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Human tumor viruses cause various human cancers that account for at least 15% of the global cancer burden.
Among the currently identified human tumor viruses, two are small DNA tumor viruses: human papillomaviruses
(HPVs) and Merkel cell polyomavirus (MCPyV). The study of small DNA tumor viruses (adenoviruses, poly-
omaviruses, and papillomaviruses) has facilitated several significant biological discoveries and established some
of the first animal models of virus-associated cancers. The development and use of preclinical in vivo models to
study HPVs and MCPyV and their role in human cancer is the focus of this review. Important considerations in
the design of animal models of small DNA tumor virus infection and disease, including host range, cell tropism,
choice of virus isolates, and the ability to recapitulate human disease, are presented. The types of infection-based
and transgenic model strategies that are used to study HPVs and MCPyV, including their strengths and limita-
tions, are also discussed. An overview of the current models that exist to study HPV and MCPyV infection and
neoplastic disease are highlighted. These comparative models provide valuable platforms to study various as-
pects of virus-associated human disease and will continue to expand knowledge of human tumor viruses and

their relationship with their hosts.

1. Introduction

Viruses are the etiological agents of a wide variety of diseases, yet the
pathological consequences of viral infection are not always immediately
evident. Across virus species, there is a broad range of time that exists
between initial virus infection and the onset of disease. For instance, the
world is currently in the grips of global pandemic caused by a virus that
triggers acute disease within days after infection. There are other types
of viruses that become latent in their hosts, yet sporadically reactivate to
cause recurrent disease. Other viruses can establish lifelong, asymp-
tomatic infections in the host that can ultimately lead to cancer. The
latter example refers to a subset of viruses known as tumor viruses, a
classification that reflects their oncogenic potential.

The field of tumor virology officially began over a century ago, when,
in 1911, Peyton Rous discovered a transmissible agent, a retrovirus now
known as Rous sarcoma virus, that caused sarcomas in chickens [1,2].
Over the next 50 years, a number of additional viruses were discovered
that caused benign tumors and/or cancers in mammals, further
strengthening the causal link between viruses and cancer [reviewed in
3]. In 1964, a herpesvirus, Epstein-Barr virus, was discovered in Bur-
kitt’s lymphoma cells and became the first known human tumor virus
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[4]. There are now seven human tumor viruses identified with strong
causal links to human cancers (Table 1) [5]: Epstein-Barr virus (EBV),
hepatitis B virus (HBV), human papillomavirus (HPV), human T cell
lymphotropic virus 1 (HTLV-1), hepatitis C virus (HCV), Kaposi’s
sarcoma-associated herpesvirus (KSHV), and Merkel cell polyomavirus
(MCPyV). This group consists of two RNA viruses (HTLV-1 and HCV)
and five DNA viruses (EBV, HBV, HPV, KSHV, MCPyV) that together
cause approximately 15% of the global cancer burden [6-8].

Since its inception, the tumor virology field has heavily relied on
animal models to study the virus-host interface and oncogenic properties
of these tumor viruses. Many of the first tumor viruses discovered
infected rodents and other animals, thus providing in vivo research
models. In addition to Rous sarcoma virus being studied in avian species
[11, other early tumor virus models included cottontail rabbit papillo-
mavirus [9], mouse mammary tumor virus [10], murine leukemia virus
[11], and murine polyomavirus [12], among others. With the discovery
of human tumor viruses, animal models continued to provide invaluable
comparative platforms to study all facets of tumor virology including
causality and the role of viral and host factors, co-carcinogens, and
environmental co-factors in viral oncogenesis. Certain models provide
opportunities to study fundamental aspects of virus interactions with
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their hosts that underlie their oncogenic potential, such as host immune
responses, viral persistence, and cellular transformation. Some preclin-
ical models recapitulate the full spectrum of neoplastic disease pro-
gression of virus-induced cancers, allowing researchers to study
potential treatments and mechanisms that underlie metastasis, therapy
resistance, and recurrence.

A group of tumor viruses known as small DNA tumor viruses has had
a large impact on our collective understanding of virology and the
molecular mechanisms underlying oncogenesis that are relevant not just
to virally induced cancers but also to other cancers. Animal models for
these viruses have played important roles in this discovery process. This
review will focus on preclinical animal models used to study infection
and viral oncology of two small DNA tumor viruses currently understood
to have the strongest links to human cancers: specifically, human pap-
illomaviruses (HPVs) and Merkel cell polyomavirus (MCPyV).

1.1. Overview of small DNA tumor viruses

There are three main groups of viruses that are classified as small
DNA tumor viruses: adenoviruses, papillomaviruses, and poly-
omaviruses. Members of the Adenoviridae, Papillomaviridae, and Poly-
omaviridae families are considered ‘small’ due to their small genome
sizes compared to other DNA tumor viruses with much larger genomes,
such as members of the Herpesviridae family (e.g., EBV, KSHV). For over
50 years, the study of small DNA tumor viruses has not only fostered our
understanding of tumor virology but has facilitated some of the most
seminal discoveries in modern cell and molecular biology [13-16].
Prototypic small DNA tumor viruses such as simian vacuolating virus 40
(SV40), murine polyomavirus (MPyV), and adenovirus type 12 (Ad12)
became workhorses in the laboratory leading to scientific breakthroughs
such as the discovery of the tumor suppressor p53 [17,18], the structure
and function of the tumor suppressor pRB [reviewed in 19], RNA
splicing [20,21], non-homologous end joining [22], nuclear localization
signals [23], polyadenylation sequences [24], tyrosine phosphorylation
[25], and PI3K signaling [26]. Studies of SV40 and adenovirus also
helped identify DNA replication factors [27] and molecular mechanisms
of DNA replication [28,29], and also helped facilitate recombinant DNA
technology and genetic cloning [30-32]. Fundamental principles of
tumor virology, such as oncogene addiction [33] and the targeting of
cellular tumor suppressors by tumor viruses [34,35], were borne out of
studies on small DNA tumor viruses. Moreover, many of the first tumor
virus animal models were generated with small DNA tumor viruses,
including cottontail rabbit papillomavirus [9], murine polyomavirus
[12,36], and adenoviruses [37-39]. The contributions that the study of
small DNA tumor viruses have made to our collective scientific under-
standing is vast and quite simply remarkable.
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1.2. Small DNA tumor viruses and human cancer

Not all small DNA tumor viruses are oncogenic in humans. To date,
the only small DNA tumor viruses considered human tumor viruses are
certain genotypes of human papillomaviruses (HPVs) and one human
polyomavirus, Merkel cell polyomavirus (MCPyV). This section will
discuss the current understanding of the association between small DNA
tumor viruses and human cancers.

1.2.1. Adenoviruses and human cancer

Adenoviruses were discovered in the early 1950’s in the tonsil and
adenoid tissues of both healthy individuals and individuals with acute
respiratory illness [40,41]. These viruses infect epithelial cells within
the respiratory and gastrointestinal tracts, as well as corneal epithelia.
Adenoviruses can claim the distinction of being the first human viruses
to cause tumors and cancers in animals [38], including hamsters [37,
38], mice [39], rats [42,43], and baboons [44]. Human adenoviruses
can also transform a variety of cell types in vitro, yielding some of the
most widely used human cell lines in molecular biology like the human
embryonic kidney cell line HEK293 [45]. However, no definitive etio-
logical link between human adenoviruses and human cancers has been
established. Several other articles discuss the prolific transforming and
tumorigenic potential of adenoviruses in various model systems [37-39,
46-53] and clearly justify the classification of human adenoviruses as
tumor viruses. However, given the lack of evidence supporting a causal
role of adenoviruses in human cancers, animal models of human ade-
noviruses will not be discussed at length in this review.

1.2.2. Papillomaviruses and human cancer

In 1976, Harald zur Hausen published a brief note highlighting
epidemiological similarities between papillomavirus-induced genital
warts and human cervical cancers [54]. His laboratory subsequently
reported the discovery of HPV types 16 and 18 (HPV16, HPV18), DNA of
which were present in a significant proportion of human cervical and
other anogenital cancers [55,56]. These paradigm-altering studies
established a strong etiological link between these small DNA tumor
viruses and human cancers. Papillomaviridae is a large and diverse family
of viruses with over 220 formally accepted genotypes that infect humans
[57-59]. Papillomaviruses exhibit tropism for stratified squamous
epithelia, which is present in the skin, oral cavity, upper respiratory
tract, and the anogenital tract that includes the cervix, vagina, vulva,
anus, and penis. The large number of anatomical target sites and broad
diversity of HPV genotypes underlies their high prevalence. HPVs
remain the most common sexually transmitted infection in the United
States despite the availability of prophylactic vaccines that protect
against infection by several common, sexually transmitted HPV

Table 1
Human tumor viruses.
Virus Family Genome Year Cell type targeted Associated Cancer(s) References
Discovered
RNA Viruses
Human T-lymphotropic Retroviridae +ssRNA 1980 T cells Adult T cell leukemia [304]
virus-1 (HTLV-1)
Hepatitis C virus (HCV) Flaviviridae +ssRNA 1989 Hepatocytes Hepatocellular carcinoma, lymphoma [305]
DNA Viruses
Epstein-Barr virus (EBV) Herpesviridae dsDNA 1964 B cells, epithelial cells, T Burkitt’s lymphoma, nasopharyngeal carcinomas, [4]
and NK cells lymphoproliferative diseases
Hepatitis B virus (HBV) Hepadnaviridae ssDNA, 1965 Hepatocytes Hepatocellular carcinoma [306]
dsDNA
Human papillomavirus Papillomaviridae ~ dsDNA 1983-84 Keratinocytes Cervical cancer and other anogenital cancers, [55,56]
(HPV16, HPV18) oropharyngeal cancer
Kaposi’s sarcoma Herpesviridae dsDNA 1994 B cells, endothelial cells Kaposi’s sarcoma, primary effusion lymphoma [307]
herpesvirus (KSHV)
Merkel cell polyomavirus Polyomaviridae dsDNA 2008 Keratinocytes? Merkel cell carcinoma [82]
(MCPyV) Fibroblasts?

Merkel cells?
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genotypes including ones that cause cancer [60]. HPVs are informally
classified as either low-risk or high-risk depending on their oncogenic
potential and as either cutaneous or mucosal based on their epithelial
tropism [61]. Low-risk HPVs cause benign warts (papillomas) of the
skin, oral/respiratory tract, and anogenital tract, whereas high-risk
HPVs are associated with progressive neoplastic disease that can lead
to cancer. While most of the formally recognized high-risk HPVs are
mucosotropic members of the alpha genus that cause cancers of the
anogenital tract and oral cavity, there are also cutaneotropic HPVs of the
beta genus with compelling associations with some skin cancers [62].
Since their discovery as human cancer-causing viruses, it is now
recognized that high-risk HPVs are etiologically linked to at least 5% of
human cancers worldwide [7].

1.2.3. Polyomaviruses and human cancer

There are 13 known polyomaviruses that infect humans [63,64].
Most human polyomaviruses (HPyVs) are ubiquitous in the population
and cause mild or asymptomatic disease in their hosts but can cause
significant disease in immunosuppressed (e.g. transplant patients) and
immunocompromised individuals. The identification of HPyVs as
human carcinogens has taken a circuitous route. SV40 was discovered in
1960 in monkey kidney cells used in production of the human poliovirus
vaccine [65]. After several reports were published demonstrating its
oncogenic potential in preclinical settings [66-69], concern mounted
that SV40, as a contaminant of certain poliovirus vaccines, could be
oncogenic in humans. While the intense scientific scrutiny of SV40 that
ensued yielded some of the most important discoveries in modern mo-
lecular biology, there has yet to be a direct role established for SV40 in
human cancers [reviewed in 70]. Two additional HPyVs, human JC
polyomavirus (JCPyV) [71,72] and BK polyomavirus (BKPyV) [73] were
discovered in a brain demyelinating disease and renal nephropathy,
respectively, and have clear etiological roles in causing acute disease in
immunosuppressed/immunocompromised individuals. Although both
JCPyV and BKPyV have been implicated in human cancers of the central
nervous system and renourinary tract, respectively [reviewed in 74,75,
761, they have not yet been officially classified as human tumor viruses.
In the last several years, new HPyVs such as human polyomaviruses 6
and 7 (HPyV6, HPyV7) [77], trichodysplasia spinulosa-associated pol-
yomavirus (TSPyV) [78], Lyon IARC polyomavirus [79] and others [80]
have been discovered. Thus far, however, data for only one HPyV,
Merkel cell polyomavirus, has been sufficient to classify it as a causative
agent of human cancer.

Merkel cell polyomavirus (MCPyV) was discovered in 2008, when
Feng and colleagues sought to determine whether Merkel cell carcinoma
(MCQ), a rare cutaneous neuroendocrine cancer, has a viral etiology.
Risk factors for MCC include immunosuppression, advanced age, and
ultraviolet exposure [81], all of which can increase susceptibility to viral
infection. Using a panel of MCC tissue samples, digital transcriptome
subtraction analysis identified several polyomavirus-related transcripts
that led to their identifying MCPyV (or MCV) [82]. Subsequent studies
have confirmed that at least 80% of MCC tumors are MCPyV-positive
and contain integrated sequences of the MCPyV viral genome, leading
to continued expression of virally encoded, truncated large tumor (LT)
and full-length small tumor (ST) antigens in MCC tumors. Clonal inte-
gration of the viral genome and continued expression of these viral
proteins, which were found to be required for the growth of
MCC-derived cell lines [83], provided strong evidence that MCPyV is an
etiological agent of MCC.

The cell tropism and transmission route for many mammalian pol-
yomaviruses remains unclear [63]. Many have tropism for epithelial
cells at various anatomical sites, and others like murine polyomavirus
(MPyV) infect a variety of different cell types in vivo [84]. MCPyV can be
detected in skin swabs from healthy individuals [77] suggesting it likely
infects a resident cell type in the skin, although the exact cell type re-
mains unclear. Normal Merkel cells arise from epidermal progenitors
[85,86], prompting speculation that MCPyV infects epidermal
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keratinocytes. However, Liu et al. reported that productive MCPyV
infection can be achieved in human and animal dermal fibroblasts [87,
88], which is intriguing since MCC commonly arises in the dermis.
Ongoing research efforts seek to illuminate the relationship of MCPyV
with the skin, its life cycle and replication, and the mechanisms un-
derlying its oncogenic potential [89].

1.3. Common features of small DNA tumor viruses

There are several similarities between HPVs and MCPyV, the two
small DNA tumor viruses linked to human cancers [59,63]. Both viruses
are non-enveloped, icosahedral viruses between 40 and 45 nm (poly-
omaviruses) and 55 nm (papillomaviruses) in size that contain a circu-
lar, double-stranded DNA viral genome 5-8 kilobase pairs in length
(Fig. 1A and 1B). During viral replication of both viruses, a temporally
regulated gene expression cascade yields ‘early’ and ‘late’ proteins [90,
91]. Aside from being directly involved in viral replication, the early
genes also help create a cellular environment conducive for viral repli-
cation by driving cell cycle entry [92-97], which is necessary for the
infected host cell to support viral DNA replication and progeny virus
production. When removed from the context of viral replication, many
of these same functions moonlight as oncogenic properties. Thus, the
HPV and MCPyV encoded oncoproteins are all ‘early’ viral proteins: the
E5, E6, and E7 proteins of HPVs [98] and the ST and LT antigens of
MCPyV [97].

Persistent infections are a common feature of small DNA tumor vi-
ruses with oncogenic potential. HPV infections are extremely common,
yet most are asymptomatic and usually cleared [99]. MCPyV is also a
ubiquitous virus that is likely acquired during early childhood
[100-103]. It is well-established that HPVs can establish infections that
persist throughout the lifetime of the host [104-106]. MCPyV also seems
to become a persistent part of the natural skin flora given its detection in
skin swabs of healthy individuals [77]. The persistent presence of HPV
and MCPyV viral DNA in hosts, together with other factors and condi-
tions that are not yet fully elucidated, coalesce to promote the relatively
rare event of cancer development. Viral genome integration in these
cancers is a common (though not absolutely necessary in the case of
HPV) hallmark of both HPV and MCPyV-mediated malignant progres-
sion [82,107,108]. Integration renders the viruses
replication-incompetent yet preserves early region DNA sequences that
encode viral oncoproteins. In the case of HPV, viral genome integration
provides a selective growth advantage to cells [109] by increasing and
stabilizing viral transcripts encoding the potent HPV oncogenes E6 and
E7 [108,110]. Integration of the MCPyV genome preserves viral DNA
sequences of the early region and thus expression of ST and LT in human
MCCs [82]. During viral genome integration and/or malignant pro-
gression, truncating mutations occur within LT antigen [111] that give
rise to truncated LT proteins that lack the C-terminal domain which is
involved in viral replication and confers growth-inhibitory functions
[112]. Viral integration and continued expression of viral oncoproteins
are primary drivers of HPV- and MCPyV-associated carcinogenesis as
highlighted by the fact these virus-associated cancers are ‘oncogene
addicted’ to viral oncoprotein expression [83,113].

Among the most striking commonalities among the small DNA tumor
viruses are the parallel functions of their viral oncoproteins. Adenovi-
ruses, papillomaviruses, and polyomaviruses all express highly multi-
functional early viral proteins, yet those with transformation capacity
have converged to share at least two common targets for inactivation:
the cellular tumor suppressor proteins, p53 and pRb [15,51,98,114,115]
(Fig. 1C). Using direct or indirect mechanisms, the high-risk HPV E6
protein and MCPyV ST antigen inactivate the p53 tumor suppressor
pathway [116-118], whereas the high-risk HPV E7 and MCPyV trun-
cated LT antigen inactivate the pRb tumor suppressor pathway [19,111,
114,115,119-122]. While they are not associated with human cancers,
adenovirus E1 proteins also target p53 and pRb for degradation and/or
inactivation [51,52,123,124], further substantiating the analogous
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A B Fig. 1. Similarities among small DNA tumor vi-
’ HPV18 ’ MCPyV ruses. Viral genomes of small DNA tumor viruses
Alphapapillomavirus Alphapolyomavirus classified as human tumor viruses are shown for A.

HPV HPV

mechanisms of small DNA tumor viruses. While there are certainly other
functions of the HPV E6/E7 and MCPyV T antigen proteins that
contribute to human carcinogenesis [114,125-127], the existence of
these common mechanisms and cellular targets among small DNA tumor
viruses draws attention to their likely importance in driving cancer
development. These molecular clues helped provide important context
and guidance in the development of preclinical models used to study
small DNA tumor virus-associated human carcinogenesis.

2. Considerations in the design and use of small DNA tumor
virus preclinical models

Comparative animal models are one of the most valuable tools
available to researchers seeking to learn more about the multiple facets
of human disease in intact, living systems. As methodology evolves and
new models are developed, or when a new human tumor virus is
discovered as was recently the case with MCPyV [82], there are several
important aspects to consider in the design and use of animal models of
small DNA tumor virus action.

2.1. Host range

The host range of a virus is defined by the host species it can infect
and in which a fully productive virus infection can occur. Most viruses
have a very strict host range and fail to establish and/or complete pro-
ductive infections in any host other than those with which they co-
speciated. This is largely the case for small DNA tumor viruses, where
the restricted host range has relegated researchers to studying virus
infection and disease in laboratory animals that are their natural hosts.
Host range is mainly a consideration for natural infection models,
although issues such as species-specific restriction factors and/or

MCPyV (MCC350)

5387 bp

high-risk human papillomavirus type 18 (HPV18) and
B. Merkel cell polyomavirus isolate (MCPyV)
MCC350. Early viral genes are green, late viral genes
are blue, and viral oncoproteins are shown in red. C.
The small DNA tumor viruses express viral early
proteins that share common targets, including the
tumor suppressors p53 and pRb. Ad: adenovirus;
HPV: human papillomavirus; MCPyV: Merkel cell
polyomavirus. (For interpretation of the references to
colour in this figure legend, the reader is referred to
the Web version of this article.)

processes can also affect the extent to which a transgenic animal model
accurately mimics human disease.

2.2. Cell tropism

Tropism is defined by the cell or tissue type that a virus naturally and
preferentially targets for infection. In natural infection models wherein
the administered virus can infect its target cell, considerations may be
necessary if technical and ethical limitations arise in achieving access to
or infection of specific population of cells. For instance, mouse poly-
omavirus (MPyV)-based murine models of neurotropic JCPyV-induced
disease required techniques for intracranial infection that resulted in
serious ethical considerations upon development of severe neurological
phenotypes [128]. On the other hand, in natural infection models where
there is broad cellular tropism, issues such as lateral transmission and
reinfection can create confounding variables that threaten interpreta-
tion of otherwise well-controlled experiments. In the development of
transgenic animal models in particular, cell and tissue tropism are
especially important considerations since the genetic design will deter-
mine the spatial and temporal expression of the viral oncoproteins.

2.3. Virus types/isolates and association with disease

The virus types/isolates used when creating and using models of
virally induced disease are an important consideration. In the case of
models of HPV-associated cancers, for example, one would want to
utilize high-risk HPV types that cause the majority of HPV-associated
cancers across anatomical sites [129-131]. When developing models
of MCPyV-associated carcinogenesis, one might consider the
MCC-specific T antigen mutations that arise in the early region of the
integrated viral genome [111] and seek to use MCC-derived MCPyV
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isolates. As further sequencing is performed on MCC tumors, it is
possible that MCPyYV isolates that are more prevalent in human cancers
will emerge, as was the case with high-risk HPV16 and HPV18 [129,130,
132].

2.4. Reproduction of key aspects of virus-induced disease

According to the National Cancer Institute, an animal model is ... an
animal with a disease either the same as or like a disease in humans ...
used to study the development and progression of diseases and to test
new treatments before they are given to humans” [133]. The ability to
recapitulate aspects of human disease accurately and reproducibly is at
the crux of all preclinical models. As will be discussed in the next section,
modern genetics have made it possible for investigators to control the
spatial and temporal expression of both viral and host factors in animals
with high levels of precision. While limitations certainly exist, the extent
to which a laboratory animal model mirrors the anatomical aspects of
the virus-induced human cancer is important. Ideally, models of
virus-induced cancer closely recapitulate the neoplastic process and
ultimately give rise to cancers that have similar histopathology and
biomarker expression as in humans. Meeting these standards can often
require significant optimization, but achieving a model that re-
capitulates viral carcinogenesis as accurately as possible is key to rele-
vant translational studies.
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3. Types of animal models to study small DNA tumor virus-
associated human cancers

This review will focus on two main types of animal models that are
used to study HPVs and MCPyV and their association with human dis-
ease: infection models and transgenic models. There are other valuable
in vivo models to study virus-induced cancers including xenografts,
patient-derived xenografts, and humanized mice, but they will not be
discussed in this review. The following section provides a brief and
generic overview of the design, strengths, and limitations of infection
and transgenic models.

3.1. Infection models

Both papillomaviruses and polyomaviruses have rigid species spec-
ificity [59,63]. Consequently, animals commonly used as laboratory
model systems do not support productive HPV or HPyV infections. This
species specificity has largely limited productive infection models to
those natural hosts with a cognate virus, giving rise to papillomavirus
and polyomavirus infection models in various rodent and livestock
species, among others [134-138]. These models utilize either pseudo-
viruses or natural viruses for infection (Fig. 2A). Pseudoviruses, which
contain reporter plasmids encapsidated in viral capsid proteins and are
therefore non-replicating, are a useful surrogate model to study early
steps in virus attachment and cell entry in vivo [139,140]. Natural
infection models involve the preparation of viral stocks from naturally

Fig. 2. Overview of common types of animal
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occurring lesions on host animals or the in vitro generation of ‘quasivi-
rus’ species using the viral genome and a packaging cell line [141,142].
These natural or engineered virus stocks can then be applied to their
natural host at susceptible sites corresponding to those infected in
humans. Infection models can be used to study transforming infections,
as is the case with the cottontail rabbit papillomavirus model [reviewed
in 143] and animal models used to study adenovirus [reviewed in [48]].
The ideal infection model, however, will support the full spectrum of
events including productive infection, viral persistence, and neoplastic
disease progression.

3.1.1. Strengths and limitations

The first and most obvious strength of infection models is that they
support the full productive life cycle in its natural host. This not only
provides a platform to longitudinally study virus-host interactions
throughout the course of infection and pathogenesis, but also makes
studies of the host immune response possible. Infection models involve
the inherent mechanisms of spatial and temporal regulation of gene
expression that occur as they do during a natural virus infection.
Because a common characteristic of both papillomaviruses [105] and
polyomaviruses [144] is that they establish persistent infections, those
models that support persistence provide the important opportunity to
study factors involved in viral persistence and potential pharmacolog-
ical inhibitors of persistent viral infections. The same is true of viral
genome integration, which occurs during both HPV and MCPyV
infection-mediated carcinogenesis.

Infection models do have some limitations. As with most models of
infection, there are inherent safety and containment considerations
when working with infectious agents. Broad anatomical susceptibility,
especially within immunodeficient animal strains, can introduce mul-
tiple confounding variables that complicate interpretation and limit
control of the experimental design. Animal models of infection can also
be limited by anatomical, histological, and molecular dissimilarities to
humans and lead to inaccurate extrapolations of human equivalence.

3.2. Transgenic models

Transgenic animals are genetically engineered to express genetic
material from another source, such as viral genes. A small DNA tumor
virus was used to develop what is considered the first transgenic mouse
model in 1974 when researchers injected the SV40 T antigen genes into
mouse embryos resulting in the detection of viral DNA in multiple tis-
sues [145]. Today, transgenic models of virus-associated carcinogenesis
help establish causality, provide insight into viral and host protein
functions involved in tumorigenesis and malignant progression, and
help determine which viral proteins are sufficient and/or necessary for
cancer.

The most common species used to generate transgenic models is the
laboratory mouse, Mus musculus. Mice are the most well-characterized
and well-supported laboratory animal with respect to the availability
of technical reagents and protocols [146] and at least 80% of their genes
have a human ortholog [147]. The most common approach for gener-
ating transgenic mice is through direct injection of DNA sequences into
the pronucleus of fertilized oocytes [148-150] resulting in the random
integration of DNA into the mouse genome and transgene expression in
all cells in which the transgene promoter is active. More recent advances
allow a DNA construct to be specifically introduced (‘knock-in’) at a
permissive locus through the use homologous recombination. A
commonly targeted locus for this type of knock-in approach is ROSA26,
a genetic locus with no identified essential genes that drives stable,
predictable, and ubiquitous expression in mice [151]. As discussed
below, the use of tissue-specific promoters and/or recombinase tech-
nologies enable conditional expression that can help circumvent other-
wise detrimental types of expression. More on the history of transgenic
models and the genetic strategies used in their development can be
found in other reviews [for example 152,153].
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3.2.1. Constitutive transgenic models

Most of the transgenic models used to study small DNA tumor viruses
involve either random insertion or targeted knock-in designs that ach-
ieve viral oncoprotein expression in relevant tissues of transgenic ani-
mals (Fig. 2). Constitutive transgenic models drive either constitutive
expression of the transgene in a ubiquitous manner (e.g., the ROSA26
promoter) or in a cell- or tissue-specific manner (e.g., the keratin 14
promoter) (Fig. 2B). A benefit of transgenic models with constitutive
expression is that they can provide relatively rapid assessment of
phenotype development induced by a transgene. However, the strength
of the promoter of choice can lead to expression that is either too strong
or too weak, resulting in nonphysiologically relevant effects.

3.2.2. Conditional transgenic models

Conditional transgenic models expand the ways in which transgene
expression can be regulated, allowing both temporal and spatial regu-
lation (Fig. 2C). The most common features of conditional models are
elements of the Cre/loxP recombination system. This system in-
corporates expression of a Cre recombinase enzyme, which recognizes
DNA sequences known as loxP sequences [154]. One example of the
Cre/loxP system involves introducing transcription/translation termi-
nation or ‘stop’ sequences flanked by loxP sequences (often referred to as
loxP-stop-loxP, or LSL, sequences; Fig. 2C) between the promoter and
gene of interest. These mice will only express the gene of interest when
crossed with transgenic mice expressing Cre recombinase under the di-
rection of specific promoters. For example, if a conditional model of
viral protein expression is crossed with a Cre driven by a keratin 14
(K14) promoter (K14Cre), this will result in constitutive expression of
the viral protein in K14-positive cells. The FLP/FRT system is another
recombination system similar to Cre/loxP that can be used to manipulate
transgene expression. Conditional transgene models provide broad
flexibility in directing viral oncoprotein expression to a variety of
different cell/tissue types by simply breeding with mice that drive Cre
from any given cell/tissue-specific promoter. For this reason, condi-
tional models are especially useful when studying viruses with unknown
tissue/cell tropism, as expression can be readily targeted to new cell
types as new knowledge surfaces.

3.2.3. Inducible transgenic models

Inducible transgenic models are those that can induce expression of a
transgene at some point in time, thus enabling temporal regulation of
viral transgene expression (Fig. 2C). One of the most common ap-
proaches for creating inducible models uses Cre recombinase proteins
fused to a mutated ligand-binding domain (LBD) of steroid receptors,
most frequently the estrogen receptor (ER), which cannot be regulated
by its natural ligands but is activated by 4-hydroxytamoxifen (Crer")
[reviewed in [154]]. In the absence of ligand, Cre fusion protein is
excluded from the nucleus. However, when mice are treated systemi-
cally or topically with tamoxifen (Tam), the active Cre fusion protein is
transported to the nucleus where it can cleave at loxP sites. A more
recent version, Cre?R'2, is more efficiently induced by tamoxifen and has
reduced ‘leaky’ activity in the absence of its ligand [155]. The expres-
sion of inducible CreR” is usually driven by a cell-specific promoter such
as K14. Using K14CrefRT as an example, Cre recombinase will only be
expressed in K14-positive cells upon tamoxifen treatment. Another
frequently used inducible system is the tetracycline-based system which
uses the tetracycline operator (tetO) and transactivator protein (tTA).
Cre recombinase can also be delivered to mice using engineered
adenovirus or lentivirus vectors expressing Cre [156] to achieve tem-
poral and tissue-specific expression.

3.2.4. Strengths and limitations

A main strength of transgenic models is that they allow precise
tissue-specific and/or temporal regulation of viral protein expression.
Transgenic models can help test the individual contributions of viral
oncoproteins and their specific functions to the oncogenic process, and
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these models can be easily combined with transgenic or genetically
engineered mouse models that manipulate host factors. Transgenic
models of human tumor viruses also provide well-defined and controlled
platforms to test mechanistic hypotheses and potential therapeutic
treatments. Limitations of transgenic models include the lack of viral
infection/replication and the expression of viral proteins from a heter-
ologous promoter that may alter natural in vivo expression patterns. The
viral proteins may also be expressed in a way that prevents their being
seen as foreign antigens, thus limiting the ability to study some aspects
of the host immune response during neoplastic progression.

4. Preclinical models of HPV infection and disease

Researchers have established various preclinical models, including
both infection and transgenic models, to study HPV infection and dis-
ease. The following section will provide an overview of the current
models frequently used in HPV research.

4.1. Infection models

4.1.1. Pseudoviruses

The development of HPV pseudoviruses [157,158] harnessed the
knowledge that the HPV capsid proteins L1 and L2 self-assemble into
virus-like particles [159-161] to package and assemble infectious par-
ticles in vitro that can subsequently be used to infect animals. HPV
pseudoviruses have been used to study early stages of viral infection like
cell attachment and cell entry. Despite the strong species specificity of
papillomaviruses, pseudoviruses packaged with HPV capsid proteins can
infect the murine female reproductive tract [162], suggesting that spe-
cies restrictions exist downstream of cell attachment and cell entry. This
cervicovaginal pseudovirus infection model has been used to test vac-
cines [163], antiviral compounds that prevent viral entry [164,165],
and molecular studies of viral attachment and entry mechanisms
[166-170]. Capsid proteins from different HPV or animal papilloma-
virus types can be used to generate pseudoviruses to better understand
the similarities and differences in attachment and entry mechanisms
between viruses [171]. The availability of pseudovirus-based infection
models continues to help scientists better understand the early in-
teractions between host cells and HPV virus particles, an event necessary
to the development of HPV-associated cancers.

4.1.2. Rodent models

Rodent models of papillomavirus infection have greatly enhanced
our understanding of HPV pathogenesis, tissue tropism, and carcino-
genic properties. The first natural infection model used to study papil-
lomaviruses was established in the 1930s with the discovery of
cottontail rabbit papillomavirus (CRPV) [9], which causes horn-like
keratinous protrusions on rabbits. Soon thereafter, Rous and col-
leagues found that CRPV causes skin malignancies in rabbits [172],
making CRPV the first mammalian model of a virus-induced cancer. The
CRPV model became instrumental in understanding cutaneotropic
papillomaviruses and their oncogenic potential in the skin [173]. Rabbit
oral papillomavirus (ROPV) and canine oral papillomavirus (COPV)
infect the oral mucosa and anogenital tissues similar to the alpha genus
high-risk HPVs that are oncogenic in humans, thus making these
important models in understanding mucosotropic papillomavirus path-
ogenesis [174-176]. Animal models of CRPV, ROPV, and COPV infec-
tion were used to test early vaccine candidates, thus paving the way for
the current availability of highly effective prophylactic HPV vaccines
[136,177,178]. Mastomys natalensis papillomavirus 1 (MnPV1) and
Mastomys coucha papillomavirus 2 (McPV2), which persistently infect
the multimammate rat species Mastomys natalensis and Mastomys coucha,
respectively, exhibit dual tropism for cutaneous and mucosal sites [179,
180]. The Mastomys models have been used to study viral persistence
[181], cutaneous tumorigenesis [182], the role of environmental factors
like UV in papillomavirus-associated cutaneous disease and
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‘hit-and-run’ oncogenesis [183], and other key aspects of papillomavirus
pathogenesis [184]. There are several reviews that provide further in-
formation on preclinical rodent papillomavirus models and their con-
tributions to our understanding of virus-host interactions and
pathogenesis of papillomaviruses [136,137,185].

4.1.3. MmuPV1

Until recently, the HPV field lacked a murine papillomavirus that
could harness the potential of an infection-based mouse model of
papillomavirus pathogenesis. In 2011, a murine papillomavirus
(MmuPV1) isolated from a cutaneous papilloma present on the skin of
immunodeficient NMR1-FoxNI™™ mice was reported [186]. Addi-
tional murine papillomaviruses were discovered soon thereafter in the
skin of a house mouse (Mus musculus) and wood mouse (Apodemus syl-
vaticus) [187], although most studies thus far have utilized MmuPV1.
The MmuPV1 genome is circular dsDNA that is organized similarly to
other papillomaviruses. MmuPV1 does not express an E5 protein and
this, along with other characteristics of its transcriptional map, make it
more similar to beta genus cutaneotropic HPVs than mucosotropic alpha
HPVs [188]. Notably, MmuPV1 exhibits expanded tropism in mice and
causes disease in both cutaneous [189-194] and mucosal [138,189,
195-201] epithelia of immunodeficient and immunocompetent mice.
This feature has facilitated the establishment of MmuPV1
infection-based models in all anatomical sites infected by HPVs in
humans and these models are being used to study several aspects of
pathogenesis and disease [reviewed in 138, 185, 202].

Although MmuPV1 shares less than 50% sequence similarity with
high-risk HPVs like HPV16 [203], the MmuPV1 E6 and E7 proteins
retain many activities of high-risk HPV oncoproteins that are associated
with transformation [reviewed in [138]]. For example, MmuPV1 E7
binds pRb [204] and PTPN14 [205], both targets of high-risk HPV E7
[121,206]. MmuPV1 E6 inhibits Notch and TGF-beta (TGF-§3) pathways
to delay differentiation and promote proliferation [207,208] and con-
tains a putative PDZ-binding motif [187]. It has recently been demon-
strated that the MmuPV1 genome integrates in benign skin warts [209],
and although integration has not yet been reported in mucosal tissues,
its capacity to integrate recapitulates a key aspect of HPV-induced ma-
lignant disease.

Many MmuPV1-infection models are being used to study multiple
steps of infection-mediated carcinogenesis. MmuPV1 pseudoviruses
have been used to study and compare virus entry mechanisms and
species/tissue tropism in mice [171,210-212]. We have also established
an MmuPV1-based model of natural sexual transmission that results in
MmuPV1 infections in both male and female genital tissues in immu-
nocompetent mice [200]. Many researchers are using MmuPV1 to study
the host immune response to papillomaviruses. Early studies found that
various strains and genetic backgrounds of mice exhibited different
susceptibilities to MmuPV1 infection [186,190,193,194,213,214]. By
comparing these differential sensitivities using a variety of approaches
including immune cell depletion, adoptive transfers, and the induction
of chronic immunosuppression, it was determined that complete T-cell
deficiency makes mice more susceptible to MmuPV1 infection and dis-
ease [190,192,194,214,215]. We identified a host factor, stress keratin
17 (K17), that is upregulated during MmuPV1 infection and prevents
T-cell recruitment to protect against MmuPV1-induced cutaneous dis-
ease [216]. We have observed similar results in a MmuPV1-infection
based model of cervicovaginal carcinogenesis (unpublished). Through
the use of genetically engineered keratin 17 germline knockout mice
(K17KO) [217] we helped establish the role of K17 and characterized the
immune profile of MmuPV1-infected cutaneous lesions in the presence
and absence of this host factor. MmuPV1 infection-based models will
undoubtedly continue to provide insight into the host immune response
and mechanisms underlying papillomavirus-driven immune evasion.

Persistent infection with mucosotropic high-risk HPVs is a major risk
factor for cancer progression in humans [104-106] and MmuPV1
infection models allow in vivo longitudinal studies of papillomavirus
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persistence and carcinogenesis. Persistent infections with MmuPV1 are
readily established in the mucosal epithelia of the cervicovaginal
epithelium [200,213,218] and to a lesser but still significant degree in
the oral cavity [201,218] and anal canal [195,198,218]. Consistent with
the link between persistent infections and HPV-associated cancers in
humans, MmuPV1-infected mice that establish persistent infections in
the mucosal epithelia also develop SCC. In heterozygous FoxN1™ " mice
infected in the female reproductive tract with MmuPV1, Cladel and
colleagues observed carcinoma in situ development several months after
infection [218] and we have observed SCC development in wild-type
FVB/N mice after 6 months of MmuPV1 infection [213]. Similar to
our findings in HPV16 transgenic mice [219-223], we found that es-
trogen treatment significantly increases the incidence of high-grade
dysplasia and SCC in MmuPV1-infected mice [213]. Using wild-type
FVB/N mice, we have also established MmuPV1-induced carcinogen-
esis models for anal cancer [195] and oral cancer [201,224]. These
MmuPV1 infection-based models of papillomavirus pathogenesis,
persistence, and cancer development will be valuable in furthering our
understanding of infection-mediated de novo neoplastic progression and
may help identify novel therapeutic interventions across all stages of
HPV-mediated disease.

4.2. Transgenic models

The establishment of preclinical models of HPV-associated disease
became more imperative following the discovery of HPVs in genital
cancers in the early 1980s [55,56]. These findings prompted researchers
to develop experimental systems in which to perform studies needed to
firmly establish and interrogate the mechanisms of the causal link be-
tween HPVs and human cancers. However, in the absence of a murine
papillomavirus, which was not discovered until 2011 [186], researchers
proceeded with the development of transgenic models of the high-risk,
mucoscotropic HPVs starting in the early 1990s. As will be discussed
in this section, these transgenic models involve the targeted expression
of high-risk HPV oncogenes to the stratified epithelia that, when com-
bined with cofactors and cocarcinogens, largely recapitulated many
aspects of HPV-mediated carcinogenesis in humans (Table 2).

4.2.1. Alpha papillomaviruses

Following the successful demonstration that mice could be geneti-
cally engineered to express regions of the bovine papillomavirus type 1
(BPV1) viral genome in the late 1980s [225,226], the field recognized
the opportunity to apply this technology to study high-risk alpha
mucosotropic HPVs and their role in human cancers. The first transgenic
mouse model to direct expression of HPV viral oncoproteins to epithelial
cells used the a-crystallin promoter to express HPV16 E6 and E7 in the

Table 2
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ocular lens, an epithelial tissue [227]. These mice developed hyperplasia
and tumors of the lens, phenotypes that were subsequently found to
result from E7-induced inactivation of pRb [228] and E6-dependent
inhibition of apoptosis and other p53-dependent and independent ac-
tivities of E6 [229,230]. Around the same time, HPV16 E7 expression
was targeted to retinal cells in the eye to inactivate pRb, but these mice
only developed tumors in p53-null mice [231]. The a-crystallin pro-
moter also resulted in ectopic expression of HPV16 E6 and E7 in the
murine epidermis and these transgenic mice developed preneoplastic
lesions that progressed to carcinomas, thus providing the first in vivo
evidence that high-risk HPV oncoproteins have oncogenic potential in
an experimental model system [232]. This first generation of HPV
transgenic mice demonstrated the feasibility of generating high-risk
HPV transgenic mice and provided key evidence supporting the onco-
genicity of both E6 and E7-related functions in vivo.

Around the same time that early HPV transgenic models were being
developed, Fuchs and colleagues reported their use of the human keratin
14 (K14) promoter for tissue-specific transgene expression in basal cells
of the stratified squamous epithelia [233,234]. This molecular
advancement paved the way for the next generation of HPV transgenic
models driving constitutive expression of the entire HPV16 early region
[235] or the individual HPV16 oncoproteins E5 [236], E6 [237], or E7
[238]. Early studies with K14-driven HPV16 transgenic mice evaluated
skin phenotypes and revealed that each of the HPV16 oncoproteins
could induce skin cancers by functioning as tumor promoters [239,240].
Subsequent studies in HPV transgenic mice have been particularly
instrumental in understanding HPV-mediated oncogenesis in mucosal
epithelia. Using K14-HPV16 transgenic mice, Arbeit and colleagues
discovered that treatment with the female hormone estrogen was
required for carcinogenesis and potentiated progressive neoplastic dis-
ease molecularly and histopathologically similar to the HPV-mediated
neoplastic disease process in women [219,241]. In studies of K14E6
and K14E7 single transgenic mice and KI14E6/E7 double transgenic
mice, we discovered that E7 alone can drive cervical carcinogenesis
when combined with estrogen treatment and that E6 acts to drive the
development of larger cancers [223]. Additional studies found that es-
trogen contributes to the onset and maintenance of HPV-driven cancer
in transgenic mice [242], a process that requires expression of the es-
trogen receptor alpha (ERa) [221]. Chung and colleagues revealed that
estrogen signaling in the stromal compartment is both required and
sufficient for cervical carcinogenesis in HPV16 transgenic mice [220,
243]. We also found that the HPV16 E6/E7 oncoproteins, both alone and
synergistically with estrogen, globally alter gene expression in the cer-
vical stroma of HPV16 mice and induce inflammation-associated gene
expression including several CXCR2 chemokine receptor ligands [244].
A survey of gene expression patterns in human cervical cancers across

Preclinical transgenic models used to study human cancers caused by high-risk alpha genus HPVs.

Virus Protein Cell type/tissue targeted Other genes/cofactors Disease development and anatomical site Model Development
expression incorporated in model References
HPV16 E6/E7 a-crystallin (epithelial tissues) None Tumors: Ocular lens, SCC: Skin [227,232]
HPV16 E7 interstitial retinol-binding P53 deficiency Apoptosis-induced retinal degeneration (p53-WT [231]
protein (IRBP) (retinal cells) animals); photoreceptor tumors (p53-null animals)
HPV16 Early Early region K14+ cells Estrogen, DMBA SCC: Cervical [219], Penile [252] [235]
Region
HPV16 E6 K14+ cells Estrogen SCC: Cervical [258] [237]
HPV16 E7 K14+ cells Estrogen, 4NQO, DMBA SCC: Cervical [223], Oral [308], Anal [254] [238]
HPV16 E7 Conditional (tetracycline K5-tTA, doxycyline Cervical SCCs require continuous E7 expression [267,268]
system)
HPV16 E6/E7 K14+ cells Estrogen, 4NQO, DMBA SCC: Cervical [223], Oral [250], Anal [251] [237,238]
HPV16 E5 K14+ cells Estrogen, DMBA/TPA SCC: Cervical [253], Skin [239] [236]
HPV16 E6/E7 Conditional (Adeno-Cre) Mutant Kras SCC: Cervical [270]
HPV18 E6/E7 K1+ cells None Verrucous lesions, papillomas: skin [264]
HPV18 E6/E7 a-crystallin (epithelial tissues) WT, mutant p53; WT pRb Microphakia: ocular lens [266]
HPV18 B-globin HPV18 URR Estrogen, progesterone Hormonal regulation of URR activity [265]
HPV18 E7 K14+ cells None Cataracts of ocular lens [263]
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the spectrum of disease also supports a role for stromal estrogen
signaling [245]. These studies reveal just one facet of HPV-mediated
cervical carcinogenesis that has been illuminated through the use of
HPV transgenic mice. This research has also identified the estrogen
signaling pathway as a potential target for therapeutic treatment using
FDA-approved anti-estrogen drugs, which prevent, treat, and reduce
recurrence of estrogen-induced cervical cancers in HPV16 transgenic
mice [246,247]. Ongoing studies using HPV transgenic mice continue to
explore the dynamic and bidirectional interaction between HPV, estro-
gen, and the cervical microenvironment during viral oncogenesis [244,
248]. In addition to preclinical models of HPV-associated cervical can-
cer, HPV16 transgenic mice have also been used to establish preclinical
models of HPV-driven neoplastic disease and cancer development in the
oral cavity [249,250], anal canal [251], and penis [252]. HPV16
transgenic mice have been used to establish the potency of individual
HPV oncoproteins [223,239,240,242,249,253,254], explore the role of
host factors and signaling pathways [219-221,243,250,255-261], and
evaluate potential therapeutic treatments [246,247,259,262]. Several
transgenic models have also been developed using HPV type 18
(HPV18), another high-risk mucosotropic HPV (Table 2). Many of the
phenotypes that develop in HPV18-based transgenic models largely
mirror those seen in HPV16 models [263-266].

Other transgenic models have been designed to allow temporal
regulation of high-risk HPV oncoproteins. Our laboratory developed
HPV16 E7 transgenic mice in which E7 and luciferase gene expression is
under the control of a bidirectional promoter controlled by the tetra-
cycline response element (Bi-L E7) [267]. Crossing these mice to a strain
of mice that expresses a tetracycline transactivator driven by basal
cell-specific keratin 5 (K5) generated Bi-LE7/K5-tTA bitransgenic mice
that express luciferase and HPV16 E7 in the stratified squamous
epithelia. Upon administration of doxycycline, E7 expression is
repressed. This transgenic model was used to demonstrate that contin-
uous expression of E7 is required for cervical cancer maintenance
[267-269], highlighting the potential efficacy of therapeutic strategies
targeting E7 protein expression in HPV-associated cancers. A more
recent model developed by the Schreiber group expresses a conditional
transgene containing a loxP-stop-loxP sequence between the K14 pro-
moter and the E6/E7 genes (E6/E7LSL) in which tissue specific expres-
sion of the HPV16 E6 and E7 proteins can be induced through the
delivery of Cre-expressing adenovirus vectors [270]. This exciting new
model is therefore able to induce focal expression of the HPV oncopro-
teins, more closely mimicking focal neoplastic lesions in HPV-infected
human tissues and facilitating future studies on virus-host interactions
and immune regulation in the absence of chronic overexpression of HPV
oncoproteins.

4.2.2. Beta papillomaviruses

Beta genus HPVs are currently classified as Group 3 carcinogens by
the International Agency for Research on Cancer (IARC), meaning there
is inadequate evidence of carcinogenicity in humans [6]. However, these
viruses have attracted great interest due to a growing body of evidence
that suggests they contribute to the development of cutaneous SCC [62,
271-274]. Two beta HPVs, HPV5 and HPV8, were isolated from cuta-
neous SCC that developed in patients with a rare hereditary disease
called epidermodysplasia verucciformis (EV) [275]. This finding caused
speculation that beta HPVs, which are rather common in the population
[276,277], may be etiological factors in cutaneous skin cancers. To date,
the EV-associated HPVs have some of the strongest evidence for cau-
sality and for this reason they are classified as “possibly carcinogenic” by
IARC [6]. A prevailing theory is that beta HPVs are involved in cancer
initiation but their functions then become unnecessary, possibly due to a
synergy with ultraviolet (UV) exposure, leading to an inability to detect
viral DNA in the resulting tumors, or rather a ‘hit-and-run’ hypothesis
[278]. Several transgenic animal models have been developed to study
the following beta HPVs: HPV5 [279], HPV8 [280-283], HPV20/27
[284], HPV38 [285,286], and HPV49 [287]. Most of these models use
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epithelial-specific promoters (K14, K10) to drive expression in the skin
and many have used UV exposure as a co-factor. To mimic the ‘hit-an-
d-run’ hypothesis, one model combines chronic UV exposure with
temporal expression of HPV38 oncoproteins regulated by the Cre/loxP
system to show that tumor growth was not affected upon HPV protein
loss after they had been established [288]. These transgenic models of
beta HPV oncoprotein expression will prove valuable as the field con-
tinues to interrogate their link to human cancer.

5. Preclinical models of MCPyV infection and disease
5.1. Infection models

The current ambiguity regarding MCPyV cell tropism and host range
has complicated efforts to generate natural infection animal models [89,
94]. Several groups have demonstrated that MCPyV pseudoviruses can
achieve entry into a variety of human and animal cell types in vitro,
including epithelial cells and fibroblasts [87,102,289]. Multiple groups
have also established in vitro replication assays using MCPyV viral ge-
nomes, although infectious progeny production and serial transmission
is either weak or undetected [90,96,290-292]. Liu and colleagues have
achieved MCPyYV replication in dermal fibroblasts both in vitro and ex
vivo [87,88]. Among a panel of primary dermal fibroblasts isolated from
several rodent and primate species, only those from chimpanzees and
humans supported the fully MCPyV life cycle and production of infec-
tious progeny virus and rat fibroblasts supported early gene expression
[87]. Therefore, while there is currently no natural MCPyV infection
animal model, this study provided insight into potential suitable in vivo
hosts. Undoubtedly, the ability to produce infectious MCPyV virions in
vitro using a viral genome isolated from healthy skin [289,291] and the
use of chimeric mammalian polyomaviruses [87] are important tech-
nical advancements. These tools will facilitate continuing studies of the
natural life cycle and host range of MCPyV in the skin that can inform
the development of future natural infection animal models.

5.2. Transgenic models

The molecular pathogenesis of MCPyV-induced MCC is coming into
better focus [114], although there is still a great deal to learn. Despite
the lack of a MCPyV natural infection model, several transgenic mouse
models have been developed to study the MCPyV viral LT and ST anti-
gens (Table 3). The MCPyV T antigens are the logical choice to study in
this context given their continued expression in MCC tumors and high
degree of functional similarity to other tumor virus oncoproteins. The
apparent tropism of MCPyV for the skin and its link to a cutaneous
cancer have so far steered investigators to design models that target the
viral T antigens to epithelial keratinocytes or Merkel cells using DNA
sequences from MCC tumor-derived MCPyV isolates in order to replicate
expression of the ST and truncated LT antigens found in MCC.

5.2.1. Single MCPyV T antigen transgenic models

The first MCPyV transgenic model was reported in 2015 by Ver-
haegen and colleagues [293]. In this model, MCPyV ST (MCC350
isolate) expression in the skin was achieved with a keratin 5 (K5) pro-
moter that directs expression to the basal cells of the stratified squamous
epithelium. They evaluated both constitutive ST expression (K5-sTAg) in
pre-term embryos to avoid potential issues with lethality and inducible
ST expression using Cre-loxP technology (K5-loxP-eGFP-loxP-sTAg mice
crossed to a tamoxifen-inducible K5-CrefRT2 mice) to evaluate expres-
sion in post-natal adults. Both prenatal and postnatal ST transgenic mice
developed several prominent phenotypes in the skin consistent with
epithelial transformation, including hyperplasia, dysplasia, increased
proliferation and apoptosis, and activation of the DNA damage response.
Postnatal ST induction also induced lesions histologically consistent
with squamous cell carcinoma in situ. Two additional K5-driven
constitutive models were created with a PP2A-binding ST mutant
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Table 3
Preclinical transgenic models used to study human cancers caused by MCPyV.
Virus Protein Cell type/tissue targeted Other genes/cofactors Disease development and anatomical site References
expression used in model

MCPyV MCC350 ST K5+ basal cells in pre-term None Skin: Proliferation, hyperplasia, dysplastic epithelium  [293]
isolate embryos

MCPyV MCC350 ST Conditional (K5+ cells; induced in ~ None Skin: Carcinoma in situ [293]
isolate postnatal animals)

MCPyV codon- ST Conditional (inducible ubiquitous Conditional p53 Liver, spleen tumors with ubiquitous expression; [296]
optimized expression and Atoh1+ cells) deletion Merkel cell proliferation with Atoh1-specific

expression

MCPyV MCCw168 tLT K5+ basal cells None None [295]
isolate

MCPyV MCCw168 Early region; Conditional (constitutive None Skin: hyperplasia, proliferation, E2F-dependent gene [298]
isolate tLT + ST expression in K14+ cells) expression, spontaneous tumor development

MCPyV MCC350 ST K5+ basal cells Atohl Skin: intraepidermal MCC-like tumors [295]
isolate

MCPyV MCCw168 tLT K5+ basal cells Atoh1l Skin: ectopic Merkel cells (effect of Atoh1 expression) [295]
isolate

MCPyV MCCw168 and tLT + ST K5+ basal cells Atohl + conditional Skin: MCC development [303]

MCC350 isolates

p53 deletion

(K5-ST11424) and a large T stabilizing domain (LSD) [294] mutant
(K5-STo91.954), revealing that the prenatal ST-induced phenotypes were
independent of PP2A binding but required the LSD domain. The in-
vestigators have used a similar approach to generate transgenic mice
expressing truncated LT only (K5-tLTAg), but these mice developed no
apparent phenotypes [295]. Although the ST model helped establish
that MCPyV ST is oncogenic in vivo, notably K5-sTAg mice did not
develop MCC.

Shuda and colleagues developed MCPyV transgenic models to eval-
uate the effects of both ubiquitous and Merkel cell-specific expression of
ST [296]. In this model, a loxP-stop-loxP (LSL) cassette was cloned up-
stream of a codon-optimized ST cDNA and introduced into the murine
ROSA26 locus, generating ROSAST mice. To achieve ubiquitous ST
expression, ROSAST mice were crossed with a tamoxifen-inducible
ubiquitous Cre line (Ubc-Cre®"2). Ubiquitous ST expression in Ubc--
Cre®RT2.R0SAST mice developed epidermal and dermal hyperplasia and
hyperkeratosis on the ears. Ubiquitous ST expression in conditional
p53-null mice caused poorly differentiated tumors in the liver and
spleen, demonstrating the oncogenic potential of ST. To drive expression
of ST in Merkel cells, ROSAST mice were crossed with mice expressing
Cre recombinase driven by Atoh1 (Atohl -CreERTz), a transcription factor
involved in Merkel cell specification and development [297]. When ST
expression in Atohl-positive cells was induced during embryogenesis
via tamoxifen administration to pregnant dams, the number of Merkel
cells increased in the touch domes of prenatal mice but no tumors
developed over the course of several months. This effect was not seen
when tamoxifen was administered to adult mice, indicating that ST
expression in adult Merkel cells does not induce their proliferation.
Combined expression of ST with p53-loss in Atoh1-positive Merkel cells
did not increase their proliferation or induce tumorigenesis. These
studies provided the first evidence that MCPyV ST expression in Merkel
cells, even when combined with p53 loss, is insufficient to induce
tumorigenesis or MCC development in vivo, at least under the conditions
used. Neither Ubc-CrefR™2.ROSAST nor Atohl-Cre®R™2.ROSAST mice
developed MCC.

5.2.2. Combined MCPyV ST and truncated LT transgenic models

We developed a conditional, tissue-specific transgenic MCPyV mouse
model that expresses both ST and truncated LT [298]. These targeted
knock-in mice express a transgene that contains the ROSA26 promoter
upstream of the entire early region of the MCPyV MCC168 isolate, with a
loxP-stop-loxP (LSL) sequence between the promoter and MCPyV early
region (ROSA26-LSL-MCPyV168). Therefore, expression of the MCPyV T
antigens will only be achieved by expression of Cre recombinase and
removal of the LSL sequence. Like other MCPyV model designs, this
allows both spatial and temporal control of T antigen expression. K14Cre
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mice were used to drive constitutive expression of ST and truncated LT
to the basal cells of the skin and other stratified epithelia. K14Cre-MC-
PyV168 transgenic mice developed several overt phenotypes within
8-10 days of birth, including ruffled fur and small body size, that pro-
gressed to include severe skin thickening, cataracts, and alopecia.
Similar to other MCPyV transgenic models, as well as to the K14E6/E7
HPV16 transgenic model [237,238] that we incorporated in our studies
as a benchmark for well-validated viral oncoprotein action, we observed
several histological and molecular phenotypes in the skin consistent
with neoplastic progression. These phenotypes included epithelial hy-
perplasia, increased proliferation, activation of the DNA damage
response, and increased E2F-dependent gene expression in keratinocytes
and Merkel cells. By 2-3 months of age, approximately half of the
K14Cre-MCPyV168 transgenic mice spontaneously developed skin tu-
mors, a phenotype that was only observed in mice on a pure FVB/N
genetic background. In a subsequent study, we expressed the MCPyV T
antigens in mice homozygous for an Rb**®¥E knock-in allele that at-
tenuates LT-pRb interactions through LT’s LXCXE motif and found that
the majority of the MCPyV T antigen-induced phenotypes were in large
part attributable to the LXCXE-dependent interaction between truncated
LT and the tumor suppressor pRb [299]. Using a classical, multi-stage
model for squamous cell carcinoma development, we found that the
MCPyV T antigens synergized with the tumor initiator DMBA, but not
with the tumor promoter TPA, to cause tumors in K14Cre-MCPyV168
transgenic mice [300]. This study established that the MCPyV tumor
antigens function primarily as tumor promoters, similar to that seen
with the HPV16 oncoproteins E6 and E7 in this model. In all of our
studies thus far, we have not observed MCC development in
K14Cre-MCPyV168 transgenic mice.

5.2.3. MCPyV T antigen + Atohl transgenic models

A major advantage of using genetically engineered mouse models is
that they can be readily combined with other models, such as those that
modulate host factor expression. Verhaegen et al. generated transgenic
mice with combined expression of the neuroendocrine cell fate deter-
minant Atohl (K5-Atohl-IRES-GFP), which induces Merkel cell devel-
opment [301], and MCPyV T antigens in the epidermis [295]. In
pre-term embryos, they observed that combinations of ST + Atohl
and ST + LT + Atohl, but not ST + LT or LT + Atohl, expression
induced the development of intraepidermal clusters of cells that histo-
logically resembled MCC. These highly proliferative cells expressed
several Merkel cell markers, including SOX2, K8, and K20. The authors
concluded that epithelial expression of ST combined with over-
expression of the Merkel cell specification factor Atohl is sufficient to
induce MCC-like tumor development. These in vivo findings are consis-
tent with a recent in vitro study that showed co-expression of ST and a
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Merkel cell differentiation factor Glil in keratinocytes can drive Merkel
cell gene expression [302].

More recently, the first transgenic mouse model of MCC development
was reported [303]. For this model, Verhaegen and colleagues employed
various inducible and conditional transgene targeting strategies to
achieve tightly controlled tissue-specific expression of the MCPyV T
antigens, Atohl, and p53 deficiency in the skin. Transgenic mice that
express MCPyV ST, truncated LT, and Atohl under the control of
doxycycline-inducible (tetO) elements were generated. In order to direct
both temporal and tissue-specific expression of these factors, these mice
were crossed with transgenic mice carrying a hormone-inducible Cre
allele (K5-Cre®®1?) and a Cre-inducible allele regulating expression of
the tetracycline transactivator protein rtTA (R26-LSL-rtTA). Using this
elegant and innovative approach, the administration of tamoxifen and
doxycline to these multi-allelic ‘SLA’ adult mice (ST + LT + Atohl)
induced expression of the MCPyV T antigens and Atoh1 in K5-positive
basal cells of the skin. Following transgene induction, cellular aggre-
gates expressing multiple Merkel cell and proliferation markers were
evident in areas proximal to the hair follicle bulge. However, these ag-
gregates failed to progress to MCC tumors due to what investigators
postulated was p53-dependent cell death based on molecular evidence
of apoptosis in the SLA-initiated cellular aggregates. Therefore, they
generated ‘SLAP’ mice (ST + LT + Atoh1+p53) carrying a floxed allele
for p53, resulting in hemizygous p53 expression upon recombination
(Trp53WT/ﬁ). Remarkably, SLAP mice developed cutaneous tumors
within 11-22 weeks post-induction with gross similarities to human
MCC tumors. Histological analysis revealed that tumors in SLAP mice
arose within the dermal compartment of the skin, consistent with human
MCC tumors, and genetic analysis indicated loss of heterozygosity for
the p53 gene within all tumors analyzed. Even more compelling, tran-
scriptomic analysis of global gene expression patterns revealed that the
tumors arising in SLAP mice shared a high degree of similarity with
human MCC tumors and expressed several neuroendocrine and other
Merkel cell-specific genes. Moreover, the SLAP tumors and human MCCs
clustered together in hierarchical clustering analyses away from normal
skin and other types of skin cancers such as basal cell carcinoma. Taken
together, this work reveals that the combined effects of MCPyV T anti-
gen expression, Atohl overexpression, and p53 deficiency appear to be
sufficient to drive de novo MCC development in the skin of mice and is, to
date, the most accurate representation of human MCPyV-positive MCC
achieved in a transgenic mouse model.

6. Conclusions and future directions

The study of small DNA tumor viruses has a long and storied history
of seminal contributions to our fundamental understanding of cellular
and molecular biology, virus-host interactions, and mechanisms of viral
oncogenesis. Two small DNA tumor viruses, high-risk alpha HPVs and
MCPyV, are considered human tumor viruses because of their role in
causing human cancers. Preclinical animal models of HPVs and MCPyV,
including infection models and transgenic murine models, have pro-
vided essential in vivo systems to study all facets of their causal rela-
tionship with human cancers. Moving forward, it will be interesting to
observe future experimental and genetic manipulations to both infection
and transgenic models that result in comparative models that recapitu-
late human disease with ever increasing precision. This future repertoire
of preclinical models will provide a readily adaptable set of tools that
can be adapted and applied if and when future small DNA tumor viruses
are discovered.
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