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ARTICLE INFO ABSTRACT

Keywords: Persistent infection with Human Papillomavirus (HPV) is responsible for almost all cases of cervical cancers, and
Human papillomavirus HPV16 and HPV18 associated with the majority of these. These types differ in the proportion of viral minor
HPVI6 nucleotide variants (MNVs) caused by APOBEC3 mutagenesis as well as integration frequencies. Whether these
HPV18 . . . . . . . . c1s

HPV31 traits extend to other types remains uncertain. This study aimed to investigate and compare genomic variability
HPV33 and chromosomal integration in the two phylogenetically distinct Alpha-7 and Alpha-9 clades of carcinogenic
HPV45 HPV types. The TaME-seq protocol was employed to sequence cervical cell samples positive for HPV31, HPV33 or

HPV45 and combine these with data from a previous study on HPV16 and HPV18. APOBEC3 mutation signatures
were found in Alpha-9 (HPV16/31/33) but not in Alpha-7 (HPV18/45). HPV45 had significantly more MNVs

Minor nucleotide variation
Chromosomal integration

APOBEC3 compared to the other types. Alpha-7 had higher integration frequency compared to Alpha-9. An increase in
Alpha-7 integration frequency with increased diagnostic severity was found for Alpha-7. The results highlight important
Alpha-9 differences and broaden our understanding of the molecular mechanisms behind cervical cancer induced by

Cancer-related genes high-risk HPV types from the Alpha-7 and Alpha-9 clades.

1. Introduction

Human papillomaviruses (HPVs) are a group of small, double-
stranded DNA viruses with a genome size of ~7.9 kb that contains
eight genes. The genome consists of early region genes (E1, E2, E4-E7),
late region genes (L1, L2), and two non-coding regions, the upstream
regulatory region (URR) and the non-coding region (NCR) [1]. Of the
early region genes, E5, E6, and E7 encode oncoproteins that promote the
transformation of the host cell through induction of cell proliferation
and inactivation of cell cycle regulatory and tumour-suppressor mech-
anisms [2,3]. To date there are over 200 characterised HPVs [4],
commonly distinguished by at least 10% nucleotide differences in the L1
gene [5,6] and further divided into lineages (1 > 10% whole-genome
nucleotide differences) and sublineages (0,5 > 1% difference) [7-9].
There are at least 12 HPV types that are carcinogenic (16, 18, 31, 33, 35,
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39, 45, 51, 52, 56, 58, and 59) [10]. Persistent infection with one of
these is considered a necessary cause for cervical cancer development
[11]. Still, only a minority of persistent infections progress to cancer
[12], indicating that additional factors are necessary for cancer pro-
gression. All the oncogenic HPV types belong to the genus Alphapa-
pillomavirus (Alpha-PV) where they cluster within the species-level
clades Alpha-5, Alpha-6, Alpha-7, Alpha-9 and Alpha-11 [13]. The
carcinogenic HPVs of the different clades exhibit differences in carci-
nogenicity and tissue tropism, among other characteristics, suggesting
different evolutionary histories that have given rise to their carcinogenic
potential as well as differences in the molecular mechanisms behind
HPV-induced cancers.

HPVs are considered slowly evolving viruses [14]. Recent studies
have uncovered nucleotide variation below the consensus level in HPV
genomes present within an infected person [15-20]. HPV genomic
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variation can have consequences for the infection outcome, and HPV16
sublineages together with the host ethnicity/genetic background has
been shown to be associated with different risks of developing cervical
cancer [21]. Intra-host HPV nucleotide variation is not uniformly
distributed across the genome, as has been revealed in HPV16 cervical
cancer cases where the E7 gene has been shown to have few
non-synonymous mutations compared to the rest of the genome [16].
Additionally, persistent infections that progress to high-grade lesions or
cancer are associated with less intra-host variation relative to infections
that are cleared by the immune system [17,20,22].

The mutagenic processes behind HPV intra-host nucleotide variation
are currently not fully understood, although it is clear that members of
the gene family anti-viral host-defence enzyme apolipoprotein B mRNA
editing enzyme, catalytic polypeptide-like 3 (APOBEC3) contributes to
the variation [17,19,20]. APOBEC3 are cytidine deaminases activated in
response to viral infections and induces C > T substitutions in the
trinucleotide context TCN, where N is any nucleotide (with the excep-
tion of APOBEC3G which has a preferred CCN target motif) [23].
APOBEC3-induced mutations can inhibit viral replication and generally
lower viral fitness [24]. Accordingly, the APOBEC3 mutation signature
is more often observed in HPV genomes from transient infections and
pre-cancerous lesions compared to cancer samples and is associated with
viral clearance [17,20]. Studies have also reported frequent T > C
substitutions [17,19,20]; however, the mutagenic process behind this
transition and its role in infection outcome is currently not understood.
Another possible source for HPV intra-host nucleotide variation might
be the recruitment of low-fidelity polymerases during the replication
stage of the viral life cycle [25-27].

A well-studied molecular event related to HPV-induced carcinogen-
esis is the full or partial integration of the HPV genome into human
chromosomes [28]. This is a common genomic event observed in more
than 80% of HPV positive tumours and is considered a driving event in
cervical carcinogenesis [29,30]. Integrations involving a deletion or
disruption of E1 or E2 will lead to overexpression of oncogenes E6 and
E7 [31,32], which in turn can lead to an accumulation of mutations and
unregulated clonal cell division with a selective growth advantage [28].
Furthermore, integrations can also promote genomic instability in an
E6/E7-independent manner by integrating within, or in close proximity
to, host oncogenes or tumour-suppressor genes to functionally knock
them out or affect their expression levels [33,34]. HPV integrations are
associated with local altered genomic landscapes and changes in host
gene expression in their vicinity, which might promote genomic insta-
bility and carcinogenesis depending on the integration site [35-39].
Integration “hot spots” have been observed repeatedly in high-grade
lesions and tumours, indicating that integration in certain chromo-
somal loci might confer selective growth advantages and increase the
risk of developing HPV-induced cancers [33,40,41].

Most studies on molecular mechanisms behind HPV-induced cancers
have been conducted on HPV16 and HPV18 genotypes due to their high
prevalence and carcinogenic potential [42]. By comparison, the
remaining carcinogenic HPV-types are understudied. HPV16 and HPV18
have shown differences in integration frequencies and APOBEC3 inter-
action, suggesting that HPV-induced cancer development follow dis-
similar type-dependent routes [43-45]. Within the Alpha-PVs, HPV16
sorts under Alpha-9 together with HPV31 and HPV33, while HPV18 and
HPV45 sort under Alpha-7. It has been shown in previous studies that
HPV45 has a high integration frequency (IF) like HPV18, reflecting
similarities between these evolutionary closely related HPV types [45].

In this study, we aim to investigate genomic variability and chro-
mosomal integration in cervical cell samples with different morphol-
ogies positive for HPV31, HPV33, and HPV45 utilizing the TaME-seq
protocol [46]. Additionally, this study will include comparisons to
reanalysed HPV16 and HPV18 data from a previous study [43] to gain a
more comprehensive understanding of specific characteristics of the
distinct clades Alpha-7 (HPV18 and HPV45) and Alpha-9 (HPV16,
HPV31 and HPV33). A study going deeper into the nature of genomic
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events in these lesser studied carcinogenic HPV types allows for a
phylogenetic approach to better understand the molecular mechanisms
of host-responses to infections and those responsible for HPV-induced
carcinogenesis.

2. Materials and methods
2.1. Sample selection

Cervical cell samples were collected from women attending the
Norwegian cervical cancer screening program between January 2005
and April 2008. Recruitment criteria, HPV detection, and genotyping
have been described previously [47,48]. In total, 156 HPV16, 75
HPV18, 117 HPV31, 104 HPV33, and 66 HPV45 samples were catego-
rized based on the HPV type and diagnostic category. The diagnostic
categories were defined as “non-progressive”, cervical interepithelial
neoplasia grade 2 (CIN2) and CIN3+ (Table 1). The non-progressive
category consisted of samples with normal cytology (normal cytology
the preceding two years and with no previous history of treatment for
cervical neoplasia) or samples with atypical squamous cells of unde-
termined significance (ASC-US) or low-grade squamous intraepithelial
lesions (LSIL) with no follow-up diagnosis within four years. The CIN3+
category consisted of samples with CIN3/adenocarcinoma in situ (AIS)
and cancer.

2.2. Sample preparation and DNA extraction

Cervical cell samples had previously been collected in ThinPrep
PreservCyt solution (Hologic, Marlborough, MA) and pelleted before
storage —80 °C to retain DNA quality and integrity. Collected samples
were stored as both cell material and extracted DNA in a research bio-
bank at Akershus University Hospital. DNA from some samples had to be
re-extracted from cell material for this study, and an easyMAG® (Bio-
mérieux, USA) was used for the extraction and the eluate stored in a
biobank at —80 °C. The DNA concentration was measured on Qubit® 3.0
Fluorometer (Life Technologies, USA) to ensure optimal DNA quantity in
every sample before the PCR reaction.

2.3. Library preparation and sequencing

Library preparation was done according to the TaME-seq protocol as
described previously [46]. To summarise, the samples were tagmented
using Nextera DNA library prep kit (Illumina, Inc., San Diego, CA).
Tagmented DNA underwent target enrichment by multiplex PCR using
respective HPV31, 33 and 45 type-specific HPV primers and a combi-
nation of i7 index primers and i5 index primers [49] from the Nextera
index kit (Illumina, Inc., San Diego, CA). Each sample underwent
separate PCR amplifications for the forward and reverse reactions.
Sequencing was performed on the [llumina HiSeq2500 platform using
125 bp paired-end reads.

2.4. Sequence alignment

Data were analysed by an in-house bioinformatics pipeline as
described previously [46], with some slight changes to the reference
genomes and variant calling. The pipeline can be accessed here: https://
github.com/jean-marc-costanzi/TaME-seq/. Briefly, reads were mapped
to the human genome (GRCh38/hg38) using HISAT2 (v2.1.0)[50].
Reference genomes for HPV16, HPV18, HPV31, HPV33, and HPV45
were obtained from the PaVE database [51] and 1 kb overhangs were
added to account for the circular HPV genome. BCFtools was used to
calculate mapping statistics and coverage. Samples with a mean
sequencing depth of <300x were excluded from the analysis.
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Table 1
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Number of samples sequenced and analysed and mean mapping statistics for each diagnostic category of HPV16, HPV18, HPV31, HPV33 and HPV45 infections.

Diagnostic Sequenced Analysed Mean numbers in the analysed samples

category samples samples Raw Reads mapped to target Mean HPV genome Fraction of HPV genome covered by min.
reads HPV coverage 100x

HPV16

Non-progressive 55 21 1.3 M 1.3 M 11148 0.77

CIN2 46 25 0.6 M 0.5M 4462 0.70

CIN3-+ 55 31 1.3 M 1.2M 9483 0.74

HPV18

Non-progressive 16 12 39M 26 M 48129 0.86

CIN2 13 9 77 M 40 M 55097 0.86

CIN3-+ 46 28 24 M 13 M 29138 0.82

HPV31

Non-progressive 18 10 10M 6 M 26508 0.87

CIN2 22 20 14 M 5M 23695 0.89

CIN3+ 77 54 9.3 M 57M 26657 0.88

HPV33

Non-progressive 12 9 16 M oM 24350 0.90

CIN2 15 9 20 M 10M 30699 0.95

CIN3+ 77 70 11M 7M 38731 0.97

HPV45

Non-progressive 25 21 22M 8M 21593 0.83

CIN2 14 12 39M 19M 27608 0.92

CIN3+ 27 23 32M 13 M 32066 0.85

2.5. Sequence variation analysis

Nucleotide counts mapped to the HPV reference genomes were
retrieved from the HISAT sequence alignment and average nucleotide
mapping quality values were retrieved from the BCFtools mpileup ouput
using an in-house R (v3.5.1) script as described in [46]. Briefly, for a
variant to be called it had to be present in more than two reads in a
position with >100x depth, have a Phred quality score >30 and a fre-
quency >1%. In addition, the variant calling of minor nucleotide vari-
ants (MNVs) was done in a reference-independent manner where the
most frequent base in each position was termed the major variant fol-
lowed by the second most frequent as the MNV. The MNVs had to be
present in both the independently amplified F and R reactions, unless
where there was discordance between the F and R reactions — then the
MNV with the highest coverage was called. HPV NCR have regions of
homopolymeric T tracts (HPV16:4156-4173 and 4183-4212,
HPV18:4198-4234, HPV31:4072-4077 and 4145-4167, HPV33:
4149-4167 and 4186-4195, HPV45:4184-4219), which can cause po-
lymerase or sequencing errors at high frequencies and were therefore
filtered out during the variation analysis.

The ratio of non-synonymous to synonymous substitutions (dN/dS)
was calculated to indicate whether genes in the different diagnostic
categories were more or less prone to amino acid changes.

For mutational signature analysis, all nucleotide substitutions were
classified into six base substitutions, C > A, C>G,C>T,T>A,T>C,
and T > G, and further into 96 trinucleotide substitution types that
include information on the bases immediately 5 and 3’ of the
substituted base. An extended mutation signature analysis was also done
to investigate mutations in the APOBEC3A-favoured genomic context
YTCA and APOBEC3B-favoured genomic context RTCA.

To investigate if the number of APOBEC3 target sequences differed
between HPV types, FUZZNUC from the EMBOSS package (http
://emboss.toulouse.inra.fr/cgi-bin/emboss/fuzznuc) was employed
using reference genomes for HPV16, HPV18, HPV31, HPV33, and
HPV45 obtained from the PaVE database. Both strands were investi-
gated, and the search patterns used were TCA, YTCA, RTCA and NCN.

To calculate the proportion of TCA motifs out of all available NCN
motifs, the number of TCA motifs were divided by the number of NCN
motifs for each HPV type, and this proportion was treated as the ex-
pected proportion of C > T substitutions in the TCA motifs. To calculate
the difference of observed vs expected proportions, the following for-
mula was used (Observed proportions/Expected proportions) 2/

Expected proportions. These values were used in a Wilcoxon rank sum
test to investigate whether the difference in observed/expected pro-
portions between the clades differed significantly. Variation and dN/dS
analyses were performed using an in-house R (v3.5.1) script.

2.6. Detection of chromosomal integration sites and validation by sanger
sequencing

Integration site detection was performed as described previously
[46]. Briefly, a two-step analysis was employed. First, read pairs with
one of the reads mapping to the human genome and the other to HPV
were identified using HISAT2. Second, unmapped reads were re-mapped
using LAST (v876) aligner (options -M -C2) [52] to increase detection of
human-HPV read pairs. Reads sharing identical start and end co-
ordinates were considered likely PCR duplicates and excluded from the
analysis.

Validation of integration sites for HPV16 and HPV18 is previously
described [43]. The Illumina reads from the respective HPV31, HPV33
and HPV45 sequencing reactions were used to make in silico DNA tem-
plates for design of integration-targeting primers suited for PCR and
Sanger sequencing. Hybrid sequences containing human and
HPV-specific sequences spanning the reported integration breakpoint,
were used as templates. Primer3 [53] was used to create optimal primer
pairs that included a human-specific forward primer and an
HPV-specific reverse primer. Phusion™ Master Mix (Thermo Scientific,
USA) was used to prepare the PCR reaction mix. The PCR conditions
were as follows: initial denaturation at 98 °C for 30 s; 30 cycles at 98 °C
for 10 s, at 60 °C for 30 s and 72 °C for 15 s; final extension at 72 °C for
10 min.

Samples were sequenced on the ABI® 3130x1/3100 Genetic Analyzer
16-Capillary Array (Thermo Fisher Scientific Inc., Waltham, MA) using
BigDye™ Terminator v1.1 cycle sequencing kit (Thermo Fisher Scien-
tific Inc., Waltham, MA). Sanger sequencing data was further processed
in Geneious Prime (v2020.2.2) and if the sequence was homologous to
the same chromosomal locus and HPV type as reported, the HPV inte-
gration was considered confirmed. Samples with inconclusive Sanger
sequencing results that showed several unspecific bands on the agarose
gel were re-run using a touchdown PCR with an additional 6 extra cy-
cles. If the samples still had unspecific bands, individual bands were cut
out from the agarose gel and extracted using Wizard® SV Gel and PCR
Clean-Up System kit (Promega, USA) following the manufacturer’s in-
structions before Sanger sequencing.
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2.7. Determining microhomology regions

BLASTn and/or BLAT were used to identify short homologous se-
quences at the integration breakpoint in the Sanger-confirmed HPV in-
tegrations. If > 3 nt overlapping sequences were present between the
human and HPV genome, it was designated a microhomology sequence.
The overlapping bases were identified using the Geneious Prime genome
browser after the assembly of Sanger reads.

2.8. Functional annotation of genes within 10 kb of reported integration
sites

All genes 10 kb upstream or downstream of the reported integration
site were identified by visual inspection in Geneious Prime and their
molecular function annotated using Genecards (https://www.gene
cards.org). Genes were classified as cancer-related genes (CRGs) if
they were involved in cell cycle regulation, apoptosis, tumour suppres-
sor mechanisms, cancer-related pathways, genes interacting with these
pathways, or if a cancer-related SNP association was assigned.

2.9. Statistical methods

Non-parametric Chi-square of independence was used to determine
whether there was a significantly (p < 0.05) higher number of break-
points in the E1, E2, E4 and L2 genes for Alpha-7 and in E1, L2 and NCR
in Alpha-9 than would be expected by chance.

To understand the relationship between the dependent variables
(MNVs, samples with integrations, integration breakpoints) and the in-
dependent variables (HPV type or diagnostic category), a generalized
linear model (glm) was used. The glm used a negative binomial distri-
bution for the number of integrations and MNV model and binomial
distribution for the other models. Following this, multiple comparisons
of means using Tukey HSD was done using the R package multcomp [54]
to test the differences between the categories. To test the differences in
APOBEC3 signature mutations and clades, a Wilcoxon rank sum test
were used. All statistical tests were done in R (v3.6.3). The output of the
tests can be found in the supplementary material D.

Ethical approval

This study was approved by the regional committee for medical and
health research ethics, Oslo, Norway (REK 2017/447).

3. Results
3.1. Characteristics and sequencing statistics

In total, 518 HPV16, HPV18, HPV31, HPV33 and HPV45 positive
cervical cell samples stratified into the diagnostic categories non-
progressive, CIN2 and CIN3+ were sequenced. Six samples were
removed from further analysis based on a MNV pattern suggestive of co-
infection of different viral sublineages (Supplementary figure A1). After
removing samples that did not pass the filtering criteria (n = 164), 77
HPV16, 49 HPV18, 84 HPV31, 88 HPV33 and 56 HPV45 samples un-
derwent comparative MNV and integration analysis. The mean
sequencing depth for samples within the different diagnostic categories
ranged from 4462 for HPV16 CIN2 to 55097 for HPV18 CIN2. The
proportion of the genome covered with a minimum depth of 100x within
the categories ranged from 0.70 for the HPV16 CIN2 category to 0.97 for
the HPV33 CIN3+ categories (Table 1).

3.2. Minor nucleotide variation profiles reveal a higher number of MNVs
in HPV45 positive samples

A total of 10664 MNVs were identified in the 354 analysed samples.
Most of the MNVs were low-frequency variants with 1716 MNVs having
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a minor base frequency >5% and 850 with a minor base frequency
>10%. The number of MNVs were significantly higher in HPV45 sam-
ples compared to other HPV types (p < 0.001), the average being 47.9,
47.92 and 34.91 in the HPV45 non-progressive, CIN2 and CIN3+ cate-
gories, respectively (Fig. 1, Table 2). Excluding HPV45, HPV16 non-
progressive was the category with the highest average number of
MNVs with 34.57, while HPV33 CIN2 category had the lowest number of
MNVs with an average of 19. The standard deviation of the number of
MNVs within categories was also found to be highest in HPV45 samples.
The same were true when investigating the MNV frequencies, with
HPV45 having the highest mean and SD MNV frequency in all categories
(Supplementary figure A2 and Table 2). No significant differences were
found in comparisons of diagnostic categories.

HPV MNVs were found within genomic elements of all the different
categories. Most variation was found in HPV45 positive samples, where
the genomic elements E4, URR and NCR in non-progressive samples and
the E4 and E2 in CIN2 samples had the highest number of mean variants
(Supplementary figure A3).

In total, 5734 nonsynonymous and 244 nonsense mutations were
observed in the dataset. Most genes, across all categories, had a dN/dS
ratio >1 or close to 1 (Supplementary figure A4).

3.3. APOBEC-related mutational signatures

The two most common substitutions in the dataset, C > T and T > C,
were observed across all the diagnostic categories for all HPV types
(Supplementary figure A5 and A6). To investigate APOBEC3-induced
mutations, C > T mutations in the APOBEC3-preferred trinucleotide
context TCN found within different diagnostic categories for the
different HPV types were compared against each other. We observed
that TCA was the trinucleotide context with the highest proportion
across all diagnostic categories in Alpha-9 samples, while no such
pattern was observed for Alpha-7 samples (Fig. 2). C > T mutations in
the TCA context were found to differ significantly between the Alpha-7
and Alpha-9 clades (p < 0.001), and the results were found to be
consistent when the analysis was extended to include the TCW trinu-
cleotide context and the inclusion of C > G substitutions, but not when
investigating C > G substitutions by themselves. When investigating
each HPV-type separately, HPV16 showed a decrease in TCA proportion
of C > T MNVs with increased lesion severity compared to HPV31 and
HPV33 (Supplementary figure A6). The extended mutation signature
analysis did not reveal any strong signal for either APOBEC3A (YTCA) or
APOBEC3B (RTCA) preference in the dataset (Supplementary figure A7).

The number of TCA motifs found within each HPV types differed
between Alpha-7 (164 HPV18, 159 HPV45) and Alpha-9 (186 HPV16,
190 HPV31, 208 HPV33) (Supplementary table B1), with most motifs
being present on the minus strand (Supplementary figure A8). Values for
RTCA and YTCA motifs can be seen in supplementary figure A9 and
supplementary table B1. To further investigate if the number of C > T
substitutions in the TCA context occurred more frequently than expected
the proportion of TCA motifs out of all available NCN motifs were
calculated. The proportions of TCA motifs were found to range from 0.05
(HPV45) to 0.07 (HPV33) and were interpreted as the expected pro-
portion of C > T substitutions in that trinucleotide context, assuming
that substitutions are equally likely in all NCN motifs (Supplementary
table B2). The difference in observed/expected C > T substitutions in the
TCA context were found to be significantly larger for Alpha-9 samples (p
< 0.001), thus there were found to be significantly more C > T mutations
in the TCA context than would be expected in Alpha-9 relative to Alpha-
7 (Fig. 3).

3.4. Higher integration frequencies (IFs) in Alpha-7s compared to Alpha-
9s

The number of integrations in the Alpha-7 significantly outnumber
those of the Alpha-9 clade although more than twice as many Alpha-9
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Fig. 1. Number of variants in HPV16, HPV18, HPV31, HPV33 and HPV45 positive samples. Violin plots representing the number of variants in the different
diagnostic categories on the x-axis. Box-and-whisker plots are added to show the median number of MNVs (horizontal line), the box represents the 25% and 75%
percentiles, and the whiskers represents the minimum and maximum number of MNVs found within one sample. The number of samples (n) is indicated below each
category. Double asterix (**) represents that HPV45 has significantly more MNVs compared to all other types (p < 0.01).

Table 2
Number of samples analysed and different statistics of MNVs for HPV16, HPV18, HPV31, HPV33 and HPV45 positive samples stratified across the diagnostic
categories.
Diagnostic Analysed Mean number of ~ Minimum number Maximum number Standard deviation of Mean MNV Standard deviation of
category samples variants of variants of variants number of variants frequency MNV frequency
HPV16
Non- 21 34.57 13 66 14.25 2.74 3.65
progressive
CIN2 25 27.80 14 48 7.88 2.80 4.82
CIN3+ 31 25.35 6 44 8.00 2.67 3.66
HPV18
Non- 12 25.08 12 40 9.97 3.21 4.69
progressive
CIN2 9 23.00 5 46 12.68 2.89 4.43
CIN3+ 28 26.36 6 59 11.05 4.35 6.79
HPV31
Non- 10 25.70 5 64 17.12 4.53 6.72
progressive
CIN2 20 23.90 3 64 14.84 3.30 5.40
CIN3+ 54 27.63 1 90 20.55 4.29 7.05
HPV33
Non- 9 30.78 4 60 21.16 2.59 2.50
progressive
CIN2 9 19.00 5 40 11.47 2.49 4.68
CIN3+ 70 30.74 2 107 24.77 3.36 4.77
HPV45
Non- 21 47.90 8 116 31.28 6.79 9.07
progressive
CIN2 12 47.92 18 113 28.52 4.16 6.64
CIN3+ 23 34.91 2 93 17.89 4.63 7.37

samples were sequenced (Fig. 4 and Table 3). In total, 42.8% of Alpha-7
samples had at least one integration site reported, significantly more
than Alpha-9 with 6.4% (p < 0.001). Overall, 154 integration sites were
observed in the whole dataset, of which 85% (131/154) were Alpha-7
and 15% (23/154) Alpha-9 (Table 3, Fig. 4). Alpha-7 also had the
highest IF in all diagnostic categories with 21% of non-progressive, 33%
of CIN2 and 61% of CIN3+ samples having integrations, thus higher IF
correlated significantly with diagnostic severity (p < 0.01). Alpha-7
samples had significantly more integration sites in samples with inte-
gration compared to Alpha-9 (p < 0.001), with an average of 3.4, 3.14
and 2.74 integrations in the non-progressive, CIN2 and CIN3+ cate-
gories, respectively, compared to Alpha-9 with 1.25, 1.5 and 1.5.
Comparing the HPV-types within the two clades revealed some dif-
ferences between the related types. Overall, HPV18 had significantly
more samples with integrations than any other type, while HPV45
CIN3+ (the only diagnostic category with HPV45 integrations) had
significantly more than all other Alpha-9 types. HPV18 also had signif-
icantly more integrations per sample than all other types, as well as the

sample with the most reported integrations with 21, compared to 4, 3, 1
and 1 for HPV45/16/31/33, respectively. Within Alpha-9, HPV16 re-
ported higher IF than both HPV31 and HPV33, as well as higher average
number of integrations per sample (Supplementary table B3). A com-
plete list of annotated integration breakpoints can be found in supple-
mentary table C1.

3.5. Deletions and breakpoints in the HPV genome

In Alpha-7 samples with integrations, breakpoints were found in all
genetic elements of the HPV genome, except NCR, while Alpha-9 in-
tegrations lacked breakpoints in E7 and E4 (Supplementary figure A10).
Any breakpoint location bias was investigated using the number of re-
ported Alpha-7 and -9 integrations divided by the average gene lengths
in each clade. It was observed that Alpha-7 samples had more break-
points in the E1, E2, E4 and L2 genes than would be expected by chance,
however, this difference was not statistically significant (p = 0.24).
Breakpoints in Alpha-9 samples were observed in E1, L2 and NCR more
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Fig. 2. C > T mutational signatures in Alpha-7 (HPV18 and HPV45) and Alpha-9 (HPV16, HPV31 and HPV33) positive samples across the different diagnostic
categories. The mean proportion of C > T mutations is shown on the y-axis and the different trinucleotide contexts are shown on the x-axis. Error bars represent the
standard error of the mean. Asterix (*) denotes C > T substitutions found in the TCA context and was found to be overall significant between the clades.
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Fig. 3. Violin plots representing the difference in observed/expected number of C > T substitutions in the TCA context for individual samples in Alpha-7 and

Alpha-9.

often than expected by chance, but was also not significant (p = 0.20).
Combining and investigating the percentage of integrations with
breakpoints in E1/E2 across the different diagnostic categories revealed
that 38%, 36% and 51% of the integrations caused breakpoints in E1/E2
in the non-progressive, CIN2 and CIN3+ categories, respectively
(Fig. 5a). A detailed figure showing sample integrations and number of
breakpoints in E1/E2 can be seen in Supplementary figure A11.

To investigate large HPV genomic deletions, coverage plots for each
sample were inspected for extended regions without or with excep-
tionally low relative sequencing coverage. In addition to the six samples
with deletions reported in the previous study (one HPV16 and five
HPV18), the coverage plots revealed 11 additional samples with de-
letions or partial deletions (One HPV31 and 10 HPV45). All HPV45
positive samples with deletions were reported as having integrations

while the single HPV31 sample did not.

3.8 Presence of human cancer-related genes within +10 kb of inte-
gration sites.

Due to the uneven number of integrations found within Alpha-7 (131
integrations) and Alpha-9 (23 integrations), all integrations in the
dataset were combined when investigating integrations in human genes
within £10 kb of the integration sites. The results revealed that CRGs
were present in 41% (12/29), 40% (10/25) and 59% (59/100) of non-
progressive, CIN2 and CIN3+ samples, respectively (Fig. 5b, see Sup-
plementary figure A12 and supplementary table C1 for more details). Of
the integrations within +10 kb of CRGs, 58% (7/12), 80% (8/10) and
78% (46/59) were integrated inside the ORF of the reported CRG in the
non-progressive, CIN2 and CIN3+ categories (Supplementary figure
A13). Three CRGs were each found twice +10 kb of integrations sites in
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Table 3

Number of integrations in Alpha-7 and Alpha-9 positive samples, stratified by
diagnostic category.

Diagnostic Number of samples Total number of ~ Mean number of
categories with integrations integration sites integrations per
(samples) (Frequency %) sample
Alpha-7
Non-progressive 7 (21.2%) 24 3.43
(n=33)
CIN2 (n = 21) 7 (33.3%) 22 3.14
CIN3+ (n=51) 31 (60.8%) 85 2.74
Total (n = 105) 45 (42.8%) 131 2.91
Alpha-9
Non-progressive 4 (10%) 5 1.25
(n = 40)
CIN2 (n = 54) 2 (3.7%) 3 1.5
CIN3+ (n = 10 (6.4%) 15 1.5
155)
Total (n = 249) 16 (6.4%) 23 1.44

different samples, being RCAN2 (HPV18 CIN2 and HPV18 CIN3+),
MIR205 (HPV16 CIN3+ and HPV45 CIN3+) and KLHL29 (HPV18 CIN2
and HPV31 CIN3+).

The percentages of integrations in the human genome with anno-
tated genes present within +10 kb of the integration site were 76% (22/
29), 68% (17/25) and 75% (75/100) in the non-progressive, CIN2 and
CIN3+ categories, respectively (Supplementary figure A14). The per-
centages of integrations inside the ORF of human genes were 45%, 44%
and 56% in the non-progressive, CIN2 and CIN3+ categories (Supple-
mentary figure A15).

Alpha-7 samples had integrations in all human chromosomes except
chromosome 18 and 21 (Supplementary figure A16). 28/131 Alpha-7
integrations were in chromosome 1 and 2. Alpha-9 samples had in-
tegrations in 15 different chromosomes, with chromosome 5 and 8
having most.

3.6. Validation of reported integration sites by sanger sequencing

In total, 31 reported integration sites in 21 patient samples qualified
for validation by Sanger sequencing after QC filtering based on read
mapping and sequencing artefacts [55]. Of the integration sites, 5 in-
tegrations were detected in HPV31 samples (84 analysed samples), 1
integration in HPV33 samples (88 analysed samples) and 25 integrations
in HPV45 samples (56 analysed samples). In total, 21 of the 31 reported

integrations sites were validated by Sanger sequencing which confirmed
correct chromosomal coordinates and HPV type. The remaining 10 did
not yield high-quality chromatograms, possibly due to low DNA con-
centrations, suboptimal PCR amplification, unspecific primer hybridi-
zation or genomic structural rearrangements often associated with HPV
integrations [36,56]. Microhomology regions were identified in 19%
(5/21) of the confirmed HPV integrations, the length ranging from 3 bp
to 12 bp and are presented in supplementary table C2.

4. Discussion

This study aimed to investigate and compare type-specific intra-host
variation and integration characteristics of five high-risk HPV types
belonging to Alpha-7 and Alpha-9 across diagnostic categories of
increasing severity. We observed differences between the diagnostic
categories, as well as between Alpha-7 and Alpha-9 clades. The differ-
ences adhere to their phylogenetic assortment, where there is a statis-
tically significant signal of APOBEC3-induced C > T mutations in Alpha-
9 samples that is not found in Alpha-7. IF is also significantly higher in
samples positive for Alpha-7 HPV-types relative to Alpha-9.

Minor nucleotide variants (MNVs) are variants found below the
consensus level that might play a role in the development of cancer [16].
In our dataset, we observe that HPV45 samples have more MNVs
compared to the other four investigated HPV types, and that Alpha-7s
have more variation in E4 compared to the Alpha-9s. The biological
significance of these results is currently unclear. The MNVs are called in
a reference-independent manner, and we rule out that these results are
artefacts that could arise from mapping to divergent reference genomes.
Co-infections with two or more variants of the same HPV type could be a
likely alternative source of diversity [57] and six apparent co-infections
were excluded from the analysis based on indicative MNV patterns
(Supplementary figure A1). When comparing the amount of MNVs, we
observed no differences between the diagnostic categories, suggesting
that the total quantity of MNVs in a sample is not directly associated
with carcinogenic risk. Rather than quantity, the quality of MNVs in
their HPV genomic context may be of significance, as has been shown for
the HPV16 E7 gene in cervical cancer cases and for certain positions in
HPV16 URR where MNVs have been shown associated with developing
CIN3+ [16].

C > T substitutions in the trinucleotide context TCA and TCT is
correlated with APOBEC3A/B activity [20]. While they are part of the
innate immune system in response to viral infections, their mutation
signatures are also commonly found in host genomes of HPV-positive
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Fig. 5. A) Percentage of integrations with breakpoints in E1/E2, stratified by diagnostic category. B) Percentage of integrations with CRGs within £10 kb of
integration site or inside the ORF, stratified by diagnostic category. n is the number of integrations in each category.

cancer cells as well as in viral HPV genomes [58]. Most research
investigating APOBEC3-HPV interactions have had a focus on HPV16,
while less research has been done on the other high risk types [17,20,59,
60]. In our study, APOBEC3A/B induced C > T mutations were found to
be most common in the trinucleotide context TCA for Alpha-9s, while
the Alpha-7s did not have this pattern. This is to our knowledge the first
study to show that differences in APOBEC3-induced mutation profiles
between any HPV types are highly significant and that the difference is
in concordance with phylogeny. The number of all available TCA motifs
in the HPV genomes studied here differs between the types, with
Alpha-7s (average 162) having less than Alpha-9s (average 195). To
investigate whether this difference in the number of available motifs
affected the observed mutational C > T patterns, the proportion of TCA
motifs out of all available NCN motifs were compared against the
observed proportion of C > T mutations in TCA motifs found within
samples. The difference between observed and expected proportions of
C > T mutations in TCA motifs were found to be significantly higher for
Alpha-9s than Alpha-7s. Thus, Alpha-9 samples were found to have
relatively more C > T mutations in the TCA-motifs, even when cor-
recting for the higher abundance of TCA motifs in the genomes relative
to Alpha-7. This finding suggests that the Alpha-9 infections trigger a
detectable APOBEC3-response not found in Alpha-7 infections; a finding
that warrants further investigation considering their differences in

clinical epidemiology [10], human molecular and genomic cancer
characteristics [44,61], evolutionary histories [62] and impact of viral
life-cycle factors and expected tropisms [63]. Our previous study looked
at HPV16 and HPV18 and by including one additional Alpha-7 and two
more Alpha-9 types in the comparative analysis, the phylogenetic di-
chotomy in mutational signature was established more broadly and
emphasises the biological significance of the results. Using different
whole genome sequencing protocols Hirose et al., 2018 identified the
same APOBEC signature (C > T in the TCA context) across the three
Alpha-9s HPV16/52/58, and the exact same signature was described in
HPV16 (signature A) in Zhu et al., 2020 [17,20]. The combined presence
of the APOBEC signature in the Alpha-9s now therefore encompass
HPV16/31/33/52/58. Yet, contrary to current understanding it cannot
be established that APOBEC3-induced mutagenesis in viral genomes is a
general detectable feature in high-risk HPV infections. In HPV16 posi-
tive samples, the number of APOBEC3-related nucleotide substitutions
decreases with lesion severity, which also has been shown in previous
studies [17,20,43]. However, this decrease is not observed in HPV31
and HPV33 positive samples, suggesting this is not an Alpha-9 specific
tendency, but rather a feature of HPV16 carcinogenesis. Our results are
in corroboration with previous studies that have observed that the
number of APOBEC3-related nucleotide substitutions decreases with
lesion severity in HPV16 positive samples [17,20,43].
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The lack of APOBEC3 activity found in Alpha-7 genomes might be
driven by differences in host-response to viral infections between the
different cell types and/or by genomic variation between the HPV types.
Alpha-7 types have been found to be significantly more common in cases
of adenocarcinoma (ADC) than squamous cell carcinoma (SCC), while
Alpha-9 is the predominant type found in SCC [64,65]. These differences
are likely reflecting type-specific tropisms and cells of cancer origin,
where Alpha-9 is found to associate with lesions in squamous cells while
Alpha-7 predominantly cause lesions in glandular cells [66]. Addition-
ally, expression profiles of SCC tumours caused by Alpha-7 and Alpha-9
types have been shown to differ in expression levels of keratin gene
family members [44]. APOBEC3 substitutions are associated with viral
clearance in HPV16 infections [20], and it is interesting to note that
while HPV31 and HPV33 have been shown to have a high risk to
progress to CIN3, their risk to progress from CIN3 to invasive cervical
cancer is relatively low compared to HPV16,/18/45 [66]. We observe a
decrease in APOBEC3-related nucleotide substitutions in HPV16 posi-
tive CIN3+ samples, however, this pattern is not present in HPV31/33.
Thus, one can speculate that the different HPV types possess different
abilities to trigger APOBEC3-activity, and that this differs both between
Alpha-7 and Alpha-9 types as well as between HPV16 and HPV31/33. In
a genome evolution perspective, we note that the preferred APOBEC
TCN-motif is underrepresented in Alpha-HPV genomes generally and
more so in the URR of HPV16 than HPV18/31 which includes the origin
or replication and promoter of the E6/7 oncogenes [67]. Further
comparative studies into APOBEC-HPV interaction mechanisms and
evolutionary dynamics are warranted in order to better understand the
trade-off between immune exposure and oncogenicity in individual HPV
types.

Integration of HPV-genomes in the human genome is a suggested
driver event during HPV-induced carcinogenesis and previous studies
have shown that the IF differs between genotypes in cancers [30]. Our
results are in line with these studies showing that Alpha-7s HPV18/45
have a higher IF than Alpha-9s HPV16,/31/33, and that HPV16 have a
higher IF than HPV31 and HPV33 [45]. Women with invasive cervical
cancer caused by HPV16, HPV18 and HPV45 are typically younger than
women with cervical cancer caused by other HPV types, suggesting that
infection with these three genotypes progress to invasive cervical cancer
faster than other types [64]. In this study, Apha-7-positive samples show
a significant increase in IF with increase in diagnostic severity, and
HPV45-positive samples only had reported integrations in the CIN3+
category. Alpha-7 positive samples with integrations also had signifi-
cantly more integrations per sample compared to Alpha-9 positive
samples. These findings might reflect conserved differences in the
biology of Alpha-7 and Alpha-9 types that affects IFs, for example in that
Alpha-7s more often than Alpha-9s can warrant integration(s) as a
contributing factor to drive oncogenic transformation.

Integrations are associated with increased genomic instability,
mainly through overexpression of viral oncogenes E6/E7, but also by
triggering host oncogenes and disrupting of tumour suppressor genes
[28,68,69]. One of the mechanisms by which integrations can cause
overexpression of E6/E7 is the disruption of the E2 gene upon lineari-
zation of the circular HPV genome. When we looked at all HPV break-
points combined, 51% of samples with integrations in the CIN3+
category had breakpoints in E1/E2, compared to 38% and 36% in the
non-progressive and CIN2 categories, respectively. In addition, when
investigating the coverage plots, nine of out fifteen HPV45 samples with
reported integrations showed either full deletions or partial deletions in
regions encompassing E1/E2.

Another mechanism by which HPV integrations can step up carci-
nogenic transformation is by integrating inside the ORF or in genomic
proximity of host oncogenes and tumour suppressor genes, and thereby
disrupting their function or altering their expression levels, respectively
[30,68-70]. We found that the presence of at least one human CRG
within +10 kb of integration sites increased with almost 20% in the
most severe category (CIN3+ at 59%). Chromosomal integrations have
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been shown to cause genomic instability in the vicinity of the integration
sites by causing structural rearrangements and affecting host gene
expression [37,56]. Several observed CRGs in our dataset have previ-
ously been reported in studies investigating HPV integrations and are
associated with cervical cancer, including TP63, MIR205HG, MMP12
and ENO1 [30,71-73]. Additionally, RCAN2, KLHL29 and MIR205HG
were observed close to integrations twice in independent samples.
Decrease in RCAN2 expression has been associated with tumour prolif-
eration in colorectal cancers, while differential methylation patterns of
KLHL29 have been observed in small and large anal cancer tumours [74,
75]. MIR205HG, on the other hand, has been implicated in playing a role
in the development in cervical cancer by targeting and regulating genes
involved in proliferation, migration and apoptosis of cervical cancer
cells [71,76,77]. While the role of MIR205HG in HPV-induced carci-
nogenesis is established, the presence of RCAN2 and KLHL29 close to
integration sites in more than one sample may also suggest their
involvement in HPV-induced carcinogenesis. These findings warrant
further investigation.

Taken together, the increased number of integrations with the in-
crease in diagnostic severity observed for Alpha-7s and the general
tendencies for having breakpoints in E1/E2 and integrating within +10
kb of CRGs, supports the notion that integrations are key molecular
events in driving HPV-induced carcinogenesis. The differences between
the diagnostic categories regarding integration breakpoints in E1/E2
and proximity to CRGs, were not statistically significant when a glm
model was applied to the data. However, the number of observations in
the three categories differ substantially, and studies including more
samples in the “non-progressive” category combined with follow-up
data, should be conducted to ascertain their role in HPV-induced
carcinogenesis. Furthermore, the difference in IFs of the Alpha-7s and
-9s suggests that IF is a consistent phenomenon within phylogenetically
related HPV types. What drives this difference between the clades is
currently poorly understood. Different high risk HPVs produce different
splice isoforms of viral oncogenes E6 and E7 and do also have different
capabilities of inducing p53-degradation among other differences [62,
63,78,79]. It is possible that the discrepancy observed is due to Alpha-7
oncoproteins having weaker oncogenic potential relative to Alpha-9
oncoproteins and therefore Alpha-7 infections to a larger extent
require integrations to drive carcinogenesis, reflecting that nearly all
Alpha-7-induced tumours have integrated viral DNA and Alpha-9 can
induce cancer in episomal form [44]. HPVs are also known to induce
DNA damage and uses DNA damage response pathways for the ampli-
fication of the viral genome, which could consequently lead to inte-
gration of HPV DNA by nonhomologous end joining and/or
microhomology-mediated recombination [32,80-84]. To our knowl-
edge there is nothing in the existing literature that directly compares the
ability of different HPV types to induce DNA damage. Since viral pro-
teins have been shown to induce DNA damage an alternative explana-
tion to these clade-specific differences in IFs beyond oncogenic potential
of E6/7 remains an option. However, more research into the subject is
needed to better understand the molecular mechanisms which drive
different manifestation of IFs.

5. Conclusions

This study reveals differences in APOBEC3-mediated mutations in
concordance with evolutionary related HPV types, where Alpha-9 pos-
itive samples have a clear APOBEC3 mutation signature not observed for
Alpha-7. Additionally, Alpha-7 samples are shown to have significantly
more integrations and an increase in number of integrations with
increased diagnostic severity. This study expands our knowledge,
beyond HPV 16 and HPV18, by including three additional high risk HPV
types and shows that the type-specific patterns for these molecular
events extends to more closely related carcinogenic HPV types within
the Alpha-7 and Alpha-9 clades. The results broaden our understanding
of the molecular mechanisms behind HPV-induced cancers while also
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shedding light on some of the similarities and differences between the
HPV types investigated.
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