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Abstract: Cervical cancer accounts for 10-15% of cancer-related mortality among women globally. Infection with
high-risk human papillomavirus (HPV) types constitutes a significant etiological factor in the development of cervical
carcinoma. The integration of HPV DNA into the host genome is considered a pivotal event in cervical carcinogen-
esis. Nevertheless, the precise mechanisms underlying HPV integration and its role in promoting cancer progression
remain inadequately understood. Therefore, this study aims to identify potential common denominators at HPV DNA
integration sites and to analyze the adjacent cellular sequences. We conducted whole-genome sequencing on 13
primary cervical cancer samples, employing the chromosomal coordinates of 537 breakpoints to assess the statis-
tical overrepresentation of integration sites in relation to various chromatin features. Our analysis, which encom-
passed all chromosomes, identified several integration hotspots within the human genome, notably at 14932.2,
10p15, and 2q37. Additionally, our findings indicated a preferential integration of HPV DNA into intragenic and
gene-dense regions of human chromosomes. A substantial number of host cellular genes impacted by the integra-
tion sites were associated with cancer, including IKZF2, IL26, AHRR, and PDCD6. Furthermore, the cellular genes
targeted by integration were enriched in tumor-related terms and pathways, as demonstrated by gene ontology
and KEGG analysis. In conclusion, these findings enhance our understanding of HPV integration sites and provide
deeper insights into the molecular mechanisms underlying the pathogenesis of cervical carcinoma.
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Introduction malignant cancer [12-18]. Therefore, elucidat-
ing the mechanisms underlying viral genome
integration is essential for advancing therapeu-
tic strategies for viral infections and the devel-

opment of gene therapies [18].

Cervical cancer ranks as the second most
prevalent cause of cancer-related mortality
among women globally, impacting approximate-
ly 500,000 individuals annually [1-4]. The

development of high-grade cervical neoplasia
is predominantly attributed to the integration of
the human papillomavirus (HPV) genome into
the host chromosome [5, 7-11]. Consequently,
this integration is recognized as a critical event
in the progression of precancerous lesions to

Numerous studies have been undertaken to
elucidate the preferential sites of DNA tumor
virus integration, yielding varying conclusions
[8, 19-22]. Initially, HPV integration was consid-
ered a random process occurring across nearly
all chromosomes without specific hotspots [2,
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17, 23, 24]. However, emerging evidence indi-
cates that certain genomic regions, such as
fragile sites, are preferentially targeted by the
virus for integration. These regions have been
reported as integration sites with greater fre-
quency than others, thereby supporting the
hypothesis that the distribution of integration
sites is non-random [7, 23-27]. Furthermore,
clusters of integration sites have been identi-
fied in specific cytogenetic bands, including
3028 [6, 13, 28], 8924 [29-33], and 13922 [7,
24, 34, 35], which are now commonly referred
to as integration hotspots.

However, previous studies were constrained by
relatively small sample sizes, and their break-
points were often biased [13, 16, 36, 37]. The
precise identification of small stretches of inte-
gration sites amidst a vast background of epi-
somal forms remains a significant technical
challenge [19].

Therefore, it is imperative to develop more effi-
cient methodologies to enable comprehensive
mapping of HPV integration sites, which is
essential for gaining a deeper understanding of
cervical carcinogenesis.

In pursuit of this objective, we employed whole-
genome sequencing (WGS) to detect and ana-
lyze HPV integration in 13 cervical carcinoma
samples. Additionally, to elucidate the patho-
genic role of integration-targeted cellular genes
(ITGs) in cervical carcinogenesis, we aggregat-
ed and scrutinized all available integration data
for high-risk HPV (HR-HPV) types, focusing on
the characteristics of the targeted loci within
the human genome by the integration events.
Our study provides an objective and compre-
hensive HPV integration map for cervical carci-
nomas, identifying novel hotspots and poten-
tial mechanisms. Specifically, we conducted an
extensive analysis of HPV prevalence and char-
acterized the precise integration sites of HPV
DNA in 13 cervical cancer specimens. This
research advances current understanding of
HPV integration patterns in cervical carcinoma
and offers new perspectives on the pathogen-
esis of cervical cancer.

Materials and methods
Clinical material
Snap-frozen primary cervical samples were

collected from 13 treatment-naive Chinese
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patients diagnosed with cervical adenocarci-
noma, sourced from the Tissue Bank at
Shanghai Tenth People’'s Hospital, Tongji
University. A board-certified pathologist con-
ducted direct visualization to assess tumor
characteristics and tissue heterogeneity.
Histological analysis confirmed that the tumor
sections contained a minimum of 10% tumor
cells, ensuring their suitability for viral nucleic
acid isolation and subsequent analysis. This
study received approval from the institutional
review board and ethics committee at Shanghai
Jiao Tong University. Informed consent was
obtained from the patients for sequencing
analyses and data release.

DNA preparation and whole-genome sequenc-
ing

Genomic DNA was extracted from frozen tumor
tissues utilizing the QlAamp® DNA Mini Kit
(Qiagen, Hilden, Germany) in accordance with
the manufacturer’s instructions. Subsequent
whole-genome sequencing, employing 2x150-
bp paired-end reads at a coverage depth of
60x%, was conducted using the HiSeq X Ten plat-
form (Illlumina Inc., California, USA). The entire
experimental procedure adhered strictly to the
manufacturer’'s protocol. The whole-genome
sequencing was executed at CloudHealth Me-
dical Group Ltd., Shanghai, People’s Republic
of China.

Reference sequences

As the initial step in our pipeline, we obtained
HPV genome data in FASTA format. Specifically,
we acquired genomes of 18 high-risk HPV
(HR-HPV) types, including types 6, 16, 18, 11,
33, 31, 35, 39, 45, 52, 56, 58, 59, 66, 68, 69,
82, and 83, from the National Center for
Biotechnology Information (NCBI) database
(accessible at www.ncbi.nlm.nih.gov/). All HPV
reference sequences were concatenated to
form a multiFASTA sequence (HPV_Ref) using
BioPerl modules. For the human genome, we
utilized the GRCh37 major release as the refer-
ence assembly, available at ftp://ftp.ensembl.
org/pub/release-85/fasta/homo_sapiens/.

Filtering abundant sequencing reads

For quality control, we initially filtered low-quali-
ty reads and potential PCR duplicates using a
custom Perl script. Subsequently, 3" and %’
adapters were trimmed employing the Adapter
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Removal program with default parameters,
resulting in high-quality clean reads for further
analysis.

HPV-aligned reads detection

Evaluating the HPV-aligned reads was essential
for identifying HPV presence in the respective
samples. For HPV detection, we indexed the
multiFASTA HPV reference file (HPV_Ref) using
the BWA aligner, followed by aligning the reads
to the indexed genome. The aligned reads were
then extracted from the SAM file using a Perl
script.

Human-HPV integration loci detection

To identify integration sites, we constructed a
multiFASTA reference genome (Homo_HPV_
Ref) that included both human and high-risk
human papillomavirus (HR-HPV) genomes of
18 types. For potential HPV integration sites
within the human genome, we re-mapped
selected HPV-aligned reads to this reference
using the BWA-MEM program with default set-
tings. The alignment files were then analyzed to
identify reads where one mate aligned to a
human chromosome and the other to HPV.
Subsequently, we excluded reads that perfectly
paired-end aligned to the HPV genome with a
definitive alignment value (= 25) using BWA and
retained chimeric read pairs, where part of the
read sequence aligned to the human genome
and part to the HPV genome.

Validation and assay of HPV integration sites

To ensure the accuracy of the alignment and to
precisely identify the integration site as well as
the sequence bridging the viral and cellular
genomes, all meta-reads containing both viral
and cellular sequences underwent further anal-
ysis using BLASTh comparisons against the
whole-genome database.

Annotation of integration-targeted genes and
fragile sites

The integration sites within human chromo-
somes and HPV genomes, along with the cor-
responding HPV subtypes, were subsequently
parsed and annotated utilizing a gene re-
ference annotation file obtained from the
Ensembl genome browser (http://www.ensem-
bl.org/index.html). Genes with transcription
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start sites located within 50 kilobases of the
HPV integration sites were classified as ITGs.
Additionally, we investigated the correspon-
dence between HPV breakpoints and docu-
mented fragile sites in the human genome, as
cataloged in the NCBI database.

Gene functional annotation analysis

For gene functional annotation analysis, we
utilized the Database for Annotation, Visualiza-
tion, and Integrated Discovery (DAVID) (https://
david.ncifcrf.gov/), employing Gene Ontology
(GO) categories and KEGG Pathways as re-
ference databases.

Results

HPV integration analysis based on the WGS
strategy

Leveraging the high throughput capacity of
whole genome sequencing (WGS), we devised
a multiplex strategy for the determination of
human papillomavirus (HPV) integration sites.
The analytical workflow is depicted in Figure 1.
From a single lane of HiSeq x10, we generated
a total of 106.3 million sequence read pairs.
Following data processing, we implemented a
cutoff value for the basic alignment score (=
25) to pre-select the most promising junction
candidates from over 9,000 filtered viral-cellu-
lar junction sequences for validation, thereby
constituting the site-detection library (Table
S1). Furthermore, to precisely identify the
breakpoint between GRCh37 and HPV, we
extracted all reads mapped to both GRCh37
and HPV and subsequently aligned each read
to GRCh37 and HPV using BLASTn with param-
eters set to a minimum score of 35 and a mini-
mum identity of 85%. Specifically, in instances
where two or more paired reads mapped to
nearly identical locations (within +2 base pairs),
only one read was retained for analysis. This
approach resulted in the identification of 537
distinct integration events, each with associat-
ed chromosomal loci information.

Position information of HPV integration into hu-
man genome and disruption in viral genome

The increased number of integration sites
allowed for a comprehensive investigation of
their distribution across the entire genome. For
this analysis, all integration sites were stan-
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Figure 1. Overall workflow. The pipeline includes the workflow of the experiment and the bioinformatic processes.
In the process, raw data is initially filtered and then raw-mapped. Next, chimeric paired-end reads are selected for
re-mapping of paired-end reads. HPV-aligned reads undergo re-mapping to locate the HPV integration sites. An in-
house program is used to perform the paired-end reads assembly.

dardized to reference “chromosome bands”. To
mitigate bias arising from variations in chromo-
some band lengths, each “chromosome band”
was represented by a ratio reflecting the pro-
portion of the human genome it encompasses.
Consequently, “densities” were calculated to
assess the frequencies of integration hotspots,
defined as the counts of validated integration
sites within each band, divided by the corre-
sponding band ratio.

The distribution of HPV integration sites was
observed across the entire genome, encom-
passing all chromosomes (Figures 2, S1).
Specific locations of each cellular integration
site are delineated in Table S2. The most fre-
quently observed integration locus was a region
approximately 17,138 kb in size on chromo-
some 14932, which contained between 1 and
36 HPV integration sites identified across mul-
tiple samples (S1-T, S2-T, S3-T, S4-T and S7-T)
(Figure S2). Additionally, substantial evidence
was found for recurrent integration in other
chromosomal hotspots, notably within the cyto-
genetic bands 12915 (density = 24.44), 9p23
(density = 23.81), 2q34 (density = 19.66), and
15922 (density = 18.43) (Table S3).

Furthermore, our observations revealed that
HPV insertional breakpoints were concentrated
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in specific chromosomal regions. The genomic
distances between distinct viral integration
sites within a “cluster”, defined as containing
three or more unique HPV integration sites,
extended up to 1.5 Mb. We conducted a metic-
ulous analysis of these clusters and catego-
rized them into three distinct groups. In the
first group, each cytogenetic band exhibited
three or more HPV integration sites per sample,
suggesting the likelihood of integration in a
concatenated array (Figure S3). For example,
HPV integrant clusters mapped to 2934 in S2-T
(n=4), 19g31.3 in S3-T (n = 3), and 8p21.3 in
S3-T (n = 4). In the second group, some inte-
grant clusters arose from at least three individ-
ual cases, and they likely represented authen-
tic hotspots, such as 14932 in S1-T (n = 3), S2-T
(n=2), S3-T (n = 36), and S4-T (n = 1). In the
last group, the clusters showed both of the
aforementioned properties, such as 7p21.3 in
S3-T(n=3),S4-T(n=1),and S7-T (n = 1) (Table
S4). Collectively, sequence analysis of the junc-
tions showed that the sites of viral gene disrup-
tion occurred broadly across the HPV genome
(Figure 3).

Densities were also adopted herein to reduce
the bias caused by length differences between
different HPV open reading frames (ORFs).
Disruptions were significantly more frequent in
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Figure 2. Location of integration sites in the human genome. Human chromosomes (1-22, X, Y) are arranged around
the circle. The innermost ring shows HPV integration sites, stacking multiple events that occur at the same location.

the L1 gene (n = 109, density = 29.11), fol-
lowed by the E1 gene (n = 152, density =
25.25), E5 gene (n = 27, density = 8.50), and
the E4 gene (n = 29, density = 7.99) (Table S5).

Characterization of integration hotspots

To investigate the characteristics of HPV inte-
gration into the human genome, recurrent
“hotspots” of HPV integration (No. of integra-
tion sites > 3; density > the average score of
those identified integration bands [7.28]) in the
host genome were analyzed.
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HPV integrations occur within or near cellular
genes

The genomic regions corresponding to HPV
integration hotspots were subjected to further
analysis for the presence of known genes
(Table _S6). Genes directly disrupted by HPV
integration, as well as those with transcription
start sites within 50 kb of the integration break-
points, were classified as integration target
genes (ITGs), in accordance with previous
reports. Out of the 263 integration events iden-
tified within the 57 chromosomal hotspots ana-
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Figure 3. Distribution of integration sites across the HPV genome and human genomes. Integration breakpoints
are shown for the HPV-positive tumors. Breakpoint colors correspond to HPV genes where an integration event oc-
curred. The HPV and human genomes are drawn at different scales (created in Circos39).

lyzed, 203 events were found to occur either
within a gene region or in close proximity to a
gene region (Table 1).

In this study, a total of 516 integration target
genes (ITGs) were identified and subsequently
analyzed. These genes encompassed various
categories, including protein-coding genes, pro-
cessed pseudogenes, microRNAs (miRNAs),
and others. Notably, approximately 45.81% (93
out of 203) of the confirmed HPV integration
sites within hotspots were situated within cod-
ing genes, and 73 cellular DNA breakpoints
were located in processed transcripts.

4670

In addition to these 516 ITGs, 29 recurrently
targeted host genes (RTGs) were also analy-
zed. Y_RNA was the gene most frequently
affected by viral integration (8 events), followed
by small nucleolar RNA U13 (snoU13, 6 events),
AL162151.3 (4 events) and RPL3P4 (4 events).
Furthermore, four genes were affected three
times, while 21 recurrent target genes (RTGs)
were affected twice within the analyzed datas-
et. Additionally, we deemed it pertinent to
investigate the implications of these ITGs as
functionally cancer-related genes. Consistent
with the observation that genes located in chro-
mosomal hotspots are associated with tumors,
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Table 1. Integration targeted genes in hotspots and relationship with tumors

Integrated times

o ITGs in the hotspot and relationship with tumors
Hotspots Fragile sites
HPV16 HPV18 Other types Y N

14932

CLMN¢, GOLGAS5®,
CYP46A1, DDX24,
DYNC1H1

RPL3P4%, AL162151.3¢, HSPOOAAL®, IFI27L1°, AB019438.66, CTD-
2240H23.2, HHIPL1, HOMER2P1, IFI27, IFI27L2, IGHV1-67, IGHV1-68,
IGHV1-69, IGHV2-70, IGHV3-38, IGHV3-41, IGHV3-42, IGHV3-43, IGHV3-
63, IGHV3-64, IGHV3-65, IGHV3-66, IGHV3-71, IGHV3-72, IGHV4-39,
IGHV7-40, IGHVII-40-1, IGHVII-43-1, IGHVII-44-2, IGHVII-62-1, IGHVII-65-1,
IGHVII-67-1, IGHVIII-38-1, IGHVIII-44, IGHVII-67-2, IGHVII-67-3, IGH-
VIII-67-4, IGHVIV-44-1, LINCO0221, OTUB2, RN7SL472P, RP11-1017G21.4,
RP11-543C4.3, RP11-725G5.3, SLC20A1P1

12915 - IFNG-AS1°4, IL269, MDM1, RP11-33504.1, RP11-33504.3, RP11-444B24.2
DYRK2, IFNG, IL22

9p23 - PES1P2, RP11-23D5.1, RP11-284P20.3, RPL3P11

2q34 FRA2I IKZF2°¢ RP11-105N14.1¢ RP11-105N14.3% AC079610.1°

15922 FRA15A2 RORA®Y, SMAD3°, CA12 FAMS81A°, RP11-219B17.1°, RP11-321G12.1°, AAGAB, AC007950.1, CTD-
2501E16.1, CTD-2501E16.2, NARG2, RP11-342M21.2, RP11-356M20.1,
RP11-356M20.2, RPS24P16, Y_RNA

5p14 FRASE® - CDH18°¢, CTD-2061E9.1, HSPD1P15, MSNP1, RNU6-909P

1924 FRA1G POU2F1¢, UCK2 LINC00970°°, RPL29P7¢, SUMO1P2¢, RP11-525G13.2, RP11-52A20.2,
RP11-7G12.2

7933 FRA7TH EX0C4°¢ AC083875.1, AC0O83875.2, AC091736.1

8p21 - DPYSL2°, U3 AC100802.3°, RP11-108E14.1¢, AC021613.1, RP11-1G11.2, RP11-
404E12.1, RPL30PY, SLC18A1

7p15 - CREB5°%, EVX1, NPY AC005105.2¢, RPL35P4°, AC004485.3, EVX1-AS, RP1-170019.17, snoU13

7p21 FRA7B THSD7A%, PHF14°, ACO04538.3, ACO04543.2, TMEM106B

6921 FRA16B?®, LAMA4¢, SLC22A16, HS3ST5¢ LRP3-3991.15.3°, CTA-331P3.1, FAM229B, RN7SL617P, RP1-

FRA16C TUBE1, U3, WISP3 142L7.5, RP1-249H1.2

Xq27 FRAXD, FRAXA®® HNRNPCP10, RNU6-382P, RP11-434J24.2, RP11-434J24.3, RP3-
406C18.1

11p15 FRA11C, IGF2¢, SBF2°, SPON1¢, RIC3°, RP11-1H15.2°, AC132217.4, IGF2-AS, MIR4686, RNA5SP332,

FRA11l° INS, INS-IGF2, MIR483 RP11-379P15.1, TH, TUB

3922 - NCK1¢, PIK3CB® COL6BA4P2°, IL20RB*, TMCC1¢, AC083799.1, AC130888.1, ENPP7P3,
IL20RB-AS1, RNU6-1142P, RP11-85F14.1, RP11-93K22.14, TMCC1-AS1,
Y_RNA

1941 FRA1H GPATCH2¢, KCNK2, TLR5 AURKAPS1, MORF4L1P1, RAB3GAP2, RP11-239E10.2, RP11-302118.1,
RP11-323K10.1, XRCC6P3

20p11 FRA20A?®® - DZANK1¢, RALGAPA2¢, RP1-122pP22.2°, AL121761.1, AL121761.2,
FAM182B, GCNT1P1, LINCO0O851, MIR3192, POLR3F, RNA5SP476, RP13-
401N8.1, RPL12L 3, VN1R108P, ZNF337
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9933

Xq25
8q13

9p21
4022
2p12
7931
18g22

6p22

9g31
16021

20936

8924

3pl12
2q31

2pll
6924
7921

5031

4672

w b

FRA9B®, FRA9E

FRA9A®",
FRA9C?

FRA2E
FRATF, FERA7G?

ABCB10, B3GALNT2,
EGLN1, EXOCS8, SPRTN

CRB2, STOM

U3

ARFGEF1°, MTER1S,
PDE7A

FOCADS, MLLT3®

PPM1K

FOXP2¢, MDFIC®, MET

FRA18B,
FRA18C

FRAGA®, FRAGC?

FRA9B", FRA9E

FRA16B?,
FRA16C

FRA2A®

FRA7J, ERATE®

TSHZ1

ZNF322, RNF1448B¢,
TPMT®, KDM1B

DNER*°

ASAP1°¢, GSDMC", KH-
DRBS3", TG?, ZFAT

CADM2°¢

CERKL®, ZNF385B¢,
ITGA4°

RPIA
GRM 1
MAGI2°, SHEM1°

FRA5C?

DIAPH1¢, SLC22A5
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NVLe, TBCE®, BTNL10, CNIH4, GNPAT, HIST3H2A, HIST3H2BA, HIST3H28B,
HMGN2P19, MIR4666A, RNA5SP78, RNA5SPS0, RNF187, RNU4-21P,
RNU6-1008P, RP11-293G6__A.2, RP11-293G6__A.3, RP11-365016.5,
snoU13, TAF5L, URB2

ASTN2¢, BRINP1°, RP11-162D16.2°, GGTA1P, RN7SKP125, RP11-787B4.2,
STRBP

CPA6, RP11-707M3.3, RP11-7F18.2

LINGO2¢, MIR4474, RP11-3211.2.2, RP11-32I2.1, RP11-73E6.2, SNORA30

CCSER1°, RP11-10L7.1°, HERC6, Y_RNA
LRRTM4°, ACO73628.1, RNU6-812P, RNU6-827P

RP11-328J2.1° SLC13A1°, AC006159.3, AC0O06926.1, RP11-500M10.1,
RP11-95P9.1

CDH19°, RP11-638L3.1, RP11-659F24.1, ZADH2

RP11-457M11.2°, VN1R14P°, ABT1, NHLRC1, RP11-457M11.5, RP11-
457M11.6, snoU13

RNA5SP293, RP11-380120.2, RP11-436F21.1, RPL36AP6
AC012322.1¢, LINCO0922¢, RP11-351A20.1, RP11-744D14.1

SPHKAP<, ACO07559.1

DENND3¢, RP11-10821 8.3°, RP11-30J20.1°, RP11-369K17.1°,
AC083843.1, AC131568.1, CTD-2182N23.1, CTD-2342N23.3, LINCO0964,
MAPRE1P1, MIR4662B, RNU6-1255P, RP11-1082L8.4, RP11-274M4.1,
RP11-809017.1, SLC45A4, SNORA12

CADM2-AS2°, RP11-260018.1%, RPL7AP23

AC013410.1, ACO68706.1, ACO68706.2, ACO73069.2, MTX2

ANKRD36BP2°, AC096579.1, AC096579.13, AC128677.4, MIR4436A
FUNDC2P3

ANKIB1°, MTERF®, ACO07566.11, ACO73958.2, AC092013.1, RP11-
682N22.1

AC005592.2°%, AC116366.5°, C50rf56°, AC116366.6, CTD-202417.13,
PCDHGA1, PCDHGA10, PCDHGA11, PCDHGA12, PCDHGA2, PCDHGA3,
PCDHGA4, PCDHGAS5, PCDHGA6, PCDHGA7, PCDHGAS8, PCDHGA9, PCD-
HGB1, PCDHGB2, PCDHGB3, PCDHGB4, PCDHGB6, PCDHGB7, PCDHGC3,
PCDHGC4, PCDHGC5, RN7SL68P, Y_RNA
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1424
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w w
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w b
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CA8
TRIM33°

INHBA, INHBA-AS1
AHRR*¢, PDCD6"*,

MRPL36, NDUFS6, SDHA

RAD51B°

TRPS1°

MYD88°, DLEC1, U8

RND1¢, STAT2°, CNPY2,
EIF4B, IL23A, KRT1S,
KRT8

ARHGAP15¢, LRP1B®

FRAGE
FRAGD

FRA1B
FRA2C

FRA9SD

FRAGG, FRAGF

TFBIM

MUTYH

C9orf3°, SPTLC1

CTD-2128A3.2°, RP11-526N18.1°, CTD-2128A3.3, EML5, LINCO0911,
PTPN21, RNU4-22P, RP11-507K2.2, RP11-507K2.3, ZC3H14

YTHDE3®, RN7SL135P, RP11-16E18.1, RP11-16E18.3, YTHDF3-AS1

NHLH2°, NTNG1°, AC114491.1, EIF2S2P5, HNRNPA1P43, PKMP1, RP11-
270C12.3, RP4-591B8.2, Y_RNA

AC005027.3°¢, AOAH®, ACO07349.4, RP11-85E16.1

CTD-2143124.1°, TAS2R1¢, CTD-2001E22.1, CTD-2083E4.5, CTD-
2083E4.6, CTD-2228K2.1, CTD-2228K2.2

C14orf166B°, ANGEL1, CTD-2566J3.1, DLST, PROX2, RN7SKP17, RN-
7SL706P, RP11-316E14.2, RP11-316E14.6, RP11-488C13.1, RPS6KL1,
YLPM1

RP11-790J24.1°, TMEM74°, RP11-25P11.2, RP11-790J24.2, RP11-
946L20.1, RP11-946L20.2

AC004769.1, AC093267.1, CTD-2334D19.1, RP11-166A12.1, snoU13,
SNX2

Y_RNA¢, AC018359.1°, ULK4°, AC123023.1, ACAA1, ATP6VOE1P2, OXSR1
CNTNAP®, RN7SKP102

AC107016.1, AC107016.2, APOF, CACNB3, CCDC65, DDX23, PAN2, RNU6-
600P, RNU7-40P, RP11-302B13.1, RP11-302B13.5, RP11-348M3.2,
RP11-977G19.10, RP11-977G19.11, RP11-977G19.12

RP5-1119A7.14°, BX470187.1, CTA-929C8.8, FOXRED2, LL22NC03-
86D4.1, RPS15AP38, TXN2, Y_RNA

NBAS®, ACO08069.2, RN7SKP168, RP11-32P22.1

AC068287.1, AC092652.1, AC093084.1, RNU6-904P, RP11-570L15.1,
RP11-570L15.2

CLDN20

FILIP1, KRT18P64, RNU1-34P, RP11-30P6.1, RP11-379B8.1, RP1-
161C16.1, RP11-801/18.1, RPL26P20

TESK2, HPDL, RP11-291119.1, RP11-329N22.1, RP11-422J8.1, snoU13,
TOE1

FAM110C, ACO07463.2

LINCO0475, MIR2278, MTND4P15, RP11-100G15.10, RP11-100G15.2,
RP11-100G15.3, RP11-100G15.4, RP11-100G15.5, RP11-100G15.7,
RP11-23B15.1, RP11-49014.3, RP11-54606.4, snoU13, SPTLC1

RP3-463P15.1

Abbreviations: HPV, human papillomavirus; ITGs, integration-targeted cellular genes; Y: Yes; means that these genes had been reported to be tumor-related based on NCBI database;
N: no; means that there was no report about the relationship between this gene and tumors. 2Underlined type indicates integrations that occurred within a fragile site. Rare fragile
sites are shown in bold. cUnderlined Italics indicate genes directly targeted. “The bold genes were recurrently integration targeted genes.
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14 out of the 29 RTGs have also been reported
to be tumor-related (Table 2). This finding sug-
gests that HPV DNA fragments preferentially
integrate into genomic hotspots where tumor-
related genes are situated.

HPV integration within fragile sites

Furthermore, we investigated all integration
loci at hotspots for the presence of fragile sites,
which are genomic regions susceptible to chro-
mosomal breaks that facilitate the integration
of foreign DNA. Utilizing the NCBI fragile site
map viewer, we identified a significant correla-
tion between fragile sites and HPV integration
sites. Notably, 56.65% (149 out of 263) of the
integration events within these hotspots were
situated in or near a fragile site. Specifically, 53
integration sites were located within common
or rare fragile sites, while 96 sites were within a
5 Mb proximity to a common or rare fragile site
(Table S7). The remaining integration sites did
not exhibit any association with fragile sites.

Furthermore, a comparative analysis was con-
ducted between all integration sites and the
mapped fragile sites available in the database
(Table S8). In this study, we reanalyzed all inte-
gration loci in relation to the mapped fragile
sites. The combined data revealed a significant
correlation between fragile sites and HPV inte-
gration sites. Specifically, 54.75% of the 537
integration sites were found to target fragile
sites, and this percentage is likely an underes-
timate given that not all fragile sites have been
mapped to date.

Functional analysis of genes involved with HPV
integration hotspots

To elucidate the potential roles of ITGs in HPV-
related cervical cancer, a functional annotation
analysis was conducted using the DAVID web
service. Out of 516 ITGs, 100 were identified
through DAVID analysis. Gene Ontology (GO)
analysis indicated significant enrichment in
four specific terms: “homophilic cell adhesion
via plasma membrane adhesion molecules”,
“extrinsic apoptotic signaling pathway”, “calci-
um ion binding”, and “plasma membrane” (P <
0.05; Figure 4; Table S9). Additionally, KEGG
pathway annotation analysis revealed signifi-
cant clustering in three pathways: “Jak-STAT
signaling pathway”, “Inflammatory bowel dis-
ease (IBD)”, and “Alcoholism” (P < 0.05; Figure
4).
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Microhomology among the viral and human
genomes

The identification of reads spanning the inser-
tion site enabled the determination of integra-
tion breakpoints with single-nucleotide preci-
sion. A total of 130 integration sites, character-
ized by defined recombination sites observed
in this study, were collected for further analysis.
Upon alignment to the reference viral genome
and the human genome, three distinct patterns
of host-virus integration sequences were identi-
fied: direct ligation, insertion of unaligned
nucleotides, and overlapping (Table S8).

Approximately 9.23% of the 130 viral-cellular
junction sequences were found to occur via
direct ligation. Due to the presence of certain
nucleotides that could not be aligned to a spe-
cific genomic sequence within both viral and
cellular sequences, these nucleotides were
classified as insertions of unaligned nucleo-
tides, constituting approximately 11.54% of the
total 130 integration junction sequences.

The most common pattern observed among
the validated viral-cellular sequences was over-
lapping, characterized by nucleotides shared
between the viral and cellular genomes.
Notably, 79.23% of these 130 junctions were
located in regions exhibiting microhomology,
ranging from 1 to 21 base pairs, between the
viral and human genomes. For example, a
4-base sequence similarity was observed
between the viral L1 gene and the human ge-
ne at the human-viral interface. These 4-base
segments were identical in both the HPV-
derived portion of the L1 gene and the corre-
sponding human-derived region at the human-
viral boundary.

Discussion

In the current study, an innovative multiplex
strategy was developed for the detection of
HPV integration breakpoints, employing 13 cer-
vical carcinoma samples to identify integration
sites with varying frequencies. The methodolo-
gy incorporated a tailored targeted sequencing
protocol that capitalizes on the high-throughput
capabilities of next-generation DNA sequenc-
ing. The identification of 537 validated HPV
integration sites underscores the effectiveness
of this technique. Moreover, this approach
demonstrates the potential to reveal over 50%
of previously undetected low-frequency integra-
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Table 2. Recurrent targeted genes and relationship with tumors

Integrated Cancer

Gene symbol  Band times related

Summary

Reference (PMID)

Y_RNA 15922, 3922, 4922, 5931, 1p13, 3p22, 22q12 8 N -

snoU13 7p15, 1942, 6p22, 5023, 1p34, 9922 6 N -

AL162151.3 14q32 4 N -

RPL3P4 14q32 4 N -

IKZF2 2934 3 Y Functions pivotally in T-cell differentiation and activation.

RP11-105N14.1 2934 3 N -

RP11-105N14.3 2934 3 N -

U3 8p21, 6921, Xq25 3 Y Non-conventional regulatory functions of U3 (or fragments derived from it) in
mRNA metabolism.

IFNG-AS1 12915 2 Y Mutations in this gene are associated with an increased susceptibility to viral,
bacterial and parasitic infections and to several autoimmune diseases.

IL26 12q15 2 Y The encoded protein is thought to contribute to the transformed phenotype of
T cells after infection by herpesvirus samimiri.

RORA 15922 2 Y The encoded protein has been shown to interact with NM23-1, the product of a
tumor metastasis suppressor candidate gene.

CDH18 5p14 2 Y -

LINCO0970 1q24 2 N -

RPL29P7 1q24 2 N -

SUMO1P2 1q24 2 N -

EXOC4 7933 2 Y The encoded protein is found to interact with the actin cytoskeletal remodeling
and vesicle transport machinery.

CREB5 7p15 2 Y This gene binds to the cAMP response element and activates transcription.

AC005105.2 7p15 2 N -

THSD7A 7p21 2 Y The encoded protein appears to interact with integrin aVB3 and paxillin to
inhibit endothelial cell migration and tube formation.

RP11-457M11.2 6p22 2 N -

VN1R14P 6p22 2 N -

ZNF322 6p22 2 Y The gene may regulate transcriptional activation in MAPK signaling pathways.

CADM?2 3pl12 2 Y Adhesion molecule that engages in homo- and heterophilic interactions with
the other nectin-like family members, leading to cell aggregation.

GRM1 6924 2 Y This gene may be associated with many disease states, including schizophre-
nia, bipolar disorder, depression, and breast cancer.

AC005592.2 5q31 2 N -

CA8 8q12 2 Y Polymorphisms in this gene are associated with osteoporosis, and overexpres-
sion of this gene in osteosarcoma cells suggests an oncogenic role.

AC005027.3 7pl4d 2 N -

AHRR 5p15 2 Y The protein encoded by this gene is involved in regulation of cell growth and
differentiation.

PDCD6 5p15 2 Y May mediate Ca®"-regulated signals along the death pathway: interaction with

DAPK1 can accelerate apoptotic cell death by increasing caspase-3 activity.

NCBI gene/Ref (23600753)

NCBI gene/Ref (27517747)

NCBI gene/Ref (28600289)

NCBI gene/Ref (23704922)

NCBI gene/Ref (22104449)

NCBI gene/Ref (23207790)

UniProt/Ref (25076032)

NCBI gene/Ref (28035718)

NCBI gene/Ref (15555580)
UniProt/Ref (23643812)

NCBI gene/Ref (27458247)

NCBI gene/Ref (26711783)

NCBI gene/Ref (16755028)

NCBI gene/Ref (25362542)

Abbreviations: Y: Yes; means that these genes had been reported to be tumor-related based on NCBI database; N: no; means that there was no report about the relationship between this gene and tumors.
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Figure 4. Functional annotation analysis of ITGs. Summary of significant pathways of ITGs in the discovery.

tion sites, thereby surpassing existing methods
[38, 39]. The restricted coverage and validated
reads of the novel sites imply that HPV integra-
tion may occur less frequently in tumor cells at
these locations. Consequently, our methodolo-
gy presents several advantages over previously
reported approaches. Unlike the commonly uti-
lized PCR method [20, 37, 40, 41], our tool facil-
itates the detection of integration sites on a
genome-wide scale. Moreover, although both
our strategy and the HPV-capture approach
[19, 41] employ massively parallel sequencing
platforms, our current method exhibits sub-
stantially greater efficiency in identifying viral
integration.

Additionally, this methodology is applicable for
identifying breakpoints in a range of viruses,
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including hepatitis B virus and human immuno-
deficiency virus. Furthermore, it is a cost-effec-
tive technique that delivers rapid results and
is capable of detecting numerous integration
breakpoints previously identified by other meth-
ods. Moreover, the integration sites identified
by this approach exhibit higher validation rates,
underscoring its specificity in detecting viral
integration breakpoints.

A primary limitation of the genome-wide HPV
integration methodology is its dependence
on targeting only previously identified viruses
with established genome references for inte-
gration identification. Furthermore, a signifi-
cant technical challenge is presented by the
substantial proportion of data comprised of
human-genome reads and free-virus reads.

Am J Cancer Res 2024;14(9):4665-4682



HPV integrations in cervical cancer

These constraints could potentially be alleviat-
ed through the implementation of Next-Next-
generation sequencing technology, which pro-
vides longer reads that may improve the char-
acterization of HPV insertion sequences and
enhance validation rates. Furthermore, our
objective is to identify additional integration
breakpoints while minimizing the quantity of
sequencing data necessary. To this end, we
have developed a methodology that exhibits
high specificity and sensitivity in detecting HPV
integration breakpoints. This method is appli-
cable to screening viral integration in large
sample cohorts, thereby enabling a systematic
investigation of its association with disease eti-
ology and tumorigenesis in a comprehensive
and unbiased manner.

Utilizing the integration site analysis in conjunc-
tion with the novel multiplex strategy on these
13 cervical cancer samples will facilitate a
comprehensive mapping of HPV integration
sites, surpassing the scope of currently avail-
able data. Consistent with findings from other
studies, HPV integration into the host genome
is not entirely random but exhibits a preference
for specific chromosomal locations. In our anal-
ysis, we validated several previously identified
hotspots of HPV integration, including 2q34 [8,
42], 8924 [27, 42-45], 15q22 [27, 44], and
9p23 [3, 42], and identified some new hotspots
such as 124, 7933, 7pl15, and 3g22. These
clusters may signify regions of high genomic
instability that are particularly vulnerable to
HPV integration or may represent loci contain-
ing genes crucial for the development of cervi-
cal tumors [23, 35, 43, 45, 46]. The greatest
number of integration events was observed at
1432, a substantial chromosomal region rich
in ITGs, which has been previously identified as
a hotspot for HPV integration [5, 28, 29].
Additionally, region 8924 is another well-estab-
lished hotspot for HPV integration which con-
tains the MYC gene (alias c-MYC), FRASC,
FRA8D and FRASE [31, 34, 45].

Moreover, the large-scale analysis undertaken
in this study allowed us to conclude that HPV
DNAs prefer to integrate into intragenic and
gene-dense regions. Analysis of the chromo-
somal hotspot ITGs in this cohort revealed that
some of the genes disrupted by HPV integration
are involved in tumor development in other
cancer entities (e.g., IFNG-AS1 [47], IL26 [48],
RORA [49], AHRR [50] and PDCD6 [51]). Among
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those identified ITGs, Y_RNA and IKZF2 are
illustrative. The cellular gene Y_RNA, located in
multiple chromosomal hotspots 15922, 3922,
4922, 5931, 1p13, 3p22 and 22q12, was the
gene most recurrently targeted by viral integra-
tion. Previous research has indicated that Y
RNAs can function as repressors of Ro60 and
as initiation factors for DNA replication [52,
53]. Additionally, Y RNAs are overexpressed in
certain human tumors and are essential for cell
proliferation [54]. Furthermore, small, microR-
NA-sized breakdown products of Y RNAs may
play a role in autoimmunity and other pathologi-
cal conditions [55]. The IKZF2 gene, located at
the fourth most common HPV integration site,
2034, encodes a member of the Ikaros family
of zinc-finger proteins, which are believed to be
crucial for T-cell differentiation and activation
[56]. Given that all three integration events
identified in this cohort were located within the
intragenic region of IKZF2, it would be pertinent
to investigate whether this gene is frequently
mutated in cervical cancers.

The analysis of RTGs identified in this large-
scale study further substantiates our hypothe-
sis. Our functional annotation found that most
of the ITGs were enriched in tumor-related
terms and pathways, including the GO terms of
“extrinsic apoptotic signaling pathway” and
“cytokine activity” and the KEGG terms of
“Cytokine-cytokine receptor interaction”, “Jak-
STAT signaling pathway”, and “PI3K-Akt signal-
ing pathway” which also exhibited high “reac-
tive” pathway score in a recent study [57].

Consistent with our findings, a recent report [5]
similarly demonstrated that ITGs were enriched
in tumor-associated KEGG pathways. The anal-
ysis conducted in this study provides compel-
ling evidence that dysregulation of ITGs plays a
significant role in cervical carcinogenesis.

To characterize the viral integration pattern, we
annotated 537 breakpoints within HR-HPV
genomes. In agreement with the observations
of Rusan et al. [12] and other cervical cancer
studies [5, 19, 58], the breakpoints were dis-
tributed broadly across the viral genome.
Notably, L1 emerged as the most frequently
disrupted gene in our study, which contrasts
with previous reports [5, 8, 58]. Disruption of
the L1 gene may result in defects in virion for-
mation and transmission, leading to the elimi-
nation of the majority of cervical cells with viral
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disruption sites in this gene in cases of severe
neoplasia [26, 58]. Furthermore, the HPV
breakpoints in the validated viral-cellular DNA
junctions demonstrated a statistically signifi-
cant preferential distribution within the E1
open reading frame (ORF), consistent with find-
ings from previous studies [12, 46]. Integration
within the E1 region is predicted to separate
the E2 gene from the HPV promoter, thereby
likely reducing the expression of the down-
stream E2 gene [46, 59]. Reduced expression
of E2 has been documented to facilitate the
overexpression of the E6 and E7 oncoproteins,
thereby accelerating the progression of cervi-
cal lesions [3, 15, 17, 22, 45]. Consistent with
previous studies [12, 29, 36] indicating that
integrated HPV retains intact copies of the
oncogenes E6 and E7, our findings reveal that
breakpoints rarely occur within these regions of
the viral genome. This observation may high-
light the critical role of sustained expression of
these genes in the maintenance of malignancy
[12, 37, 58, 59]. Thus, our data, derived from
537 integration sites, robustly suggest that the
L1 and E1 ORFs are primary targets for linkage
to cellular sequences. This insight is instrumen-
tal for the efficient detection of integrated HPV
genomes, which predominantly target this viral
regulatory region.

In our analysis of the dataset, we noted a nota-
ble increase in microhomologies at integration
breakpoints between the human and HPV
genome. This observation implies that various
microhomology-mediated DNA repair pathways
may have been involved in facilitating the inte-
gration process, potentially serving as crucial
mechanisms in HPV integration. Furthermore,
recurrent sites of HPV insertion were observed
at the chromosomal level across various sam-
ples, consistently exhibiting identical nucleo-
tide sequences at the viral-cellular junctions. It
is plausible that multiple mechanisms of HPV
integration are operative, potentially involving
regions of microhomology or specific DNA
sequences that facilitate the ligation of host
and viral sequences in certain instances. This
hypothesis warrants systematic investigation in
future studies.
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Table S1. Summary of 13 cancer samples analyzed in this study: HPV viral status and clinical infor-
mation

No. of validated integration sites

Sample HPV status Sequencing 1 ihe basis of different reads Pathology
name depth
Total >3 3 2 1
S1-T HPV16, HPV82 60X 46 2 1 3 40 cervical carcinoma
S2-T HPV16, HPV31, HPV82 60X 37 5 - 2 30 cervical carcinoma
S3-T HPV16, HPV82 60X 396 18 2 5 371 cervical carcinoma
S4-T HPV16, HPV31, HPV45, HPV82 60X 85 1 1 6 77  cervical carcinoma
S5-T HPV82 60X 28 2 1 1 24 cervical carcinoma
S6-T HPV16, HPV82 60X 23 - 1 2 20 cervical carcinoma
S7-T HPV16, HPV82 60X 32 - 1 31 cervical carcinoma
S8T HPV16, HPV82 60X 104 2 - - 102 cervical carcinoma
SO-T HPV16, HPV82 60X 26 - 1 4 21 cervical carcinoma
S10-T HPV82 60X 15 - 1 1 13  cervical carcinoma
S11-T HPV82 60X 21 1 1 - 19 cervical carcinoma
S12-T HPV58, HPV82 60X 30 4 - 1 25 cervical carcinoma
S13-T HPV16, HPV82 60X 27 3 - 3 21 cervical carcinoma
o _ 396 H Integration with no repeats
I M Integration with repeats
c 350 /,
O 2007
s
oo
)
£ 150 -
<
8 100
£
=]
=
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Figure S1. Distribution of integration in 13 samples.
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Table S2. Production of whole-genome paired-end sequencing data

Sample ID Read length Insert size  Reads PF*, M  Yield**, Gb >Q30 (%)** # of HPV integrations

S1T 150 350 1820.68 2731 91.7 46
S2-T 150 350 1626.75 244.01 91.7 37
S3-T 150 350 1821.71 273.26 92.38 396
S4-T 150 350 1695.22 254.28 92.27 85
S5-T 150 350 1538.42 230.76 95.53 28
S6-T 150 350 1580.1 237.01 95.32 23
S7-T 150 350 1590.99 238.65 95.42 32
S8-T 150 350 1593.53 239.03 95.34 103
SO-T 150 350 1589.14 238.37 95.02 26
S10-T 150 350 1571.88 235.78 94.93 15
S11-T 150 350 1354.19 203.13 95.37 21
S12T 150 350 1543.42 231.51 94.94 30
S13-T 150 350 1743.54 261.53 94.94 27

1. Data seperated by semicolon are correspongding to No. 1 end and No. 2 end of PE reads, respectively.

m Indirectly targeted MW Directly targeted
region region
50.0% A

40.0% -

30.0% -

20.0% -

10.0% - I

0.0% T T |

Common Fragile  Rare Fragile Region Non Fragile Region
Region

Percentage of Integration inthe Region

Figure S2. Distribution of integrations in human fragile regions.
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Figure S3. Sequence alignment around the integration site between the human genome and HPV genome.
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Table S6. Viral breakpoints collection

ORF Breakpoint Raw Count Total Count Band leghth Density’-score
L1 L1 96 109 296 29.1133
L2/L1 13
E1 E1l 132 151 476 25.0800
E1/E2 13
E7/E1 6
E5 E5 21 27 251 8.5045
E2/E5 5
E5/L2 1
E4 E4 29 29 287 7.9886
E2 E2 44 91 1097 6.5583
E1/E2 13
E2/E5 5
E4 29
LCR LCR 56 56 837 5.2896
L2 L2 83 97 1948 3.9368
L2/L1 13
E5/L2 1
E7 E7 14 25 1421 1.3909
E7/E1 6
EG/E7 5
E6 E6 18 23 1595 1.1401
EG/E7 5

1. Raw count: N of integation sites. 2. Density’-score: Total count/band leghth*7906,/100.
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Table S9. KEGG and GO pathways enriched by the ITGs

List

Pop

Pop

Fold

o . N
Category Term Count % P Value Genes Total Hits Total Enrichment Bonferroni  Benjamini FDR
GOTERM_MF_DIRECT G0:0043565~sequence-specific 4 2.105263158 0.729338219 ENSG00000057935, 119 519 16313 1.056524344 1 0.9999941 99.9999964
DNA binding ENSG00000197587,
ENSG00000166949,
ENSGO0000069667
GOTERM_BP_DIRECT  G0O:0006955~immune 4 2.105263158 0.629988083 ENSG00000166949, 130 420 16787 1.22981685 1 1 99.9999685
response ENSG00000111536,
ENSG00000111537,
ENSG00000127318
GOTERM_MF_DIRECT GO0:0004674~protein serine/ 4 2.105263158 0.515670228 ENSG00000010219, 119 377 16313 1.454472505 1 0.9999007 99.9926316
threonine kinase activity ENSG00000127334,
ENSGO0000079277,
ENSG0O0000070759
GOTERM_MF_DIRECT GO0:0004674~protein serine/ 4 2.105263158 0.515670228 ENSG00000010219, 119 377 16313 1.454472505 1 0.9999007 99.9926316
threonine kinase activity ENSG00000127334,
ENSG0O0000079277,
ENSGO0000070759
GOTERM_BP_DIRECT  G0:0006468~protein 5 2.631578947 0.467844366 ENSG00000127334, 130 457 16787 1.412809291 1 1 99.9925036
phosphorylation ENSG00000106123,
ENSGO0000079277,
ENSG0O0000070759,
ENSG00000185974
GOTERM_MF_DIRECT G0:0003700~transcription 9 4.736842105 0.394827961 ENSGO0000057935, 119 962 16313 1.282490959 1 0.9994185 99.8628847
factor activity, sequence-specific ENSG00000197587,
DNA binding ENSG00000166949,
ENSG00000128604,
ENSGO0000069667,
ENSG00000188786,
ENSG00000066827,
ENSG00000061337,
ENSG0O0000030419
GOTERM_MF_DIRECT G0:0005125~cytokine activity 3 1.578947368 0.364482994 ENSG00000111536, 119 176 16313 2.336659664 1 0.9994816 99.7393981
ENSG00000111537,
ENSG00000127318
GOTERM_MF_DIRECT G0:0000977~RNA 4 2.105263158 0.187376422 ENSG00000197587, 119 206 16313 2.661825895 1 0.9978781 93.4344955
polymerase Il regulatory region ENSG00000166949,
sequence-specific DNA binding ENSGO0000069667,
ENSG00000066827
KEGG_PATHWAY hsa04512:ECM-receptor 3 1.578947368 0.143329244 ENSG00000110799, 54 87 6910 4.412515964 1 0.894787 83.5366551
interaction ENSG00000134871,
ENSG00000186340
KEGG_PATHWAY hsa04151:PI3K-Akt signaling 6 3.157894737 0.123304931 ENSG0O0000080824, 54 345 6910 2.225442834 0.99999997 0.9147976 78.4456174
pathway ENSG00000110799,
ENSG00000134871,
ENSG00000037280,
ENSG00000186340,
ENSG00000135930
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activity
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