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Summary

Persistent human papillomavirus (HPV) infection is responsible for at least 5% of human malignancies. Most
HPV-associated cancers are initiated by the HPV 16 genotype, as confirmed by detection of integrated HPV
DNA in cells of oral and anogenital epithelial cancers. However, single-cell RNA-sequencing (scRNA-seq)
may enable prediction of HPV involvement in carcinogenesis at other sites. We conducted scRNA-seq on
keratinocytes from a mouse transgenic for the £7 gene of HPV16, and showed sensitive and specific detection
of HPV16-E7 mRNA, predominantly in basal keratinocytes. We showed that increased £7 mRNA copy
number per cell was associated with increased expression of E7 induced genes. This technique enhances
detection of viral transcripts in solid tissue and may clarify possible linkage of HPV infection to development

of squamous cell carcinoma.


https://doi.org/10.1101/252858
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/252858; this version posted January 24, 2018. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

Introduction

Squamous cell carcinoma (SCC), a non-melanoma keratinocyte malignancy, is one of the most common,
potentially life-threatening cancers, and presents a major health care burden (Boukamp, 2005; Franceschi et
al., 1996; Gordon et al., 2017). The risk of developing SCC is typically associated with genetic pre-disposition,
increased exposure to sun and UV, and immunosuppression (Wheller and Soyer, 2015). SCC can also arise
from actinic keratosis (AK) and intraepidermal carcinoma (IEC), both non-invasive precursor conditions
(Feldman and Fleischer, 2011; Zalaudek et al., 2012). In immunocompetent patients, AK lesions commonly
regress (Criscione et al., 2009), with up to 70% of lesions regressing without intervention. Regression is
enhanced if sun block is used (Gordon et al., 2009), which is consistent with the amelioration of UV induced
local immune suppression (Yu et al., 2014); although, persistent lesions often progress to SCC over time (Foote
et al., 2001). AK lesions and SCCs are more common in immunocompromised subjects (Madeleine et al.,
2017), and in these subjects, AK regression likelihood is reduced while progression to SCC is increased.
Papillomaviruses (HPVs) are epitheliotropic viruses, and persistent HPV infection is responsible for at least
5% of human epithelial cancer (Torre et al., 2015). While the vast majority of these cancers are squamous cell
carcinomas (SCCs) that arise within the anogenital tract and oropharynx, and are associated with infection by
"high-risk" mucosotropic alpha HPVs (a-HPVs) such as HPV16, cutaneous beta HPVs (3-HPVs) also can
promote SCC development in the skin. The clearest evidence for the role of cutaneous f-HPVs in SCC
development is the well-accepted association of "high-risk" B-HPVs, such as HPVS, with SCCs in patients
with epidermodysplasia verruciformis (EV) (Gewirtzman et al., 2008). EV patients carrying a homozygous
mutation in either EVERI or EVER2 develop disseminated benign skin lesions that can progress to SCC over
time and these are thought to be initiated by B-HPVs. Detection of f-HPV viral DNA has been associated with
some cutaneous SCCs, although swabs from the top of tumors have been shown to have higher levels of HPV
DNA compared to samples taken from within the lesions (Forslund et al., 2004). Furthermore, the presence of
HPV DNA may not correlate with active transcription of its RNA (Arron et al., 2011). This has led to the
hypothesis that the progression towards skin cancer does not require the HPV virus for the maintenance of
malignancy (i.e. hit and run carcinogenesis (Pfister, 2003)). This is in contrast to cancers caused by high-risk
a-HPVs, in which the viral genome is maintained, and viral genes contribute to the maintenance of the cancer
phenotype. Nevertheless, there are strong correlations between the presence of B-HPVs in the skin and the

incidence of SCC in organ transplant recipients undergoing immunosuppressive drug therapy (Genders et al.,
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2015), and between the burden of B-papillomavirus infection and the risk of subsequent development of SCC
(Farzan et al., 2013). These data are supportive of a role of B-HPVs in cutaneous SCCs in a broader context,
however the hit and run carcinogenesis hypothesis for B-HPVs in cutaneous SCCs has been challenging to
prove. The association of B-HPV infection with SCC and AK therefore needs further research, as vaccination
to prevent infection with B-HPVs should be as feasible as vaccination against a-HPV infections, which now
are used to prevent anogenital and oropharyngeal cancers.

One possibility for the difficulty in detection of HPV in SCC is the low sensitivity and specificity of current
whole tissue sequencing methods. To date, the application of single-cell technology for viral detection and
viral genomics has been limited to low throughput and plate-based methods, including single cell genome
and/or RNA sequencing to detect HIV DNA/RNA in isolated peripheral blood mononucleated single cells,
(Josefsson et al., 2013; Wiegand et al., 2017), HPV18 in 40 HeLa S3 cells using a plate-based, modified
SMART-seq2 protocol (Wu et al.,, 2015), and Hepatitis C virus using plate-based single-cell qPCR
(McWilliam Leitch and McLauchlan, 2013). We propose that the recent advances in single-cell RNA-
sequencing (scRNA-seq) technology can overcome these problems and enhance our ability to detect and
associate the presence of HPV, and/or other viruses, with the development of cutaneous SCC. Importantly,
scRNA-seq methods would also enable the identification of the specific cells expressing HPV transcripts,
advancing our ability to understand the pathophysiology of HPV in SCC.

The K14E7 mouse model has been used to study the effect of the HPV E7 viral transcript (Tuong et al., 2018).
As proof-of-concept, we performed massively parallel scRNA-seq on keratinocytes isolated from the skin of
K14E7 and control mice to show detection sensitivity and to provide insight into the effect of £7 expression
on transcription in basal cells. Our results provide evidence that HPV E7 mRNA expression can be detected
in K14E7 basal cells with high resolution (>1 copy per cell) using high-throughput scRNA-seq. The approach
presented here paves the way for the detection of HPV transcripts in human SCC of the skin, if present, and

thereby provide insight into whether HPV is involved in the malignant progression of skin lesions.
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Results

Whole tissue RNA-sequencing of human skin malignancies

To assess the association of HPV infection with human epithelial malignancy, we examined skin samples for
the presence of HPV transcripts using standard RNA-sequencing technology. We performed standard paired-
end RNA-sequencing on 25 skin samples diagnosed as healthy, AK, IEC or SCC collected from 17 individuals,
and detected HPV transcripts in only one sample (Figure 1A), with reads mapping to multiple HPV genotypes,
specifically HPV 96, 15 and 5 (Figure 1B). Most skin tumor samples were negative for HPV transcripts by
this method. We hypothesized that if HPV infection was relevant to cancer initiation, HPV gene expression
would likely be limited to basal keratinocytes, and possibly expressed at a low level, and thus, the
heterogeneous composition of the tissue samples would reduce the effectiveness and sensitivity of detection
by standard RNA-sequencing. These results led to examining the potential of sScRNA-seq for detection of HPV

transcripts in epithelial tissues.

Single-cell RNA-sequencing of C57/BL6 and KI4E7 mouse lesions

To determine whether scRNA-seq could detect expression of HPV genes in keratinocytes at the single-cell
level, we examined skin from a mouse transgenic for the HPV16 E7 oncogene driven from a Keratin 14
promoter (K14E7) (Lambert et al., 1993). We have previously described the use of this transgenic mouse to
model pre-cancerous hyperproliferative epithelium (Tuong et al., 2018; Zhussupbekova et al., 2016). The
scRNA-seq data were generated using the Chromium Single Cell 3° RNA-sequencing method (10X Genomics)
(Zheng et al., 2017a), which includes unique molecular identifier barcodes, enabling the copy number of
detected transcript molecules to be determined. We obtained high quality sequence data for 9,410 single cells,
of which 3,964 cells were from K14E7 epidermis and 5,446 from C57BL/6 epidermis. Following quality
control (Methods) we achieved an average of 23,938 reads per cell, and detected expression of a median of

1,092 genes per cell.

E7 mRNA is detectable in single K14E7 epidermal cells
We detected the expression of HPV16 E7 transcripts in 832 (21%) of cells from the K14E7 cells, and, as

expected, no C57BL/6 cells expressed HPV genes (Figure 2A). On average, E7 positive cells expressed 1.93
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E7 mRNA transcripts/cell, and the maximum copy number observed was 14 transcripts in a single cell (Figure
2B). We subsequently investigated genome-wide differences in gene expression between the K14E7 and
C57BL/6 cells using differential gene expression analysis. As anticipated, we observed a strong, statistically
significant upregulation of £7 in the K14E7 cells as a log2 fold-change of 5.65 (p =2.94 x 10™®), which equates
to a 50.4-fold linear increase in expression (Figure 2C). In total, we observed 140 significant differentially
expressed genes (126 up-regulated; 14 down-regulated; adj. p < 0.01), which may be attributable to over-
expression of the E7 transgene. Several of these gene changes (e.g. E7, Krt16, Krt15, H2-Abl, Cd74, Sprrib
etc.) are concordant with our previous results from whole tissue RNA-seq (Tuong et al., 2018; Zhussupbekova

et al., 2016). The results of this analysis are presented in Supplementary Table 1.

The effects of increasing E7 copy number on gene expression

Increased expression of £7 mRNA per cell could impact upon the expression levels of other genes. We used
two strategies to investigate at the single-cell level whether gene expression changes resulted from an increased
expression of E7 mRNA. First, we used linear regression to examine the effect of £7 mRNA transcript number
on the expression of each expressed gene (m = 13,744) in E7 mRNA+ cells (n = 832). We identified 69 genes
with statistically significant (false discovery rate < 0.1) changes related to £7 mRNA transcript number. For
all 69 genes, their expression levels increased with £7 copy number. Notably, the genes with the largest effect
of E7 copy number were Krtl4 (f = 10.54, p = 4.9x10™*) and Krt5 (8 = 1.79, p = 9.1x107), suggesting that
basal keratinocytes are more likely to be influenced by increased £7 mRNA expression. Summary statistics

for all gene are presented in Supplementary Table 2.

Linear regression revealed a link between the number of E7 transcripts per cell and the expression levels of
multiple genes. We anticipated that there would be observable differences between the expression profiles of
cells with low, medium and high numbers of E7 transcripts. We used a differential expression approach to
understand the differences between cells grouped by £7 mRNA copy number. Here, we created bins of E7+
cells based on their £7 mRNA copy number, such that bins contained cells with 1-2 (bin A), 3-4 (bin B), or
5+ copies (bin C). We examined differential gene expression each bin and the combined remaining bins to
separate the transcriptome signature of each bin; bin A was compared to bins B+C, bin B to bins A+C and bin

C to bins A+B. Our results showed that £7 was the top differentially expressed gene in each analysis. We also
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noted that Krt5 and Krt14 were the next most significantly expressed in bin A cells compared to the remaining
cells (log2 FC (Krt5) = 1.31, p = 1x10™*; log2 FC (Krt14) = 1.14, p = 5.7x10™). In addition, our finding that
increased E7 copy number is linked to increased keratin gene expression was further supported by our finding
that cells in bin A (1-2 copies of E7) had a significantly lower expression mean for both genes than cells in bin
B (3-4 copies of E7; mean Krt5y;,4 = 15.56, mean Krt5;,,5 = 20.46; t-test, p = 0.0451 and mean Krtl4pq =
104.79, mean Krti4p,p = 138.84; t-test, p = 0.0376). Genes that are differentially expressed across multiple
E7 bins may represent components of important biological processes linked to E7 transgene expression,
compared to bin-specific genes. From the results of the differential expression analysis across bins, we
observed an overlap of only 1 gene between all three bins (£7) and only 3 genes between bin A and B (£7,
Krt5, Krti4) (Figure 2D), which is likely due to the differences in cell number per bin. The complete tables of
significant differential expression results between bin groups are presented in Supplementary Tables 3-5.

Thus, increased £7 mRNA expression in single cells is predominantly associated with increased cellular

expression of the basal keratins Krt5 and Krt14.

Keratin/E7 co-expression in basal and supra-basal keratinocytes

We anticipated that the majority of cells expressing the K14E7 transgene would be basal keratinocytes, and as
basal cells differentiate, the expression of £7 mRNA would be reduced or lost. Cells expressing Krt/ and
Krt10 represent more differentiated, supra-basal keratinocytes (Fuchs and Green, 1980). Hence, we determined
which cells co-expressed E£7 and keratin mRNA transcripts. Figure 3A and B show a ¢-distributed stochastic
neighbor embedding (-SNE) figure to visualize cells that co-express important keratin subunits (Krz5/Krtl14
and Krt1/Krt10), while Figure 3C and D shows the cells that co-express the keratin subunits with £7. This
analysis shows that while there is some specificity for basal keratinocytes, differentiating keratinocytes also

expressed £7 mRNA.

To more clearly define which dermal layers harbor £7 mRNA+ cells, we interrogated our data as a cohort of
832 individual E7+ transcriptomes, and correlated the expression of £7 mRNA with each of the major keratin
genes that define proliferating (Krt14, Krt5) or differentiated (Krtl, Krti0) keratinocytes. Using Spearman
rank correlations, we calculated the correlation of E7 mRNA expression between each of the major keratin

subunits (Krt14, Krt5, Krt10, Krtl). Our results show that E7 mRNA expression has a positive correlation with
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Krt14 (Spearman’s p = 0.106, p =2.3x10) and Krt5 (Spearman’s p = 0.136, p = 8.15x107), and was negatively
correlated with Kr¢10 (Spearman’s p = -0.266, p = 5.91x10"°) and Kr¢I (Spearman’s p = -0.172, p = 6.08x10"
7)'

Overall, the data suggest that although E7 is expressed in both proliferating and differentiating cell types, its
effects on gene expression can be observed predominantly in basal keratinocytes. Conversely, E7 co-
expression with Kr¢1/Krt10 in supra-basal keratinocytes is in the opposite direction, indicating £7 expression

is less effective in supra-basal cells and may be residual as keratinocytes become more differentiated.

E7 is the major HPV16 gene expressed in KI4E7 skin cells

Finally, to further confirm that the HPV16 E7 transgene was the HPV-based driver of changes in the E7
transgenic cells, we examined the location of the mapped sequencing reads associated with the HPV16
genome. Since the Krt/4/E7 transgene also contains the £6 gene, albeit with a transcription termination linker
in the E6 DNA, we anticipated some reads would map to the £6 region. Our results confirmed that £7 is the
predominant HPV16 gene expressed in the K14E7 mouse tissue (Figure 4A and B) although we also observed

a small number of reads mapped to the £6 region.

Discussion

In this proof-of-concept study, we have demonstrated that massively parallel scRNA-seq can detect the
presence of viral transcripts in a murine HPV16 transgenic mouse model. To our knowledge, this is the first
time that HPV16 E7 transcript expression has been captured and measured with high resolution, allowing us
to examine the transcriptome-wide effects of HPV16 E7 transgene expression in large numbers of individual

cells.

The most commonly detected HPV DNA in non-melanoma skin cancer (NMSC) belong to those of the B-HPV
subtypes. ‘High-risk’ B-HPVs (e.g. HPV5 and HPVS) are known to be particularly associated with EV lesions
and have been implicated in cancer development in EV patients but not the general population (Gewirtzman

et al., 2008). There is extensive literature reporting a variety of techniques that have been used to qualitatively,
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and in some instances (semi)-quantitatively, assess the presence of HPV in cutaneous tissues. In general, DNA
genotyping appears to be the default method for assessing presence of HPV. These methods include (i) HPV
viral DNA detection by PCR amplification of the conserved HPV L1 open reading frame or type-specific HPV
E7 multiplex PCR and DNA microarray genotyping assays, (ii) PCR-amplification followed by reverse
hybridization (e.g. Roche Linear Array HPV), (iif) a combination of DNA hybridization and chemiluminescent
signal amplification (e.g. QIAGEN Digene Hybrid Capture 2 High-Risk DNA Test), PCR-amplification
followed by Sanger sequencing, in situ hybridization of viral DNA. However, these methods have not
conclusively ascertained whether a productive HPV replication cycle is required for, or involved in, cutaneous
carcinogenesis, but showed only that a higher copy number of total HPV, rather than any specific type, is
associated with cutaneous SCCs (Neale et al., 2013).

Indirect methods such as p16™<*

staining (protein accumulation of CDKN2A) and detection of seroreactivity
to HPV pseudovirions or HPV fusion proteins in peripheral blood can inform on HPV activity or productive
presence, and have been used as a surrogate for classifying HPV positivity in patients. However, while there
is a clear association of p16 accumulation with actinic keratosis progression to NMSC (Hodges and Smoller,
2002), they do not necessarily correlate with HPV DNA genotyping results (Svajdler et al., 2016) and the
accuracy of the serology testing is debatable (lannacone et al., 2014). Conversely, there are limited reports on
the detection of HPV mRNA in cutaneous lesions, which we surmised to be most likely due to the inability,
or lack of sensitivity of current methods, to detect the presence of the transcripts accurately. Interestingly,
HPV16 E6 DNA and E6*I mRNA have been detected in 3/6 cases of primary squamous cell scrotal carcinoma
using the QuantiTect Virus Kit and specific primers (Guimera et al., 2017). This might be due to the proximity
to the anogenital region where HPV16 is most commonly located. Finally, mRNA sequencing of 31 cutaneous
squamous cancers was unable to detect HPV transcripts even in samples that were HPV DNA positive (Arron
et al., 2011). We reproduced this finding in a cohort of 25 AK/SCC/IEC patient lesions, and of these, we
detected HPV transcripts in only 1 sample. This single sample, a shave biopsy from the forearm of an 81-year
old female, accounted for 99.3% of HPV transcript counts, whereas the remaining samples were below the
limits of detection. In particular, we detected transcripts corresponding to all capsid genes and early ORFs

belonging to HPV96, and early ORFs for HPV15 in this sample. However, the presence of the transcripts

encoding the capsid proteins belonging to HPV96 indicate that this was likely an active infection where the
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virus was undergoing a productive life cycle. The expression of the HPV5 early ORF in the same sample
suggests that perhaps HPV15 transformed cells are permissive for vegetative reproduction of HPV96.
Nevertheless, this is an isolated incident and is only speculative. Thus, whether HPV is associated with the

transformation process in cutaneous NMSC remains unclear.

We have used the HPV16 E7 mouse model to characterize the nature of the immune environment in
hyperproliferative epithelium in detail by grafting £7 transgenic and hyperproliferative epithelium to immune
competent mice, and manipulating components of the immune system in either the graft recipient or the graft
donor. We previously used this approach to establish that bone marrow-derived NKT cells recruited to
hyperproliferative epithelium in the donor negatively regulate immune effector function by an IFN-y
dependent mechanism (Mattarollo et al., 2010). The hyperproliferative epithelium of the K14E7 mouse model
also shares transcriptional characteristics of human AK premalignant lesions (Nindl et al., 2006). We note the
caveat in the use of the transgenic HPV16 (a-HPV) E7 mouse model for this analysis as it does not reflect the
most likely subtype of HPV that may be found in human skin (B-HPVs). However, we anticipate that single
cell sequencing technology, such as the method used here, should be amenable to detect all viral mRNA if the

genes are transcribed.

One potential complication is the polycistronic nature of HPV mRNAs; RNAs encoding HPV genes are spliced
to contain segments spanning multiple genes, resulting in different transcript variants that can encode different
genes (McBride and Warburton, 2017). The spliced viral transcripts are generated with either the ‘early’ or
‘late’ polyadenylation sites following E5 and L1 respectively, a limitation that will be encountered by the 10X
Chromium 3’ system, but one that would be overcome with full length scRNA-seq. In the K14E7 model, the
transgene is engineered with the human Keratin 14 polyadenylation sequences immediately following the £7
sequence (Herber et al., 1996), thereby allowing for transgenic expression of the £7 gene, and thus enabling
detection with the 10X Chromium 3’ system. Another potential challenging aspect is the processing steps
required to generate enough viable cells for the sequencing; whilst preparation of viable single cell suspensions
from murine epidermal sheets is a challenging process in and of itself, we anticipate that the difficulty will be
even more pronounced when processing viable epidermal single cell suspensions from human skin biopsies.

Much of this may be overcome with the use of single cell digital droplet PCR technology where only a small
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number of cells and input material is required for the assay. Indeed, digital droplet PCR technology has already
been applied in diagnostic labs/clinics and for oropharyngeal squamous cancer where it was shown to be
accurate for detecting HPV 16 in the cancers (Biron et al., 2016). However, the 10X Chromium scRNA-seq
platform remains an attractive option as it allows for high-throughput assessment of the mRNA transcriptome
in tens of thousands of single cells, which we argue is needed to increase the overall sensitivity, both by cell
number and the number of genes detected per cell, for detecting HPV(s) in single cells during skin

carcinogenesis.

In this study, we have shown that (i) the expression of viral transcripts can be accurately measured with
unprecedented resolution in single cells using high-throughput droplet-based technology, (ii) the
transcriptome-wide effects of the viral transcripts can be observed and quantified in individual cells, (iii)
increased E7 transcript copy number is associated with increased expression of biologically relevant host
genes, and (iv) E7 expression is predominantly associated with basal keratinocytes. In conclusion, the high-
resolution quantitation afforded by droplet-based scRNA-seq will significantly enhance our understanding of
the viral mechanisms of cancer progression, particularly those where the role of HPV is ambiguous, such as in

oral cavity squamous cancers, and shows great promise for clinical diagnostic and prognostic applications.
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Materials and Methods

Collection of human samples

Skin lesions and healthy skin tissue samples were collected from consenting patients that presented to the
Dermatology department in Princess Alexandra Hospital from 2011-2013. The study was approved by Metro
South Human Research Ethics Committee and The University of Queensland Human Research Ethics

Committee (HREC-11-QPAH-236, HREC-11-QPAH-477, HREC-12-QPAH-217, and HREC-12-QPAH-25).

E7 transgenic mouse model

C57BL/6 and K14E7 mice were maintained at the Translational Research Institute Biological Resources
Facility (TRI BRF, Brisbane). All mice were maintained under pathogen free conditions and sex matched (all
female). All procedures were approved by The University of Queensland Animal Ethics Committee

(UQDI/367/13/NHMRC and UQDI/452/16).

Tissue collection and dissociation

Ear skin from 10-12-week-old mice (n=2 per strain) was split into dorsal and ventral parts and incubated with
2.5 pg/pL Dispase II (Roche) for 1 h at 37°C. Epidermis and dermis were separated with closed forceps. The
epidermis was further homogenized and digested with 1 pg/uL of collagenase D (Roche) and 0.2 pg/ulL of
DNase, (Roche) for 1 h at 37°C. Digested samples were passed through a 0.7 um filter (BD Falcon) to generate

a single cell suspension for staining and sorting.

Flow cytometry

Single cell suspensions of digested epidermis samples were incubated with Fc Block (5 pg, rat anti-mouse
CD19/CD32, clone 93, eBioscience) diluted in PBS for 30 min on ice. Samples were subsequently incubated
with APC-conjugated rat anti-mouse CD45.2 antibodies (0.5 pg, Clone 104, Biolegend) diluted in PBS + 2%
serum + 2 mM EDTA for 30 min on ice. Prior to sorting, cells were labelled with 7-AAD (0.25 pg,
eBioscience). Live CD45- cells (7-AAD- and APC- or PE-Cy7-) were sorted using the BD ARIA Fusion sorter

at 12 psi with a 100 pm nozzle. ~300,000-500,000 events/cells were collected per sample.

13


https://doi.org/10.1101/252858
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/252858; this version posted January 24, 2018. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

Whole-tissue RNA-sequencing

Total RNA was extracted using TRIzol (Life Technologies) and RNA purification was performed using the
RNeasy mini kit (Qiagen). RNA was assessed for quality and quantity using a Nanodrop instrument
(ThermoFisher Scientific). RNA sequencing libraries of poly (A) RNA from 500ng total RNA obtained from
AK, IEC and SCC skin lesions were generated using the TruSeq unstranded mRNA library prep kit for Illumina
multiplexed sequencing (Illumina). Libraries were sequenced (100 base pair, paired-end) on the Illumina

HiSeq 2500 platform (Illumina).

Single cell RNA-sequencing (scRNA-seq)

scRNA-seq was performed in duplicate for wild-type and K14E7 transgenic animals. The 10X Genomics
Chromium instrument (10X Genomics) was used to partition viable CD45- cells with barcoded beads, and
cDNA from each cell was prepared using the Single Cell 3' Library, Gel Bead and Multiplex Kit (v1; 10X
Genomics; PN-120233) as per the manufacturer’s instructions. Cell numbers in each reaction were optimized
to capture approximately 3,000 cells. cDNA shearing was performed with a Covaris S2 instrument (Covaris)
set to produce a target size of 200bp (Intensity:5, Duty cycle: 10%; Cycles: 200; Time: 120s). The resulting
single cell transcriptome libraries were pooled and sequenced on an Illumina NextSeq500, using a 150-cycle
High Output reagent kit (NextSeq500/550 v2; Illumina, FC-404-2002) in standalone mode as follows: 98bp

(Read 1), 14bp (17 Index), 8bp (I5 Index), and 10bp (Read 2).

Bioinformatics processing

Whole-tissue RNA-sequence reads were mapped to a custom reference containing the human GRCh38
transcriptome and alpha and beta HPV CDS and spliced sequences with Salmon v.0.9.1 (Patro et al., 2017)
using the default parameters. HPV sequences were downloaded from pave.niaid.nih.gov (Van Doorslaer et al.,
2017). Length-scaled transcript per million (TPM) values for each transcript were normalized for library size
differences using edgeR v3.16.5 (Robinson et al., 2010), and, to attain maximum sensitivity, transcript counts
were retained if there was at least 1 count in 1 sample.

For the single-cell data, the cellranger pipeline v1.3.1 provided by 10X Genomics (mkfastq, count, aggr)
(Zheng et al., 2017b) was used to process the raw sequencing data using the default parameters, and adjusted

to the expected number of cells per sample (3,000). Reads were aligned to a custom reference genome
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comprising the mouse (mm10) and the HPV16 genome (NC _001526) using the STAR aligner (Dobin et al.,
2013) included in the cellranger pipeline. Quality control of cell barcodes and unique molecular identifiers
was performed during the cellranger count stage using default parameters. A between-sample normalized gene

expression matrix for four samples was generated using cellranger aggr for further analysis.

Single cell RNA-sequence analysis

The aggregated single cell gene expression data generated by cellranger was used as the input for the ascend
workflow (Senabouth et al., 2017). Expression levels for each transcript were determined using the number of
unique molecular identifiers (UMI) assigned to the transcript. The data was imported into an EMSet object
using the LoadCellRanger function. Quality control and filtering steps were performed to remove outlier cells
and genes. Cells were removed if the library size, or number of expressed genes exceeded 3 median absolute
deviations, and also if a cell expressed high proportions of mitochondrial (>20%) or ribosomal (>50%) genes.
Following cell-cell normalization by relative log expression (RLE), ribosomal and mitochondrial control genes
were removed from the analysis.

Principal component analysis was performed on the filtered and normalized gene expression matrix, and the
first 20 PCs that explained the majority of variance in the data were retained. To visualize the patterns of gene
expression in each cell, ¢-distributed stochastic neighbor (¢-SNE) projections were generated using the PCA-
reduced data.

Differential expression analysis was performed with DESeq (Anders and Huber, 2010) in ascend between (i)
wildtype and HPV16 E7 transgenic cells and (ii) bins of E7 positive cells, where bins of cells containing 1-2,
3-4 or 5+ copies of E7 were generated. Genes were considered significant if the adjusted p-value was below
the multiple-testing threshold of 0.01 (Benjamini-Hochberg method) and the absolute log2 expression fold
change was > 2.

Position-sorted BAM files for the transgenic samples were generated by the cellranger software pipeline and

these were used for visualization of mapped reads using the IGV software (Robinson et al., 2011).

Linear modelling of transcript expression
The expression profile of retained transcripts was tested for significant association with HPV16 E7

expression using linear regression. E7-expressing cells were extracted (n = 832) and 13,744 genes with non-
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zero expression were retained. Linear regression modelling tested the expression of each individual gene
against the bins of cells with increasing £7 copy numbers. The overall model p-value was corrected for
multiple testing using the Benjamini-Hochberg method (FDR) and transcripts with an adjusted p-value

below the FDR threshold (<0.1) were considered statistically significant.

Data availability
RNA sequencing datasets were deposited in ArrayExpress. Single cell RNA-seq data is available via:
https://www.ebi.ac.uk/arrayexpress/experiments/E-MTAB-6429/. Whole tissue RNA-seq data is available via:

https://www.ebi.ac.uk/arrayexpress/experiments/E-MTAB-6430/.
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Figure Captions

Figure 1: Sensitivity of standard RNA-sequencing is insufficient to detect HPV transcription in the
majority of human AK/SCC tissue samples.

(a) Total HPV transcript counts from standard whole-tissue RNA-sequencing were calculated for each of 25
samples from 17 individuals. Sample one, obtained from a shave biopsy from the forearm of an 81-year old
female, is responsible for 99.3% of HPV expression observed in the cohort.

(b) The median of the normalized HPV counts was obtained for each of the HPV transcripts with non-zero
expression values and arranged by transcript abundance across the entire cohort. HPV splice variant IDs are

marked with a ‘*” between the ORF IDs (e.g. HPV15_EI1"E4).

Figure 2: HPV16-E7 transcript detection in single cells

(a) --SNE visualization of E7 positive and negative cells in transgenic samples. Each point represents a single
cell reflecting the binary expression (on/off) of the E7 transcript. Purple indicates the cell expresses > 1 E7
transcript, whereas the grey points represent zero E7 expression in that cell.

(b) Histogram showing the number of E7 positive transcripts detected in transgenic cells. The x-axis shows
the number of E7 UMI counts detected per cell and the y-axis indicates the number of cells with that number
of E7 transcripts.

(c) Differential expression between the wildtype and HPV16 E7 transgenic samples. The red points represent
significant differentially expressed genes (adjusted p < 0.01) with a log2FC > 2, whereas the black points
represent the remaining non-significant genes. The E7 transcript is shown in bold and encircled.

(d) Cells expressing E7 were classified based on the number of E7 transcripts detected and differential
expression was performed between each bin and the remaining bins (e.g. bin A vs bin B+C). The Venn diagram

shows the number of significant overlapping genes from each test.

Figure 3: E7 co-expression with major keratin genes
Each panel contains a +~-SNE visualization of transgenic cells that co-express specific keratin genes (double-
positive) that define basal or supra-basal cells (panels a and c), and those that also express E7 (triple-positive,

panels b and d). (a) Krt5 and Krti4, (b) Krt5, Krti4 and E7, (c) Krtl and Krt10, and (d) Krtl, Krt10 and E7.
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Figure 4: Visualization of mapped E7 reads to the HPV16 genome

IGV visualization of sequencing reads from transgenic samples 1 (blue) and 2 (green) and their mapping
specificity in the HPV16 genome. Panel a) shows the full length HPV16 genome and panel b) shows the
immediate region surrounding the £6 and E7 loci. Evidence of splicing around the transcription termination

linker present in the E6 gene is shown by the blue-grey bars in each between ~7.25-7.45kb.
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