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We have previously showed that a transgenic (Tg) mouse model with cytokeratin 14 promoter (K14)-driven
expression of E6 and E7 from beta-3 HPV49 in the basal layer of the epidermis and of the mucosal epithelia of
the digestive tract (K14 HPV49 E6/E7 Tg mice) are highly susceptible to upper digestive tract carcinogenesis
upon exposure to 4-nitroquinoline 1-oxide (4NQO). Using whole-exome sequencing, we show that in K14 HPV49
E6/E7 Tg mice, development of 4NQO-induced cancers tightly correlates with the accumulation of somatic

mutations in cancer-related genes. The mutational signature in 4NQO-treated mice was similar to the signature
observed in humans exposed to tobacco smoking and tobacco chewing. Similar results were obtained with K14
Tg animals expressing mucosal high-risk HPV16 E6 and E7 oncogenes. Thus, beta-3 HPV49 share some func-
tional similarities with HPV16 in Tg animals.

1. Introduction

Human papillomaviruses (HPV) are a large family of double-
stranded DNA viruses that infect the mucosal and cutaneous epithelia.
They are classified in a phylogenetic tree in genera, based on nucleotide
sequence homology of the major capsid protein L1 (Van Doorslaer
et al., 2013). Genus alpha HPV types have been most studied so far,
because a subgroup, the mucosal alpha high-risk (HR) HPV types, is
responsible for the development of cervical cancer and a subset of other
anogenital and oropharyngeal cancers. The products of two early genes,
E6 and E7, are the key oncoproteins of HPV (Tommasino, 2014). In
addition to alpha HPV types, genus beta HPVs also appear to be asso-
ciated with human carcinogenesis. Beta HPV types are subdivided into
five different species (beta-1-5), of which beta-1 and beta-2 are the
largest subgroups (Van Doorslaer et al., 2011). They are abundantly
present on the skin, and many findings support their role, together with
ultraviolet (UV) radiation, in the development of cutaneous squamous
cell carcinoma (cSCC) (Rollison et al., 2019). Accordingly, mechanistic
studies have well demonstrated the transforming properties of E6 and

E7 from a few beta-1 and beta-2 HPV types (e.g. HPV8 and HPV38) in in
vitro and in vivo experimental models (reviewed in refs. (Tommasino,
2017; Hasche et al., 2018). In particular, these viral oncoproteins are
able to promote proliferation and to circumvent cellular stresses in-
duced by UV radiation. These findings indicate that in the context of the
natural infection, beta HPV E6/E7 expression keeps cells alive despite
the accumulation of UV-induced DNA mutations. As a consequence,
beta HPV-infected keratinocytes may acquire a high probability of
progressing towards cellular transformation. Thus, beta HPVs act as
facilitators of the accumulation of UV-induced DNA mutations, but they
are not the main drivers. In agreement with this model, findings in-
dicate that beta HPV types are necessary at an early stage of carcino-
genesis and are dispensable for the maintenance of the cancer pheno-
type (Rollison et al., 2019).

In addition to the skin, beta HPV types can be found at other ana-
tomical sites, including the mucosal epithelia (Bottalico et al., 2011;
Forslund et al., 2013; Hampras et al., 2017; Pierce Campbell et al.,
2013; Torres et al., 2015). In particular, beta-3 HPV types, i.e. HPV
types 49, 75, 76, and 115, appear to preferentially infect the mucosal
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Fig. 1. Representative images of H&E-stained sections from WT or Tg mice from which the genomic DNA was extracted for whole-exome sequencing.
Normal tissue, pre-malignant lesions (Pre-m), and squamous cell carcinoma (SCC) from the indicated mice exposed to long-term 4NQO treatment were collected for
DNA extraction. Tissues were also processed for histological analyses. The text in brackets indicates the anatomical site, followed by the number of specimens from
independent animals used for the whole-exome sequencing. From left to right, sections of unaffected esophagus, sections of esophagus affected by Pre-m lesions
characterized by medium grade dysplasia (WT, HPV16, HPV49 E6/E7 Tg mice) or high grade dysplasia (HPV38 E6/E7 Tg mouse), and sections of invasive SCC from
the tongue of a WT mouse and from the esophagus of HPV16 and HPV49 E6/E7 Tg mice. The stained sections were first scanned with a 5 X enlargement and then

zoomed in via software analysis.
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Fig. 2. The number of 4NQO-induced DNA mutations varies in the WT and
different K14 HPV E6/E7 Tg animals. After whole-exome sequencing, the
numbers of somatic mutations (SNPs and indels) were determined that have a
functional impact and fall in exonic or splicing regions, and have an allelic
fraction of 5% or more. The differences in mutation numbers between the
different animal models are statistically significant: normal versus Pre-m,
P = 0.004; Normal versus SCC, P = 0.002; Pre-m versus SCC, P = 0.05. Bars
indicate standard deviations.
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epithelia compared with the skin (Forslund et al., 2013; Hampras et al.,
2017).

Functional studies showed that E6 and E7 from beta-3 HPV49 and
the mucosal HR HPV16 share some functional similarities (Cornet et al.,
2012; Viarisio et al., 2016). Similarly to what has been observed in
HPV16 E6/E7 transgenic (Tg) mice (Strati et al., 2006), K14-driven
expression of HPV49 E6 and E7 in mouse epithelia resulted in elevated
susceptibility to upper digestive tract carcinogenesis upon initiation
with the tobacco-mimicking and DNA-damaging agent 4-nitroquinoline
1-oxide (4NQO) (Viarisio et al., 2016; Tkenaga et al., 1975). However,
these Tg mice did not show an increased susceptibility to chronic UV
irradiation compared with the wild-type (WT) animals. Vice versa,
beta-2 HPV38 E6 and E7 expression in K14 HPV38 E6/E7 Tg mice
strongly cooperates with UV radiation in the development of cSCC, but
the mice were little affected by 4NQO treatment (Viarisio et al., 2011,
2016). In the case of K14 beta-2 HPV38 E6/E7 Tg mice, the high cSCC
incidence upon long-term UV exposure tightly correlates with their
tendency to accumulate the classic UV-induced DNA mutational profile
(Viarisio et al., 2018), further supporting the model described above for
the role of the beta-1 and beta-2 HPVs as facilitators of UV-mediated
skin carcinogenesis. A similar scenario could be hypothesized in the
cooperation of beta-3 HPV49 E6 and E7 and 4NQO in promoting upper



D. Viarisio, et al.

Virology 538 (2019) 53-60

A
Normal Pre-m SCC
= o0 1200
g Sampl g 600 Sampl g
g0 il 3 SR 8 a0 Sample :
5 HPVIE 3 HPVIE 3 s
é s g 400 HPV38 é W Heveo
5s | BRZS 5 W HPvae & a0 o
l I o [ ok 1
5 LTI ERERERE o . .l . . ok L
ASC ASG AST C>A C>G C5T GoA GoC GoT T5A T5C T5G ASC ASG AST CA C3G CoT G>A GSC GoT THA T5C T56 ASCASG AST CSACSG CoT GSAGSC GoT T5A ToC T56
B
C>A C>G C>T T>A T>C G
- 17
o9 &
=5 HPV E6/E7 Tg mice + 4NQO
28
€2
o ®»
9o
22l |
° ojflh (1111 1 IPPRRRTO TR PPN | [] S
C

2 3 45 6 7 8 9 10111213 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30

II I I I I I I SIm“amy

Fig. 3. 4NQO-induced DNA mutations increase with the severity of upper digestive tract lesions in the different K14 HPV E6/E7 Tg animals. (A) Different
types of DNA mutations detected in upper digestive tract normal tissue, pre-malignant lesions (Pre-m), and squamous cell carcinoma (SCC) in Tg animals exposed to
long-term 4NQO treatment. (B) SCCs of K14 HPV49 E6/E7 Tg mice treated with 4NQO display a clear tobacco-induced mutational signature with a very high number
of C:G > A:T mutations. This type of mutation makes up the majority of the single-nucleotide variant types in Pre-m and SCC samples from the WT and Tg animals.
The y axis shows the percentage contribution of those mutations to signatures, and the x axis shows the trinucleotide sequence context. (C) Heatmap presenting the
similarity of the 4NQO-induced mutational signature to the 30 mutational signature available in COSMIC database version 2; the 4NQO-induced mutational signature
presents a cosine similarity closer to signature 4 (tobacco smoking; 0.9) than to signature 29 (tobacco chewing; 0.81).

digestive tract carcinogenesis in mice. However, no information is
available for the genome integrity of K14 beta-3 HPV49 E6/E7 Tg mice
upon exposure to 4NQO treatment.

In this study, we perform whole-exome sequencing of upper-diges-
tive tract lesions of different K14 HPV E6/E7 Tg animals and show that
HPV49 E6 and E7 strongly increase the accumulation of 4NQO-induced
DNA mutations.

2. Materials and methods
2.1. Animal models and ethics statement

All Tg animal models used in this study have been previously de-
scribed (Viarisio et al., 2011, 2016, 2018) and https://mito.dkfz.de/
mito/Animal%20line/10954, https://mito.dkfz.de/mito/Animal
%20line/11244, and  https://mito.dkfz.de/mito/Animal%20line/
11245).

The animal facility of the German Cancer Research Center has been
officially approved by the responsible authority (Regional Council of
Karlsruhe, Schlossplatz 4-6, 76131 Karlsruhe, Germany) (file no.
35-9185.64). Housing conditions are thus in accordance with the
German Animal Welfare Act (TierSchG) and EU Directive 425 2010/63/
EU. Regular inspections of the facility are conducted by the Veterinary
Authority of Heidelberg (Bergheimer Str. 69, 69115 Heidelberg,
Germany). All experiments were in accordance with the institutional
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guidelines (designated veterinarian according to article 25 of Directive,
2010/63/EU and Animal Welfare Body according to article 27 of
Directive, 2010/63/EU) and were officially approved by the Regional
Council of Karlsruhe (file no. 35-9185.81/G-164/12).

2.2. 4NQO treatment

Experimental groups of 6-week-old female WT or K14 HPV E6/E7
Tg mice of type 16, 38, and 49 were treated as described previously
(Viarisio et al, 2016) and https://mito.dkfz.de/mito/Tumor
%20model/10635). Biopsies were taken from the upper digestive
tract (tongue and esophagus) of both control and treated animals, used
for DNA extraction (DNeasy Blood and Tissue Kit, Qiagen, Hilden,
Germany) or fixed in 4% formaldehyde in phosphate-buffered saline for
24 h at room temperature, and embedded in paraffin. Sections of 5 um
were then stained with hematoxylin and eosin (H&E). The whole-exome
sequencing was performed in the High-Throughput Sequencing unit of
the Genomics & Proteomics Core Facility of the German Cancer Re-
search Center (DKFZ) using Agilent SureSelect Whole Exome Kit.

The histological diagnosis was carried out in a blinded manner by a
certified pathologist (CF).

2.3. Exome analysis

The quality of the raw reads was estimated with FastQC software
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Fig. 4. Analyses of mutated genes in normal tissue and lesions from 4NQO-exposed Tg animals. (A) Heat-map of significantly mutated genes, corresponding to
genes mutated in the corresponding sample and reported in the Cancer Gene Census list from the COSMIC database. The types of mutations indicated by colors are
chosen according to the most prevalent mutation type in each sample. For categories with more than one sample (WT mice Normal: n = 3, HPV49 Tg mice Pre-m:
n = 2, and HPV49 Tg mice SCC: n = 4), only the genes mutated in more than 50% of the samples are considered, and the type of mutation is defined as the most
prevalent type among the samples. (B) Heatmap of significantly mutated genes, corresponding to genes mutated in the corresponding sample and reported to have an
impact on epigenetic regulation processes. The types of mutations indicated by colors are chosen according to the most prevalent mutation type in each sample. For
categories with more than one sample (WT mice Normal: n = 3, HPV49 Tg mice Pre-m: n = 2, and HPV49 Tg mice SCC: n = 4), only the genes mutated in more than
50% of the samples are considered, and the type of mutation is defined as the most prevalent type among the samples. (C) Heatmap of mutations in top genes mutated
in human esophageal SCCs and their corresponding gene names in 4NQO-exposed animals. The types of mutation indicated by colors are chosen according to the

most prevalent mutation type in each sample.

(version 0.11.5, http://www.bioinformatics.babraham.ac.uk/projects/
fastqc/). Reads were mapped to the GRCm38 (mm10) mouse reference
genome (ftp://hgdownload.cse.ucsc.edu/goldenPath/mm10/) using
Burrows-Wheeler Aligner (version 0.7.15, http://bio-bwa.sourceforge.
net/) and producing a BAM file. The following GATK Best Practice
Recommendations were applied to the BAM files to improve variant
detection quality. Picard (version 2.4.1, https://broadinstitute.github.
io/picard/) SortSam was used to sort and index BAM files, and the
AddOrReplaceReadGroups tool was used to replace all read groups with
a single new read group. The duplicate reads were marked with the
MarkDuplicates tool, and the newly produced BAM file was indexed
with the BuildBamIndex tool. GATK (version 3.6.0, https://software.
broadinstitute.org/gatk/download/) RealignerTargetCreator was used
to determine the position concerned by local realignment, and
IndelRealigner was used to perform local realignment around these
sites. The GATK BaseRecalibrator tool was used to detect systematic
errors in base quality scores. dbSNP and dbindel (version 142) for the
GRCm38 (mm10) reference genome was downloaded from the Sanger
website (ftp://ftp-mouse.sanger.ac.uk/REL-1505-SNPs_Indels/) and
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considered as input. Lastly, the index of the output BAM file was cre-
ated with Picard BuildBamIndex, and GATK PrintReads was used to
write out sequence read data.

The quality of the alignment was estimated with QualiMap (version
2.0.2, http://qualimap.bioinfo.cipf.es/). Then, the variant calling was
done with MuTect2 (https://software.broadinstitute.org/gatk/
documentation/tooldocs/3.6-0/org_broadinstitute_gatk_tools_walkers_
cancer_ m2_MuTect2.php) by using a skin sample from a WT mouse not
exposed to 4NQO as the “normal sample” for paired analysis. Only
somatic mutations passing the MuTect2 internal filters were considered
for the analysis. The VCF files are annotated with Annovar by using the
MutSpec-Annot tool in Galaxy (Ardin et al., 2016). Variants were then
filtered based on SegDup databases from UCSC (version from 4 May
2014, http://hgdownload.cse.ucsc.edu/goldenPath/mm10/database/
genomicSuperDups.txt.gz), as well as Tandem Repeat and Re-
peatMasker (version from 9 February 2012, http://hgdownload.soe.
ucsc.edu/goldenPath/mm10/bigZips/) (Tables S1-17). House-made
scripts were then used to keep only SNPs that have a functional impact
and fall in exonic or splicing regions. NMF mutational signatures were
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Fig. 4. (continued)

inferred with MutSpec-NMF tools, as previously reported.
The raw sequencing data has been deposited in Sequence Read
Archive (NCBI) database, under the accession number PRJNA557836.

2.4. Comparison with epigenetic driver/modifier genes and Cancer Gene
Census list

The list of epigenetic driver and modifier genes was constructed on
the basis of genes reported in different publications (Gonzalez-Perez
et al., 2013; Shen and Laird, 2013; Sturm et al., 2014; Timp and
Feinberg, 2013; Vogelstein et al., 2013).

The Cancer Gene Census list was downloaded from the COSMIC
website (March 2019, http://cancer.sanger.ac.uk/census).

The comparison of the mouse data with the human data was done
with Bioconductor (release 3.6, https://www.bioconductor.org/) in R
(version 3.4.4, codename “Someone to Lean On”). The top mutated
genes in human esophagus SCC were retrieved from the Genomic Data
Commons Data Portal (https://portal.gdc.cancer.gov/). The module
BioMart (Durinck et al., 2005, 2009) (version 2.34.2) enables the
conversion of 35 of the 40 (87.5%) top mutated human gene names to
their corresponding mouse gene names using the Ensembl database
(version 95). The heatmaps were generated considering the genes
mutated in more than 50% of the analyzed samples, i.e. WT mice
Normal: n = 3, HPV49 Tg mice Pre-m: n = 2, and HPV49 Tg mice SCC:
n=4).

2.5. Comparison with human cancer mutated genes

Data from human head and neck (HNC) cancers were retrieved from
the Genomic Data Commons Data Portal (https://portal.gdc.cancer.
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gov/). Sample were selected for the following anatomical divisions:
tonsil, oropharynx or base of the tongue. A gene was included in the
analysis if mutated in at least one individual of the cohort considered.
The module BioMart (Durinck et al., 2005, 2009) (version 2.34.2) en-
ables the conversion of 6056 of the 7030 (86%) mutated mice gene
names.

3. Results

3.1. Whole-exome sequencing analyses of upper digestive tract lesions from
4NQO-treated mice

To evaluate whether the high susceptibility of K14 beta-3 HPV49
E6/E7 Tg mice to 4NQO-induced cancers can be explained by their
tendency to accumulate DNA mutations, we performed whole-exome
sequencing (Illumina HiSeq). WT animals were included in the ex-
periment as a comparative model. In addition, we selected a few spe-
cimens of 4NQO-treated K14 HPV16 or HPV38 E6/E7 Tg animals,
which showed, respectively, high and low susceptibility to 4NQO-
mediated carcinogenesis (Strati et al., 2006; Viarisio et al., 2016). As
shown in Fig. 1, histologically confirmed specimens were selected from
4NQO-treated animals from two independent experiments (Viarisio
et al., 2016) (Fig. 1). In the 4NQO-treated WT animals, only one SCC
was detected and included in the whole-exome analysis, whereas
4NQO-treated K14 HPV38 E6/E7 Tg mice did not develop any SCC
(Viarisio et al., 2016).

For the analysis of the DNA mutations in 4NQO-treated animals, the
genomic sequence of the WT mouse not exposed to any type of treat-
ment was determined in an independent experiment (Viarisio et al.,
2018) and was used as a control sample in paired analysis. Exome
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Fig. 4. (continued)

Table 1
Number and type of mutations in WT and Tg animals upon 4NQO treatments. Each specimen processed for whole exome sequencing was collected from different
mice (n:17).
Mouse Mouse Tissue type Histo- Mutect2® Somatic Number of Number of cancer Number of cancer gene Number of shared mutated
Number Type pathology mutations (SNP; mutated genes  gene census mutated  Epidriver/EpiModifier genes in animals and
indels) (n = 801) (n = 637) human ESCA” (n = 40)
1 WT Esophagus  Skin 18 (18; 0) 18 1 1 0
2 WT Esophagus  Skin 13 (11; 2) 13 1 0 0
3 WT Esophagus  Skin 32 (30; 2) 32 0 2 0
4 WT Esophagus  Pre-M 739 (726; 13) 694 37 27 10
5 WT Tongue SCC 2056 (2036; 20) 1824 107 86 23
6 HPV16 Esophagus  Skin 14 (12; 2) 14 1 1 0
7 HPV16 Esophagus  Pre-M 1657 (1640; 17) 1505 73 58 17
8 HPV16 Esophagus  SCC 1943 (1931; 12) 1723 93 78 23
9 HPV38 Esophagus  Skin 16 (14; 2) 16 3 1 0
10 HPV38 Esophagus  Pre-M 324 (315; 9) 316 14 14 5
11 HPV49 Tongue Skin 12 (12; 0) 12 2 0 0
12 HPV49 Esophagus  Pre-M 235 (234; 1) 228 10 5 2
13 HPV49 Esophagus  Pre-M 2543 (2522; 21) 2216 110 97 23
14 HPV49 Esophagus  SCC 3413 (3397; 16) 2795 150 109 26
15 HPV49 Esophagus  SCC 3623 (3590; 33) 2994 145 134 25
16 HPV49 Esophagus  SCC 2709 (2692; 17) 2318 121 98 25
17 HPV49 Esophagus  SCC 1648 (1637; 11) 1484 79 69 21

2 Mutect?2 filtered mutations (see Methods for filtering parameters).
> ESCA: Esophageal Carcinoma.
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sequencing of the collected samples generated an average coverage of
154.66 X =+ 15.82 X (mean =+ standard deviation). Normal tissue
from all four types of animals contained a relatively low number of
somatic mutations (18 *= 6.61) (mean * standard deviation) (Fig. 2).
In contrast, the number of somatic mutations increased according to the
severity of the lesions (Fig. 2). In 4NQO-exposed Tg animals, the mu-
tational load varied across our cohort of pre-malignant lesions, aver-
aging 1102 somatic variants (range, 235-2547) or 4.67 + 3.73 var-
iants per Mb. The exome of the well-differentiated SCCs had a
substantially higher number of variants, with an average of 2571 so-
matic variants (range, 1648-3638) or 11.89 * 3.18 variants per Mb.

In conclusion, whole-exome sequencing revealed that K14 HPV16
and HPV49 E6/E7 Tg mice have a high susceptibility to the accumu-
lation of DNA mutations induced by 4NQO treatment.

3.2. Characterization of DNA mutations in 4NQO-treated animals

Most of the somatic mutations detected in pre-malignant lesions and
SCCs were C:G > A:T mutations (Fig. 3A) (Tables S1-17). The appli-
cation of the non-negative matrix factorization (NMF) method enabled
the extraction of the mutational signatures composed of 96 single base
substitution types, considering the trinucleotide sequence context (one
base upstream and one base downstream) (Fig. 3B). Next, we compared
the mutational signature of 4NQO-treated K14 HPV49 E6/E7 Tg mice
mice with the 30 mutational signatures available in COSMIC database
version 2, by the cosine similarity method (Alexandrov et al., 2013;
Olivier et al., 2014). The value of the cosine similarity obtained for the
new signature is 0.9 for COSMIC signature 4 (tobacco smoking) and 0.8
for COSMIC signature 29 (tobacco chewing) (Fig. 3C).

To evaluate whether the somatic mutations detected in specimens
from the 4NQO-treated animals have some biological relevance in the
development of pre-malignant and malignant lesions, we compared the
list of mutated genes in our animal models with one identified in the
Cancer Gene Census (Futreal et al., 2004; Sondka et al., 2018). Cancer
genes were found to be mutated in pre-malignant and malignant lesions
from 4NQO-treated mice (Fig. 4A). In addition, the number of mutated
cancer genes gradually increased in SCCs from WT, K14 HPV16 E6/E7
Tg, and K14 HPV49 E6/E7 Tg animals. Only one cancer gene was found
mutated in the pre-malignant lesion of K14 HPV38 E6/E7 Tg animals.

Similar results were obtained when we analyzed the DNA mutations
in epi-driver and epi-modifier genes (Gonzalez-Perez et al., 2013; Shen
and Laird, 2013; Sturm et al., 2014; Timp and Feinberg, 2013;
Vogelstein et al., 2013) (Fig. 4B). K14 HPV49 E6/E7 Tg animals showed
higher number of mutated genes upon 4NQO exposure in comparison
WT and the other HPV Tg mice (Table 1).

We have previously shown in K14 HPV38 E6/E7 Tg animals that the
viral proteins acts an early stage of UV-induced skin carcinogenesis
facilitating the accumulation of DNA mutations, but they are dis-
pensable for the cancer cell growth after full development of ¢SCC
(Viarisio et al., 2011; 2018). To evaluate whether HPV38 and HPV49
cooperates with UV and 4NQO, respectively, to alter a similar pattern of
cellular genes/pathways in mouse carcinogenesis, we compared the
DNA mutations of SCC from 4NQO-exposed HPV49 Tg mice and UV-
exposed HPV38 Tg mice. We identified a large number of common
mutations (n = 3705) in malignant lesions of both animal models,
leading to alteration of similar cellular pathways (Fig. S1).

Finally, we compared the pattern of DNA mutations detected in
lesions from 4NQO-exposed Tg animals with the pattern of mutations
found in esophageal SCC in humans. As shown in Fig. 4C and Table 1,
29 of the 35 (83%) top genes mutated in human SCCs were found
mutated in lesions from HPV49 E6/E7 Tg animals. In contrast, a lower
number of these human genes were mutated in lesions from WT and
K14 HPV16 E6/E7 Tg animals (Fig. 4C). In addition, we compared the
pattern of mutations detected in SCC of 4NQO-exposed K14 HPV49 E6/
E7 Tg animals with the pattern of mutations detected in human
HNCSCC associated with tobacco, HPV infection or tobacco/HPV
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infection. The analysis revealed that a large proportion of genes mu-
tated in human SCC were also detected in the SCC of the Tg animals
(Fig. S2A). Accordingly, the pathway analysis showed that similar al-
terations occurred in human and mouse SCC (Fig. S2B).

In conclusion, HPV49 E6 and E7 expression in upper digestive tract
epithelia favors the accumulation of 4NQO-induced DNA mutations
that resemble the signature of tobacco exposure.

4. Discussion

In a previous study, we showed that beta-3 HPV49 E6 and E7 ex-
pression driven by K14 promoter in a Tg mouse model strongly co-
operates with the carcinogen 4NQO in promoting cancer in the upper
digestive tract (Viarisio et al., 2016). A similar scenario has been ob-
served in a Tg mouse model for the mucosal HR HPV16 (Strati et al.,
2006). The synergism between 4NQO and viral oncogene expression in
promoting carcinogenesis appeared to be beta-HPV-type specific, be-
cause beta-2 HPV38 E6 and E7 weakly cooperated with 4NQO in the
same Tg model, promoting only papillomas but never ¢SCC (Viarisio
et al., 2016). The opposite situation was observed when K14 HPV38
and K14 HPV49 E6/E7 Tg mice were exposed to another protocol of
carcinogenesis using UV radiation. Only HPV38 E6 and E7 expression in
K14 HPV38 E6/E7 Tg mice was found to cooperate with UV irradiation
in the development of cSCC (Viarisio et al., 2011, 2016, 2018). These
different abilities of HPV38 and HPV49 E6 and E7 in the Tg mouse
models may be explained by the different tissue tropism or intrinsic
properties of the mouse tissue. However as regards to different tissue
tropism, it is possible that these viruses, in order to efficiently complete
their life cycle, may have developed specific mechanisms to counteract
the anti-proliferative events induced by environmental factors at dis-
tinct anatomical sites. Interestingly, compelling lines of evidence from
epidemiological and functional studies support the model that beta-1
and beta-2 HPV types play a role at an initial stage of skin carcino-
genesis, facilitating the accumulation of UV-induced DNA mutations
that, in turn, render cancer cell proliferation independent of the ex-
pression of viral genes. In line with this model, beta HPV DNA is not
detected in all cancer cells, and the viral load decreases with the pro-
gression of the severity of the skin lesion (Correa et al., 2017; Dona
et al., 2019; Weissenborn et al., 2005). Thus, specific beta HPV types
may act with a hit-and-run mechanism in UV-induced ¢SCC develop-
ment (Rollison et al., 2019). Based on the findings presented here, it is
possible to speculate that a similar synergistic model could exist for
other HPVs and environmental factors at different anatomical sites.
Importantly, it could be possible that oral HPV infections may act with
a hit-and-run mechanism in the development of a subset of HNC can-
cers.

A limitation of our study is the relatively small number of specimens
that were subjected to whole-exome sequencing, especially for the K14
HPV16 and HPV38 E6/E7 Tg animals. However, the high susceptibility
of K14 HPV49 E6/E7 animals to 4NQO-induced mutations was con-
sistently observed in all mice in two independent experiments with
4NQO-exposed animals. Further epidemiological and biological studies
are needed to evaluate the possible synergism of beta-3 HPV types and
tobacco exposure in promoting any pathological condition in humans.
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