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Preface to "Expert Views on HPV Infection”

There are over four-hundred different papillomavirus (PV) types, which replicate in mucosal and
cutaneous stratified epithelial surfaces giving rise to a wide range of lesions. Papillomaviruses have a
remarkable lifestyle that relies on the differentiation state of the host epithelium; they infect the basal
cells of the epithelium and establish a quiescent infection in the proliferative cells. As the infected cells
differentiate, the productive life cycle is activated, and viral-laden squames are eventually released
from the surface of the epithelium. To support this lifestyle, PVs interact with, and manipulate, many
key cellular pathways.

Individual chapters of this book are written by noted experts and thought leaders and provide
viewpoints on unresolved, controversial or emerging topics related to the natural history, evolution,
biology, and disease association of papillomavirus infections. Puustusmaa and colleagues present
an intriguing study in which they searched the biosphere for distant homologs of PV protein
domains in a quest to discover the origin of papillomaviruses [1]. Suarez and Travé describe
insights obtained from a review of PV E6 and E7 structural data [2] and Campos reviews the
remarkable abilities of the minor capsid protein L2 to deliver the viral genome to the nucleus upon
infection [3]. Moody describes how PVs interface with signaling pathways to provide the virus
with a replication-competent environment in differentiating cells [4], and Graham describes how PV
late gene expression is regulated by keratinocyte differentiation [5]. MmuPV1, a virus capable of
infecting laboratory strains of mice, was first described in 2011, and Hu et al. review the remarkable
progress made using this valuable model [6].

Over three-hundred human papillomavirus (HPV) types have been described and HPV infection
is ubiquitous. However, many questions remain about infection, progression and resolution of HPV-
associated disease. Gravitt and Weiner present a natural history model across the lifespan of an
infected individual, with a particular focus on the role of viral latency [7]. Alizon and colleagues
review our current knowledge about acute/transient infections to provide insight as to why some
infections are efficiently cleared while others become persistent [8]. The article by Herfs et al. explains
why mucosal junction cells in epithelial transition zones are particularly susceptible to HPV infection
and carcinogenic progression [9], while Spurgeon and Lambert describe the role of the stroma and
microenvironment in these processes [10]. Continuing in this theme, Strati reviews the role of stem
cell dynamics in HPV infection [11].

A subset of alpha-HPVs are oncogenic and are the causative agent of approximately 5% human
cancers. Viral manipulation of host pathways can inadvertently promote oncogenesis and several
articles in the Special Issue address this. Katzenellenbogen describes the role of telomerase activation
in HPV infection and oncogenesis [12], while Warren and colleagues discuss the role of APOBEC3
induction in these processes [13]. Guenat et al. review recent studies showing that HPV regulates
the content of exosomes and discuss how this might promote carcinogenesis [14]. Khoury and
colleagues explain why the study of HPV infection in individuals prone to cancer due to mutations in
DNA repair pathways provides an opportunity to uncover viral and host susceptibility factors [15].
Mirabello et al. report on a meeting of HPV experts that convened to discuss the intersection of HPV
epidemiology, genomics and mechanistic studies of HPV-mediated cervical carcinogenesis [16]. Only
HPVs from the alpha genus have been officially declared carcinogenic, but there is much discussion
about the potential role of beta-HPVs in the initiation of non-melanoma skin cancer. Hufbauer
and Akgiil describe beta-HPV oncogenic mechanisms that may be relevant for the development

of skin cancer [17].
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HPV-associated cancers acquire profound changes and phenotypes that are important for
carcinogenesis and could impact prognosis and treatment. Morgan and colleagues reevaluate the
status of integrated and extrachromosomal HPV genomes in head and neck cancer [18] and Litwin
et al. review somatic cell mutations that frequently occur in HPV-driven cancers [19]. Soto and
colleagues review epigenetic alterations in HPV-associated cancers and explain why these reversible
modifications might be amenable to epigenetic therapy [20]. Hoppe-Seyler et al. describe how
many HPV-associated cancers have regions of hypoxia containing dormant cancer cells with no viral
oncogene expression and explain why this has important consequences for treatment [21]. Finally,
two articles review how HPVs modulate factors and pathways important for viral persistence and
discuss therapies that could target these key processes.

Shanmugasundaram and You describe the mechanisms required for viral genome persistence and
discuss how small molecule therapeutics could disrupt this process [22]. Smola reviews the complex
interplay between HPV-infected cells and the local immune microenvironment and discusses the
potential of related diagnostics and immunotherapies [23].

We hope that this book will serve as inspiration for future investigation into some of these

fascinating, and often understudied research areas of papillomvirus research.

References

1. Puustusmaa, M.; Kirsip, H.; Gaston, K.; Abroi, A. The enigmatic origin of papillomavirus protein
domains. Viruses 2017, 9, 240.

2. Suarez, L; Trave, G. Structural insights in multifunctional papillomavirus oncoproteins. Viruses
2018, 10, 37.

3. Campos, S.K. Subcellular trafficking of the papillomavirus genome during initial infection: The
remarkable abilities of minor capsid protein L2. Viruses 2017, 9, 370.

4. Moody, C. Mechanisms by which HPV induces a replication competent environment in
differentiating keratinocytes. Viruses 2017, 9, 261.

5. Graham, S.V. Keratinocyte differentiation-dependent human papillomavirus gene regulation.
Viruses 2017, 9, 245.

6. Hu,J; Cladel, N.M.; Budgeon, L.R.; Balogh, K.K.; Christensen, N.D. The mouse papillomavirus
infection model. Viruses 2017, 9, 246.

7. Gravitt, PE.; Winer, R.L. Natural history of HPV infection across the lifespan: Role of viral latency.
Viruses 2017, 9, 267.

8. Alizon, S.; Murall, C.L.; Bravo, I.G. Why human papillomavirus acute infections matter. Viruses
2017,9, 293.

9. Herfs, M,; Soong, T.R.; Delvenne, P.; Crum, C.P. Deciphering the multifactorial susceptibility of
mucosal junction cells to HPV infection and related carcinogenesis. Viruses 2017, 9, 85.

10. Spurgeon, M.E.; Lambert, PF. Human papillomavirus and the stroma: Bidirectional crosstalk
during the virus life cycle and carcinogenesis. Viruses 2017, 9, 219.

11. Strati, K. Changing stem cell dynamics during papillomavirus infection: Potential roles for
cellular plasticity in the viral lifecycle and disease. Viruses 2017, 9, 221.

12. Katzenellenbogen, R. Telomerase induction in hpv infection and oncogenesis. Viruses 2017,
9, 180.

13.  Warren, C.J.; Westrich, J.A.; Doorslaer, K.V.; Pyeon, D. Roles of APOBEC3A and APOBEC3B in
human papillomavirus infection and disease progression. Viruses 2017, 9, 233.

viii



14. Guenat, D.; Hermetet, F; Pretet, ].L.; Mougin, C. Exosomes and other extracellular vesicles in
HPV transmission and carcinogenesis. Viruses 2017, 9, 211.

15. Khoury, R;; Sauter, S.; Butsch Kovacic, M.; Nelson, A.; Myers, K.; Mehta, P.; Davies, S.; Wells, S.
Risk of human papillomavirus infection in cancer-prone individuals: What we know. Viruses 2018,
10, 47.

16. Mirabello, L.; Clarke, M.A.; Nelson, C.W.; Dean, M.; Wentzensen, N.; Yaeger, M.; Cullen, M.;
Boland, J.F; NCI HPV Wrokshop, Schiffman, M.; Burk, R.D. The intersection of HPV epidemiology,
genomics and mechanistic studies of HPV-mediated carcinogenesis. Viruses 2018, 10, 80.

17. Hufbauer, M.; Akgul, B. Molecular mechanisms of human papillomavirus induced skin
carcinogenesis. Viruses 2017, 9, 187.

18. Morgan, ILM.; DiNardo, L.J.; Windle, B. Integration of human papillomavirus genomes in head
and neck cancer: Is it time to consider a paradigm shift? Viruses 2017, 9, 208.

19. Litwin, T.R.; Clarke, M.A.; Dean, M.; Wentzensen, N. Somatic host cell alterations in HPV
carcinogenesis. Viruses 2017, 9, 206.

20. Soto, D.; Song, C.; McLaughlin-Drubin, M.E. Epigenetic alterations in human papillomavirus-
associated cancers. Viruses 2017, 9, 248.

21. Hoppe-Seyler, K.; Mandl, J.; Adrian, S.; Kuhn, B.J.; Hoppe-Seyler, F. Virus/host cell crosstalk in
hypoxic HPV-positive cancer cells. Viruses 2017, 9, 174.

22. Shanmugasundaram, S.; You, J. Targeting persistent human papillomavirus infection. Viruses
2017,9, 229.

23. Smola, S. Immunopathogenesis of hpv-associated cancers and prospects for immunotherapy.
Viruses 2017, 9, 254.

Alison A. McBride, Karl Munger
Special Issue Editors

ix



>1004MIdAN




viruses MDPI

Article
The Enigmatic Origin of Papillomavirus
Protein Domains

Mikk Puustusmaa 't @, Heleri Kirsip Lt Kevin Gaston 2 and Aare Abroi 34+

1 Department of Bioinformatics, University of Tartu, Riia 23a, Tartu 51010, Estonia;

mikk.puustusmaa@ut.ee (M.P.); heleril6@ut.ee (H.K.)

School of Biochemistry, University of Bristol, Bristol BS8 1TD, UK; kevin.gaston@bristol.ac.uk
Estonian Biocentre, Riia 23b, Tartu 51010, Estonia

Institute of Technology, University of Tartu, Nooruse 1, Tartu 50411, Estonia

*  Correspondence: aabroi@ebc.ee; Tel.: +372-737-5045

1t Both authors contributed equally to this work.

W N

Academic Editors: Alison A. McBride and Karl Munger
Received: 18 July 2017; Accepted: 19 August 2017; Published: 23 August 2017

Abstract: Almost a century has passed since the discovery of papillomaviruses. A few decades
of research have given a wealth of information on the molecular biology of papillomaviruses.
Several excellent studies have been performed looking at the long- and short-term evolution of
these viruses. However, when and how papillomaviruses originate is still a mystery. In this study,
we systematically searched the (sequenced) biosphere to find distant homologs of papillomaviral
protein domains. Our data show that, even including structural information, which allows us to
find deeper evolutionary relationships compared to sequence-only based methods, only half of the
protein domains in papillomaviruses have relatives in the rest of the biosphere. We show that the
major capsid protein L1 and the replication protein E1 have relatives in several viral families, sharing
three protein domains with Polyomaviridae and Parvoviridae. However, only the E1 replication protein
has connections with cellular organisms. Most likely, the papillomavirus ancestor is of marine origin,
a biotope that is not very well sequenced at the present time. Nevertheless, there is no evidence as to
how papillomaviruses originated and how they became vertebrate and epithelium specific.

Keywords: papillomaviruses; protein domains; structural domains; origin

1. Introduction

Members of the Papillomaviridae taxonomic family have a small circular double-stranded
DNA genome of around 8kb in length that is packaged in a non-enveloped icosahedral capsid.
Papillomaviruses (PVs) have been particularly well-studied in humans due to their association with
multiple disease states including cervical cancer and other malignancies. Well over 200 human
papillomavirus (HPV) types have been identified to date. Historically, the first discovered PV was
Cottontail rabbit PV (current name SfPV1), which was also the first DNA tumour virus described [1].
PVs infect most mammal species (both terrestrial and marine), several birds, reptiles, and fish [2,3].
In well-studied host species, some PV type infections are asymptomatic; therefore, in-depth study
of vertebrates’ epithelial viromes may significantly increase the number of known PVs. After the
first fully sequenced PV genomes were published [4,5], the first sequence analyses of PVs were also
performed [6-10]. Subsequently, there have been several studies of the ancestral and more recent
evolution of PVs [11-15]. However, the evolutionary origin of PVs is not well understood, although it
is assumed to be ancient.

PV sequences can be found in different nucleotide databases: in ENA (European Nucleotide
Archive) there are ~25,000 sequences, and in NCBI (National Center for Biotechnology Information)

Viruses 2017, 9, 240 1 www.mdpi.com/journal/viruses
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there are 25,189 sequences with the taxonomic restriction Papillomaviridae. In NCBI 1686 entries are
found with length 6300 to 9500 nucleotides and with taxonomic restriction Papillomaviridae, mostly
corresponding to PV complete genomes (this redundant set includes isolates, etc.). “NCBI refseq”,
which is a subset of the NCBI nucleotide collection containing only reference genomes (a non-redundant
database), contains 135 reference PV genomes. In the UniProtKB (UniProt Knowledgebase) database,
there are 556 entries in the manually annotated SwissProt and 12,302 in the computer-annotated
TrEMBL (TrEMBL contains the translations of all coding sequences present in the EMBL Nucleotide
Sequence Database not yet integrated in Swiss-Prot). In UniProt “complete proteomes” (“complete
proteome”—all proteins annotated for species or isolate), 97 PV proteomes can be found, including 37
“reference proteomes” (“reference proteomes” are a representative cross-section of the taxonomic
diversity to be found within UniProtKB “complete proteome”, they include the proteomes of
well-studied model organisms and other proteomes of interest for biomedical and biotechnological
research; for more details, see [16,17]. In the PAVE (Papillomavirus Episteme [2]) database, which
was curated by experts in the field, 340 PV types with 3150 protein sequences are found (as of
8 June 2017) [3]. However, whether sequence information alone is enough to tell us something about
the deep evolutionary history of PVs and their origin is open to debate.

Viruses are fast evolving units. PV coding sequences have been estimated to evolve
~5 times faster on average compared to their mammalian host nuclear coding sequences [14].
The evolutionary rate of the PV E1 protein is estimated to be 1.76 x 1078 substitutions/nt/year
for Lambdapapillomaviruses infecting Felidae; 7.1 x 10~ substitutions/nt/year for mammalian
PVs; and 1.1 x 108 substitutions/nt/ year for nonmammalian amniote PVs [11,18-20] compared to
2.2 x 1077 for mammalian nuclear coding sequences [21]. In general, the short-term evolutionary rates
of viruses (and other genomes) are much faster than long-term evolutionary rates due in part at least
to the loss of deleterious mutations from the population [22]. Thus, the sequence space sampled by
viruses is even larger than that expected from long-term evolutionary rates. It is estimated that PVs
have existed at least ~315 million years [23]. Considering this, PV proteins may still have homologs in
the biosphere (outside of PVs), but without significant sequence similarity.

It has been known for more than three decades that structure is more conserved than
sequence [24,25]. Challis and Schmidler have shown that including structural information enables
better phylogenetic inference for distant relationships [26]. Additionally, Herman et al. have shown that
including structural information reduces significantly the uncertainty of alignments and topologies
of phylogenetic trees, indicating that structure contains more information than can be obtained
from sequences alone [27]. This is especially important in the case of viruses, which are able to
sample a huge amount of sequence space and loose sequence similarity within a relatively short time
(compared to organisms). Thus, it is essential to include structural information in order to study deep
evolutionary relationships.

A common view of proteins is that they are composed of domains—independent functional,
evolutionary and structural units often linked by unstructured polypeptide chain. A protein
(polypeptide chain) can be virtually chopped into domains on multiple criteria and domain borders
depend on the domain assignment method. Domains are more monophyletic compared to proteins as
one protein may consist of many domains with very different phylogenetic histories. Thus, protein
domains, and especially structural domains, can be used to study the evolutionary history (origin) of
viral proteins.

In this study, the structural information of protein domains was used to find distant homologs to
PV proteins and to shed more light on the evolutionary history of PVs. Our results show that only
half of the PV protein domains have a relative in the rest of the sequenced biosphere. E1 replication
protein shows the most connections with cellular organisms and viruses alike. Capsid protein L1 has
evolutionary relationship with rest of the virosphere. However, for a number of PV protein domains,
distant homologs could not be detected.
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2. Materials and Methods

2.1. PfamA_28

In this study (if not mentioned otherwise), locally downloaded version of PfamA_28 (based on
Swiss 2014_07 + SP-TrEMBL 2014_07) was used instead of the newest version of PfamA for reasons
described in the Supplementary Data [28].

Protein domain models in PfamA, and also in SUPERFAMILY [29], are based on profile Hidden
Markov models (profile-HMMs), which are widely used for modelling protein or nucleotide consensus
sequence. A profile-HMM is constructed from a multiple sequence alignment, which is called the seed
alignment, containing a set of representative members of the protein domain family. A query sequence
that has a significant score against the profile-HMM is considered homologous to the (seed) sequences
that were used to build the profile-HMM. In PfamA, the whole protein domain (PfamA entry) is
described by a single HMM. PfamA_28 contains a diverse collection of protein domain families
mapped to all available UniProt sequences.

By default, the non-redundant “complete proteomes” subset of UniProt is used here because of
the quality of the data and because the coverage of the data can be confidently interpreted. Full UniProt
is highly redundant and biased, which makes interpretation of coverage of the data questionable.
However, to broaden the scope of our analyses and to evaluate the occurrence of PV_PfamA protein
domains in non-complete proteomes, the full Uniprot was used.

2.2. HMMER “Hmmsearch”

PfamA_28 is based on the sequence data from summer 2014 (UniProt version 2014_07). To look for
the occurrence of PV protein domains in recently added sequences in databases, we used HMMER web
tool [30] to perform “hmmsearch” (searching protein alignment/profile-HMM from protein sequence
database) against UniProt “complete proteome”, full UniProt and Ensemble databases with PfamA and
SUPERFAMILY profile-HMM models listed in Supplementary Table S2 as queries [31]. “Hmmsearch”
was performed in March/April 2017 with default settings.

2.3. Criteria for Considering PfamA_28 Database Hits and “Hmmsearch” Hits as True Positives

In PfamA, which is based on high throughput data, every specific case needs to be analysed in
detail to avoid including false positives and making premature conclusions. We applied the following
additional criteria to PfamA_28 database hits and to HMMER hits (with PfamA models) before
considering them as true positives (and to exclude them as false positives if not satisfied):

1.  Sequence annotation is valid (not showing evidence for viral contamination);

2. The size and protein coding potential of the cellular contig/scaffold should exclude the possibility
of viral contamination by small viruses (applied to complete genome /proteomes);

3. “hmmscan” (protein sequence vs. profile-HMM database with HMMER) gives reciprocal best hit
to query PfamA model; and

4. 3D structure prediction by threading meta server LOMETS gives best modelling templates from
PV structures at least with one algorithm [32].

Protein 3D structure prediction has been used before to validate sequence based hits of
non-vertebrate polyomaviruses [33]. LOMETS meta server is based on multiple primary algorithms
predicting 3D structure (algorithms listed in Supplementary Data) [32]. A criterion for true positives
was applied when a number of hits in superkingdom or in viruses did not exceed 50 species.

2.4. Galaxy of Folds

Location of PV structural domains in global structure space was visualised in the “galaxy of
folds”, which is based on the sequence similarity of a non-redundant set of SCOP domains [34]. SCOP
database (the Structural Classification of Proteins) is a classification of protein structural domains
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(SCOP domains) based on similarities of their structures and amino acid sequences [35]. Alva et al.
conducted an all-against-all comparison of SCOP domains with <20% pairwise identity. Domains were
clustered using a force-directed procedure, and the statistical significance of pairwise comparisons
was used to assign attractive and repulsive forces to each profile pair in a two-dimensional map [34].
Because of the force directed clustering procedure, domains find their equilibrium position on the map
not only by attraction to similar domains but also by repulsion of different ones. “Galaxy of folds”
visualisation tool was used to map PV domains to the structural space [34,36].

2.5. SUPERFAMILY Database

SUPERFAMILY database was locally downloaded (October 2014) and based on SCOP 1.75 [29,37].
Protein domain (and domain pair) existence in PVs and their distribution in Archaea, Bacteria,
and Eukaryota were obtained from the “len_supra” table. Option include = “y” was used in
queries against cellular complete genomes, to remove isolates, strains, etc. Information about PV_SF
distribution in viruses and plasmids was obtained from “sublen_supra” table, option genome = “v1”
or genome = “pla” was used respectively. To extend the queries to non-complete genomes,
“sublen_supra” table was used with option genome = “up” and with respective taxonomic restriction.

2.6. Criteria for Considering Hits from SUPERFAMILY Database and from “Hmmsearch” as True Positives

As in PfamA data, we applied criteria to avoid false positives. Similar criteria to PfamA data
were used:

(1) Sequence annotation is correct (for UniProt data);

(2) The size and protein coding potential of the cellular contig/scaffold exclude viral contamination
by small viruses (applied to complete genomes);

(3) “hmmscan” gives reciprocal best hit to query SF model; and

(4) 3D structure prediction by threading meta server gives best modelling templates from respective
SF at least with one algorithm.

For true positive eukaryotic hits in UniProt sequences, annotations of corresponding nucleic acid
sequences (as provided by UniProt homepage) were examined to find more information about the
origin of the sequences (coded by eukaryotic mitochondria, eukaryotic plasmids, etc.). Criteria for true
positives were applied when a number of hits in superkingdom or in viruses did not exceed 50 species.

3. Results

3.1. PfamA Protein Domains Found in PV

PfamA is one widely used protein domain database. As a first approximation, PfamA is sequence
and function based. According to the PfamA_28 database, 12 PfamA domains are found in PVs
(collectively named PV_PfamA). On average, about 90% of proteins in PVs are covered by at least one
PfamA domain (Table 1). In addition, about 84% of amino acids in PVs are covered by PfamA domains
(Table 1). Compared to cellular superkingdoms and double-stranded DNA (dsDNA) viruses, PVs are
very well covered with PfamA domains (Table 1).

Excluding short N- and C-terminal regions, only two regions internal to the PV proteins are
not assigned to PfamA domains. The short region between “PPV_E1_N" and “PPV_E1_C”, and the
E2 “hinge region” (Figure 1). However, the E2 “hinge region” also encodes the E4 part of the E1"E4
protein, although in another reading frame with respect to E2. In UniProt “complete proteomes”
the E4 open reading frame (ORF) (and E1"E4 protein) is not annotated at all in many PV genomes.
Additionally, in several UniProt “complete proteomes” (and in UniProt), many non-canonical PV
OREFs are annotated, but not yet experimentally characterised, hence they might be misannotations.
The potentially misannotated proteins reduce the “the percentage of coverage”. However, moving
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from the redundant set of tens of thousands of sequences to protein domains, we end up with less
than 20 evolutionary units (protein domains).

Table 1. Domain coverage comparison in UniProt “complete proteomes” in PfamA and

SUPERFAMILY database.
PfamA _28* SUPERFAMILY
Sequence Residue No. of Sequence Residue No. of
Coverage!  Coverage 2 Genomes Coverage!  Coverage 2 Genomes
Archaea 73.8 58.0 182 64.4 61.1 122
Bacteria 82.0 63.3 3513 67.6 62.6 1153
Eukaryota 67.9 