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ARTICLE INFO ABSTRACT

Keywords: Human Papillomavirus infection is highly prevalent worldwide. While most types of HPV cause benign warts,
HPV some high-risk types are known to cause cervical cancer, as well as cancer of the oral cavity and head and neck.
Single-cell RNA-seq Persistent cutaneous HPV infection can be particularly problematic in patients with chronic immunosuppression,

Transcription ) for example following organ transplantation. Due to unknown mechanisms, these patients may develop nu-
:;EL I;:]:lu ppression merous warts, as well as present with a dramatically increased skin cancer prevalence.

Despite an association between HPV persistence in the epidermis and excessive wart or squamous cancer
development, the molecular mechanisms linking immunosuppression, HPV expression and excessive epidermal
proliferation have not been determined, largely due to low-sensitivity methodology to capture rare viral tran-
scription events. Here, we use single-cell RNA sequencing to profile HPV-positive skin lesions from an im-
munosuppressed patient that were found to express the alphapapillomavirus HPV78 in basal keratinocytes,
suprabasal keratinocytes and hair follicle stem cells. This method can be applied to detect and investigate HPV
transcripts in cutaneous lesions, allowing mechanistic links between immunosuppression-induced HPV life cycle

and epidermal hyperproliferation to be uncovered.

1. Introduction

The causality between persistent a-HPV infection of epithelial cells
and cancer of the cervix and head and neck has been well established.
Long-term immunosuppressive treatment, such as is necessary after
organ transplant, leads to dramatically increased incidences of warts,
anogenital neoplasias as well as squamous skin cancers (Larsen et al.,
2019; Ozsaran et al., 1999). While occurrences of these lesions fol-
lowing organ transplantation have been suggested to stem from the
reactivation of latent HPV (Maglennon et al., 2014), this has not yet
been shown conclusively. Animal models allow for studies of related
viruses (such as Cottontail Rabbit Papillomavirus, CRPV), but not HPV.
In humans, the study of viral reactivation is challenging and has in the
past been difficult due to a lack of sensitive enough methods to detect
rare viral transcription in single cells. Only recently, methods have
become available to detect rare transcripts with high sensitivity at
single-cell level. We have previously shown that single-cell RNA

* Corresponding author.
E-mail address: i.frazer@uq.edu.au (I.H. Frazer).
1 Senior author.

https://doi.org/10.1016/j.virol.2019.08.007

sequencing (scRNA-seq) approaches can be used to identify HPV16 E7
transcripts in epidermal keratinocytes (Lukowski et al., 2018). Here, we
present a streamlined workflow (Fig. 1) that incorporates HPV geno-
typing in epidermis prior to single-cell RNA sequencing via the 10X
Genomics Chromium platform (10X Genomics, Pleasanton, CA). Using
three warts from an immunosuppressed organ recipient, we identified
transcription of two HPV types in hyperproliferative epidermal lesions.
Here, we show that scRNA-seq is a powerful tool to interrogate the viral
life cycle, pathways and individual target molecules in the context of
viral reactivation-induced hyperplasia.

2. Materials and methods
2.1. Collection of human samples

Three warts (common warts by histopathology: two from the chest,
one from the elbow) and one normal skin (inner arm, not sun-exposed)
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punch biopsy were sampled from a 38-year old immunosuppressed
patient who presented to the Dermatology Department at the Princess
Alexandra Hospital in 2018 with multiple warts in sun-exposed areas.
The patient was chronically immunosuppressed after kidney trans-
plantations in 2000 and 2017 and presented with numerous non-ma-
lignant warts in sun-exposed areas (chest, forehead, lower legs). The
patient was advised on the research protocol, and written informed
consent was obtained. The study was approved by The University of
Queensland Human Research Ethics Committee (HREC-11-QPAH-477,
The University of Queensland clearance no. 2012000052).

2.2. Genotyping by DNA PCR and cloning

A small piece of tissue from one sample, and a hair follicle from the
normal skin was used for DNA extraction and HPV genotyping using the
FAP59/64 degenerate primers that detect a broad range of common
epithelial HPV types (Forslund et al., 2007; Li et al., 2013). The tissue
was digested in lysis buffer (REDExtract-N-Amp™ PCR ReadyMix™,
Merck, Darmstadt, Germany) for 30 min. PCR products were run on
1.5% agarose gel and FAP-amplified bands were excised. PCR products
were cloned into competent E. coli using pGEM-T vectors as per the
manufacturer's guidelines (Promega, Wisconsin, USA) and each cloned
product was sequenced using the Sanger method by the Australian
Genome Research Facility (AGRF). Sequencing of the cloned PCR pro-
ducts showed specific amplification of DNA matching two a-HPV gen-
otypes with 98-99% sequence identity, HPV78 and HPV3, identified
using BLAST.

2.3. Isolation of single cells from patient lesions

The remaining tissue was processed to obtain single-cell suspensions
for scRNA-seq. The tissue was placed into 4 mg/mL Dispase overnight
at 4°C. The next day, the epidermis was peeled off and incubated in
0.25% Trypsin for 2 min at 37 °C. The reaction was stopped with serum-
containing medium and the cells were washed through a 70 um cell
strainer, followed by two 40 pum filtrations. Fluorescence-activated cell
sorting resulted in single-cell suspensions of 8.2 x 10*-1.3 x 10° cells
with > 77% viability from the lesion and 1.2 x 10*cells with a viabi-
lity of 80% from normal tissue.
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2.4. scRNA-seq

scRNA-seq was performed on the normal and lesion samples using
the 10X Genomics Chromium 3’ Gene Expression assay (Pleasanton,
CA). The Chromium instrument was used to partition viable cells with
barcoded beads, and cDNA from each cell was prepared using the Single
Cell 3’ Library, Gel Bead and Multiplex Kit (version 2, PN-120234; 10X
Genomics) per the manufacturer's instructions. Cell numbers in each
reaction were optimized to capture approximately 10,000 cells and the
libraries were pooled and sequenced on an Illumina NextSeq500, using
a 150-cycle High Output reagent kit (NextSeq500/550 version 2, FC-
404-2002; Ilumina) in standalone mode as follows: 26 cycles (read 1),
8 cycles (I7 index), and 98 cycles (read 2). scRNA-seq was performed by
the IMB Sequencing Core Facility.

2.5. Bioinformatics processing

Single-cell data was processed from raw Illumina BCL files with the
cellranger pipeline, version 2.1 (mkfastq, count, aggr) (Zheng et al.,
2017) using the default parameters. Reads were aligned to a custom
reference genome comprising the human GRCh38 and the HPV 3 and
HPV 78 genomes (Van Doorslaer et al., 2017) using the STAR aligner
(Dobin et al., 2013) included in the cellranger pipeline. Cell barcode and
unique molecular identifier (UMI) quality control was performed by
cellranger during the count stage using default parameters. A between-
sample normalized gene expression matrix for four samples was gen-
erated using cellranger aggr for further analysis.

2.6. scRNA-seq analysis

The aggregated single-cell gene expression data generated by cell-
ranger was used as the input for the Seurat analysis software (version
2.3.4, Butler et al., 2018). Expression levels for each transcript were
determined using the number of UMIs per transcript. QC and filtering
steps were performed in Seurat to remove outlier genes and cells, such
that genes expressed in three or more cells, and cells with 100-5000
genes were retained. Cells expressing greater than 10% mitochondrial
genes were removed. Expression data was normalized using the Log-
Normalize function, and the ScaleData function was used to regress out
the variation driven by the number of UMIs and mitochondrial gene
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Fig. 2. Single-cell RNA sequencing reveals distinct populations between the lesions. (a) UMAP plot showing the cells from three warts and one normal skin
sample. (b) UMAP plot of cell clusters and their cell type as classified by their expression profiles. (c) Single cell expression of basal keratin marker KRT14 and (d) the
suprabasal marker KRT10. Violin plots show log-transformed expression of individual genes. Black dots represent individual cells.

Table 1

Proportion of cell type per sample. Absolute numbers of each cell type per lesion are given, as well as percentage proportion of each cell type.

HF stem cells 1

Suprabasal 1

Basal

Inner bulge

Proliferating cells 1

Proliferating cells 2

IL36+ Suprabasal

Long-lived HF stem cells

Lesion 1 1342 (49%) 1386 (55%) 1289 (67%) 38 (3%) 976 (81%) 811 (87%) 497 (74%) 276 (53%)
Lesion 2 1393 (51%) 1111 (44%) 616 (32%) 12 (1%) 208 (17%) 86 (9%) 143 (21%) 165 (31%)
Lesion 3 3 (0%) 24 (1%) 17 (1%) 1453 (97%) 27 (2%) 28 (3%) 31 (5%) 2 (0%)
Normal skin 0 (0%) 1 (0%) 0 (0%) 0 (0%) 0 (0%) 3 (0%) 0 (0%) 82 (16%)
APC HF stem cells 2 HF Suprabasal 2 Injured epithelium Immune 1 Immune 2 Fibroblast
Lesion 1 222 (43%) 82 (18%) 287 (63%) 167 (51%) 17 (5%) 31 (28%) 3 (4%) 22 (42%)
Lesion 2 234 (45%) 382 (82%) 159 (35%) 125 (38%) 43 (13%) 68 (62%) 56 (77%) 25 (48%)
Lesion 3 53 (10%) 3 (1%) 9 (2%) 3 (1%) 229 (70%) 1 (1%) 5 (7%) 0 (0%)
Normal skin 7 (1%) 1 (0%) 4 (1%) 32 (10%) 36 (11%) 10 (9%) 9 (12%) 5 (10%)
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Fig. 3. HPV expression is unevenly
distributed across the lesion sam-
ples. (a+b) HPV78 expression per cell
overlaid on UMAP plot of all cells. Bar
plot showing the proportion of cells
per sample expressing HPV. (c¢) Bar
plot showing the number of cells per
cell type expressing HPV. (d) Heatmap
of top 10 differentially expressed
genes for each sample compared to
combined remaining samples. Lesion 3
showed (e) high abundance of the
stress-keratin 6 (KRT6A) and (f) in-
creased expression of Metallothionein
1G (MT1G), a tumour suppressor that
has been linked to HPV expression.
The color gradients indicate gene ex-
pression levels from low (purple) to
high (yellow).



K. Devitt, et al.

expression. The first 20 principal components that explained the ma-
jority of variance in the data were used for clustering. To visualize the
patterns of gene expression in each cell, Uniform Manifold Approx-
imation and Projections (UMAP) (Becht et al., 2018) were generated
using the principal component analysis-reduced data.

3. Results and discussion

Hyperplastic lesions sampled from an immunosuppressed patient
were confirmed by pathology as HPV-positive common warts of plaque-
like, flat appearance (Fig. 1). As the warts were HPV positive, they were
deemed suitable candidates for droplet-based single cell RNA-sequen-
cing and subsequent analysis, with the goal of using them as positive
controls to establish the detection and analysis of HPV transcripts in
human cutaneous lesions.

From each of the three proliferative lesion samples and the normal
skin sample, we generated transcriptome data for 7,495, 5,017, and
1,951 cells from lesions 1-3 respectively, and 642 cells from normal
skin. We obtained an average read depth of 1.0 x 10° (normal) and
2.8 x 10* (lesions) per cell, and an average of 2164 genes per cell in the
lesion samples. Graph-based clustering, performed in Seurat (Butler
et al., 2018), was used to group cells based on transcriptome similarity,
and revealed 16 clusters that could be classified as discrete cell types
(Fig. 2b). These were classified based on known marker genes de-
termined by differential gene expression between clusters
(Supplementary Table 1) and previously identified epidermal cell types
defined by scRNA-seq and RNA-FISH (Joost et al., 2016). Each cell
population clearly expressed dominant cell type marker genes (Fig. S2).
We also observed Keratin 14 (KRT14; Fig. 2c), and Keratin 10 (KRT10;
Fig. 2d) expression in almost all cell types, excluding the immune and
fibroblast cell populations. The distributions of cells per sample and
cluster are presented in Table 1.

Despite the high sequencing depth for the normal skin biopsy, we
only detected expression from 276 genes. We attribute this to the high
proportion of post-mitotic, Keratin 10-expressing (KRT10) cells present
in the normal skin (Fig. 2a and d).

In addition to classifying the cell types present in the lesions, we
also investigated the transcriptional differences between populations
expressing HPV transcripts with those not expressing HPV. HPV ex-
pression was spread throughout all three lesions, with lesion 3 ex-
pressing considerably less HPV (Fig. 3a). We found that 45.12%,
63.07% and 19.97% of cells, in lesions 1-3 respectively, expressed at
least one HPV transcript irrespective of strain, and of these, greater than
92% specifically expressed HPV78 transcripts in each lesion (Fig. 3b),
with the remaining cells expressing HPV3, a strain closely related to
HPV78 (Supplementary Table 2). No cells were found to express both
HPV types concomitantly in these samples. However, the sensitivity and
high resolution of the 10X Genomics Chromium technology allows for
the detection and distinction of concomitantly expressed viral tran-
scripts, if present. This is especially suited to viral transcripts with
lower sequence identity than those from the HPV3 and HPV78 types
detected here.

Analysis of each sample revealed heterogeneous marker gene ex-
pression in lesions 1 and 2 (Fig. 3d). In particular, lesion 1 and 2
showed upregulation of markers of altered skin barrier function
(ARL4A, MT2A) and of inflammation, including the AP1 transcription
factors FOS and JUN which are known to be upregulated during kera-
tinocyte differentiation (Eckert et al., 2013; Mehic et al., 2005). Fur-
thermore, lesion 2 showed increased expression of FOXPI, which is
involved in hair follicle stem cell quiescence (Leishman et al., 2013)
and was recently shown to play a role in melanoma progression (Donizy
et al., 2018).

In lesion 3, we observed a high abundance of hair follicle (HF) inner
bulge cells (Supplementary Table 3), increased expression of Keratin 6a
(KRT6A) (Fig. 3e), and localised expression of metallothionein 1G
(MT1G) (Fig. 3f), compared to lesions 1 and 2. MT1G is a known tumor
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suppressor and cancer biomarker that is methylated in cervical cancer
but is upregulated in precancerous productive HPV16 infections
(Henrique et al., 2005; Kang et al., 2018; Li et al., 2015). Our group has
previously shown that expression of stress keratins such as Keratin 6
can modify the local immune environment and influence viral expres-
sion (Zhussupbekova et al., 2016). Furthermore, cell cycle analysis
performed on each lesion revealed that lesion 3 contained a greater
proportion of cells in G1 and fewer cells in S phase compared to lesions
1 and 2 (Fig. S1). Coupled with increased MT1G gene expression, the
cells in lesion 3 may represent precancerous cells in the productive HPV
lifecycle.

Our approach of combining HPV genotyping with scRNA-seq can be
applied to detect HPV transcripts in cell preparations from skin tissue of
different origin. It should be noted that the sequencing data from
scRNA-seq 3’ gene expression assays is limited to the region around the
poly-A site. Due to the polycistronic nature of HPV mRNAs, this could
lead to a sequencing bias towards polyadenylated transcripts near the
early and late poly-A sites. We were able to detect transcripts of all of
the HPV genes, albeit with differing frequency. Since all early HPV
transcripts are polycistronic and terminate immediately after the E5
gene, this detection method may lead to an overrepresentation of this
gene. Furthermore, annealing of the oligo-dT at A-rich sites throughout
the HPV genome is likely to generate reads at regions distal to the poly-
A. Therefore, no conclusions were drawn about the abundance of in-
dividual transcripts, or their potential mechanisms, and HPV reads were
considered collectively. The approach outlined here is suitable for the
detection of rare transcriptional events at single-cell resolution. This
has potentially significant implications for the detection of HPV tran-
scripts as drivers of epithelial hyperplasia and malignancy and for
subsequent development of a vaccine or immunotherapy treatment for
one of the most abundant organ transplant complications.
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