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Merkel cell polyomavirus (MCPyV) is a ubiquitous skin infection that can cause Merkel cell carcinoma (MCC), a
highly lethal form of skin cancer with a nearly 50% mortality rate. Since the discovery of MCPyV in 2008, great
advances have been made to improve our understanding of how the viral encoded oncoproteins contribute to
MCC oncogenesis. However, our knowledge of the MCPyV infectious life cycle and its oncogenic mechanisms are
still incomplete. The incidence of MCC has tripled over the past two decades, but effective treatments are lacking.
Only recently have there been major victories in combatting metastatic MCC with the application of PD-1 im-
mune checkpoint blockade. Still, these immune-based therapies are not ideal for patients with a medical need to
maintain systemic immune suppression. As such, a better understanding of MCPyV’s oncogenic mechanisms is
needed in order to develop more effective and targeted therapies against virus-associated MCC. In this review, we
discuss current areas of interest for MCPyV and MCC research and the progress made in elucidating both the
natural host of MCPyV infection and the cell of origin for MCC. We also highlight the remaining gaps in our
knowledge on the transcriptional regulation of MCPyV, which may be key to understanding and targeting viral

oncogenesis for developing future therapies.

1. MCPyV and MCC

Merkel cell carcinoma (MCC) is a rare but highly aggressive skin
cancer. The diagnosis of MCC relies on analyses of histological features
and immunological staining of a skin biopsy, in which the immunohis-
tochemical marker cytokeratin-20 (CK20) is used to distinguish MCC
from other neuroendocrine carcinomas [1,2]. Initially described by Cyril
Toker in 1972 [3], this cancer metastasizes rapidly and responds rela-
tively poorly to chemotherapy, resulting in low survival rates in its pa-
tients [4-10]. MCCs have also demonstrated the intrinsic ability to resist
immunological eradication [6,11-15]. Though still rare, the incidence
of MCC has tripled in the decades following its discovery [16-18].
Anti-PD1 immune checkpoint therapies against metastatic MCC first
demonstrated promising responses in a 2015 study [19]. The following
clinical trials exploring the safety and efficacy of anti-PD1 and
anti-PDL-1 infusions generated significant response rates with relatively
low incidence of adverse events [8,20-22]. Since there are no effective
chemotherapeutic treatments available for metastatic MCC, these im-
mune checkpoint blockade therapies greatly benefitted patients [7,17].
However, these immune-based therapies are not ideal for patients with a
medical need to maintain systemic immune suppression [23,24]. These
shortcomings demonstrated the need for developing more effective and
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targeted therapies.

The major risk factors for MCC development include excessive UV
exposure, advanced age, and immunosuppression, such as that of HIV/
AIDS patients and organ transplant recipients [1,25]. The Chang and
Moore group at the University of Pittsburgh hypothesized that the
increased risk of MCC in immunocompromised individuals was indica-
tive of a possible infectious origin for the cancer. To pursue this idea,
they developed the digital transcriptome subtraction technique and used
it to identify a novel polyomavirus, subsequently named Merkel cell
polyomavirus (MCV or MCPyV), in MCC samples [26]. The MCPyV
genome is clonally integrated within the MCC genome, suggesting that
viral integration is an event that occurs prior to oncogenesis and that
MCPyV is a likely etiological agent for this cancer. Subsequent studies
have confirmed that MCPyV DNA is integrated in approximately 80% of
MCC cases [26-31].

MCPyV is a nonenveloped circular dsDNA virus with a genome of
approximately 5.4 kb [32] (Fig. 1A). Transcription of its genes, which
are classified as early or late based on the sequential manner in which
they are expressed during infection, is controlled by the noncoding
regulatory region (NCRR) containing both early and late promoters as
well as the origin of replication (Fig. 1A) [33,34]. The early promoter
(EP) drives the expression of the large tumor antigen (LT) and small
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tumor antigen (sT), in addition to the 57 kT antigen and Alternate frame
of the LT open reading frame (ALTO) [26,32,35]. The late region en-
codes the viral capsid proteins VP1 and VP2 [36-38] and a miRNA [39].

MCPyV infection is widespread and commonly asymptomatic in the
general population [40,41]. During long-lasting persistent infection, the
virus replicates and exists as an episome within infected nonmalignant
human cells (Fig. 1B). The viral DNA discovered in MCCs is frequently
integrated into the cellular genome. Viral integration occurs at random
sites in the genome, though more commonly on chromosome 5 [42-44];
the virus integrates as either a single copy or as a concatemer of multiple
copies [42]. The integration event typically results in tumor-specific
truncation mutations that preserve the expression of sT and LT trunca-
tion (LTT) mutants retaining the N-terminal RB-binding LXCXE motif,
which is essential for inhibiting RB’s tumor suppressor function (Fig. 1B)
[26,45-48]. LTT and sT expressed from the integrated viral genome are
the major oncoproteins that support continued tumor cell growth and
survival (Fig. 1B) [47-51].

Since the discovery of MCPyV more than a decade ago, much of
MCPyV research has been focused on how the MCPyV-encoded onco-
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development. These efforts have been summarized in a number of pre-
vious reviews [52-56]. On the other hand, the MCPyV life cycle and how
it contributes to MCC development remain largely unknown. This set of
knowledge is needed for developing more effective treatments for MCC
[1,7,57]. In this review, we discuss the gaps in our understanding of the
biology driving MCPyV-associated oncogenesis. We examine emerging
evidence on the natural host of MCPyV infection and the question of the
MCC cell of origin. We will also elaborate on the importance of studying
the largely unexplored mechanisms that regulate MCPyV transcription,
which drives viral infection and MCC development.

2. MCPyV tropism and infectious host

Merkel cell carcinoma was initially believed to originate from Merkel
cells, a rare population of mechanoreceptor cells within the epidermis
[3,58]. After the discovery of MCPyV in 2008 [26], evidence quickly
arose that MCPyV establishes asymptomatic and persistent infection in a
large proportion of the human population [29,40,41,59-62], with initial
exposure often occurring during early childhood and a seroprevalence
that increases among older age groups [40,59,60,63,64]. As expected
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Fig. 1. MCPyV gene expression in infection and MCC. A) MCPyV genomic map. The NCRR contains the origin of replication and bidirectional promoters, which
drive the expression of the viral early genes (right) and late genes (left). B) The MCPyV genome is maintained as a replication-competent episome in persistently
infected cells, which expresses the early and late viral genes in a temporal manner. In MCPyV-positive MCC, the MCPyV genome is clonally integrated in the host cell
genome. Integrated MCPyV continues to express sT and a truncated LT (LTT) that preserve the expression of the N-terminal LXCXE Rb-binding domain but not the C
terminal domains needed for regulating viral replication. The LTT truncation mutations and the lack of late gene expression in MCC are denoted by gray Xs. Ab-
breviations: NCRR, noncoding regulatory region; EP, early promoter; LP, late promoter; LT, large tumor antigen; sT, small tumor antigen; 57 kT, 57 kDa tumor
antigen; ALTO, alternate large tumor antigen open reading frame; LTT, truncated large tumor antigen.
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based on its association with MCC, MCPyV is detectable within the skin
[40,65]. However, a variety of studies have also detected MCPyV in
respiratory samples, urine, and blood [66-71]. Additionally, in 2010,
Schowalter et al. discovered that MCPyV is chronically shed from the
skin, with millions of viral genome equivalents detectable in skin swabs
[40]. Schowalter et al. therefore proposed that highly rare Merkel cells
may not be abundant enough within the skin to support this level of
virion production, and that the infectious host cell was more likely a
common skin cell type, such as keratinocytes or melanocytes [40]. It was
also suggested that MCPyV infection is intrinsically tied to epidermal
differentiation, similar to the biology of human papillomavirus (HPV)
infection in keratinocytes [40].

To explore the specific cell types that may act as MCPyV’s infectious
host, several groups examined the mechanism of viral entry into host
cells [37,72]. Ultimately, it was found that glycosaminoglycans such as
heparan sulfate are required for the initial attachment of MCPyV virions
to the host cell, and that an unknown co-receptor was necessary for full
viral entry into the cell; this mechanism was again noted to be similar to
the method used by HPV to enter host cells [37]. Immediately
post-entry, viral endosome-to-endoplasmic reticulum trafficking ap-
pears to be another bottleneck for viral infection in addition to virion
attachment and entry, revealing a new obstacle to viral tropism [73].

In the 2010s, there were several attempts to both establish a mono-
layer cell culture system for MCPyV infection and simultaneously
identify the infectious host cell of the virus. Neumann et al. established a
transfection system in which a consensus MCPyV genome was capable of
replicating in several cell lines, including Human embryonic kidney 293
(HEK293), the lung carcinoma cell line H1299, and the neuroectodermal
tumor cell line PFSK-1, achieving detectable viral particle formation
[74]. Similarly, Feng et al. designed a replicating MCPyV genome sys-
tem, which when transfected into HEK293 cells, leads to both early and
late gene expression as well as a detectable amount of encapsidated virus
[75]. In 2011, Schowalter et al. also established a couple of cell systems
that support MCPyV replication, consisting of HEK293-TT (HEK293T
cells expressing additional copies of the SV40 T antigen) and HEK293-4T
(HEK293-TT cells stably expressing MCPyV LT and sT), both of which
are also capable of producing MCPyV virions [37]. Difficulties persisted
in discovering a relevant primary cell type that supports infection by
native virions, as seen when Schowalter et al. assessed the trans-
ducibility of a panel of cell lines by either MCPyV native virus or a
pseudovirus harboring a reporter gene. Among the cell types tested, a
wide range of cancer-derived cell lines were permissive for MCPyV
pseudovirus entry, while only primary human keratinocytes were
transducible by pseudovirus among other skin or MCC cell lines.
Furthermore, no tested cell types except for HEK293-4T were permissive
for viral replication upon infection by native virions [38].

Aside from the U20S osteosarcoma cell line, which supports low-
level MCPyV infection [76], no other permissive cell type was found
until 2016, when our group examined the infectability of the entire
population of primary cells derived from human foreskin and found that
human dermal fibroblasts (HDFs) alone supported the full MCPyV in-
fectious life cycle [77]. Interestingly, Merkel cells do not support MCPyV
infection, and consistent with the findings of Schowalter et al., kerati-
nocytes were permissive for pseudovirus entry but not native virus gene
expression or replication [77]. MCPyV-infected HDFs show robust
replication of the viral genome as well as expression of the early and late
genes [77]. The HDF infection model thus affords an exciting platform to
investigate the viral and host factors that regulate the MCPyYV life cycle.

Interestingly, our analysis of ex vivo skin cultures revealed that
MCPyV preferentially infects dermal fibroblasts underlying the basal
layer of the epidermis and surrounding hair follicles [77]. Prior to our
studies, a number of groups have shown that MCPyV virions are readily
detected in eyebrow hair bulbs sampled from healthy human volunteers
[78-80]. Together, these observations suggest that MCPyV that have
replicated in the dermal cells surrounding hair follicles may subse-
quently use the follicular space as a path to disseminate to the skin
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surface and infect new hosts [77]. Physiological processes such as skin
wounding and photoaging may allow damaged keratinocytes to release
growth factors that promote MCPyV infection [77]. In the event that
skin is abraded or irradiated with UV light, proliferation and migration
of MCPyV-infected fibroblasts from the dermis to the wounded tissue or
shedding layers of sunburned skin could represent another mode of
transmission for MCPyV virions to egress from reservoir cells in the
deeper layers of the skin and spread to new hosts.

Despite our finding that MCPyV can effectively infect HDFs, the
picture of MCPyV infection is far from complete. The identity of the
natural host reservoir cells that maintain latent MCPyV infection in the
human body remains elusive. As discussed earlier, MCPyV has been
detected in a variety of other tissues [66,71,81], raising the possibility
that the virus establishes an infectious reservoir at body sites other than
the skin, such as the tonsils or within the blood, specifically in inflam-
matory monocytes [70,71,81]. There are also other additional compo-
nents that could determine the infectability of the host cell by MCPyV,
such as the phosphorylation of viral proteins by host cell kinases to
regulate viral replication [82] and the interplay between viral infection
and the host immune response [83,84]. The HDF model of MCPyV
infection nevertheless presents the opportunity to explore the mecha-
nisms of MCPyV infection within the skin.

We also found that MCPyV’s tropism is extremely narrow, as among
fibroblasts isolated from common model animals only chimpanzee and
human fibroblasts are able to support a significant level of MCPyV
infection [85]. This narrow host range of the virus makes it difficult to
establish an in vivo infection system [85]. The lack of an animal model
for MCPyV infection also presents a major challenge for identifying
potential reservoir cells and delineating the complete MCPyV infectious
cycle. As suggested by our previous studies, engineering MCPyV chi-
meras with mammalian polyomaviruses may provide new solution for
overcoming the obstacle posed by its narrow host range [85].

3. Cell of origin for MCC
3.1. Merkel cell origin

MCC was originally named due to similarities between tumor and
Merkel cells observed in ultrastructural studies, such as the presence of
distinct neurosecretory granules [58]. Subsequent studies revealed that
Merkel cells and MCC also share the expression of specific neuroendo-
crine markers, including CK20, synaptophysin, and chromogranin A
[86,87]. In the years since MCPyV’s discovery, the hypothesis that MCC
originates from Merkel cells has been called into question. Notably,
Merkel cells do not respond to oncogenic stimuli, including that of the
MCPyV tumor antigens [88], and are believed to be post-mitotic [89],
though recent evidence suggests the existence of proliferative Merkel
cells in rare cases of combined MCC and squamous cell carcinoma (SCC)
[90]. In addition, the vast majority of MCC cases are found in the dermis
or subcutis, while Merkel cells have been suggested to arise through the
differentiation of epidermal progenitors during embryonic development
[91-93]. These evidence have led to ongoing speculation as to what the
origin cell of MCC is, and furthermore, whether it is also the infectious
reservoir of MCPyV or a “bystander” cell to MCPyV infection. Additional
major hypothesized origin cells of MCC are discussed below and sum-
marized in Fig. 2.

3.2. Epidermal progenitor cell origin

Cases of mixed tumors consisting of cells from both MCC and another
skin cancer have formed the basis of the hypothesis that MCC arises from
stem or progenitor cells within the skin. As early as 1998, it was first
proposed that a pluripotent stem cell was the origin cell of MCC due to
the discovery of several cases of mixed MCC and SCC [94]. Similarly,
Kervarrec et al. recently described a mixed tumor consisting of
MCPyV-positive MCC and a benign trichoblastoma [95]. While the



J.F. Yang and J. You

MCPyV
Infection

!

.. =

Tumour Virus Research 13 (2022) 200232

uv
Damage

}

MCPyV-negative
MCC

+ CK20
+ Synaptophysin
+ Chromogranin A

(o
256

2
E
[T}
o
‘e Epidermal
w .
progenitor cell
MCPyV-positive

MCC
| @
& o
[
a

Fibroblast

“2 | Pre/pro-B cell
+TdT
+ PAX5

Fig. 2. Proposed cells of origin for MCC. Several cells of origin have been hypothesized for MCPyV-positive and MCPyV-negative MCC. Merkel cells were his-
torically thought to be the original cell of MCC due to similarities in structure and expression of neuroendocrine marker (CK20, synaptophysin, chromogranin A);
however, these cells are post-mitotic and do not respond to oncogenic stimuli [58,86-89]. Epidermal progenitor cells have been proposed as an alternative original
cell with proliferative potential [94,95]. Pre- or pro-B cells have also been hypothesized to be the cell of origin, due to the expression of specific B cell markers
(including TdT and PAX5) in MCC [96]. Dermal fibroblasts support MCPyV infection and may therefore also act as the site of oncogenic transformation [77].
MCPyV-negative MCC has been specifically proposed to arise from epidermal keratinocytes, which are more prone to UV exposure than dermal cells [97].

MCPyV genome was only integrated in the MCC cells, both the MCC and
trichoblastoma shared the same somatic mutation profile within the
exome, suggesting a common origin in which the viral genome inte-
grated into an existing trichoblastoma cell [95]. This finding ultimately
points to a progenitor cell residing in the hair follicle, such as a Merkel
cell progenitor, as the cell of origin [95]. Further studies of Atonal ho-
molog 1 (Atoh1), a master regulator of Merkel cell development, support
a role of this effector in MCC oncogenesis. Expression of Atohl in MCC
and fibroblasts induces expression of miR-375, the most common
miRNA in MCCs [98]. In vivo studies have also shown that Atoh1 and sT
coexpression causes the formation of “MCC-like” aggregates within the
mouse epidermis [99]. GLI family zinc finger 1 (Glil), another essential
factor involved in Merkel cell differentiation, also induces a Merkel
cell-like phenotype in keratinocytes when coexpressed with LT [100].
However, another interpretation of this evidence is that expression of
Merkel cell differentiation factors such as Atohl and Glil simply con-
tributes to the Merkel cell-like phenotype of MCC, and that the cancer
arises from a cell other than the proposed Merkel cell progenitor; the
MCPyV tumor antigens may in fact be driving aberrant expression of
Merkel cell factors in a skin cell of a different lineage. A few different
studies support this possibility. For example, it has been shown that LT
inhibits Atoh1 degradation [100], and that LTT expression in fibroblasts
induces Atohl expression [98]. Similarly, Harold et al. found that the
Rb-binding domain of LTT expressed in MCPyV-positive MCC induces
the expression of another key Merkel cell differentiation factor, SRY-box
transcription factor 2 (Sox2), which in turn upregulates Atohl expres-
sion [101]. Furthermore, knockdown of LT in MCPyV-positive MCC cells

cocultured with keratinocytes causes the cancer cells to undergo
neuronal differentiation and display neurite projections and secretory
vesicles, suggesting a neuronal origin for the cancer [101]. In addition to
direct activity introduced by the viral oncoproteins, epigenetic dysre-
gulation of Merkel cell differentiation factors may also contribute to
their aberrant expression in MCC. Sox2 expression and Sonic hedgehog
signaling, which is also crucial for Merkel cell specification, are nor-
mally restricted to primary hair follicles and touch domes by repressive
H3K27me3 marks catalyzed by the Polycomb complex [102,103].
Busam et al. identified a significant reduction in H3K27me3 levels in
MCPyV-positive MCC tumor samples, suggesting that dysregulation of
Polycomb activity may contribute to ectopic Merkel cell signaling in
cancer cells [104]. However, Matsushita et al. later found that
H3K27me3 levels are more reduced in combined MCPyV-negative MCC
and squamous cell carcinoma (SCC) when compared to pure
MCPyV-positive or MCPyV-negative tumors, calling into question the
true epigenetic status of the different MCC subsets [105].

3.3. Pre/pro B cell origin

In 2013, it was first proposed by zur Hausen and colleagues that pre/
pro B cells are the origin cell of MCC, given that MCC expresses both
terminal deoxynucleotidyl transferase (TdT) and paired box protein 5
(PAXS5, the coexpression of which is only normally seen in B cells) and
immunoglobulin [96]. Subsequent studies confirmed that the presence
of B cell markers is positively correlated with MCPyV-positive status in
MCC tumors [106,107]. The major questions underlying this hypothesis
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are whether MCPyV infects pre/pro B cells inside the dermis and
whether these cells enter the dermis before or during oncogenesis.
Pre/pro B cells are capable of entering the bloodstream under circum-
stances such as disease [108]. A relatively recent review from the zur
Hausen group suggested that pre/pro B cells may circulate in
sun-damaged skin [109]. The epidemiological link between MCC and
chronic lymphocytic leukemia (CLL) may further support the B cell
origin hypothesis. Several studies have established that patients with
CLL are predisposed to MCC [110-112]. Though immune suppression
caused by CLL has been suggested as the reason for this relationship, the
reverse has also been established—namely, that MCC patients are also at
a higher risk of subsequent development of CLL [113]. Several groups
have also detected MCPyV DNA at low levels in CLL cells [31,114-116].
Though most of these studies discussed the link between CLL and MCC in
the context of immune suppression, the fact that the risk for both dis-
eases is reciprocal might suggest some shared etiology.

3.4. Fibroblastic origin

Expanding on our finding that dermal fibroblasts support the full
infectious cycle within the human skin, additional models have been
proposed to link MCPyV infection to MCC tumorigenesis [77,97,117].
One of the hypotheses is that dermal fibroblasts act as the origin cell for
MCC: wunder yet-to-be-discovered conditions, MCPyV oncogenes
expressed in infected HDFs may induce gene expression patterns as
observed in MCC to trigger tumor development. In support of this
notion, sT’s oncogenic properties have been demonstrated in fibroblasts
[88], suggesting that dysregulation of normal MCPyV infection may lead
to oncogenesis within the infectious host cell. Another theory is that
MCPyV actively replicating in the HDFs may accidently enter Merkel
cells or their precursor cells residing in the immediate vicinity; the
nonpermissive infection environment of Merkel cells may force the
replication defective MCPyV genome to integrate into the host cell
genome, which may propel Merkel cells to undergo malignant trans-
formation [77].

3.5. Origin for MCPyV-positive and MCPyV-negative MCCs

Adding to the debate over MCC’s origin is the additional discussion
of whether MCPyV-positive and MCPyV-negative MCC arise from the
same origin cell. A number of groups have proposed that there are two
different cells of origin for MCC depending on virus status, due in part to
the finding that the two cancer subsets have significantly different
mutational landscapes: MCPyV-negative MCCs featuring a mutational
signature characteristic of UV damage have demonstrated a much
higher mutational burden than MCPyV-positive MCCs [118,119]. Hy-
potheses regarding the origin cell for the two cancer subtypes have
evolved over time. In 2014, prior to our group’s discovery of dermal
fibroblasts as the host cell for MCPyV, Jankowski et al. proposed that
MCPyV-positive MCC arises from pre/pro B cells as per zur Hausen’s
hypothesis, while MCPyV-negative MCC arises from epidermal stem
cells [120]. In 2018, Sunshine et al. proposed that MCPyV-positive MCC
arises from fibroblasts while MCPyV-negative MCC arises from kerati-
nocytes. This hypothesis is supported by the rationale that epidermal
keratinocytes are less protected from UV light than dermal fibroblasts,
accounting for the UV-damage mutational signature seen in
virus-negative MCC [97].

It has been further suggested that MCPyV-negative MCC may be
caused by MCPyV in a hit-and-run mechanism in which cellular trans-
formation is initiated by the virus, which is then lost as tumor devel-
opment continues to be driven by UV damage-induced mutations [121].
The fact that antibodies against MCPyV VP1 are detectable in the serum
and plasma of patients with MCPyV-negative MCC lends support to this
possibility [122]. Given the viral oncoprotein addiction of
MCPyV-positive MCC [49], a hit-and-run mechanism would only be
possible if tumor cells transformed by MCPyV are capable of surviving
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without viral tumor antigen expression. Indeed, in 2012 Houben et al.
established a MCPyV-positive MCC cell line, LoKe, which displays no
growth inhibition upon stable knockdown of the MCPyV tumor antigens
[121].

3.6. The unique origin of intraepidermal MCC

Further complicating the classification of MCC subtypes are the
extremely rare cases of purely intraepidermal MCC, which may be
considered another subtype of MCC. Curiously, recorded cases of
intraepidermal MCC have all been found to be MCPyV-negative [123,
124], with the exception of tumors where the MCPyV status is unknown
[125,126]. Narisawa et al. recently described a combined dermal and
intraepidermal MCC associated with SCC, in which the dermal and
intraepidermal compartments of the MCC had differential expression of
the CK20 and CD56 markers, suggesting two separate populations of
MCC cells. Furthermore, only the intraepidermal MCC cells expressed
the touch dome markers CK15 and CK17, suggesting that this type of
MCC may have originated from the touch dome [123]. Therefore,
intraepidermal MCC may have its own origin cell distinct from dermal
MCC.

4. MCPyV transcription, a key determinant for persistent
infection and MCC tumorigenesis

In MCPyV infected cells, EP drives transcription of the early genes to
support the viral life cycle during persistent infection (Fig. 1B). In virus-
positive MCCs, EP continues to support the expression of the sT and LTT
oncogenes [26,45-48] (Fig. 1B). MCPyV-positive MCCs harbor very few
genetic mutations [118,127], suggesting that expression of the viral
oncogenes is sufficient to drive tumor development. Indeed, LTT and sT
have demonstrated robust oncogenic potential to promote tumorigen-
esis (Fig. 1B) [46,51,128]. MCPyV-positive MCCs are addicted to
MCPyV oncoproteins and require their continued expression from the
integrated viral genome to survive [46,49,128]. MCPyV EP therefore
plays a critical role in both the infectious life cycle of MCPyV and the
oncogenic progression of infected cells, representing an attractive
anti-cancer therapeutic target for molecular intervention. However,
very little is known about the mechanisms that regulate MCPyV EP’s
transcriptional activity during either MCPyV infection or MCC devel-
opment. This gap in our knowledge is largely because, until recently, the
cellular tropism of MCPyV was unknown and there was a lack of a
biologically relevant culture system for studying MCPyV infection and
oncogenesis [38].

Additionally, MCPyV differs from other better-studied poly-
omaviruses to the extent that insights on these related viruses are likely
insufficient to bridge the knowledge gap. Compared to other disease-
causing polyomaviruses such as BK polyomavirus (BKPyV) and JC pol-
yomavirus (JCPyV), knowledge on MCPyV gene expression mechanisms
is relatively sparse [129]. In MCPyV, BKPyV, JCPyV, and simian
vacuolating virus 40 (SV40), the NCRR containing the viral origin of
replication and bidirectional promoters is considered the major site
through which viral gene expression is regulated. However, while the
NCRRs of BKPyV, JCPyV, and SV40 all carry tandem repeat elements
that function as viral transcription enhancers and binding sites for a
number of host cell transcription factors, such elements do not exist in
the MCPyV NCRR [129]. Because the MCPyV early and late proximal
promoter regions are quite different from those of other human poly-
omaviruses and SV40, it suggests that distinct cellular factors and mo-
lecular mechanisms are involved in controlling MCPyV transcription.

The long search for MCPyV’s infectious host cell underscores the
virus’ highly narrow cellular tropism. When recircularized MCPyV ge-
nomes were transfected into a total of 21 cancer cell lines and primary
cell cultures, only three were able to support both early and late gene
expression [74]. After discovering HDFs as the permissive cells that
support productive MCPyV infection in the human skin [77], we showed
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that while MCPyV can promiscuously enter many types of cells in the
human skin, viral early gene expression is detected only in a few cell
types such as HDFs and MCC cells, but silenced in nonpermissive cells
such as skin keratinocytes [77,85,130]. This finding suggests that
MCPyV transcription is the key determinant of the virus’ highly
restricted host cell tropism and oncogenic potential. Furthermore, the
highly narrow host cell tropism of MCPyV suggests that
cell-type-specific factors are important for controlling its transcriptional
activity [77,85,130]. For example, cell-type-specific epigenetic modifi-
cations and regulatory factors may underline MCPyV’s highly distinctive
transcriptional activity, which in turn defines its unique host cell
tropism and oncogenic potential. In addition, cis-acting tissue-specific
enhancer(s) and silencer(s) in the MCPyV genome may also control
EP-driven transcription.

Epigenetic modifications play an important role in transcriptional
regulation [131]. Histone H3 and H4 acetylation and methylation on
H3K4/H3K36 are associated with transcriptional activation, whereas
tri-methylation of H3K9 and H3K27 is linked to transcriptional repres-
sion. After MCPyV genomes are transfected into PFSK-1 cells that sup-
port MCPyV gene expression, transactivational histone marks such as
H3K4me3 are detected in the NCRR region [132]. In addition, it has
been shown that histones are encapsidated into purified MCPyV virions
[36]. These studies suggest that MCPyV DNA is packaged into
histone-bound nucleosomes likely carrying epigenetic modifications
that control its transcription in infected cells. Whether MCPyV EP ac-
quires different epigenetic modifications in permissive and nonpermis-
sive cells to support its distinct transcription activities remains an
important question for future studies.

Very little is known about the cellular and viral factors that regulate
MCPyV transcription during either viral infection or MCC development.
Nevertheless, some studies have begun to uncover both the viral
intrinsic components and host cellular factors that regulate MCPyV
expression. For example, in 2009, Seo et al. discovered that the MCPyV-
encoded miRNA, named mcv-miR-M1, targets the viral early transcripts
for degradation [39]. Using an in vitro MCPyV replication system, Theiss
et al. subsequently found that mcv-miR-M1 negatively regulates tran-
scription of MCPyV genes encoded by the early region that contains its
complementary sequence [132]. While wild-type MCPyV genomes can
persist as extrachromosomal episomes for several months in transfected
PFSK-1 cells, the MCPyV mcv-miR-M1 knockout mutant is lost at an
increased rate, indicating that mcv-miR-M1 may help to establish a state
of low-level, long-term episomal persistence [132]. MCPyV EP carries
four LT binding sites [34]; it has also been shown that LT can stimulate
EP transcription activity in an autoregulatory manner [133]. In addi-
tion, LT is enriched at conspicuous viral DNA foci in MCPyV-infected
cells [77], further indicating that this viral protein may be recruited to
support MCPyV gene expression. Interestingly, MCPyV EP can also be
activated in the absence of LT [134]. This LT-independent mode likely
supports the first phase of early transcription that occurs immediately
after viral entry when there is no LT protein present in the cells. These
findings also suggest that, after the first set of LT is expressed in infected
cells, they can contribute to EP transcription in the subsequent pro-
ductive phase of infection, possibly by directing cellular transcription
factors or chromatin modifiers to EP. The basal transcriptional activity
of MCPyV EP could also be stimulated in permissive cells or repressed in
nonpermissive cells by cell type-specific transcription factors uniquely
present in these cells.

MCPyV’s highly restricted transcription may also result from binding
of cis-acting enhancer(s) by transcription activators in permissive cells
and/or silencer(s) by transcription repressors in nonpermissive cells.
Through in silico analysis of the MCPyV NCRR, Ajuh et al. identified a
number of putative NCRR-binding transcription factors, several of which
are also known to control the transcription of the related poly-
omaviruses JCPyV and BKPyV [133]. In JCPyV, the 98-bp tandem repeat
demonstrates robust enhancer activity in permissive human fetal glial
cells, and functions as a key determinant for JCPyV’s highly restricted
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host cell specificity [135]. Because MCPyV also has a very narrow host
range, it is conceivable that an “enhancer-like” element exists in MCPyV
genome to support its distinct transcriptional activities in permissive
cells. However, unlike other polyomaviruses [136-138], MCPyV does
not carry the tandem repeat enhancer elements [129], and its enhancer
region remains unknown. It is also unclear whether there is a cis-acting
silencer(s) that could inhibit MCPyV early transcription in
non-permissive cells. All of these components remain to be investigated
in order to fully understand the mechanism of MCPyV transcription.

5. Future perspectives

Decades after the initial description of MCC, there is still no
conclusive answer as to what the origin cell of MCC is. Addressing this
gap in our knowledge may require advanced technologies. Even before
the discovery of MCPyV, gene expression profiling of MCC cell lines by
microarray analysis had already distinguished two subtypes (‘Classic’
and ‘Variant’) of MCCs [139]. Since the chromatin accessibility profile
of a cancer’s origin cell often determines the mutational landscape of the
tumor genome [140-143], modern technologies such as ATAC-seq or
other epigenetic profiling tools may be crucial in matching the muta-
tional signature of MCC to its cell of origin. Therefore, building a clearer
picture of the genomic and epigenomic signature of MCC may be the
most effective way to determine the cell from which MCC originates.

Uncovering the origin of MCCs will also be essential for under-
standing the relationship between MCPyV-positive and MCPyV-negative
MCC, and whether they are indeed two subtypes of MCC or two different
tumors with similar characteristics. In the clinical context, studies on
whether the two categories of MCC are associated with different disease
severity and outcome are conflicting [30,144], yet both MCPyV-positive
and -negative MCC respond similarly to anti-PD(L)-1 therapy [21,22].
Further evidence suggests that MCPyV-positive and MCPyV-negative
MCCs are two tumor subtypes with distinct morphological and immu-
nohistochemical features driven by alternative tumorigenic pathways
[1,127,145]. In addition, several groups have revealed the two subsets’
highly different mutational landscapes [118,119,127,146], pointing to
the possible existence of multiple cell types of origin for MCC based on
virus status. These studies indicate that MCPyV-positive and
MCPyV-negative MCC are two different cancers with a convergent
phenotype [97,120]. New insight on the origin of MCC will facilitate the
development of targeted approaches needed for treating
MCPyV-positive and MCPyV-negative MCC.

The infectious tropism of MCPyV identified thus far includes only
human and chimpanzee dermal fibroblasts, and viral gene expression
rather than viral entry appears to be the major bottleneck for estab-
lishing a productive infection [38,77,85]. MCPyV gene expression is
therefore likely dependent on cell-type specific factors or mechanisms.
Therefore, a more complete understanding of the cell populations that
function as an infectious reservoir for MCPyV would be highly beneficial
for identifying what these cell-type specific elements may be, and may
also be helpful for elucidating the origin cell for MCPyV-positive MCC
specifically.

Both the tumor-specific LTT and sT antigens expressed from the in-
tegrated MCPyV genome in MCC have demonstrated oncogenic func-
tions in supporting uncontrolled cellular proliferation that ultimately
inflict oncogenesis [46,50,88]. Depletion of these tumor antigens from
MCPyV-positive MCC cell lines causes cancer cell death [49], making
MCPyV oncogene expression an attractive target for developing
virus-targeted therapies to treat MCPyV-associated MCCs. Unlike can-
cers that arise from mutations of endogenous genes, MCPyV-positive
tumors carry low mutational burdens and are addicted to the expres-
sion of MCPyV T-antigens that drive disease progression. For this reason,
virus-targeted therapies would hypothetically be well tolerated and
highly desirable. For instance, a natural product identified in our recent
study is able to induce killing of MCPyV-positive MCCs at nanomolar
concentrations but exhibits little to no toxicity in healthy cells or
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MCPyV-negative MCCs at much higher concentrations [134]. In the
absence of effective targeted therapies for MCC cancer, elucidation of
the mechanisms controlling MCPyV transcription is imperative for
identifying druggable targets for specific blockage of viral oncogene
expression and MCC tumor growth. Decoding the regulatory mecha-
nisms of MCPyV transcription will likely also offer important clues for
understanding the origin cell(s) of MCPyV-positive MCC, the highly
restricted host cell tropism of MCPyV, as well as the tumorigenic events
leading to MCPyV-driven oncogenesis.
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