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Merkel cell polyomavirus (MCPyV) causes the highly aggressive and relatively
rare skin cancer known as Merkel cell carcinoma (MCC). MCPyV also causes
a lifelong yet relatively innocuous infection and is one of 14 distinct human
polyomaviruses species. Although polyomaviruses typically do not cause
illness in healthy individuals, several can cause catastrophic diseases in
immunocompromised hosts. MCPyV is the only polyomavirus clearly asso-
ciated with human cancer. How MCPyV causes MCC and what oncogenic
events must transpire to enable this virus to cause MCC is the focus of
this essay.
This article is part of the themed issue ‘Human oncogenic viruses’.

1. Introduction

(a) Common infection and a rare cancer

Perhaps the most striking feature about Merkel cell polyomavirus (MCPyV) is
how frequently it causes a lifelong though relatively innocuous infection yet
how rarely it causes the highly aggressive skin cancer known as Merkel cell car-
cinoma (MCC). When MCPyV was first identified in MCC tumour specimens in
2008, it was only the fifth human polyomavirus to be identified at that time [1]. Its
discovery quickly led to the realization that although MCPyV was likely to be
causal in MCC, it was a typical polyomavirus, infecting most people at an early
age. What has come into sharper focus is that although some of the now 14
human polyomaviruses can cause exceptionally catastrophic diseases, MCPyV
is the only one clearly associated with cancer. Indeed, MCPyV has been classified
by the World Health Organization-International Agency for Research on Cancer
as probably carcinogenic to humans (Group 2A) [2]. How MCPyV causes MCC
and what oncogenic events must transpire to enable this virus to cause MCC is
the focus of this essay.

A pathogenic cause for MCC was first suspected when it was reported that the
incidence of MCC was greater than 10-fold in HIV-1 AIDS patients compared with
the general population [3]. In addition, the risk for developing MCC is increased in
patients with medically induced immunosuppression for autoimmune conditions
such as rheumatoid arthritis and solid organ transplantation [4-6]. Given the
increased risk by immunosuppression for developing MCC, Huichen Feng and
Masahiro Shuda in the laboratory of Yuan Chang and Patrick Moore began a
search for a pathogenic cause for MCC. They performed whole transcriptome
sequencing of several MCC tumours and searched for pathogens by first sub-
tracting all human genes from their analysis. In the remaining sequences, novel
transcripts distantly related to polyomaviruses were detected in a MCC tumour.
Complete sequencing of the viral genome led to the determination that it corre-
sponded to a new human polyomavirus [1]. They determined that MCPyV
DNA was clonally integrated into the genome of MCC tumour cells when they
observed an identical Southern blot integration pattern for a primary tumour
and a metastatic lymph node from the same patient. They detected MCPyV by
PCR and Southern blotting in eight of 10 tested MCC tumours, indicating that
most but not all MCC contained MCPyV. These results supported the model
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Figure 1. (a) Circular map of MCPyV includes early region genes for LT, ST and 57 kT and late region for VP1, VP2 and miRNA. The non-coding control region (NCCR)
contains a bidirectional promoter and the viral origin of replication. Exon 3 of 57 kT is depicted and is in the same reading frame as LT. ALTO is not depicted.
(b) Linear maps of LT, ST and ALTO. LT and ST share an N-terminal DNAJ or J domain. LT also contains the LXCXE or RB-binding motif, MCPyV-unique region (MUR)
-1 and -2, nuclear localization signal (NLS), DNA-binding domain (DBD) and helicase domain. In MCC, mutations in LT result in truncations after the LXCXE, NLS or
DBD and depicted by slashes. ST contains a unique region not shared with LT that binds to protein phosphatase 2A (PP2A). ALTO is expressed in an alternative

reading frame from LT.

that MCPyV contributed to MCC in a manner similar to human
papillomavirus (HPV) in cervical cancer [7].

MCPyYV is a typical mammalian polyomavirus with a small
(5386 bp) circular double-stranded DNA genome (figure 1a)
[8]. There are two transcriptional units with an early region
that yields four spliced mRNAs encoding four proteins includ-
ing large T-antigen (LT), 57 kT, small T-antigen (ST) and ALTO
(alternate frame of the large T open reading frame) and a late
region encoding two viral coat proteins, VP1 and VP2, and a
microRNA that targets the T-antigen transcripts [9-12].
Although the late region of MCPyV does not encode VP3, a
third viral coat protein that uses an internal translation start
site within VP2, most other polyomaviruses encode a VP3
[13]. The non-coding control region (NCCR) contains distinct
promoters for the early and late genes, an enhancer and the
viral origin of replication [14]. Based on its similarity to other
polyomaviruses, it is likely that MCPyV LT forms two hexam-
ers that bind in head-to-head fashion to the origin and serves to
melt, twist and unwind the viral DNA and recruit cellular
DNA polymerases to enable viral replication [15-18].

MCPyV is one of 14 distinct human polyomaviruses species
[8,19]. Primary infection with MCPyV does not cause any dis-
cernable signs or symptoms [20]. Polyomaviruses typically

do not cause illness in healthy individuals although several
viruses are associated with disease in immunocompromised
hosts (table 1).

BK polyomavirus (BKPyV) virus is the cause of polyoma-
virus-associated nephropathy (PVAN) in renal transplant
patients undergoing immune suppressive therapy to prevent
rejection of their allograft kidney transplant [21]. PVAN may
result from infection of the transplant recipient with a differ-
ent strain of BKPyV that accompanied the transplanted
kidney [32]. BKPyV can also cause haemorrhagic cystitis in
haematopoietic stem cell transplant patients [33]. In addition,
BKPyV has been associated with interstitial cystitis with
bladder ulcerations and bladder pain syndrome [34,35].
Large-scale sequencing of 131 urothelial bladder cancers
identified integrated copies of BKPyV in one tumour while
another had integrated copies of HPV16 [36]. Whether
BKPyV or HPV16 contributed to the oncogenesis of either
tumour was not further explored.

JC polyomavirus (JCPyV) causes progressive multifocal
leukoencephalopathy (PML) [22]. PML is characterized by
lytic infection of oligodendrocytes and astrocytes with JCPyV
that causes a variety of neurological symptoms including
ataxia, paresis, dementia and blindness [37]. The incidence
of PML increased during the AIDS epidemic but now is fre-
quently associated with immune suppressive therapy for



Table 1. Human polyomaviruses and associated diseases.

no. name alternate names year

1 BKPyV BK, BKV 1971 [21]
2 JCPyV )G, v 1971 [22]
3 KIPyV KI, KIV 2007 [23]
4 WUPyV WU, Wuv 2007 [24]
5 MCPyV MCV, Merkel cell polyomavirus 2008 [1]
6 HPyV6 2010 [25]
7 HPyV7 2010 [25]
8 TSPyV TSV 2010 [26]
9 HPyV9 2011 [27]
10 HPyV10 MWPyV, Malawi polyomavirus 2012 [28]
1 StLPyV St Louis polyomavirus 2012 [29]
12 HPyV12 2013 [30]
13 NJPyV HPyV13, New Jersey polyomavirus 2014 [31]
14 LIPyv LI, Lyon IARC polyomavirus 2017 [19]

multiple sclerosis [37,38]. JCPyV can also infect neural cells and
cause a distinct illness called granule cell neuropathy [39].

Several polyomaviruses have been identified on the skin.
MCPyV, HPyV6, HPyV7 and TSPyV DNA can be isolated
from skin and eyebrow hair [25,40]. In severely immunocom-
promised patients, HPyV6 and HPyV7 can cause a pruritic
and dyskeratotic dermatoses characterized by brown plaque
skin lesions and hyperproliferation of keratinocytes [41,42].
TSPyV causes a severe form of hair folliculitis known as Tri-
chodysplasia spinulosa in solid organ transplant recipients
[26]. It has been suggested that trichodysplasia spinulosa
may reflect a primary infection with TSPyV because it
occurs in relatively young individuals [43].

WUPyV and KIPyV have been isolated from respiratory
secretions particularly in children and infants with severe
pulmonary symptoms [23,24,44]. Although it is not clear if
WUPyV and KIPyV cause pneumonia, WUPyV has been
detected in respiratory epithelial cells from a transplanted
lung in a patient with Job syndrome [26,45]. HPyV10 and
STLPyV have been isolated from stool and may contribute
to infectious forms of diarrhoea [28,29,46]. NJPyV was orig-
inally isolated from a pancreas transplant patient with
severe immunosuppression, retinal blindness and vasculitic
myopathy [31].

It is not known what cells normally support MCPyV repli-
cation because MCPyV LT expression has not yet been detected
by immunohistochemistry (IHC) in any normal human tissue.
If healthy skin supports MCPyV replication, then cells within
hair follicles such as seen with TSPyV in the trichodysplasia
spinulosa syndrome or in keratinocytes with HPyV6 and
HPyV7 in dyskeratotic dermatoses. Alternatively, a recent
report demonstrated that cultures of primary human skin
fibroblasts could support MCPyV replication [47]. It should
be noted that papillomavirus infection is dependent on
breaks in the intact epithelium permitting access of the papillo-
mavirus to the basement membrane. A similar mechanism has

disease GenBank/NCBI
polyomavirus-associated nephropathy AB211374.1
haemorrhagic cystitis
interstitial cystitis
progressive multifocal leukoencephalopathy NC_001699.1
granule cell neuropathy
EF127908.1
EF444554.1
Merkel cell carcinoma NC_010277.2
pruritic and dyskeratotic dermatoses NC_014406.1
pruritic and dyskeratotic dermatoses NC_014407.1
trichodysplasia spinulosa NC_014361.1
NC_015150.1
1X262162.1
JX463184.1
NC_020890.1
NC_024118.1
NC_034253.1

not been described for MCPyV or any other polyomavirus.
Instead, polyomaviruses bind specific cell-surface glycans to
target cells for infection [48,49].

(c) Lifelong infections with polyomaviruses

Evidence for persistent infection by a specific polyomavirus
is reflected in serum antibodies against the corresponding poly-
omavirus coat protein VP1. The polyomavirus virion is
comprised of 72 pentamers of VP1 together with VP2 on the
inner surface of each VP1 pentamer [50]. When expressed in
bacteria or yeast, VP1 will spontaneously form pentamers or
virus-like particles that generates a useful capture antigen to
detect antibodies in serum specific for each human
polyomavirus [51,52].

Based on the VP1 serology assay, it has been inferred that the
initial exposure to MCPyV likely occurs in early childhood
because the seroprevalence is lower in children and higher in
adults. An intriguing study from Cameroon examined serology
against the MCPyV VP1 pentamer in 196 children from birth to
5 years of age (YOA) [53]. Significant titres against MCPyV were
detected in newborns but these titres gradually decreased to
undetectable levels by 16 months of age. Maternal-derived anti-
bodies likely account for the seropositivity in newborns that
gradually declined during the first year of life. These antibodies
were likely to be effective in preventing primary infection. By 18
months of age when the maternal antibodies were no longer pre-
sent, children were susceptible to de novo infection and could
mount an antibody response of their own. Beginning at
18 months of age, an increasing fraction of children became posi-
tive until approximately 80% tested positive by 5 YOA [53]. Ina
separate cohort from the same study, the strongest correlation of
seropositivity was observed between siblings of similar ages
suggesting that siblings likely were exposed to MCPyV at the
same time and by each other. Similar results were reported
from a population study in Australia that investigated the
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serology of several cutaneous polyomaviruses including
MCPyV, HPyV6, HPyV7 and TSPyV as well as BKPyV. Chil-
dren below six months displayed seropositivity rates for all
viruses studied comparable to that found in adults with rates
decreasing after six months of age then starting to increase by
2-3 YOA and continuing to increase with age [54].

Several additional studies support the increasing risk with
age for exposure and persistent infection by MCPyV and other
polyomaviruses. Seroprevalence of 10 human polyomaviruses
were assessed from a population-based skin cancer case—
control study conducted in New Hampshire, USA [55]. The
overall seropositivity for MCPyV in this study was 70.4%. Of
note, all participants were seropositive for at least one polyoma-
virus and the overall study population had evidence for infection
with a mean of 7.3 different polyomaviruses. A study of five
polyomaviruses conducted in Italy with participants aged
1-100 YOA found that the seroprevalence for MCPyV rapidly
increased with age, from 41.7% in children age 1-4 YOA to
87.6% in 15-19 YOA and remained relatively frequent in adult-
hood (79.0-96.2%) [56]. Seroprevalence studies of MCPyV
performed in China (61% overall) and the Czech Republic
(63%) yielded similar results with an increasing trend with
age [57,58].

Antibodies to MCPyV LT and ST are usually not present in
healthy individuals but can be detected in patients with virus-
associated MCC. Antibodies to the common region of MCPyV
ST and LT were present in half of patients with MCC and in less
than 1% of healthy individuals [59]. Importantly, antibody
titres to LT greatly decrease upon definitive treatment of
the MCC and can be used as a biomarker to follow disease
status [59]. Of note, MCC patients often have higher titres of
antibodies to VP1 than normal healthy individuals [60].

(d) How rare is Merkel cell carcinoma?
In part, due to its rarity, it has been challenging to accurately
measure the incidence of MCC. The tumour was first described
in 1972 by Cyril Toker as a trabecular carcinoma of the skin
exhibiting carcinoid features [61]. Later, using an electron
microscope, Toker reported the presence of membrane-bound
granules containing dense cores within the tumour cells, a fea-
ture indistinguishable from tumour cells of neural crest origin.
He also noted that MCC cells had an appearance similar to
normal Merkel cells, a skin cell that also contained neuro-
secretory granules [62]. The tumour name was eventually
changed from trabecular carcinoma to MCC to reflect the simi-
larity in appearance of tumour cells to normal Merkel cells
[63,64]. Later, IHC staining was recognized to be useful in dis-
tinguishing MCC from other more common neuroendocrine
tumours such as small cell lung carcinoma. In particular,
IHC staining for cytokeratin 20 (CK20, KRT20) could dis-
tinguish MCC from other skin tumours and could also detect
normal Merkel cells in the basal layer of the skin epidermis [65].

In addition to the availability of widely accepted IHC
markers, the reporting of MCC increased in 1986 when the
ninth edition of the International Classification of Diseases
and Related Health Problems (ICD-9) first recognized MCC
and distinguished it from the other more common skin
cancers such as basal cell carcinoma and squamous cell carci-
noma. The updated ICD-10-CM, used to indicate the
diagnosis for reimbursement purposes, included specific
codes for locations and laterality of MCC [66].

To obtain a measure of the incidence of MCC, several studies
used data collected for the surveillance, epidemiology and end

results (SEER) program. Using data collected between 1986
and 2001, a total of 1124 cases of MCC were identified yielding
a rate of 0.15 cases per 100 000 person-years (PY) in 1986 and
0.44 cases per 100000 PY in 2001, a threefold overall increase
[67]. The incidence of MCC in the SEER database was again ana-
lysed in 2015 with a total of 5211 cases between 1986 and 2011.
In this analysis, the incidence in 1986 was 0.22 per 100 000 PY
and increased more than threefold to 0.79 per 100000 PY in
2011 [68]. Epidemiologic studies covering similar time periods
from other countries also found an increase in MCC incidence.
A study of the Netherlands Cancer Registry found a doubling
of the incidence of MCC between 1993 and 2007 [69]. An analy-
sis of the Danish Cancer Registry revealed that the incidence
increased 5.4-fold between 1986 and 2003 [70]. Whether the inci-
dence of MCC is increasing due to wider recognition by
physicians, improved diagnosis and reporting to cancer regis-
tries or to a change in risk factors is not known. Now, 45 years
after its original description, the availability of CK20 IHC diag-
nostic markers together with codified categorization for
reporting have contributed to a more accurate assessment of
the incidence of MCC. In addition, the discovery of MCPyV in
MCC and good response rates to checkpoint blockade immu-
notherapy has brought still wider recognition of this disease
and perhaps increased reporting [71,72].

The low incidence of MCC contrasts markedly with the
other skin cancers. Although the incidence of non-melanotic
skin cancers (NMSCs) is not typically counted in cancer regis-
tries, the Girona (Spain) Cancer registry has collected data on
all non-melanoma skin cancers since 1994. In this database,
the incidence rate of basal cell carcinoma was 113 per 100 000
PY, squamous cell carcinoma was 38, melanoma 8.76 and
MCC was 0.28 per 100 000 PY [73].

A variety of immunosuppressive conditions appear to
increase the risk for developing MCC including co-morbidity
with other cancers [74-77]. For example, an analysis of the
SEER database from 1992 to 2007 for patients with chronic lym-
phocytic leukaemia (CLL) and non-Hodgkin lymphoma
(NHL) found an incidence ratio of 8.2 for MCC in CLL patients
and 3.2 in NHL patients [78]. A large study of the serology of
patients with CLL found lower titres of MCPyV VP1 at early
stages of disease [79]. These patients were likely to be infected
with MCPyV but perhaps were unable to mount an effective
antibody response to ongoing infection.

Medical-induced immunosuppression for a variety of con-
ditions also appears to increase the risk for developing MCC.
For example, a recent study of skin cancer in adult solid
organ transplant patients found an increased risk for develop-
ing squamous cell carcinoma, melanoma and MCC. They
observed two cases of MCC in 10 649 adult transplant recipients
over the 2-year study period for an incidence rate of 2 MCC per
100 000 PY, 25-fold higher than expected [80]. MCC has been
reported in patients with a variety of autoimmune conditions
including rheumatoid arthritis, psoriatic arthritis and Wege-
ner’s granulomatosis [4,81-83]. While these patients have
been treated with a variety of immunosuppressive therapies
including cyclophosphamide, azathioprine, cyclosporine and
etanercept, it is not clear if the autoimmune disease or the
therapy contributes to the increased risk for developing MCC.

(e) How does a common virus cause a rare cancer?
The original report from the Moore and Chang lab outlined
several important features about virus-positive MCC.
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Approximately, 80% of all MCC contain clonally integrated
copies of the virus [1]. Viral integration involved mutations
that result in the truncation of LT with deletion of its DNA
binding and helicase domains as well as a growth suppres-
sing domain in the carboxyl-terminus encoded by Exon 3
of 57 kT loss but preservation of the LXCXE motif that
binds and inactivates RB [84—-86]. The virus-positive MCC
tumours typically express ST and the truncated LT and not
the late genes VP1 and VP2. Importantly, most virus-positive
MCC maintain expression of ST and truncated LT, supporting
their role in the initiation and maintenance of MCC.

What percentage of MCC tumours contain integrated
MCPyV is not clear although 80% is a reasonable estimate
based on many different reports. The original study that
identified MCPyV in MCC used Southern blotting with
*P-phosphate labelled viral probe to confirm MCPyV DNA
integration into the tumour genome [1]. Very few, if any,
studies since then have used radiolabelled Southern blotting
to detect integrated viral DNA in tumour DNA. Another
approach used in the original study was PCR amplification
of viral DNA from tumour DNA. However, PCR amplification
of viral DNA is not always reliable for several reasons. The viral
DNA has undergone multiple mutations and re-arrangements
during integration that at a minimum result in truncation of LT
and can reduce primer recognition [84]. In addition, the inte-
grated viral DNA may have undergone amplification that
could introduce additional mutations to the T-antigen genes
[87]. There may even be some strain differences in MCPyV
common to different parts of the world that could impede
detection of integrated viral by PCR [88]. Another challenge
to PCR detection arises because most studies use DNA isolated
from formalin-fixed paraffin-embedded tumour sections that
can result in degradation of DNA.

Several sets of PCR primer have been developed to
improve detection of MCPyV in MCC. However, there is
often not good agreement between primer sets making it dif-
ficult to conclude whether MCPyV is present and, if so, how
many integrated copies are present [1,89,90]. Based on the
clonality of the virus-positive tumours, it is expected that
there should be at least one copy of virus in each tumour
cell. However, tumour preparations are not typically pure
thereby reducing the apparent copy number. The TPO (thyr-
oid peroxidase) gene has been used to normalize host cell
DNA content and determine viral copy number because its
location on chromosome 2q25 is not typically involved in
copy number alterations in MCC [91]. Alternatively, primers
to RNaseP have been used to normalize viral copy number
to the host genome [92]. Because the sensitivity of PCR is so
high and the specificity of primer sets might not be perfect,
it is possible to estimate very low copy number in tumour
samples. A recent study established a threshold of one DNA
viral copy per 100 cells (0.01) as a cut-off to consider an
MCC positive for MCPyV [90].

An alternative approach to determine if an MCC tumour
contains MCPyV is to perform IHC with antibodies specific
for LT. For LT, monoclonal antibodies CM2B4 and Ab3 have
been reported [84,89]. A recent study showed that CM2B4
has slightly lower sensitivity compared with Ab3 (0.882
versus 0.983) but much higher specificity (0.943 versus 0.453)
[90]. This study called a MCC tumour as virus-positive when
at least one antibody (CM2B4 or Ab3) stained tumour cells
positive and the quantitative PCR value was at least 0.01
virus copy per cell or when both antibodies were positive

and the PCR determined copy number was less than 0.01. Anti- “

bodies to ST have also been used to detect the presence of
MCPyV in MCC. Indeed, ST has been detected in tumours
that were negative for LT [93].

In addition to the presence or absence of viral DNA and
protein expression, it has become clearer that the tumour
genomes differ significantly between virus-positive and
virus-negative MCC. Recent sequencing studies have revealed
striking differences between these two types of MCC. Virus-
positive MCC typically contains few somatic mutations and
copy number alterations. By contrast, virus-negative MCC
shows a very high frequency of DNA mutations associated
with UV damage typically seen in other sun-exposure associ-
ated skin cancers such as melanoma, basal cell carcinoma
and squamous cell carcinoma [87,94-98]. The contrasting
mutational profile between virus-positive and virus-negative
MCC may provide clues into the oncogenic events necessary
to generate the tumour.

An additional feature of MCC is that it often presents in
advanced age. A variety of institutional based and national
cancer registry studies have reported the age at diagnosis
for MCC at 69 YOA and higher. A report analysing 6908
MCC cases in the National Cancer Data Base (NCDB), a
national tumour registry for the USA, found the median
age at diagnosis was 76 years (range: 20—-90 years) [99]. In
a separate study of 282 cases of MCC, where the presence
of virus was established by IHC with both Ab3 and CM2B4
as well as PCR detection, the median age at diagnosis was
71 years for both the virus-negative and virus-positive
groups [90]. While lifelong exposure to UV radiation may
be required to introduce the numerous mutations found
in virus-negative tumour DNA, it is less clear why
virus-positive MCC also typically occurs in the elderly.

An important feature of virus-positive MCC is that the
tumour maintains expression of LT and ST antigen. The orig-
inal report describing the discovery of MCPyV in MCC
demonstrated that LT mRNA was expressed in tumour cells
[1]. In all cases reported to date, the LT is truncated preser-
ving the N-terminal ] domain and LXCXE motif but losing
the DNA binding and helicase domains. In addition, the
C-terminal 100 residues of LT also contains a growth inhibi-
tory domain that is not expressed in MCC [86]. Some of the
tumour-derived mutant LTs retained the nuclear localizations
signal (NLS) while others lost it [100,101]. When full-length
MCPyV LT was expressed in MCC cell lines that contain
the truncated LT, a specific DNA-damage response was
observed. The full-length LT likely bound to integrated
copies of the MCPyV origin of replication and induced in situ
replication of the integrated viral DNA leading to the
DNA-damage response [84,85]. MCPyV LT may interact
with BRD4 to promote viral replication [102].

Most virus-positive MCC contain an intact retinoblastoma
suppressor gene (RB1) while virus-negative MCC almost
invariably contain mutations that disrupt RB function [96].
This can be explained by expression of the MCPyV LT that
contains the LXCXE motif, capable of binding to RB protein
and inactivating its function [103]. RB is capable of restricting
cell-cycle progression by binding to and repressing the E2F
family of transcription factors. E2F serves to transactivate
expression of genes required for entry into S phase and for
DNA replication [104]. When RBI is mutated or when
MCPyV LT is present, RB is incapable of repressing
E2F-dependent gene expression and cells fail to stop in G1/S.



A recent publication provides strong genetic evidence that
the target of the truncated LT is RBI [105]. LoKe cells are a
virus-positive MCC cell line with deletion of RB1 gene and
no expression of RB protein. The LoKe cell line was derived
from a metastasis of an MCC that recurred 3 years after the
original primary tumour. Of note, the primary tumour, the
recurrent metastasis as well as the LoKe cell line all contained
a homozygous focal deletion of the RBI gene [105]. Further-
more, LoKe cells continue to proliferate when LT is knocked
down by shRNA. By contrast, knockdown of LT in other
virus-positive MCC cell lines with wild-type RBI causes a
growth arrest that could be rescued by co-knockdown of
RB1. This result strongly supports the model that LT serves
to inactivate the RB tumour suppression function and that
in the absence of RB1, there is no genetic requirement for
LT (figure 1b). LT also binds to VPS39 (Vamé) but this inter-
action is unlikely to contribute to cellular transformation and
tumorigenesis [106]. LT has two unique domains (MUR-1
and MUR-2) that surround the LXCXE motif and have
minimal contributions to transformation [107].

Virus-positive MCC tumours also express MCPyV ST.
Mammalian polyomaviruses all contain ST with a ] domain
shared with LT and a unique region that contains two zinc fin-
gers. Although the exact molecular functions of MCPyV ST are
not well understood, it appears to make important contri-
butions to MCC. MCPyV ST binds to the protein phosphatase
PP2A comprising the scaffold Aa (PPP2R1A) and AR
(PPP2R1B) and catalytic subunits (PPP2CA, PPP2CB) [93,108].
Most polyomavirus ST can bind to PP2A although the exact
subunits may differ. For example, SV40 ST can only bind to
PP2A-Aa while mouse polyomavirus ST can bind to both Aa
and AR [109]. In general, it is thought that ST displaces the
PP2A B subunit from the holo-enzyme and reduces PP2A
activity directed to specific substrates. To date, no phosphatase
substrates perturbed by MCPyV ST have been identified. The
ST unique region contains two zinc fingers that may be used
to bind iron. When it was produced in bacteria, MCPyV ST
coordinated iron sulfur [2Fe-2S] and [4Fe-4S] [110]. Whether
MCPyV ST binds Fe or Zn in mammalian cells is not clear.

MCPyV ST has an additional domain distinct from PP2A
binding known as the LT stabilizing domain or LSD. This
unique region of MCPyV ST is not well conserved in ST
from other polyomaviruses. The LSD motif in ST appears to
increase the levels of MCPyV LT and contributes to increased
viral replication at least in part by increasing LT levels [111].
Evidence for a role of MCPyV ST in MCPyV replication
includes its ability to translocate to viral DNA replication
centres within the nucleus in the presence of the viral origin
and LT [110]. The LT stabilizing activity may reflect ST’s ability
to perturb the function of FBXW?7, a component of the cullin
RING ligase family of ubiquitin ligases. It should be noted
that SV40 LT can bind to FBXW7 and inhibit its ubiquitin
ligase activity resulting in increased levels of Cyclin E and
Myc [112]. The ST LSD domain also binds to CDC20 and
CDH]1, substrate recognition components of the anaphase
promoting complex [113].

MCPyV ST can increase levels of 4EBP1 phosphorylation
that in turn promotes increased protein translation [93].
Significantly, the PP2A-binding activity of MCPyV ST was
not required to increase levels of phospho-4EBP1. MCPyV
ST binding to CDC20 may contribute to increased 4EBP1
phosphorylation [113]. Expression of ST can promote signifi-
cant changes in gene expression including induction of

pro-glycolytic genes and can induce aerobic glycolysis [ 6 |

when expressed in fibroblasts [114]. Whether the ability of
ST to induce a Warburg effect in cells is linked to the LSD
motif, PP2A binding or 4EBP1 phosphorylation is not known.

MCPyV ST has oncogenic activity that can be distin-
guished from that contributed by MCPyV LT. For example,
ST alone can transform Rat-1 fibroblasts [93]. ST can
cooperate with truncated LT to transform human fibroblasts
[86]. ST can cause tumours when expressed in mice as a
sole transgene [115,116]. Importantly, these examples of
ST-induced cellular transformation and transgenic tumori-
genesis did not require PP2A binding because mutations in
ST that disrupted binding to PP2A were fully functional.
Combined expression of MCPyV ST with truncated LT in
mice keratinocytes led to hyperplasia, hyperkeratosis and
acanthosis of the skin as well as papillomas [117].

While genomic sequencing has revealed that virus-negative
MCC has evidence of a high degree of UV damage, this
does not exclude a role for UV exposure in the development
of virus-positive MCC. The relative lack of UV damaged
DNA in virus-positive MCC indicates that the aetiologies are
clearly different, suggesting that the precursor to virus-
negative MCC was a recipient of lifelong intense UV exposure
while the virus-positive MCC were not exposed to the same
degree or for as long. However, UV exposure could affect the
immune response to virus-negative and virus-positive NCC
aetiology. The effect of UV radiation in the pathogenesis
of MCC has been suggested to be more likely a result of
immune modulation than direct effects on DNA itself [118].
It was reported that the early promoter of MCPyV responds
to UV exposure and that levels of ST mRNA increased in UV
exposed skin from a healthy human volunteer [119]. Of note,
UV exposure was found to increase the risk of wart and squa-
mous cell skin carcinoma development in otherwise healthy
mice infected with mouse papillomavirus [120].

In addition to expression of MCPyV ST and truncated LT,
virus-positive MCC tumours contain additional mutations
that activate the PI3 K pathway (HRAS, KRAS, PIK3CA,
PTEN and TSC1). Some of these mutations are also seen
in virus-negative tumours. By contrast, most virus-negative
MCC contain many more mutations in tumour suppressors
and oncogenes including RB1, TP53, NOTCH1-4, chromatin
modifying enzymes such as ASXL1, MLL2-KMT2D, and
MLL3-KMT2C, ARID1A, ARID1B KMT2A, KMT2C, KMT2D,
SMARCA4, KAT6A/B) and DNA-damage pathways (ATM,
MSH2, BRCA1, BRCA2, BCOR) [95,97,98]. These observations
indicate that the MCPyV viral oncogenes contribute the major
oncogenic component to virus-positive MCC and that a limited
number of additional somatic mutations are required to
cooperate with the virus to generate this cancer.

As indicated by serology testing for antibodies specific to the
VP1 coat protein of MCPyV, primary infection occurs as early
as the first year or two of life and persists for an entire life-
time. Infection with MCPyV apparently is permissive with
several additional polyomaviruses as there does not appear
to be much cross-reactivity between antibodies. Infection
with MCPyV does not appear to cause any symptoms
either at the time of initial infection or at later times. While
it is likely that MCPyV can replicate on the skin, it is not



clear if keratinocytes, hair follicles, dermal fibroblasts or per-
haps B lymphocytes or other immune cells that reside in the
skin support viral replication. Although the initial infection
may occur in childhood, virus-positive MCC typically does
not occur until 70 YOA. In an apparent rare event, the
MCPyV genome becomes integrated within precursors of
MCC. The integration patterns are quite specific, including
maintenance of expression for the early region genes ST
and the N-terminus of LT retaining the LXCXE or RB-binding
motif and not the viral DNA binding, helicase or exon 3
domains. Given the increased risk for MCC in a variety of
immunocompromised conditions, it is likely the overall
titres of MCPyV or perhaps its distribution in tissues or cell
types contributes to the increased risk for MCC. In addition
to specific integration pattern, virus-positive MCC are often
accompanied by specific mutations in tumour oncogenes
and tumour suppressor genes. The combination of nearly
ubiquitous presence of a benign and innocuous virus with

an exceedingly rare integration pattern and perhaps rarity

of precursor cell may account for the relatively rarity of
MCC. Recently, two immune checkpoint blockade inhibitors
targeting PD-1 (PDCD1) and PD-L1 (CD274) have shown
good therapeutic activity in MCC [71,72]. Given the avail-
ability of new therapeutic agents against this highly
aggressive cancer, it is likely that the number of reported
MCC cases will continue to increase.
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