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1 Introduction

Merkel cell polyomavirus (MCPyV) is a member of the Polyomaviridae. It was first
identified in Merkel cell carcinoma (MCC) using digital transcriptome subtraction
methodology (Feng et al. 2008). MCPyV is also the first polyomavirus proven to be
associated with human cancer. MCPyV-associated MCC typically presents as a
type of neuroendocrine cancer. In 1972, it was first described by Dr. Cyril Toker,
who named it “trabecular carcinoma of the skin” (Toker 1972). MCC is one of the
most aggressive skin cancers, with disease-associated mortality of nearly 46%
(Becker 2010; Harms 2017; Agelli et al. 2010), which exceeds the mortality rate of
melanoma. It kills more patients than some well-known cancers such as cutaneous
T-cell lymphoma and chronic myelogenous leukemia (Lemos and Nghiem 2007;
Bhatia et al. 2011).

About 80% of MCC cases can be directly linked to MCPyV infection (Feng
et al. 2008; Sihto et al. 2009). Immunosuppression caused by aging (Fitzgerald
et al. 2015; Bichakjian et al. 2007), HIV infection (Engels et al. 2002), and organ
transplant (Clarke et al. 2015) has been shown to stimulate the development of
MCPyV-positive MCC. Sunlight exposure and ultraviolet (UV) radiation are also
important risk factors for MCC development (Lunder and Stern 1998; Heath et al.
2008).

Epidemiological surveys for MCPyV seropositivity (Tolstov et al. 2009; Kean
et al. 2009) and sequencing analyses (Foulongne et al. 2012) have shown that
MCPyV is an abundant virus frequently shed from healthy human skin, suggesting
that MCPyV infection is widespread in the general population (Schowalter et al.
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2010). Most of the primary MCPyV infection occurs during early childhood. Once
acquired, the virus becomes a permanent component of the skin flora (Chen et al.
2011). Integration of MCPyV genome into the host genome has been shown to
occur before the clonal expansion of the tumor, in which continued expression of
the viral oncogenes drives MCC tumor growth. These findings provide key evi-
dence to support the oncogenic role of MCPyV in MCC tumor development (Feng
et al. 2008; Shuda et al. 2008). The incidence of MCC has tripled over the past
twenty years (Hodgson 2005; Stang et al. 2018) and increased by >95% in the US
since 2000 (Paulson et al. 2017). With the high prevalence of MCPyV infection and
the increasing amount of MCC diagnosis (Hodgson 2005), there is a growing
concern for MCC (Hodgson 2005). Understanding MCPyV biology and its onco-
genic mechanism will provide insights for developing novel prevention and treat-
ment strategies for MCC. In this chapter, we present the recent advancement in
MCPyV virology and associated MCC tumors.

2 The Life Cycle of MCPyV
2.1 MCPyV Genome Structure
MCPyV is a small, non-enveloped, icosahedral, double-stranded circular DNA

virus (Feng et al. 2008). The 5.4 kb viral genome encodes seven gene products
under the control of early and late promoters (Fig. 1). A non-coding regulatory

NCRR  Origin
/ Exon 1

Y ____\-_ o " .3<>/Intron1
E \<\'(/ \ __ALTO antigen
—

MCPyV’\ MCV-mir-M1

5387bp - Exon 2
RB binding site

—_Large T antigen
57K T antigen

VP1

pA site L1 /
pA site L2

Fig. 1 MCPyV genome. This schematic diagram shows the non-coding regulatory region
(NCRR), early genes, late genes, and a microRNA (miR-M1) encoded by the MCPyV genome.
Alternate LT ORF (ALTO), Early gene poly A site (pA site E), Late gene poly A site 1 (pA site
L1), and Late gene poly A site 2 (pA site L2)
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region (NCRR) divides the genome into early and late regions (Gjoerup and Chang
2010). NCRR contains the viral origin (Ori) of replication and bidirectional pro-
moters for viral transcription (Harrison et al. 2011; Kwun et al. 2009).

The MCPyV early region encodes large tumor antigen (LT antigen), small tumor
antigen (sT antigen), 57-kilodalton tumor antigen (57KT antigen), and alternate
LT ORF (ALTO) (Feng et al. 2008; Schowalter et al. 2010; Carter et al. 2013).
Among these early proteins, LT antigen is the largest viral coding protein. It is
encoded by T antigen exon 1, exon 2, intron 2 and exon 3 (Shuda et al. 2008). LT
antigen not only regulates the viral genome replication but also controls the host
cell cycle progression. The N-terminus of the protein contains a conserved region
1 (CR1), a DnaJ domain (for binding heat-shock proteins), and a LxCxE
motif that is responsible for binding retinoblastoma protein (RB), which regulates
the cell cycle (Feng et al. 2008; Shuda et al. 2008). The C-terminal region of
LT antigen contains an Origin Binding Domain (OBD), which binds the MCPyV
Ori GAGGC pentameric sequences (Harrison et al. 2011; Kwun et al. 2009), and
a helicase domain, which unwinds double-strand MCPyV DNA to initiate repli-
cation (Li et al. 2013). The MCPyV sT antigen is encoded by T antigen exon 1 and
intron 1 (Shuda et al. 2008). Therefore, it shares the LT N-terminal CR1 and
Dnal domains but carries a unique C-terminal protein phosphatase 2A (PP2A)
binding site (Kwun et al. 2015) as well as two highly conserved iron-sulfur clusters,
[2Fe—2S] and [4Fe—4S] (Tsang et al. 2016). The MCPyV 57KT antigen is encoded
by T antigen exon 1, exon 2 and exon 3 (Cheng et al. 2013). Therefore, it does not
have an OBD domain and a complete helicase domain. The MCPyV ALTO protein
is translated from an overprinting ORF that is +1 frameshifted relative to the T
antigen exon 2 (Carter et al. 2013). In contrast to LT and sT antigens, the function
of 57KT antigen and ALTO remains poorly understood.

The MCPyV late region encodes structural proteins VP1 and VP2 (Fig. 1)
(Schowalter et al. 2010; Schowalter and Buck 2013), which are the major and
minor subunits of the viral capsid, respectively. VP1 and VP2 form the capsids that
encapsidate the MCPyV genome (Schowalter and Buck 2013; Schowalter et al.
2011). The major capsid protein VP1 is indispensable and sufficient for producing
pseudovirions, whereas the minor protein VP2 confers specificity in host cell tar-
geting (Schowalter and Buck 2013). MCPyV minor capsid protein VP3 is not
detectable in either MCPyV-infected cells or native MCPyV virions. Phylogenetic
analysis suggests that MCPyV belongs to a unique clade of polyomaviruses that
does not encode the conserved VP3 N-terminus (Schowalter and Buck 2013).

Besides the early and late genes, MCPyV also encodes a microRNA, miR-M1
(Seo et al. 2009) (Fig. 1), which has been shown to down-regulate the expression of
LT. miR-M1 also appears to be important for long-term MCPyV episome main-
tenance in cell culture as well as for persistent infection in vivo (Theiss et al. 2015).
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2.2 MCPyV Entry into Host Cells

The particle size of MCPyV virions is about 50 nM. The viral capsid is composed
of VP1 and VP2 at a ratio of 5:2. Like most polyomaviruses, the major capsid
protein VP1 determines antigenicity and receptor specificity. The entry of MCPyV
virions into the host cell is mediated by VP1 binding to cellular receptors. Although
VP2 knockout does not affect virion assembly, viral DNA packaging, or cell
attachment, it reduces native MCPyV infectivity by more than 100-fold (Schowalter
and Buck 2013).

MCPyV enters into its target cells through a gradual and asynchronous motion.
The initial attachment receptors for MCPyV VP1 are sulfated glycosaminoglycans
(GAGs), specifically the N-sulfated and/or 6-O-sulfated forms of heparan sulfate
(Schowalter et al. 2011). It has been shown by X-ray structure analysis that a
shallow binding site on the apical surface of the VP1 capsomer recognizes the linear
sialylated disaccharide Neu5Ac-02,3-Gal, which is present in ganglioside GT1b
containing sialic acids on both arms (Erickson et al. 2009). The study also revealed
VP1’s interaction with the NeuSAc motif of GD1a, 3SLN, and DSL oligosaccha-
rides (Neu et al. 2012). This finding indicates that, during MCPyV infectious entry,
sialylated glycans serve as post-attachment co-receptors after MCPyV primary
attachment through GAGs. MCPyV penetrates cells through caveolar/lipid
raft-mediated endocytosis (Becker et al. 2019). The virus internalizes in small
endocytic pits, which deliver the virus to endosomes (Becker et al. 2019). From
there, the virus moves to the endoplasmic reticulum by taking advantage of
microtubule transport, acidification of endosomes, and a functional redox envi-
ronment. The virus was found to gain a membrane envelope within endosomes, a
phenomenon that has not been observed for other viruses (Becker et al. 2019).

2.3 MCPyV Replication

Both MCPyV LT and sT antigens play an important role in replicating viral DNA.
After binding to the viral replication Ori through its OBD domain, LT unwinds the
Ori using its helicase domain to initiate viral DNA replication (Kwun et al. 2009;
Diaz et al. 2014). Several LT phosphorylation sites have been discovered through
mass spectrometry analysis (Diaz et al. 2014). Mutagenesis and functional analysis
revealed that phosphorylation of LT at these sites dynamically regulates viral
replication by controlling Ori recognition, adjusting LT-Ori affinity, as well as
initiating viral DNA unwinding (Diaz et al. 2014). As discussed below, MCPyV LT
contributes to viral genome replication by recruiting cellular proteins as well.
MCPyV sT is also required for efficient viral DNA replication. It does so mostly
through increasing LT protein stability (Kwun et al. 2013). It was discovered that
LT is normally targeted for proteasomal degradation by the cellular SCF™™" E3
ligase. sT can bind and inhibit this E3 ligase to prevent LT degradation (Kwun et al.
2013).
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Several host proteins involved in MCPyV replication have been discovered.
Vamb6p, a vacuolar sorting protein associated with MCPyV LT, is the first cellular
factor shown to have an effect on MCPyV replication (Feng et al. 2011). Mutation
of the Vam6p binding site on LT enhances MCPyV replication, whereas overex-
pression of exogenous Vam6p reduces MCPyV virion production by more than
90% (Feng et al. 2011). These studies suggest that Vam6p can inhibit MCPyV
replication through its interaction with LT antigen (Feng et al. 2011). Bromodomain
protein 4 (BRD4) is another cellular protein that interacts with MCPyV LT antigen
and plays a vital role in viral DNA replication. BRD4 colocalizes with the MCPyV
LT/replication origin complexes (MCPyV replication center) in the nucleus and
recruits replication factor C (RFC) to the viral replication sites (Wang et al. 2012).
BRD4 knockdown inhibits MCPyV replication, which can be rescued by adding
purified recombinant BRD4 protein in vitro. Human DNA damage response
(DDR) factors are important for MCPyV DNA replication as well. Components of
the Ataxia telangiectasia-mutated (ATM)- and Ataxia-telangiectasia-mutated and
Rad3-related (ATR)-mediated DDR pathways accumulate in MCPyV replication
centers inside the cells infected with recombinant MCPyV virions (Li et al. 2013).
This DDR factor recruitment does not happen when a replication-defective LT
mutant or an MCPyV Ori mutant was introduced instead of their wild-type coun-
terparts (Li et al. 2013). Components of promyelocytic leukemia nuclear bodies
(PML-NB) are another set of host factors that control MCPyV DNA replication.
Notably, MCPyV replication was increased in cells depleted of Sp100, one of the
key factors of PML-NBs. This observation suggests that Sp100 is a negative reg-
ulator of MCPyV DNA replication (Neumann et al. 2016).

2.4 Assembly and Release

The assembly and release processes of MCPyV are largely unexplored. Based on
VP1 protein localization during virus infection (Schowalter et al. 2011; Liu et al.
2016), it has been suggested that the virus packages in the nucleus and induces cell
lysis events so that it can be released from the infected cells (Liu et al. 2016).

2,5 MCPyV Host Cellular Tropism

Although the MCPyV binding factors, such as heparan sulfate and sialic acid that
mediates viral attachment and entry, are ubiquitously expressed, MCPyV infects
and replicates poorly in the majority of cell lines tested in a number of studies
(Schowalter et al. 2011; Neu et al. 2012). The cells naturally infected by MCPyV
have not been discovered until very recently. Several lines of evidence implicate the
skin as the major site of MCPyV productive infection in humans. First, multiple
deep sequencing studies have detected persistent and asymptomatic infection of
MCPyV in adult skin (Foulongne et al. 2012; Schowalter et al. 2010). In addition,
cell culture experiments suggest that the cell types conducive for MCPyV
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replication are either epithelial or fibroblast in origin (Kwun et al. 2009; Feng et al.
2011; Wang et al. 2012). Finally, MCC is a tumor derived from the dermis and the
presumed cells of origin for MCC, Merkel cells, reside in the epidermis. Following
this line of reasoning, different types of cells in human skin were surveyed for
MCPyV infectability. It was discovered that among all of the skin cell types tested,
only human dermal fibroblasts (HDFs) could support robust MCPyV propagation
(Liu et al. 2016). It was also found that epidermal growth factor (EGF) and basic
fibroblast growth factor (bFGF) are essential to support MCPyV infection in HDFs,
likely by inducing cellular factors to promote a cellular environment beneficial to
MCPyV infection (Liu et al. 2016). Interestingly, in human skin, EGF and FGF are
typically stimulated during the wounding and healing process (Quan et al. 2009),
suggesting that wounding of human skin may spur MCPyV infection. It was further
discovered that the expression of matrix metalloproteinases (MMPs), which can be
stimulated by the Wnt/B-catenin signaling pathway, is important for MCPyV
infection of HDFs (Liu et al. 2016). Several MCC risk factors, including UV
exposure and aging, can upregulate MMPs (Quan et al. 2009; Cho et al. 2009;
Fisher et al. 1996; Gill and Parks 2008; Quan and Fisher 2015; Varani et al. 2006),
suggesting they may promote MCPyV infection to stimulate MCC development.

Despite the discovery of productive MCPyV replication in HDFs, much remains
to be elucidated with respect to MCPyV natural infection and host cellular tropism.
For instance, both MCPyV attachment receptors, sialic acid and heparan sulfate are
ubiquitously expressed. It is unclear how MCPyV is able to effectively enter HDFs
but not many other cell types (Schowalter et al. 2012). MCPyV DNA has also been
detected in respiratory, urine, and blood samples (Spurgeon and Lambert 2013).
Therefore, the range of tissues in which MCPyV establishes persistent infection
remains unclear.

2,6 MCPyV Species Tropism

Mechanistic studies aiming to fully clarify the oncogenic mechanisms of MCPyV
have been hampered by the lack of MCPyV infection animal models. To overcome
this hurdle, recombinant MCPyV virions and several MCPyV chimeric viruses
were used to test the infectivity of dermal fibroblasts isolated from a variety of
model animals, including chimpanzee (Pan troglodytes), mouse (Mus musculus),
rabbit (Oryctolagus cuniculus), rat (Rattus norvegicus), rhesus macaque (Macaca
mulatta), common woolly monkey (Lagothrix lagotricha), patas monkey (Ery-
throcebus patas), red-chested mustached tamarin (Saguinus labiatus) and tree
shrew (Tupaia belangeri). Interestingly, among all of the cells tested, only chim-
panzee dermal fibroblasts supported strong MCPyV gene expression and viral
replication, and they did so to a much greater extent when compared to HDFs.
Therefore, among all of the tested small mammals and non-human primates,
chimpanzee represents the only animal type that can support native MCPyV
infection (Liu et al. 2018). Since chimpanzee is not available to be used as an
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animal model for MCPyV research, additional studies are needed to establish more
suitable animal models. Chimeric viruses that can overcome species-specific
restriction should be constructed to support these studies.

3 The MCPyV Tumorigenic Mechanisms

MCPyV DNA is frequently integrated into MCC genome (Feng et al. 2008; Liu
et al. 2016; Krump and You 2018). The MCPyV genome in MCC tumor cells is
invariably truncated by the integration event such that it is replication-incompetent,
yet the cell growth-promoting functions of viral genes called tumor antigens are
preserved (Shuda et al. 2008). MCPyV-positive MCCs typically express intact sT
and a tumor-specific truncation mutant of LT that preserves the N-terminal half of
LT, referred to as LTT (tumor-derived LT) antigen (Feng et al. 2008; Shuda
et al. 2008; Sastre-Garau et al. 2009; Borchert et al. 2014; Houben et al. 2012).
MCPyV-positive MCCs harbor very few genetic mutations (Harms et al. 2015; Goh
et al. 2016), suggesting that the expression of these viral oncogenes is sufficient to
drive tumor development. Indeed, sT and LTT have demonstrated robust oncogenic
potential to promote tumorigenesis (Spurgeon and Lambert 2013; Grundhoff and
Fischer 2015; Wendzicki et al. 2015; Shuda et al. 2011; Verhaegen et al. 2014).
MCPyV-positive MCC cells are addicted to sST/LTT oncogenes and require their
continued expression from integrated viral genome to survive (Houben et al. 2010;
Shuda et al. 2014). Knockdown of sT/LTT antigens induces growth arrest and cell
death in MCPyV-positive MCC cells (Houben et al. 2010; Shuda et al. 2014) and
leads to tumor regression in xeno-transplantation (Houben et al. 2012). These key
findings demonstrated the important impact of viral oncogene expression in the
development of MCPyV-associated MCCs.

A common characteristic of MCPyV genomes integrated into the MCC genome
is the selection for mutations in the LT antigen coding sequence that introduce
premature stop codons, which delete the LT C-terminal helicase domains (Shuda
et al. 2008). The resulting tumor-specific LTT antigen retains the CR1, DnalJ, and
RB-binding motifs, allowing the LTT molecules to efficiently disrupt the host cell
cycle (Shuda et al. 2008). Phosphorylation of serine 220 of MCPyV LTT is
required this viral oncogene to inactivate RB in MCC cells (Schrama et al. 2016).
This RB-inhibiting function of MCPyV LTT antigen has also been shown to
stimulate cell proliferation by upregulating cyclin E and CDK2 (Richards et al.
2015).

Unlike MCPyV LT, intact MCPyV sT 1is consistently expressed in
MCPyV-positive MCC tumors. Nearly no mutations have been detected in the
sT-coding regions integrated into MCC genome (Shuda et al. 2008; Starrett 2017),
corroborating a key functional role for this viral oncogene in the development of
MCPyV-positive tumors. MCPyV sT has been shown to transform immortalized rat
fibroblasts in cell culture (Shuda et al. 2011). Its transforming activity has also been
demonstrated in transgenic mouse models (Verhaegen et al. 2017; Verhaegen et al.
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2015; Shuda et al. 2015). In line with these observations, co-expression of MCPyV
sT antigen with Atonal bHLH transcription factor 1 (ATOH1) induces cell aggre-
gates with morphology and marker expression pattern mimicking MCC (Verhaegen
et al. 2017). The oncogenic activity of MCPyV sT antigen is mostly supported by
its ability to induce hyperphosphorylated, and thus inactivated, 4E-BP1, causing
dysfunction of cap-dependent translation to stimulate cell proliferation and trans-
formation (Shuda et al. 2011; Velasquez et al. 2016; Shuda et al. 2015; Sun et al.
2011). As described above, MCPyV sT antigen can inhibit the E3 ubiquitin ligase
SCF™"7_ This sT function prevents the proteasomal degradation of MCPyV LT
antigen as well as several important cellular proliferative proteins, such as c-Myc
and cyclin E, which are normally targeted by SCF™"7 (Kwun et al. 2013). From a
large-scale co-immunoprecipitation and proteomic study, MCPyV sT antigen was
found to be associated with the MYCL-EP400 complex, which together bind
promoters of specific cellular genes to stimulate their expression and cellular
transformation (Cheng et al. 2017). In line with this finding, a transcriptome
analysis of normal human fibroblasts with inducible expression of MCPyV sT
revealed its ability to dynamically change cellular gene expression (Berrios et al.
2016). sT expression leads to upregulation of glycolytic genes, including the
monocarboxylate lactate transporter SLC16A1 (MCT1) (Berrios et al. 2016).
Additional functional analysis suggested that these gene expression changes lead to
elevated aerobic glycolysis, which may also contribute to the MCPyV-dependent
cellular transformation (Berrios et al. 2016). In addition, MCPyV sT modulates
cellular microtubule network, motility, and migration through upregulation of
microtubule- and actin-associated proteins as well as the cellular sheddases, A
disintegrin and metalloproteinase (ADAM) 10 and 17. Together, these cellular
factors contribute to sT-induced cell dissociation and motility, a feature that may
support MCPyV-mediated cellular transformation and metastasis (Nwogu et al.
2018; Stakaityte 2018; Knight et al. 2015).

Clonal integration of MCPyV DNA into the host genome is a key causative
factor for MCC development (Houben et al. 2009; Chang and Moore 2012).
However, the molecular mechanism that contributes to viral integration remains
poorly understood. As described above, both LTT and sT expressed from the
integrated viral genome demonstrate strong potential for modulating cellular pro-
teins to drive cell proliferation. The function of these viral oncogenes offers a strong
growth advantage for selecting the precancerous cells with the integrated viral
genome expressing these viral oncogenes. Another selective pressure may be
presented by the loss of viral DNA replication activity caused by the deletion of the
LT C-terminal OBD and helicase domains after the integration of the viral DNA
into the host genome. As continuous LT-mediated replication from the integrated
viral Ori could result in replication fork collisions and double-strand breaks in the
host DNA, disrupting the OBD and helicase domains of LT antigen would relieve
this genotoxic stress. Finally, other functional activities of the LT antigen
C-terminal domain may also need to be negatively selected during tumorigenesis.
For example, expression of the C-terminal helicase-containing region of
MCPyV LT induces a host cellular DNA damage response, leading to p53
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activation, upregulation of its downstream target genes, and cell cycle arrest (Li
et al. 2013). Compared to the N-terminal MCPyV LT region normally preserved
and expressed in MCC tumors, full-length MCPyV LT shows a significantly
decreased potential to support cellular proliferation, focus formation, and
anchorage-independent cell growth (Li et al. 2013). It was further discovered that
activated ATM phosphorylates the MCPyV LT C-terminal residue serine 816,
which functions to promote apoptosis (Li et al. 2015). In line with these observa-
tions, an additional study showed that expression of the MCPyV LT antigen
C-terminal 100 residues was sufficient to cause growth inhibition in many different
cell types (Cheng et al. 2013). Together, the growth-inhibitory activities of the
MCPyV LT C-terminal domain revealed in these studies suggest that the truncation
mutations that remove the MCPyV LT C-terminal region found in MCC is not only
needed to prevent replication of the integrated viral genome but also essential for
overcoming the anti-tumorigenic properties intrinsic to the MCPyV LT C-terminus
(Li et al. 2013; Cheng et al. 2013; Li et al. 2015). MCPyV viral genome integration,
therefore, promotes MCC tumorigenesis by overcoming the obstacles to oncoge-
nesis presented by replicative stress, DNA damage responses, and cell cycle arrest.

Several recent studies have attempted to establish transgenic mouse models for
MCPyV oncogenes. Although expression of MCPyV sT and LT can induce
hyperplasia and benign lesions in the epidermis of the transgenic mice, they failed
to induce lesions that fully recapitulate MCC pathogenesis (Verhaegen et al. 2014;
Spurgeon et al. 2015). Therefore, better MCPyV animal models are needed to
investigate MCPyV-induced MCC development in vivo.

4 Therapeutic Strategy Targeting MCPyV Infection

An FDA-approved MEK inhibitor, Trametinib, inhibits MCPyV infection in cul-
tured HDFs, making it the first drug capable of blocking the viral infection (Liu
et al. 2016). Trametinib could potently reduce the MCPyV viral load in immuno-
compromised patients. Therefore, it has the potential of preventing the development
of MCC tumors in these individuals (Liu et al. 2016).

5 Human Merkel Cell Carcinoma
5.1 MCC Histopathologic Features

MCC is a rare and aggressive cutaneous malignancy of neuroendocrine origin.
Based on its histopathologic patterns, it was first named by Dr. Toker as “trabecular
carcinoma of the skin” (Toker 1972). Additional names for MCC include the Toker
tumor, primary cutaneous neuroendocrine tumor, primary small cell carcinoma of
the skin, and malignant trichodiscoma (Schwartz and Lambert 2005). It is the
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Fig. 2 Cytokeratin 20 (CK20) staining of MCC. Perinuclear dot-like cytokeratin 20 staining
(Green). Nuclei (Blue)

second most common cause of skin cancer death after melanoma (Albores-Saavedra
et al. 2010). Because of the similarity in histopathologic patterns, MCC was
sometimes misdiagnosed as the malignant small blue cell tumors (Xue and Tha-
kuria 2019). The advent of immunohistochemistry staining for Cytokeratin 20
(CK20) has greatly improved the diagnostic accuracy of MCC (Fig. 2) (Scott and
Helm 1999).

5.2 Origin of MCC

The origin of tumors remains a central question for MCC research. Historically,
MCC tumors were thought to arise from Merkel cells, which are mechanoreceptor
cells located in the basal layer of the epidermis and also in hair follicles of the skin
(Winkelmann and Breathnach 1973) that share the immunohistochemical marker
CK20 with MCC tumors (Table 1). However, Merkel cells are known to be derived
from the epidermal lineage (Morrison et al. 2009; Van Keymeulen et al. 2009),
whereas MCCs mostly develop within the dermis and subcuitis (Calder and Smoller
2010). In addition, Merkel cells are post-mitotic and have lost the proliferative
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Table 1 Prospective cells of origin for MCC and the markers and key characteristics they shared
with MCC (Liu et al. 2016)

Markers/characteristics
Merkel cell carcinoma CK20+, NSE+, PAX5+, NFP+, TdT+, TTF-1—, LCA—, S100—

Human dermal fibroblasts Major skin cell types that support productive MCPyV infection,
transcription, and replication

Merkel cells CK20+, electron microscope morphology
Pro/pre-B and pre-B cells PAXS5+, TdT+

CK20: cytokeratin 20; NSE: neuron-specific enolase; NFP: neurofilament protein; PAXS: Paired
box gene 5; TdT: terminal deoxynucleotidyl transferase; LCA: leukocyte common antigen; TTF-1:
thyroid transcription factor 1

activity, thus are less likely to develop into tumorigenic MCC cells (Vaigot et al.
1987; Moll et al. 1996). These evidence suggest that Merkel cells are not likely to
be the cells of origin for MCC.

Identification of HDFs as the target cells of productive MCPyV infection (Liu
et al. 2016) is in line with the clinical observation that most MCCs develop in the
dermis (Calder and Smoller 2010). It also suggests that MCPyV infection of HDFs
in the dermis may ultimately give rise to MCC tumors. For example, it is possible
that over-amplification of MCPyV in HDFs may stimulate viral genome integration
into the host DNA to induce cellular transformation. Alternatively, MCPyV actively
replicating in HDFs located at the boundary between epidermis and dermis may
release viral particles that inadvertently infect bystander Merkel cells or their pre-
cursor cells present in the immediate vicinity within the basal layer of the epider-
mis. The dead-end replication environment present in Merkel cells may favor viral
integration and cellular transformation.

Recent studies also showed that MCC tumors express Paired box gene 5 (PAXS)
and terminal deoxynucleotidyl transferase (TdT), which, under physiological con-
ditions, are specifically expressed in pro/pre-B and pre-B cells (https:/pubmed.
ncbi.nlm.nih.gov/23576560/). Based on this finding, it was speculated that MCC
tumors might originate from pro-B/pre-B cells, although this theory remains to be
examined experimentally.

5.3 MCPyV-Positive and -Negative MCCs

The majority of MCC tumors are associated with MCPyV infection, while the
remaining can be attributed to UV-induced mutation (Harms et al. 2015; Goh et al.
2016; Starrett 2017; Cohen et al. 2016). In the Northern hemisphere, approximately
80% of MCC tumors carry monoclonally integrated MCPyV genome (Feng et al.
2008; Sihto et al. 2009). However, the percentage of MCPyV-positive MCC is sig-
nificantly lower in other geographic areas such as Australia (~30%) (Garneski et al.
2009). The fact that MCPyV-positive MCC tumors typically carry an integrated
viral genome is reminiscent of papillomavirus-induced cancers (Feng et al. 2008).
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However, unlike papillomavirus-associated malignancies, MCPyV-positive MCC
tumors grow swiftly with no clear precancerous stage. MCPyV-positive MCC tumors
are believed to be derived from monoclonal expansion and have a very low mutation
burden (Harms et al. 2015; Goh et al. 2016; Starrett et al. 2017; Cohen et al. 2016).
These findings suggest that MCPyV-induced MCC tumors may develop rapidly after
MCPyV genome integration.

Whole-genome sequencing has begun to shed light on the differences in the
causes of MCPyV-positive and -negative MCC tumors. These genetic studies
revealed that UV radiation is the primary cause of MCPyV-negative MCC tumors,
which accounts for about 20% of all MCC cases (Harms et al. 2015; Goh et al.
2016; Starrett 2017; Cohen et al. 2016). Compared to MCPyV-positive MCCs,
MCPyV-negative tumors revealed a prominent UV-mediated DNA damage sig-
nature and displayed a dramatically higher mutation burden (Harms et al. 2015;
Goh et al. 2016; Starrett et al. 2017; Cohen et al. 2016). Common cancer activating
mutations often observed in MCPyV-negative MCC tumors include mutations in
RBI1, p53, PIK3CA as well as key components of the host DNA damage response,
Notch signaling, and chromatin remodeling pathways (Harms et al. 2015; Goh et al.
2016; Starrett 2017; Cohen et al. 2016). Much lower levels of cancer-promoting
mutations were observed in MCPyV-positive MCC tumors, supporting that the
MCPyV sT and LTT oncogenes expressed from the integrated viral genomes are
the predominant oncogenic drivers for these tumors (Harms et al. 2015; Goh et al.
2016; Starrett et al. 2017; Cohen et al. 2016).

6 Current Therapeutic Strategies for MCC
6.1 Surgery and Radiation Therapy

Early-stage, localized MCC tumors are mostly treated with wide-section surgery
and radiation. However, MCC frequently undergoes metastasis, which increases the
chance that tumors may be developed in body sites that are harder to reach and fully
eradicated with radiotherapy (Bichakjian et al. 2007; Allen et al. 1999). Therefore,
chemotherapy has been applied to treat advanced-stage MCCs. Despite the early
MCC response to chemotherapy, the duration of the response is usually short-lived
and many tumors often develop chemoresistance (Brummer et al. 2016; Saini and
Miles 2015; Cassler et al. 2016). Because chemotherapy also has an immunosup-
pressive effect, which counteracts the cellular immune response to MCC tumors, it
offers little overall survival benefit for MCC tumors. Currently, there are very few
feasible options for patients with advanced MCCs (Cassler et al. 2016).

6.2 Immunotherapy

MCPyV antigens or ultraviolet-mutation-associated neoantigens expressed in MCC
tumors represent ideal targets for anti-tumor immunotherapy. Robust intratumoral
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CD8+ T-cell infiltration has been associated with 100% MCC-specific survival,
independent of tumor stage (Paulson et al. 2011). This strong correlation between
immune function and prognosis reveals the potential for using immunotherapies to
treat metastatic MCCs.

6.2.1 Immune Checkpoint Inhibitor Therapy

Targeting the programmed cell death receptor 1/programmed cell death ligand 1
(PD-1/PD-L1) checkpoint has become an attractive treatment option for MCC
(Mantripragada and Birnbaum 2015). Both MCPyV-positive and -negative MCCs
have been treated with anti-PD-L1 (Kaufman et al. 2016) or anti-PD-1 therapy
(Nghiem et al. 2016). In one of the studies, 88 patients with advanced MCCs were
treated with the anti-PD-L1 antibody and followed for at least 12 months. An
objective response rate of 33.0% was confirmed with 11.4% of the patients showing
durable and complete responses. A one-year progression-free survival (PFS) rate of
30% and overall survival (OS) rates of 52% were achieved (Kaufman et al. 2018).
In another study with a median follow-up time of 14.9 months (Nghiem 2019), the
treatment of 50 patients with the anti-PD-1 antibody, pembrolizumab, resulted in a
56% objective response rate (ORR), including 24% of the patients showing com-
plete response and 32% partial response. Since these studies, the anti-PD-L1
antibody Avelumab and the anti-PD-1 antibody pembrolizumab have been
approved by FDA as new treatments for metastatic MCC. Several clinical trials are
ongoing to assess the safety and efficacy of anti-PD-1 and anti-PD-L1
immuno-checkpoint therapies for MCC. These early studies using PD-1/PD-L1
immune checkpoint blockade therapies showed promising results but a significant
portion of MCC patients does not respond to the treatment (Nghiem et al. 2016;
Becker et al. 2017; Terheyden and Becker 2017; Winkler et al. 2017; D’ Angelo
2018).

6.2.2 Adoptive Cell Transfer Therapy

MCPyV-encoded T antigens are continuously expressed in MCC to support tumor
growth; therefore, they represent an appealing target for viral oncoprotein-directed
T-cell therapy. Tumor-infiltrating CD8+ T cells are associated with improved
survival of MCC patients. However, CD8+ T-cell infiltration is present in less than
18% of MCC tumors (Miller et al. 2017), suggesting that MCC may benefit from
adoptive T-cell transfer therapy. In several recent studies, naturally processed
epitopes of MCPyV LT antigen were identified and the T antigen-specific T-cell
receptors (TCRs) isolated (Miller et al. 2017; Iyer et al. 2011; Lyngaa et al. 2014).
These studies also revealed that intratumoral infiltration of MCPyV-specific T cells
is associated with significantly improved MCC-specific survival, demonstrating the
therapeutic benefit of MCPyV-specific T cells (Miller et al. 2017). Indeed,
tumor-bearing animals treated with engineered T cells expressing MCPyV T
antigen-specific TCR leads to tumor regression (Gavvovidis et al. 2018). Recently,
Chapuis group treated two patients with advanced MCC tumors with
autologous MCPyV-specific CD8+ T cells followed by immune checkpoint
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inhibitors (Paulson et al. 2018). In both cases, significant tumor regressions were
associated with increased CDS8+ T-cell infiltration into the regressing tumors
(Paulson et al. 2018). However, tumors relapsed and escaped T-cell treatment
during the late stage. Single-cell RNA sequencing suggests that treatment failure
could be caused by HLA-loss (Paulson et al. 2018). Therefore, genetically engi-
neered T cells with chimeric antigen receptor (CAR), which can recognize cancer
cells in an HLA-independent manner, is an alternative approach for overcoming the
problem of HLA-loss during MCC treatment.

6.3 DNA Cancer Vaccine

One of the earliest therapeutic approaches explored for treating MCC tumors is
an MCPyV DNA vaccine. MCPyV LTT and sT consistently expressed in MCC
are attractive foreign antigen targets for vaccine development. In 2012, the Hung
laboratory developed a DNA vaccine to specifically target the MCPyV LTT region.
When tested in mice injected with the B16/LT murine melanoma cell line stably
expressing LTT, this vaccine showed protection against the LTT-expressing tumors
in vivo (Zeng et al. 2012). These anti-tumor effects of the DNA vaccine appear to
be mediated by CD4 + T-cell stimulation, natural killer cells and CD8+ T cells
(Zeng et al. 2012). Because CD8+ T cells are associated with a better outcome, the
Hung group went on to produce another DNA vaccine specifically designed to
promote MCPyV LT-specific CD8+ T-cell responses. This vaccine encodes LTT
antigen fused to a damage-associated molecular pattern protein, calreticulin (CRT),
which has the ability to induce CD8+ T cells when fused to other foreign antigens
(Zeng et al. 2012; Gomez et al. 2012). This new vaccine, named CRT/LT, showed
prolonged survival after tumor challenge in the B16/LT mice model compared to
mice vaccinated with the previous MCPyV LT vaccine. It was further demonstrated
that this better performance was mediated by the induction of MCPyV LT-specific
CD8+ T cells (Gomez et al. 2012). Another MCPyV DNA vaccine developed in
the Hung group targeted the sT antigen, which is the main driver of MCC onco-
genesis. The DNA vaccine pcDNA3-MCC/sT generated a significant number of sT
antigenic peptide-specific CD8+ T cells and demonstrated markedly enhanced
protection and treatment, leading to increased survival and decreased tumor volume
in vivo (Gomez et al. 2013). These encouraging preliminary results provide a great
platform for the development of MCPyV-targeted vaccines for MCC treatment.

6.4 Targeted Therapies

Targeted therapies are necessary for patients with advanced-stage MCCs that don’t
respond well to immunotherapy. Currently, multiple types of targeted therapies
have been evaluated in MCC cell lines as well as in xenograft models, with some of
them entering early phase clinical trials. Anti-apoptosis gene BCL-2 is frequently
unregulated in MCC and has become a major target for MCC therapies (Verhaegen
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et al. 2014). BCL-2 antisense oligonucleotides have been shown to inhibit tumor
growth in MCC xenograft models (Schlagbauer-Wadl et al. 2000). However, they
were not able to induce an objective response in a phase II trial (Shah et al. 2009).
On the other hand, ABT-263, a small-molecule inhibitor of the BCL-2 family
members (BCL-2, BCL-XL and BCL-W) could effectively induce apoptosis in
most of the MCC cell lines tested (Verhaegen et al. 2014). MCC cell lines are also
responsive to inhibitors of PI3K and mTOR pathways (Chteinberg et al. 2018;
Kannan et al. 2016; Lin et al. 2015; Nardi et al. 2012; Hafner et al. 2012). In
addition, most of the MCPyV-positive MCCs maintain wild-type p53 (Park et al.
2019). Not surprisingly, inhibitors of MDM2 (Mouse double minute 2 homolog or
HDM?2), which targets p53 for degradation, have been found to be effective in
triggering p53-dependent apoptosis and cell cycle arrest in the majority of
MCPyV-positive MCC tumors tested (Houben et al. 2013). A clinical trial is
ongoing to evaluate a novel MDM2 small molecular inhibitor, KRT-232, for the
effectiveness in treating patients with wild-type p5S3 MCC tumors but have failed
anti-PD-1 or PD-L1 immunotherapy (NCT03787602). Since somatostatin receptors
are highly expressed in MCC tumors, somatostatin analogues have been explored
for their potential to be used in MCC molecular imaging and treatment (Orlova
et al. 2018; Sollini et al. 2016; Buder et al. 2014). PEN-221, an inhibitor of
somatostatin receptor 2 (SSTR2), is being evaluated in a clinical trial to target MCC
and other advanced cancers with highly expressed SSTR2 (NCT02936323).
Finally, antiapoptotic factor survivin is highly up-regulated in MCPyV-positive
MCCs when compared to MCPyV-negative MCCs (Arora et al. 2012). Consistent
with the fact that survivin expression is essential to support the survival of these
tumor cells, YM155, a small-molecule inhibitor of survivin, has yielded promising
results in inhibiting the growth of MCPyV-positive MCC cell lines both in cell
culture and in xenograft models (Arora et al. 2012; Dresang et al. 2013).

7 Remaining Questions and Future Perspectives

MCPyV offers a unique opportunity to explore the oncogenic mechanism of a DNA
tumor virus. Although the small viral genome of 5.4 kb DNA encodes just seven
gene products, MCPyV successfully infects the skin of most humans and can
establish long-lasting infections (Tolstov et al. 2009; Schowalter et al. 2010). While
most of the MCPyV infections remain asymptomatic throughout the life of the
infected hosts, in rare cases, it can cause extremely lethal skin cancer, MCC (Feng
et al. 2008; Gjoerup and Chang 2010; Liu et al. 2016).

Despite recent advancements, much remain to be learned about MCPyV and its
role in the development of MCC tumors. For instance, the cells of origin for MCC
are currently unknown and the mechanisms by which MCPyV infection leads to
cancer also remain enigmatic. MCPyV maintains persistent and latent infection in
more than 80% of the general population (Tolstov et al. 2009; Foulongne et al.
2012; Schowalter et al. 2010) but tends to cause MCC in immunocompromised
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individuals (Heath et al. 2008). This observation suggests that the virus has evolved
to exist in a dynamic state of mutual antagonism with the host cells and that
changes to host immune status for which MCPyV is not adapted can result in
cellular transformation and malignancy. However, the mechanism by which
MCPyV escapes host immune eradication and establishes persistent infection
remains unexplored. Few studies have examined the immunomodulatory effects of
MCPyV-encoded proteins, and none have done so in the context of natural MCPyV
infection. It is also unclear how changes to host conditions, such as the decline of
immune competency, increase the chance of MCPyV-associated tumorigenesis.
Although the uncontrolled proliferation of MCPyV may make viral genome inte-
gration more likely, the events that precede MCPyV integration into the host
genome have not been elucidated.

Until recently, it was impossible to study biologically relevant host responses to
MCPyV as the host cell of MCPyV was unknown. The discovery of HDFs as the
host cells supporting productive MCPyV infection allows the development of a
physiologically relevant in vitro model system (Liu et al. 2016), thus offering many
new opportunities to explore the virus-host interactions in the setting of productive
infection. No effective chemotherapies for metastatic MCC are currently available.
Recent MCC immunotherapy successes suggest that overcoming MCC immune
non-responsiveness is likely to yield improved patient outcomes. The continued
discovery of the host restriction mechanisms that normally prevent MCPyV
infection and viral oncogenesis could unveil more effective strategies for preventing
and treating MCPyV-associated human cancers.
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