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Abstract

The small double-stranded DNA polyomaviruses (PyVs) form a family of 73 species, whose
natural hosts are primarily mammals and birds. So far, 13 PyVs have been isolated in humans, and
some of them have clearly been associated with several diseases, including cancer. In this study,
we describe the isolation of a novel PyV in human skin using a sensitive degenerate PCR protocol
combined with next-generation sequencing. The new virus, named Lyon IARC PyV (LIPyV), has
a circular genome of 5269 nucleotides. Phylogenetic analyses showed that LIPyV is related to the
raccoon PyV identified in neuroglial tumours in free-ranging raccoons.

Analysis of human specimens from cancer-free individuals showed that 9 skin swabs (9/445;
2.0%), 3 oral gargles (3/140; 2.1%), and one eyebrow hair sample (1/439; 0.2%) tested positive for
LIPyV.

Future biological and epidemiological studies are needed to confirm the human tropism and
provide insights into its biological properties.
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Introduction

Members of the polyomaviruses (PyVs) are non-enveloped double-stranded DNA viruses
with a genome of approximately 5000 nucleotides. The organization of the viral genome is
highly conserved throughout the PyV family and comprises early and late coding regions
and the viral non-coding control region (NCCR) of approximately 500 bp. The early
region encodes for two regulatory proteins: small T-antigen (ST-Ag) and large T antigen
(LT-Ag). The late region encodes for three viral proteins that are necessary for formation
of the capsid: the major capsid protein VVP1 and two minor capsid proteins, VP2 and VP3.
The NCCR contains the origin of DNA replication, regulatory elements, and transcription
promoters (Moens et al., 2008).

With the development of high-performance molecular biology tools, many of the PyVs have
been isolated during the past decade, mainly from mammals, birds, and fish (Johne et al.,
2011; Peretti et al., 2015). Based on the observed distance between LT-Ag coding sequences,
the International Committee on Taxonomy of Viruses (ICTV) Polyomaviridae Study Group
has classified the different species of PyVs into four genera: alpha-, beta-, gamma- and
delta-PyV) (Calvignac-Spencer et al., 2016).

To date, a total of 13 PyVs have been isolated from humans: BKPyV (Gardner et al.,

1971), JCPyV (Padgett et al., 1971), KIPyV (Allander et al., 2007), WUPyYV (Gaynor et al.,
2007), Merkel cell PyV (MCPyV) (Feng et al., 2008), human PyV 6 (HPyV6) (Schowalter
et al., 2010), human PyV 7 (HPyV7) (Schowalter et al., 2010), trichodysplasia spinulosa-
associated PyV (TSPyV) (van der Meijden et al., 2010), human PyV 9 (HPyV9) (Scuda

et al., 2011), Malawi PyV (MWPyV) (Siebrasse et al., 2012), Saint Louis PyV (STLPyV)
(Lim et al., 2013), human PyV 12 (HPyV12) (Korup et al., 2013) and New Jersey PyV
(NJPyV) (Mishra et al., 2014). PyVs are widely spread in the human population. Many PyV
infections occur early in life, and in most cases it remains asymptomatic (Nickeleit et al.,
2015). Serological studies have shown that up to 90% of the human population has been
exposed to HPyV, with several HPyV infections occurring during childhood (Egli et al.,
2009; Kean et al., 2009; Sroller et al., 2016).

Four HPyVs have been clearly associated with human diseases, many occurring more
frequently in immunocompromised individuals. JCPyV has been associated with progressive
multifocal leukoencephalopathy, a fatal brain disease, in immunocompromised individuals
(Jiang et al., 2009; Koralnik, 2006), and BKPyV has been associated with nephropathy and
hemorrhagic cystitis (Azzi et al., 1994; Coleman et al., 1978), particularly among kidney
transplant patients; MCPyV has been isolated from Merkel cell carcinomas of the skin
(Feng et al., 2008), a cancer with higher incidence in immunocompromised individuals, and
TSVPyV has been associated with a rare cutaneous condition, trichodysplasia spinulosa,

in an immunocompromised patient (van der Meijden et al., 2010). A possible association
between HPyV7 and non-neoplastic diseases in immunosuppressed individuals has also
been reported recently (Ho et al., 2015; Toptan et al., 2016). In addition, HPyV7 has been
found in human thymic epithelial tumours, but a causal association has not been established
(Rennspiess et al., 2015). The remaining PyVs that have been isolated from humans, KIPyV,
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WUPyV, HPyV6, HPYV9, HPYyV12, MWPyV, STLPyV and NJPyV, have not so far been
associated with any human diseases.

The oncogenic potential of HPyVs has been extensively studied in experimental animal
models, where these viruses induce a wide range of tumours. The inoculation of JCPyV

in a small rodent model and in non-human primates leads to the development of brain
tumours (Miller et al., 1984; Varakis et al., 1978; Walker et al., 1973; Zu Rhein et al., 1979).
Transgenic mice expressing the early region of HPyVs have been used to investigate the
carcinogenesis induced by MCPyV (Shuda et al., 2015; Verhaegen et al., 2015), JCPyV
(Shollar et al., 2004), and BKPyV (Dalrymple et al., 1990). In addition, simian virus 40
(SV40), BKPyV, and JCPyV have been shown to display transforming activity in /n vitro
experimental models (Moens et al., 2008). It is still unclear whether other HPyVs exist.
Here, we report the characterization of a new PyV isolated from human skin swabs. We
found it to be phylogenetically related to the raccoon PyV (RacPyV) associated with brain
tumours in free-ranging raccoons, and gave it the provisional name of Lyon IARC PyV
(LIPYV).

Materials and methods

Human specimens

Skin swabs, eyebrow hairs and oral gargles from three different ongoing studies aiming

to determine the prevalence of human papillomaviruses (HPVs) and HPyVs were used in
the present analysis (Franceschi et al., 2015; Hampras et al., 2015, 2014; Nunes et al.,
2016; Pierce Campbell et al., 2016, 2013). Skin swabs and eyebrow hairs were collected
at baseline from 448 subjects participating in the VIRUSCAN study, an ongoing five-year
(2014-2019) prospective cohort study being conducted at Moffitt Cancer Center and the
University of South Florida (RO1CA177586-01; “Prospective study of cutaneous viral
infections and non-melanoma skin cancer”). In addition, 25 cutaneous skin swabs were
randomly selected from the HPV Infection in Men (HIM) study, a large, multi-national
prospective cohort study of the natural history of HPV infection in men. The 25 skin
swabs were collected from men in Tampa, Florida, USA. The HIM study methods have
been described in detail previously and are similar to those used in the VIRUSCAN Study
(Giuliano et al., 2011). An area of approximately 5x5 cm of the top of the sun-exposed
forearm was sprayed with 0.9% saline solution. A cotton-tipped Dacron swab (Digene,
Gaithersburg, MD, USA) was then rubbed back and forth a few times to collect exfoliated
skin cells. Individual swabs were placed in a separate vial and preserved in Digene Standard
Transport Medium (STM). Three or four eyebrow hairs were plucked from each eyebrow
using disposable tweezers. The eyebrow hairs with attached follicles were snap-frozen in
liquid nitrogen and stored at —80 °C until further use.

We used 140 oral gargles that were collected for the Study of Natural History of HPV
Infection and Precancerous Lesions in the Tonsils (SPLIT), which is an ongoing study on
the detection of HPV infection and precancerous lesions in age-stratified immunocompetent
individuals who underwent tonsillectomy for benign diseases in selected university hospitals
across France (Combes et al., In press; Franceschi et al., 2015).
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After DNA extraction, all samples were analysed at the International Agency for Research
on Cancer (Lyon, France) for HPVs and all known HPyVs.

2.2. Design of degenerate primers and PCR conditions for PyV screening

Complete HPyV sequences were obtained from GenBank and were used for alignment

of the early region genes. A pair of degenerate primers was developed based on the

more conserved parts of LT-Ag of several PyV genomes. The accession numbers of

the GenBank sequences that were used as references, with the corresponding HPyV

types given in parentheses, are EU37584 (MCPyV), NC_001538 (BKPyV), NC_001669
(SVv40), EF520287 (KIPyV), NC_009539 (WUPYV), and NC_001699 (JCPyV). Two
oligonucleotides (forward primer, 5"-CAW GCT GTR TIT AGT AAT A-3” and reverse
primer, 5"-RWT TAT TMA CHC CIT TAC-3"), allowing the amplification of a region

of approximately 240 bp, were synthesized by MWG Biotech (Ebersberg, Germany). The
polymerase chain reaction (PCR) mix contained 1x PCR buffer, 200 pmol/L of each dNTP,
0.2 umol/L of each primer, and 0.625 U of HotStarTag DNA polymerase in a final volume
of 25 L (Qiagen). Forty-five amplification cycles were run in the GeneAmp PCR System
2400 with a 94 °C denaturation step (1 min), a 48 °C annealing step (1 min), and a 72 °C
extension step (1 min), including an initial denaturation step of 15 min and a final extension
step of 10 min, resulting in a 240-bp product.

2.3. Next-generation sequencing

The libraries were prepared using 50 ng of the PCR products with DNA NEBNext Fast DNA
Library Prep Set for lon Torrent (New England Biolabs, Ipswich, MA, USA) following

the manufacturer’s protocol, and sequenced with the lon Torrent PGM sequencer (Life
Technologies) at 100x coverage using the lon OneTouch 200 Template Kit v2 DL and

the lon PGM Sequencing 200 Kit v2 with the 314 or 316 chip kits (all produced by Life
Technologies), following the manufacturer’s instructions. The data analysis was conducted
using Geneious version 6.0.1 (http://www.geneious.com) (Kearse et al., 2012).

2.4. Luminex assay for high throughput screening of LIPyV

As described previously, LIPyV DNA from eyebrow hairs, and skin swabs was detected
using a highly sensitive and specific assay which combines multiplex PCR and bead-based
Luminex technology (Schmitt et al., 2006, 2010). The following PCR primers and Luminex
probe were used: forward primer, 5'-CAA GCC TTG CTG CAG CAT TCC TAG-3’ and
reverse primer, 5'-ATC TTT GTT TTG TCC TCT AGA ACC CT-3"; and probe, 5'-ATC
TAT CTT GGG GGC AAT-3’. Briefly, PCR products were denatured and hybridized to
the beads coupled with specific probes for LIPyV. Results were expressed as the median
fluorescence intensity (MFI) of at least 100 beads per bead set. For each probe, MFI
values with no respective PCR product added to the hybridization mixture were considered
background values. The cut-off was computed by adding 5 MFI to 1.1x the median
background value.
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2.5. Rolling circle amplification

DNA was extracted and purified from skin swabs as described previously (Schowalter

et al., 2010). The DNA was amplified by multiply primed rolling circle amplification

(RCA) using the Illlustra TempliPhi 100 Amplification Kit according to the manufacturer’s
recommendations (GE Healthcare, Piscataway, NJ), with supplementation of 450 pM dNTPs
as described by Rector et al. (2004).

2.6. Long-range PCR

Long-range PCR was performed for amplification of the entire genome using the Takara

LA Tag HS polymerase, following the manufacturer’s instructions (Takara Bio Inc.). The
following primers were used at a final concentration of 0.5 uM each: forward primer,

5 -TAA ATT TTG AGT TGG GTT GTG CAC AAG AT-3’ and reverse primer, 5" -ATC TAT
CTT GGG GGC AAT TAA TAT TTA ATG-3'.

2.7. Proofreading PCR

PCR using the proofreading Pfu ultra hot start DNA polymerase (Agilent Technologies,
Santa Clara, CA, USA) was performed according to the manufacturer’s instructions.

2.8. Cell culture and transient transfection

First, HEK293 cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum (FBS), 100U/ML penicillin G, 100 pg/ML
streptomycin, 2 mM L-glutamine (Invitrogen Life Technologies), and 1 mM sodium
pyruvate (Sigma-Aldrich). Then, 1.5x105 cells were transiently transfected with 1.0 pg of
pcDNAS3 expression vector (Invitrogen) containing the early region of LIPyV by using the
X-tremeGENE 9 reagent (Roche) according to the manufacturer’s protocols. At 48 h after
transfection, cells were collected for isolation of total RNA.

2.9. Reverse transcription and qPCR

Total RNA was extracted using the NucleoSpin RNA kit (Macherey-Nagel). The obtained
RNA was reverse-transcribed to cDNA with the RevertAid H Minus M-MuLV Reverse
Transcriptase Kit (ThermoFisher Scientific) according to the manufacturer’s instructions.
The LIPyV cDNA was amplified by PCR using the following pair of specific primers:
forward primer, 5'-AGA ATA TGG TAA TAT ACC ATT AAT GAA GAA TG-3” and
reverse primer 5'-GTG ATC AGA TTG TGA TTT TGC TGA G-3”. The amplicon was
purified using the QIAquick gel extraction kit (Qiagen) and sequenced by GATC (GATC
Biotech, Germany).

2.10. Phylogenetic analyses

Phylogenetic trees were constructed from the alignments of the nucleotide sequences

of LT-Ag and VP1, and the amino acid sequences of LT-Ag from the following 47

avian and mammalian PyVs: budgerigar PyV (NC_004764), crow PyV (NC_007922),
finch PyV (NC_007923), goose hemorrhagic PyV (NC_004800), TSPyV (NC_014361),
Bornean orangutan PyV1 (NC_013439), chimpanzee PyV (NC_014743), murine PyV
(NC_001515), hamster PyV (NC_001663), HPyV9 (NC_015150), African green monkey
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PyV (NC_004763), SV40 (NC_001669), BKPyV (NC_001538), JCPyV (NC_001699),
simian virus 12 (NC_007611), California sea lion PyV1 (NC_013796), bovine

PyV (NC_001442), murine pneumotropic virus (NC_001505), squirrel monkey PyV
(NC_009951), HPyV6 (NC_014406), HPyV7 (NC_014407), KIPyV (NC_009238),
WUPyV (NC_009539), MWPyYV_MAO095 (JQ898291), MWPyV_WD976 (JQ898292),
STLPyV_MA138 (NC_020106), STL PyV_WD972 (JX463184), raccoon PyV_R45
(JQ178241), raccoon PyV_Racl7 (KU533635), equine PyV (NC_017982), Artibeus
planirostris PyV3_A504 (JQ958890), Myotis PyV (NC_011310), Mastomys PyV
(AB588640), dolphin PyV1 (KC594077), vervet monkey PyV1 (NC_019844), Otomops
PyV2 (NC_020066), ChaerephonPyV1 (NC_020065), bat PyV B0454 (JQ958888),
EidolonPyV1 (NC_020068), Pan troglodytes verus PyV1a (HQ385746), Pan troglodytes
verus PyV?2a (HQ385748), MCPyV (NC_010277), gorilla PyV1 (HQ385752), Cardioderma
PyV1 (NC_020067), Otomops PyV1 (NC_020071), bat PyV (JQ958889) and LIPyV
(KY404016).

The sequences were aligned using the MUSCLE algorithm with default parameters (Edgar,
2004a), implemented in MEGA7 (Kumar et al., 2016). MEGA7 was used to test substitution
models, and for all the following phylogenetic analysis. Based on the alignment with
MUSCLE, all positions with less than 95% site coverage were eliminated (partial deletion),
to allow the inclusion of taxa with some missing data. Codon positions included were
1st+2nd+3rd+ non-coding. There were a total of 1011 positions in the final dataset for VP1
nucleotide sequences, 1674 for LT-Ag nucleotide sequences, and 554 for LT-Ag amino acid
sequences. A discrete gamma distribution was used to model evolutionary rate differences
among sites (five categories; +G, parameter=0.8203 and 1.1058, respectively, for VP1

and LT-Ag nucleotides sequences, and 1.1420 for LT-Ag amino acid sequences). The rate
variation model allowed for some sites to be evolutionarily invariable ([+1], 8.6157% sites
and 10.0832% sites, respectively, for VP1 and LT-Ag nucleotides sequences, and 8.9514%
for LT-Ag amino acid sequences).

The initial trees for the heuristic search were obtained automatically by applying the
Neighbour-Joining (NJ)/BioNJ algorithm to the three different matrixes of pairwise
distances estimated using the maximum composite likelihood (MCL) approach for the VP1
and LT-Ag nucleotide sequences, and estimated using a Jones—Thornton—Taylor (JTT) model
for the LT-Ag amino acid sequences. The initial trees were obtained using the NJ/BioNJ
algorithm to have a first representation of the relationships between the sequences according
to their genetic distance, because this algorithm produces a single tree.

In the next step, the statistical method used was the maximum likelihood (ML) algorithm,
applied with the goal of comparing the initial trees with other trees generated by the

ML search, using the likelihood criterion. During this ML run, the parameter values were
optimized to converge to the true parameter value, aiming to find the smallest possible
variance among all estimates with the same expected value.

For the nucleotide sequences of both VP1 and LT-Ag, the evolutionary history was
inferred by using the ML method based on the general time-reversible model (a nucleotide
substitution model), whereas for the amino acid sequences of LT-Ag, the evolutionary
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history was inferred by using the ML method based on the Le_Gascuel_2008 model (Le and
Gascuel, 2008) (an amino acid substitution model).
For all trees, the topology was then optimized using the nearest-neighbour-interchange
heuristic (NNI) to improve the likelihood. This heuristic specifies a neighbour relation
between two unrooted trees and then swaps their subtrees in an attempt to obtain a tree that
has a higher likelihood.
The final trees that are kept are the trees with the highest log likelihood. Five-hundred ML
bootstrap replicates were performed and the support for each node annotated onto the ML
tree for each of the phylogenetic trees.

2.11. Nucleotide sequence accession number
The sequence of LIPyV was submitted to Gen Bank and was assigned accession number
KY404016.

3. Results

3.1. Viral discovery and sequencing of a new polyomavirus

To identify new human PyVs, 25 skin swabs from the HIM study were tested for PyV
using a sensitive degenerate PCR that amplifies a region of approximately 240 bp in LT-Ag.
Electrophoretic analysis of the PCR products revealed the presence of amplicons of the
expected size in 6 skin swab samples (6/25; 24%). The purified PCR products were pooled
and sequenced using lon Torrent technology (Life Sciences). Approximately 1900 reads
were obtained, generating 37 contigs. Nucleotide sequence analysis (BLASTN) revealed
that a group of 105 reads of approximately 200 bp shared the highest nucleotide sequence
similarity (76%) to RacPyV strains (accession numbers KU533635 and JQ178241), thus
representing a potential new PyV. The re-analysis by PCR of the 25 skin swabs using
specific primers showed that only one skin swab (1/25; 4%) tested positive for the new PyV
sequence.

Multiply primed RCA (Johne et al., 2009) was performed on the DNA extracted from

the skin swab of a woman aged 65 years, who had previously tested positive for the

new PyV sequence by PCR. To obtain the complete viral genome, first, long-range PCR
was performed using outward-directed primers specific for the putative new PyV and the
RCA product as template, generating an amplicon of approximately 5 kb. Then, by a
primer-walking strategy (GATC Biotech, Germany), a sequence of 5269 bp representing a
whole circular genome of the PyV was obtained. The sequence was validated twice using a
proofreading polymerase followed by Sanger sequencing.

BLASTN analysis of the whole viral genome confirmed the RacPyV as the closest relative
among all known PyVs. Moreover, using MUSCLE (Edgar, 2004b), the new PyV showed
the highest nucleotide sequence identity (~65%) to RacPyV strains (accession numbers
KU533635 and JQ178241). Because PyV sequences that share less than 81% whole-genome
nucleotide sequence identity to members of known species are traditionally considered to be
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distinct viral species (Buck et al., 2016; Johne et al., 2011), this new species of PyV was
given the provisional name of Lyon IARC PyV (LIPyV).

3.2. Genome characterization

The genome of LIPyV is circular and 5269 bp in length (accession number KY404016),
encoding open reading frames (ORFs) for all of the major PyV proteins. Analysis of the
complete nucleotide sequence showed that the LIPyV genome shares the features of other
known PyVs with an early region consisting of ST-Ag and LT-Ag and a late region coding
for the VP1, VP2, and VP3 structural proteins. A NCCR (nucleotide positions 1-401)
sharing the characteristics of the ori regions of most of the mammalian polyomaviruses
was found (Fig. 1A). This region contains six LT-Ag binding sites (An et al., 2012; Pipas,
1992): four GAGGC, one reverse complement GCCTC, and the sixth with the sequence
5'-GTGGC-3".

The early gene expression region (nucleotide positions 2455-5269) has a length of 2815 bp
and contains ORFs encoding for ST-Ag and LT-Ag. To accurately determine the splice donor
and splice acceptor giving rise to LT-Ag (Fig. 1B), the entire early region was cloned into an
expression vector (o)cDNA3), and 293 cells were transfected for 48 h. Reverse transcription
PCR (RT-PCR) was performed using the primers spanning a region of 900 bp that most
likely harbours the splice sites. An amplicon of 488 bp was obtained and sequenced in order
to identify the splice junction, resulting in the identification of a LT ORF of 2403 bp that
encodes for a LT-Ag of 800 amino acids. In addition, the RT-PCR experiment enabled the
identification of two additional mRNA transcripts that correspond to (i) a splicing of 98

bp within the transcript that gives rise to ST-Ag of 179 amino acids (Shuda et al., 2009),

and (ii) a splicing of 222 bp that yields an ORF of 148 amino acids, with the first 138
amino acids shared with ST-Ag. We named this putative protein 148T-Ag (Figs. 1B and 2).
Experiments with the entire viral genome may reveal additional alternative mRNA splice
variants; however, we do not yet have indications about whether LIPyV could efficiently
replicate in /in vitro experimental models.

As for MCPyV (Carter et al., 2013) or TSPyV (van der Meijden et al., 2015), we identified a
putative alternate T antigen ORF (ALTO) overprinted in the +1 frame of the second exon of
LIPyV LT (nucleotide positions 4035-4619). This ORF encodes for 194 amino acids (Fig.
1A).

The structure of ST-Ag, LT-Ag and 148T-Ag is shown in Fig. 2 and Table 1. The late region
of LIPyV includes ORFs that encode for the VP1 (nucleotide positions 1120-2427), VP2
(nucleotide positions 402-1145), and VVP3 (nucleotide positions 630-1145) capsid proteins.
The start codon for the VP3 ORF is located within the VP2 ORF, and the start codon for the
VP1 ORF overlaps the C-terminal region of the VP2 ORF (Fig. 1A).

3.3. Phylogenetic relationship among polyomaviruses

To investigate the evolutionary history of LIPyV, we constructed ML phylogenetic trees
using MEGAY (Kumar et al., 2016) based on an alignment of the nucleotide sequences of
VP1 and LT-Ag (Fig. 3A and B), and on the alignment of the amino acid sequences of
LT-Ag (Fig. 3C) of 47 mammalian or avian PyVs. The phylogenies of VP1 and LT-Ag
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showed that LIPyV is closely related to RacPyVs. In all trees, LIPyV and RacPyVs
clustered significantly with different mammalian PyVs that include one HPyV (MCPyV)
and several PyVs isolated from bats (Otomops, Cardioderma, Eidolon) or primates (gorilla,
Pan troglodytes verus, vervet monkey).

LIPyV prevalence in human specimens

The prevalence of LIPyV in humans was evaluated using a highly specific and sensitive
Luminex-based assay (Schmitt et al., 2006, 2010). The analysis was performed on skin
swabs and eyebrow hairs collected in the USA from 448 skin cancer screening patients
participating in the VIRUSCAN study prospective cohort. The mean age at study enrolment
was 69.4 years. The study population included 54.7% women, 96.4% Whites, and 93.4%
non-Hispanics. Skin swabs and eyebrow hair samples were obtained at baseline from 445
and 439 individuals, respectively. Based on the Luminex analysis, 9 skin swabs (9/445;
2.0%) and 1 eyebrow hair sample (1/439; 0.2%) tested positive for LIPyV. The LIPyV-
positive eyebrow hair sample was obtained from a Hispanic White man aged 79 years.

The LIPyV-positive skin swabs were obtained from 4 non-Hispanic White men, 1 Hispanic
White man, and 4 non-Hispanic White women, aged 62-81 years. Interestingly, the eyebrow
hair follicles and the skin swab collected from one individual both tested positive for LIPyV.

In addition, 140 oral gargles from the SPLIT study were collected in France from 59 women
and 81 men, aged 18-67 (mean age=29.3 years). A total of 3 oral gargles (3/140; 2.1%)
tested positive for LIPyV. Two women (aged 34 and 51 years) and one man (aged 26 years)
were positive for LIPyV.

4. Discussion

Polyomaviridae is a growing family that infects fish, birds, rodents, humans, and non-human
primates (Johne et al., 2011; Peretti et al., 2015). With the advent of new molecular tools,
the discovery of new PyVs has accelerated over the past decade. However, although a large
number of PyVs have been detected in different animals, the discovery of new HPyVs has
been less frequent. The latest HPyV (NJPyV) was discovered in 2014 (Mishra et al., 2014).
Although most of the HPyV infections are asymptomatic, a few HPyVs may induce diseases
or cancer, notably in immunocompromised individuals (Feng et al., 2008; Jiang et al., 2009;
van der Meijden et al., 2010).

In the present study, the use of degenerate PCR primers combined with high-throughput
sequencing enabled the discovery of a new PyV in human skin specimens. The analysis of
the LIPyV genome showed that its organization shares most of the features of other known
PyVs, and contains conserved domains that play roles in PyV-induced cell transformation.
The N-terminal region of LIPyV LT-Ag contains a LXCXE motif that has the ability to bind
pRB family members (Chestukhin et al., 2002; Moens et al., 2007). The pRB binding motif
is always preserved after the integration of MCPyV LT into the host genome; in addition, it
has been shown to be required in promoting growth of Merkel cell carcinoma cells (Houben
etal., 2012; Shuda et al., 2008). LIPyV LT-Ag also has an ATPase domain that contains two
highly conserved motifs, GPXXXGKT and GXXXVNLE, that are necessary for complex
formation with p53 (Pipas, 1992). LIPyV ST-Ag contains two PP2A binding sites. Several
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ST-Ag PyVs (BKPyV, JCPyV, MuPyV, SV40, and MCPyV) have the ability to interact and
inhibit PP2A phosphatase activity. SV40 ST-Ag alters PP2A activity by interacting with the
PP2A scaffolding A subunit; the loss of this interaction impairs the tumorigenic activity of
ST-Ag (Cho et al., 2007; Guergnon et al., 2011; Kwun et al., 2015; Sablina et al., 2008;

Yu et al., 2001). However, in vitro experimental studies are required to demonstrate the
ability of LIPyV to replicate in human cells, and to characterize the biological activity of its
viral proteins; such studies will make it possible to predict the potential role of this newly
discovered PyV in human transformation.

LIPyV shares approximately 65% sequence identity with RacPyV, a PyV that has been
found in brain tumours from raccoons (Dela Cruz et al., 2013). This proximity with the
RacPyV strains has been confirmed by a phylogenetic analysis based on the LT-Ag and
VP1 ORFs and suggests an oncogenic potential of LIPyV. In the present study, human
specimens collected from different anatomical sites in individuals from subjects in the USA
and France were tested for LIPyV, showing a relatively low prevalence of approximately
2% in oral gargles and skin swabs. Interestingly, the eyebrow hair follicles and the skin
swab collected from one individual were both positive for LIPyV, which may suggest a
possible replication and shedding of this virus in the human host. Moreover, this prevalence
is comparable to those observed for other human PyVs in stool, blood, cerebrospinal fluid,
urine, or respiratory specimens (Li et al., 2015; Lim et al., 2013; Rockett et al., 2013;
Siebrasse et al., 2012).

It is also possible that LIPyV has a tropism for other anatomical sites that still need to be
elucidated. In addition, we cannot exclude the possibility that LIPyV is an animal virus and
its presence in the human body may represent an environmental contamination. However,
the detection of LIPyV DNA in eyebrow hair follicles does not support this hypothesis.
Serological studies aiming to determine the presence of antibodies against LIPyV in
human sera will further clarify this issue and will conclusively demonstrate whether LIPyV
represents the 14th HPyV.
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Fig. 1.

ngome organization of LIPyV. (A) The viral genome of 5269 bp comprises early and

late coding regions that encode for two regulatory proteins (small T-antigen and large
T-antigen), the 148 T-antigen, the putative alternate T antigen (ALTO), the major capsid
protein VP1, and two minor capsid proteins, VP2 and VP3. These regions are separated by
a non-coding control region (NCCR) of 401 bp. (B) Transcript mapping of small, large, and
148 T-antigens.
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Fig. 3.
Maximum-likelihood phylogenetic unrooted trees produced from different regions of the

LIPyV genome. The VP1 open reading frame (A), the large T-antigen (LT-Ag) open reading
frame (B), and the amino acid sequence of LT-Ag (C) are compared separately. Scale bar
shows substitution rate per site.
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