. Open and closed arrowheads 
indicate where that breakpoint on HPV connects to the matching arrowhead on the 
human breakpoints shown on the left. 
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Figure 2: (A) The number of integration events across the HTMCP and TCGA 
samples along with the listed clinical and molecular characteristics of the patient 
samples.
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59 cervical cancer samples
17 samples from the Cancer Genome Atlas (TCGA)
42 samples from the HIV Tumor Molecular 
Characterization Project (HTMCP)

2: The HPV integrant structure can be heterologous between two breakpoint pairs, re-
sulting in read evidance of multiple different integrant lengths.

3: The DNA methylation within and immediately adjacent to the HPV integrant has dis-
tinct patterns, with eccDNA integration events having the most consistant methylation.

*** Oxford Nanopore Technologies products are not intended for use for health 
assessment or to diagnose, treat, mitigate, cure, or prevent any disease or condi-
tion


