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Dual-dimensional profiling of host genomic @
variations and HPV integration in PD-L1-

stratified cervical cancer via Oxford Nanopore
Technology
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Abstract

Background The integration of human papillomavirus (HPV) DNA into the host genome is a key step in the
development of HPV-associated cervical cancer (CC). However, the genomic characteristics of host genomic variations
and HPV integration within the context of programmed death-ligand 1 (PD-L1) expression stratification have not
been systematically investigated.

Methods \Whole-genome sequencing was performed using Oxford Nanopore Technology (ONT) on six samples
(three from the high PD-L1 expression group and three from the low PD-L1 expression group). The characteristics

of host genomic variations under different PD-L1 expression stratifications were explored, including structural
variations (SV), copy number variations (CNV), single nucleotide polymorphisms (SNP), and insertion-deletions
(Indel). Subsequently, the distribution features of HPV integration sites were analyzed, different integration types were
identified, and pathway analysis was conducted.

Results Whole-genome SV analysis revealed that the total number of SVs and the composition of mutation

types were similar between the high and low PD-L1 expression groups, with insertions (INS) and deletions (DEL)
predominating in both. These variations were primarily enriched in intergenic regions and introns. In the low PD-L1
expression group, integration events were observed at multiple chromosomal loci, with the most frequent integration
occurring in the KLF5 gene region on chromosome 13. No frequently integrated loci were identified in the high PD-L1
expression group. Additionally, four distinct HPV integration breakpoint patterns were preliminarily identified and
analyzed.

Conclusion PD-L1 expression stratification did not significantly alter the overall genomic instability of the host.
However, differences were observed in the distribution patterns of HPV integration sites. These findings provide
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new insights into the genomic heterogeneity of CC under different PD-L1 expression backgrounds and may lay the
groundwork for future research exploring stratified immunotherapy based on HPV integration features.

Keywords HPV, PD-L1, Cervical cancer, Oxford Nanopore Technology

Introduction

As a populous country, China bears a heavy burden of
CC, accounting for approximately 18 and 17% of global
incidence and mortality, respectively. Although China’s
age-standardized incidence and mortality rates are below
the global average, its age-standardized mortality rate
reaches approximately twice that of the United States
and the United Kingdom [1]. The integration of HPV
DNA into the CC cells genome is a crucial step in HPV
infection-mediated carcinogenesis. One primary mech-
anism is the disruption and inactivation of the E2 gene
during integration, leading to the overexpression of the
oncoproteins E6 and E7. E6 mediates the inactivation of
the tumor suppressor p53, blocking apoptotic pathways,
while E7 impairs the function of the pRb family, causing
cell cycle dysregulation. This results in uncontrolled epi-
thelial cell apoptosis, unlimited proliferation, malignant
transformation, and exacerbates genomic instability [2].
A second potential mechanism is the possible regula-
tion of immune evasion pathways. For instance, tran-
scriptionally active integration can induce tumor cells
to evade immune surveillance via the PVR-TIGIT path-
way, weakening T-cell killing effects and interfering with
immune responses [3]. A third mechanism involves the
inherent fragility of integration sites, prone to breakage
and rearrangement, causing structural and numerical
chromosomal abnormalities in the host (e.g., transloca-
tions, DEL, amplifications), thereby inducing genomic
instability. If integration occurs within functional gene
regions, it can also lead to alterations or inactivation of
relevant genes, driving tumorigenesis and progression [4,
5]. Studies have reported the identification of numerous
HPYV integration sites within the human genome, reveal-
ing that they are not randomly distributed but tend to
cluster in specific chromosomal regions, such as 2q22.3,
3p14.2, 328, 8q24.22, 9q22, 13q22.1, 14q24.1, 17p11.1,
and 17q23.1-17q23.2 [6]. Many integration events occur
near or within known cancer driver genes or tumor-
associated genes, including POU5F1B, FHIT, KLF12,
LRP1B, LEPREL1, HMGA?2, DLG2, SEMA3D, CASCS,
KLF5, RAD51B, CASC21, ERBB2, TP63, TEX41, RAP2B,
CCDC106, MACROD?2, and MYC [7-9].

High expression of PD-L1 in cervical lesion cells is a
crucial molecular marker for immune evasion and pro-
gression towards malignancy [10]. It also serves as a
key detection target for the clinical application of PD-1/
PD-L1 immune checkpoint inhibitors in CC [11]. Fur-
thermore, PD-L1 expression has been reported to cor-
relate with poor prognosis and immunotherapy response

in CC patients [12]. Systematic analyses of host genomic
variation characteristics across different PD-L1 expres-
sion stratifications have not yet been reported. A few
studies have suggested that HPV DNA integration into
the CC cell genome might upregulate PD-L1 expression
[13], but the specific impact of HPV integration sites on
PD-L1 expression remains unclear. ONT is a ground-
breaking single-molecule, real-time DNA/RNA sequenc-
ing technology. Compared to previous HPV integration
detection techniques, ONT offers significant advantages,
such as long-read length and real-time sequencing, which
provide substantial benefits in characterizing the integra-
tion patterns of the HPV genome with host DNA [14].
This study focused on the characteristics of host genomic
variations and HPV integration under PD-L1 expression
stratification. By systematically analyzing the distribution
patterns and high-frequency variation regions of host
SV, CNV, SNP, and Indel in groups stratified by PD-L1
expression levels, we aimed to reveal potential asso-
ciations between PD-L1 expression differences and host
genomic variation patterns. Building upon this, the study
further explored HPV integration hotspots related to
PD-L1 expression. This provides experimental evidence
for elucidating the genomic regulatory mechanisms of
PD-L1 expression in HPV-associated CC, while also
offering potential targets and theoretical references for
developing personalized immunotherapy strategies based
on PD-L1 expression and genomic features.

Materials and methods

Sample collection

Fresh frozen tumor tissue specimens were collected
from 30 patients diagnosed with CC by histopathologi-
cal examination and positive for HPV DNA detection.
These specimens were obtained from the Specimen Bank
of the Institute of Cancer Prevention and Research at
the Affiliated Tumor Hospital of Xinjiang Medical Uni-
versity between January 2024 and December 2024. Cor-
responding formalin-fixed paraffin-embedded specimens
were acquired from the Clinical Pathology Center, along
with relevant clinicopathological data from the patients.
All patients had not received any other treatments, such
as radiotherapy or chemotherapy, prior to surgery. This
study was approved by the Ethics Committee of the
Affiliated Tumor Hospital of Xinjiang Medical University
(G-2023001).
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Sample screening and quality control

This study initially included fresh frozen tumor tissue
specimens from 30 histopathologically confirmed, HPV-
positive CC patients. During the pre-processing stage,
two specimens (Sample IDs: S9, S10) were excluded
due to insufficient tissue quantity to meet subsequent
experimental requirements. The remaining 28 speci-
mens underwent Western Blot (WB) protein extraction
and internal reference protein detection. Among these,
seven specimens (Sample IDs: S1, S2, S3, S4, S11, S21,
S22) were excluded because the internal reference pro-
tein expression was undetectable and did not meet the
data analysis standards. Ultimately, 21 samples met the
quality control standards and proceeded to subsequent
experiments.

PD-L1 expression detection

wB

Fresh frozen tumor tissues were lysed in pre-cooled
radioimmunoprecipitation assay buffer (PR20001, Pro-
teintech, China) supplemented with protease inhibi-
tors (4693116001, Sigma-Aldrich, USA) on ice for
30minutes. After adding protein loading buffer (P1040,
Solarbio, China), samples were boiled for 15minutes.
Proteins were then separated on 10% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis gels and trans-
ferred onto 0.45um polyvinylidene fluoride membranes
(ISEQ00010, Millipore, USA). Membranes were blocked
with 5% non-fat milk at room temperature for 1 hour. Pri-
mary antibody incubation was performed overnight at 4
°C using anti-PD-L1 (1:1000 dilution, mouse monoclonal
antibody, 66248-1-Ig, Proteintech, China) and GAPDH
(1:10000 dilution, mouse monoclonal antibody, 60004-
1-Ig, Proteintech, China). Subsequently, membranes
were incubated with horseradish peroxidase-conjugated
goat anti-mouse secondary antibody (1:10000 dilution,
SA00001-1, Proteintech, China) at room temperature for
45minutes. Finally, protein bands were visualized using
enhanced chemiluminescence reagent (PO018FM, Beyo-
time, China).

Immunohistochemistry (IHC)

After deparaffinization and rehydration, sections under-
went high-temperature and high-pressure antigen
retrieval in citrate buffer (pH 6.0). Endogenous peroxi-
dase activity was blocked with 3% hydrogen peroxide
(10011218, Sinopharm, China) for 30 minutes, followed
by non-specific blocking with 10% goat serum (AR1009,
Boster Biological Technology, China) for 30minutes.
Sections were incubated overnight at 4 °C with anti-PD-
L1 rabbit monoclonal primary antibody (1:100 dilution,
ab213524, Abcam, UK). After washing, sections were
incubated with HRP-labeled goat anti-rabbit second-
ary antibody (1:2000 dilution, ab205718, Abcam, UK) at

Page 3 of 34

37 °C for 45 minutes. Color development was performed
using 3,3’-diaminobenzidine (1:20 dilution, DAB-4033,
Fuzhou Maixin Biotech, China), followed by counter-
staining with hematoxylin (BA4041, Baso Diagnostics,
China) for 1minute. Sections were then dehydrated,
cleared, and mounted with an eco-friendly mounting
medium. Whole-slide images were acquired using an
Olympus Cx31 microscope (Olympus, Japan). PD-L1
expression was assessed using the Tumor Proportion
Score (TPS), defined as the percentage of viable tumor
cells exhibiting partial or complete membrane staining
of any intensity. TPS values ranged from 1% to 100%.
The entire section (containing =100 viable tumor cells)
was independently assessed by two pathologists blinded
to each other’s results. Only tumor cells with unequivo-
cal linear membrane staining were counted (irrespective
of staining intensity). The final result was the average of
both evaluations.

PD-L1 expression grouping and sequencing sample
selection

Based on the quantitative WB results (grayscale ratio
of PD-L1/GAPDH protein), the median value of PD-L1
expression within the cohort was first determined.
Sample 15, whose expression level corresponded to this
median value, served as the reference sample. Accord-
ing to the criteria of WB PD-L1/GAPDH ratio > median
value and THC TPS > 50%, three samples were selected
for inclusion in the high PD-L1 expression group. Simi-
larly, according to the criteria of WB PD-L1/GAPDH
ratio < median value and IHC TPS < 1%, three samples
were selected for inclusion in the low PD-L1 expression

group.

Nanopore library construction and sequencing

ONT was performed by Wuhan Ruixing Biotechnology
Co., Ltd (Wuhan, China). Genomic DNA was extracted
from tissues using the TIANamp Genomic DNA Kit
(DP431, Tiangen Biotech, China). DNA concentration
and purity were assessed by measuring absorbance at
260nm/280nm (A260/A280) using an Ultrafine spec-
trophotometer (N50 touch, IMPLEN, Germany). DNA
integrity was further verified by 1.0% agarose gel elec-
trophoresis. For each sample, DNA fragments larger
than 1.5-2 kb were purified using 0.7X Ampure XP
beads (self-prepared). Purified DNA samples were used
to construct sequencing libraries with the third-genera-
tion library preparation kit (VAHTS TGS DNA Library
Prep Kit For ONT V2) (TS202, Vazyme Biotech, China).
Finally, 300 fmol of adapter-ligated library was loaded
onto a PromethION 2 Solo (P2S5-02184, Nanopore)
sequencing instrument chip (vR10.4.4) for sequencing.
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Bioinformatics analysis

Raw ONT sequencing data were processed using SeqKit
v2.8.2 for initial data statistics. Data filtering was per-
formed with chopper v0.8.0 using parameters: minimum
quality score (Q) of 10 and minimum read length of 50
bp. Filtered data statistics and visualization were gener-
ated using NanoPlot v1.42.0. Filtered full-length reads
were aligned to the National Center for Biotechnology
Information (NCBI) reference genome (https://ftp.ebi
.ac.uk/pub/databases/gencode/Gencode_human/relea
se_45/GRCh38.primary_assembly.genome.fa.gz)  using
minimap2 v2.28-r1209. Alignment results were summa-
rized using samtools v1.7 (command: stats). Subsequent
analysis of genomic SV, CNV, and SNP/Indel mutations
was conducted using the following software: Sniffles2
v2.6.2 for SV detection, cnvkit v0.9.10 for CNV analysis,
DeepVariant v1.9.0 and bcftools v1.2 for SNP/Indel call-
ing, and ANNOVAR v20200607 for variant annotation
and filtering. We intersected our called SNVs, indels,
and SVs with gnomAD (v4.1.0, https://gnomad.broadin
stitute.org/) to remove likely germline variants. Variants
were retained for downstream analysis only if they were
novel (not present in gnomAD) or had a genome allele
frequency (gnomAD41_genome_AF) below 0.1%. Finally,
Gene Ontology (GO) enrichment analysis (covering
Molecular Function, Cellular Component, and Biological
Process) and Kyoto Encyclopedia of Genes and Genomes
(KEGQG) pathway analysis were performed. Protein-pro-
tein interaction (PPI) network analysis was constructed
using the online Search Tool for the Retrieval of Interact-
ing Genes (STRING) database.

Statistical analysis

Statistical analyses were performed using GraphPad
Prism software (version 10.0) and IBM SPSS Statistics
software (version 27.0). Quantitative analysis of WB
results was conducted using AlphaEaseFC software.
Comparisons between groups for continuous variables
(normally distributed) were conducted using the inde-
pendent samples t-test. Comparisons between groups
for continuous variables (non-normally distributed) were
conducted using the Mann-Whitney U test. Comparisons
of categorical variables were performed using Fisher’s
exact test. The significance threshold was set at p <0.05.

Results

Detection of PD-L1 expression and grouping

This study collected and analyzed fresh frozen tumor tis-
sues and corresponding paraffin-embedded specimens
from 21 HPV-positive CC patients. WB analysis revealed
that samples with a PD-L1/GAPDH ratio above the
median value included numbers 5, 6, 8, 14, 23, 27, etc.,
while those below the median included numbers 7, 12,
19, 26, 28, etc. (Fig. 1A,B). IHC results are shown in Fig.
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1C. Based on predefined grouping criteria, three PD-L1
high-expression samples (Sample IDs: S14, S23, and S27)
and three low-expression samples (Sample IDs: S19, S26,
and S28) were selected for ONT. The baseline clinico-
pathological characteristics of the six patients are sum-
marized in Table 1.

Sequencing data quality

The quality of extracted DNA was validated using a spec-
trophotometer (concentration: 105.27-333.62 ng/uL;
A260/A280: 1.87-1.96) and Qubit Fluorometric Quanti-
tation (concentration: 42.2—-66.4 ng/pL) (Supplementary
Table 1). The integrity of the extracted genomic DNA was
further confirmed by 1.0% agarose gel electrophoresis
(Supplementary Fig. 1), indicates that the sample quality
was high and can proceed to the subsequent sequencing.
Sequencing generated a total of 485.8 Gb of data, with an
average read length of 5404.33 bp per sample (Table 2).
The N50 ranged from 6826 bp to 9642 bp, Q20 ranged
from 92.84% to 93.58%, and Q30 ranged from 87.63%
to 88.59%. Base composition analysis showed an aver-
age GC content of 40.72% in the sequencing data. These
metrics confirmed the high reliability of the sequencing
data (Supplementary Table 2). Contour plots depicting
the Q-score versus read length values for each sample
were generated using NanoPlot (Fig. 2A-F), where the
X-axis represents sequence length, the Y-axis represents
the average Q-value of the sequence, and the color or line
density indicates the density of data points. The results
demonstrated good overall sequencing data quality and
high reliability. Filtered full-length reads were aligned to
the reference genome (GRCh38.p14) using Minimap2,
achieving alignment rates exceeding 98% for all samples
(Supplementary Table 3). Supplementary Fig. 2 illustrates
the genome-wide coverage for each sample, revealing
variations in coverage across chromosomes among differ-
ent samples.

Host genomic variants

Distinguishing somatic from germline variants is crucial.
Unfortunately, matched normal tissue or blood samples
were not available for the patients in this retrospective
cohort. To reduce the noise of germline variants, we have
performed a rigorous filtering step by intersecting our
called SNVs, indels, and SVs with gnomAD (v4.1.0, http
s://gnomad.broadinstitute.org/). A total of 221,867 SVs
were detected across the six samples. The total number
of SVs was comparable between the PD-L1 high expres-
sion group and the low expression group (high: 111,195;
low: 110,672). INS (high: 54.28%, low: 54.05%) and DEL
(high: 44.35%, low: 44.56%) were the predominant types
(Fig. 3A). We compared the counts of each SV type
between the two groups. However, limited by the sam-
ple size, the differences in the distribution of INS, DEL,
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Fig. 1 PD-L1 expression levels. (A) PD-L1 expression status was evaluated by Western blot. (B) Statistical chart of PD-L1 protein expression determined
by Western blot analysis. (C) PD-L1 expression status was evaluated by immunohistochemical staining

inversions (INV), duplications (DUP), and breakends bp, 100-500 bp, 500—1000 bp, 1000— 10,000 bp, 10,000—
(BND) did not reach statistical significance (p>0.05). 50,000 bp, and >50000 bp. The results showed that BND
The lengths of the SVs were statistically analyzed accord-  events in all samples were concentrated in the 0-50 bp
ing to different SV types; detailed results are provided in  interval, with no detection in other intervals. In both
Supplementary Table 4. The SVs from both groups were  groups, INS events were most abundant in the 100-500
categorized into seven length intervals: 0-50 bp, 50—100  bp interval. DUP and INV events were concentrated in
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Table 1 Baseline clinicopathological characteristics
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Sample Group Age Stage HPV  Histologic Subtype Lymph Node  Degree of

FIGO type Metastasis Differentiation
14 PD-L1 high expression group 50 1B 16 Squamous cell carcinoma Yes Moderately differentiated
23 PD-L1 high expression group 41 et 18 Squamous cell carcinoma Yes Moderately to poorly

differentiated

27 PD-L1 high expression group 49 1B 45 Squamous cell carcinoma Yes Poorly differentiated
19 PD-L1 low expression group 62 vV 16 Squamous cell carcinoma Yes Moderately differentiated
26 PD-L1 low expression group 60 1B 16 Squamous cell carcinoma Yes Moderately differentiated
28 PD-L1 low expression group 55 et 16 Squamous cell carcinoma Yes Poorly differentiated

the 1000- 10,000 bp interval, with almost none detected
below 50 bp. DEL events were concentrated in the 0-50
bp interval. No statistically significant difference in SV
length distribution was observed between the two groups
(p>0.05). Further analysis of the subgroup infected solely
with HPV16 showed that within this subgroup, the dis-
tribution proportions of SV types and the SV length dis-
tribution between the PD-L1 high- and low-expression
groups remained similar, with no significant differences.
We used the ANNOVAR tool for functional annota-
tion of the SVs, the specific genomic locations of the
variants were determined, including upstream/down-
stream regions, intergenic regions, exons, and introns.
It was found that SVs in both groups were significantly
enriched in intergenic regions (Fig. 3B-G). Variants in
exonic regions accounted for only 0.61% and 0.57% in the
high and low expression groups, respectively. Functional
variant annotation revealed that PTPRN2 and DLGAP2
exhibited high variant frequencies in both groups. Cumu-
lative variants in PTPRN2 accounted for 526 in the high
expression group and 508 in the low expression group.
Cumulative variants in DLGAP2 accounted for 411 in
the high expression group and 425 in the low expression
group. These findings were validated in the subgroup of
samples infected solely with HPV16, where the trends
remained consistent (Supplementary Table 5). SVs in
exonic regions were further classified by their functional
impact (e.g., frameshift, non-frameshift, nonsynony-
mous, stop-loss, stop-gain, and synonymous) as detailed
in Fig. 3H-M. Functional annotation results revealed
that the profiles of functional impacts from exonic SVs
were similar between the PD-L1 high and low expression
groups. Both groups were predominantly characterized
by frameshift mutations and non-frameshift mutations,
with the vast majority of non-frameshift mutations being
non-frameshift deletions. A total of 321 frameshift muta-
tions and 242 non-frameshift mutations were identified
in the high expression group, compared to 311 and 205,
respectively, in the low expression group (Supplementary
Table 6).

Next, we visualized the CNV profiles of the six samples
(Fig. 4). Average coverage depth and log2 ratio data indi-
cated differences in genomic stability among the samples.

Sample 19 showed copy number increase on chromo-
somes 1 and 5 (Fig. 4D), while sample 28 showed copy
number deletion on chromosomes 3 and 6 (Fig. 4F). The
PD-L1 high expression group exhibited consistent copy
number increases across samples at the CTNND2 gene
locus on chromosome 5 and copy number deletions
at the CCNYL3 gene locus on chromosome 16 and the
DMD gene locus on the X chromosome. The PD-L1 low
expression group exhibited copy number deletions at the
CSMD1 gene locus on chromosome 8 and the ERBB4
gene locus on chromosome 2 (Supplementary Table 7).
Given that large CNVs are more indicative of somatic
genomic instability than germline polymorphisms, we
extended our analysis to characterize CNVs by size. The
CNVs were classified into four length-based categories:
0-10kb, 10-50kb, 50-100kb, and >100kb. The majority
of CNVs exceeded 100kb in length (Fig. 5B). A detailed
comparison of the proportions of CNVs in these size cat-
egories between PDL1 high and low expression groups
revealed that CNVs>100kb were more prevalent in the
PDL1 low expression group, whereas those in the 0-10kb
and 10-50kb ranges were more prevalent in the PDL1
high expression group (Fig. 5C). In contrast, the number
of chromosomal breakend sites did not differ significantly
between the two groups (Fig. 5A).

SNPs and Indels were identified using DeepVari-
ant software and filtered using internationally accepted
standards. Figure 6 illustrates the number of SNPs and
Indels in different genomic and coding regions. Whole-
genome variant calling identified a total of 225,405 SNPs
and 20,256 Indels across both groups, with no significant
difference between groups (p>0.05). SNPs and Indels in
intronic and intergenic regions predominated (Fig. 6A-F).
In the coding sequence regions of the PD-L1 high expres-
sion group, there were 417 synonymous single nucleotide
polymorphisms, 671 non-synonymous single nucleo-
tide polymorphisms, 7 stop-gain mutations, 1 stop-loss
mutation, 3 start-loss mutations, and 9 mutations of
unknown function. In the PD-L1 low expression group
coding sequence regions, there were 407 synonymous
single nucleotide polymorphism, 621 non-synonymous
single nucleotide polymorphism, 11 stop-gain mutations,
1 start-loss mutation, and 13 unknown function. The
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each locus. In summary, the PD-L1 high expression group
had a total of 3 insertion sites involving 5 genes, while
the PD-L1 low expression group had 87 insertion sites
involving 26 genes. Among these, KLF5 and PTPN13
are previously reported HPV integration sites. Specific
analysis targeting the PD-L1 gene locus (chromosome
9:5,450,503-5,470,566) for HPV integration revealed no
detectable HPV insertion events within the PD-L1 gene
in any of the samples. To evaluate the potential influence
of HPV subtypes, we analyzed the subgroup of samples
infected solely with HPV16, and found that the high inte-
gration burden in the PD-L1 low-expression group and
the trend of KLF5 hotspot integration persisted.

Schematic illustration of four different types of integration
events

Based on breakpoint junction structure analysis, this
study categorized HPV integration events into four types:
Type L: Intact E6/E7 Integration. Characterized by partial
deletion of the HPV genome while retaining the intact

E6/E7 oncogenes, with both ends connected to the host
genome (Fig. 8A). Type II: E6/E7-Disrupted Integration.
Characterized by HPV genomic integration that does
not contain the complete E6/E7 open reading frame (Fig.
8B). Type I1I: Multi-copy Tandem Integration. Character-
ized by integration containing at least one complete HPV
genome tandem repeat unit, accompanied by partial viral
fragments (Fig. 8C). Type IV: The variants of Type I with
multiple orientationally inconsistent human genomic
fragments flanking both sides of the HPV DNA integra-
tion site (Fig. 8D,E). Additionally, the study identified
clonal integration events where tumor cells shared iden-
tical integration breakpoints. For instance, integration
events such as 025f4e53-271f-42bc-b360-e09b6aaae55d,
09667a7a-7a26-4303-bbc4-9b4dbabe6ad2, and 1367 ce64-
14b9-4ac0-9edb-979762c43e43 all involved independent
HPV16 integration events occurring on chromosome 13.
These events shared an identical HPV16 fragment but
had distinct breakpoint/junction sites (Supplementary
Table 9).
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L
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others
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Enrichment analysis

Given that the PD-L1 high expression group involved
only 5 genes, enrichment analysis was not performed
for this group. GO enrichment (Supplementary Table
10) and KEGG pathway analyses (Supplementary Table
11) were conducted for the PD-L1 low expression group.

The results for Biological Processes revealed that genes
affected by HPV integration in the PD-L1 low expression
group were significantly enriched in “regulation of tran-
scription by RNA polymerase II” (Fig. 9A). For Cellular
Components, significant enrichment was observed in

» o«

“membrane’, “extracellular exosome’, and “nucleoplasm”
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28 (low))

(Fig. 9B). Regarding Molecular Functions, the predomi-
nant enrichment was in “protein binding” (Fig. 9C).
KEGG pathway analysis identified significant enrichment
in “progesterone-mediated oocyte maturation” and “syn-
thesis, secretion, and action of parathyroid hormone”
To understand the interactions among the correspond-
ing genes, a PPI network was constructed. This network
comprised 58 genes (Fig. 9D).

Discussion

HPV integration is a complex process resulting from
the interplay between the virus, host genes, and envi-
ronmental factors. The multifaceted nature of this pro-
cess underscores the importance of dynamic assessment
to understand this event. Since the integration of HPV
DNA into the host genome disrupts its structure, previ-
ous short-read sequencing technologies have been unable
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Table 4 HPV integration site information

Page 14 of 34

Sample Group HPV Number Number of Number of Number of Number
Genotype of Reads Reads with Reads with Reads Aligned of Inser-

Alignedto  ident>98% and Sequenceson to the Same tion Sites
HPV Length>100bp Both Ends Chromosome Detected

14 PD-L1 high expression group HPV16 3281 491 23 8 3

23 PD-L1 high expression group HPV18 285 52 0 - -

27 PD-L1 high expression group HPV45 76 14 1 0 -

19 PD-L1 low expression group HPV16 49633 8644 677 256 81

26 PD-L1 low expression group HPV16 631 101 0 - -

28 PD-L1 low expression group HPV16 2596 338 29 12 6

to effectively span these complex regions to identify
HPV integration breakpoints. Therefore, in this study,
we employed ONT long-read sequencing to perform
whole-genome analysis on six CC specimens. This single-
molecule detection approach, coupled with its long-read
length capability, significantly enhances the precision of
locus identification, providing support for revealing host
genomic variations and HPV integration characteris-
tics stratified by PD-L1 expression. Analysis revealed no
statistically significant differences between the PD-L1
high expression and low expression groups regarding the
total number of SVs, the distribution of SV types (INS,
DEL, INV, DUP, BND), the distribution of SV length
intervals, the total number of SNPs, the total number
of Indels, or the proportional distribution of functional
categories of SNPs/Indels in coding regions. This sug-
gests that the overall burden and primary characteris-
tics of host genomic variations are not the main drivers
of PD-L1 expression differences in the samples studied
here. The ratio of Ti/Tv and the proportions of heterozy-
gous to homozygous genotypes were also highly similar
between the two groups, further supporting the con-
sistency in overall genomic variation patterns between
groups. Analysis of HPV integration revealed a striking
contrast between the PD-L1 expression groups. In the
high-expression group, despite only 3 HPV16 insertion
sites being identified, these events impacted 5 genes. This
suggests a pattern of precision integration, where the
functional impact may far exceed their numerical scar-
city. The integration events in the high-expression group
were enriched for genes that play pivotal roles in key
biological processes such as signaling pathway regula-
tion, immune regulation, and cell proliferation/migration
[15-17]. We speculate that the oncogenic model in the
PD-L1 high-expression group may not rely on large-scale
genomic instability, but rather on a few HPV16-driven
integration events that precisely disrupt the immune reg-
ulatory network. In contrast to the precision integration
pattern of the high-expression group, the PD-L1 low-
expression group exhibited a classic integration-driven
trait. Its high integration load implies extensive genomic
instability. Furthermore, we identified recurrent integra-
tion in the KLF5 gene and a preference for integration

on chromosome 13 within the low-expression group.
No HPV insertion events within the PD-L1 gene were
detected in any sample. Given that the average sequenc-
ing depth across all samples exceeded 28X and 10X cov-
erage depth was achieved for over 90% of the genome, we
consider the absence of detectable HPV INS within the
PD-L1 gene unlikely to be a false negative result due to
insufficient sequencing depth or uneven coverage. There-
fore, we hypothesize a causal relationship between HPV
integration patterns and PD-L1 expression levels: exten-
sive HPV integration-driven genomic instability on a
large scale may shape a tumor microenvironment with
low PD-L1 expression, whereas a limited number of pre-
cise integration events may directly lead to a high PD-L1
expression state by impacting key immune regulatory
networks.

This study, through whole-genome analysis, revealed
the association between PD-L1 expression stratification
and host genomic variation patterns. The analysis found
that the total number of SVs was comparable between
the two groups. Although no significant inter-group dif-
ferences were observed, high-frequency cumulative SV
variations were noted in both groups for the PTPRN2
and DLGAP2 genes. This finding resonates significantly
with recent deep profiling of early lung cancer genomes
by Cui et al [18]. Their study, utilizing ONT, confirmed
not only high-frequency tandem repeat amplifications of
DLGAP2 in lung cancer but also concomitant abnormal
hypermethylation in its promoter region, leading to epi-
genetic silencing of the gene and driving tumor progres-
sion. This suggests that the cumulative SVs in DLGAP2
observed in our study may directly disrupt its tumor-
suppressive function, potentially synergizing with meth-
ylation-mediated silencing to promote tumor immune
escape. Our study also revealed a significant regional
preference in the distribution of SVs, SNPs, and Indels,
with predominant enrichment in intergenic regions and
introns. This pattern aligns with the characteristic high
proportion of non-coding regions in the genome [19].
CNVs were detected in multiple samples. Notably, in the
PD-L1 high expression group, we observed copy num-
ber increases at the CTNND2 locus on chromosome
5 and copy number deletions at the CCNYL3 locus on
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Fig. 7 Distribution of integration breakpoints in the human genome. (A circos plot was generated to illustrate the genomic locations of the detected
HPV integration sites. The inner circle, annotated in blue, represents the PD-L1 high group, while the outer circle, annotated in red, represents the PD-L1
low group. The bars positioned along the genome axis indicate the genomic locations, with their heights corresponding to the number of detected sites)

chromosome 16 and the DMD locus on the X chromo-
some. The low expression group exhibited copy number
deletions at the CSMD1 locus on chromosome 8 and
the ERBB4 locus on chromosome 2. Such CNVs can
promote cancer susceptibility by altering the dosage of
genes involved in DNA damage repair, tumor suppres-
sion, or oncogenesis, including RB1, PTEN, CDKN2A/B,
ARID1A, BRCA1/2, MSH2/6, ERBB2, EGFR, MYC,
PIK3CA, FGFR1/2, CCND1, MET, and CDK®6 [20]. Fur-
thermore, a study analyzing genetic aberrations in 9p24.1
and PD-L1 protein expression in 27 cases of Hodg-
kin lymphoma found a significant correlation between
PD-L1 protein expression and 9p24.1 copy number alter-
ations [21]. Similarly, copy number changes in CD274
(encoding PD-L1) and increased PD-L1 expression are
highly correlated in multiple tumor types, including
CC [22]. Our study detected a region of CD274 copy
number increase (log2 ratio=2.04911, probes=3158,
weight =2768.57) on chromosome 9 in sample 14 (PD-
L1 high expression group). Conversely, regions of CD274

copy number deletion were detected on chromosome 9
in samples 19 and 26 (PD-L1 low expression group) (log2
ratio =-0.292229 and -0.128926, probes = 1960 and 7734,
weight=1801.19 and 7130.4). This suggests a potential
association between CD274 copy number increase and
high PD-L1 expression, and between CD274 copy num-
ber deletion and low PD-L1 expression. These findings
indicate that further analysis of CNV signatures across
different samples could help identify regions harboring
potential tumor suppressor genes or oncogenes, provid-
ing candidate targets for subsequent targeted therapies,
and facilitate the exploration of their interactions with
PD-L1 expression levels and their impact on the tumor
immune microenvironment.

Previous studies have indicated that HPV integration
events tend to occur at chromosomal fragile sites, Alu
sequences, exonic and intronic regions of genes, and
have identified recurrent integration hotspots in genes
including CCDC106, MACROD2, FHIT, POUS5F1B,
KLF12, KLF5, LRP1B, LEPREL1, HMGA2, DLG2, and
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Fig. 8 Four types of integrated HPV DNA segments in clonal integration events. (A) Type I: E6/E7 complete integration. (B) Type Il: E6/E7 deletion-integra-
tion. (C) Type Ill: multi-copy tandem integration. (D, E) type IV: the variants of type | with multiple orientationally inconsistent human genomic fragments
flanking both sides of the HPV DNA integration site. (In each panel, the bottom grey lines indicate the sequencing reads supporting the corresponding
HPV integration type, with the reads IDs being included. In panels A, B, D and E, the outer circles on the top indicate the HPV genome and the inner
indicates DNA fragments integrated into the human genome; while in panel C, the light purple circle indicates the integrated HPV genome)

ERAS [23]. This study found that in CC patients with
low PD-L1 expression, HPV integration events were sig-
nificantly enriched at the KLF5 gene locus. KLF5 belongs
to the Kriippel-like factor family and is widely expressed
in various solid tumors [24]. Its high expression in CC
promotes the proliferation, migration, and invasion of
CC cells [25]. Studies suggest that HPV integration may
regulate KLF5 expression and potentially modulate the
function of nearby long non-coding RNAs, indicating
that HPV integration could influence disease progres-
sion by interfering with KLF5 gene function. Notably, the

function of KLF5 extends beyond the tumor cells them-
selves. In basal-like breast tumor, KLF5 has been demon-
strated to be closely associated with the tumor immune
microenvironment. Specifically, inhibiting KLF5 pro-
motes CD8+ T-cell infiltration, induces the formation of
memory T cells, and enhances the efficacy of anti-PD1
monoclonal antibody therapy [26]. Although its role in
the CC immune microenvironment is not yet fully elu-
cidated, we hypothesize that HPV integration may lead
to aberrant KLF5 expression. Given that KLF5 has been
shown to possess potent immunosuppressive properties,
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Fig. 9 Functional enrichment and interaction network analysis. (A) Biological pathway. (B) Cellular component. (C) Molecular function. (D) PPl analysis

this HPV integration-driven dysregulation of KLF5 is
highly likely to be one of the key mechanisms contrib-
uting to the immunosuppressive state within the tumor
microenvironment of PD-L1 low expression CC. Further-
more, the therapeutic targetability of KLF5 is supported
by multiple studies. Eight classes of compounds with
distinct mechanisms of action—including metformin,
mifepristone, BRD4 inhibitors, CDK?7 inhibitors, PRMT5
inhibitors, RSK2 inhibitors, and HDAC inhibitors have
been shown to significantly inhibit tumor growth by
downregulating KLF5 protein expression [27-31]. These
findings provide a reference basis for the feasibility of tar-
geting KLF5 in CC treatment and lay the groundwork for
precision therapy in the PD-L1 low expression subtype.
Fine characterization of HPV integrated fragments
within the host genome is crucial for deciphering viral
oncogenic mechanisms. Previous studies utilizing South-
ern blotting and short-read sequencing technologies have
revealed patterns of single integration, concatemeric
integration, and looping integration [32]. However, con-
strained by their resolution, these methods struggled to
systematically resolve the complete structural features of

integration events. Subsequently, researchers employed
long-read sequencing technologies to characterize four
different types of integrated HPV DNA fragments: trun-
cated HPV genomes containing E6/E7, truncated HPV
genomes lacking E6/E7, overflown continuous fragments
containing the full HPV genome, and combinations of
the above three types [14]. Furthermore, other research-
ers performed HPV integration detection in three HPV-
positive cell lines using ONT. They found that in the SiHa
cell line, the viral integration pattern mainly manifested
as partial insertion of viral sequences. In the HeLa cell
line, integration was identified through the formation of
tandem repeats between the viral genome and the human
genome. In the CaSki cell line, features included both
multiple viral tandem repeats and simple insertion pat-
terns [33]. Utilizing long-read sequencing technology, we
characterized four types of integration events observed in
clonal integration, aligning with previous findings. Nota-
bly, we identified multiple independent HPV integration
events within the same sample. These events all utilized
an identical HPV16 viral fragment (HPV16REF: positions
2746-1 bp, 7906-7326 bp, and 3538—4002 bp). Despite
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being independent events, they were highly concentrated
within a relatively small interval on chromosome 13
(between 42,753,969 and 73,068,082 bp), suggesting that
the genomic structure at this locus may be particularly
susceptible to HPV integration.

Limitations

Our study has the following limitations. First, while the
clinical sample size was sufficient for initial explora-
tion, it limited the statistical power for subgroup analy-
ses. Although ONT captured long-read integration
reads in the six representative samples, the detection of
rare events requires validation in larger cohorts. Future
work will expand the sample size through multi-center
collaborations. Second, the matched normal tissue or
blood samples were not available for the patients in this
retrospective cohort, which prevents direct distinguish-
ing somatic from germline variants. Third, the causal
relationship between the identified integration sites and
PD-L1 expression has not been validated in gene-edit-
ing models. This constitutes a key objective of our next
research phase.

Conclusion

This study, utilizing ONT, has revealed the characteristics
of host genomic variations and HPV integration stratified
by PD-L1 expression. These findings not only enhance
our understanding of the genomic complexity in CC but
also provide new insights into the relationship between
PD-L1 expression and tumor genomic features. Further-
more, this work lays a solid foundation for advancing
personalized therapy and precision medicine research in
CC.
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