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Abstract

Background: Human papillomavirus (HPV) infection is known to promote the development of
mucosal squamous cell carcinoma (mSCC), including pathologically high-grade lesions, but its
role in cutaneous squamous cell carcinoma (cuSCC) remains unclear, particularly in lesions that
are considered high risk.

Objective: We aimed to determine whether enhanced HPV transcriptional activity can be
detected in high-risk cuSCC samples compared with low-grade SCC samples or normal skin.
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Methods: We performed RNA sequencing of cuSCC across 23 risk-stratified skin lesions. A
subset of samples was tested for the presence of HPV DNA. High-quality, non-human reads from
each sample group were used for viral analysis using Microbiome Coverage Profiler.

Results: None of the samples analysed had detectable expression of HPV RNA, while 64%
of samples tested positive for HPV DNA. All samples were found to have expression of human
endogenous retrovirus, and multiple samples showed expression of other viruses.

Conclusions: Viral and prophage gene expression can be monitored in cuSCC or normal skin
biopsies, yet no sample in our study showed evidence of active HPV gene expression despite
evidence of HPV genome presence. This suggests HPV transcription does not play a role in
differentiating high-risk cuSCCs from low-risk cuSCCs or normal skin.
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1| INTRODUCTION

Cutaneous squamous cell carcinoma (cuSCC) is the second most common malignancy in
the United States.> While the majority of cuSCCs are cured with local treatment, a subset

of lesions, considered *“high-risk” cuSCCs, are associated with increased risk of recurrence,
metastasis and mortality. Specific histological findings distinguish these lesions;2 however,
the molecular factors driving this behaviour are not understood. The development of cuSCCs
is strongly linked to UV-associated genomic damage, with subsequent alterations in gene
expression.34 However, transcriptomic studies and epidemiologic data also indicate a role
of immune dysregulation in cuSCC pathogenesis. Immunosuppression is strongly associated
with the development of high-risk cuSCCs, with organ transplant recipients in particular
showing a 65- to 100-fold increased risk of cuSCC development and dramatically elevated
rate of metastases and mortality.>:® This association suggests an infectious agent or altered
local immunity may play a role in the development of high-risk cuSCCs.

The human papillomaviruses (HPVs) have been hypothesized to play a role in high-risk
cuSCC development and progression. The HPV family of double-stranded DNA viruses are
the most commonly found viruses on human skin, with over 300 types detected.’-8 While
many HPV types likely act as commensal organisms, others are associated with benign
growths and some types are strongly linked to non-cutaneous SCC. Specific subtypes of
HPV have been demonstrated to play an aetiologic role in the development of cervical and
anal mucosal SCCs.210 In head and neck SCC involving the oropharynx, HPV is associated
with a subset of high-grade cancers, which have a distinct mutational profile and therapeutic
response.11:1213 |n these settings, viral infection promotes malignancy through transcription
of the HPV DNA to RNA and production of the HPV EG6 protein, which targets p53 for
degradation, mimicking an inactivating p53 mutation to promote tumorigenesis.141°

In cuSCC, a connection to HPV has also been suggested based on observational work,
but the relationship remains unclear. Multiple studies have reported the presence of HPV
genomes in cuSCC samples, with a meta-analysis demonstrating increased frequency of
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HPV DNA detection in cuSCCs as compared to normal skin and a further increase

in detection frequency in cuSCCs from immunosuppressed patients compared with
immunocompetent patients.18 Support for a causative role of HPV in tumor development
and maintenance comes from case reports of individuals who had reduction in SCC
frequency or clearance of existing SCCs following administration of the HPV vaccine.1718
However, a study of viral gene expression called into question this relationship. In that work,
RNA sequencing of multiple types of cuSCCs showed no evidence of HPV transcription in
cuSCC despite the presence of viral genomes, unlike in mucosal SCC where it is actively
transcribed.1® As the oncogenic potential of HPV is thought to be tied to transcription of
viral gene products, these data could suggest that the increased presence of HPV genomes
in cuSCC samples is artifactual, or that virus activity is involved in the initiation of cuSCC
but dispensable as the tumor progresses (“hit and run”).20-21 Alternatively, this study did not
stratify results based on histological features, so it is possible that HPV activity is limited to
a subset of cuSCCs, as seen in oropharyngeal HNSCC.11.12

Here, we sought to clarify the relationship between HPV presence, HPV transcription

and cuSCC type through RNA sequencing of two sets of cuSCCs: tumors histologically
classified as well differentiated in patients with low risk of recurrence or metastasis (ie

no immunosuppression or haematologic malignancy); and histologically high-grade tumors
in patients with high risk of recurrence or metastasis (ie presence of immunosuppression

or haematologic malignancy), in order to determine whether HPV activity may play a
pathological role in the high-risk cuSCC lesion phenotype. Both sample sets were compared
to three normal skin samples, and a subset of all samples were analysed using PCR to
determine infection status.

2| METHODS

2.1| Sample Collection

All subjects provided informed consent according to procedures approved by the University
of California, Los Angeles, IRB #12-001195. Specimens were collected from patients
during Mohs micrographic surgery or biopsy. Tissues were snap-frozen in liquid nitrogen for
immediate RNA extraction or placed in RNAlater (Thermo Fisher).

2.2 | Histological Scoring

Surgical samples acquired during biopsy or Mohs surgery were stratified according to
histological grading of differentiation. Differentiation was defined by epithelial appearance
of cells and degree of keratinization. Tumors with an epithelial appearance and forming
keratin were considered well differentiated. Tumors composed of keratinocytes that
appeared epithelioid or spindled/mesenchymal with a lack of keratinization were considered
poorly differentiated.

2.3| RNA Sequencing

Total RNA was extracted using TRIzol (Thermo) according to manufacturer’s protocol, and
total RNA was purified using QIAshredder (Qiagen), and RNeasy (Qiagen) purification
columns were used according to manufacturer’s protocols. RNA-Seq library construction
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was performed using the TruSeq V2 Kit (Illumina). Samples were sequenced paired-end 2 x
100bp on a HiSeq 2000.

2.4 | Viral gene expression analysis

For viral gene expression analysis, the ROP protocol, v1.0.4, was used to profile viral RNA
among the unmapped reads.?2 Briefly, ROP filters low-quality, low-complexity, rRNA reads
and reads likely to be human. ROP then uses Megablast (BLAST+2.2.30) to align the reads
onto viral genomes downloaded from NCBI ftp://ftp.ncbi.nih.gov/ on 1 February 2015. The
alignment profiles of the viral reads were examined with Microbiome Coverage Profiler
(MCP) v1.0. MCP reports coverage of viral genomes passing stringent criteria. MCP filters
out reads mapped due to sequencing or PCR artifacts. For reads mapped to the multiple
genomes, MCP averages coverage of each genome from uniquely mapped reads to assign
the read to one genome. Each viral genome identified was then analysed by its coverage.
Genomes with less than 20 reads were graded as failed. Partially covered genomes were run
through BLAST (http://blast.ncbi.nlm.nih.gov/Blast.cgi) to determine whether the covered
regions are unique to the virus. If not unique, virus was considered failed.

25| Dataaccess

The accession number for the genome-wide sequencing data set reported in this paper is
GEO: GSE111354.

2.6 | Detection of HPV gDNA

The presence of HPV DNA was evaluated using degenerate primers to HPV with
single-round PCR, forward primer CCWGATCCHAATMRRTTTGC and reverse primer
ACATTTGIAITTGTTTDGGRTCAA.2 Cycling conditions were as follows: 94C for 2
minutes, followed by 25 cycles of 94C for 30 seconds, 50C for 1 minute and 72C for 1
minute.

3| RESULTS

3.1| Patient characteristics

A total of 23 skin biopsies were collected, sectioned and graded histologically, summarized
in Table 1. Ten samples were classified as high risk, ten as low risk and three as normal skin
based on grade of differentiation (Figure 1). Patient sex was evenly distributed between
samples classified as low risk and high risk. None of the samples classified as low

risk were from immunosuppressed patients, while all as high-risk samples were obtained
from immunosuppressed patients. The majority of patients (7/10) were iatrogenically
immunosuppressed due to organ transplant, while 3 of 10 were immunosuppressed due

to chronic lymphocytic leukaemia.

3.2 | Detection of HPV infection in normal skin and cutaneous SCC

To determine HPV infection status of specimens obtained, DNA was extracted from a subset
of 14 samples and the presence of HPV DNA was assessed using an established PCR
method.23 Of the 14 samples tested for HPV DNA in human biopsy tissue, nine samples
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tested positive (64%). HPV infection rates were similar across risk groups as determined by
chi-squared test (p-value 0.969) (Figure 2).

HPV RNA is not detected in normal skin or cutaneous SCC

HPV activity was assessed in all samples by measuring viral gene expression using RNA
sequencing. An average of 47 million reads per sample were obtained, of which an

average of 79.2% of reads were identified as homo sapiens (Table S1). Viral genes were
identified and classified using the recently described Read Origin Protocol (ROP) alongside
a Microbiome Coverage Profiler (MCP).2224 This analytical pipeline identifies high-quality
RNA transcripts that do not map to the human genomes but do map to a catalogue of
published viral and prophage sequencing data. Through this method, we detected viral gene
expression from a human endogenous retrovirus K113 in all samples analysed, as well as
SV40 in four samples and Staphylococcus prophage phiPV83 in one sample (Figure 3).
Other viral gene transcripts were detected but were determined to be not valid due to either
poor coverage of the viral transcript or high identity with murine viral transcripts (Table S2).
No samples in this study contained detectable HPV viral gene expression including those
samples that had evidence of HPV DNA presence. By contrast, when applied to data from a
HeLa cell line known to have active HPV transcription,2® our data analysis pipeline detected
HPV viral transcripts. An additional computational pipeline, sequence-based ultra-rapid
pathogen identification (SURPI),26 also failed to detect the presence of HPV RNA, but was
able to detect HPV RNA from a positive control sample obtained from a HeLa cell line.

DISCUSSION

Despite multiple reports of HPV detection within cuSCC samples, the role of HPV in
cuSCC development and progression remains unclear, particularly in the context of high-
risk cuSCCs. Here, we tested the hypothesis that HPV activity may differentiate high-risk
cuSCCs from low-risk cuSCCs by using RNA sequencing to analyse the expression of viral
genes across risk-stratified SCCs and normal skin. We focused on SCC with high-grade
histopathologic features from immunocompromised patients as viral oncogenes often result
in higher-grade neoplasms and diminished immunity would result in a higher likelihood

of skin/SCC harbouring HPV. While we detect HPV viral genomes by PCR in two thirds
of all sample groups and demonstrate that our detection algorithm can identify viral gene
expression, we find no evidence of HPV gene expression in cuSCC, regardless of risk
stratification or in normal skin samples.

These findings are consistent with the previous report of minimal HPV viral gene expression
in cuSCC samples, in contrast to mucosal SCCs.1® Our study both validates the prior work
and clarifies that HPV transcriptional activity is not present even in the least differentiated,
most aggressive subset of cuSCCs, unlike what has been reported in HNSCCs.13 Together,
our work and the previous study strongly suggest that while HPV genomes are frequently
found in cuSCC, viral activity is not required for maintenance and progression, even in the
most aggressive lesions. Multiple potential theories for the role of HPV in cuSCC have been
purported, which could be consistent with this observation, in particular the idea that HPV
is merely a bystander to cuSCC development 19 or the theory that HPV is involved in only
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the initiation of cancer and then becomes dispensable (“Hit and run”).2%-21 While our study
does not test these theories, it provides intriguing data points. First, the prevalence of HPV
detection is the same in all sample groups. While our sample size is small, the absence

of any enrichment in cuSCCs, particularly in the high-risk lesions, argues against a strong
pathogenic link. Second, the absence of viral activity even in the subset of high-risk cuSCCs
confirms that viral activity does not play a central role in the progression of even the most
clinically high-risk cuSCCs, but other factors, including UV exposure compounded with
immunodeficiency, as well as genetic polymorphisms, may contribute to high-risk cuSCC
development.27.28

These results are puzzling in the light of the recent observational reports of cuSCC clearance
following HPV vaccination,!® as inducing a viral immune response should not have curative
benefit if viral activity is not promoting cancer progression. One possible explanation comes
from mouse studies in which infection with a murine papillomavirus was shown to be
protective against skin cancers through induction of protective T cell-mediated immunity.2°
While this system is distinct from human cuSCC carcinogenesis in many ways, a similar
mechanism could underlie the response of cuSCCs to HPV vaccination in the absence of
viral oncogenesis.

5| CONCLUSIONS

We demonstrate that HPV viral gene expression is not detected in a set of twenty high-risk
and low-risk cuSCC samples or in three normal skin samples despite the presence of the
viral genome. These data support previous reports that HPV expression is not necessary
for cuSCC progression and argues against a strong association between HPV infection and
high-risk cuSCCs.
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Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1.
Representative histopathology. Shown are haematoxylin and eosin staining of representative

samples graded as histologically low risk (A) and histologically high risk (B). All scale bars
denote 1 mm
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HPV gDNA is detected in cuSCC skin biopsies across risk groups. HPV genotyping was
performed using degenerate primer PCR. % and number of samples testing positive (blue) or
negative (red) are indicated on the y-axis, sorted by sample group on the x-axis
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Simian Virus 40

Murine Type C Retrovirus

Cucumber Green Mottle
Mosaic Virus

Staphylococcus Prophage
phiPV83
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Human Endogenous
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FIGURE 3.
Detection of non-human transcripts. Viral genomes detected in RNA sequencing by Read

Origin Protocol (ROP) and Microbiome Coverage Profiler (MCP) analytical pipeline. Shown
are the detected viral transcripts by sample. Samples are categorized as normal skin (NS1-
3), low risk (LR1-10), high risk (HR1-10) or HeLa cell line. Viral gene expression was
graded pass (green, P) or fail (red, F) based on the viral expression coverage over the length
of the transcript
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Patient and clinical characteristics.

Average age (years)

Sex
Male
Female

Histological category
Well differentiated
Moderately differentiated
Poorly differentiated

% immunosuppressed

Indication for immunosuppression

% recurrent

Normal skin
72

Low risk
78

TABLE 1

High risk
67.2

0

0

10

100

Organ transplant (6) CLL (3)
Renal transplant (1)

20%
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