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The Special Issue in Cancers, “The Biological and Clinical Aspects of Merkel Cell
Carcinoma”, walks the avid reader through the interesting and sometimes even mysterious
facets of Merkel cell carcinoma (MCC), starting at its carcinogenesis to also cover innovative
treatment options.

The groundworks for MCC and its causative agent Merkel cell polyomavirus (MCPyV)
are laid in an exhaustive review by Pietropaolo et al. [1]. They provide a comprehensive
review of the current knowledge and spell out the undisputed role of MCPyV in oncoge-
nesis in viral-associated MCC. Further and current evidence for the MCPyV oncogenic
functions is provided by Spurgeon et al. [2]. With murine skin cancer model they show
that MCPyV T antigens function in tumor promotion but not in initiation. Leaving one of
the most enigmatic questions in MCC, open and thus vacant for future research.

To date, the effective treatment options for advanced MCC are still limited. In this
issue, an interesting article by Sarma et al. [3] tested the effect of artesunate, an anti-malaria
compound listed in the World Health Organization essential medicines [4], on MCC. They
show that artesunate represses MCPyV T-antigen expression and inhibits cell growth
in vitro and in vivo, suggesting its potential treatment for MCC. Fan et al. [5] concede
that miR-375 is unlikely an intracellular oncogene in MCC cells and thus may rather
serve for intercellular communication; indeed they subsequently published that miR-375
is functional in polarizing cancer associated fibroblasts [6]. Kervarrec et al. [7] take on
the complexity of cell of origin in MCC, in which they conclude that MCPyV T antigens
contribute to the acquisition of Merkel cell-like phenotype in epithelial cells.

Turning to clinical patient care, Sahi et al. [8], portray a grim picture on real life
experience on the treatment of MCC patients. Although limited to Finland, it is presumed
that similar situation is a common and worldwide problem, not only with MCC patients,
but rather in all patients with rare cancers. Björn Andtback et al. [9] review on their past
experience on adjuvant radiation therapy in MCC, strengthening the previous notion
that female MCC patients, regardless of MCPyV status, actually do better compared with
their male counterparts. The third clinical paper by Naseri et al. [10] summarize the
consensus treatment recommendations by the Danish MCC expert group. A second paper
by Naseri et al. [11] described prognostic markers which hold the potential to stratify MCC
patients for different treatment regimens.

Rare cancers pose a major challenge to the medical and scientific community [12].
Due to low patient numbers and thus limited market potentials, development and testing
innovative therapeutic intervention is not prioritized by the pharmacological industry.
Indeed, less common cancer subtypes and rare cancers are frequently only included in
basket trials among several different entities, which may leave less attention to differing
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responses. Consequently, the lack of good and well-established treatments and clinical
practices produces varying treatments and varying results. Furthermore, patients with rare
cancers are worse off than other cancer patients [12], because these are often not diagnosed
in a timely or correct manner. False diagnoses are more often than other patients or the
correct diagnosis is delayed; in either case allowing the disease to progress before adequate
therapy is initiated; thus, response to treatment is not as good as it could be. Getting peer
support is often overwhelming.

It is often thought that the rarity of a specific cancer, such as MCC, causes patients to
being “under-diagnosed” and to receive “under-treatment”, which is both unfortunately
true. Published data on rare cancer are frequently based on a few patient cases or minor
series with inadequate reporting [13], results that are not generalizable and it is difficult
to establish a cause-and-effect relationship [14]. For example, due to the reporting bias
for “successfully treated cases”, chemotherapy for MCC may have been advocated longer
that it was reasonable [15]. Both clinicians and journal editors should keep this notions in
mind [14].

Note added in Proof:

After preparation of this editorial, two additional manuscripts were accepted. Horny
et al. [16] revealed mutational landscape of virus-positive and –negative MCC cell lines
that is comparable to tumor samples, suggesting their utility as preclinical models for
functional studies. Hill et al. [17] suggested three subgroups of MCC based on genomic
copy number variants.
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Simple Summary: Cancer results from genetic changes in cells. These changes are often mutations
that alter the DNA sequence of critical genes. However, duplications and deletions in cancer-related
genes can also contribute to malignant transformation. In this study we use Nanostring technology to
assess DNA copy number changes in samples of Merkel cell carcinoma (MCC), a rare and aggressive
neuroendocrine skin tumor. We were able to identify recurrent amplifications and deletions in
cancer-related genes. We also found that MCC tumors grouped into three distinct copy number
variant profiles. The first group consisted of tumors with multiple deletions. The second group
contained tumors with low levels of genomic structural alterations. The last group comprised tumors
containing multiple amplifications. Our study suggests that most MCC tumors are associated with
deletions in cancer-related genes or are lacking in copy number changes, whereas a small percentage
of tumors are associated with genomic amplifications.

Abstract: Merkel cell carcinoma (MCC) is a rare, aggressive neuroendocrine skin cancer. Most
MCC tumors contain integrated Merkel cell polyomavirus DNA (virus-positive MCC, VP-MCC) and
carry a low somatic mutation burden whereas virus-negative MCC (VN-MCC) possess numerous
ultraviolet-signature mutations. In contrast to viral oncogenes and sequence mutations, little is
known about genomic structural variants in MCC. To identify copy number variants in commonly
altered genes, we analyzed genomic DNA from 31 tumor samples using the Nanostring nCounter
copy number cancer panel. Unsupervised clustering revealed three tumor groups with distinct
genomic structural variant signatures. The first cluster was characterized by multiple recurrent
deletions in genes such as RB1 and WT1. The second cluster contained eight VP-MCC and displayed
very few structural variations. The final cluster contained one VP-MCC and four VN-MCC with
predominantly genomic amplifications in genes like MDM4, SKP2, and KIT and deletions in TP53.
Overall, VN-MCC contained more structure variation than VP-MCC but did not cluster separately
from VP-MCC. The observation that most MCC tumors demonstrate a deletion-dominated structural
group signature, independent of virus status, suggests a shared pathophysiology among most
VP-MCC and VN-MCC tumors.

Keywords: Merkel cell carcinoma; virus positive Merkel cell carcinoma; virus negative Merkel cell
carcinoma and copy number variant

1. Introduction

Merkel cell carcinoma (MCC) is a rare neuroendocrine skin cancer associated with ad-
vanced age, UV-damage, and immunosuppression [1–3]. MCC is an aggressive cancer, with
a lethality rate of over one-third, and thus is more deadly than malignant melanoma [1,3–5].

Cancers 2021, 13, 1134. https://doi.org/10.3390/cancers13051134 https://www.mdpi.com/journal/cancers5



Cancers 2021, 13, 1134

The incidence of MCC has increased in the past several decades in part due to improved
diagnostic tools, increased clinical awareness, an aging population, and increased sun
exposed skin [2,3]. In the United States, approximately 50–80% of MCC tumors are Merkel
cell polyomavirus-positive (VP-MCC), with clonal integration of viral DNA into the host
genome [6–12]. VP-MCC tumors carry a low somatic mutation burden, suggesting that
tumorigenesis is driven by viral T antigen oncogenes [11,13–19]. The remaining 20–50% of
MCC tumors are polyomavirus-negative (VN-MCC) and possess numerous ultraviolet sig-
nature mutations in genes such as p53 and RB1 [6,8–16]. Although a number of molecular
and cytogenetic alterations have been reported for MCC, no unique signatures have been
identified [11,13–16,20,21].

Genomic instability can initiate cancers, contribute to disease progression and impact
patient response to treatment [22–24]. Several factors promote genomic instability leading
to genomic structural variants in the form of amplifications or deletions, such as telomere
damage, epigenetic modifications and DNA damage [22,23]. Here we use Nanostring’s
nCounter copy number variant (CNV) analysis to identify commonly amplified or deleted
cancer-related genes in MCC. Unsupervised clustering identified three tumor groups with
distinct genomic structural variant signatures. On average VP-MCC tumors had fewer
copy number changes than VN-MCC. Furthermore, the cluster of tumors characterized by
very few structural variants were all VP-MCC. In contrast, the tumors with numerous copy
number variants clustered independently of virus status, suggesting a shared genomic
instability among VN-MCC and a subset of VP-MCC.

2. Results

2.1. Three Genomic Structural Variant Signatures Identified in MCC Tumors

Despite the importance of genomic integrity in cancer, little is known about the
genomic structural variants that lead to MCC. Therefore, we sought to identify commonly
amplified or deleted cancer genes in MCC. We obtained 31 MCC tumors from Memorial
Sloan Kettering (MSK), Marshfield Clinic (MF), and the University of Pennsylvania (UP)
(Table 1). The patients ranged from 53 to 100 years of age. Most of the tumors analyzed
were obtained from primary tumor lesions on sun exposed skin (Table 1). Genomic DNA
from tumor samples and control tissues was analyzed using Nanostring Technologies’
copy number variant cancer panel assay. Fresh-frozen tumors from MSK were normalized
to fresh-frozen adjacent tissue samples, whereas FFPE tumors were normalized to FFPE
normal spleen samples. As depicted in Figure 1, unsupervised clustering identified three
distinct structural variant groups. Tumors clustered in group 1 (Del) displayed numerous
recurrent deletions in a number of genes, including genes involved in cycle regulation
such as RB1 (Figure 1 and Table S1). Tumors in group 2 (Low) showed very few genomic
structural variations. In the third group (Amp), tumors carried very few deletions but
contained numerous recurrent amplifications in several genes, including MDM4, AKT3,
BCL2L1 and MYCL1 (Figure 1 and Table S1). In this cohort of 31 MCC tumors, most of
the tumors (18, 58%) have the structural group 1 Del signature dominated by deletions
in cancer related genes. Group 2 Low with few changes accounted for 8 (26%) tumors,
whereas only 5 (16%) tumors had the amplification-heavy group 3 Amp signature.
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Table 1. Patient Summary.

MCC
Sample

Sex
MCPyV
Status

Age Site of MCC
Specimen

Code
Cluster

Tissue
Source

MF1 Female Negative 68 right upper arm primary Del FFPE

MF2 Male Negative 72 left hand primary Del FFPE

MF3 Female Negative 80 right gluteal primary Del FFPE

MF4 Male Negative 64 abdominal wall primary Del FFPE

MF5 Male Negative 89 left ala of nose primary Del FFPE

MF6 Male Negative - frontal scalp primary Amp FFPE

MF7 Female Negative 94 right scalp primary Del FFPE

MF8 Female Negative - lymph node metastasis Del FFPE

MF9 Male Positive 58 left thigh primary Del FFPE

MF10 Male Positive 67 left index finger primary Del FFPE

MF11 Male Negative 72 left cheek primary Del FFPE

MF12 Male Positive - right neck primary Del FFPE

MF13 Female Negative - right leg primary Del FFPE

MF14 Female Negative 100 right forehead primary Del FFPE

MF15 Male Negative 93 left cheek, nose primary Amp FFPE

MF16 Female Negative 74 left buttock primary Del FFPE

MF18 Female Negative - right forearm primary Del FFPE

MF19 Male Negative 77 right face metastasis Del FFPE

MF20 Male Positive 75 top of head primary Del FFPE

MF21 Male Negative 87 right wrist primary Amp FFPE

MF22 Female Negative 88 forehead primary Amp FFPE

MF23 Male Positive 81 left cheek primary Del FFPE

UP1 Female Positive 75 left brow - Amp FFPE

MSK1 Female Positive 80 lymph nodes metastasis Low Frozen

MSK2 Male Positive 73 pancreas metastasis Low Frozen

MSK6 Male Positive 53 groin metastasis Low Frozen

MSK13 Female Positive 62 skin primary Low Frozen

MSK19 Male Positive 59 skin primary Low Frozen

MSK20 Female Positive 63 skin primary Low Frozen

MSK21 Male Positive 87 skin primary Low Frozen

MSK24 Male Positive 82 lymph nodes metastasis Low Frozen

7
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Figure 1. Three genomic structural variant signatures detected in MCC tumors by NanoString nCounter. Tumor DNA from
31 patients with MCC from Memorial Sloan Kettering (MSK), Marshfield Clinic (MF), and the University of Pennsylvania
(UP) were subjected to Nanostring nCounter CNV analysis. CNV alterations for 86 gene loci commonly altered in cancer
were ascertained and plotted as a heatmap. Three cluster groups denoted as Del (deletion) for group 1, Low for group 2,
and Amp (amplification) for group 3. Bold indicates virus positive MCC (VP-MCC) tumors. Blue indicates metastatic tumor.

2.2. MCC Structural Variant Signatures Are Characterized by Deletions, Absence of Copy
Changes, or Amplifications

To characterize the differences between MCC structural variant groups we compared
the total number of copy number variations per tumor for each cluster. Tumors in both the
Del and Amp groups had significantly more CNVs per tumor than tumors in the Low group
(p < 0.0001, Figure 2A). We then compared the average sum of the allelic variation relative
to diploid (−1 for each allelic deletion, +1 for each amplification, total of 86 genes) for the

8
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tumors in each cluster. As seen in Figure 2B, the Del group tumors had the lowest average
sum of variation (−37 copies), reflective of their numerous deletions. Similarly, the Low
group tumors’ average sum of variation was 0.125 copies, close to the zero-value seen in
the control samples; and the Amp group had an average sum of 82 copies. The significant
difference in the average sums of variation (p < 0.0001) support there being 3 distinct
CNV profiles for MCC rather than random distributions of deletions and amplifications in
the tumors.

 

Figure 2. Structural variant clusters show distinct levels and types of CNVs whereas VN-MCC show more structural varia-
tion than VP-MCC. Comparison of clusters for the (A) average number of CNVs per tumor (one-way ANOVA), (B) average
sum of allelic variations (−1 for each haploid deletion, +1 for each amplification, Kruskal-Wallis test), (C) average haploid
deletions (Kruskal-Wallis test), (D) average diploid deletions (Kruskal-Wallis test), (E) average single-copy amplification
(one-way ANOVA), and (F) average two or greater copy amplifications (Kruskal-Wallis test). Comparison between VP-MCC
and VN-MCC for the (G) average number of CNVs per tumor (unpaired T-test), (H) average s um of allelic variations (Mann-
Whitney test), (I) average haploid deletions (unpaired T-test), (J) average diploid deletions (Mann-Whitney test), (K) average
single-copy amplification (Mann-Whitney test), and (L) average two or greater copy amplifications (Mann-Whitney test).
Uncolored dots are primary tumor samples, blue dots indicate metastatic tumor samples.
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A similar trend between signature groups was seen when quantifying CNV on a per
gene level with haploid deletions being more common than diploid deletions, and single
copy amplifications being more common than multi copy amplifications (Figure 2C–F).
Taken together, quantitative comparisons between the three structural variant signatures
suggest that MCC tumors with genetic instability are dominated by either recurrent haploid
deletions or recurrent amplifications in cancer associated genes.

2.3. VN-MCC Contains More Structural Variants Than VP-MCC

Comparing the average CNV per tumor for VP-MCC and VN-MCC samples we found
that VN-MCC tumor samples contained significantly more structural variation per tumor
(48.6) than VP-MCC samples (27.9) (Figure 2G). This is consistent with prior studies that
also found higher rates of CNV in VN-MCC [21,25]. Interestingly, VP-MCC and VN-MCC
showed no difference in the average sum of the variation, haploid deletions, diploid
deletions, single copy amplifications, or multi copy amplifications (Figure 2H–L). Thus,
although VN-MCC have more structural variants than VP-MCC on average, each virus
status subtype contains similar frequencies of amplifications and deletions. The decreased
average CNV count for VP-MCC was largely due to the fact that the eight tumors with
the Low variant signature were exclusively VP-MCC. Accordingly, the structural variant
signature of MCC tumors correlated with tumor virus status (two-tailed Fisher exact test,
p < 0.005), with VP-MCC being more likely in the Low variant group and VN-MCC more
likely in the deleted or amplified group. However, if a tumor was not in the Low variant
group, the likelihood of having a deletion or amplification signature was independent of
virus status (p = 1.0).

2.4. MCC Structural Variant Signatures Are Not Predictors of Survival

The three distinct CNV signatures observed in MCC tumors suggest differences in their
biology that might impact disease progression. We used non-parametric Kaplan–Meier esti-
mate to test for overall survival differences in patients based on the CNV signatures of their
MCC tumors. Survival data was available for 29 of the 31 patients in the study. As shown
in Figure S1, Kaplan–Meier survival estimates indicate that there is no statistical difference
in survival between the three signature groups (p < 0.8857). Taken together, although the
three signature groups reflect distinct patterns of genomic instability, any difference in
survival was not detected in this cohort of patients.

3. Discussion

Merkel cell carcinoma generally arises on sun exposure skin, giving rise to the notion
that UV mediated damage induces MCC [26–29]. UV-induced DNA damage is frequently
seen in skin cancer and has been shown to cause genomic instability [30–36]. Oncoviruses
also leads to genomic instability via virus integration or through the expression of viral
oncogenes that alters the fidelity of replication [37]. Interestingly, although VP-MCC
tumors do not have a significant enrichment of UV-induced sequence mutations, these
tumors primarily occur on sun exposed regions of the skin and these tumors, like VN-MCC,
also show genomic instability [21,25,38]. Here we used Nanostring Technologies nCounter
system to examine the frequency of structural variation in 31 MCC tumors by quantifying
amplifications and deletions in 86 cancer related genes. A number of the alterations
found in our data are predicted to disrupt cell cycle regulation, including deletions of RB1.
Deletions in the RB1 locus or mutations that functionally inactive RB have been previously
identified in MCC [11,13,15,21]. Loss of RB function is a well-established phenotype in a
variety of cancers [39–44]. In VP-MCC the MCPyV large T antigen binds and inhibits RB,
thereby releasing E2F to promote G1 to S phase transition through the cell cycle [45–47].
Interestingly, 5 (36%) of 14 VP-MCC also showed deletions in RB1, suggesting redundant
inactivation of RB may play a role in either MCC onset or progression. Future studies to
determine whether CNVs in RB1 correlate with the presence or absence of specific sequence
mutations may lead to a better understand of the pathophysiology of this disease.
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Genomic amplifications can also dysregulate the cell cycle leading to tumorigene-
sis [23,48,49]. Our data shows numerous amplifications within the group 3 Amp cluster,
some of which are well established proto-oncogenes known to be involved in the onset
and progression of many different cancers. Specifically, we observed amplifications in
MYCL1 which was previously shown to me amplified in MCC [20,21,50]. Furthermore,
the protein levels of MYC, which was also a gene loci amplified in the group 3 cluster,
are stabilized in VP-MCC by the small T antigen binding and inhibiting the function of
the F-box protein FBW7 [17]. In small cell lung cancer (SCLC), another neuroendocrine
carcinoma, L-myc is thought to induce pre-rRNA synthesis and transcriptional pathways
concomitant with ribosomal biogenesis [51]. A similar pathogenesis may be exploited in
L-myc amplified MCC. Another interesting finding in our data is that tumors in the Amp
signature cluster showed amplifications in AKT3 whereas tumors with the Del signature
had amplifications in AKT2, suggesting that both tumor types may utilize the AKT survival
pathway for tumorigenesis. Inhibition of the AKT downstream target mTOR has already
been implicated as a potential target for the treatment of MCC [52,53]. Moreover, gene
mutations and amplification in AKT1 have been found in MCC through next generation
sequencing studies [14,21]. Multiple lines of evidence suggestion that both L-myc and AKT
could potentially be druggable targets in the treatment of MCC [14,50,51], and assessing
CNV signature type may help predict which MCC tumors are more likely to respond to
these treatments.

We observed a number of genomic structural variants previously unreported in MCC.
Most notably, recurrent deletions of fragile histidine triad (FHIT) and recurrent amplifi-
cations in integrin β4 (ITGβ4). Interestingly, FHIT was shown to inhibit AKT activation
leading to one mechanism by which FHIT decreases lung cancer cell survival [54,55].
Additionally, FHIT was shown to transcriptionally repress β-catenin [56], which is a down-
stream target of not only AKT but also of the WNT signaling pathway [57,58]. The deletions
observed in FHIT could further implicate AKT in MCC. Intriguingly, ITGβ4 promotes
metastasis through the induction of epithelial-mesenchymal transition in pancreatic ductal
adenocarcinoma [59]. In addition, expression of ITGβ4, CD24 and Notch were shown to
confer non-small cell lung carcinoma (NSCLC) propagation in clonogenic and othotoptic
transplantation assays [60]. In MCC, amplification in ITGβ4 might similarly promote pro-
liferation and metastasis. Taken together, structural alterations in MCC tumors potentially
alter a number of different pathways to increase tumor cells survival such as AKT, L-myc,
RB, and β-catenin. Additionally, structural variation in ITGβ4 could play a role in MCC
metastases. Further work will be needed to test these potential associations.

The Nanostring technology used in this study allows for direct quantification of frag-
mented genomic DNA based on hybridization to barcoded probes for genes commonly
amplified or deleted in cancers. The technology uses an average of 3 probes per gene,
internal control probes to 54 invariant genomic regions, as well as spike-in process controls.
Thus, copy number variants relative to similarly processed diploid control tissues can be
reproducibly quantified from either FFPE or fresh-frozen tumor samples [61]. The het-
erogeneity of analyzing both FFPE and fresh-frozen samples from different institutions
is a limitation of our study. It is noteworthy that the 8 tumors comprising the Low CNV
cluster were all fresh-frozen samples from Memorial Sloan-Kettering, whereas the tumors
in the Del and Amp clusters were FFPE samples. Although the fresh-frozen samples and
controls met the same quality control endpoints as the FFPE samples and controls, it is
possible that there were batch effects related to sample acquisition or fixation. Formalin
fixation can cause DNA fragmentation, degradation, crosslinking, and adduct formation
that can theoretically impact molecular studies [62]. In addition, unlike the FFPE controls,
the fresh-frozen controls were normal adjacent tissues collected at the time of tumor ex-
cisions. Normal adjacent tissue has limitations as a control, but it is generally found to
contain diploid DNA [63] and thus its use is unlikely to impact a pooled reference for
CNV normalization. Despite these concerns, as discussed above, many of the recurrent
CNVs observed in our study were previously reported in MCC tumors based on studies
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using other copy number assays [11,13–15,20,21,50], suggesting some accuracy in our data.
Similarly, the observation that the average CNV load in VN-MCC is higher than the average
for VP-MCC has also been reported in other studies [11,13,21]. Finally, our finding that
individual VP-MCC tumors can have very few structural variants or can contain multiple
amplifications or deletions is consistent with the results of Starrett et al., 2020 [21]. Nonethe-
less, the possibility that some artifact is contributing to the clustering of our data must be
considered. Therefore, further studies will be needed to validate our findings and explore
the functional implications of MCC tumors with different structural variant signatures.

4. Materials and Methods

4.1. Inclusion Criteria and Patient Samples

Archival cases of MCC were identified by a retrospective search for the diagnosis of
Merkel cell carcinoma or neuroendocrine skin tumor in the Pathology Departments of the
institutions. For cases where adequate tissue was available for analysis, the diagnosis was
confirmed by an expert dermatopathologist (DK, KJB, or EYC) based on histopathology
and immunostaining for diagnostic markers. After confirming a diagnosis of MCC and
ensuring the sample was >75% tumor, tissue was cut for DNA extraction. For each case,
available patient information was retrieved by clinical chart review. De-identified tissue
samples and clinical data were sent to the NIH for analysis.

We performed CNV analysis on 23 formalin-Fixed Paraffin-Embedded (FFPE) MCC
tumor samples and 8 fresh-frozen MCC tumor samples. FFPE tumors were collected
from patients at the University of Pennsylvania and Marshfield clinic between August
1996 and April 2012. Fresh-frozen tumors and normal tissues were collected from pa-
tients at Memorial Sloan Kettering between July 1995 and August 2010. Control tissues
used for normalization consisted of 2 FFPE normal spleen samples (controls for the FFPE
tumors) and 3 fresh-frozen normal tissues adjacent to excised tumors (controls for the
fresh-frozen tumors).

4.2. Genomic DNA Isolation

Genomic DNA (gDNA) was extracted from FFPE or fresh-frozen tumor with QIAamp
DNA FFPE Tissue kit (Qiagen, Hilden, Germany) or the DNeasy Blood and Tissue kit
(Qiagen, Hilden, Germany) respectively, according to the manufacturer protocols. Sam-
ples were treated with RNase A (Qiagen, Hilden, Germany) per manufacturer protocol.
DNA concentration, 260/280 and 260/230 nm ratios were measured on a DeNovix DS-11
spectrophotometer (DeNovix Inc., Wilmington, DE, USA) prior to DNA fragmentation
with Alu1 restriction endonuclease. Following Alu1 restriction digestion, fragmented DNA
was analyzed on a 2100 Agilent Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA).
Representative electropherograms and gel images of Alu1 digested DNA from FFPE and
fresh frozen samples can be found in Figure S2.

4.3. Virus Detection

Nested qPCR was used to detect the presence of the Merkel cell polyomavirus from
gDNA. For step one, 20 ng of gDNA underwent 15 cycles of amplification with for-
ward primer GGCAACATCCCTCTGATGAAAGC 3′ and reverse primer 5′ CCACCAGT-
CAAAACTTTCCCAAGTAGG 3′ using the KAPA2G Fast HotSStart PCR kit according
to the manufacture protocol (Kapa Biosystems, Wilmington, MA, USA). Step two, 2 μL
of step one product was amplified for 25 cycles in a OneStep Real-Time PCR System
with forward primer 5′ CTTAAAGCATCACCCTGATAAAGG 3′ and reverse primer 5′
AAACCAAAGAATAAAGCACTGATAGCA 3′ using Power SYBR green master mix as
per the manufacture protocol (ThermoFisher, Carlsbad, CA, USA). Primer set (forward 5′
CCACACTGCCCATCTCGGAGAC 3′ and reverse 5′ GCGGTGAGGTCCCTACGGCCTG
3′) for TPO was used as an endogenous control for quantitative PCR. gDNA from the
VP-MCC cell line MKL1 and VN-MCC cell line UISO were used as controls to determine
the presence or absences of the polyomavirus.

12



Cancers 2021, 13, 1134

4.4. Cell Lines

UISO-MCC-1 [64] and MKL-1 [65] were previously described and grown in RPMI-
1640 supplemented with 10% fetal bovine serum and 1% streptomycin/penicillin. Cell
lines are sent out annually to be tested for authenticity via the Hum 16-Marker STR profile,
interspecies contamination test and PCR evaluation for viruses and Mycoplasma which was
performed by Idexx Bio Research.

4.5. Nanostring Prep and Run

A total of 600 ng of gDNA was process for Nanostring nCounter copy number variants
as per the manufacturer protocol (Nanostring Technologies, Seattle, WA, USA).

4.6. Nanostring Data Analysis

Copy number for 86 genes for each tumor sample compared to the appropriate control
samples were determined in nSolver according to manufacturer instructions. A heatmap
of the normalized copy number data was generated in R using the gplots package and
heatmap.2 code.

All statistical analyses were performed in GraphPad Prism (GraphPad Software,
La Jolla, CA, USA). For each comparison, Grubbs’ Method was used to detect statistical
outliers. For populations with normal distributions, T-test or one-way ANOVA were per-
formed to assess differences between VP-MCC and VN-MCC or between clusters. For pop-
ulations with statistical outliers, Mann–Whitney or Kruskal–Wallis test were performed to
assess differences between VP-MCC and VN-MCC or between clusters. Significance was
based on a p-value of less than 0.05.

5. Conclusions

We identified three distinct CNV signatures in MCC tumors. The observation that
majority of MCC tumors demonstrate the Del structural signature, independent of virus
status, suggests a shared pattern of genomic instability among most VP-MCC and VN-
MCC tumors that promotes allelic deletions. In contrast, a subset of MCC tumors appear to
be associated with mechanisms that promote genomic amplifications. A further subset of
VP-MCC tumors are capable of progression with very few genomic structural alterations.
As VP-MCC are known to have a very low somatic mutational burden, observing VP-MCC
tumors with few CNVs suggests that viral oncogenes and epigenetic changes may be
sufficient for tumorigenesis. Although the different CNV signatures were not associated
with survival differences in MCC patients, the signatures were associated with recurrent
changes in specific cancer pathways. It is possible that testing genomic structural signatures
may help identify MCC patients more likely to respond to targeted therapeutic approaches.

Supplementary Materials: The following are available online at https://www.mdpi.com/2072-6
694/13/5/1134/s1, Figure S1: The three genomic structural variant clusters are not predictors of
overall survival, Figure S2: Bioanalyzer analysis of Alu1 cut DNA from FFPE and fresh frozen MCC
tumor samples, Table S1: Normalized genomic copy number at 86 gene loci for MCC tumor samples.
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Simple Summary: Merkel cell carcinoma (MCC) is an aggressive, rare skin cancer which is caused
either by a virus or chronic UV exposure. For both forms, distinct genetic alterations have been
described; however, these observations were mostly made in tumor tissue. Since cancer cell lines are
frequently used as preclinical models to investigate biological function, we considered it necessary to
establish the genomic landscape of MCC cell lines by whole-exome sequencing. We confirmed the
presence of UV-induced DNA damage, a high number of mutations and several coding mutations
in virus-negative cell lines which were absent in virus-positive cell lines; these, however, harbored
characteristic copy number variations, suggesting some virally caused genetic instability. Knowing
the genomic features of MCC cell lines validates previous, and facilitates upcoming, experimental
studies to discover their biological and translational relevance.

Abstract: Merkel cell carcinoma (MCC) is a rare, highly aggressive cutaneous malignancy that is
either associated with the integration of the Merkel cell polyomavirus or chronic UV exposure.
These two types of carcinogenesis are reflected in characteristic mutational features present in
MCC tumor lesions. However, the genomic characteristics of MCC cell lines used as preclinical
models are not well established. Thus, we analyzed the exomes of three virus-negative and six
virus-positive MCC cell lines, all showing a classical neuroendocrine growth pattern. Virus-negative
cell lines are characterized by a high tumor mutational burden (TMB), UV-light-induced DNA
damage, functionally relevant coding mutations, e.g., in RB1 and TP53, and large amounts of copy
number variations (CNVs). In contrast, virus-positive cell lines have a low TMB with few coding
mutations and lack prominent mutational signatures, but harbor characteristic CNVs. One of the
virus-negative cell lines has a local MYC amplification associated with high MYC mRNA expression.
In conclusion, virus-positive and -negative MCC cell lines with a neuroendocrine growth pattern
resemble mutational features observed in MCC tissue samples, which strengthens their utility for
functional studies.

Keywords: merkel cell carcinoma; merkel cell polyoma virus; UV; cell line; MYC; TP53; RB1; whole-
exome; significantly mutated genes; copy number variation

1. Introduction

Merkel cell carcinoma (MCC) is a rare, highly aggressive neuroendocrine skin cancer.
It is either associated with chronic Ultraviolet (UV)-light exposure or the genomic integra-
tion of the Merkel cell polyomavirus (MCPyV) [1,2]. Virus-associated MCCs are highly

Cancers 2021, 13, 649. https://doi.org/10.3390/cancers13040649 https://www.mdpi.com/journal/cancers17



Cancers 2021, 13, 649

prevalent in countries with high latitude, while UV-associated MCCs are more frequent in
regions close to the equator [1–3].

The different forms of carcinogenesis of MCC are represented in various genomic
features, as demonstrated by targeted [4–10], whole-exome [11–14] and whole-genome
sequencing [15], as well as comparative genomic hybridization (CGH) [16–21]. Virus-
negative MCCs are characterized by a high tumor mutational burden (TMB), the presence
of UV-light-induced DNA damage, functional driver mutations, and high numbers of
copy number variations (CNVs). Virus-positive MCCs have a very low TMB and lack
known cancer-driving mutations and prominent mutational signatures. Characteristic
CNV patterns have repeatedly been reported for virus-associated MCC.

The majority of genomic studies analyzed MCC tissue samples; only a few studies
addressed MCC cell lines. CNV patterns of six virus-positive MCC cell lines were pre-
viously characterized using CGH [17]. Three virus-negative MCC cell lines, previously
characterized by targeted sequencing, have variant growth characteristics [6]. Notably,
the origin of “variant” MCC cell lines is controversial, since these have different growth
and gene expression patterns to other “classical” virus-negative cell lines [22,23], which
share neuroendocrine growth features—i.e., growing in suspension as spheroids—with
virus-positive cell lines. Thus, since comprehensive mutational characterization of the
MCC cell lines is missing, we analyzed the mutational landscape of cell lines that are
frequently used in MCC research by whole-exome sequencing (WES).

2. Results

Whole-exome sequencing of the virus-positive cell lines WaGa, MKL-1, UKE-MCC3b,
UM-MCC13, UM-MCC29 and PeTa, as well as the virus-negative cell lines UM-MCC9,
UM-MCC32 and UM-MCC34, was performed using the SureSelect Exon V6 Kit on a HiSeq
4000 with, on average, 118 million reads per sample. Moreover, we directly compared the
cell line PeTa with cryopreserved tissue from which PeTa has been established to assess
possible differences between the cell line and tissue.

2.1. Mutational Burden and Signatures of MCC Cell Lines Are in Accordance with MCC Tissue
Characteristics

Virus-negative MCC cell lines have a higher mutational burden with, on average,
44.5 mutations per megabasepairs (mut/Mbp), constituting, on average, 2.693 absolute
mutations per cell line than virus-positive MCC cell lines, which contain, on average,
10.5 mut/Mbp (an average of 637 mutations) (Figure 1A, Table S1). Similarly, the num-
ber of coding mutations is higher in virus-negative MCC cell lines with, on average,
15.1 mut/Mbp (an average of 913 mutations per cell line, i.e., 33.6% of respective muta-
tions) compared to 2.31 mut/Mbp in virus-positive MCC cell lines (on average, 140 mu-
tations, i.e., 21.9% of mutations). The average fraction of missense (29.3%) and silent
(15.6%) mutations in virus-negative cell lines is also higher than in virus-positive cell lines
(16.4%/6.8%) (Figure 1A).

Since mutations are called between the respective cell line and the human reference
genome hg19, the observed somatic TMB strongly depends on the filtering strategy for
potential polymorphisms (Figures 1A and S1). Polymorphisms are identified using the
variant allele frequency (VAF) reported in databases covering nonmalignant exomes
and genomes. In general, exome databases cover 71.6% of all MCC cell line mutations
while genome databases cover either 91.4% in the 1000 genomes database or 97.7% in the
“genome aggregation database” (gnomAD) genome database (Figure S1B,C). Therefore,
we filtered for VAFs greater than 0.001% with the comprehensive gnomAD genome
database. This reduced the presented TMB of virus-positive MCC cell lines by 98.8%
from, on average, 54,850 to 637 mutations per cell line. The TMB of virus-negative MCC
cell lines shows a smaller reduction by 94.8% from, on average, 52,614, to 913 mutations
(Figures 1B and S1A).
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Figure 1. Virus-negative Merkel cell carcinoma (MCC) cell lines show high tumor mutational burden
(TMB) and presence of UV-light-induced DNA damage, while virus-positive cell lines have low
TMB and lack prominent signatures; (A) Mutational burden in mut/Mbp, color-coded by variant
classification; (B) Filtering of polymorphisms in MCC cell lines showing the relative decrease in TMB
(y-axis) with increasing variant allele frequency (VAF) threshold (x-axis) from gnomAD genome
database; Figure S1A depicts the same plot with log-transformation of x-axis; (C) Contributions of
base-pair transitions for single nucleotide variants (SNVs), normalized by total number of SNVs.
Complementary transitions are merged in one category (e.g., G > A and C > T as C > T); (D) Cosine
similarity between trinucleotide context frequencies (TCFs) of MCC cell lines and reference signatures
reveals two distinct patterns for virus-positive and -negative cell lines; (E) Signature contribution of
MCC cell lines after fitting to reference signatures. Signature contributions are normalized to total
number of SNVs in the respective cell line. Signatures not reaching at least 10% contribution in at least
one sample are summarized as “Other”. Abbreviations: mut/Mbp: Mutations per Megabasepair,
SBS: Single Base Substitution.
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Virus-negative MCC cell lines are characterized by a high fraction of, on average,
77% C > T single-nucleotide variations (SNVs), as compared to 38% in virus-positive MCC
cell lines (Figure 1C). This observation already suggests different forms of mutagenesis.
Hints regarding the underlying mutagenic process can be retrieved from the first preceding
and following basepair of an SNV, i.e., the trinucleotide context frequency (TCF). TCFs
for virus-negative MCC cell lines show characteristic C > T transition patterns known
to be caused by UV-induced mutagenesis (Figure S2) [24]. In contrast, virus-positive
MCC cell lines have a “flat” TCF distribution, i.e., low frequencies for most categories,
with only slightly elevated C > T and T > C transitions. For MKL-1 and UKE-MCC3b,
there is a higher presence of C > T transitions with guanine as the following basepair;
a pattern which often originates from spontaneous deamination of CpGs correlating with
progressing age. The systematic comparison of the TCFs of MCC cell lines with reference
mutational signatures reflecting defined mutagenic processes reveals distinct patterns for
virus-negative and -positive cell lines (Figure 1D). Notably, the aging signature 1 and
defective DNA mismatch repair signatures 6 and 15 were very similar to the TCF of MKL-1.
Fitting reference signatures to the TCFs demonstrates a high contribution of signatures 7a
and 7b for virus-negative MCC cell lines (on average, 67.2%), which are both associated
with UV-light-induced DNA damage (Figure 1E). Virus-positive MCC cell lines generally
have low individual signature contributions, with no prominent mutational signature
present: approximately 50% of the total signature contribution for virus-positive MCC
cell lines originates from signatures with less than 10% contribution (Figure 1E). Most of
the absolute differences in the mutational burden between virus-negative and -positive
MCC cell lines are due to signatures 7a and 7b. However, some mutational signatures
have slightly higher signature contributions relative to others, namely signature 31 in
virus-negative and signatures 5, 6, 11, 39, 54, 58 and 87 in virus-positive MCC cell lines.
The reconstruction efficiency after signature fitting is, on average, higher in virus-negative
(99.57%) than in virus-positive (96.95%) cell lines.

To test if the mutational landscape of the MCC cell lines indeed represents that of the
original tumor, we compared the MCC cell line PeTa with cryopreserved tissue from which
the cell line was derived (Figure 2, Table S2). The respective exomes share almost 80% of
mutations, with 21% (120/565) being unique in the cell line and 17% (92/537) unique in the
tumor tissue. Somatic variant calling for the cell line using the tissue as reference retrieved
124 variants, of which 38 (31%) were already among the germline-called variants in PeTa.
Vice versa, somatic variant calling for the tissue using the cell line as reference resulted
in 480 mutations, of which only five (1%) were present in germline-called variants of the
tissue (Figure 2).

2.2. Mutations Altering Protein Structure

Next, we investigated mutations predicted to change the amino acid code and likely
have an effect on protein function (Figure 3A). Virus-negative MCC cell lines harbor
a higher number of nonsense mutations, i.e., mutations introducing a stopcodon, (on av-
erage, 53 mutations per cell line, corresponding to 2% of respective mutations) than
virus-positive MCC cell lines (on average, six mutations, 0.9% of respective mutations)
(Table S3). A total of 21% (≈12 mutations) and 33% (≈2 mutations) of nonsense mutations
for virus-negative and -positive cell lines, respectively, are within genes of Hallmark Gene
Sets, representing specific biological processes from the molecular signatures database
(MSigDB) [25]. Nonsense mutations that are predicted to be pathogenic and cancer-related
in ClinVar are in RB1 in UM-MCC9 (rs794727481) and UM-MCC34 (rs121913304), in BAP1
in UM-MCC32 (chr3.52437267.G > A), and in the tumor-suppressor gene CHEK2 in MKL-1
(chr22.29091725.C > T).

Frameshift Insertions and deletions (InDels) are also enriched in absolute numbers in
virus-negative MCC cell lines with, on average, 21 mutations (0.8% of respective mutations)
compared to 12 mutations (2% of respective mutations) in virus-positive MCC cell lines
(Table S3). A total of 18% (≈4 mutations) of virus-negative and 16% (≈2 mutations) of
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virus-positive frameshift InDels are within Hallmark Gene Sets, among those annotated as
pathogenic and cancer-related in ClinVar are ERCC2 in UM-MCC9 (chr19.45855805.T > -),
and BRCA2 in UM-MCC29 (chr13.32911298.AAAC > -). UM-MCC9 and UM-MCC34
both harbor frameshift deletions in TP53 (UM-MCC9: chr17.7577070.G > -, UM-MCC34:
chr17.7579518.CTTCA > -), and UM-MCC32 a frame-shift deletion in RB1 (chr13.48919254.
CCAGTACCAAAGTTGATAAT > -); the inhibition of both tumor suppressors plays an
important role in MCC carcinogenesis [4–9,11–14,26–28]. Besides the frameshift Indels and
nonsense mutations, there are missense mutations of TP53 in UM-MCC29 (rs1057520000)
and UM-MCC32 (rs121912651). In UM-MCC9, following the frameshift deletion of TP53, are
a missense (rs786201059) and a silent (chr17.7577558.G > A) mutation, while UM-MCC34
harbors only a silent mutation (chr17.7579516.G > A) before the frameshift deletion. For RB1,
UM-MCC9 has a missense mutation (rs137853294) following the nonsense mutation, which,
therefore, has no effect on the amino acid sequence. There are several other frameshift
InDels that likely contribute to MCC carcinogenesis, for example, a frameshift deletion in
NOTCH1 in UM-MCC9 (chr9.139399867.AG > -). Moreover, only two nonstop mutations
are found in this study, the first in the transcription repressor GMNN [29] in UM-MCC29
(rs757538616) and the other in chaperonin TCP1 in WaGa (rs779397332) (Table S3).

Figure 2. Comparison of unique mutations between PeTa and the respective tumor tissue. Venn-
diagram showing how many of the same mutations are shared between the tumor cell line and tissue
using either the tissue or the cell line as normal reference for somatic variant calling.

2.3. Significantly Mutated Genes

Next, we tested for genes with a significantly higher mutational burden as expected
by chance, aka significantly mutated genes (SMGs) (Figure 3B–F, Tables S4–S6) [30]. In this
approach, the mutations of several samples are aggregated and compared with a local back-
ground model of silent mutations for each respective gene [30]. This analysis was performed
separately for all virus-negative (Figure 3B,D) and for all virus-positive (Figure 3C,E) cell lines.
Downstream analysis was restricted to Hallmark Gene sets to focus on genes possibly relevant
to MCC carcinogenesis. We evaluated the significance of the respective mutational burden
by visualizing the distribution of p-values (Figure 3B–E). When correcting all p-values for
multiple testing using Benjamini–Hochberg procedure, the genes KRT4, MDK and CACNA1B
remained the only SMGs in the Hallmark Gene Sets present in both MCC types. Virus-negative
MCC cell lines harbor more SMGs with a p-value lower than 0.01 within Hallmark Gene Sets
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compared to virus-positive MCC cell lines, i.e., 16 vs. 5 genes, respectively (Figure 3D–F).
Among the SMGs for virus-negative cell lines are TP53 and RB1, which are frequently mutated
tumor-suppressor genes in virus-negative MCC (Figure 3F) [4–9,11–14]. Of the SMGs found
in virus-positive MCC cell lines, UM-MCC29 has a frame-shift deletion in the chromatin
modifier CBX3 (chr7.26248161.A > -), and UKE-MCC3b a falsely annotated nonstop mutation
in NAPA, the latter composed of an in-frame insertion (chr19.47998837.- > ATTAAA) and
deletion (chr19.47998843.GTT > -), resulting in the addition of two and deletion of one amino
acid without introducing a stopcodon (Figure 3F).

Figure 3. Virus-negative MCC cell lines have high number of coding mutations altering protein structure and significantly
mutated genes. (A) Oncoplot showing genes selected by the following criteria: (i) containing either a frameshift InDel,
nonsense or nonstop mutation and (ii) it is either within a Hallmark Gene Set or its mutation is annotated as pathogenic
in ClinVar database. The number of mutations within the selected genes are depicted as bar chart. Both plots are colored
by variant classification. Genes emphasized in red are discussed in the results section; (B–E) Distribution of p-values for
identification of SMGs as histogram (B,C) and ranked by p-value (D,E) for virus-negative (B,D) and -positive (C,E) MCC
cell lines; only genes present in Hallmark Gene Sets were taken into account, red lines indicate a p-value of 0.01, genes with
a p-value of exactly 1 are not shown; (F) Mutational burden and involvement in biological processes of SMGs with p-value
below 0.01 and presence in Hallmark Gene Sets. Abbreviations: MCC: Merkel cell carcinoma, InDel: Insertion and deletion,
SMG: Significantly mutated genes.
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We identified three SMGs (KRT4, MDK and CACNA1B) with extraordinary low
p-values (Figure 3D–F) in all MCC cell lines. KRT4 contains the exact same large in-
frame insertion in all samples (rs11267392), which has a VAF of 87% in the 1000 genomes
database. MDK comprise the exact same frameshift deletion in a cytosine-rich repeat in
six samples, which is actually a mixture of a single-cytosine (chr11.46404342.C > -) and
double-cytosine (chr11.46404342.CC > -) deletion. CACNA1B has the same large-scale
insertion at a splice site in seven samples (chr9.140773612.- > ACGACACGGAGCCC-
TATTTCATCGGGATCTTTTGCTTCGAGG CAGGGA, rs370237172).

2.4. Characteristic Copy Number Variation Patterns in Virus-Positive MCC Cell Lines

CNVs were determined from the exome sequencing data (Figure 4A, Table S7). The
virus-negative cell lines UM-MCC9 and UM-MCC34, but not UM-MCC32, are characterized
by numerous, varying CNVs covering most of the genome. Virus-positive MCC cell lines
have less, but more characteristic CNVs, which include whole-chromosome gains of chr1
(UM-MCC29), chr5, chr7, chr8 (UM-MCC29), chr6 (WaGa, PeTa), chr11 (UM-MCC29),
chr13 (UM-MCC29, PeTa), chr19, chr20 (UM-MCC29, WaGa) and a complete loss of chr10
(UM-MCC13). Several chromosomes are partially amplified, e.g., chr1q (UM-MCC13, PeTa),
chr3q (MKL-1, PeTa) and chr11 (WaGa, PeTa), while others show partial losses, such as
chr3p (UM-MCC13), chr8p (UM-MCC13, MKL-1, WaGa) and chr10q (MKL-1, WaGa, PeTa).
Only UKE-MCC3b lacks any substantial copy number changes.

Figure 4. CNVs in MCC cell lines. (A) Graphical display of derived CNVs using CNVkit with sex
chromosomes relative to haploid reference; (B) Expression of MYC mRNA in MCC cell lines was
determined by qRT-PCR. Cq values were normalized to GAPDH expression and compared to ΔCq
value of fibroblasts (F 1.15).
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Previous studies reported copy number losses covering RB1 on chromosome
13 [4,5,11,12,14,16,31]. We also observe large single-copy deletions on chromosome 13
including the loss of RB1 in virus-negative cell lines (UM-MCC32 and UM-MCC34);
in contrast, there are large single-copy gains that include RB1 in one virus-negative
(UM-MCC9) and two virus-positive cell lines (PeTa, UM-MCC29).

Local amplifications of MYCL on chromosome 1 have previously been reported for
both MCC types [4,5,16,31]. Here, MYCL is included in the whole-chromosome gains of
UM-MCC29 and UM-MCC32 as well as the partial chromosome gains in UM-MCC34.
Interestingly, UM-MCC34 has an extraordinarily high, localized amplification of MYC
(aka c-MYC), with 106 copies covering ~530,000 basepairs on chromosome 8. MYC is also
included in larger whole- or partial-chromosome gains in UM-MCC29, WaGa and UM-
MCC9. These amplifications are associated with a higher MYC mRNA expression, which
is most pronounced in UM-MCC34 (Figure 4B).

3. Discussion

Due to the lack of suitable genetically engineered mouse models (GEMMs), preclinical
functional studies rely on MCC cell lines. However, the detailed genomic characteristics
of the applied cell lines are not fully established. Indeed, most studies investigating
genomic features of MCC by targeted or WES are based on fresh frozen or formalin-fixed
paraffin-embedded (FFPE) tissue samples [4–8,10–14]. Only Wong et al. included three
virus-negative cell lines [6] that may be not representative for MCC [22,23]. Here, we
present the mutational landscape of three classical virus-negative and six virus-positive
MCC cell lines (characteristics are summarized in Table 1). The ratio of virus-positive to
-negative cell lines recapitulates the ratio of MCC tumors in countries with high latitude [1].
The genomic features of the MCC cell line cohorts are very similar to those previously
reported for the respective MCC tumors. Furthermore, direct comparison of one matched
cell line-tissue pair confirmed that genomic alterations accumulated during cell culture
only caused minor differences in their mutational landscape. However, expectedly, the cell
line did not capture the complete tumor heterogeneity, as many somatic mutations were
specific to the tissue.

Table 1. Genomic features of MCC cell lines for both MCC types.

MCC Cell Line Type Virus-Negative Virus-Positive

Tumor Mutational Burden
high

(on average, 44.5 mut/Mbp)
low

(on average, 10.5 mut/Mbp)

Mutagenic processes
detected

UV-light-associated DNA
damage

(SBS7a, SBS7b)

flat mutation profile
without prominent signatures.

Coding mutations
many mutations with potential

functional effect;
many mutated genes

few mutations with potential
functional effect;

few mutated genes

Copy Number
Variations

many widespread CNVs few, characteristic CNVs

The bold is used to emphasize the row names for the subsequent summary.

Virus-positive MCCs are characterized by very low TMB, a lack of prominent muta-
tional signatures and the absence of functional mutations (Table 1) [4–6,11–13]. Previously
reported TMBs for virus-positive MCC, however, show large differences and are inconsis-
tently specified, e.g., regarding normalization. For the WES studies, TMB was reported
either as a median of 12.5 SNVs [12], an average of 0.4 mut/Mbp [11] or a median of
1.57 mut/Mbp [13]. We observed, on average, 11 mut/Mbp, which is comparable with
studies using targeted sequencing approaches (i.e., an average of 5–10 mut/Mbp [6], a me-
dian of 1.2 coding mut/Mbp [5] or up to 16 mut/Mbp [4]). All studies with higher TMB
lacked individual normal tissues as a reference for somatic variant calling, hence databases
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reporting common polymorphisms (e.g., 1000 genomes, exome aggregation consortium
(ExAC), gnomAD databases) had to be used for filtering non-somatic variants. Thus, the
observed higher TMBs are likely caused by polymorphisms not represented in common
databases. This notion is supported by the absence of any prominent mutational signature
in virus-positive MCC samples. No single mutational signature has a relevant contribution
to the TMB; only “flat” TCF distributions were detected for virus-positive MCC cell lines,
which likely represent randomly distributed, unfiltered polymorphisms that may impair
the detection of other mutagenic processes. The absence of functional, cancer-related muta-
tions and low signature reconstruction efficiency is in line with this assumption. In contrast,
in virus-negative MCC cell lines, TMB is high (on average, 44.5 mut/Mbp), mutational
patterns are strongly associated with UV-light-induced DNA damage, and many coding
mutations of cancer-related genes exist (Table 1). The primary origin of virus-negative
MCC cell lines is associated with UV-exposed areas. UM-MCC9 and UM-MCC32 were
derived from primary tumors localized on the scalp, and UM-MCC34 was derived from
axillary metastasis presumably originating from a primary tumor on the upper extremity
(Table 2) [28]. Some of the virus-positive MCC cell lines were generated from tumors with-
out a clear association with chronic UV-exposure, e.g., PeTa and UKE-MCC3b originated
from tumors of the trunk (Table 2) [17]. Interestingly, we did not observe major differences
in TMB between cell lines derived from primary tumors (UM-MCC9, UM-MCC32, PeTa)
and metastases (UM-MCC34, WaGa, MKL-1, UM-MCC13, UM-MCC29, UKE-MCC3b),
which would have been expected from more general observations in cancer (Table 2) [32].

Table 2. Overview of analyzed Merkel cell carcinoma cell lines.

Cell Line MCPyV Status Established From
Localization of

Primary
Time in Culture Reference

UM-MCC9 negative primary, scalp scalp >6 years [28]

UM-MCC32 negative primary, scalp scalp >6 years [28]

UM-MCC34 negative axillary lymph node
metastasis presumably arm >6 years [28]

PeTa positive primary, trunk trunk >7 years [17,26]

WaGa positive malignant ascites head >10 years [17,33]

MKL-1 positive nodal metastasis unknown >30 years [17,34]

UM-MCC13 positive metastasis, leg presumably leg >6 years [28]

UM-MCC29 positive inguinal lymph node
metastasis presumably leg >6 years [28]

UKE-MCC3b positive metastasis, trunk trunk >3 years -

All virus-negative MCC cell lines show RB1 and TP53 disruption, either by frameshift
deletion, nonsense, missense mutation or, for RB1, possibly copy number losses. Alterations
in both genes are recurrent mutational features in virus-negative MCC [4–9,11–14,26]. No-
tably, the exact same nonsense mutations in RB1 were previously reported for UM-MCC9
(rs794727481 [9,14]) and UM-MCC34 (rs121913304 [4,6]). RB1 and TP53 abrogation is also
common in other neuroendocrine carcinomas, e.g., in small cell lung, neuroendocrine
prostate and pancreatic carcinoma [35]. In this context, it is interesting to note that MYC
binding motifs are enriched in neuroendocrine genes; thus, it has been proposed that MYC
overexpression drives the temporal tumor cell evolution [36]. We detected an extraordinar-
ily high MYC amplification associated with equally high mRNA expression in UM-MCC34.
MYC family gene amplification, i.e., 6% for MYCL and 4% for MYC in virus-negative
MCCs [5,16], as well as high MYC protein expression, was previously reported [13,37].

The biological importance of SMGs relies on the fact that these may be more prone
for mutations due to open chromatin regions, i.e., reflecting the functional state of a cell
during mutagenesis, or being positively selected during tumor evolution. The SMGs
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with extraordinary low p-values were KRT4, MDK and CACNA1B, suggesting that these
genes may be relevant for MCC carcinogenesis. However, critical examination of these
mutations demonstrate that this is very unlikely. The mutations in KRT4 are present in
all cell lines and have been previously identified as a common polymorphism with 87%
VAF in the 1000 genomes database. Thus, the KRT4 mutation is actually the major allele
of a single nucleotide polymorphism (SNP) not reflected in the hg19 reference genome.
For MDK, the detected cytosine deletion is embedded in a sequence of 15 cytosines in
close proximity to a stopcodon and is therefore in a region prone to sequencing artifacts.
Actually, variations in cytosine counts of this region have already been reported in dbSNP
as polymorphisms (rs74916763). Finally, the large-scale insertion in CACNA1B is localized
at the last basepair of an exon and the inserted sequence is identical to the beginning of
the following exon, hence we assume a deletion of an intronic region in between, which
has already been reported with 0.3% VAF in the Allele Frequency Aggregator (ALFA)
database. Consequently, these three variants likely reflect limitations in the representation
and annotation of polymorphisms, which emphasizes the importance of variant filtering
and evaluation. In virus-negative MCC cell lines, TP53 and RB1 have a relatively low
p-value compared to other genes (Figure 3D) and, due to their recurrency in MCC, these
genes are likely associated with tumorigenesis of virus-negative MCC.

CNVs were previously characterized in MCC using CGH [16–21], genome-wide mi-
croarrays [31] or next-generation sequencing [4–7,11,12,15]. We observe higher CNV num-
bers in virus-negative, and fewer, but characteristic, CNV patterns in virus-positive MCC,
indicating a common alteration mechanism for the latter. Notably, the MCPyV-encoded
small T antigen was reported to induce centrosome overproduction and to increase the fre-
quency of micronuclei by interaction with E3-ligases, causing chromosome instability [38].
The virus-positive MCC-specific losses and gains may actually affect the tumor suppressor
RB1 and oncogene MYC.

APOBEC-mediated mutagenesis is a known feature of viral oncogenesis, e.g., in
human-papilloma-virus-associated cancer [39]. In our and previously reported studies,
APOBEC mutations seem to be absent in MCC [4,5]. However, APOBEC-related muta-
genesis is restricted to localized, hypermutated regions, aka kataegis, that are difficult
to detect by WES and even more so by targeted sequencing. Indeed, in whole-genome
analysis, an APOBEC-related kataegis was reported in a virus-positive MCC [15]. Thus,
to detect APOBEC-related mutagenesis with enhanced sensitivity, signature analysis should
be restricted to such hypermutated regions [40].

In summary, WES of virus-positive and -negative MCC cell lines with a neuroen-
docrine growth pattern revealed mutational features resembling those previously observed
in MCC tissue samples; hence, our report strengthens the utility of these classical MCC cell
lines for functional studies.

4. Materials and Methods

4.1. Cell Lines and Tissues

The MCC cell lines WaGa [33], PeTa [26], MKL-1 [34], UM-MCC13, UM-MCC29,
UM-MCC9, UM-MCC32, UM-MCC34 [28] were described before (Table 2). UM-MCC13,
UM-MCC29, UM-MCC9, UM-MCC32 and UM-MCC34 were provided by Monique E. Ver-
haegen, University of Michigan, Ann Arbor, MI, USA. UKE-MCC3b was established at the
department of dermatology at the University Medicine Essen, Essen, Germany and the
patient gave informed consent (ethics committee approval: 11–4715; 17-7538-BO). WaGa,
PeTa, MKL-1, UKE-MCC3b and UM-MCC34 were maintained at 37 ◦C with 5% CO2 in
RPMI-1640 with 10% fetal bovine serum (FBS), 1% penicillin/streptomycin (PAN Biotech,
Aidenbach, Germany), while UM-MCC13, UM-MCC29 and UM-MCC32 were maintained
as described previously [28] in self-renewal media [41] including low-glucose DMEM,
Neurobasal-A medium, 2-mercaptoethanol, N-2 Supplement (100× (times)), B-27™ Sup-
plement (50×, minus vitamin A), MEM non-essential amino acids solution (100×), Gibco™
Amphotericin (all Thermo Fischer, Dreieich, Germany), retinoic acid (Sigma Aldrich, Darm-
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stadt, Germany), basic fibroblast growth factor, recombinant human IGF-I (Peprotech, Ham-
burg, Germany), 1% penicillin/streptomycin (PAN Biotech). The self-renewal medium was
further supplemented with chicken embryo extract containing HBSS, PBS (PAN Biotech),
MEM with Earle’s salts and L-glutamine (Thermo Fischer) and Hyaluronidase specs (Sigma
Aldrich) [42]. Primary cutaneous fibroblasts (F 1.15) were generated and maintained as
previously described [43].

4.2. Library Preparation and Sequencing

DNA was purified using DNeasy Blood & Tissue Kit (Qiagen, Hilden, Germany).
Library preparation and sequencing were performed by DKFZ Genomics and Proteomics
Core Facility. WES libraries were prepared using SureSelect All Exon V6 Kit (Agilent
Technologies, Santa Clara, CA, USA) and subsequently sequenced on HiSeq 4000 (Illumina)
paired-end 100bp reads with, on average, 118 million reads per sample.

4.3. Alignment and Variant Calling

Processing of reads in FASTQ format to genomic variations in variant call format (VCF)
was performed according to genome analysis toolkit (GATK) best practices of germline
short variant discovery for all MCC cell lines. Additionally, for PeTa and PetaTissue, GATK
best practices of somatic short variant discovery were used. Paired-end reads in FASTQ For-
mat were aligned to the human reference genome hg19 (GRCh37) using Burrows–Wheeler
aligner (BWA) mem v0.7.17 [44]; duplicates were marked using Picard MarkDuplicates
and aligned reads sorted using samtools v1.7. GATK Toolkits of version 4.0.12.0 were
used. For germline short variant discovery, GATK BaseRecalibrator and ApplyBQSR were
applied and, subsequently, variants were called using GATK HaploTypeCaller without
normal tissue reference data. For somatic short-variant discovery, the panel of normal
(PoN) for PeTa and PeTaTissue were created and variants were called with GATK Mu-
tect2, once with Peta cell line and once with PeTaTissue as normal reference. Variants
were annotated using ANNOVAR (Version from 8 June 2020) and databases of Ensembl
Gencode v31 (29 September 2019), dbSNP with allelic splitting and left-normalization v150
(29 September 2017) ClinVar (05 March 2015), ExAC (29 November 2015), gnomAD exome
and genome collection (v2.1.1, 18 March 2019), 1000 genomes dataset (24 August 2015) and
Kaviar database (03 December 2015) were used.

4.4. Variant Filtering

The Maftools R package v2.0.05 was used for VCF to Mutation Annotation Format
(MAF) conversion using ensemble genes as gene column, and used for manipulation of
MAF files in R [45]. Variants that are not within the probe region of the SureSelect All Exon
V6 Kit were removed from analysis. Variants from germline variant calling were filtered
and removed from analysis if one of the following criteria was met: SNVs with QD < 2.0,
MQ < 50.0, FS > 60.0, SOR > 5.0, MQRankSum < −12.5 or ReadPosRankSum < −8.0 and
InDels with QD < 2.0, FS > 200.0, SOR > 10.0, InbreedingCoeff < −0.8 or ReadPosRankSum
< −20.0. For evaluation of subsequent filtering of possible polymorphisms, we compared
different databases reporting VAFs (Figure S1B,C). Based on this analysis, we filtered
a variant as germline polymorphism if it reported a VAF of more than 0.001% in gnomAD
v2.1.1 genome. Variants from somatic variant calling of Peta/PeTaTissue were filtered
using GATK FilterMutectCalls and not filtered for germline polymorphisms.

4.5. Quantitative Real-Time PCR (qRT-PCR)

RNA of cell lines was extracted using peqlabGold Micro RNA Kit (PEQLAB Biotech-
nologie GmbH, Erlangen, Germany) and transcribed to cDNA using SuperScript IV Re-
verse Transcriptase (1000u, Life Technologies GmbH, Darmstadt, Germany). qRT-PCR
was performed on the CFX Real-Time PCR system (Bio-Rad Laboratories, Hercules, CA,
USA) using LuminoCT SYBR Green qPCR ready Mix (Sigma Aldrich). For MYC following
primers were used: primer-set 1 forward: GGCTCCTGGCAAAAGGTCA, reverse: CTGCG-
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TAGTTGTGCTGATGT; primer-set 2 forward: GTCAAGAGGCGAACACACAAC, reverse:
TTGGACGGACAGGATGTATGC. GAPDH primer set: forward ACCACAGTCCATGC-
CATCAC, reverse TCCACCACCCTGTTGCTGTA. Annealing was performed at 60 ◦C for
15 s. Relative quantification was performed using the 2−ΔΔCq method implemented in the
R package “pcr” [46].

4.6. Bioinformatic Processing

The R Markdown script for analysis of MAF format files is attached in File S1. Normal-
ization to mutations per Megabasepair was done through dividing the number of mutations
by the sum of the length of all regions covered by probes (60,456,963 basepairs). Signature
analysis was performed using only SNVs and MutationalPatterns R package v1.8.0 [47].
Reference mutational signatures of version 3.1 [48] were downloaded from the Cataloque
of Somatic Mutations in Cancer (COSMIC, https://cancer.sanger.ac.uk/cosmic/signatures,
(accessed date 1 October 2020)). SMGs were determined using MutSigCV v1.41 [30] and
Hallmark Gene Sets v7.1 downloaded from MSigDB was used [25]. Heatmaps were created
using ComplexHeatmap R package v2.1.0 [49], other plots with ggplot v3.1.0 [50] and
ggVennDiagram using R programming language v3.5.2. CNVs were derived using CNVkit
v0.9.6 with default settings.

5. Conclusions

Virus-negative MCC cell lines show high TMB, UV-light DNA damage and several
functional coding mutations, while virus-positive MCC cell lines harbor few mutations.
Thus, the mutational landscape of MCC cell lines that are frequently used in preclini-
cal research reflect the observations from tumor tissue and confirm their suitability for
functional studies.
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and within a Hallmark Gene Set, Table S5: SMGs from MutSigCV of virus-negative MCC cell lines,
Table S6: SMGs from MutSigCV of virus-positive MCC cell lines, Table S7: CNVs found in MCC cell
lines, File S1: R Markdown script used for analysis of MAF files.

Author Contributions: Data curation: K.H.; formal analysis: K.H.; funding acquisition: J.C.B.;
investigation: P.G., A.H.-C., C.W.; methodology: K.H.; project administration: J.C.B.; resources:
P.G., A.H.-C., C.W., J.U.; supervision: J.C.B.; visualization: K.H.; conceptualization: J.C.B.; writing—
original draft preparation: K.H.; writing—review and editing: J.C.B. All authors have read and
agreed to the published version of the manuscript.

Funding: This work was funded by the DKTK site budget OE 0460 ED03.

Institutional Review Board Statement: The study was conducted according to the guidelines of
the Declaration of Helsinki, and approved by the Institutional Review Board of the University
Duisburg-Essen (11-4715, 14 September 2011).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data presented in this study is available in Tables S1 and S2.
FASTQ Files are available on request from the corresponding author. The FASTQ Files are not
publicly available due to privacy reasons.

Acknowledgments: For technical support and sequencing services we thank the German Cancer
Research Center (DKFZ) Genomics & Proteomics Core Facility, Heidelberg, Germany. We thank
Monique E. Verhaegen, University of Michigan, USA, for providing MCC cell lines. Further, we
thank Jan Gravemeyer, Translational Skin Cancer Research, German Cancer Consortium (DKTK),
Essen, Germany, for his excellent advice and help in bioinformatic analysis.

28



Cancers 2021, 13, 649

Conflicts of Interest: J.C.B. is receiving speaker’s bureau honoraria from Amgen, Pfizer, Merck-
Serono, Recordati and Sanofi, is a paid consultant/advisory board member/DSMB member for
Boehringer Ingelheim, eTheRNA, InProTher, MerckSerono, Pfizer, 4SC, and Sanofi/Regeneron. His
group receives research grants from Bristol-Myers Squibb, Merck Serono, HTG, IQVIA, and Alcedis.
None of these activities are related to the present manuscript. J.U. is on the advisory board or has
received honoraria and travel support from Amgen, Bristol Myers Squibb, GSK, LeoPharma, Merck
Sharp and Dohme, Novartis, Pierre Fabre, Roche, Sanofi outside the submitted work. All of the other
authors declare no conflict of interest.

References

1. Becker, J.C.; Stang, A.; DeCaprio, J.A.; Cerroni, L.; Lebbé, C.; Veness, M.; Nghiem, P. Merkel cell carcinoma. Nat. Rev. Dis. Primers
2017, 3, 17077. [CrossRef]

2. Feng, H.; Shuda, M.; Chang, Y.; Moore, P.S. Clonal Integration of a Polyomavirus in Human Merkel Cell Carcinoma. Science 2008,
319, 1096–1100. [CrossRef] [PubMed]

3. Garneski, K.M.; Warcola, A.H.; Feng, Q.; Kiviat, N.B.; Helen Leonard, J.; Nghiem, P. Merkel Cell Polyomavirus Is More Frequently
Present in North American than Australian Merkel Cell Carcinoma Tumors. J. Investig. Dermatol. 2009, 129, 246–248. [CrossRef]
[PubMed]

4. Starrett, G.J.; Thakuria, M.; Chen, T.; Marcelus, C.; Cheng, J.; Nomburg, J.; Thorner, A.R.; Slevin, M.K.; Powers, W.; Burns, R.T.;
et al. Clinical and molecular characterization of virus-positive and virus-negative Merkel cell carcinoma. Genome Med. 2020,
12, 30. [CrossRef] [PubMed]

5. Knepper, T.C.; Montesion, M.; Russell, J.S.; Sokol, E.S.; Frampton, G.M.; Miller, V.A.; Albacker, L.A.; McLeod, H.L.; Eroglu, Z.;
Khushalani, N.I.; et al. The Genomic Landscape of Merkel Cell Carcinoma and Clinicogenomic Biomarkers of Response to
Immune Checkpoint Inhibitor Therapy. Clin. Cancer Res. 2019, 25, 5961. [CrossRef]

6. Wong, S.Q.; Waldeck, K.; Vergara, I.A.; Schröder, J.; Madore, J.; Wilmott, J.S.; Colebatch, A.J.; De Paoli-Iseppi, R.; Li, J.; Lupat,
R.; et al. UV-Associated Mutations Underlie the Etiology of MCV-Negative Merkel Cell Carcinomas. Cancer Res. 2015, 75, 5228.
[CrossRef] [PubMed]

7. Harms, P.W.; Collie, A.M.B.; Hovelson, D.H.; Cani, A.K.; Verhaegen, M.E.; Patel, R.M.; Fullen, D.R.; Omata, K.; Dlugosz, A.A.;
Tomlins, S.A.; et al. Next generation sequencing of Cytokeratin 20-negative Merkel cell carcinoma reveals ultraviolet-signature
mutations and recurrent TP53 and RB1 inactivation. Mod. Pathol. 2016, 29, 240–248. [CrossRef]

8. Veija, T.; Sarhadi, V.K.; Koljonen, V.; Bohling, T.; Knuutila, S. Hotspot mutations in polyomavirus positive and negative Merkel
cell carcinomas. Cancer Genet. 2016, 209, 30–35. [CrossRef] [PubMed]

9. Cohen, P.R.; Tomson, B.N.; Elkin, S.K.; Marchlik, E.; Carter, J.L.; Kurzrock, R. Genomic portfolio of Merkel cell carcinoma as
determined by comprehensive genomic profiling: Implications for targeted therapeutics. Oncotarget 2016, 7, 23454. [CrossRef]
[PubMed]

10. Graves, C.A.; Jones, A.; Reynolds, J.; Stuart, J.; Pirisi, L.; Botrous, P.; Wells, J. Neuroendocrine Merkel Cell Carcinoma Is Associated
with Mutations in Key DNA Repair, Epigenetic and Apoptosis Pathways: A Case-Based Study Using Targeted Massively Parallel
Sequencing. Neuroendocrinology 2015, 101, 112–119. [CrossRef]

11. Harms, P.W.; Vats, P.; Verhaegen, M.E.; Robinson, D.R.; Wu, Y.-M.; Dhanasekaran, S.M.; Palanisamy, N.; Siddiqui, J.; Cao, X.;
Su, F.; et al. The Distinctive Mutational Spectra of Polyomavirus-Negative Merkel Cell Carcinoma. Cancer Res. 2015, 75, 3720–3727.
[CrossRef]

12. Goh, G.; Walradt, T.; Markarov, V.; Blom, A.; Riaz, N.; Doumani, R.; Stafstrom, K.; Moshiri, A.; Yelistratova, L.; Levinsohn, J.; et al.
Mutational landscape of MCPyV-positive and MCPyV-negative Merkel cell carcinomas with implications for immunotherapy.
Oncotarget 2015, 7, 3403. [CrossRef] [PubMed]

13. González-Vela, M.d.C.; Curiel-Olmo, S.; Derdak, S.; Beltran, S.; Santibañez, M.; Martínez, N.; Castillo-Trujillo, A.; Gut, M.;
Sánchez-Pacheco, R.; Almaraz, C.; et al. Shared Oncogenic Pathways Implicated in Both Virus-Positive and UV-Induced Merkel
Cell Carcinomas. J. Investig. Dermatol. 2017, 137, 197–206. [CrossRef]

14. Cimino, P.J.; Robirds, D.H.; Tripp, S.R.; Pfeifer, J.D.; Abel, H.J.; Duncavage, E.J. Retinoblastoma gene mutations detected by whole
exome sequencing of Merkel cell carcinoma. Mod. Pathol. 2014, 27, 1073–1087. [CrossRef]

15. Starrett, G.J.; Marcelus, C.; Cantalupo, P.G.; Katz, J.P.; Cheng, J.; Akagi, K.; Thakuria, M.; Rabinowits, G.; Wang, L.C.; Symer, D.E.;
et al. Merkel Cell Polyomavirus Exhibits Dominant Control of the Tumor Genome and Transcriptome in Virus-Associated Merkel
Cell Carcinoma. mBio 2017, 8, e02079-02016. [CrossRef] [PubMed]

16. Paulson, K.G.; Lemos, B.D.; Feng, B.; Jaimes, N.; Peñas, P.F.; Bi, X.; Maher, E.; Cohen, L.; Helen Leonard, J.; Granter, S.R.;
et al. Array-CGH Reveals Recurrent Genomic Changes in Merkel Cell Carcinoma Including Amplification of L-Myc. J. Investig.
Dermatol. 2009, 129, 1547–1555. [CrossRef] [PubMed]

17. Schrama, D.; Sarosi, E.-M.; Adam, C.; Ritter, C.; Kaemmerer, U.; Klopocki, E.; König, E.-M.; Utikal, J.; Becker, J.C.; Houben, R.
Characterization of six Merkel cell polyomavirus-positive Merkel cell carcinoma cell lines: Integration pattern suggest that large
T antigen truncating events occur before or during integration. Int. J. Cancer 2019, 145, 1020–1032. [CrossRef]

29



Cancers 2021, 13, 649

18. Van Gele, M.; Leonard, J.H.; Van Roy, N.; Van Limbergen, H.; Van Belle, S.; Cocquyt, V.; Salwen, H.; De Paepe, A.; Speleman, F.
Combined karyotyping, CGH and M-FISH analysis allows detailed characterization of unidentified chromosomal rearrangements
in Merkel cell carcinoma. Int. J. Cancer 2002, 101, 137–145. [CrossRef]

19. Van Gele, M.; Speleman, F.; Vandesompele, J.; Van Roy, N.; Leonard, J.H. Characteristic pattern of chromosomal gains and losses
in Merkel cell carcinoma detected by comparative genomic hybridization. Cancer Res. 1998, 58, 1503–1508.

20. Larramendy, M.L.; Koljonen, V.; Böhling, T.; Tukiainen, E.; Knuutila, S. Recurrent DNA copy number changes revealed by
comparative genomic hybridization in primary Merkel cell carcinomas. Mod. Pathol. 2004, 17, 561–567. [CrossRef]

21. Härle, M.; Arens, N.; Moll, I.; Back, W.; Schulz, T.; Scherthan, H. Comparative genomic hybridization (CGH) discloses chromo-
somal and subchromosomal copy number changes in Merkel cell carcinomas. J. Cutan. Pathol. 1996, 23, 391–397. [CrossRef]
[PubMed]

22. Gele, M.V.; Boyle, G.M.; Cook, A.L.; Vandesompele, J.; Boonefaes, T.; Rottiers, P.; Roy, N.V.; De Paepe, A.; Parsons, P.G.; Leonard,
J.H.; et al. Gene-expression profiling reveals distinct expression patterns for Classic versus Variant Merkel cell phenotypes
and new classifier genes to distinguish Merkel cell from small-cell lung carcinoma. Oncogene 2004, 23, 2732–2742. [CrossRef]
[PubMed]

23. Daily, K.; Coxon, A.; Williams, J.S.; Lee, C.-C.R.; Coit, D.G.; Busam, K.J.; Brownell, I. Assessment of Cancer Cell Line Representa-
tiveness Using Microarrays for Merkel Cell Carcinoma. J. Investig. Dermatol. 2015, 135, 1138–1146. [CrossRef] [PubMed]

24. Alexandrov, L.B.; Nik-Zainal, S.; Wedge, D.C.; Aparicio, S.A.J.R.; Behjati, S.; Biankin, A.V.; Bignell, G.R.; Bolli, N.; Borg, A.;
Børresen-Dale, A.-L.; et al. Signatures of mutational processes in human cancer. Nature 2013, 500, 415–421. [CrossRef]

25. Liberzon, A.; Birger, C.; Thorvaldsdóttir, H.; Ghandi, M.; Mesirov, J.P.; Tamayo, P. The Molecular Signatures Database (MSigDB)
hallmark gene set collection. Cell Syst. 2015, 1, 417–425. [CrossRef] [PubMed]

26. Houben, R.; Dreher, C.; Angermeyer, S.; Borst, A.; Utikal, J.; Haferkamp, S.; Peitsch, W.K.; Schrama, D.; Hesbacher, S. Mechanisms
of p53 restriction in Merkel cell carcinoma cells are independent of the Merkel cell polyoma virus T antigens. J. Investig. Dermatol.
2013, 133, 2453–2460. [CrossRef]

27. Hesbacher, S.; Pfitzer, L.; Wiedorfer, K.; Angermeyer, S.; Borst, A.; Haferkamp, S.; Scholz, C.-J.; Wobser, M.; Schrama, D.; Houben, R.
RB1 is the crucial target of the Merkel cell polyomavirus Large T antigen in Merkel cell carcinoma cells. Oncotarget 2016, 7, 32956.
[CrossRef]

28. Verhaegen, M.E.; Mangelberger, D.; Weick, J.W.; Vozheiko, T.D.; Harms, P.W.; Nash, K.T.; Quintana, E.; Baciu, P.; Johnson, T.M.;
Bichakjian, C.K.; et al. Merkel cell carcinoma dependence on bcl-2 family members for survival. J. Investig. Dermatol. 2014, 134,
2241–2250. [CrossRef] [PubMed]

29. Dhar, S.K.; Yoshida, K.; Machida, Y.; Khaira, P.; Chaudhuri, B.; Wohlschlegel, J.A.; Leffak, M.; Yates, J.; Dutta, A. Replication from
oriP of Epstein-Barr Virus Requires Human ORC and Is Inhibited by Geminin. Cell 2001, 106, 287–296. [CrossRef]

30. Lawrence, M.S.; Stojanov, P.; Polak, P.; Kryukov, G.V.; Cibulskis, K.; Sivachenko, A.; Carter, S.L.; Stewart, C.; Mermel, C.H.;
Roberts, S.A.; et al. Mutational heterogeneity in cancer and the search for new cancer-associated genes. Nature 2013, 499, 214–218.
[CrossRef]

31. Carter, M.D.; Gaston, D.; Huang, W.-Y.; Greer, W.L.; Pasternak, S.; Ly, T.Y.; Walsh, N.M. Genetic profiles of different subsets
of Merkel cell carcinoma show links between combined and pure MCPyV-negative tumors. Hum. Pathol. 2018, 71, 117–125.
[CrossRef]

32. Patel, S.A.; Rodrigues, P.; Wesolowski, L.; Vanharanta, S. Genomic control of metastasis. Br. J. Cancer 2021, 124, 3–12. [CrossRef]
33. Houben, R.; Shuda, M.; Weinkam, R.; Schrama, D.; Feng, H.; Chang, Y.; Moore, P.S.; Becker, J.C. Merkel cell polyomavirus-infected

Merkel cell carcinoma cells require expression of viral T antigens. J. Virol. 2010, 84, 7064–7072. [CrossRef] [PubMed]
34. Rosen, S.T.; Gould, V.E.; Salwen, H.R.; Herst, C.V.; Le Beau, M.M.; Lee, I.; Bauer, K.; Marder, R.J.; Andersen, R.; Kies, M.S.; et al.

Establishment and characterization of a neuroendocrine skin carcinoma cell line. Lab. Investig. 1987, 56, 302–312.
35. Rickman, D.S.; Beltran, H.; Demichelis, F.; Rubin, M.A. Biology and evolution of poorly differentiated neuroendocrine tumors.

Nat. Med. 2017, 23, 664–673. [CrossRef] [PubMed]
36. Ireland, A.S.; Micinski, A.M.; Kastner, D.W.; Guo, B.; Wait, S.J.; Spainhower, K.B.; Conley, C.C.; Chen, O.S.; Guthrie, M.R.; Soltero,

D.; et al. MYC Drives Temporal Evolution of Small Cell Lung Cancer Subtypes by Reprogramming Neuroendocrine Fate. Cancer
Cell 2020, 38, 60–78.e12. [CrossRef] [PubMed]

37. Shao, Q.; Kannan, A.; Lin, Z.; Stack, B.C.; Suen, J.Y.; Gao, L. BET Protein Inhibitor JQ1 Attenuates Myc-Amplified MCC Tumor
Growth In Vivo. Cancer Res. 2014, 74, 7090. [CrossRef]

38. Kwun, H.J.; Wendzicki, J.A.; Shuda, Y.; Moore, P.S.; Chang, Y. Merkel cell polyomavirus small T antigen induces genome
instability by E3 ubiquitin ligase targeting. Oncogene 2017, 36, 6784–6792. [CrossRef] [PubMed]

39. Burns, M.B.; Temiz, N.A.; Harris, R.S. Evidence for APOBEC3B mutagenesis in multiple human cancers. Nat. Genet. 2013, 45,
977–983. [CrossRef]

40. Maura, F.; Degasperi, A.; Nadeu, F.; Leongamornlert, D.; Davies, H.; Moore, L.; Royo, R.; Ziccheddu, B.; Puente, X.S.; Avet-Loiseau,
H.; et al. A practical guide for mutational signature analysis in hematological malignancies. Nat. Commun. 2019, 10, 2969.
[CrossRef]

41. Molofsky, A.V.; He, S.; Bydon, M.; Morrison, S.J.; Pardal, R. Bmi-1 promotes neural stem cell self-renewal and neural development
but not mouse growth and survival by repressing the p16Ink4a and p19Arf senescence pathways. Genes Dev. 2005, 19, 1432–1437.
[CrossRef]

30



Cancers 2021, 13, 649

42. Stemple, D.L.; Anderson, D.J. Isolation of a stem cell for neurons and glia from the mammalian neural crest. Cell 1992, 71, 973–985.
[CrossRef]

43. Fan, K.; Spassova, I.; Gravemeyer, J.; Ritter, C.; Horny, K.; Lange, A.; Gambichler, T.; Ødum, N.; Schrama, D.; Schadendorf, D.;
et al. Merkel cell carcinoma-derived exosome-shuttle miR-375 induces fibroblast polarization by inhibition of RBPJ and p53.
Oncogene 2020. [CrossRef]

44. Li, H.; Durbin, R. Fast and accurate short read alignment with Burrows-Wheeler transform. Bioinformatics 2009, 25, 1754–1760.
[CrossRef] [PubMed]

45. Mayakonda, A.; Lin, D.C.; Assenov, Y.; Plass, C.; Koeffler, H.P. Maftools: Efficient and comprehensive analysis of somatic variants
in cancer. Genome Res. 2018, 28, 1747–1756. [CrossRef]

46. Ahmed, M.; Kim, D.R. pcr: An R package for quality assessment, analysis and testing of qPCR data. PeerJ 2018, 6, e4473.
[CrossRef] [PubMed]

47. Blokzijl, F.; Janssen, R.; van Boxtel, R.; Cuppen, E. MutationalPatterns: Comprehensive genome-wide analysis of mutational
processes. Genome Med. 2018, 10, 33. [CrossRef] [PubMed]

48. Alexandrov, L.B.; Kim, J.; Haradhvala, N.J.; Huang, M.N.; Tian Ng, A.W.; Wu, Y.; Boot, A.; Covington, K.R.; Gordenin, D.A.;
Bergstrom, E.N.; et al. The repertoire of mutational signatures in human cancer. Nature 2020, 578, 94–101. [CrossRef]

49. Gu, Z.; Eils, R.; Schlesner, M. Complex heatmaps reveal patterns and correlations in multidimensional genomic data. Bioinformatics
2016, 32, 2847–2849. [CrossRef] [PubMed]

50. Wickham, H. Ggplot2: Elegant Graphics for Data Analysis; Springer: New York, NY, USA, 2016.

31





cancers

Article

Sex Differences in Overall Survival and the Effect of
Radiotherapy in Merkel Cell Carcinoma—A Retrospective
Analysis of A Swedish Cohort

Hannah Björn Andtback 1, Viveca Björnhagen-Säfwenberg 2, Hao Shi 1, Weng-Onn Lui 1,

Giuseppe V. Masucci 1 and Lisa Villabona 1,*

Citation: Björn Andtback, H.;

Björnhagen-Säfwenberg, V.; Shi, H.;

Lui, W.-O.; Masucci, G.V.; Villabona,

L. Sex Differences in Overall Survival

and the Effect of Radiotherapy in

Merkel Cell Carcinoma—A

Retrospective Analysis of A Swedish

Cohort. Cancers 2021, 13, 265.

https://doi.org/10.3390/cancers

13020265

Received: 30 November 2020

Accepted: 31 December 2020

Published: 12 January 2021

Publisher’s Note: MDPI stays neu-

tral with regard to jurisdictional clai-

ms in published maps and institutio-

nal affiliations.

Copyright: © 2021 by the authors. Li-

censee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and con-

ditions of the Creative Commons At-

tribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Department Oncology-Pathology, Karolinska Institute and BioClinicum, Karolinska University Hospital,
17176 Stockholm, Sweden; Hannah.bjorn-andtback@sll.se (H.B.A.); hao.shi@ki.se (H.S.);
weng-onn.lui@ki.se (W.-O.L.); Giuseppe.masucci@ki.se (G.V.M.)

2 Department of Reconstructive Plastic Surgery, Karolinska University Hospital, 17176 Stockholm, Sweden;
Viveca.bjornhagen-safwenberg@sll.se

* Correspondence: lisa.villbona@ki.se; Tel.: +46-736-63-98-98

Simple Summary: Merkel cell carcinoma (MCC) is a rare and aggressive skin cancer which is
believed to be partially caused by a virus or ultraviolet exposure. Most previous studies have shown
that MCC is more common in men compared to women, virus associated MCC has a better prognosis
and surgery followed by radiotherapy gives a better outcome. In this article, we explore these traits in
a Swedish cohort of 113 patients and find that MCC is more common in women and female patients
have a longer survival compared to male patients. In addition, we found that virus negative MCC
has a worse outcome in male patients and radiotherapy after surgery gives a better outcome for
patients who are treated with a curative dosage, irrespective of sex.

Abstract: Merkel cell carcinoma (MCC) is a rare and aggressive skin cancer where Merkel cell
Polyomavirus (MCPyV) contributes to the pathogenesis. In an adjuvant setting, radiotherapy (RT)
is believed to give a survival benefit. The prognostic impact of sex related to MCPyV-status and
adjuvant RT were analyzed in patients referred to Karolinska University Hospital. Data were collected
from 113 patients’ hospital records and MCPyV analyses were made in 54 patients (48%). We found a
significantly better overall survival (OS) for women compared to men and a significant difference in
OS in patients receiving adjuvant RT. Furthermore, we found that men with virus negative MCC have
an increased risk for earlier death (HR 3.6). This indicates that MCPyV positive and negative MCC
act as two different diseases, and it might be due to different mechanism in the immune response
between male and female patients. This could have significance in tailoring treatment and follow-up
in MCC patients in the future.

Keywords: merkel cell carcinoma; merkel cell polyoma virus; sex; radiotherapy

1. Introduction

Merkel cell carcinoma (MCC) is a rare and highly malignant neuroendocrine skin
cancer that mainly affects older people. The yearly incidence is 2500 in the United States
and Europe and 60 cases in Sweden [1–3]. The disease mortality in MCC is as high as 46%
within five years [4]. The rarity of the disease and its tendency to affect the elderly has
contributed to MCC being little studied and the needs for novel prognostic and predictive
biomarkers and new treatment regimens are substantial. Although rare, MCC has in several
reports shown a rise in incidence over the last decades [2,5–7].

Merkel cell polyomavirus (MCPyV) was discovered in 2008, which was shown to be
clonally integrated in the DNA of up to 80% of MCC tumors [8,9]. The presence of the
virus has since been reported to be a favorable prognostic trait in MCC [10–12]. A trend
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towards women having a better outcome in MCC has been seen previously [13,14] and
a recent finding from a large cohort in the U.S. establishes that women do have a better
disease specific survival than men [15].

Several clinical risk factors for developing MCC have been identified, but much is
still to be learned about the pathogenesis. Besides MCPyV, other risk factors are advanced
age, chronic immunosuppression and prolonged ultraviolet (UV) exposure, therefore the
primary tumor most often is found on sun exposed skin [16,17]. Curative treatment for
MCC with localized disease consists of surgical resection of the primary tumor and the
addition of postoperative (adjuvant) radiotherapy (RT) which in some settings has been
shown to give a reduced risk of occurrence and survival advantage in a subgroup of
patients [18]. However, a study of clinical outcomes and variables for a Swedish MCC-
cohort has to our knowledge not yet been published.

In recent years, with the birth of immune checkpoint inhibitors, a new treatment option
was born for patients with MCC [19,20]. Considering the pathogenesis of viral association
and/or UV radiation, which is prone to cause a high tumor mutational burden [21], the
immunogenicity of MCC should not be surprising. Furthermore, patients with a T cell
dysfunction were shown to have an increased risk of developing MCC [22–24].

Our aim with this study was to analyze outcomes with regard to sex, adjuvant RT
and MCPyV-status in a Swedish cohort, in order to improve the knowledge of MCC and
identify prognostic traits for a better understanding of the possibility to tailor treatment
and follow up strategies in the future.

2. Results

2.1. Cohort Characteristics and Overall Survival

In total, 113 patients, mostly living in the Stockholm Region and referred to Karolinska
University Hospital between 1 January 1987 and 31 December 2019, diagnosed with MCC
and treated with a curative intent, were included in the study. Detailed data on the patients
are presented in Table 1. Of the patients, 64 were female (57%) and 49 were male (43%).
Median age at surgery was 76 years (range 19–100) for the entire cohort, for women 79
years (range 19–100) and for men 75 years (range 59–94). There was a clear difference in
overall survival (OS) between patients aged 19–69 years (younger: 22%) and >70 years
(older: 78%) (Figure 1).

Table 1. Patients clinical characteristics and treatments.

Cohort Characteristics
Cohort Female Male

n % n % n %

Cohort 113 100 64 57 49 43

Age
Median, years 76 79 75

19–69 25 22 18 28 7 14
>70 88 78 46 46 42 86

Tumor
Location

Head and neck 53 47 30 47 23 47
Upper extremity 24 21 14 22 10 20
Lower extremity 20 18 13 20 7 14

Trunk 12 11 5 8 7 14
Genital area 4 4 2 3 2 4

Stage
I 64 57 36 56 28 57
II 35 31 22 34 13 27
III 14 12 6 9 8 16

MCPyV-Status
in Tumor

54 29 25
Positive 40 74 21 72 19 76

Negative 14 26 8 28 6 24

Treatment
Surgery 66 58 36 56 30 61

Surgery and radiotherapy 47 42 28 44 19 39
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Figure 1. Overall survival analysis in relation to gender and age. Kaplan–Meier plots illustrating overall survival (OS) in:
(a) the entire cohort; (b) Female (black) vs. Male (red) p = 0.04; and (c) age groups 19–69 years (black) vs. >70 years (red)
p = 0.005.

The localization of the primary tumor was distributed with a large proportion in the
head and neck region (47%) and the others divided among upper extremity (21%), lower
extremity (18%), trunk (11%) and genital area (3%) (Table 1).

The patients presented with clinical stages I–III and the majority was stage I (57%)
followed by stage II (31%) and stage III (12%).

At the end of the observation period, the probability of survival in the entire cohort
was 16% (Figure 1a). There was significantly higher OS for women (30%) compared to men
(p = 0.04; Figure 1b). Patients under 70 years old had a better outcome (46%) than older
patients (p = 0.005; Figure 1c). There was no statistically significant difference in outcome
between clinical stages.

Patients who had the primary MCC localized in the extremities had a better outcome
compared to other anatomical sites (Table 2). This was seen both in entire cohort (HR 0.48)
and in the female patients (HR 0.35) for extremities vs. trunk. The comparison of extremities
vs. head and neck region was statistically significant when comparing the whole cohort,
but only a tendency when separated by sex. There was no significant difference between
localization in the head and neck region compared to the trunk (Table 2).

Table 2. Overall survival comparison between primary tumor site.

Parameters
Extremities vs. Trunk Extremities vs. H&N H&N vs. Trunk

Cohort Females Males Cohort Females Males Cohort Females Males

Hazard 0.48 0.35 0.88 0.53 0.52 0.48 0.9 0.65 1.6

C.I. 95% 0.23–
0.97

0.12–
1.02

0.31–
2.4

0.32–
0.87

0.24–
1.11

0.21–
1.08

0.47–
1.7

0.24–
1.7

0.65–
4.3

P 0.03 0.05 ns 0.034 ns ns ns ns ns
HR, Hazard ratio; CI, confidence interval; ns, not significant.

2.2. MCPyV-Status and Overall Survival

Tumor samples from 54 patients (47%) were available for the detection of MCPyV
in tumor tissue (Table 1). In these samples, 74% were positive and 26% negative. The
distribution by sex was similar: 72% positive and 28% negative in the female patients and
76% positive and 24% negative in the male patients. A comparison between male and
female patients for the risk to die due to MCPyV status is shown in Table 3. Among the
54 MCC patients with MCPyV status, there was no difference in the risk for negative or
positive patients. However, male patients with virus-negative MCC had an increased risk
for death compared to male patients with virus-positive tumors (HR 3.6; 95% CI, 1.2–10;
p = 0.018). Using Kaplan–Meier survival analysis, a better survival was also observed in
the MCPyV positive male patients (Figure 2). Female patients’ viral status had no impact
on OS in this analysis (Table 3).
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Table 3. Hazard ratios by Cox–Mantel regression analysis comparing MCPyV negative vs. positive
filtered by sex.

Sample
MCPyV Negative vs. Positive

HR 95% C.I. p-Value

MCPyV cohort (n = 54) 1.3 0.65–2.6 ns
Females (n = 29) 0.84 0.32–2.2 ns
Males (n = 25) 3.6 1.2–10 0.018

HR, hazard ratio; CI, confidence interval; ns, not significant.

Figure 2. Overall survival analysis in male patients in relation to MCPyV status. Kaplan–Meier plots illustrating overall
survival (OS) in (a) male and in (b) female patients with MCPyV-positive (black) or MCPyV-negative (red) tumor tissue,
p = 0.001.

2.3. Treatment and Overall Survival

In this cohort, 66 (58%) patients were treated with surgery alone and 47 (42%) patients
received radiotherapy in a variety of regimens (Table 1).

Patients who received adjuvant RT after surgery had a significant benefit for survival
(p = 0.0001) (Figure 3a). No difference was detected between male and female patients
(Figure 3b,c).

In addition, we analyzed the efficacy of radiotherapy in cases where relapse was
detected. For this reason, the patients were divided into three subgroups considering the
total amount of radiation (palliative and adjuvant) received during their disease process
(never exposed to RT, RT < 50 Gy and RT ≥ 50 Gy) (Figure 3d–f).

Patients who received ≥50 Gy had a better outcome compared to patients who re-
ceived a lower dose. The latter group did not differ from patients who never received
radiation and this tendency was most explicit in the female group of patients.

Univariate and multivariate analysis of the risk (Cox–Mantel) was performed on the
clinical variable collected and summarized in a forest plot (Figure 4). The figure summarizes
the findings of the prognostic variables investigated, where younger age, tumor location
on extremity and radiotherapy treatment were associated with a better outcome, while
male sex was a factor for a worse outcome and increased risk for death.
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Figure 3. Overall survival in patients receiving surgery alone, a combination of surgery and adjuvant radiotherapy (RT),
as well as radiation doses (a–c). Comparisons of overall survival between patients treated with surgery alone (red) and
surgery plus adjuvant RT (black) in: (a) the entire cohort, p = 0.0001; (b) female patients only, p = 0.002; and (c) male patients
only, p = 0.03. (d–f) Comparisons of overall survival among patients treated with radiation ≥50 Gy (black), <50 Gy (red)
and patients never exposed to radiotherapy (blue) in: (d) the entire cohort, p = 0.0001; (e) only female, p = 0.0005; and (f)
only male patients, p = 0.07.

 

Figure 4. Forest plot for the hazard ratio of the clinical variables and MCPyV-status. * For both sexes, differences are shown
in Table 2. ** For both sexes, differences are shown in Table 3.
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3. Discussion

In this study, we reviewed clinical data and outcomes for 113 MCC patients from
the Stockholm region who were referred to the Karolinska University Hospital in Stock-
holm, Sweden. The rarity of MCC makes the relatively small number a large cohort by
Nordic standards and to our knowledge the largest historical cohort with clinical outcomes
described in Sweden. We utilized data from patient hospital records and cause of death
registry, as well as MCPyV status available in tumor tissue. The data were correlated to
overall survival and sex in addition to treatment received.

In our cohort, we show a better overall survival in patients receiving adjuvant RT after
surgery compared to patients who were treated with surgery alone.

Adjuvant RT for MCC has been used in selected cases since the 1970s at Karolinska
University Hospital; however, it was only since the late 1980s that a definite treatment
schedule has been applied for adjuvant purposes. Very little is presented in the literature
in this respect. Despite all the limitations, most retrospective analyses show with rela-
tively clear consensus that adjuvant RT reduces recurrence [25–27], and only two other
studies have shown a positive impact on overall survival [28,29]. Both studies are large
retrospective MCC cohorts investigating the benefit of adjuvant RT. Chen et al. analyzed
4815 patients with MCC in the head and neck region and showed a survival benefit from
adjuvant RT in patients with narrow surgery margins, large tumors and male sex [28].
Bhatia et al. analyzed 6908 patients and reported a benefit both for local recurrence and
overall survival in patients with stage I and II disease, but not stage III [29]. Our results
show that patients receiving radiotherapy had a clear survival benefit compared to patients
who received surgery alone. In our much smaller cohort, we clearly see a survival benefit
in both male and female patients receiving adjuvant RT > 50 Gy. Patients who received
<50 Gy were most likely offered radiotherapy with palliative intent, which may be the rea-
son for their much worse prognosis. Even though the number of patients was insufficient
to analyze any benefit for patients in different clinical stages, our results strengthen the
international consensus that MCC patients should be offered adjuvant RT.

Our findings also show that female patients, regardless of MCPyV status, had a
significantly improved OS compared to male patients. This finding is also supported by a
recent report from an analysis of a large cohort of MCC cases in the US [15].

Previous analysis has shown an inconsistency of the prognostic traits of MCPyV; some
studies have shown that patients with MCPyV-positive tumors have a more favorable
outcome, whereas others have either found it to be unclear or even prognostically unfavor-
able [10–12,30–33]. MCPyV-positivity and better outcome was a trend in our material, but
the results were non-significant. Interestingly, when we made a multivariate analysis with
sex and MCPyV-status, we found that the male patients with MCPyV-negative tumors
had the worst outcome and a significantly higher risk for death compared to male patients
with MCPyV positive tumors (HR 3.6). The MCPyV status of female patients did not affect
outcome in our cohort. This novel finding may serve as a prognostic marker, where male
patients and especially virus negative ones, could benefit from closer clinical monitoring
and evaluation after primary treatment.

The differences in MCPyV-positive and negative MCC have been extensively re-
searched [34], some even going as far as suggesting that MCPyV-negative MCC does not
exist [35]. Our findings in gender differences in outcome may add another dimension to
previous findings.

Considering the immunogenicity of MCC, however, one may raise the question
of whether these differences in outcome of the patients regarding sex could be due to
different immune responses between men and women. Several publications [36–39] have
explored both the difference in outcome of immunotherapy treatment between men and
women, but also the differences in immune response between the sexes [38]. Given the
immunogenicity of MCC, additional studies of immunological markers, such as CD8+
lymphocyte infiltration, MHC class I expression and HLA-genotype would be of interest
to further shed light on the sex differences in the immune response. The novel treatment
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options of immunotherapy for MCC and the reports of the differences in immune response
between male and female indicates that sex may play a role in the future treatment options
for these patients.

Male sex has been described as an independent risk factor for developing MCC [1,2].
However, in our cohort, we found a shift towards female patients (64%). Similar re-
sults have recently been reported from a Finnish study where female patients constituted
65% [40]. The increased incidence in female patients in a Swedish cohort was also previ-
ously discussed by Zaar et al. [6] who calculated the age adjusted incidence as higher in
male patients. This finding may suggest that there are differences in the sex distribution in
the older populations between the Nordic countries compared to the cohorts previously
described. It does not, however, explain the differences in outcome between male and
female patients discussed above.

Another clinical parameter that had an impact on OS was age, which unsurprisingly
showed a better OS in younger patients (19–69) compared to older patients (>70). The
distribution of men and women in these groups was somewhat uneven, however the
impact on our findings should be limited considering the median age was higher for the
female group compared to the male group (79 and 76 years, respectively). Clinical stage
could also have an impact on OS; however, these groups were evenly distributed between
the sexes (Table 1). Clinical stage in itself did not show a statistically significant difference in
OS (not shown), however this may be due to the limited number of stage III patients (n = 14,
Table 1) who all received adjuvant RT which may have a positive impact on their outcome.

The most common anatomical location for the primary tumor was in the head and
neck region (47%) and the next most common anatomical location was the upper extremi-
ties (21%), which are consistent with other publications and no difference between men
and women [14,34,41].

We acknowledge several limitations of this historic cohort analysis. The main limi-
tation is the sample size due to the rare nature of MCC, however these findings still add
insight to several important prognostic traits in curative patients with MCC.

4. Materials and Methods

4.1. Patient Selection

Patients diagnosed with MCC and referred to the plastic surgery unit at Karolinska
University Hospital from 1987 until the end of 2019 were included in the study. Patients
underwent primary surgery alone with additional scar excision and with wide margins or
were assessed for adjuvant RT at the Onco-Radiation Therapy department of the hospital.
Start date was set to the day of surgery. Censor date was set to death date or end-date of
the study, 31 December 2019.

The pathology evaluation and diagnosis were mainly performed or reviewed by
pathologists at Karolinska University Hospital at the time of diagnosis.

Survival data and given treatment were retrieved from patient hospital records, pathol-
ogy reports, population registry and the Swedish cause of death registry. Largest diameter
of the primary tumor was identified in patient records prior to surgery or from pathology
reports. Tumor stage was assessed according to the 8th edition consensus staging system
by the American Joint committee on Cancer (AJCC) published in 2017.

The study was conducted in accordance with ethical approval Dnr 2019-05951 ap-
proved by the Ethics Review Board (Etikprövningsnämnden) in Sweden.

4.2. Surgery

Patients with MCC stage I and II underwent radical tumor excision, preferably of
1–2 cm in margin down to muscle fascia, pericondrium or periosteum. The aim of surgery
is to achieve free margins.
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4.3. Radiotherapy Treatment

Radiotherapy as a treatment option for MCC has been a tradition at the Oncology and
Radiotherapy department at Karolinska since the 1970s and post-operative radiotherapy
has been widely used. Established practice is to offer 2 Gy per fraction, 5 fractions per week
up to a total dose of 50 Gy or more. Bolus is used in selected cases to achieve adequate
doses in the skin. Common margins have been 1–3 cm. For patients with microscopically
or macroscopically positive margins a total dose of 56–66 Gy have been given. When
radiotherapy treatment is given after relapse, doses vary depending on indication.

4.4. McPyV Analysis

MCPyV analyses were made by MCPyV LT immunohistochemistry using CM2B4
(Santa Cruz Biotechnology, Dallas, TX) or Ab3 (gift from Dr. J.A. DeCaprio) antibody and
PCR detection of MCPyV DNA in tumor samples, as previously described [42]. The virus
status of 40 patients was characterized in previous studies [42–44] and 14 patients were
characterized in this study.

4.5. Statistical Analysis

Descriptive statistics for nominal or numeric variables was applied. When required
distribution differences and correlations between categorical data were compared with
the χ2 test and ordinal data with the Spearman Rank’s test. This was used to examine
relationships between patient’s demographics, clinical variables and biomarkers. Student
t-test was used to compare mean values. Survival analysis was performed using the
Kaplan–Meier method and differences in survival were tested with the log-rank test.
Cox–Mantel regression was used in the univariate and multivariate analyses. The results
were considered significant if p ≤ 0.05. Calculations were performed with the program
StatView™ for Windows, SAS Institute Inc. Version 5.0.1. The Forest Plot presentation was
performed using MedCalc™ program version 19.1.

5. Conclusions

Our data confirm the positive impact of RT on survival in a Swedish MCC cohort.
Our findings also show not only that women have a better prognosis, but also that men
with virus negative MCC have the worst outcome. Our findings thus indicate that MCPyV
positive and negative MCC act as two different diseases and raise questions of whether
there is a difference in the disease itself or the immune response towards MCC in male and
female patients.
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Simple Summary: Merkel cell polyomavirus, a recently discovered human virus, is linked to the
development of a rare form of skin cancer called Merkel cell carcinoma. The virus does not replicate
in cancer cells, yet there is continued expression of viral proteins known as T antigens. The T antigens
are believed to contribute to Merkel cell carcinoma development, yet how they do so remains an
active area of research. In this study, we used transgenic mice expressing the viral T antigens in
their skin to determine at which stage of skin cancer development these viral proteins function.
We discovered that the Merkel cell polyomavirus T antigens function as tumor promoters, rather than
tumor initiators, in the skin. These findings suggest that other tumor-initiating events may cooperate
with the tumor-promoting activities of the viral T antigens, thus providing important insight into
how Merkel cell polyomavirus can cause cancer in human skin.

Abstract: Merkel cell polyomavirus (MCPyV) causes the majority of human Merkel cell carcinomas
(MCC), a rare but highly aggressive form of skin cancer. We recently reported that constitutive
expression of MCC tumor-derived MCPyV tumor (T) antigens in the skin of transgenic mice leads to
hyperplasia, increased proliferation, and spontaneous epithelial tumor development. We sought to
evaluate how the MCPyV T antigens contribute to tumor formation in vivo using a classical, multi-
stage model for squamous cell carcinoma development. In this model, two chemical carcinogens,
DMBA and TPA, contribute to two distinct phases of carcinogenesis—initiation and promotion,
respectively—that are required for tumors to develop. By treating the MCPyV transgenic mice with
each chemical carcinogen, we determined how the viral oncogenes contributed to carcinogenesis.
We observed that the MCPyV T antigens synergized with the tumor initiator DMBA, but not with the
tumor promoter TPA, cause tumors. Therefore, the MCPyV tumor antigens function primarily as
tumor promoters, similar to that seen with human papillomavirus (HPV) oncoproteins. These stud-
ies provide insight into the role of MCPyV T antigen expression in tumor formation in vivo and
contribute to our understanding of how MCPyV may function as a human DNA tumor virus.

Keywords: Merkel cell polyomavirus; Merkel cell carcinoma; skin carcinogenesis; T antigens; human
polyomaviruses; DNA tumor viruses; viral oncoproteins

1. Introduction

Viruses are the etiological agents of at least 15% of human cancers worldwide [1].
Several viruses with a double-stranded DNA genome, including adenoviruses, papillo-
maviruses, herpesviruses, and polyomaviruses, possess oncogenic activities in a variety of
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in vitro and in vivo settings [2]. These DNA tumor viruses have significantly contributed
to our understanding of viral oncogenesis and have facilitated many advances in molecular
biology and cancer research (reviewed in [2,3]). Given the strong causal relationship of
high-risk human papillomaviruses (HPVs) and gamma herpesviruses with human can-
cers [4,5], these viruses have largely dominated much of the DNA tumor virus research
landscape in recent decades. However, the recent discoveries of multiple human poly-
omaviruses, including one that causes a human skin cancer, have reinvigorated interest in
the study of this family of DNA tumor viruses [6].

Merkel cell carcinoma (MCC) was first described in 1972 [7]. Although relatively rare,
MCC is one of the most aggressive skin cancers, with a high mortality rate [8]. MCC inci-
dence is predicted to rise dramatically in the coming years due to an increase in the aging
population [9]. In addition to advanced age, there are several known risk factors for MCC
development, including light-colored skin, ultraviolet (UV) light exposure, and immuno-
suppression [10,11]. The association with immunosuppression prompted researchers to
question whether MCC has a viral etiology. Merkel cell polyomavirus (MCPyV or MCV)
was discovered in 2008 through digital transcriptome subtraction, which identified unique,
non-human sequences present in human MCC tissues that were subsequently determined
to be those of a previously unidentified polyomavirus [12]. MCPyV infection is ubiquitous,
largely asymptomatic, and occurs during early childhood [13–20]. While the exact cell tar-
geted for infection remains undetermined, MCPyV most likely exhibits cutaneous tropism
for a cell type residing in the skin. MCPyV can be detected in skin swabs of healthy indi-
viduals [21] and there is current in vitro evidence that MCPyV can infect and/or replicate
in keratinocytes and dermal fibroblasts [22–26].

In at least 80% of MCCs, the MCPyV genome is clonally integrated into the genomic
DNA of tumor cells with an integration pattern that frequently preserves the early region
of the viral genome [12]. This integration pattern facilitates continued expression of the
MCPyV early viral proteins known as tumor (T) antigens, and more specifically the small
tumor (ST) and large tumor (LT) antigens [12], both of which have been implicated in
transformation/tumorigenesis using in vitro and in vivo studies [27–34]. Within MCC
cells, mutations are consistently found within integrated MCPyV DNA genomes that
result in expression of truncated forms of LT protein [30,35]. While these C-terminal LT
truncations prevent the virus from replicating in the tumor cells, truncated LT proteins
retain the LXCXE motif that mediates binding to and inactivation of the cellular tumor
suppressor pRb critical in cell cycle regulation [30,36]. ST is also expressed in MCC [37,38]
and has oncogenic activity in a variety of assays. MCPyV ST, either alone or in combination
with LT, can transform rodent and human fibroblasts in vitro [27–29,38] and is tumorigenic
in murine skin [31–34]. Therefore, MCPyV viral genome integration in MCC cells preserves
expression of viral proteins with oncogenic activity. To date, MCPyV is the only known
polyomavirus to cause cancer in humans.

Several lines of evidence point to MCPyV causing MCC. Integration of the MCPyV
genome in MCC cells appears to be an early event in neoplastic progression, as evidenced
by clonal integration patterns within individual MCCs and shared integration patterns
with distant metastases [12,37,39]. Within MCC tumor cells, viral genome copy numbers
generally average at least 1 viral genome copy per cell [39–43], a finding that further
supports causality. The importance of the MCPyV ST and truncated LT antigens to MCC
oncogenesis is underscored by their retained expression in MCC tumors [37,38,44,45].
Continued expression of the MCPyV T antigens is required for MCC survival and optimal
cell growth and proliferation [27,41,46], and the truncated LT and its ability to bind pRb
appears to be particularly important in this regard [27,36,47,48]. Recent reports suggest
that MCPyV-truncated LT antigen helps drive transdifferentiation of presumably MCPyV-
infected MCC precursor cells, at least in part through an ability to increase expression of the
Merkel cell specification factor atonal homolog 1 (ATOH1) [49,50]. Expression of survivin
(BIRC5), an anti-apoptotic gene, is increased by LT in vitro [51] and is also elevated in
the skin of transgenic mice expressing the MCPyV T antigens [32]. In transgenic mouse
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models, combined expression of MCPyV ST and ATOH1 in squamous epithelial cells
induces intraepidermal MCC-like lesions [33]. In our transgenic mouse model, epithelial
expression of the MCPyV ST and truncated LT antigens induces hyperplasia, proliferation,
and spontaneous tumor development [32]. Furthermore, MCPyV T antigen expression in
epithelial cells induces Merkel cell-related gene expression and Merkel cell phenotypes [52].
There are also several other potentially oncogenic functions of the MCPyV T antigens [53].
Overall, the collective evidence that MCPyV contributes to MCC carcinogenesis is ample
and continues to grow.

In this study, we sought insight into how MCPyV T antigens cause tumors using a
well-validated and widely used multi-stage model of skin carcinogenesis. This model
involves the topical application of chemical carcinogens that function as tumor initiators
or tumor promoters and thus allow one to define the role of genes or factors in discrete
stages of cutaneous tumor development [54,55]. The skin of experimental laboratory
animals is treated with a subcarcinogenic dose of a tumor initiator, 7,12-dimethylbenz[a]-
anthracene (DMBA), or a tumor promoter, 12-O-tetradecanoylphorbol-13-acetate (TPA), or
a combination of both. Skin tumorigenesis requires both tumor initiation and promotion,
and malignancy requires progression. If transgenic mice develop tumors after only being
treated with TPA (a promoter), this indicates that the transgene product functions as a tumor
initiator. Likewise, if tumors develop after only being treated with DMBA (an initiator),
this indicates that the transgene product functions as a tumor promoter. Treatment with
both DMBA and TPA allows investigation into the role of the transgene in malignant
progression. Our laboratory has used this approach, sometimes referred to as a ‘skin
painting’ or DMBA/TPA model, to determine the tumorigenic functions of high-risk
human papillomavirus oncogenes E5, E6, and E7 [56,57]. In this study, we used MCPyV
transgenic mice that express ST and truncated LT antigens in the stratified epithelia and
discovered that the MCPyV T antigens can synergize with DMBA, a tumor initiator, to
promote tumorigenesis, but do not synergize with TPA, a tumor promoter. Therefore, our
results indicate that the MCPyV T antigens function primarily as tumor promoters, and not
tumor initiators, in murine skin. These results provide insight into potential mechanisms by
which the MCPyV T antigens contribute to MCC neoplastic progression and carcinogenesis.

2. Results

2.1. Model Validation and Experimental Overview of Studies to Determine the Role of the MCPyV
T Antigens in Skin Carcinogenesis

We previously reported that keratin 14 (K14) promoter-driven expression of MCC
tumor-derived MCPyV small T and truncated LT antigens in murine skin promotes severe
epithelial phenotypes [32]. These K14Cre-MCPyV168 transgenic mice also spontaneously
develop benign epithelial tumors on their skin. Prior to beginning our studies, we sought to
verify that our current colony of K14Cre-MCPyV168 transgenic mice replicate the epithelial
tumorigenesis phenotype that we previously observed. Therefore, K14Cre-MCPyV168
transgenic mice (n = 42) were monitored over the course of 28 weeks and scored for tumor
development. Consistent with previous observations, K14Cre-MCPyV168 mice developed
overt phenotypes and approximately 38% (n = 16/42) of mice developed benign epithelial
skin tumors at some point during the 28 week period (Figure 1A, left). Consistent with
our previous observations, MCPyV T antigen-induced skin tumors contained hyperplastic
epithelia and histopathology indicative of non-invasive exophytic lesions with varying
degrees of dysplasia (benign papillomas) (Figure 1A, right). While the observed incidence
of spontaneous tumor development was slightly lower than our previously reported
observations (46% incidence; n = 16/35) [32], it was not significantly different (p = 0.64;
Fisher’s Exact Test). These findings indicated that the MCPyV T antigens expressed in
K14Cre-MCPyV168 transgenic mice were functioning as expected and allowed us to move
forward with our study.
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Figure 1. Model validation and experimental overview to determine the role of the MCPyV T antigens in skin carcinogenesis.
(A) Spontaneous tumor development in untreated K14Cre-MCPyV168 transgenic mice. The pie chart on the left reflects
the percentage of K14Cre-MCPyV168 mice that did (gray) or did not (black) develop spontaneous tumors. Representative
H&E-stained images are shown on the right. Normal skin from Rosa26-LSL-MCPyV168 mice is shown on top, and sections
from two representative spontaneous squamous papillomas that developed on K14Cre-MCPyV168 mice are shown in the
middle and bottom panels. All scale bars = 100 μM. (B) Experimental overview of DMBA and TPA treatment regimens in
skin carcinogenesis studies. At 4–6 weeks of age, areas of dorsal skin were shaved and prepared in three groups of mice:
Rosa26-LSL-MCPyV168, K14E6/E7, and K14Cre-MCPyV168. For mice treated with DMBA only, a one-time topical treatment
was applied to the shaved dorsal skin. For mice treated with TPA only, topical treatment was performed twice a week for 20
weeks. For DMBA+TPA treatment, these topical treatments were combined. Mice were monitored for tumor development
every 2 weeks during the 20 week treatment period. The average number of tumors per mouse per group was quantified at
each time point.

To determine the role of the MCPyV T antigens in skin cancer development, we
utilized a multi-stage model of skin carcinogenesis that allows one to determine the role of
genes in three stages: initiation, promotion, and progression [54,55]. In this model, murine
skin is treated with a subcarcinogenic dose of a tumor initiator, 7,12-dimethylbenz[a]-
anthracene (DMBA), or a tumor promoter, 12-O-tetradecanoylphorbol-13-acetate (TPA),
or a combination of both. Skin tumorigenesis requires both tumor initiation and promotion,
and malignancy requires progression. The ability of a gene or transgene to act as a tumor
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promoter or initiator in the skin can be elucidated by treating mice with DMBA only or TPA
only, respectively. For instance, if transgenic mice develop tumors after only being treated
with TPA (a promoter), this indicates that the transgene product functions as a tumor
initiator. Likewise, if transgenic mice develop tumors after only being treated with DMBA
(an initiator), this indicates that the transgene product functions as a tumor promoter.
Transgenic mice treated with both DMBA and TPA allows investigation into the role of the
transgene in malignant progression.

In these studies, we included three groups of mice: (1) Rosa26-LSL-MCPyV168 that
do not express Cre recombinase and therefore do not express the MCPyV T antigens as a
negative control, (2) K14E6/E7 HPV16 transgenic mice that have been previously tested
using the DMBA/TPA model and therefore serve as a positive control [57], and (3) K14Cre-
MCPyV168 transgenic mice expressing the MCPyV T antigens in K14-positive cells of
the stratified epithelia. These mice were separated into three different treatment groups:
(1) TPA only, (2) DMBA only, and (3) DMBA+TPA (Table 1). We also included a group of
untreated K14Cre-MCPyV168 mice to monitor the background level of spontaneous tumor
development. At 4–6 weeks old, a region of the dorsal skin was shaved to prepare an
area for topical treatment. Following the experimental design, we previously used for
skin painting studies of HPV16 transgenic mice [56,57], the shaved area of skin of mice
in the DMBA-only treatment group was treated topically one time with 0.3 μmol DMBA,
and mice in the DMBA+TPA treatment group were treated once with 0.01 μmol DMBA.
One week later, mice in the TPA-only and DMBA+TPA treatment groups were treated
topically with 15 nmol TPA twice a week for 20 weeks (Figure 1B). All mice were evaluated
every 2 weeks for the development of squamous papillomas within the treatment area.

Table 1. Overview of treatment groups and number of mice per group at study onset and endpoint.
Starting number of mice per each treatment group and genotype are shown. The number of mice
remaining at 20 weeks post-DMBA treatment is shown in parentheses. Any change in the number of
mice per group is accounted for in statistical tests at each time point.

Experimental Group
Treatment

TPA Only DMBA Only DMBA+TPA No Treatment

ROSA26-LSL-MCPyV168 17 22 (18) 23 (19) 0

K14Cre-MCPyV168 12 14 17 (16) 28 (22)

K14E6/E7 13 10 22 (16) 0

2.2. The MCPyV T Antigens Function as Tumor Promoters, Not Initiators, in Murine Skin

We hypothesized that, if the MCPyV T antigens are able to function as tumor initiators
in murine skin, then TPA-treated K14Cre-MCPyV168 mice will develop significantly more
tumors than their untreated counterparts and TPA-treated Rosa26-LSL-MCPyV168 mice.
To determine whether the MCPyV T antigens function as tumor initiators, we treated
groups of Rosa26-LSL-MCPyV168 (n = 17), K14E6/E7 (n = 13), and K14Cre-MCPyV168
(n = 12) with TPA only (15 nmol) twice a week for 20 weeks (Figure 1B). We also in-
cluded a group of untreated K14Cre-MCPyV168 mice (n = 28) to monitor the incidence
of spontaneous tumor development over time. As expected, the negative control Rosa26-
LSL-MCPyV168 mice did not develop any tumors throughout the course of treatment
(Figure 2A; blue line). In TPA only treated K14E6/E7 mice, we observed three total tumors
over the course of treatment (1 each at 4, 18, and 20 weeks post-treatment; Figure 2A;
red line), a tumor incidence level that was not significantly higher from that observed in
the Rosa26-LSL-MCPyV168 mice (Wilcoxon rank-sum test; all p-values >0.2). These find-
ings indicate that the HPV16 E6 and E7 oncogenes do not function as tumor initiators,
consistent with our previous studies [57]. In TPA only treated K14Cre-MCPyV168 mice,
we observed a significantly higher tumor incidence compared to Rosa26-LSL-MCPyV con-
trol mice only at 20 weeks post-treatment (Figure 2A; p-value = 0.05). However, this
significant increase in tumor incidence likely reflects spontaneous tumor development
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in MCPyV transgenic mice, as there was no significant difference in tumor incidence be-
tween untreated and TPA-treated K14Cre-MCPyV168 mice at this time point (p = 0.43).
At no point during the treatment period did the tumor incidence in TPA only treated
K14Cre-MCPyV168 differ significantly from the spontaneous tumor development observed
in untreated K14Cre-MCPyV168 mice (Figure 2A; black line; all p-values > 0.13). Together,
these data indicate that MCC tumor-derived MCPyV T antigens do not function as tumor
initiators in murine skin.

We next tested whether the MCPyV T antigens could function as tumor promoters
in murine skin. We hypothesized that, if the MCPyV T antigens are able to function
as tumor promoters in murine skin, then DMBA-treated K14Cre-MCPyV168 mice will
develop significantly more tumors than their untreated counterparts and DMBA-treated
Rosa26-LSL-MCPyV168 mice. We previously found that the HPV16 E6 and E7 oncoproteins
function as tumor promoters in murine skin [57]. Therefore, tumor incidence in K14E6/E7
mice should be significantly higher than in DMBA-treated Rosa26-LSL-MCPyV168 mice
and similar to the number of tumors in the DMBA-treated K14Cre-MCPyV168 transgenic
mice, should the MCPyV T antigens function as tumor promoters. Groups of Rosa26-
LSL-MCPyV168 (n = 22), K14E6/E7 (n = 10), and K14Cre-MCPyV168 (n = 14) mice were
treated with a single dose (0.3 μmol) of the tumor initiator DMBA and monitored for tumor
development every 2 weeks for 20 weeks (Figure 1B, Figure 2B). Tumor incidence data
from the group of untreated K14Cre-MCPyV168 mice (n = 28) was included in order to
compare the incidence of spontaneous tumor development over time with DMBA-induced
tumors. There were no significant differences among any of the groups between 0 and
12 weeks post-DMBA treatment (Figure 2B). At 14 weeks post-treatment, the number of
tumors in K14E6/E7 mice rose to a level significantly higher than Rosa26-LSL-MCPyV168
mice (p = 0.02). Starting at 16 weeks and continuing until the endpoint of 20 weeks post-
treatment, the average number of tumors per mouse in DMBA-treated K14E6/E7 mice (red
line) and DMBA-treated K14Cre-MCPyV168 mice (green line) increased significantly over
DMBA-treated Rosa26-LSL-MCPyV168 mice (blue line) (Figure 2B; K14E6/E7 and K14Cre-
MCPyV168 versus Rosa26-LSL-MCPyV168 mice, all p-values < 0.0005). The tumor numbers
in the DMBA-treated K14Cre-MCPyV168 mice at 16, 18, and 20 weeks post-infection were
all significantly higher than the number of spontaneously arising tumors in untreated
K14Cre-MCPyV168 mice (black line; 16 weeks, p = 0.0004; 18 weeks, p = 1 × 10−5; 20 weeks,
p = 1.5 × 10−5), indicating that the elevated average number of tumors in DMBA-treated
MCPyV transgenic mice was a consequence of carcinogen treatment. At no point during
the treatment period did the number of tumors differ significantly between DMBA-treated
K14E6/E7 and DMBA-treated K14Cre-MCPyV168 mice (all p-values >0.08). Taken together,
these results indicate that the MCPyV T antigens, like the high-risk HPV16 oncoproteins,
function as tumor promoters in murine skin.
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Figure 2. The MCPyV T antigens function as tumor promoters, not initiators, in murine skin and synergize with chemical
carcinogens to exacerbate skin tumorigenesis. Groups of Rosa26-LSL-MCPyV168 (blue data points), K14E6/E7 (red data
points), and K14Cre-MCPyV168 (green data points) mice were treated topically with (A) 15 nmol of TPA twice a week
for 20 weeks, (B) one time with 0.3 μmol DMBA, or (C) treated one time with 0.01 μmol DMBA and then twice a week
for 20 weeks with 15 nmol TPA. Tumor incidence over time in an untreated group of K14Cre-MCPyV168 mice is also
included (black data points). At each time point, the average number of tumors/mouse in each group was calculated
by dividing the total number of tumors by the total number of mice in each group. Group sizes were adjusted when
necessary. A two-sided Wilcoxon rank-sum test was performed on data from each time point to compare the average
number of tumors per mouse. Statistical significance is indicated with an asterisk for the comparisons indicated in the
figure. Statistical significance indicated in (A) black asterisk: K14Cre-MCPyV168 No Treatment vs. Rosa26-LSL-MCPyV168
p = 0.05; green asterisk: K14Cre-MCPyV168 vs. Rosa26-LSL-MCPyV16 p = 0.05; (B) black asterisk: K14Cre-MCPyV168 No
Treatment vs. K14Cre-MCPyV168 Treated p < 0.0004; red asterisk: K14E6/E7 vs. Rosa26-LSL-MCPyV168 p < 0.03; green
asterisk: K14Cre-MCPyV168 vs. Rosa26-LSL-MCPyV168 p < 2 × 10−5; (C) black asterisk: K14Cre-MCPyV168 No Treatment
vs. K14Cre-MCPyV168 Treated p < 1.6x10−9; red asterisk: K14E6/E7 vs. Rosa26-LSL-MCPyV168 p < 0.008; green asterisk:
K14Cre-MCPyV168 vs. Rosa26-LSL-MCPyV168 p < 0.04. The number of mice per group is indicated in Table 1. Error bars
indicate standard deviation.
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2.3. The MCPyV T Antigens Synergize with Chemical Carcinogens to Exacerbate Skin
Tumorigenesis

To determine the relative contribution of viral genes and carcinogens to malignant
progression, animals were treated with both tumor-initiating and -promoting chemicals
(DMBA and TPA, respectively). This dual treatment will induce tumor formation even in
non-transgenic murine skin. Tumor-bearing mice were then held for an additional period of
time to monitor for progression of benign tumors to cancer. However, prior to this holding
period, we analyzed whether the MCPyV T antigens can synergize with DMBA and TPA
to exacerbate tumorigenesis. Groups of Rosa26-LSL-MCPyV168 (n = 23), K14E6/E7 (n = 17),
and K14Cre-MCPyV168 (n = 12) were treated once with 0.01 μmol DMBA and then twice a
week with 15 nmol TPA for 20 weeks (dual carcinogen-treated, Figure 1B). The number
of tumors was recorded every two weeks and the average number of tumors per mouse
calculated at each time point (Figure 2C). In all groups of dual carcinogen-treated mice, the
number of tumors began to rise at 10 weeks post-treatment. The average number of tumors
in dual carcinogen-treated K14Cre-MCPyV168 mice was significantly higher than in the
dual carcinogen-treated Rosa26-LSL-MCPyV168 mice at all time points between 10 and 20
weeks post-treatment (all p-values < 0.04). This significant increase in the average number
of tumors compared to dual carcinogen-treated Rosa26-LSL-MCPyV168 mice was similar in
the dual carcinogen-treated K14E6/E7 mice (all p-values < 0.008). However, despite these
similarities, the difference between dual carcinogen-treated Rosa26-LSL-MCPyV168 and
dual carcinogen-treated K14E6/E7 mice was generally more highly significant, especially
between 10 and 14 weeks post-treatment, than the difference between dual carcinogen-
treated Rosa26-LSL-MCPyV168 and dual carcinogen-treated K14Cre-MCPyV168 mice. At 12
weeks post-DMBA treatment, the average number of tumors in dual carcinogen-treated
K14E6/E7 mice was significantly higher than the number in dual carcinogen-treated K14Cre-
MCPyV168 mice (p = 0.03), and the difference between these two groups trended towards
significance at both 10 weeks (p = 0.07) and 12 weeks (0.09) post-DMBA treatment. However,
towards the end of the treatment period at 16, 18, and 20 weeks, the average number of
tumors present in dual carcinogen-treated K14E6/E7 and dual carcinogen-treated K14Cre-
MCPyV168 mice was statistically indistinguishable (16 weeks, p = 0.51; 18 weeks, p = 0.38;
20 weeks, p = 0.79). At all time points between 10 and 20 weeks, the number of tumors that
developed in dual carcinogen-treated K14Cre-MCPyV168 mice was significantly higher
than in untreated controls (all p-values <1.6 × 10−9). These results indicate that the MCPyV
T antigens synergize with chemical carcinogens to promote tumorigenesis, and do so at a
level similar to that of the high-risk HPV16 E6 and E7 oncoproteins.

2.4. Assessment of Malignant Progression

To evaluate malignant progression, mice in the dual carcinogen (DMBA + TPA)-treated
group normally are held for an additional 20 weeks following completion of the TPA treat-
ment to allow time for malignant progression to occur [57]. At the end of this 20 week
holding period, tissues were harvested and evaluated for histopathological disease and pro-
gression to squamous cell carcinoma (SCC). In this study, several mice developed excessive
tumor burden that necessitated humane euthanasia of many of the mice, particularly in the
dual carcinogen-treated K14E6/E7 and dual carcinogen-treated K14Cre-MCPyV168 groups,
well ahead of the 20 week hold period. This compromised our ability to monitor for malig-
nant progression. Nevertheless, we did analyze the histopathology and scored for worst
disease in tumors harvested 5 weeks into the holding period from dual carcinogen-treated
Rosa26-LSL-MCPyV168 mice (n = 24 foci from n = 8 mice), dual carcinogen-treated K14E6/E7
mice (n = 20 foci from n = 6 mice), and dual carcinogen-treated K14Cre-MCPyV168 mice
(n = 26 foci from n = 7 mice). Each tumor/foci was scored as having either No Disease,
Squamous Dysplasia Grade 1 (mild), Squamous Dysplasia Grade 2 (moderate), Squamous
Dysplasia Grade 3 (severe), Squamous Cell Carcinoma (SCC) Grade 1 (well differenti-
ated), SCC Grade 2 (moderately differentiated), or SCC Grade 3 (poorly differentiated)
(Table 2, Figure 3).
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Table 2. Histopathological scoring of disease in tumors arising on murine skin after treatment with chemical carcinogens.
After completing 20 weeks of TPA treatment following one-time treatment with DMBA, mice were held for an additional 5
weeks to monitor malignant progression. The number of mice and total tumors/foci evaluated is indicated in parentheses.
The number of foci scored as having each disease grade is indicated for each group of mice.

Disease Grade

Experimental Groups

R26-LSL-MCPyV168
(n = 8 mice, n = 24 foci)

K14E6/E7
(n = 6 mice, n = 20 foci)

K14Cre-MCPyV168
(n = 7 mice, n = 26 foci)

Dysplasia Grade 1 12 6 14
Dysplasia Grade 2 4 6 4
Dysplasia Grade 3 0 2 2

SCC Grade 1 8 4 6
SCC Grade 2 0 1 0
SCC Grade 3 0 1 0

In dual carcinogen-treated Rosa26-LSL-MCPyV168 mice, 67% of tumors (n = 16/24)
progressed to precancerous dysplasia (n = 12 Dysplasia Grade 1, n = 4 Dysplasia Grade 2)
and the remaining 33% of tumors (n = 8/24) had progressed to SCC Grade 1 within the 5
week holding period (Figure 3A). There was little difference between the disease that devel-
oped in dual carcinogen-treated Rosa26-LSL-MCPyV168 mice and dual carcinogen-treated
K14Cre-MCPyV168 mice. Nearly 77% of tumors evaluated from dual carcinogen-treated
K14Cre-MCPyV168 mice had progressed to dysplasia (n = 14 Dysplasia Grade 1, n = 4
Dysplasia Grade 2, n = 2 Dysplasia Grade 3) and the remaining 23% (n = 6/26) of tumors
had progressed to SCC Grade 1 (Figure 3A). There was no statistically significant difference
between the overall disease severity in dual carcinogen-treated Rosa26-LSL-MCPyV168
and dual carcinogen-treated K14Cre-MCPyV168 mice (p = 0.68). In dual carcinogen-treated
K14E6/E7 mice, 70% of tumors progressed to dysplasia (n = 6 Dysplasia Grade 1, n = 6 Dys-
plasia Grade 2, n = 2 Dysplasia Grade 3). While around the same percentage of tumors from
dual carcinogen-treated K14E6/E7 mice progressed to SCC (30%; n = 6/20) as in the other
groups of mice, the SCC grade of severity was slightly elevated such that we identified
some tumors that progressed to SCC Grade 1 (n = 4/20), SCC Grade 2 (n = 1/20) and SCC
Grade 3 (n = 1/20) (Figure 3A). However, the overall disease severity in dual carcinogen-
treated K14E6/E7 mice was not significantly higher than that in dual carcinogen-treated
Rosa26-LSL-MCPyV168 mice (p = 0.33) or dual carcinogen-treated K14Cre-MCPyV168 mice
(p = 0.17). Representative histology of worst disease that developed after 5 weeks hold
in each group of mice is shown in Figure 3B. We conclude that the MCPyV T antigens
do not acutely contribute to significant malignant progression, at least within 5 weeks
following DMBA+TPA treatment. We were able to hold one dual carcinogen-treated
K14Cre-MCPyV168 mouse for a total of 8 weeks post-treatment (Figure 3C). Of the 5 total
foci we evaluated from this single mouse, 60% (n = 3/5) were dysplastic and 40% (n = 2)
developed into invasive SCCs. One cancer was scored as SCC Grade 1 and the other was
scored as SCC Grade 3. Therefore, we have reason to believe that, had we been able to hold
the mice longer, we might have observed a contribution of MCPyV T antigens to malignant
progression.
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Figure 3. Assessment of malignant progression. (A) After the 20 week DMBA+TPA treatment period,
tumor-bearing Rosa26-LSL-MCPyV168, K14E6/E, and K14Cre-MCPyV168 mice were held without
further treatment for an additional 5 weeks. Skin was harvested, sectioned into 5 μM sections and
placed on glass slides, and stained with hematoxylin and eosin (H&E). Tissues were evaluated for
histopathological disease. Each foci/tumor evaluated was given a score for worst disease among
the following grades: Dysplasia Grade 1, Dysplasia Grade 2, Dysplasia Grade 3, Squamous Cell
Carcinoma (SCC) Grade 1, SCC Grade 2, or SCC Grade 3. The number of foci with each disease
score in each group of mice is indicated in the bar graph. The overall disease severity between
groups was not statistically significant (two-sided Wilcoxon rank-sum test; all p-values > 0.17 for all
comparisons). (B) Representative H&E-stained images of tissue sections from tumors harvested from
DMBA+TPA-treated Rosa26-LSL-MCPyV168, K14E6/E7, and K14Cre-MCPyV168 mice after 5 weeks
hold. Images show representative examples of worst disease state present in each treatment group.
All scale bars = 100 μM. (C) Representative H&E-stained images of tissue sections from tumors
harvested from a DMBA+TPA-treated K14Cre-MCPyV168 mouse after 8 weeks hold. Images show
representative examples of worst disease state present. All scale bars = 100 μM.
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3. Discussion

In this study, we evaluated how the MCPyV T antigens function within discrete stages
of tumorigenesis in murine skin using a classical multi-stage model of squamous cell
carcinoma development. In this model, both tumor-initiating and -promoting functions are
needed for skin tumorigenesis in murine skin and resulting tumors can undergo malignant
progression to cancer [55]. We found that MCPyV transgenic mice treated with the tumor
promoter TPA failed to give rise to an increased number of tumors relative to the number
that spontaneously develop on the skin of K14Cre-MCPyV168 mice (Figure 1, Figure 2A).
Conversely, there was a significant increase in tumor development in MCPyV transgenic
mice treated with the tumor initiator DMBA and tumor development occurred at a level
similar to that observed in HPV16 transgenic mice (Figure 2B). We also found that the
MCPyV T antigens synergized with dual carcinogen treatment to significantly exacerbate
skin tumor development, again to a level similar to HPV16 oncoproteins (Figure 2C).
Finally, although we were unable to complete our studies on malignant progression as
planned, we found some evidence that MCPyV T antigen expression in K14Cre-MCPyV168
mice could contribute to malignant progression but did not significantly do so within the
abbreviated time period of our study (Figure 3). In total, our results demonstrate that MCC
tumor-derived MCPyV T antigens function as tumor promoters, and not tumor initiators,
in murine skin.

Our finding that MCPyV T antigens function in tumor promotion, but not initiation,
raises the question: what factor(s) drive tumor initiation to give rise to MCPyV-positive
MCC? We believe there are several possibilities for initiating events during MCPyV-induced
MCC pathogenesis. One possibility is MCPyV genome integration, a hypothesis presented
in the initial report on MCPyV’s discovery [12]. In a recent study, Starrett and colleagues
found that MCPyV genome integration is associated with host genome amplifications and
copy number variations (CNVs), similar to what is observed with other integrated onco-
genic viruses like HPV [58,59], which the authors speculated could cause genomic instabil-
ity. Therefore, MCPyV viral genome integration may initiate tumorigenesis by potentiating
these potentially mutagenic events. In light of this proposed model of integration-induced
tumor initiation by DNA tumor viruses, it is interesting that we also saw no evidence of
tumor-initiating roles for the high-risk HPV16 oncogenes E5 [56], E6, or E7 [57] in our trans-
genic models. Notably, none of our HPV transgenic models nor our MCPyV transgenic
model are infection models and do not involve the process of viral genome integration.
Our murine models, therefore, effectively obscure any role of viral genome integration in
genomic instability and tumor initiation. Nevertheless, viral genome integration is one
possible mechanism of tumor initiation during MCC pathogenesis.

Another possibility is that the MCPyV T antigens themselves may contribute to tumor
initiation, either through inherent functions or within certain contexts. For instance, the
C terminus of the MCPyV full-length LT antigen induces DNA damage and genomic
instability during in vitro MCPyV infection [60]. It is unclear when this DNA damage-
inducing domain is lost during MCC pathogenesis, although there is evidence that LT
truncation occurs before or during integration [61], thus allowing a window of time for
LT-induced host genomic instability. ST can induce several chromosomal abnormalities,
such as aneuploidy, chromosomal breaks, and micronuclei, in transduced fibroblasts and in
ST transgenic mice [62]. Theoretically, ST could also function as a tumor initiator through
its association with MYCL and the chromatin remodeling complex EP400, which leads
to increased transcription of several pro-oncogenic genes [63]. One such gene is MDM4,
which acts with MDM2 to cause p53 ubiquitination and subsequent degradation [64].
There is also evidence that ST expression in the epidermis initiates MCC-like lesions
in murine skin, but only when expressed in keratinocytes that are also expressing the
Merkel cell specification factor ATOH1 [33]. It is also possible that there is a heretofore
unappreciated co-carcinogenic factor that contributes to the initiation events in MCPyV+
MCC. Therefore, the MCPyV T antigens may require cooperation with additional co-factors
and/or precise conditions to function as tumor initiators in the complex environment of
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the skin. This hypothesis seems plausible given the ubiquitous nature of MCPyV infection,
yet rare incidence of MCC, in the human population.

It is possible that host factors contribute to tumor initiation during MCC pathogenesis.
It is now well established that MCPyV-negative and MCPyV-positive MCC tumor cells
contain significantly different mutational landscapes in their host genomes [58,59,65–67].
MCPyV-negative MCCs are characterized by an abundance of mutations that bear signa-
tures consistent with UV-mediated mutagenesis, whereas MCPyV-positive MCCs have a
low overall mutational burden. While these findings seem to imply that the contribution
of somatic mutations to tumor initiation in MCPyV-positive MCC is minor, there may
be random or rare mutational events in driver genes whose likelihood to arise over time
is increased by the hyperproliferative effects of the MCPyV T antigens. Potential driver
mutations have been identified in MCPyV-positive MCCs, with one study finding such
mutations in approximately 30% of tumors [67]. For instance, activating gene mutations
in the phosphatidyl-3-kinase/AKT/mammalian target of rapamycin (PI3K/AKT/mTOR)
pathway are found in MCCs. Activating mutations in AKT1, PIK3CA, and HRAS and loss
of function mutations in genes that act as negative regulators of the pathway, such as PTEN
and TSC1, have been detected by multiple groups in MCPyV-positive MCCs [65,67–71].
Along these lines, it is interesting to note that DMBA, the tumor-initiating chemical car-
cinogen used in this study, is thought to act as a tumor initiator by inducing activating
mutations in HRAS [72]. We therefore speculate that such DMBA-induced mutations may
imitate at least one of the tumor-initiating somatic driver mutations found in MCPyV-
induced MCCs, which could then cooperate with the tumor-promoting functions of the
MCPyV T antigens to drive tumorigenesis. Interestingly, we have evidence that activat-
ing PI3K mutations are sufficient to drive tumorigenesis in HPV16 transgenic mice [73].
In a model of HPV-positive anal cancer, DMBA treatment and the HPV oncogenes serve
the tumor initiator and tumor promoter roles, respectively [74]. However, an activating
mutation in PIK3CA was sufficient to drive anal carcinogenesis in HPV16 transgenic mice
without DMBA administration [73]. Therefore, it is reasonable to hypothesize that such
driver mutations can also cooperate with the tumor-promoting activity of the MCPyV T
antigens in a similar way during MCC pathogenesis.

The multi-stage carcinogenesis model used in this study is an eminent model used to
investigate the development of tumors of epithelial origin, most notably squamous cell
carcinoma [54,75]. The cellular origin of MCC remains unclear, as does the cell type infected
by MCPyV, and both are active areas of research (reviewed in [76]). Despite similarities in
gene expression signatures, biomarkers, and histology, Merkel cells are post-mitotic [77]
and quite rare within the skin and therefore themselves seem an unlikely precursor to MCC.
The current paradigm suggests that MCPyV-positive MCCs derive from an infected pre-
cursor cell type that has yet to be identified. Some possibilities include dermal fibroblasts,
which can support MCPyV infection and replication in vitro [24], lymphoid pre/pro-B
cells [78], and neuronal cells [50]. However, growing evidence supports an epithelial cell of
origin. Merkel cells arise from epidermal progenitor cells [77,79] and ectopic expression of
the Merkel cell specification factor atonal homolog 1 (ATOH1) in epithelial cells induces
Merkel cell development [80]. Interestingly, MCPyV LT expression in keratinocytes has
been observed to not only increase ATOH1 expression [50] but also prevent its degrada-
tion [52]. Furthermore, combined expression of the MCPyV T antigens and cellular genes
GLI1 or ATOH1 induces Merkel cell-like phenotypes in vitro [52] and MCC-like lesions
in vivo [33], respectively. A recent study reported sequencing evidence that a MCPyV-
positive MCC was derived from an epithelial lineage [81]. While it is possible that the
T antigen functions differ in other potential MCC precursor cell types, our evaluation of
MCPyV T antigen function in epithelial tumorigenesis determined that these viral proteins
function as tumor promoters when their expression is targeted to one likely MCC precursor
cell population, K14-positive epithelial cells.

Throughout the course of our studies with K14Cre-MCPyV168 transgenic mice, we
continue to observe considerable similarities between the activities of keratin 14-driven
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expression of the MCPyV T antigens and the high-risk HPV16 oncoproteins E6 and E7.
During our initial characterization of MCPyV transgenic mice, we found that the MCPyV
T antigens induced epithelial hyperplasia, cellular proliferation, and E2F-dependent gene
expression to the same extent as HPV16 E6 and E7 [32]. Here, we have observed that the
MCPyV T antigens and HPV16 oncoproteins act in very similar ways in a model of skin
carcinogenesis. The HPV oncoproteins, particularly E5 and E7, function as tumor pro-
moters in murine skin [56,57], while E6 primarily functions in malignant progression [57].
We included K14E6/E7 transgenic mice in our study, to compare findings to those obtained
with the MCPyV transgenic mice, and discovered that the MCPyV T antigens also function
as tumor promoters. The tumor incidence in K14Cre-MCPyV168 mice largely mirrored that
in K14E6/E7 mice following DMBA-only treatment (Figure 2B), and the same was true when
both transgenic lines were treated with DMBA+TPA (Figure 2C). These similarities seem to
reflect the often overlapping, parallel functions of oncogenic DNA tumor virus proteins [2].
A few observations may suggest that the HPV16 oncoproteins are slightly more potent
tumor promoters than the MCPyV T antigens. For instance, tumor incidence in DMBA only
treated animals rose to a level significantly higher than the negative control group slightly
faster in K14E6/E7 mice than in K14Cre-MCPyV168 mice (14 versus 16 weeks, respectively;
Figure 2B). While the number of tumors in both groups were significantly higher than
in Rosa26-LSL-MCPyV168 mice, the number of tumors in DMBA+TPA-treated K14E6/E7
mice were more highly significant than in DMBA+TPA-treated K14Cre-MCPyV168 mice
(Figure 2C). Finally, some of the tumors present in DMBA+TPA-treated K14E6/E7 mice
progressed to a more advanced grade of SCC within the limited 5 week holding period than
did tumors in DMBA+TPA-treated K14Cre-MCPyV168 mice, though the overall severity of
disease was not significantly different (Figure 3), which may reflect the actions of E6 in the
progression stage [57]. Therefore, while there are functional similarities between epithelial
expression of the MCPyV T antigens and HPV16 oncoproteins, there may still be important
differences in their underlying mechanisms and/or potency.

There remain several outstanding questions related to the specific role of the MCPyV T
antigens in MCC pathogenesis that are raised by our study. For instance, there is still a great
deal to learn about the individual and cooperative roles of the truncated LT and ST antigens
in MCCs. Both T antigens are expressed in the K14Cre-MCPyV168 mice used in this study,
and it would be interesting to test the role of the individual MCC tumor-derived T antigens
using the multi-stage model of skin carcinogenesis. The difficulty we encountered in
evaluating malignant progression in our study left us with an unsatisfying level of insight
regarding the role of MCPyV T antigens in this stage of carcinogenesis. Because this model
is so well studied and utilized, there are several identified areas for optimization related
to treatment dose and duration that we can explore in future studies that may increase
our ability to study malignant progression [54]. Given its association with MCC [11], we
could also adapt this model to study the role of ultraviolet light exposure in MCPyV-
associated tumorigenesis and whether it functions more as a mutagen [58,65,67,71] or as an
immunosuppressive or immunomodulatory agent [82] in this process. The development of
MCPyV transgenic mice provide ample opportunities to further explore the underlying
mechanisms of the MCPyV T antigens in MCC pathogenesis and neoplastic progression.

4. Materials and Methods

4.1. Animals

The MCPyV transgenic mice, named ROSA26-LSL-MCPyV168, have been described
previously [32]. Briefly, the MCPyV early region, isolated from MCC tumor specimen
MCCw168 (MCPyV168; GenBank: KC426954.1), was cloned into vectors containing a
LoxP-stop-LoxP cassette (LSL) and the pROSA26PA plasmid. These conditional ROSA26-
LSL-MCPyV168 mice were crossed with transgenic mice expressing Cre recombinase driven
by the human keratin 14 (Krt14 or K14) promoter (K14Cre) to generate K14Cre-MCPyV168
mice. The K14E6/E7 bitransgenic mice included in this study express the HPV16 E6 and
E7 oncogenes driven by the K14 promoter and have been described previously [83,84].
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All mice were maintained on the FVB/N genetic background. All animal experiments
were performed in full compliance with standards outlined in the Guide for the Care and
Use of Laboratory Animals by the Laboratory Animal Resources (LAR) as specified by
the Animal Welfare Act (AWA) and Office of Laboratory Animal Welfare (OLAW) and
approved by the Governing Board of the National Research Council (NRC). Mice were
housed at the McArdle Laboratory Animal Care Unit in strict accordance with guidelines
approved by the Association for Assessment of Laboratory Animal Care (AALAC), at the
University of Wisconsin Medical School. All protocols for animal work were approved by
the University of Wisconsin Medical School Institutional Animal Care and Use Committee
(IACUC; protocol number M005871).

4.2. Genotyping

All transgenic mice used in these studies were verified by PCR genotyping. Genomic
DNA was isolated from tail snips and resuspended in water. Separate PCR reactions
were used to identify the wild-type or recombined ROSA26 allele, presence of the Cre
recombinase gene, and the E6/E7 transgenes. PCR products were evaluated using agarose
gel electrophoresis. The following primers were used for genotyping: P1 (5′-AAA GTC
GCT CTG AGT TGT TAT-3′), P2 (5′-GCG AAG AGT TTG TCC TCA-3′) and P3 (5′-AGC
GGG AGA AAT GGA TAT-3′) specific for the ROSA26 allele; 3069 (5′-TTC CTC AGG
AGT GTC TTC GC-3′) and 3070 (5′-GTC CAT GTC CTT CCT GAA GC-3′) for K14Cre;
Oligo-2 (5′-GCA TGA CAG CTG GGT TTC TCT ACG-3′) and E6TTL (5′-GCT TAG TTA
ACT AAT GCA AAC-3′) for E7, and E7TTL (5′- AGC CTT AGT TAA CTA ACA TTA C-3′)
and 709-4 (5′-CCC GGA TCC TAC CTG CAG GAT CAG CCA TG-3′) for E6. All primers
were synthesized by Integrated DNA Technologies (Coralville, IA, USA).

4.3. Skin Carcinogenesis Studies

At 4 to 6 weeks of age, the dorsal area of mice was shaved to create an area for topical
carcinogen treatment and the animals divided into three groups. One group of mice (TPA
only) was treated with 12-O-tetradecanoylphorbol-13-acetate (TPA), a promoting agent.
The skin of these mice was topically treated with 15 nmol TPA, dissolved in acetone, twice
weekly for 20 weeks. Another group of mice (DMBA only) were topically treated once with
0.3 μmol 7,12-dimethylbenz[a]-anthracene (DMBA), an initiating carcinogen, also dissolved
in acetone. The third group of mice (DMBA+TPA) was topically treated with 0.01 μmol
DMBA and one week later, the same skin region was topically treated with 15 nmol TPA
twice weekly for 20 weeks. We also included an additional group of K14Cre-MCPyV168
mice that were left untreated to serve as a baseline control for the number of tumors these
mice spontaneously develop over time [32]. All mice were examined every 2 weeks for
tumors, and the average number of gross tumors per mouse was calculated at each time
point.

To evaluate malignant progression, mice that had been treated with DMBA+TPA were
held following treatment completion and mice were not treated in any way during this time.
While the original protocol used in our laboratory to study malignant progression prescribes
a 20 week hold, we were only able to hold mice for 5 weeks due to excessive tumor burden
in K14E6/E7 and K14Cre-MCPyV168 mice. At the end of 5 weeks, skin was harvested, fixed
in 4% paraformaldehyde, and embedded in paraffin. All tissue sections were prepared
by an experienced histotechnologist by cutting 5 μM serial sections from the paraffin
blocks and placing on glass slides. Every 10th section was stained with hematoxylin and
eosin (H&E) to facilitate histopathological analysis. At least 20 tumors, or foci, from each
group of DMBA+TPA-treated mice held for 5 weeks were selected for histopathological
analysis. Each tumor/foci was assessed for squamous dysplasia and keratinizing invasive
squamous cell carcinoma according to the standard histopathologic criteria as having No
Disease, Squamous Dysplasia Grade 1 (mild), Squamous Dysplasia Grade 2 (moderate),
Squamous Dysplasia Grade 3 (severe), Invasive Squamous Cell Carcinoma (SCC) Grade
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1 (well differentiated), SCC Grade 2 (moderately differentiated), or SCC Grade 3 (poorly
differentiated).

4.4. Statistical Analysis

The average number of tumors per mouse was calculated by dividing the total number
of tumors present within a given group of animals by the total number of animals present
per group at the indicated time point. If animals dropped out of the experiment, either by
morbidity due to advanced age or required euthanasia for excessive tumor burden, the
group size was adjusted accordingly. Data were compiled and graphs generated using
the GraphPad Prism program (Version 8.4.3; last accessed 30 October 2020). A two-sided
Wilcoxon rank-sum test was used to compare the average number of tumors per mouse
between groups at each time point. To compare disease severity, each histopathological
grade was assigned a rank (No Disease = 0, Dysplasia Grade 1 = 1, Dysplasia Grade 2 = 2,
Dysplasia Grade 3 = 3, SCC Grade 1 = 4, SCC Grade 2 = 5, and SCC Grade 3 = 6) and then
analyzed using a two-sided Wilcoxon rank-sum test. Statistical analysis was performed
using MSTAT statistical software version 6.6.1 (https://oncology.wisc.edu/mstat/; last
accessed 21 October 2020).

5. Conclusions

The causal relationship between MCPyV and MCC represents the first association of a
human polyomavirus with human cancer. Understanding the role of this newly discovered
DNA tumor virus and its viral proteins in the pathogenesis of MCC is critical to identifying
prevention and therapeutic approaches to this aggressive and lethal cutaneous cancer.
We have recently developed and characterized a MCPyV transgenic murine model that
involves the targeted expression of MCC tumor-derived MCPyV-truncated LT and ST
antigens to epithelial cells of murine skin [32]. In the study presented here, we utilized
these transgenic mice to determine the role of the MCPyV T antigens in different stages of
skin carcinogenesis. This well-validated, multi-stage model of skin cancer development
uses topical application of chemical carcinogens to identify the role of genes and factors in
tumor initiation, tumor promotion, and malignant progression. We found that the MCPyV
T antigens function as tumor promoters, and not tumor initiators, in murine skin. The
functions of the MCPyV T antigens in this in vivo assay closely mirrored the actions of
viral oncoproteins from another DNA tumor virus, HPV16. It is possible that the MCPyV T
antigens function differently in other potential MCC precursor cell types or when expressed
under certain conditions within the milieu of human skin. However, in the context of
epithelial tumorigenesis, these observations suggest that other factors likely contribute
to tumor initiation and cooperate with the tumor-promoting functions of the MCPyV T
antigens during MCC development.
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Abstract: Merkel cell carcinoma (MCC) is an aggressive skin cancer frequently caused by the
Merkel cell polyomavirus (MCPyV). It is still under discussion, in which cells viral integration
and MCC development occurs. Recently, we demonstrated that a virus-positive MCC derived
from a trichoblastoma, an epithelial neoplasia bearing Merkel cell (MC) differentiation potential.
Accordingly, we hypothesized that MC progenitors may represent an origin of MCPyV-positive
MCC. To sustain this hypothesis, phenotypic comparison of trichoblastomas and physiologic human
MC progenitors was conducted revealing GLI family zinc finger 1 (GLI1), Keratin 17 (KRT 17),
and SRY-box transcription factor 9 (SOX9) expressions in both subsets. Furthermore, GLI1 expression
in keratinocytes induced transcription of the MC marker SOX2 supporting a role of GLI1 in human MC
differentiation. To assess a possible contribution of the MCPyV T antigens (TA) to the development
of an MC-like phenotype, human keratinocytes were transduced with TA. While this led only to
induction of KRT8, an early MC marker, combined GLI1 and TA expression gave rise to a more
advanced MC phenotype with SOX2, KRT8, and KRT20 expression. Finally, we demonstrated
MCPyV-large T antigens’ capacity to inhibit the degradation of the MC master regulator Atonal
bHLH transcription factor 1 (ATOH1). In conclusion, our report suggests that MCPyV TA contribute
to the acquisition of an MC-like phenotype in epithelial cells.

Cancers 2020, 12, 1989; doi:10.3390/cancers12071989 www.mdpi.com/journal/cancers
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1. Introduction

Merkel cell carcinoma (MCC) is an aggressive cutaneous neoplasm with a five-year overall
survival rate of 40% [1]. Morphologically, MCC tumor cells display small cell carcinoma features and
express both neuroendocrine and epithelial markers. In 2008, Feng et al. detected the sequence of a
hitherto unknown polyomavirus integrated in the genomes of MCC tumor cells [2]. Subsequent studies
revealed that approximately 80% of MCC cases are Merkel cell polyomavirus (MCPyV)-positive,
and expression of the two viral T antigens (TA) (small T (sT) and large T antigens (LT)) are considered
as the main drivers for carcinogenesis and growth of such tumors [2]. Interestingly, while several
candidates, such as epithelial cells, fibroblasts, neuronal progenitors, or B cells, have been proposed,
the nature of the cells giving rise to MCC following infection remains unknown [3–6].

Based on close phenotypic similarities, the eponymous Merkel cell (MC) was initially regarded as
the most probable cell of origin of MCC. MCs can be found either in the appendages of the skin or in the
basal layer of the epidermis. They function as mechanoreceptors capable of transmitting tactile stimuli onto
Aβ-afferent nerve endings [7]. In mice and humans, MCs can be distinguished immunohistochemically from
other intra-epidermal cells by positivity for the SRY-box transcription factor 2 (SOX2) and cytokeratins (KRT)
8, 18, and 20, which sequentially appear during MC differentiation and are also expressed by MCC [8–12].

For a long time, it was a matter of debate whether MCs develop from the neural crest or from
the epidermal lineage [13]. Based on genetic mouse models, it is now widely accepted that MCs
derive from epidermal progenitors in mammals [12,14,15] and that the transcription factor atonal
homolog 1 (Atoh1) is the master regulator of this differentiation process [12,16,17]. While ectopic
Atoh1 expression can induce MC differentiation throughout the epidermis of transgenic mice [3],
physiological MC development preferentially occurs in hair follicles and in specialized structures
named “touch domes” where the epithelial progenitors of MCs are located [18,19]. A critical step for
MC differentiation in mice hairy skin is that these progenitors come into contact with dermal nerves
leading to activation of the sonic hedgehog pathway (SHH) and subsequent GLI family zinc finger 1
(Gli1) expression [18,19]. Further markers characterizing these Gli1-expressing progenitors in mice are
Krt17 [18], Sox9 [20], and CD200 [21], while only one study has shown KRT17 expression in human
“touch dome” keratinocytes [22]. Notably, a high tumorigenic potential has been demonstrated for
this cell population in transgenic models [23]. Therefore, these MCs’ epithelial progenitors, which
remain poorly characterized in humans, are one potential candidate for MCC origin [24]. In contrast,
due to lack of proliferative activity [25] and insensitiveness to oncogenic stimuli including ectopic TA
expression [26], differentiated MCs are regarded as unlikely to be transformable [4].

Besides MCC, a second tumor entity known as trichoblastoma (TB) harbors cells with an MC
phenotype. In this regard, TB as a benign epithelial skin tumor displaying hair follicle differentiation [27]
is mainly composed of germinative basaloid cells, but is also characterized by sparse intra-tumoral
MC cells. The latter probably reflects a preserved potential of TB cells to act as epithelial progenitors
and, therefore, to differentiate into MCs [28–30]. Applying massive parallel sequencing on a combined
tumor consisting of MCC and TB components, we recently demonstrated that MCPyV integration
in a TB cell gave rise to an MCPyV-positive MCC [31] indicating that an MCPyV-positive MCC can
arise from an epithelial cell. Moreover, the phenotypical similarities between TB and physiologic
hair follicles, where MC progenitors are preferentially located, further support epithelial progenitors
with intrinsic MC differentiation potential as possible ancestry for MCPyV-induced MCC [31]. In the
present study, we first expanded characterization of such MC progenitors in humans and then aimed
to evaluate how the viral T antigens might contribute to the development of an MC-like phenotype in
this population using GLI1-expressing keratinocytes as a model system.
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2. Results

2.1. MCs Are Often Located in Appendage Structures in Human Skin

MC development has mainly been characterized in mouse models [9,12,14]. Hence, in a first
set of experiments, we used immunohistochemistry to compare the MC differentiation process under
physiological conditions as well as in the tumor setting in humans. We started with characterizing the MC
lineage by assessing physiological density and location of MCs in a set of 15 samples from three human
autopsy skin specimens (Figure 1A,B, Figure S1, Table S1). Mean MC density, regardless of the location,
was 50 cells/mm2 of epidermis, and head and neck as well as acral skin were enriched in MCs compared
to the other sites (density = 55 and 104 MCs/mm2, respectively). Moreover, MCs were often located in
appendage structures (72% of all observed MCs), i.e., either hair follicles or sweat glands, as depicted in
Figure 1B, Figure S1. Of note, contrary to previous reports, some dermal MCs were observed (Figure S1).

Figure 1. Merkel cells and possible Merkel cell progenitors in human skin. (A) Keratin 20 (KRT20),
SRY-box transcription factor 2 (SOX2), KRT8, and KRT18 staining was used to identify Merkel cells
(MCs) (bar = 100 μm) (only one hotspot investigated for illustration purpose). Merged analysis is
available in Figure S1B. (B) Identification of potential MC progenitors in human skin: Three MC
hotspots as well as interfollicular epidermis for comparison are depicted (bar = 100 μm) (15 hotspots
investigated in total). Immunohistochemical staining revealed expression of KRT17 and SOX9 in the
epidermal cells surrounding differentiated MCs suggesting that these cells are MC progenitors. Nuclear
GLI family zinc finger 1 (GLI1) was detected only close to MC hotspots in hairy, but not in acral skin.
Of note, neurofilament (NF)-expressing dermal nerves were observed in contact with the MCs.
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2.2. Cells with an MC Progenitor Phenotype Characterized by GLI1 Expression are Found in Close Proximity of
MCs in Human Hairy Skin

Since MC epithelial progenitors can be expected to be found preferentially in regions enriched for
MCs, we focused on the following on MC hotspots [18,22]. Such areas enriched in KRT20-positive
MCs were mostly observed in hair follicles (52% of cases) or in junctions between eccrine sweat
ducts and the overlying epidermis (36%). In the latter case, MCs were surrounded by clusters of
verticalized basal keratinocytes resembling structures reported as “touch domes” [22] (Figure 1B,
Figure S1, Table S1). Slides of MC hotspots were subsequently stained for the epithelial progenitor
markers GLI1, SOX9, and KRT17, revealing that epidermal cells surrounding MCs—in contrast to the
rest of the epidermis—were characterized by nuclear GLI1 expression and positivity for the stem cell
markers KRT17 and SOX9 (Figure 1B, Figure S1). In mice, Gli1-expressing keratinocytes in the hair
follicle have been identified as MC progenitors [17–20]. Hence, our results demonstrate that also in
human hairy skin an equivalent GLI1-positive population is preferentially located in the hair follicle.

2.3. GLI1 Expression in Keratinocytes Induces MC Lineage Markers

To evaluate a role of GLI1 expression in the establishment of the MC lineage in human epithelial
cells, we used primary normal human epidermal keratinocytes (NHEK) as model system (Figure S2).
These cells were transduced with a lentiviral vector encoding GLI1. Gene expression analysis after
14 days revealed an increase of the MC lineage markers SOX2 (110-fold compared to the empty vector
control, p = 0.002) and KRT8 (4-fold, p = 0.05) in those cells (Figure 2A). Moreover, in GLI1-transduced
cells KRT17 and SOX9 messenger RNA (mRNA) levels were found to be slightly elevated (2-fold),
which, however, did not reach statistical significance. On protein level, we observed increased
expression levels of SOX2 upon GLI1 expression by immunocytochemistry and immunoblot (Figure 2B,
Figure S3A,B). Additional immunostainings suggested enhanced KRT17 and SOX9 expression in
GLI1-transduced NHEK, while no expression of the additional MC markers KRT8 or KRT20 was
observed (Figure 2B, Figure S3). The discrepancy between induction of mRNA and lack of KRT8 protein
in immunostaining upon GLI1 expression might be explained by protein levels below the detection
limit of the antibody used. Nevertheless, together, these results suggest that GLI1, the executor of
the sonic hedgehog pathway, is capable of initiating the first step of MC differentiation via SOX2
induction [6,9].

2.4. MC-Progenitor and MC Markers Are Expressed in Trichoblastoma and Merkel Cell Carcinoma

Next, we assessed how the markers defining the MC differentiation status are distributed in the two
tumor entities harboring MC-like cells, i.e., TB and MCC. In five out of six MC containing interpretable
TBs, we detected sparse SOX2-positive intra-tumoral cells. As typical for trichoblastoma, these expected
“MCs” represented only a minority of cells dispersed within a vast majority of germinative tumor cells
displaying a MC progenitor phenotype, and may be explained by germinative TB cells undergoing MC
differentiation [30,32]. In line with this view and in line with the necessity of active hedgehog pathway
signaling for potential MC differentiation in human epithelial cells [9,18], widespread nuclear GLI1
expression in the germinative cells was detectable in seven out of eight TB specimens (Table 1, Table S2,
Figure S4A). Furthermore, diffuse expression of the GLI1 target genes, SOX9 and KRT17, was observed
in germinative cells of all TB cases (Table 1, Table S2, Figure S4A). In conclusion, these results further
substantiate known similarities between MCs’ epithelial progenitors and TB cells. In light of our
previous report of an MCPyV-positive MCC arising from a TB cell [31], these observations further
suggest such MC epithelial progenitors as a potential origin of MCPyV-induced MCC.
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Figure 2. Ectopic GLI1 expression in primary human epidermal keratinocytes induces several MC
lineage markers: Normal human epidermal keratinocytes (NHEK) were infected with a lentiviral vector
coding for GLI1 and puromycin resistance. Following antibiotic selection, cells were harvested after
14 days of cultivation. (A) Immunoblot analysis was performed to confirm GLI1 expression (insert),
and isolated RNA was subjected to complementary DNA (cDNA) synthesis and real-time PCR. Relative
messenger RNA (mRNA) expression levels of the indicated Merkel cell lineage markers are given as
mean (+ standard error of the mean (SEM)) of four independent experiments (* p value < 0.05, paired
t test) (mean CT value of the controls was used as reference). (B) Expression of GLI1, the MC progenitor
(KRT17, SOX9) and the MC markers (SOX2, KRT8, and KRT20) was assessed by immunohistochemistry
and relative protein expression quantification was performed on at least 1000 cells/condition using
ImageJ software. Results are displayed as box and whiskers diagram with median, Q1, and Q3,
as well as first and 99th percentile. These results were confirmed by two additional independent
experiments (immunostaining and immunoblot) as shown in Figure S3. Uncropped membranes and
Western blot signal quantifications are available in Figures S8 and S9, respectively.
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Table 1. Expression of Merkel cell progenitor markers in trichoblastoma (n = 8) and Merkel cell
carcinoma (n = 103).

MC Progenitor Markers TB (n = 8 Cases) MCC (n = 103 Cases)

GLI1
Negative 1 (13%) 60 (67%)

Positive (nuclear) 7 (87%) 29 (33%)
No data available 0 14

KRT17
Negative 0 94 (100%)

Positive (cytoplasmic) 8 (100%) 0
No data available 0 9

SOX9
Negative 0 7 (8%)

Dot-like (cytoplasmic) 0 59 (64%)
Patchy (nuclear) 0 26 (28%)
Diffuse (nuclear) 8 (100%) 0
No data available 0 11

MC markers TB MCC

SOX2
Negative 1 (17%) 2 (2%)

Positive (nuclear) 5 (83%) 94 (98%)
No data available 2 7

KRT20
Negative 0 8

Diffuse (cytoplasmic) 8 (100%) 2
Mixed (cytoplasmic) 0 66

Dot-like pattern (cytoplasmic) 0 19
No data available 0 8

KRT: Cytokeratin; GLI1: GLI family zinc finger 1; MC: Merkel cell; MCC: Merkel cell carcinoma; SOX2: SRY-box
transcription factor 2; SOX9: SRY-box 9, TB: Trichoblastoma. Representative photos of SOX9 expression patterns are
available in Figure S3. Results are given as numbers and percentage of interpretable cases.

While in TB a mixture of cells with either epithelial progenitor or MC phenotype is present,
almost all MCC tumor cells display a phenotype of mature MC. Indeed, in a previous study we
observed 100, 99, and 92% of MCC cases with widespread positivity for the MC markers KRT8,
18, and 20, respectively [33,34]. Accordingly, in the present work, diffuse and strong nuclear positivity
for SOX2 was detected in almost all analyzed MCC tumors (98%). While the MC progenitor marker
KRT17 was not detectable (Table 1, Figure S4A), GLI1 and SOX9 nuclear expression, representing
the active forms of these transcription factors, were detected in 33% and 28% of cases, respectively
(Table 1, Table S2). Moreover, such findings were more frequently observed in MCPyV-negative than
in MCPyV-positive cases (GLI1: 52 versus 24%, p < 0.03; SOX9 nuclear positivity: 81 versus 10%,
p < 10−9, respectively) (Figure S4B,C, Table S3), suggesting that MCPyV presence is associated with a
more mature MC phenotype.

2.5. T Antigens Can Trigger Early MC Differentiation Marker Expression in Epidermal Cells

On the supposition that MCC arises upon integration of MCPyV in a cell of the MC lineage,
the virus might either hit an already determined MC cell or might trigger or promote the acquisition of
the MC phenotype in an epithelial progenitor. To investigate a possible contribution of the MCPyV
TAs to the development of an MC phenotype, sT and truncated LT were ectopically expressed in
NHEK (Figure 3A). Notably, while cells could not be immortalized by the viral proteins, significant
morphologic changes with reduction of cell size were observed upon TA expression (Figure 3A).
Gene expression analysis after two weeks revealed an increase of mRNAs coding for early MC
differentiation markers (KRT8 p = 0.02 and KRT18 p = 0.02), while the keratinocyte marker KRT14 was
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slightly reduced upon TA expression (p = 0.09) (Figure 2B). Induction of KRT8 upon TA expression in
NHEKs was confirmed by immunoblot and immunocytochemical staining, while no expression of
SOX2 or KRT20 was observed in three independent experiments (Figure 3C,D, Figure S5). Interestingly,
in situ KRT8 staining of TA-expressing NHEK demonstrated that expression of this marker was
restricted to a subpopulation of cells with small-medium size and round shape (Figure 3C).

Figure 3. T antigens induce expression of some early MC differentiation markers in primary human
keratinocytes. A: NHEKs were infected with a lentiviral vector coding for small T (sT) and truncated
Large T (LT) as well as a puromycin resistance. Following antibiotic selection, cells were analyzed after
14 days of cultivation. (A) Immunoblot analysis confirmed LT expression, and microscopic inspection
revealed a less-flattened phenotype and cultures reaching much higher densities. Under microscopic
examination such cells harbored reduced cytoplasmic size compared to the controls, as confirmed using
imageJ software (bar = 100 μm) (* p value < 0.05, Mann–Whitney U test, n = 3 independent experiments).
(B) Relative mRNA levels of the indicated Merkel cell differentiation markers (* p value < 0.05, paired
t test, n = 4 independent experiments), (C) Immunoblot demonstrated T antigens (TA)-induced KRT8
protein expression and immunohistochemistry additionally revealed KRT8 expression is restricted to a
subpopulation of small- to medium-sized round cells. Furthermore, occasionally “dot like” staining
was observed (white arrows). (D) Immunohistochemical assessment of the indicated MC markers in
TA-expressing NHEK, control NHEK and the MCC cell line WaGa (bar = 100 μm). KRT8 induction by
T antigens was confirmed in two additional independent experiments, which are depicted in Figure S4.
For relative quantification of protein expression levels, at least 1000 cells/condition were evaluated
using ImageJ software. Results are displayed as box and whiskers diagram with median, Q1, and Q3
as well as first and 99th percentile. Uncropped membranes and Western blot signal quantifications are
available in Figures S8 and S9, respectively.

2.6. T Antigens Induce Late MC Markers in GLI1-Expressing NHEK

To model TA expression in GLI1-expressing epithelial progenitor cells, we infected NHEKs with
a bicistronic lentiviral construct coding for GLI1 and MCPyV-TA. After two weeks, morphological
analysis of these cells in comparison to control cells infected with an empty vector revealed induction
of a subpopulation of non-adherent, living cells forming clusters similar to the one observed for MCC
cell lines (Figure 4A). Moreover, immunocytochemical staining revealed expression of the MC markers
KRT8, SOX2, and, to a lesser extent, KRT20 (Figure 4B,C, Figure S5). Given that NHEKs represent only
a limited model for MC progenitor cells, these findings—even though the detection of KRT20 was

69



Cancers 2020, 12, 1989

restricted to only a few cells—indicate that the interplay of GLI1 and MCPyV TA bears the potential of
enforcing MC differentiation.

Figure 4. Induction of late MC markers by combined expression of GLI1 and Merkel cell Polyomavirus
(MCPyV) T antigens (TA) in primary keratinocytes. NHEKs were infected with a bicistronic lentiviral
vector coding for GLI1 as well as sT and truncated LT. Under control of a second promoter, a pure
resistance was expressed. Following antibiotic selection, cells were analyzed after 14 days of cultivation.
(A) GLI1/TA combined ectopic expression was associated with formation of floating clusters of living cells
in normal human epidermal keratinocytes (NHEK), while these findings were not observed in controls or
when GLI1 and TA were transduced independently (PC: Phase contrast) (Figure S4) (n = 3 independent
experiments). White arrows indicate the floating cells. (B,C) Immunohistochemical assessment
of Merkel cell markers (SOX2, KRT8, and KRT20) expression levels in GLI1/T antigen-expressing
NHEKs and controls. Immunohistochemistry was performed on the respective cells spotted on slides
(2 × 105 cells/condition). B. Count of cells expressing the Merkel cell markers in GLI1/T antigens
(TA)-expressing NHEK and controls (results are mean ±SEM of three independent experiments).
Counting of positive cells was preferred to relative protein level quantification due to the low number
of GLI1/TA-expressing cells. C. Representative photos of LT, GLI1, SOX2, KRT8, KRT18, and KRT20
expression in NHEK (controls), GLI1/TA-expressing NHEK, and the WaGa MCC cell line. White arrows
indicate cells expressing the respective proteins. The results for two additional independent experiments
are shown in Figure S5.

2.7. T Antigens Prevent ATOH1 Degradation

In NHEK, MCPyV-TA induced transcription of MC markers without significantly affecting
ATOH1 (Figure 3B), the known master regulator of MC differentiation [12,14]. Indeed, although
LT-mediated ATOH1 induction was recently reported [35], we only observed a slight and statistically
not significant mRNA increase upon TA expression. Hence, we hypothesized that the TAs might
affect ATOH1 protein independent of gene transcription. To test this hypothesis, we transfected
U2OS cells either with hemagglutinin (HA)-tagged ATOH1 alone or in combination with MCPyV-TA
and analyzed RNA as well as protein levels. To this end, while the ATOH1 mRNA level was not
affected by TA co-expression, ATOH1 protein was increased (Figure 5A). Next, a constant amount
of ATOH1-encoding plasmid (0.3 μg) and increasing amounts of TA-encoding plasmid (0–1.4 μg)
were co-transfected, demonstrating a dose-dependent relation of increasing ATOH1 in the presence
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of MCPyV-TA (Figure 5B). Then, we asked whether this effect might be due to decreased protein
degradation. To test whether protein stability is affected, the co-expression was performed while
translation was inhibited in cycloheximide chase assays, allowing to assess ATOH1 protein decay in
the presence or absence of TA (Figure 5C). These analyses revealed that TA increased ATOH1 half-life
from 2 to 9 h. Interestingly, knockdown of TA expression in the MCC cell lines MKL-1 and WaGa failed
to reduce ATOH1 protein levels (Figure S6) suggesting that in established MCC cells ATOH1 does not
depend on stabilization by LT.

Figure 5. MCPyV T antigens increase the half-life of ATOH1 (A) Hemagglutinin (HA)-tagged ATOH1-
and/or TA-encoding plasmids were transfected either individually or combined into U2OS cells.
After two days, real-time PCR and immunoblot analyses were performed. While ATOH1 mRNA was
not affected (mean ± SEM of three independent experiments), ATOH1 protein accumulation in the
presence of TA was observed. (B) Co-transfection of a constant amount (0.3 μg) of HA-tagged ATOH1
and increasing amounts of TA in U2OS cells followed by immunoblot analysis. ATOH1-HA signals
relative to actin were quantified using ImageJ. Mean ± SEM of three independent experiments was
displayed. (C) Evaluation of ATOH1 half-life in absence or presence of T antigens. Twenty-four hours
after transfection, HEK293 cells were exposed to the translation inhibitor cycloheximide (CHX) for
variable durations (0–6 h). ATOH1-HA expression was then evaluated by immunoblot analysis and
quantified using the Image J Software (mean ± SEM of three independent experiments are depicted).
(D) A mutant of ATOH1-HA, in which the three serines at positions 331, 337, and 342 were all exchanged
to alanines (ATOH1-HA-3A), was generated, and the impact of co-transfected TA on ATOH1-HA wild
type and ATOH1-HA-3A expression was analyzed in CHX chase experiments (see C). Quantified
signals relative to actin are given in the graphs below. (E) Co-transfection of ATOH1-HA-3A with
increasing amounts of TA did not affect ATOH1 protein expression level (this was confirmed in a
second independent experiment). Uncropped membranes and Western blot signal quantifications are
available in Figures S8 and S9, respectively.
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In mice, Atoh1 degradation has been shown to be controlled by phosphorylation of three
carboxy-terminal serine residues (S331, S337, S341) leading to Atoh1 ubiquitinylation and subsequent
targeting to the proteasome [36,37]. Hence, we speculated that TA-dependent stabilization might
involve the respective sites in the human protein. Consequently, we generated expression constructs
coding for ATOH1 proteins in which the serines were exchanged to alanines, either individually
(S331A, S337A, and S342A) or all three combined (ATOH1-3A). Indeed, these modified ATOH1 proteins
displayed extended half-lives in cycloheximide chase assays (Figure 5D, Figure S7A). More importantly,
however, while T antigens still stabilized ATOH1 proteins harboring single phospho-site mutations
(Figure S7B), no additional stabilization could be observed for the triple mutant protein (Figure 5D,E).
Therefore, it is likely that the TAs act in the same pathway either by impacting phosphorylation of
several serine residues on ATOH1 or by interfering with subsequent phosphorylation-dependent
proteasome targeting.

2.8. The MCPyV Unique Region 1 (MUR1) in MCPyV LT Contributes to ATOH1 Stabilization

Irrespective of the fact that the exact mechanism of TA-mediated ATOH1 protein stabilization still
requires further investigations, we finally wanted to know which of the two T antigens and which
protein subdomains are involved in the process. Hence, we assessed ATOH1 protein levels after
co-transfection of ATOH1 with either sT or LT, respectively. These experiments identified LT as the main
effector of ATOH1 stability (Figure S7C). To scrutinize which functional domain of large T might be
involved in regulating ATOH1 degradation, another series of co-transfections was performed combining
ATOH1 with LT mutants devoid of either specific interaction sites or the MCPyV unique region 1
(MUR1) region. Interestingly, mutants, which have been demonstrated to lack any growth-promoting
activity, like the heat shock protein 70 (HSC70)-binding mutant D44N [38,39] or the RB transcriptional
corepressor 1 (RB1)-binding deficient variants E216K and S220A [38], were still capable of mediating
ATOH1 accumulation (Figure S7D). However, co-transfection of ATOH1 with MCPyV-LTΔMUR1, a LT
variant still bearing growth-promoting activity [38], did not result in enhanced protein expression
(Figure S7D), suggesting that the MUR1 region of MCPyV-LT is essential for its ATOH1-stabilizing
capacity. Since, however, the applied LT antibody (CM2B4) does not recognize LTΔMUR1, we could
not confirm that the protein was de facto expressed in these experiments (Figure S7D). We, therefore,
repeated this experiment with V5-tagged versions of LT and LTΔMUR1. Now, both proteins were
detectable and we again observed no stabilization of co-transfected ATOH1 in the case of LT lacking
the MUR1 region (Figure S7E). To further confirm the contribution of the MUR1 region, we also tested
the truncated large T of AlDo, an MCC cell line expressing a truncated LT with an additional large
deletion representing most of MUR1 [40]. Indeed, upon co-expression of AlDo LT, no stabilization but
even a reduction of the ATOH1 protein level was observed (Figure S7F).

3. Discussion

Today, the identification of the cell of origin for MCC is still pending. Based on the similarities in
phenotype to MCs, the initially described “trabecular carcinoma of the skin” got its name MCC [24].
These phenotypic similarities can result either from transformation of the eponymous cell or inducing
phenotypic changes during oncogenesis resulting in a phenotype resembling those cells. Since (1)
MCs are regarded as post-mitotic cells with low sensitivity to oncogenic stimuli, (2) they demonstrate
different preferred localizations compared to MCCs, (3) lack of infection of MCs by MCPyV, and (4)
neuroendocrine tumors tend to derive from epithelial progenitor cells rather than end-differentiated
cells [24], a direct transformation of MCs into MCCs is considered as quite unlikely. In this regard,
we recently demonstrated that MCPyV integration in a TB gave rise to an MCPyV-positive MCC [31].
Of note, scattered MCs are frequently observed in TB [27,29,30], demonstrating that at least some of the
cells possess the potential for MC differentiation, although the molecular determinants of this process
are unknown.
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Of note, the knowledge on MC development is mainly derived from mouse experiments. In the
present study, we confirmed that MC hotspots are mostly located in the hair follicle in human hairy
skin. In close vicinity to the MCs, we observed GLI1 and its downstream targets SOX9 [41] and
KRT17 [42]-expressing keratinocytes. Similarly, we could confirm nuclear GLI1 positivity and related
downstream SOX9 and KRT17 [27] expression in our TB cases suggesting that MC development
under human physiological conditions as well as in TB tumors are quite similar and resemble
the murine process with GLI1 activation being an early step. Accordingly, upon GLI1-expression
in NHEK, we detected an increased expression of SOX9 and KRT17, and—as has been described
for other cell lineages [43,44]—a prominent induction of SOX2. Since SOX2 can drive ATOH1
expression by binding to ATOH1 enhancer [17] or ATOH1 promoter [6] and thereby promote MC
differentiation [45], SOX2 induction appears as a potential mechanism by which GLI1 promotes
ATOH1-driven MC development.

Based on our recently reported observation that a MCPyV-positive MCC could arise from a TB,
we hypothesized that MCPyV oncoprotein expression is able to induce acquisition of a Merkel cell-like
phenotype in epithelial progenitors with intrinsic MC differentiation potential. Indeed, while TA
expression in NHEK reduced cell size, triggered KRT8 protein expression, and enhanced KRT18 mRNA
levels, we did not observe expression of KRT20, a marker appearing later during the MC differentiation
process [9]. Although Atoh1 alone is able to initiate MC differentiation during embryonic mice
development, Sox2 expression is required for Krt20 expression [9]. Accordingly, the two MCC tumors
lacking SOX2 expression in our cohort were also KRT20 negative (data not shown). Hence, to test if the
lack of KRT20 expression was due to a lack of SHH activation in NHEK, and subsequent lack of SOX2
expression, we generated a MC progenitor model system and assessed TA impact in it, by co-expressing
GLI1 and TA in these cells. Although GLI1-expressing NHEKs represent only an artificial and limited
model for MC progenitor cells, GLI1 and TA co-expression resulted in cells expressing SOX2 and KRT8,
and even to a few cells displaying KRT20 positivity. Of note, similar as to what has been described for
ectopic expression of LT in fibroblasts, we detected living cells with suspension growth. In contrast,
however, we did not observe a different expression of Merkel cell markers between the adherent and
floating cells (Figure S4).

While our results suggest SHH activation is required at some time point in MCC cell development,
GLI1 expression was only observed in about 30% of cases in our study, which were mostly
MCPyV-negative cases. Accordingly, therapeutic inhibition of SHH pathway using chemical inhibitors
failed to reduce MCC tumor cell viability [46]. Therefore, SHH activation might contribute to MCC cell
of origin establishment but then be lost during tumor development.

Another important factor in MC development is ATOH1. In this regard, induction of ATOH1
upon large T expression has been recently reported in fibroblasts [35]. In keratinocytes, we observed
only a slight, statistically nonsignificant ATOH1 mRNA level increase upon TA expression. This is
in accordance with data obtained in mice where ectopic sT expression in combination with Atoh1
in epidermal cells did initiate a MC-like development [3], but only TA expression did not [3,47].
Thus, cellular context seems to influence the impact of LT expression on ATOH1. Indeed, we observed
that ATOH1 degradation is impaired in the presence of LT in U2OS and 293 cells while TA knockdown
does not affect ATOH1 protein levels in MCC cell lines. This might imply that TA only stabilizes
ATOH1 in a specific environment. It is conceivable that, in a hit-and-run type mechanism (although the
virus stays integrated in the host genome), LT contributes to initiating MC-like differentiation which
later becomes independent of the viral protein. Indeed, T antigens are known to hijack many cellular
processes [48], and stabilization of LT by sT via inhibition of the ubiquitin ligase “F-box and WD repeat
domain containing 7” (SCFFbw7) has been proposed [49], although this finding was recently called
into question [50]. In mice, phosphorylation of the Atoh1 serine residues S328, S334, and S339 [36,37],
equivalent to the amino acids S331, S337, and S342 in human, led to the ubiquitination of the protein by
the ubiquitin ligase “HECT, UBA and WWE domain containing E3 ubiquitin protein ligase 1” (HUWE1)
and subsequent targeting to the proteasome. Accordingly, human ATOH1 lacking the respective
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phosphorylation sites presented with an extended half-life in our study. Notably, while LT impaired
degradation of wild-type ATOH1, it had no effect on mutant ATOH1. Hence, LT appears to affect the
degradation process of ATOH1, either by interfering with the phosphorylation or ubiquitination step.
With respect to the latter, although interactions between MCPyV-LT and SCFFbw7 or “beta-transducin
repeat-containing protein” (βTrCP) have been reported [49], these ubiquitin ligases appear as unlikely
candidates since the (1) LT has been described as their target but not as targeting them, (2) sT,
which inhibits both ubiquitin ligases, did not stabilize ATOH1, and (3) none of these ubiquitin ligases
was shown to interact with ATOH1 [51]. In contrast, HUWE1 is a ubiquitin ligase that has been
identified as ATOH1 binding partner using an unbiased comparative mass spectrometry approach [51].
Therefore, it is possible that the ubiquitin ligase HUWE1 is mediating the ATOH1 stabilization by
MCPyV-LT. Moreover, our results suggest that for the ATOH1 stabilization MUR1 in LT is essential.
In addition to the several unique functions of MCPyV-sT which have been described [52], this may
contribute to the exceptional position of MCPyV among the polyomavirus family in being able to
induce a neuroendocrine carcinoma of the skin. Furthermore, these observations suggest that the cell
of origin of MCC might already display some degree of ATOH1 expression.

In the present study, we demonstrated that in a specific cellular context, i.e., GLI1-expressing
keratinocytes, the expression of MCPyV T antigens can induce a MC-like differentiation.
Moreover, the stabilization of ATOH1 by LT might enhance or promote the differentiation of
the cell of origin toward an MCC phenotype.

4. Material and Methods

4.1. Human Samples

Healthy cutaneous tissues were obtained from dead people who had signed a body donation
procedure for scientific purposes. Skin from five anatomic sites (scalp, face, trunk, finger, lower limb)
were collected using a 6-mm-diameter punch in the 24 h following death, and then immediately fixed
in formalin and then paraffin embedded. Fifteen TB cases were extracted from the archives of the
Dermatology department of Würzburg (Local Würzburg Ethics Committee in Human Research, 196/12).
After histological diagnosis confirmation by two pathologists (M.W., T.K.), only cases containing MCs
were selected based on KRT20 immunostainings (n = 8). MCC cases enrolled in the present work were
already included in a tissue microarray used in a previous study [34] (local ethics committee (Tours,
France, N◦ ID RCB2009- A01056-51)). MCPyV status was previously determined using a validated
real-time PCR [34].

4.2. Immunohistochemistry

Protein immunochemical detection was performed on formalin-fixed, paraffin-embedded (FFPE)
samples (tissue), paraformalin-fixed (cytospin), or living cells. Immunohistochemical staining for
KRT20, MCPyV-LT, Neurofilament, and SOX9 were performed using a BenchMark XT Platform,
as instructed [34,53]. Immunohistochemical staining for GLI1, KRT8, KRT17, KRT18, and SOX2 as well as
all cytospin stainings were performed manually. Microscopic evaluation was performed by a pathologist
(T.K.). All details regarding antibodies and dilutions are provided in Supplementary Methods.

4.3. Samples’ Management and Interpretation of Immunohistochemical Staining

To determine MC densities, 250 consecutives 5-μm-thick sections were cut from FFPE healthy
cutaneous tissues (6-mm-diameter skin punches cut into two equal parts). Every 10th slide, a KRT20
immunohistochemical staining allowing the detection of MC was performed, i.e., one KRT20-stained
slide every 50 μm. Unstained slides were preserved for further analyses (MC progenitor markers’
evaluation). MC number and location (interfollicular epidermis, hair follicle (infundibulum or isthmus),
sebaceous, or sweat glands) were then assessed by a pathologist (T.K.). Since MC are frequently located
in the connection area between epidermis and an appendage, i.e., either hair follicles or sweat glands,
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all MCs located in front of an appendage structure (hair follicle, ostium of a sweat gland or sweat gland
duct) were considered to belong to this appendage. Of note, MC hotspots were defined as areas with
more than three MCs in one microscopic field at high magnification. Densities of MCs and related
hotspots were estimated, taking cut thickness and length of the skin sample into account (estimated
evaluated surface = 14.74 mm2/punch). Unstained slides adjacent to the hotspots were consequently
investigated for MC progenitor markers.

4.4. Primary Keratinocytes and Cell Lines

After informed written consent of the patients (n = 3), normal human epidermal keratinocytes
(NHEK) were extracted, respectively, from abdominal human samples obtained from the plastic surgery
of the University Hospital center of Tours (France) using previously described protocols [40,54–56]
(Local Ethics Committee in Human Research, Tours, France; no. ID RCB2009-A01056-512016 064).
NHEK were cultured in Keratinocyte Serum-Free Medium (K-SFM; Invitrogen Life Technologies),
supplemented with epidermal growth factor (5 ng/mL) and bovine pituitary extract (50 μg/mL;
all purchased from Invitrogen Life Technologies) at 37 ◦C, 5% CO2 in a humidified incubator. HEK293
(RRID: CVCL_0045), HEK293T (RRID: CVCL_0063), U2OS (RRID: CVCL_0045), the MCC cell line WaGa
(RRID:CVCL_E998), and MKL-1 (RRID:CVCL_2600) [57] were cultivated in Roswell Park Memorial
Institute (RPMI) 1640 supplemented with 10% Foetal calf serum (FCS), 100 U/mL penicillin and
0.1 mg/mL streptomycin. HEK293 (RRID: CVCL_0045) and U2OS (RRID:CVCL_0045) were used for
co-transfection experiments. HEK293T (RRID:CVCL_0063), i.e., HEK293 expressing SV40 T antigens,
were used for lentivirus production. The MCC cell line WaGa was included as positive control for
immunostaining of MC markers.

4.5. Lentiviral Vectors’ Generation and Transduction Protocol

The pFLAG-CMV-4-GLI1 plasmid was kindly provided by Dr. J. Vachtenheim (Czech Republic) [58].
GLI1 was subcloned into pFLAG-CMV backbone (System Biosciences) containing puromycin resistance by
classical cloning. Phosphosite mutations (S331A, S337A, S341A) were introduced in ATOH1 sequence using
the Quickchange Lightning mutagenesis kit (Agilent, Frankfurt, Germany) [59]. All TA- and LT-expressing
pCDH vectors were previously described [38]. GLI-IRES-TA sequence was cloned into a pCDH backbone.
For inducible knockdown of MCPyV-LT, we used the lentiviral single vector TA.shRNA.tet, allowing
constitutive green fluorescent protein (GFP) expression and doxycycline (Dox)- inducible expression of
an shRNA targeting all transcripts derived from the MCPyV early region [59]. Lentiviral supernatants
were produced in HEK293T cells as previously described [60]. Harvested virus supernatant was sterile
filtered (0.45 μm) and polybrene (1 μg/mL) was added for infection. Lentiviral transduction of NHEK
was performed after seven days of culture. Then, 14–20 h after infection, target cells were washed with
medium. NHEK were then subjected to antibiotic selection (puromycin). NHEK were analyzed two weeks
after transduction.

4.6. Gene Expression Analyses

Total cellular RNA was isolated by using the peqGOLD total RNA kit (VWR; Darmstadt, Germany)
with a subsequent DNaseI digestion step according to the manufacturer’s instructions. For cDNA
synthesis, the Superscript II RT First Strand Kit (Invitrogen GmbH, Karlsruhe) was used. PCR primer
sequences used to detect ATOH1, GLI1, KRT8, 14, 17, 18, 20, RPLP0, SOX2, and SOX9 are given in
Supplementary Methods. Thermal profile for the PCR using the Takyon Low Rox Sybr MasterMix
(Eurogentec; Cologne, Germany) contained an initial denaturation step at 95 ◦C for 10 min, followed by
40 cycles of two-step PCR including 15 sec at 95 ◦C and 60 sec at 60 ◦C. Quantification was performed
in three independent experiments.
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4.7. Immunoblot

Cells were lysed in 0.6% SDS, 1 mM Ethylenediaminetetraacetic acid (EDTA), 10 mM Tris- HCl
(pH 8.0), 2 mM NaF, 2 mM NaVO3 supplemented with a protease inhibitor cocktail (Roche Diagnostics,
Basel, Switzerland). Samples were resolved by SDS-PAGE, transferred to nitrocellulose membrane,
blocked for 1 h with Phosphate buffered saline (PBS) containing 0.05% Tween 20 and 5% powdered skim
milk, then incubated overnight with anti-HA (ab18181, Abcam, 1:1000), LT (CM2B4, Santa Cruz, 1:200),
sT (2T2, Hybridoma obtained from C. Buck laboratory), anti-GLI1 (C68H3, Ozyme, 1:200), anti-SOX2
(EPR3131, Abcam, 1:200), anti-ATOH1 (polyclonal, Proteintech, 1:600), or anti-Actin antibody (A5441,
Sigma, 1:1000), washed three times with PBS with 0.05% Tween 20 (PBS/Tween), then incubated for 1 h
with a peroxidase-conjugated secondary antibody. Finally, following three washes with PBS/Tween,
respective proteins were detected by using a chemiluminescence detection procedure. All primary
Western blot membranes’ acquisition without cropping and intensity adjustment are available in
Figure S8.

4.8. Transient Transfection and ATOH1 Half-Life Evaluation

Transient transfections were done using 2 μg of DNA with polyethylenimine (PEI) and
protein expression was analyzed 24 h after transfection. For ATOH1 half-life determination, 24 h
after transfection, cells were exposed to cycloheximide (0.3 mg/mL) in a time-course experiment.
After harvesting, protein expression was then investigated by immunoblotting, and quantification was
performed using ImageJ software.

4.9. Flow Cytometry

Anti-CD200 phycoerythrin (PE)-conjugated (OX-104, BioLegend) and anti-leucine rich repeat
containing G protein-coupled receptor 6 (LGR6) Allophycocyanin (APC)-conjugated (Sc-393010,
SantaCruz) antibodies were used for NHEK characterization.

4.10. Image Analysis and Expression Score Determination

Cell morphology was analyzed on adherent living cells. After acquisition of five adjacent
microscopic fields, cell contouring was performed on 100 cells per conditions (three independent
experiments) and cell size was then analyzed using ImageJ software. For protein expression evaluation,
2 × 105 cells were fixed in formalin, spotted on slides, and submitted to immunohistochemical
staining. Stained slides were scanned by using NanoZoomer (Hamamatsu, Hamamatsu City, Japan).
Computation of the expression score after transduction was performed with a custom software written
in ImageJ Macro language. Briefly, color range for each staining was first defined from the whole image
data set. Afterwards, cells were segmented in each image. For each cell-related area, the percentage
of each type of viral protein staining (low, medium, and high) was computed. H-score was finally
calculated for each cell with the following formula:

Hscore =
(lowstainingarea× 1) + (mediumstainingarea× 2) + (highstainingarea× 3)

totalcellarea

Analysis was initially performed on 10 consecutive fields (magnification × 10). In cases in which
fewer than 1000 cells per conditions were analyzed, new acquisitions were performed in order to
reach this minimal limit of analyzed cells. Results were subsequently expressed as median, quartiles
Q1–Q3, and 1st–99th percentiles of the complete cell population analyzed. Protein quantification on
immunoblot was performed by ImageJ using the “gel analysis” function.

4.11. Statistical Analysis

Continuous data are described as mean with standard error of mean (SEM), and categorical data
with number and as percent. Associations were assessed by two-tailed Fisher exact test for categorical
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data and Mann–Whitney test for continuous data. Paired t test was used for RNA expression analysis
without multiple testing correction. The p < 0.05 was considered statistically significant. XL-Stat-Life
(Addinsoft, Paris, France) was used for statistical analyses.

5. Conclusions

Whether MCC is derived from MC or from another skin lineage is a long-time matter of
debate. In this regard, we recently demonstrated that MCPyV integration in a TB gave rise to an
MCPyV-positive MCC [31] and, consequently, postulated that MCC tumorgenesis can be initiated
in MC epithelial progenitors. In the present work, we confirmed the close similarities between TB
tumor cells and epithelial MC progenitors, evident by expression of GLI1 and its related downstream
targets, i.e., KRT17 and SOX9, in both settings. While a mixture of cells with either MC progenitor
phenotype or already differentiated MCs was observed in TB, almost all MCC tumor cells display a fully
differentiated MC phenotype. Consequently, we assessed if TA could contribute to the acquisition of an
MC phenotype. In accordance with this hypothesis, ectopic TA expression in NHEK led to induction of
early MC markers while concomitant induction of SOX2, KRT8, and KRT20 were only achieved upon
co-expression of TA and GLI1. Therefore, our results suggest that TA can induce acquisition of Merkel
cell-like phenotype when expressed in epithelial MC progenitors. Accordingly, since large T antigen
extends ATOH1 half-life, ATOH1 stabilization by MCPyV oncoproteins might further contribute to the
MC-like phenotype observed in MCC.
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Abstract: Merkel cell carcinoma (MCC) is a rare cutaneous carcinoma that has gained enormous
interest since the discovery of Merkel cell polyoma virus, which is a causative oncogenic agent in
the majority of MCC tumours. Increased research has focused on effective treatment options with
immuno-oncology. In this study, we reviewed the real-world data on different treatments given to
MCC patients in Finland in 1986–2016. We used the Finnish Cancer Registry database to find MCC
patients and the Hospital Discharge Register and the Cause-of-Death Register to obtain treatment
data. We identified 376 MCC patients and 33 different treatment entities and/or combinations of
treatment. An increase was noted in the incidence of MCC since 2005. Therefore, the cohort was
divided into two groups: the “early“ group with time of diagnosis between years 1986 and 2004 and
the “late” group with time of diagnosis between 2005 and 2016. The multitude of different treatment
combinations is a relatively new phenomenon; before the year 2005, only 11 treatments or treatment
combinations were used for MCC patients. Our data show that combining radiation therapy with
simple excision provided a survival advantage, which was, however, lost after adjustment for stage
or age. Our registry study serves as a baseline treatment efficacy comparison as we move into the age
of immunotherapy in MCC. Standardizing the treatment of MCC patients in Finland requires more
work on awareness and multidisciplinary co-operation.

Keywords: Merkel cell carcinoma; treatment; radiation therapy; immunotherapy; surgical
intervention; survival; multidisciplinary communication

1. Introduction

Merkel cell carcinoma (MCC) is a rare neuroendocrine cutaneous malignancy associated with
high mortality, local and regional recurrence and distant metastases [1,2]. The pathogenesis of MCC is
driven by the combination of Merkel cell polyoma virus (MCPyV) infection and chronic exposure to
UV radiation. The connection between MCC and MCPyV was uncovered in 2008, when a research
group led by Patrick Moore discovered the presence of previously unknown polyomavirus DNA in the
MCC tumour genome, later proving that viral DNA was present in the majority of MCCs [3]. Similar
findings have subsequently been made in numerous studies; however, an Australian study found
MCPyV to be present in only 18.3% of MCCs, giving rise to a theory that MCPyV infection is more
important in MCC pathogenesis in areas of low UV exposure, whereas its significance is lower in areas
of high UV exposure [4–7]. Aside from MCPyV infection and UV radiation exposure, risk factors for
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MCC are high age, fair skin and immunosuppression [8]. MCC most often presents in the head and
neck region [9–11].

MCC incidence varies globally from 0.1 to 1.6 per 100,000, with the lowest incidence in Europe
and the highest incidence in Australia [12,13]. The incidence has been increasing globally, with the
exception of most Nordic countries [13]. MCC mainly presents in elderly patients, and rarely in patients
under 50 years old, with a median age at time of diagnosis varying between 75 and 82 years [1,14,15].
Globally, MCC incidence is higher in men than in women; however, in Finland the numbers are
consistently the opposite [10,13]. MCC is more common in patients with fair skin, and Caucasians
present with MCC far more often than Blacks, Hispanics or Asians [13].

The treatment of MCC has seen huge developments since the advent of the sentinel lymph node
biopsy (SLNB) over a decade ago. Recommended treatment for primary MCC is wide-margin excision
of the primary lesion with SLNB or complete lymph node dissection (CLND) [depending on the lymph
node status, followed by adjuvant radiation therapy (RT) on the primary location and/or local lymph
nodes [16,17]. In metastatic MCC, chemotherapy, mainly with platinum-based therapeutics, was the
only additional treatment available until 2016 [18]. Since 2016, anti-PD1/PD-L1 immunotherapies
have become available and have proven effective in treatment of chemotherapy-refractory metastatic
MCC [19,20].

MCC is a radiosensitive tumour [21]. Several studies have found that RT as an adjuvant treatment
to MCC improves both locoregional control and patient overall and disease-free survival, regardless
of excision margin status [14,21,22]. However, RT is not given to all MCC patients, often because
the treatment can be strenuous, and the patients are usually elderly and may be suffering from
comorbidities. Hypofractionated or single-fraction RT could potentially be beneficial for patients who
are not eligible for longer regimens [15,23]. It has also been shown that RT effects are achieved at least
partially through immune system response. RT does not only affect the targeted tumour areas, but can
have a beneficial abscopal effect on malignant growth elsewhere [23,24].

The aim of this study was to examine in real-world data the different treatments given to MCC
patients in Finland during 1986–2016. We also sought to examine whether adjuvant RT has a beneficial
effect on patient outcome and survival in MCC in a large real-world treatment cohort of MCC patients.
This data set will serve as a baseline treatment efficacy comparison as we move into the age of
immunotherapy in MCC.

2. Results

2.1. Patient Demographics and Survival

The specific inclusion criteria resulted in 376 patients with MCC. The annual incidence varied
between 1 and 33 patients (Figure 1). Figure 1 illustrates an increase in the incidence of MCC since
2005. Therefore, the cohort was divided into two groups: the “early“ group with time of diagnosis
between 1986 and 2004 and the “late” group with time of diagnosis between 2005 and 2016.

In Table 1, we illustrate the detailed data of the MCC patients. Mean age at time of diagnosis was
78.7 years. There was a clear female predominance, with a male-to-female ratio of 1:1.8. Most of the
tumours, 59.6%, were in the head and neck region, followed by 14.1% in the upper extremities and
12.5% in the lower extremities.

By the closing date of our study on 31 December 2016, two out of three patients (65%) had died
either due to MCC (27% of all) or due to other causes (38% of all). The mean overall survival was 4.2
years, and the MCC-specific survival was 1.8 years. Figure 2 shows the comparison of MCC-specific
deaths and all deaths stratified by years. In the early and late cohorts, patients’ demographic data,
tumour location and survival remained similar (Table 1).
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Figure 1. Annual incidence and prevalence of MCC in 1986–2016 in Finland.

Table 1. Demographic data of the 376 MCC patients treated in Finland in 1986–2016.

Years 1986–2016 Years 1986–2004 Years 2005–2016

N 376 N 127 N 249

Male/female (%) 132/244 (35/65) 40/87 (31/69) 92/157 (36/63)

Age at diagnosis, years
Range 27–102 27–100 47–102

Mean (SD) 78.7 (10.6) 76.6 (12.1) 79.8 (9.6)

Tumour location
440 Skin of lip, NOS 4 (1.1) - (0.0) 4 (1.6)

441 Eyelid 11 (2.9) 4 (3.1) 7 (2.8)
442 External ear 18 (4.8) 6 (4.7) 12 (4.8)

443 Skin of other and unspecified parts of face 167 (44.4) 57 (44.9) 110 (44)
444 Skin of scalp and neck 24 (6.4) 9 (7.1) 15 (6)

445 Skin of trunk 28 (7.5) 8 (6.3) 20 (8)
446 Skin of upper limb and shoulder 53 (14.1) 17 (13.4) 36 (14)

447 Skin of lower limb and hip 47 (12.5) 16 (12.6) 31 (12.5)
449 Skin, NOS 24 (6.4) 10 (7.9) 14 (5.6)

Stage
0 Unknown 158 (42.0) 42 (33) 116 (46)
1 Localized 124 (33.0) 64 (50) 60 (24)

2 Non-localised, only regional lymph node
metastases 28 (7.5) 9 (7.1) 19 (7.6)

3 Metastasised farther than to regional lymph
nodes or invades adjacent tissues 23 (6.1) 4 (3.1) 19 (7.6)

4 Non-localized, no information on extent 40 (10.6) 8 (6.3) 32 (12.9)
5 Non-localized, also distant lymph node

metastases 3 (0.8) - (0.0) 3 (1.2)

Survival years, cut off 31.12.2016
Alive, n 130 (34.6%) 17 (13.4%) 113 (45.4%)

dead due to this cancer, n 103 (27.4%) 36 (28.3%) 67 (26.9%)
dead due to other cause, n 143 (38.0%) 74 (58.3%) 69 (27.7%)

Mean overall survival years (SD) n 376 127 249
diagnose date to end of surveillance/death 4.2 (4.9) 6.6 (6.7) 2.9 (2.9)

range 0-27 0–27 0–12

Deceased due to this cancer (SD) n 103 36 67
Mean survival, years 1.8 (2.0) 2.4 (2.6) 1.5 (1.4)

range 0–15 0–15 0.0–7

Deceased due to other cause (SD) n 143 74 69
Mean survival, years 4.1 (4.7) 6.1 (5.8) 2.1 (2.2)

range 0–25 0–25 0–11
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Figure 2. Kaplan–Meier curve depicting MCC specific deaths compared to all MCC patient deaths
in 1986–2016.

2.2. Treatment and Outcomes

We identified altogether 33 different treatment entities or combinations of treatments (Table 2).
Of the patients, 18% were recorded as having no treatment, 16% as having a single treatment and 66%
as having a combination of different treatments.

Table 2. Different treatments and treatment combinations recorded in the study.

Years 1986–2016 Years 1986–2004 Years 2005–2016

N 376 (%) N 127 (%) N 249 (%)

No Treatment No treatment 68 (18) 44 (34.6) 24 (9.6)

Single treatment

Re-excision of the primary tumour
(Re-ex) 130 (34) 55 (43) 75 (30)

Sentinel lymph node biopsy (SLNB) 1 (0.2) - 1 (0.4)

Complete lymphnode dissection
(CLND) 5 (1.3) 2 (1.6) 3 (1.2)

Pre-operative radiotherapy 1 (0.2) - 1 (0.4)

Adjuvant radiotherapy to the primary
tumour 4 (1.1) 2 (1.6) 2 (0.8)

Adjuvant radiotherapy to the regional
lymphnodes 1 (0.2) 1 (0.8) -

Radiotherapy to metastasis 1 (0.2) - 1 (0.4)

Non-specified radiation
therapy—recorded as modality 1(0.2) - 1 (0.4)

Non-specified radiation therapy 3 (0.8) - 3 (1.2)

Palliative radiotherapy 1 (0.2) - 1 (0.4)

Radiotherapy of metastases 2 (0.5) - 2 (0.8)

Multiple
treatments

Re-ex + SLNB 37 (9.8) 3 (2.4) 34 (13.7)

Re-ex + CLND 50 (13.3) 16 (12.6) 34 (13.7)

Re-ex+ adjuvant radiotherapy to the
primary tumour 15 (4) 1 (0.8) 14 (5.6)

Re-ex + chemotherapy to
metastasised malignancy 1 (0.2) - 1 (0.4)

Re-ex + non-specified radiation
therapy 6 (1.6) 1 (0.8) 5 (2)

Re-ex + SLNB + CLND 7 (1.9) 1 (0.8) 6 (2.4)

Re-ex + SLNB + adjuvant
radiotherapy to the primary tumour 8 (2.1) - 8 (3.2)

Re-ex + CLND + adjuvant
radiotherapy to the primary tumour 10 (2.7) - 10 (4)
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Table 2. Cont.

Years 1986–2016 Years 1986–2004 Years 2005–2016

N 376 (%) N 127 (%) N 249 (%)

Re-ex+ adjuvant radiotherapy to the
primary tumour + radiotherapy to

metastasis
1 (0.2) - 1 (0.4)

CLND + adjuvant radiotherapy to the
regional lymphnodes 1 (0.2) - 1 (0.4)

CLND + radiotherapy to metastasis 1 (0.2) - 1 (0.4)

CLND + pre-operative chemotherapy 2 (0.5) - 2 (0.8)

Adjuvant radiotherapy to the primary
tumour + pre-operative

chemotherapy
1 (0.2) - 1 (0.4)

Radiotherapy to metastasis +
pre-operative chemotherapy 1 (0.2) - 1 (0.4)

Re-ex + SLNB + non-specified
radiation therapy 2 (0.5) - 2 (0.8)

Re-ex + SLNB + CLND + adjuvant
radiotherapy to the primary tumour 1 (0.2) - 1 (0.4)

Re-ex + SLNB + CLND +
chemotherapy to metastasized

malignancy
1 (0.2) - 1 (0.4)

Re-ex + CLND + non-specified
radiation therapy 9 (2.4) 1 (0.8) 8 (3.2)

Re-ex + SLNB + adjuvant
radiotherapy to the primary tumour +

palliative radiotherapy
2 (0.5) - 2 (0.8)

Re-ex + CLND + adjuvant
radiotherapy to the primary tumour +

radiotherapy to metastasis +
pre-operative chemotherapy

1 (0.2) - 1 (0.4)

Re-ex + CLND + adjuvant
radiotherapy to the primary tumour +

radiotherapy to metastasis +
chemotherapy to metastasized

malignancy

1 (0.2) - 1 (0.4)

In Table 3, we grouped the treatments given into three different time periods. The individual
procedure codes and numbers of treated patients are listed in more detail in Table S1. The multitude
of different treatment combinations is a relatively new phenomenon; before the year 2005, only 11
treatments or treatment combinations were used for MCC patients. We recorded the first SLNB in the
year 2005 because the registration of the patients who had their SLNB in 2005 but were diagnosed in
2004 was not recorded in the cohort from 2005 onwards. Even excluding the SLNB, the amount of
different treatments in 2005–2016 surpasses that of earlier years.
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The biggest difference in the frequency of treatments was in the group “No treatment”, which
declined from 34.6% to only 9.6% during the period from 2005 onwards. The MCC-specific mortality
declined as well from 27.3% to 13.0% for the period 2005–2016. Any radiation therapy was given to 4.7%
of the patients of the early cohort, and to 26% of the late cohort. The treatment group “Re-excision and
adjuvant RT to the primary tumour” increased from 0.8% to 5.6% in the later time period (Table 3). The
other treatment combinations and their stratification in separate time periods remained relatively stable.

In 2005–2016, SLNB was performed on 55 patients (22%). In 51 of these cases, re-excision was
followed by SLNB, with adjuvant RT to primary tumour in 11 cases and without adjuvant RT to
primary tumour in 40 cases. The MCC-specific mortality was four times higher in the group with no
adjuvant RT to the primary tumour. Re-excision and SLNB was followed by CLND in only seven cases
(Table 3).

Re-excision of the primary tumour was performed on 75 patients (30%) and re-excision combined
with adjuvant RT to primary tumour on 14 patients (5.6%). The MCC-specific mortality was 14.5 times
higher in the re-excision group that received no adjuvant RT than in the group that received adjuvant
RT in addition to re-excision (Table 3). MCC-specific deaths were similar in the early and late periods
(Table 1).

2.3. Effect of Radiation Therapy

Our data show that adjuvant RT provided a survival advantage to patients receiving simple
re-excision (p < 0.005, Table 4). However, when standardized by stage or age, the survival advantage
was lost. Due to the small number of patients in the re-excision and SLNB group compared with the
re-excision and SLNB and CLND group, the difference did not reach statistical significance. MCC
patients receiving RT tended to be younger, except in the re-excision and SLNB and CLND group.
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3. Discussion

We reviewed real-world treatments of 376 patients with MCC from 1986 to 2016 in Finland. We
utilized data from several national registries to obtain a representation as realistic as possible of the
actual situation. The demographic data of the patients remained fairly stable over the study years.
As a peculiarity to Finland [10], we once again recorded a female over-representation among MCC
patients; in the years 1986–2004 the male-to-female ratio was 1:2.2 and from 2005 onwards it was 1:1.7.
Despite our best efforts, this finding remains unexplained. Otherwise, our patient cohort is similar
to that of previously published large series, with a mean age of 78 years at time of diagnosis, 60% of
tumours located in the head and neck region and localized stage of disease [11,16,17,25].

Although MCC has been recognized and characterized as its own entity since 1972 [26], it was not
until the discovery of Merkel cell polyoma virus in 2008 [3] that a strong interest in MCC arose. In this
study, we noted an increase in the number of MCC patients in 2005 (Figure 1). In such a rare cancer
as MCC, the effect of chance cannot be ruled out. In the previous literature, the increased incidence
has been attributed to advances in immunohistochemistry and morphology code associated with
MCC [27,28]. The growing knowledge among pathologists and clinicians translates into more MCC
being diagnosed; the first thesis of our group [29] and the first article commissioned by the Finnish
Medical Society [30] were published in 2004 and 2005, respectively, which may have increased the
knowledge and sensitivity for MCC diagnosis.

The increase in MCC incidence shown in our study coincides with a rise in the number of
treatment entities per patient and in the variety of treatment combinations. The NCCN guideline on
MCC treatment was first published in 2010, followed by the European guideline in 2016 [16,17,31,32].
The latest national guideline in Finland was published after the advent of avelumab in 2017 [33].
The cornerstones of MCC treatment are re-excision, SLNB and adjuvant RT to primary tumour [16,17].
However, in 2005–2016 only 4.4% of the patients here were treated with this combination. We found
that the frequency of any RT given to MCC patients in Finland increased from less than 1% to over
5% after 2005. Compared with the SEER-based results from the United States, where nearly half of
the MCC patients were treated with RT [11,34], utilizing RT in MCC treatment is still less common in
Finland. Relative to the years 1986–2005, there were no advances in disease-specific survival of MCC
patients after 2005, despite the advent of SLNB in 2005 (Table 1). It seems that awareness of the disease
or introduction of clinical guidelines has not yet translated into practice and adherence to standardized
treatment protocols.

Finland faces certain challenges in the treatment of rare cancers; a small nation of just over 5.5
million people is served by five university-level tertiary centers, leading to dispersion of patients, with
the physical distance to treatment facilities potentially being hundreds of kilometers. The Finnish
Cancer Registry actively participates in the RARECARE initiative [35], which aims to develop the
surveillance and treatment of rare cancers across Europe. In order to reach optimal treatment results
while managing the costs in rare diseases, standardizing treatment protocols and establishing strong
leader centers with the required expertise are of the utmost importance. Our results point to the need
for better interdisciplinary communication and education within tertiary treatment centres to meet the
target of standardized treatment protocols. Our findings also clearly suggest that treatment of MCC
should be discussed, executed and followed by a multidisciplinary tumour board [36] because the
treatment requires a wide range of specialties, including dermatologists, surgeons, radio-oncologists,
medical oncologists, pathologists and radiologists.

A significant advantage in MCC-specific survival was seen with the addition of RT to primary
tumour location in conjunction with simple excision. The statistical significance was, however, lost
when the patients were stratified according to stage or age. Small population sizes also limited the
analytical power in other treatment groups. MCC, as other neuroendocrine carcinomas, is responsive
to RT and adjuvant RT is advised in the NCCN guidelines in local disease except for small low risk
tumours (NCCN). Reports on the survival benefit of adjuvant RT are, however, controversial [11,37–40].
To date, the only randomized controlled study on adjuvant RT was conducted by Jouary et al. [41]
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on stage I MCC patients, in which RT to the tumour bed resulted in a significant decrease in local
recurrence, but no significant improvement in overall survival. Subgroup analysis is oftentimes
hindered in MCC studies by small sample sizes, and as such most of the clinical retrospective studies
are weakened by the heterogeneity of comparable patient populations in terms of prior treatment,
patient demographics, tumour characteristics and even stage of disease or target of RT. A SEER-based
retrospective study postulated that the survival benefits seen in adjuvant RT are, in fact, the result of a
selection bias [42].

Previous real-world studies on MCC have focused on metastatic disease [43,44]. Until recently,
disseminated MCC was treated with various chemotherapeutic agents with poor results. In 2016,
two separate studies proved the efficacy of immunotherapy in metastatic MCC with two molecules,
avelumab and pembrolizumab [19,20]. Targeting the PD-L1/PD-1 pathway has revolutionized MCC
treatment and survival and bypassed the use of cytotoxic agents in the advanced stages of MCC [17,45].
The role of RT in treatment of metastatic MCC is also undergoing a revolution. Before the advent of
immunotherapy, RT was mainly seen as a palliative measure. The search to overcome refractory disease
has brought with it a rise in reports on the abscopal effect in metastatic MCC [24,46]. RT modulates
the tumour immunoediting process by various and partly unidentified mechanisms, such as altering
tumour cell antigen presentation, increasing the infiltration of regulatory T-cells in the tumour
microenvironment and staging of T-cell exhaustion with debulking the tumour mass [47,48]. Ongoing
clinical trials (Clinical Trials Identifier NCT03071406, A091605) aim to shed light on the efficacy of
combination treatment in advanced MCC. These might also provide new insights regarding treatment
of early stage MCC.

A surprising notion arising from our large pooled data is that MCC-specific mortality seems
to stabilize at seven years after the MCC diagnosis, along with the overall mortality, as seen in
the Kaplan–Meier analysis (Figure 2). However, the current guidelines usually advise a five-year
follow-up [16,17]. Traditionally, the survival of cancer patients has been presented at five years. Most
of the adverse events occur during the first two years [49,50], with a median time to recurrence/relapse
varying between 7 and 9 months [51,52].

Some strengths and limitations of the study warrant discussion. Coverage of the Finnish
Cancer Registry is nearly 100% [53,54] of all the cancers diagnosed in Finland. Every hospital and
pathology/haematology laboratory is required by legislation to submit data to the registry of all
cancer patients brought to their attention. However, some individual cases might not be submitted
to the Finnish Cancer Registry, and this might be especially true with unusual types of cancers like
MCC, which is still poorly recognized. Likewise, the Finnish Hospital Discharge Register, maintained
by the Finnish Institute of Health and Welfare, has repeatedly been shown to have completeness
and accuracy levels from satisfactory to very good [55]. However, coding of the treatments in the
registry is not primarily meant for research purposes or treatments; they are set as clinically indicated.
Moreover, apart from data on sex, date of birth and death, we could not retrieve information on patient
characteristics, including socioeconomic status or comorbidities. Prognostic tumour characteristics,
such as tumour size and MCPyV status, are also beyond the scope of this study. AJCC staging was
not employed in the data and staging was not updated beyond four months from diagnosis. More
specific clinical findings, such as free margins and the number of positive sentinel lymph nodes, were
not recorded.

All in all, our study protocol is best suited to charting the prevailing treatment patterns and
general outcomes, but is unable to offer information underlying the treatment decisions such as patient
comorbidities or tumour characteristics. MCC patients are elderly, and comorbidities likely explain
the scarcity of invasive procedures in MCC treatment patterns. In the future, adding registry data on
hospital stays and drug reimbursements could enable cost evaluation, which is needed in MCC with
the advent of immunotherapy.
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4. Materials and Methods

The study was conducted in accordance with the Declaration of Helsinki, and the protocol was
approved by the Ethics Committee of The Helsinki University Hospital (Project identification code
HUS/1455/2017). Permissions to identify MCC patients from the Finnish Cancer Registry, their treatment
data from the National Hospital Discharge Register and data on death from the Cause-of-Death Register
of Finland were obtained from the Finnish Institute for Health and Welfare and from Statistics Finland.
Information from the different registers was merged through record linkages based on personal identity
codes (PICs). All citizens and permanent residents in Finland have a unique PIC, which was introduced
in 1964–1967. As the use of PICs enables the handling of registry data without the risk of patients being
identified, patient permissions were not acquired.

In this register linkage study, the data were obtained from the Finnish Cancer Registry on all
patients diagnosed with MCC from 1 January 1986 to 31 December 2016. The data included the
following:

• Date of diagnosis
• Age at diagnosis
• ICD-O-3 topography

• 440 Skin of lip, NOS, 441 Eyelid, 442 External ear, 443 Skin of other and unspecified parts of
face, 444 Skin of scalp and neck, 445 Skin of trunk, 446 Skin of upper limb and shoulder, 447
Skin of lower limb and hip, 449 Skin, NOS

• Stage

• 0 Unknown, 1 Localized, 2 Non-localized, only regional lymph node metastases, 3
Metastasized farther than to regional lymph nodes or invades adjacent tissues, 4 Non-localized,
no information on extent, 5 Non-localized, also distant lymph node metastases. Stage of
disease is recorded in the cancer registry files at four months after diagnosis and is not
updated later.

The cohort was linked to the Cause-of-Death Register maintained by Statistics Finland. The
closing date for data collection was 31 December 2016. The data included the following:

• Date of death
• Cause of death
• Deceased due to this cancer or due to other causes

The National Hospital Discharge Register maintained by the Finnish Institute of Health and
Welfare was queried for the treatments given to these patients after diagnosis was assigned. The
Finnish procedure coding is based on the Nordic Classification of Surgical Procedures (NCSP), which
was introduced in 1997.

First, we listed all the procedures based on their frequency. In case there was no recorded treatment
code and the codes were diagnostic, such as radiologic examinations, the patient was listed as having
no treatment after the diagnostic biopsy date. The stratification of the procedure codes was verified
by a senior author (VK) who reviewed all treatment codes and their classification case by case. The
procedure codes were stratified to eight groups and to further subgroups:

1. Pre-operative RT before the re-excision of the primary tumour
2. Re-excision of primary tumour
3. SLNB
4. CLND, including partial and total parotidectomy
5. Post-operative treatment
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i. adjuvant RT to the primary tumour
ii. adjuvant RT to the regional lymph nodes
iii. adjuvant cytostatic therapy

6. Therapy for progressive malignancy

i. RT of local recidive tumour
ii. cytostatic therapy of local tumour
iii. received RT of metastasis

7. Non-specified RT
8. Palliative treatment

The first SLNB was performed in 2005. Thus, the effect of RT on the survival and outcome was
analyzed based on the data for 2005–2016. In this sub-cohort, we included patients whose date of
diagnosis was in 2005 or later. To compare the effect of adjuvant RT in the treatment of MCC, we
statistically compared re-excision, re-excision and SLNB, and CLND with and without adjuvant RT.

Statistical Analysis

All statistical comparisons were done by using the Chi-square test, the test of relative proportion
and t-test, where appropriate. Kaplan–Meier analysis was performed to determine overall and
disease-specific survival (MCC).

All analyses were done using SAS, version 9.3 (SAS Institute Inc., Cary, NC, USA).

5. Conclusions

The treatments patterns of MCC in Finland are highly heterogeneous and rarely follow the
international treatment guidelines. RT was rare in all disease stages. Comparison of simple excision to
excision combined with adjuvant RT showed an improved survival trend, but no statistical significance
was found after stratification according to disease stage. Perhaps unsurprisingly, disease-specific
survival has not increased despite advances in diagnostic procedures, SLNB and the advent of treatment
guidelines. This registry study serves as a baseline treatment efficacy comparison as we move into the
age of immunotherapy in MCC. Importantly, the advent of immunotherapy cannot compensate for
the need for proper management at the early stages of disease. Standardizing the treatment of MCC
patients in Finland requires more work on awareness and multidisciplinary co-operation.
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Abstract: Merkel cell carcinoma (MCC) is a rare and highly aggressive skin cancer with frequent
viral etiology. Indeed, in about 80% of cases, there is an association with Merkel cell polyomavirus
(MCPyV); the expression of viral T antigens is crucial for growth of virus-positive tumor cells. Since
artesunate—a drug used to treat malaria—has been reported to possess additional anti-tumor as
well as anti-viral activity, we sought to evaluate pre-clinically the effect of artesunate on MCC. We
found that artesunate repressed growth and survival of MCPyV-positive MCC cells in vitro. This
effect was accompanied by reduced large T antigen (LT) expression. Notably, however, it was even
more efficient than shRNA-mediated downregulation of LT expression. Interestingly, in one MCC
cell line (WaGa), T antigen knockdown rendered cells less sensitive to artesunate, while for two other
MCC cell lines, we could not substantiate such a relation. Mechanistically, artesunate predominantly
induces ferroptosis in MCPyV-positive MCC cells since known ferroptosis-inhibitors like DFO,
BAF-A1, Fer-1 and β-mercaptoethanol reduced artesunate-induced death. Finally, application of
artesunate in xenotransplanted mice demonstrated that growth of established MCC tumors can be
significantly suppressed in vivo. In conclusion, our results revealed a highly anti-proliferative effect
of the approved and generally well-tolerated anti-malaria compound artesunate on MCPyV-positive
MCC cells, suggesting its potential usage for MCC therapy.

Keywords: artesunate; Merkel cell carcinoma; MCC; polyomavirus; ferroptosis

1. Introduction

Merkel cell carcinoma (MCC) is an aggressive neuroendocrine skin cancer with increasing
incidence and mortality rates [1]. The most recent analysis reported 0.7 new cases per 100,000
person-years in 2013 in the United States of America with a predicted 14% increase in cases for 2020 [2],
and 0.43 MCC related deaths per 100,000 were reported for 2011 in another study [3]. 95% of the
patients with MCC are more than 50 years old, and the tumors commonly develop in chronically
sun exposed body areas [4]. Since immunosuppression is a further known risk factor for MCC,
an infectious etiology had been suspected [5]. Indeed, in 2008, a human polyomavirus named Merkel
cell polyomavirus (MCPyV) was found to be integrated into the genome of Merkel cell carcinoma
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cells [6], and subsequent studies confirmed that approximately 80% of all MCC cases are associated
with MCPyV [7]. Importantly, the integration patterns suggest that clonal expansion of the tumor
cells occurs after MCPyV integration sustaining the assumption that viral proteins are causal for
tumorigenesis [6,8,9]. Moreover, in MCPyV-positive MCC cells, expression of the viral oncoproteins
small and Large T-antigen (sT and LT) can be detected, and these proteins are essential for growth of
the tumor cells [10,11] qualifying them as potential therapeutic targets.

The five-year overall survival rate for patients with MCC is only about 40%, although the relative
survival rate (compared to an age- and sex-matched population) is 54% [12]. Primary MCCs are
excised by surgery, and adjuvant radiotherapy of the primary tumor location and the lymph node
region is recommended [13]. Until recently, the metastatic disease was treated preferentially with
various, not-standardized chemotherapeutic regimens, all of which could not improve survival of the
patients significantly [14]. Recently, however, antibodies targeting the immune suppressive protein
programmed cell death protein 1 (PD-1) or its ligand PD-L1 have demonstrated high response rates of
56 in first-line and 32% in second-line treatment, respectively for patients with stage IV disease [15,16].
Indeed, the PD-L1 targeting antibody Avelumab was the first treatment for metastatic MCC approved
both in the US and European Union [17]. Importantly, data available so far suggest that responses
of MCC patients to checkpoint inhibition are frequently long-lasting [18,19]. However, despite this
encouraging progress, many patients do not respond and a substantial number of patients develop
early secondary resistance [18,20]. Therefore, there is strong need for therapeutic approaches for
patients’ refractory to immune checkpoint inhibition. Furthermore, in developing countries there is a
particular need for alternative MCC treatment options, since the high costs of checkpoint antibodies
may limit their usage [21]

Artesunate is a semi-synthetic derivative of artemisinin, the active ingredient of the traditional
Chinese medicinal herb Artemisia annua [22]. Artesunate is applied as first-line drug for the treatment
of malaria which is caused by an infection with protozoa of the genus Plasmodium [23]. Although
artesunate represents the most effective and safe anti-malarial drug [24,25], its mode of action is only
incompletely understood [26]. Interestingly, artesunate has also been demonstrated to be specifically
cytotoxic to cancer cells from several tumor entities [27,28]. This cytotoxicity was ascribed to artesunate
impacting a multitude of signaling pathways and cell death modes [22]. For the latter, induction of
apoptosis [29–31] or ferroptotic cell death [32–34] have been reported most frequently. Importantly,
besides these anti-cancer effects, it also exerts anti-viral activities towards a broad range of viruses [35,36].
Therefore, we examined whether MCPyV-associated MCC cells are sensitive to this compound.

Here we demonstrate that artesunate effectively induces cell death of MCPyV-positive MCC cells
in vitro mainly through ferroptosis, while apoptosis appears not to be involved. Moreover, in a mouse
model, we demonstrate that artesunate can be applied to inhibit MCC tumor growth in vivo.

2. Results

2.1. Artesunate Effectively Inhibits Growth of MCPyV-Positive MCC Cell Lines In Vitro

Artesunate has been shown to mediate both anti-viral and anti-tumor activity [28,36]. Due to the
viral carcinogenesis of most MCCs, we tested in an initial experiment, the effect of artesunate on a
panel of MCPyV-positive classical MCC cell lines and some non-classical MCPyV-negative MCC cell
lines. Melanoma cell lines and primary fibroblasts were included as further controls. The drug was
used at concentrations of 1 and 10 μM and its effect on cell growth and metabolism was determined by
the MTS assay. While growth and survival of primary fibroblasts and melanoma cell lines was largely
unaffected at the given concentration, in particular the MTS signals of the MCPyV-positive MCC cell
lines WaGa and MKL-1 were largely reduced (Supplementary Figure S1).

100



Cancers 2020, 12, 919

2.2. Reduced Large T Antigen Expression in Response to Artesunate

MCPyV-positive MCC cell lines depend on expression of the viral T antigens and in particular LT
for growth [37,38]. Therefore, seeking for a potentially virus-related mechanism of growth inhibition
induced by artesunate, we analyzed whether it affects LT expression. Indeed, in all five analyzed MCC
cell lines, immunoblot analysis revealed decreased LT protein expression upon a three-day incubation
with artesunate (Figure 1a; Supplementary Figure S2a).

Figure 1. Artesunate-induced repression of MCPyV-LT expression in MCC cells is not crucial for
its cytotoxic effects. (a) The indicated MCPyV-positive Merkel cell carcinoma (MCC) cell lines were
incubated for three days in the absence or presence of artesunate (10 μM for MKL-1, MKL-2 and WaGa
and 12.5 μM for MS-1 and PeTa) followed by immunoblot analysis. (b) MKL-1 cells stably transduced
with a bi-directional non-coding control region (NCCR) reporter construct were treated for five days
with the indicated artesunate concentrations followed by flow cytometric analysis. Mean fluorescence
for early and late region were recorded, and mean values (± SD) are displayed. (c,d) MKL-1 and WaGa
cells stably transduced with a vector allowing doxycyclin (Dox)-inducible expression of an shRNA
targeting MCPyV TA were treated either with Dox (1 μM) or artesunate (10 μM) for 7 days, respectively.
(c) large T antigen (LT) expression was analyzed by immunoblot. (d) Trypan blue exclusion assay was
applied to determine viability in the course of time. Mean values (± SD) of at least four independent
experiments are depicted.
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To investigate whether artesunate affects the promoter driving T antigen expression, we made use
of a reporter construct in which the bi-directional MCPyV non-coding control region (NCCR) controls
expression of a green and a red fluorescent protein representing the early and late region, respectively.
Indeed, MKL-1 cells transduced with the reporter demonstrated a dose dependent reduction of green
fluorescence upon treatment with artesunate, while red fluorescence was not affected (Figure 1b;
Supplementary Figure S3) suggesting that artesunate may specifically downregulate LT via repression
of its NCCR-dependent transcription.

2.3. Artesunate Exerts Stronger Cytotoxic Effects on MCC Cells than TA Knockdown

Next, we asked whether the inhibition of T antigen (TA) expression could be a crucial mediator of
the artesunate-induced effects on MCC cells. To answer this question, we compared loss of viability
following artesunate treatment with cell death induced upon shRNA-mediated TA knockdown.
To this end, MKL-1 and WaGa cells transduced with a lentiviral vector allowing doxycyclin-inducible
expression of an shRNA targeting both T antigens were used. Addition of doxycyclin to these cells led
to an efficient knockdown evident by reduced LT in immunoblot analysis (Figure 1c; Supplementary
Figure S2b), which however was associated with only a minor increase in dead cells as assessed by
the trypan blue exclusion assay (Figure 1d). In contrast, incubation with 10 μM artesunate, which
was associated with a similar level of LT reduction (Figure 1c; Supplementary Figure S2b), induced
massive cell death within 7 days. These results argue against repression of TA expression being the
sole mechanism for the observed artesunate-mediated cytotoxicity on MCPyV-positive MCC cell lines.

2.4. Expression of the T Antigens Sensitizes the MCPyV-Positive Cell Line WaGa to Artesunate

As the results so far did not exclude a possible role of MCPyV for the artesunate-induced
cytotoxicity, we analyzed next whether TA knockdown in MCPyV-positive MCC cells may affect
their artesunate sensitivity. Since many cytotoxic drugs are less effective against non-proliferating
cells [39], we used MKL-1, MKL-2 and WaGa cells which in addition to the inducible TA shRNA,
constitutively express a Retinoblastoma protein 1 (RB1) shRNA rescuing the growth arrest induced
by LT knockdown [38]. Control cells without doxycycline treatment and cells incubated for four
days with doxycycline to repress T-antigen expression (Figure 2a) were then treated with artesunate
ranging from 1.6 to 50 μM. Two assays, namely the trypan blue dye exclusion assay and DNA staining
using propidium iodide were used to analyze cell viability of both groups. Interestingly, both assays
demonstrated that WaGa cells with repressed T antigen showed increased cell viability upon artesunate
treatment compared to the respective controls without the knockdown (Figure 2b). Therefore, T antigen
expression seems to sensitize WaGa cells to artesunate induced cell death. For MKL-1 and MKL-2 cells,
however, T antigen knockdown did not alter their sensitivity towards artesunate (Figure 2b).

In addition, artesunate induced cell death was preceded by a G2/M arrest (Supplementary
Figure S4), while TA knockdown has been demonstrated to cause an arrest in G1 [11], further sustaining
the conclusion that artesunate has important impacts on MCC cells in addition to T antigen repression.
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Figure 2. T antigen knockdown is associated with decreased artesunate sensitivity of WaGa but not
MKL-1 and MKL-2 cells. We used the indicated cell lines which were stably transduced with a vector
allowing doxycyclin (Dox)-inducible expression of a T antigen (TA) shRNA as well as with a vector
constitutively expressing an RB1 shRNA. (a) Following 5 days in the presence or absence of Dox (1 μM)
TA knockdown was evaluated by immunoblot analysis. (b) Then artesunate dose-response curves
were recorded for control and Dox-treated cells applying the trypan blue exclusion assay as well as
determination of the Sub-G1 population following propidium iodide staining of fixed cells. Displayed
are mean values (+ SE) of at least three independent experiments.

2.5. No Signs of Apoptotic Cell Death Are Induced by Artesunate in Most MCPyV-Positive MCC Cell Lines

To further scrutinize artesunate’s cytotoxicity towards MCPyV-positive MCC cells, we recorded
dose response curves for five MCC cell lines applying two different cell death assays. Interestingly, we
observed for four of the five cell lines, a significant difference between cell death induction as assayed
by trypan blue exclusion compared to the appearance of a sub-G1 population in particular at higher
artesunate concentrations (Figure 3a; Supplementary Figure S5). Indeed, cells with DNA less than 2N
were less frequent than cells that had lost membrane integrity. This suggests that artesunate-induced
death is not preceded by DNA fragmentation, a well-known characteristic of apoptosis [40]. Hence,
apoptosis, a frequently described result of artesunate treatment in cancer cells [29–31,41], seems not to
represent a crucial mechanism in these MCPyV-positive MCC cell lines. Only for MKL-2, no difference
could be observed between the two dose response curves suggesting a possible contribution of
apoptotic cell death.
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Figure 3. No signs of apoptotic cell death in most artesunate-treated MCC cells. (a) The indicated cell
lines were treated for three days with increasing concentrations of artesunate. Then cell death was
measured by the trypan blue exclusion assay. Additionally, cells were fixed and stained with propidium
iodide to determine the increase in cells with a DNA content of less than 2N (sub-G1) (b) Cells were
treated with 50 μM artesunate (ART) in the presence and absence of 20 μM of the caspase inhibitor
Z-VAD. Viability was assessed by the trypan blue exclusion assay. Statistical testing applying ANOVA
did not reveal significant differences.

To further evaluate these findings, we applied the pan caspase inhibitor benzyloxycarbonyl
-ValAla-Asp (OMe) fluoromethylketone (Z-VAD-FMK), which bears the capability to suppress
caspase-dependent apoptosis [42]. Although for MKL-2 an increase of viable cells in the presence
of Z-VAD-FMK was observed, a significant rescue from artesunate induced cell death could not be
detected for any of the five MCC cell lines (Figure 3b; differences tested with ANOVA and subsequent
post hoc tests comparing values to those of artesunate-treated cells).

Finally, we investigated morphologic changes associated with artesunate treatment of
MCPyV-positive MCC cell lines since apoptosis is characterized by characteristic features like cell
shrinkage, membrane blebbing and formation of apoptotic bodies [43,44]. However, none of these
characteristics were detectable when we analyzed the two non-spheroidal cell lines WaGa and PeTa by
time lapse microscopy. Indeed, upon artesunate treatment, the opposite of shrinkage, i.e., cell swelling,
was observed before death occurred (Supplementary Figure S6).

In conclusion, several observations suggest that at least in most artesunate-treated MCPyV-positive
cell lines, apoptosis is not induced, and the morphologic feature of cell swelling hints to either necroptosis
or ferroptosis provoked by artesunate [44,45].

104



Cancers 2020, 12, 919

2.6. Ferroptosis as a Key Player in Artesunate-Induced Cytotoxicity in MCPyV-Positive Cells

Previous studies had revealed the capability of artesunate to induce ferroptosis, an iron-dependent
cell death mode characterized by lipid peroxidation [32–34]. Therefore, we next applied several specific
inhibitors to test for ferroptotic features of artesunate-treated MCC cells. In this regard, rescue from
cell death by the radical-trapping antioxidant ferrostatin-1 (Fer-1) which blocks lipid peroxidation [46]
is regarded as one of the features defining ferroptosis [47]. Indeed, in all investigated MCC cell
lines artesunate-induced cell death was significantly reduced by Fer-1. In addition, inhibition of
artesunate-triggered viability loss by the iron-chelator deferoxamine (DFO) confirmed a ferroptotic
process (Figure 4a).

Figure 4. Ferroptosis inhibitors rescue MCPyV-positive MCC cells from artesunate-induced cell death.
The indicated MCPyV-positive MCC cell lines were cultured in the absence or presence of 50 μM
artesunate (ART). Additionally, either 10 μM of the radical-trapping antioxidant ferrostatin-1 (Fer-1),
100 μM of the iron-chelator deferoxamine (DFO), 50 nM of the autophagy inhibitor bafilomycin-A1
(BAF-A1) (a) or 25 μM of the ACSL4 inhibitor rosiglitazone (Rosi) (b) were included in the culture
medium. After two days of co-treatment, viability was assessed by the trypan blue exclusion assay.
Mean values (± SD) of at least three independent experiments are displayed. The effect of multiple
treatment and inhibitor combinations was tested by ANOVA followed by post-hoc test comparing the
effect always against the one observed for artesunate treatment. (* p < 0.05; ** p < 0.01; *** p < 0.001;
**** p < 0.0001).

Furthermore, the effect of the vacuolar ATPase inhibitor bafilomycin-A1 (BAF-A1) in combination
with artesunate was investigated. Multifaceted outcomes, like apoptosis induction or inhibition
of autophagy, have been described for BAF-A1 [48,49]. However, BAF-A1 has also been observed
to suppress ferroptosis, giving rise to one of the arguments linking autophagy to the ferroptotic
process [47,50,51]. Such a link appears to exist also in MCC cell lines since among the tested inhibitors,
BAF-A1 most efficiently suppressed artesunate-induced cell death in the MCPyV-positive MCC cell
lines (Figure 4a).
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A further reported step essential for ferroptosis is the inhibition of cystine import, which is
necessary for antioxidant production [52,53]. In line with the notion that artesunate-induced cell death
requires reduced cystine import, β-mercaptoethanol, which promotes cystine uptake [54], repressed
cell death in artesunate-treated MCC cells (Supplementary Figure S7).

Finally, we tested rosiglitazone (Rosi), an inhibitor of the Acyl-CoA synthetase long-chain family
member 4 (ACSL4). This enzyme has been demonstrated to be involved in ferroptosis execution by
converting long-chain poly-unsaturated fatty acids (PUFAs) to their corresponding fatty acyl-CoA
variants [55,56]. Indeed, Rosi exerted a protective effect on all three tested artesunate-treated MCC cell
lines (Figure 4b).

These results suggest that artesunate kills MCPyV-positive MCC cells by dysregulating lipid
metabolism and autophagy resulting in ferroptosis.

2.7. Artesunate Inhibits Tumor Growth In Vivo

To evaluate whether artesunate can affect growth of MCPyV-positive tumors in a living organism,
we used xenotransplantation mouse models based on subcutaneous transplantation of the cell lines
MKL-1 or WaGa [57]. Following injection of the tumor cells, the animals were monitored until they
developed visible and palpable tumors measuring approximately 150 mm3. Subsequently, 100 mg/kg
body weight artesunate was administered intraperitoneally while control mice received the same
volume of vehicle control. Artesunate treatment significantly reduced tumor growth of both MKL-1
and WaGa tumors (Figure 5).

 
Figure 5. Tumor growth is restricted in artesunate-treated mice. Immunodeficient NOD/Scid mice
received subcutaneous injection of either MKL-1 or WaGa cells. When tumors reached a size of 100 mm3,
the mice were randomly assigned to control group (n = 6 for WaGa and n = 5 for MKL-1, since in one
animal no tumor growth was observed) or treatment group (n = 6). Each mouse from the treatment
group was subjected to daily intraperitoneal injections with 100 mg/kg artesunate. The control group
received injection of an equal volume of solvent (2% DMSO in PBS). The experiment was terminated
once individual tumors of the control group reached the maximum tolerable size. Depicted are the
means (± SEM). Statistical analyses of area under the curves for the two models were p < 0.001 for
MKL-1 and 0.0305 for WaGa (unpaired t-test).

3. Discussion

The term drug repositioning (also called drug repurposing) describes the use of established drugs
for new therapeutic purposes. Drug repositioning is a well-established process approved by regulatory
agencies that allows fast identification of new treatment options, usually associated with less costs
and lower risks for patients compared to the development of new drugs [58]. While some compounds
(e.g., thalidomide, zoledronic acid, celecoxib) have already been successfully repositioned for cancer
treatment, other drugs like, e.g., artesunate are currently in the process for possible repositioning [58].
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Artesunate is a derivative of artemisinin, an extract from the plant Artemisia annua Linne [22].
Notably, the discovery that artemisinin-class substances can be applied as potent therapeutics for malaria
patients, was awarded with the Nobel Prize in 2015 [59]. Indeed, artesunate exerts superior antimalarial
effects in clinical application and is characterized by an excellent safety profile [60]. Furthermore, in
recent years, several additional activities beyond anti-malarial activity have been observed [22,61].
In this respect, pre-clinical studies on artesunate have demonstrated anti-tumor activity against many
different cancers including colon caancer [29], lung adenocarcinoma [31], pancreatic cancer [33],
breast cancer [62] and different hematological malignancies [30,32,63]. The present study adds
MCPyV-positive MCC to this list as we demonstrate the capability of artesunate to restrict growth of
virus-positive MCC cells in vitro as well as in xenotransplantation mouse models in vivo.

The question whether presence of the viral proteins in these cells affects their artesunate sensitivity
could not be fully answered. In line with different reported anti-viral effects of artesunate [35,36]
including impairment of the polyomavirus life cycle [64,65], we observed repression of T antigen
expression in artesunate-treated MCPyV-positive MCC cells. This was different compared to human
papilloma virus infected cervical cancer cells in which expression of the viral oncogenes was not
affected by the related compound dihydroartemisinin [66]. However, although T antigens are essential
for growth of MCPyV-positive MCC cells [11], the cytotoxicity of artesunate towards these cells seems
not to depend on viral-protein repression. Indeed, in this respect, artesunate was more potent than T
antigen knockdown. It was only in one MCC cell line (WaGa), that sensitivity towards artesunate was
reduced upon knockdown of T antigen expression.

Irrespective of a possible contribution of the T antigens to artesunate-induced cell death of
MCPyV-positive MCC cells, a set of inhibitor experiments suggest that artesunate induces ferroptosis
and not apoptosis in these cells. Among the multitude of different modes of regulated cell death,
an important distinction is their dependence on caspases. In this regard, apoptosis and pyroptosis
require activation of these proteases while necroptosis, ferroptosis, parthanatos, alkaliptosis and
oxeiptosis are caspase-independent [45]. In the case of artesunate-treated MCPyV-positive MCC cells,
the pan caspase inhibitor Z-VAD-FMK did not significantly reduce cell death. In contrast, inhibitors
targeting different steps of the ferroptotic pathway were effective in rescuing artesunate-triggered
killing of virtually all five investigated MCC cell lines.

Ferroptosis is a mode of programmed cell death that is characterized by an iron-dependent
accumulation of lipid peroxides [48]. Interestingly, ferroptosis is considered to be pro-inflammatory
and immunogenic, due to release of damage-associated molecular patterns (DAMPs) [67,68]. Hence,
besides the direct effects on the tumor cells, artesunate may also support anti-tumor immune responses.
However, direct evidence for this possibility is still scarce and further investigations on this topic
are necessary [67]. Notwithstanding, following preclinical evaluation of the anti-tumoral activity
of artesunate in recent years, we have now reached a phase of human trials for the treatment of
cancer patients with artesunate. In this respect, several phase 1 and phase two studies (colorectal
cancer, hepatocellular carcinoma, breast cancer and several intraepithelial neoplasias) are ongoing
(www.clinicaltrials.gov), and for a few trials results have already been published. These reports
highlighted the favorable tolerability of artesunate [69–72], and some even found first hints for clinical
activity [69,70]. It may be interesting to see how artesunate, maybe even in combination with immune
checkpoint inhibitors, performs in cancer trials in the future. Certainly, MCPyV-positive MCC patients
may be included in such studies.
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4. Materials and Methods

4.1. Ethics Statement

Animal experiments were performed according to the legal requirements and approved by the
Regierung von Unterfranken (RUF 55.2.2 -22532.2 -925-18).

4.2. Cloning and Usage of an NCCR Reporter Construct

To allow assessment of the transcriptional activity of the MCPyV noncoding control region (NCCR)
by flow cytometry, we cloned a lentiviral reporter construct in which we placed a green and a red
fluorescent protein 3′ and 5′ of the NCCR (Supplementary Figure S8). We included in addition to
the mere NCCR, also the sequences coding for the N-terminus of sT and VP2 in the construct to
prevent losing potential regulatory elements extending into the respective coding region. To this end,
mNeongreen and mCherry coding sequences were cloned in frame with the first 78 codons of sT and
the first 64 codons of VP2, respectively (Supplementary Figure S8a). This cassette was inserted into
the multiple cloning site of pLVX-Puro (Clontech) yielding the construct pLVX NCCR mNeongreen
mRuby3 (the map is available upon request).

Lentivirus particles were generated as described [39] and used for infection of MKL-1 cells. Red
and green fluorescence was analyzed on a CytoFLEX flow cytometer (Beckman Coulter).

4.3. Cell Culture

MCPyV-positive MCC cell lines MKL-1 [73], MKL-2 [74], MS-1 [75], WaGa and PeTa (both
described in [9]) were cultivated in RPMI-1640 medium (Sigma Aldrich) supplemented with 10% FBS
(Biochrom GmbH), 100 U/mL penicillin and 0.1 mg/mL streptomycin (Sigma Aldrich).

MKL-1, MKL-2 and WaGa cells with constitutive expression of an shRNA targeting RB1 and
doxycyclin-inducible expression of an shRNA targeting both T antigens (TA shRNA tet), have been
described previously [38].

4.4. Immunoblotting

Cells were lysed using the ELB lysis buffer containing 150 mM NaCl, 50 mM Hepes pH 7.5,
5 mM EDTA, 0.1% NP-40, 20 mM β-glycerophosphate, 0.5 mM sodium orthovanadate and a protease
inhibitor (Roche). The immunoblotting procedure was performed as described [38]. The antibodies
used in this study were directed against MCPyV-LT (CM2B4; Santa Cruz Biotechnologies), β-tubulin
(TUB 2.1; Sigma-Aldrich, Ottobrunn, Germany) and vinculin (hVIN-1; Sigma-Aldrich). Uncropped
blots are given in Supplementary Figures S9 and S10)

4.5. MTS Assay

Cell lines were seeded in sextuplicate per condition in 96-well plates. Following 5 days of
incubation with 0. 1 and 10 μM artesunate (Sigma Aldrich), the MTS proliferation assay (Promega,
Mannheim, Germany) was applied according to the manufacturer’s instructions.

4.6. DNA Staining

Cells were fixed with ice-cold 90% ethanol followed by a one-hour treatment with propidium
iodide mix (PBS + 1% FCS + 0.1 mg/mL propidium iodide + 0.1 mg/mL RNAse A). Analysis was then
performed by flow cytometry.

4.7. Trypan Blue Exclusion Assay

Cells were stained with 0.4% trypan blue in PBS (Sigma Aldrich), and the number of living,
dye-excluding cells as well as the dead blue-stained cells were counted using a hemocytometer.
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4.8. Time Lapse Microscopy

WaGa and PeTa cells were seeded at a density of 1 × 105 cells per well in μ-Slides (Ibidi) and
treated with 50 μM artesunate. Morphologic changes in the course of time were recorded using a
Nikon Eclipse Ti microscope.

4.9. Animal Experiments

Five-week-old female NOD.CB17/Prkdcscid mice (Charles River) were used for the
xenotransplantation experiments. They were housed under specific pathogen-free conditions. Each
mouse was injected subcutaneously with a suspension of 5 × 106 MKL-1 or WaGa tumor cells mixed
with an equal volume of Matrigel (Corning) in a total volume of 100 μL. The tumor size was measured
daily using a vernier calipers and the volume was calculated using the formula (V = π/6 × a2 × b
(a: length; b: height). Once the tumor size reached approximately 150 mm3, the mice were divided
into the control group (n = 6 for WaGa and n = 5 for MKL-1, since in one animal, no tumor growth
was observed) and treatment group (n = 6). Each mouse from the treatment group was subjected
to daily intraperitoneal injections with 100 mg/kg of artesunate, which was dissolved in DMSO and
then brought to a total volume of 200 μL with PBS prior to injection. Similarly, the control group
was injected with the same volume of DMSO in 200 μL of PBS (2% DMSO). The experiments were
terminated once the tumors of the control group reached the maximum tolerable size.

4.10. Statistical Analysis

Statistical analyses were completed with Prism 5.03 (GraphPad Software, Inc;. San Diego, CA 92108,
USA). Since cell volume distribution did not pass normality test; the volumes were compared by
non-parametric Mann–Whitney test. The effect of multiple treatment and inhibitor combinations was
tested by ANOVA followed by post-hoc test comparing the effect always against ones observed for
artesunate treatment. Adjusted p values following Dunnett multiple comparison testing were given.
For tumor growth curves, first area under the curve of tumor sizes (baseline set to zero) normalized to
the size at the start of treatment, were determined. These values were compared by unpaired t-test.

5. Conclusions

Artesunate induced ferroptosis in MCPyV-positive MCC cells in vitro and restricted growth of
MCC xenograft tumors in vivo. These results suggest that the established antimalarial therapeutic
may be applied to treat patients with MCPyV-positive MCC.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/12/4/919/s1,
Figure S1: tMCC cell lines are more sensitive towards artesunate than melanoma cell lines or primary fibroblasts,
Figure S2: Densitometric analyses of all immunoblots presented in the publication, Figure S3: Artesunate represses
NCCR driven early region transcription (representative histograms of the NCCR Reporter-Assay corresponding
to the bar graph in Figure 1b), Figure S4: Artesunate induces G2/M arrest in MCPyV-positive MCC cells,
Figure S5: Propidium iodide staining of artesunate treated MCPyV-positive MCC cells (representative histograms
corresponding to Figure 3a), Figure S6: Artesunate induces cell swelling of MCPyV-positive MCC cells, Figure S7:
β-Mercaptoethanol, an activator of cystine uptake, represses artesunate-induced cell death, Figure S8: An MCPyV
NCCR reporter construct, Figure S9: Uncropped blots from Figure 1a,c, Figure S10: Uncropped blots from Figure 2.
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Abstract: (1) Background: Merkel cell carcinoma (MCC) is caused by the Merkel cell polyomavirus
and UV radiation. Understanding of the underlying biology is limited, but identification of prognostic
markers may lead to better prognostic stratification for the patients. (2) Methods: Ninety patients
diagnosed with MCC (1996–2012) were included. Virus status was estimated by polymerase chain
reaction (qPCR) and immunohistochemistry (IHC). Ulceration status, PD-L1, cd66b neutrophils,
cd8 lymphocytes and biomarkers of vascularization (cd34 endothelial cells) and migration (e-cadherin)
were estimated by IHC and analyzed with digital pathology. (3) Results: Virus was present in 47% of
patient samples and correlated with lower E-cadherin expression (p= 0.0005), lower neutrophil-to-CD8
lymphocyte ratio (N:CD8 ratio) (p = 0.02) and increased PD-L1 expression (p = 0.03). Ulceration was
associated with absence of virus (p = 0.03), increased neutrophil infiltration (p < 0.0001) and reduced
CD8 lymphocyte infiltration (p = 0.04). In multivariate analysis, presence of virus (p = 0.01), ulceration
(p = 0.05) and increased CD8 lymphocyte infiltration (p = 0.001) showed independent prognostic
impacts on MCC-specific survival. (3) Conclusions: In this study, we found that a high N:CD8
ratio, ulceration, virus-negative status and absence of CD8 lymphocytes are negative prognostic
markers. Accurate prognostic stratification of the patients may be important in the clinical setting for
determination of adjuvant treatment.

Keywords: Merkel cell carcinoma; Merkel cell polyoma virus; tumor microenvironment;
CD8 lymphocytes; ulceration; E-cadherin
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1. Introduction

Merkel cell carcinoma (MCC) is a highly aggressive malignancy of the skin with a five-year
overall survival rate of 40% [1]. MCC was first described by Toker in 1972 and has during the past
decades shown an up to five-fold increase in incidences in western countries [2–5]. Although the cell
of origin of MCC is still debated, the etiology is believed to be UV-radiation (20%) and the recently
discovered Merkel cell polyomavirus (MCV) (80%) [6,7]. Despite its poor prognosis, recent clinical
trials with immune therapy with checkpoint inhibitors show high response rates, exceeding response
rates observed in most other solid tumors. The reason for this might be rooted in the inflammatory
microenvironment [8–10]. In most solid tumors, the tumor microenvironment (TME) plays an essential
role in both tumor growth and dissemination but also in response to treatment [11]. However,
a characterization and understanding of the TME is limited and still largely undescribed in MCC.

Both viral status (MCV-positive or negative) [12] and infiltrating immune cells (e.g., neutrophils and
CD8 lymphocytes) [13–15] can be pivotal contributors to either a pro- or anti-TME, which in turn may
impact the migratory functions of the tumor cells (e.g., assessed by loss of E-cadherin) [16–18]
and response to immune checkpoint inhibitors (generally enhanced in tumors with PD-L1
expression) [19]. In addition, one of the leading prognostic factors in other skin malignancies
like melanoma is ulceration [20], which we have previously shown is linked to a tumor-supportive
microenvironment [16,17]. We aim to study in MCC the interaction between tumor cell viral status,
ulceration and the microenvironment (assessed by PD-L1, E-cadherin, endothelial cells and immune
cell stain densities), aiming for a better understanding of these factors that may play an essential role
in both the natural and treatment-related biology of MCC.

2. Results

2.1. Ulceration in MCC Is Associated with Increased Infiltration of Neutrophils and Decreased Infiltration of
CD8 Lymphocytes

Ulceration was present in 29.5 % (n = 23) of primary tumors and absent in 70.5 % (n = 55).
The remaining tumors could not be evaluated due to missing epidermal regions in the tumor sections
(n = 12). There was no difference in clinical characteristics between ulcerated and nonulcerated MCC
(Table S1). Ulcerated tumors were characterized by increased (p < 0.0001) stain area fractions of
neutrophils (0.02%; 95% CI: 0.00–0.90 vs. 0.06 × 10−3%; 95% CI: 0.02 × 10−3–0.18 × 10−3, Figure S1B,E)
and an increased (p < 0.0001) neutrophil-to-CD8 lymphocyte ratio (N:CD8) (0.91; 95% CI: 0.12–6.92
vs. 0.33 × 10−3; 95% CI: 0.09 × 10−3–1.23 × 10−3 ), compared with nonulcerated tumors. In contrast,
ulcerated tumors had lower (p = 0.04) stain area fractions of CD8 lymphocytes (0.02%; 95% CI: 0.00–0.10
vs. 0.19%; 95% CI: 0.06–0.60), compared with nonulcerated tumors (Figure S1C,F).

2.2. Ulceration Is Associated with Virus-Negative MCC

Virus was present in 47% (43/90) of the included MCC patient samples, while 53% (57/90) were
virus-negative. Ulceration associated significantly with virus-negative MCC (p = 0.03) and was
present in 39.5% (17/43) of the virus-negative MCC and only in 17.1% (6/35) of the virus-positive MCC.
Ulceration did not associate with tumor size (p = 0.56).

2.3. Virus-Positive MCC Presents Higher Densities of PD-L1, Lower Neutrophil-to-CD8 Lymphocyte Ratio and
Lower Density of E-Cadherin

Virus status was estimated with both qPCR and immunohistochemistry (IHC). Estimated by
qPCR, 47% (43/90) of patients were virus-positive. Two additional patients had a positive PCR but
were categorized as PCR-negative, as their viral primer/TBP ratio was below the 0.01 cut-off. Estimated
by IHC, 40% (36/90) of patients were virus-positive. One additional patient had positive immune
staining but was categorized as IHC-negative, as the stained cells were stromal cells. There was a high
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concordance between IHC and qPCR for virus detection (p < 0.0001), with IHC detecting 83.7% of
qPCR-positive samples.

Patients with virus-positive MCC were younger (74.7 years vs. 80.8 years; p = 0.008),
and the primary location of MCC varied significantly between the virus-negative and virus-positive
groups (p = 0.006). Virus-positive primary tumors were primarily located on the extremities
(60.5% vs. 27.6%), and the virus-negative tumors were more often located in the head-and-neck
area (61.7% vs. 30.2%), while location on the trunk was rare but equally distributed between the groups
(9.3% vs. 10.6%). Factors of the local TME in virus-positive and -negative MCC are illustrated in
Table 1. Virus-negative MCC was significantly associated (p = 0.02) with an increased N:CD8 ratio
(15.93 × 10−3; 95 % CI: 2.20 × 10−3–115.16 × 10−3), compared with virus-positive MCC (0.81 × 10−3;
95% CI: 0.16 × 10−3–4.12 × 10−3). Virus-positive MCC was significantly associated (p = 0.0005) with
reduced stain area fractions of E-cadherin (0.27 × 10−3 %; 95% CI: 0.04 × 10−3–2.04 × 10−3), compared
with virus-negative MCC (56.57 × 10−3; 95 % CI: 6.44 × 10−3–497.02 × 10−3, Figure S2D,H). In addition,
presence of the virus associated (p = 0.03) with an increased stain area fraction of PD-L1 (59.28 × 10−3%;
95 % CI: 9.46 × 10−3–371.29 × 10−3), compared with virus-negative samples (4.36 × 10−3 %; 95 % CI:
0.84 × 10−3–22.68 × 10−3) (Figure S2C,G).

Table 1. This stain area fraction (in %) of immune cells and biomarkers in virus-positive and -negative
Merkel cell carcinoma (MCC).

Mean Area Marker (%)
Virus-Positive MCC Mean Area

Fraction of Marker (95% CI)
Virus-Negative MCC Mean Area

Fraction of Marker (95% CI)
p-Value

Lymphocytes
(CD8, intratumoral) 0.23 (0.06–0.89) 0.06 (0.02–0.19) p = 0.11

PD-L1 (intratumoral) 59.28 × 10−3 (9.46 × 10−3–371.29 × 10−3) 4.36 × 10−3 (0.84 × 10−3–22.68 × 10−3) p = 0.03
Neutrophils

(CD66b, intratumoral) 0.19 × 10−3 (0.07 × 10−3–0.52 × 10−3) 0.89 × 10−3 (0.19 × 10−3–4.07 × 10−3) p = 0.09

Neutrophil-to-lymphocyte ratio,
(CD66b/CD8, intratumoral) * 0.81 × 10−3 (0.16 × 10−3–4.12 × 10−3) 15.93 × 10−3 (2.20 × 10−3–115.16 × 10−3) p = 0.02

E-cadherin (intratumoral) 0.27 × 10−3 (0.04 × 10−3–2.04 × 10−3) 56.57 × 10−3 (6.44 × 10−3–497.02 × 10−3) p = 0.0005
Endothelia (CD34, intratumoral) 3.74 (0.65–21.39) 4.40 (1.23–15.78) p = 0.87

* No unit.

2.4. Density of CD8 Lymphocytes and PD-L1 Are Associated

Increasing stain area fractions of CD8 lymphocytes in the tumor (p < 0.0001) and a low N:CD8
ratio (p = 0.0003) associated with an increased PD-L1 stain area fraction.

2.5. Density of CD8 Lymphocytes, Neutrophil-to-CD8 Lymphocyte Ratio, Virus-Positive Status, Ulceration and
Nodal Involvement Have Independent Impact on MCC Specific Survival

In univariate analysis, a significantly reduced MCC-specific survival was seen in patients with an
ulcerated primary tumor (HR = 2.49; 95% CI= 1.18–5.25; p = 0.02), increased N:CD8 ratio (HR = 1.21;
95% CI= 1.06–1.37; p = 0.004) and nodal involvement (HR = 3.17; 95% CI = 1.47–6.81; p = 0.003).
A significantly improved MCC-specific survival was seen in patients with an increased stain area
fraction of CD8 lymphocytes (HR = 0.70; 95% CI= 0.57–0.87; p = 0.001) and with a positive viral
status (HR = 0.47; 95% CI = 0.22–1.00; p = 0.05). No significant difference in MCC-specific survival
was seen based on the stain area fraction of PD-L1 expression (p = 0.21), E-cadherin (p = 0.73),
endothelia (p = 0.74), neutrophils (p = 0.32) or tumor size (p = 0.35). The results of the univariate
analysis are illustrated in Table 2.

117



Cancers 2020, 12, 888

Table 2. Univariate analysis showing MCC-specific survival based on immune cells and biomarkers in
the tumor microenvironment.

Characteristics
Number of
Patients (n)

Univariate Analysis
HR (95% CI)

p-Value

Presence of virus 90 0.47 (0.22–1.00) p = 0.05
Presence of ulceration 78 2.49 (1.18–5.25) p = 0.02

Lymphocytes (CD8, intratumoral) 90 0.70 (0.57– 0.87) p = 0.001
Neutrophils (CD66b, intratumoral) 89 1.10 (0.91–1.34) p = 0.32

Neutrophil-to-lymphocyte ratio (CD66b/CD8, intratumoral) 89 1.21 (1.06–1.37) p = 0.004
Endothelia (CD34, intratumoral) 89 0.97 (0.82–1.15) p = 0.74

E-cadherin (intratumoral) 89 0.98 (0.88–1.10) p = 0.73
PD-L1 (intratumoral) 38 0.81 (0.59–1.12) p = 0.21

For the multivariate analysis, we chose to adjust for T-size over and under 2 cm and lymph
node involvement, as these factors are known and accepted prognostic markers of MCC. Presence
of ulceration (HR = 2.22; 95% CI= 0.99–4.98; p = 0.05) and an increased N:CD8 ratio (HR = 1.14;
95% CI = 1.00–1.31; p = 0.04) had negative independent prognostic impacts on MCC-specific survival.
Kaplan-Meier survival curves for ulcerated and nonulcerated MCC are illustrated in Figure S1G.
A significantly improved MCC-specific survival was seen in patients with an increased stain area
fraction of CD8 lymphocytes (HR = 0.68; 95% conf. 0.54–0.85; p = 0.001) and with a positive viral
status (HR = 0.32; 95% CI = 0.13–0.78; p = 0.01). Kaplan-Meier survival curves for virus-positive and
-negative MCC are illustrated in Figure S2I. No significant difference in MCC-specific survival was
seen based on the stain area fractions of PD-L1 (p = 0.29), neutrophils (p = 0.87), endothelia (0.77) or
E-cadherin (p = 0.73). The results of the multivariate analysis are illustrated in Table 3.

Table 3. Multivariate analysis showing MCC-specific survival based on immune cells and biomarkers
in the tumor microenvironment.

Characteristics
Number of
Patients (n)

Multivariate Analysis
HR (95% CI)

p-Value

Presence of virus 82 0.32 (0.13–0.78) p = 0.01
Presence of ulceration 70 2.22 (0.99–4.98) p = 0.05

Lymphocytes (CD8, intratumoral) 82 0.68 (0.54–0.85) p = 0.001
Neutrophils (CD66b, intratumoral) 81 1.02 (0.82–1.26) p = 0.87

Neutrophil-to-lymphocyte ratio (CD66b/CD8, intratumoral) 89 1.14 (1.00–1.31) p = 0.04
Endothelia (CD34, intratumoral) 81 1.03 (0.86–1.23) p = 0.77

E-cadherin (intratumoral) 81 0.98 (0.86–1.11) p = 0.73
PD-L1 (intratumoral) 31 0.80 (0.53–1.20) p = 0.29

3. Discussion

The primary aim of this study was to investigate prognostic markers of MCC, an aggressive skin
tumor with worse prognosis than melanoma [21]. We collected the majority of primary MCC samples
from patients diagnosed between 2007–2012 in Denmark. We aimed to characterize and associate
the virus status; ulceration status; factors of the TME (PD-L1 expression, E-cadherin expression
and CD34 endothelial cells) and important immune cells in primary MCC and link these factors to
disease-specific survival.

Importantly, we found that ulceration is an independent negative prognostic marker for patients
with MCC. In melanoma, ulceration is a part of staging and is an established negative prognostic
marker [22]; however, only few studies have looked at its role in MCC. Several studies have found
no association [23–26], while Bob et al. found correlation between ulceration and poor MCC-specific
survival [27]. Important limitations of many of these studies include a low number of ulcerated
samples, unclear definition of ulceration or if analysis was performed on primary or metastatic tumors.
In this study, ulceration was present in 29.5% (23/55) of primary tumors, with previous reports ranging
between 6.7–40% [23–26,28]. Ulceration associated with absence of the virus and a high N:CD8,
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with the latter suggesting that ulceration may contribute to a tumor-supporting microenvironment
by attracting neutrophils to the wound and surrounding tumor cells, in line with what has been
previously shown in melanoma [16,29]. Neutrophils, inflammation and UV exposure can suppress the
levels and functions of CD8 lymphocytes and induce inflammation and a local immune-suppressive
microenvironment [30,31]. An alternative explanation may be that virus-negative tumors are larger
and, therefore, more likely to be ulcerated; however, in our cohort, there was no significant difference
in tumor size based on viral or ulceration status.

In our study, a virus-positive status estimated by qPCR associated with improved MCC-specific
survival, confirming the results of several studies [32,33], although a virus-positive status estimated by
IHC did not impact survival significantly (data not shown). In our cohort, 47% (43/90) of primary MCC
samples were virus-positive in line with aggregate studies demonstrating 76% (453 of 595 MCCs) virus
positivity, although ranges vary between 24% and 100% [32,34,35]. This variance is largely unexplained,
as the hypothesis that this may be due to viral degradation in old FPPE patient samples has been
rejected by digital transcriptome analysis of frozen virus-negative samples [36,37]. In support of our
results, we used the same viral primers as previous published studies, and our bimodal approach of
detecting the virus showed high concordance [35].

E-cadherin is an important adhesion molecule, and its loss is among the factors that are
downregulated in epithelial-to-mesenchymal transition, allowing tumor cells to migrate [17,38].
In our sample, a reduced E-cadherin area fraction associated with virus-negative patients. This was
unexpected, as virus-negative patients more often present with advanced disease, compared with
virus-positive patients (66.7% vs. 48.3%) [32]. This is the first time E-cadherin expression has been
linked to virus-negative status, and it may be rooted in the controversies regarding the cellular origin of
MCC. Recent studies suggest that virus-positive MCC may originate from the epidermal keratinocyte,
and virus-negative MCC may originate from the dermal fibroblast [39]. Based on these results, the
difference in E-cadherin expression may be an intrinsic trait of each MCC host cell. An alternative
explanation may be that the increased E-cadherin stain area fraction is an extrinsic, viral-mediated
trait. Virus-mediated downregulation of E-cadherin has been reported for the Epstein-Barr virus in
nasopharyngeal carcinoma and for the hepatitis C virus in hepatocellular carcinoma [40,41]. Future
experiments with the knockdown of viral proteins may provide additional knowledge to this question.

The positive prognostic impact of CD8 lymphocytes and its association with PD-L1 is
well-recognized [15,42,43]. The latter is well-known to occur through a CD8 lymphocyte-mediated
induction of the interferon-γ pathway [44]. However, to the best of our knowledge, this is the first time
that the N:CD8 ratio in the TME has been examined in MCC. In this current study, with 89 patients
included in the analysis, a high N:CD8 ratio in the tumor was an independent prognostic marker
of poor MCC-specific survival in both univariate and multivariate analysis. One recently published
study examined its role in the peripheral blood of MCC patients, where a high N:CD8 ratio at baseline
associated with a poor MCC-specific survival [45]. This may be due to the role of neutrophils in
suppressing the antitumor effect of lymphocytes [30].

Our study had several important limitations, including its retrospective design. Ninety included
patients in our analysis represent a large number in the scope of MCC research but is a relatively small
sample size in statistical analysis. Formalin-fixed paraffin-embedded (FFPE) blocks were obtained
from different pathology departments with different protocols from the time of tissue excision to final
tissue preparation. We were therefore unable to control for the difference in fixation time, which could
potentially affect the IHC. We used a digital image analysis that measures the immune stain area while
manual assessments involve counting the number of stained cells, although comparative studies of
these two evaluation methods show high concordance [46]. The strict legislation on the acquisition of
patient journal materials meant that we could not obtain information on patient treatments. This may
be a confounder when evaluating prognostic markers. Tumor size was not a prognostic marker in
our cohort. This might be rooted in several factors, including the size and composition of our cohort,
and may subsequently limit our findings. Due to the previous reported and accepted prognostic role
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of tumor size, we found it most correct adjusting for both lymph node involvement and tumor size in
the multivariate analyses [1].

4. Materials and Methods

4.1. Patients and Samples

Patients diagnosed with MCC between 1 January 1996 to 31 December 2012 at Aarhus University
Hospital and between 1 January 2007 to 31 December 2012 at Aalborg University Hospital, Vejle Hospital,
Odense University Hospital, Herlev & Nordsjaelland Hospital, Bispebjerg Hospital and Rigshospitalet
were included while searching the Aarhus Pathology Database and the Danish National Pathology
Database using the SNOMED code M8247* for Merkel cell tumors. One-hundred and twenty-one
(n = 121) patients matched the search criteria. After exclusion, ninety (n = 90) patients were included
in the analyses (Figure S3). Clinical endpoints including the time of death and cause of death were
obtained from the Danish Register of Causes of Death filed by a local doctor with knowledge of
the patient’s admissions and disease history. Data on tumor size and pathology-confirmed regional
lymph node involvement (fine needle aspiration and sentinel lymph node biopsy) were obtained from
the Danish Pathology Database. This project was approved by the regional central Denmark Ethics
Committee (Ethics code: 1-10-72-280-16)

4.2. Tumor Specimens

Formalin-fixed paraffin-embedded (FFPE) tissue blocks with primary MCC were evaluated at
the Department of Pathology, Aarhus University Hospital. To confirm the diagnosis and presence
of tumor tissues, 2-μm-thick sections were cut and stained with haematoxylin and eosin (HE) and
evaluated by the departments senior pathologist (TS). Serial sections for further analysis with IHC and
macro-dissections for DNA extraction were prepared.

4.3. DNA Extraction and Quantification

A 2-μm-thick section was cut and H&E-stained to mark a representative tumor-only area to guide
the macro-dissection. Three sections (10-μm-thick) were cut and macro-dissected of the slide into a
sterile tube. Between each patient sample, the microtome, gloves and knife were changed to avoid
cross-contamination. DNA extraction was performed on the QIAsymphony SP (QIAGEN, Germany)
following the manufacturer’s protocol. DNA purity and quantity were estimated on the Implen
nanophotometer (Implen GmbH, Germany).

4.4. Real-time Taqman Polymerase Chain Reaction

Real-time quantitative PCR was performed on the Stratagene Mx3000P at the Department of
Pathology, Aarhus University Hospital with previously tested Taqman viral primer sets (LT2, LT3,
Set6 and Set7) with Onyx Quencher A (Sigma-Aldrich Company, Ltd, St. Louis, MO, USA) [35].
These primers are designed to amplify sequences within nucleotide position 196–1257 in the MCV
genome. This region is known to be present in all variations of sequenced MCV-DNA from MCC.
The housekeeping gene TATA-binding protein (TBP) was used as a reference (LGC Biosearch
Technologies, United Kingdom; forward primer CACCACAGCTCTTCCACTCA; reverse primer
GGGGAGGGATACAGTGGAGT; Probe AGACTCTCACAACTGCACCCTTGC). The testing was done
with duplicates of each patient sample, negative controls (H2O, tonsillar tissue) and positive control
with a Merkel cell virus-positive cell line (MKL-1, Sigma-Aldrich). qPCR was performed for 40 cycles
at 95 ◦C for 3 s and 60 ◦C for 20 s.

4.5. Immunohistochemical Staining

IHC was performed on the Ventana Benchmark XT-automated immunohistochemistry platform
(Oro Valley, AZ, USA) and the Dako Autostainer Link48 (Santa Clara, CA, USA). From each FFPE,
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five consecutive sections (3-μm-thick) were cut and prepared for staining of CD8 lymphocytes
(Dako, C8/144b, 1:200, OV dab); PD-L1 (Dako, 22C3, RTU, Dab); CD34 endothelia (Ventana, Oro Valley,
AZ, USA, QBEnd/10, RTU, OV dab); CD66b neutrophils (BD Bioscience, Franklin Lakes, NJ, USA,
G10F5, 1:200, UV red); E-cadherin (Ventana, Oro Valley, AZ, USA, 36, RTU, UV red) and CMB2B4
virus antigen (Santa Cruz, CA, USA, Poly, 1:100, OV dab) (Figure 1A–E). IHC was performed in large
batches to reduce batch-to-batch variance between runs. Control tissue with internal negative and
positive controls were used for all IHC staining. Control tissue for CMB2B4 virus antigen consisted of
an MCV-positive patient sample estimated by qPCR and CMB2B4 staining, while tonsillar tissue was
used for the remaining IHC stains.

Figure 1. Sections stained with immunohistochemistry (IHC) (top row) analyzed with digital pathology
(bottom row). Stained IHC sections of (A) E-cadherin, (B) CD66b neutrophils & CD34 endothelia,
(C) PD-L1, (D) CD8 lymphocytes and (E) CMB2B4 at 20×magnification with comparable illustrations
of digital image analysis (F–J). (B) CD34 endothelia (brown) and CD66b neutrophils (red) are stained
on the same section. The digital image analysis software converts the IHC dye into a digital color that
is used for the calculation of stain area fraction.

4.6. Digital Pathology

Software from Visiopharm (Visiopharm A/S, Denmark) was used to attain a quantitative estimate
of all analyzed factors. Image analysis protocols were developed by training the software to recognize
specific colors of the stains used (Figure 1F–J). The results of image analyses of all sections were
reviewed by the observer to exclude errors. A region of interest for the automatic evaluation of
IHC stains was manually marked. The region of interest included tumor epithelium and adjacent
intratumoral stroma. In this region, CD8, PD-L1, cd66b (both intra- and extravascular neutrophils)
and CD34 (vascularization) were assessed, whereas E-cadherin and CMB2B4 (virus) were assessed
only in the contained tumor epithelium. The IHC-stain area fraction per region of interest in percent
was calculated regarding CD8 lymphocytes, PD-L1 and CD34 (vascularization), whereas the stain
area fractions of virus-positive cells and E-cadherin were defined as the area of CMB2B-positive and
E-cadherin-positive MCC cells, respectively, divided by the area of tumor epithelium. The tumor
neutrophil-to-CD8 lymphocyte ratio (N:CD8 ratio) was estimated by the stain area fraction of cd66b
divided by the stain area fraction of CD8 in the tumor.
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4.7. Ulceration Status

Ulceration was defined as the full-thickness loss of the epidermis overlying MCC tissue in which
epidermal loss was associated with a host reaction. The H&E-stained section was used for ulceration
estimation, which was consensual based between SN and MLB, verified if in doubt by a senior
pathologist (TS).

4.8. Viral Status

IHC: The Allred scoring system combines the intensity of staining (0–3) and proportion of cells
stained (0-5), into a 0–8 points score. This method of semiquantative evaluation has previously been
used to determine if a sample is considered positive for the MCV antigen, with a threshold set to
2 equating < 1% of cells with weak staining [32,47]. With this threshold in mind, the objective estimate
in Visiopharm was set to analyze the stain area fraction of virus-positive cells with 1% as the cut-off.

qPCR: MCV is part of the skin flora and may therefore be present in tissue samples with
virus-negative MCC [48]. To match the cut-off of immune staining, samples with less than 1% of cells
containing viral DNA were categorized as ”PCR-negative” (equating a viral primer/TBP ratio < 0.01).
In this study, virus status was based on the qPCR results.

4.9. Statistical Methods

The stain area faction of CD8 lymphocytes, PD-L1, neutrophils, CD34 endothelial cells, E-cadherin
and virus antigen expression were log transformed, and the assumption of normal distribution assessed
using the residuals. Correlations between the different markers were analyzed using linear regression
and estimation of spearman correlation coefficients, and the differences in means between the groups
were tested using a t-test. Data concerning the viral status (qPCR and immune staining) and ulcerated
status was dichotomized and tested with a chi-square test. The study endpoint was disease-specific
survival, defined as the time from the date of surgery to date of death from MCC. Statistical analysis of
survival was performed using the Cox proportional hazards. Each variable was tested in multivariate
analysis adjusted for two variables (tumor size and lymph node involvement) to retain sufficient
statistical power with n > 10 events per adjusted factor. These variables are known prognostic markers
in MCC, included in the 8th AJCC staging system [1]. Survival probabilities were illustrated using the
Kaplan–Meier method. Level of significance of 0.05 was used for all analyses.

5. Conclusions

The results of this study show that patients with ulcerated primary tumors, absence of virus,
scarce infiltration of CD8 lymphocytes and a high N:CD8 ratio have a significantly worse prognosis.
In the clinical setting, we therefore suggest that these factors should be reported, as this may provide a
more accurate prognosis and lead to better prognostic stratification for the patients in determination
of the resection margin size and in the stratification of patients for adjuvant treatment based on the
predicted risk of recurrence and death. Furthermore, estimation of ulceration status is easy, fast and
does not require additional staining, while detection of virus, neutrophils and CD8 lymphocytes with
IHC is reliable and easy to implement in the clinical labs.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/12/4/888/s1:
Table S1: Characteristics between ulcerated and nonulcerated MCC, Figure S1: Images showing differences in
staining and survival between ulcerated and nonulcerated MCC, Figure S2: Images showing differences in staining
and survival between virus-positive and -negative MCC, Figure S3: Flowchart of included and excluded patients
and samples.
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Abstract: miR-375 is a highly abundant miRNA in Merkel cell carcinoma (MCC). In other cancers, it
acts as either a tumor suppressor or oncogene. While free-circulating miR-375 serves as a surrogate
marker for tumor burden in patients with advanced MCC, its function within MCC cells has not
been established. Nearly complete miR-375 knockdown in MCC cell lines was achieved using
antagomiRs via nucleofection. The cell viability, growth characteristics, and morphology were not
altered by this knockdown. miR-375 target genes and related signaling pathways were determined
using Encyclopedia of RNA Interactomes (ENCORI) revealing Hippo signaling and epithelial to
mesenchymal transition (EMT)-related genes likely to be regulated. Therefore, their expression was
analyzed by multiplexed qRT-PCR after miR-375 knockdown, demonstrating only a limited change
in expression. In summary, highly effective miR-375 knockdown in classical MCC cell lines did
not significantly change the cell viability, morphology, or oncogenic signaling pathways. These
observations render miR-375 an unlikely intracellular oncogene in MCC cells, thus suggesting that
likely functions of miR-375 for the intercellular communication of MCC should be addressed.

Keywords: miR-375; antagomiRs; Merkel cell carcinoma; Hippo signaling; focal adhesion

1. Introduction

Merkel cell carcinoma (MCC) is an aggressive skin cancer. Risk factors for MCC include an
advanced age, ultraviolet (UV) light exposure, and immune suppression [1]. About 80% of MCC
tumors are associated with genomic integration of the Merkel cell polyomavirus (MCPyV) bearing
truncating tumor-specific large T antigen mutations, while the others are characterized by a UV-induced
tumor mutational burden [1]. The pathogenesis of these two types of MCC tumors is surmised to be
distinct: MCPyV-positive MCC is associated with MCPyV T antigen-mediated tumor suppressor gene
inhibition and/or oncogene induction [1–3], while in MCPyV-negative MCC tumors, the comparable
oncogenic observations are caused by UV-induced DNA mutations [1,4–6]. However, the specific
molecular alterations caused by either MCPyV or UV-mutations are just starting to emerge [7,8].
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Transcription factor Atonal homolog 1 is characterized as a lineage-dependency oncogene in
MCC, which induces miR-375 expression [9]. microRNAs (miRNAs) are small, ~21nt single-stranded
RNAs, which post-transcriptionally regulate the stability and translation of genes, mainly by binding
to the 3′ UTR of mRNAs [10,11]. Each miRNA can bind a specific set of genes, which are referred to
as its target genes. The dysregulation of miRNAs has been reported in almost all types of human
cancer [10,12]. miRNA expression profiling in MCCs revealed miR-375 as one of the most abundant
miRNAs in classical MCC cell lines and tumor tissues [13–16]. Physiologically, miR-375 acts as
a pancreatic-islet miRNA essential for β-cell formation and the regulation of insulin secretion [17,18].
Divergent miR-375 expression has been described for multiple cancer types, e.g., reduced expression
in gastric [19,20], pancreatic [21], colon [22,23], and liver cancer [24], and high expression in medullary
thyroid carcinoma [25], prostate cancer [26], and MCC [13–16]. Therefore, miR-375 was assumed to be
an oncogenic miRNA in the latter group.

However, when the function of miR-375 in MCC was studied by different groups, the results were
inconsistent. Abraham et al. reported that miR-375 was involved in neuroendocrine differentiation
and miR-375 knockdown in classical MCC cell lines (MKL-1 and MS-1) and did not alter their growth
properties [13]. Our preliminary results of miR-375 knockdown experiments were consistent with their
report for the tested MCC cell lines [9]. In contrast, Kumar et al. reported that miR-375 inhibition in
WaGa and MKL-1 cells reduced cell growth and induced apoptosis by targeting lactate dehydrogenase
b (LDHB) [27]. Recent reports from the same group showed that miR-375, together with other miRNAs,
inhibits autophagy, thus protecting MCC cells from autophagy-associated cell death [28]. To resolve
these controversies, here, we scrutinize the function of miR-375 in MCC. For this, we established
a highly efficient method for miR-375 knockdown in classical MCC cell lines and analyzed the inflected
effects, with an emphasis on intracellular signaling.

2. Results

2.1. Effective Knockdown of miR-375 by Nuclear Transfection Using miR-375 AntagomiRs

To explore the function of miRNAs, it is essential to achieve largely complete knockdown.
Achieving highly effective knockdown in classical MCC cell lines is trivial. Therefore, we tested
different transfection methods, i.e., lipofectamine and nucleofection, in the two classical MCC cell lines
WaGa and PeTa using miR-375 antagomiRs.

The transfection of miR-375 antagomiRs by lipofectamine reduced miR-375 expression in
a dose-dependent manner, but was not sufficient for complete knockdown of the highly expressed
miR-375 (Figure 1a,b). Next, we performed nucleofection and optimized the transfection conditions.
Program D23 with 25nM miR-375 antagomiRs was determined as the optimal protocol for knockdown,
which rendered dramatically reduced miR-375 expression in both WaGa and PeTa cells (Figure 1c,d
and Figure S1). All further experiments were carried out using these conditions.
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Figure 1. Knockdown of miR-375 in classical Merkel cell carcinoma (MCC) cell lines. Relative miR-375
expression was determined in triplicate by qRT-PCR in WaGa (a,c) and PeTa (b,d) cells transfected with
miR-375 antagomiRs (anta-375) or a negative control (anta-NC) using lipofectamine (top row; a,b) or
nucleofection (bottom row; c,d). Quantification cycle threshold (Cq) values were normalized to the
small nucleolar RNA RNU6B (U6) and calibrated to the untreated WaGa cells. All experiments were
independently repeated three times. Error bars represent SD, *** indicates p< 0.001. n.s.: non-significant.

2.2. miR-375 Knockdown Does Not Impact the Morphology, Proliferative Capacity, or Apoptosis of MCC Cells

We were able to confirm our previous observation that miR-375 knockdown has no major impact
on cell proliferation, survival, growth characteristics, or cell morphology (Figure 2 and Figures S2 and
S3). Notably, even the highly effective miR-375 knockdown did not alter the morphologic appearance
as cells still showed a neuroendocrine growth pattern as loose spheroids or single cells, which was
identical to the growth pattern in cells transfected with unspecific control antagomiRs (Figure 2a,b).
Furthermore, neither the metabolic nor proliferative activity was affected by the miR-375 knockdown
(Figure 2c,d). While the harsh transfection conditions for the highly efficient miR-375 knockdown
inhibited the proliferation of MCC cells per se, we observed around 40% apoptotic cells 24h after
nucleofection in both WaGa and PeTa, and no difference was observed in MCC cells transfected with
miR-375 antagomiRs or the negative control (Figure 2e,f and Figure S3). Sequential analyses on days
3 and 5 after transfection further supported that miR-375 knockdown had no specific impact on cell
survival or metabolic activity (Figure 2c–f and Figure S3).
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Figure 2. miR-375 knockdown does not alter the cell morphology, viability, and apoptosis of MCC
cells. (a,b) Morphology of WaGa (a) and PeTa (b) cells, untransfected (untreated) and 120 h after
nucleofection with either anta-NC or anta-375. (c,d) Cell proliferation (metabolic activity) of WaGa (c)
and PeTa (d) cells after nucleofection with miR-375 antagomiRs or a negative control was measured
by MTS assays at the indicated time points. Absorbance values at 490 nm are presented. Scale bar:
100 μM. (e,f) The apoptotic cell rate of untreated or nuclear transfected WaGa (e) and PeTa (f) cells
was determined by flow cytometry using the NucView 488/MitoView 633 apoptosis assay. Scale bar
represents 50μm. All experiments were independently repeated three times, error bars represent SD,
* indicates p < 0.05, and ** indicates p < 0.01. n.s.: non-significant.

2.3. miR-375 Target Genes are Involved in Hippo- and EMT-Related Signaling Pathways

To further investigate the role of miR-375 in MCCs, we predicted target genes of this miRNA using
the miRNA target prediction tool ENCORI. This tool has the advantage that the results can be filtered for
experimentally-validated target genes. Nevertheless, more than 3000 target genes were predicted; thus,
the top 500 ranked genes were selected for further analysis (Table S1). Gene Ontology (GO) analysis
showed that miR-375 target genes contribute to several signaling pathways, including Golgi transport,
cell junction assembly, Hippo signaling, and neuron differentiation (Figure 3a). To test the relevance of
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these predictions in MCC, we re-analyzed previously published transcriptome microarray data of MCC
cell lines [29]. Of this data set, four MCC cell lines were selected according to their miR-375 expression
level: WaGa and MKL-1 with high and, MCC13 and MCC26 with low, miR-375 expression [14].
Gene Set Enrichment Analysis (GSEA) confirmed that particularly genes related to the focal adhesion
signaling pathway were lower expressed in cell lines with high miR-375 expression (Figure 3b).
Moreover, focal adhesion signaling pathways included most of the experimentally-confirmed miR-375
target genes; this notion also applies for miR-375 target genes related to the Hippo signaling pathway.
Both pathways regulate epithelial to mesenchymal transition (EMT) [30] (Figure 3c).

Figure 3. miR-375 target genes are involved in Hippo and epithelial to mesenchymal transition (EMT)
signaling pathways in MCC cells. (a) Gene ontology analysis was performed in Metascape using
the top 500 predicted miR-375 target genes. (b) Gene set enrichment analysis was performed using
previously published transcriptome microarray data of MCC cell lines with high (WaGa and MKL1) and
low (MCC13 and MCC26) miR-375 expression. Enrichment plot of the kegg_focal_adhesion signaling
pathway is depicted. (c) miR-375 target genes involved in Hippo and focal adhesion signaling pathways.

2.4. Hippo and EMT Signaling Pathway-Related Genes are Marginally Altered by miR-375 Knockdown

Since our in-silico analysis suggested that miR-375 may regulate Hippo- and EMT-related signaling
pathways, we tested this hypothesis by miR-375 knockdown experiments, together with qRT-PCR-based
expression arrays for Hippo and EMT signaling-related genes. These experiments, however, did not
reveal any statistically significant changes in the gene expression of compounds of these two signaling
pathways in MCC cell lines upon miR-375 knockdown. Specifically, miR-375 knockdown only resulted
in a non-significant (i.e., less than +/- two-fold change in expression) upregulation of eleven genes
(11/84, 13.1%) and downregulation of four genes (4/84, 4.8%) related to the Hippo signaling pathway,
as well as a non-significant upregulation of eleven genes (11/84, 13.1%) and downregulation of three
genes (3/84, 3.5%) with respect to the EMT-signaling pathway (Figure 4, Table S2).
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Figure 4. Moderate changes in the expression of Hippo (a) and EMT (b) signaling pathway-related
genes by miR-375 knockdown.

The expression of genes related to Hippo (a) and EMT (b) signaling pathways was determined
by a multiplexed qRT-PCR expression array in WaGa cells transfected with anta-375 or anta-NC,
normalized to the average Cq values of housekeeping genes (GAPDH, HPRT, and RPLP0) and calculated
for the ΔCq of WaGa cells transfected with anta-NC. Gene names colored in red represent genes
upregulated upon miR-375 knockdown, while gene names colored in blue represent downregulated
genes. Doted lines represent +/- two-fold changes. Experiments were independently repeated twice.

3. Discussion

Despite the fact that miR-375 is highly expressed in classical MCC cell lines and MCC tumors, its
function in MCC is not clear. To study the relevance of miR-375 in intracellular signaling in detail,
we performed a series of knockdown experiments using specific antagomiRs. Surprisingly, even the
nearly complete knockdown of miR-375 expression did not affect the proliferation, growth pattern,
or cell morphology. Similarly, the impact of miR-375 knockdown on the expression of Hippo and
EMT signaling pathway-related genes, i.e., pathways predicted to be regulated by miR-375, was only
marginal. These results, taken together with our previous observations that miR-375 is present in MCC
cell line-conditioned medium in sera of preclinical xenotransplantation animal models and in sera of
MCC patients [14], suggest that miR-375 may serve intercellular rather than intracellular signaling in
MCC. Indeed, miR-375 was recently characterized as an exosomal shuttle miRNA [31,32].

In previous reports, miR-375 knockdown or inhibition in MCC cell lines resulted in different
consequences. miR-375 knockdown using antagomiRs did not alter growth properties [13], whereas
the inhibition of miR-375 using an miRNA sponge suppressed cell growth and induced cell death
via downregulation of the LDHB gene [27]. Recently, the same group demonstrated that miR-375
inhibits autophagy to protect MCC cells from cell death [28]. AntagomiRs bind particular miRNAs,
causing their degradation, while sponge RNAs compete with target mRNAs. Differences in the
specificity and/or effectivity of the used methods are likely to explain some of the conflicting results.
The quantification of miRNA expression after miR-375 knockdown by antagomiRs might be helpful
to better understand this controversy. Notably, miR-375 is lowly expressed in variant MCC cell lines
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and the ectopic expression of miR-375 decreased their cell viability and migratory potential [13,27],
suggesting that miR-375 might be a tumor suppressor in these cells. However, several reports question
if these variant MCC cell lines are indeed representative of MCC tumors [29,33].

The knockdown of abundant miRNAs can be challenging [34]. AntagomiRs have been employed
for miRNA silencing in vitro and in vivo via miRNA degradation for years [34,35]. In our study, we
introduced the respective antagomiRs with two different transfection conditions, which revealed that
nuclear transfection was much more efficient and only this method succeeded in nearly complete
knockdown up to five days post-transfection. To be noted, we observed a slight increase in miR-375
expression over time after antagomiRs transfection. Therefore, the described method is very effective
for short-term knockdown, but not for long-term inhibition (Figure S2). Besides miRNA antagomiRs,
the miRNA sponge is another powerful tool that can be employed to inhibit the miRNA function.
Notably, an miRNA sponge was used by Kumar et al. to inhibit the miR-375 function in MCC cells [27].
To achieve long-term miRNA inhibition, viral vectors based on stable miRNA antagomiRs or sponge
expression and CRISPR-mediated miRNA knockout are feasible [36–38].

By testing for the expression of Hippo and EMT signaling pathway-related genes after miR-375
knockdown, we observed moderate expression changes of only a few genes. Furthermore, even these
changes did not clearly reveal any relevant role of miR-375 in regulating these pathways. Indeed,
both EMT-negative (CAV2 and IL1RN) and -positive (BMP2, ITGB1, and TGFB2) regulators were
induced upon miR-375 knockdown. Therefore, miR-375 may inhibit or induce EMT in MCC cells.
More importantly, none of the changes were greater than two-fold. The gap between the predicted and
functional observed effects of miR-375 knockdown is not entirely unexpected. Several reports have
provided a possible explanation: long non-coding RNAs, such as TINCR, HNGA1, and CircFAT1, act
as an miR-375 sponge [39–41]. Alternatively, other miRNAs in MCC may have redundant functional
targets as miR-375 [42].

In summary, we have demonstrated that even the highly efficient, almost complete knockdown
of the highly abundant miR-375 in classical MCC cells lines, has no relevant impact on the cell
viability, metabolic activity, morphology, or oncogenic signaling pathways targeted by miR-375. These
observations render miR-375 unlikely to function as an intracellular oncogene in MCC cells.

4. Materials and Methods

4.1. Cell Culture

The classical, MCPyV-positive MCC cell lines WaGa and PeTa were maintained in RPMI-1640
(PAN Biotech, Aidenbach, Germany) supplemented with 10% fetal bovine serum (Sigma-Aldrich,
Munich, Germany) and 1% penicillin/streptomycin (Biochrome, Berlin, Germany), as previously
described [43].

4.2. miR-375 Knockdown

For miR-375 knockdown, specific miR-375 inhibitors (Assay ID: MH10327, Catalog: 4464084,
Thermo Fisher Scientific, Frankfurt, Germany) or respective controls (Catalog: 4464076, Thermo Fisher
Scientific) were used.

For the transfection of MCC cells, two methods were compared. Lipofectamine 3000 reagent
(Thermo Fisher Scientific) was used according to the instructions of the manufacturer, i.e., 2 × 106 cells
were seeded into a 6-well-plate 24 h before transfection with 100 nM or 250 nM of antagomiRs.
Alternatively, the Nucleofector™ 2b Device (Lonza, Basel, Switzerland) with the Cell Line Nucleofector®

Kit V (Lonza) was used. D-23 was established as the appropriate program to transfect MCC cells
(https://bioscience.lonza.com/lonza_bs/CH/en/nucleofector-technology). A total of 100μL of buffer V
was mixed with 10 μL miRNA antagomiRs (25 nM) and 2 × 106 MCC cells before being transferred
into an electroporation cuvette. After the pulse, cells were immediately transferred into 6-well-plates
containing pre-warmed culture media.
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4.3. qRT-PCR for miR-375

Applied Biosystems TaqMan MicroRNA assays (Thermo Fisher Scientific) were performed
according to the manufacturer’s instructions. Pre-designed TaqMan microRNA assays for miR-375
(ID000564) were used. The quantification cycle threshold (Cq) values of miR-375 were normalized to
the small nucleolar RNA RNU6B (ID001093) and the relative expression of the respective comparator
was calculated using the 2-ΔΔCq method.

4.4. MTS Assay

Dead cells and cell debris after nucleofection were removed using Ficoll-mediated gradient
centrifugation (Biochrom, Berlin, Germany). For MTS assays, 104 living cells per well of each group
(untreated, anta-NC and anta-375) were seeded into 96-well-plates. CellTiter 96 AQueous One Solution
(Promega, Walldorf, Germany) was used to determine the relative cell proliferation every other day. In
brief, 20 uL of the CellTiter solution was added to each well and incubated for two hours, and the
absorbance was then measured using a plate reader at 490 nm.

4.5. Apoptosis Assay

The NucView 488/MitoView 633 apoptosis assay kit (Biotium, Fremont, CA, USA) was used to
determine the apoptotic cell rate, according to the manufacturer’s instruction. Viable cells were stained
red with MitoView 633 (red, APC-A channel), and apoptotic cells were stained green with NucView
488 (green, PE-A channel). Twenty-four hours’ post-nucleofection and subsequently every other day,
cells were analyzed using a CytoFLEX flow cytometer (Beckman Coulter, Krefeld, Germany).

4.6. Prediction of miR-375 Target Genes, Gene Ontology (GO), and Gene Set Enrichment Analysis (GSEA)

The Encyclopedia of RNA Interactomes (ENCORI, http://starbase.sysu.edu.cn/index.php) provides
miRNA–target gene interactions, which are based on miRNA target prediction programs, i.e., TargetScan,
miRanda, microT, PITA, miRmap, and PicTar. All miRNA target predictions are supported by published
Argonaute-crosslinking and immunoprecipitation (AGO-CLIP) data [44]. Predicted target genes are
ranked based on the predicted efficacy of targeting, as calculated using cumulative weighted context++
scores of the sites and related AGO-CLIP scores (clipExpNum, Table S1) [44,45]. The top 500 highest
ranking predicted target genes were selected for the following analysis.

Metascape (http://metascape.org) was applied for GO analysis [46]. Metascape incorporates a core
set of default ontologies, including GO processes, KEGG pathways, Reactome gene sets, canonical
pathways, and CORUM complexes, for enrichment analysis.

GSEA, the desktop application from the MSigDB of Broad Institute (Cambridge, MA, USA),
was used for re-analysis of the transcriptome microarray of selected MCC cell lines (http://software.
broadinstitute.org/gsea/msigdb/index.jsp) [47]. The transcriptome microarray data set GSE50451 was
downloaded from Gene Expression Omnibus. Four MCC cell lines were selected and analyzed in
GSEA: WaGa and MKL-1 as miR-375_ high, and MCC13 and MCC26 as miR-375_low.

4.7. Pathway Finder Gene Expression Arrays

The RT2 Profiler PCR arrays (SABioscience via Qiagen, Hilden, Germany) for epithelial to
mesenchymal transition (EMT) (PAHS-090Z) and Hippo signaling (PAHS-172Z) were performed
according to the manufacturer’s instructions. Total RNA was isolated from MCC cell lines three days
after nucleofection with miR-375 inhibitors or the respective control. A total of 200ng of total RNA
was transcribed into cDNA using the RT2 first strand kit (Qiagen). The relative gene expression was
determined using the RT2 Profiler PCR Array software from Qiagen (https://dataanalysis.qiagen.com/
pcr/arrayanalysis.php).
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4.8. Statistical Analysis

Statistical analyses were performed using GraphPad Prism 8.0 Software (GraphPad Software
Inc., San Diego, CA, USA). Experiments containing more than two groups were analyzed using the
Kruskal–Wallis test, and an unpaired nonparametric ANOVA. R studio (version 3.6.0) was used in the
statistical analysis as indicated: the ggpubr R package (version 3.2.0) for the dot plot of gene expression
in EMT and Hippo signaling. A p-value smaller than 0.05 was considered significant; the respective
p-values are indicated in the figures as follows: * p < 0.05, ** p < 0.01, and *** p < 0.001.

5. Conclusions

The highly efficient knockdown of abundant miR-375 achieved by miR-375 antagomiRs with
nucleofection did not cause obvious effects on the cell viability, apoptosis, morphology, or oncogenic
Hippo- and EMT-related signaling pathways. These observations render miR-375 unlikely to function
as an intracellular oncogene in MCC cells.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/12/3/529/s1,
Figure S1: Expression of miR-375 and U6 in MCC cells transfected with antagomiRs, depicted in amplification
curves, Figure S2: Relative expression of miR-375 in MCC cells transfected with antagomiRs, Figure S3: Apoptosis
of MCC cells transfected with antagomiRs was determined in flow cytometry, Table S1: List of predicted
miR-375 target genes in ENCORI, Table S2: Alteration of gene expression (Hippo and EMT related) after miR-375
knockdown in WaGa cells.
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Abstract: Viruses are the cause of approximately 15% of all human cancers. Both RNA and DNA
human tumor viruses have been identified, with Merkel cell polyomavirus being the most recent
one to be linked to cancer. This virus is associated with about 80% of Merkel cell carcinomas, a rare,
but aggressive cutaneous malignancy. Despite its name, the cells of origin of this tumor may not
be Merkel cells. This review provides an update on the structure and life cycle, cell tropism and
epidemiology of the virus and its oncogenic properties. Putative strategies to prevent viral infection
or treat virus-positive Merkel cell carcinoma patients are discussed.

Keywords: biomarkers; cell tropism; signaling pathways; therapy; transgenic mice; tumorigenesis

1. Introduction

1.1. Genome MCPyV

Merkel cell polyomavirus (MCPyV) is a naked double-stranded DNA virus belonging to the
Polyomaviridae family [1]. Its circular genome of ~5400 base-pairs (bp) encompassed three functional
domains (Figure 1). The early region includes the “Tumor” (T) antigen gene locus [2], from which,
alternatively-spliced RNA transcripts are produced. This region encodes for distinctive gene products:
the large T (LT), small (sT), 57kT antigens and a product from an alternate frame of the LT open reading
frame (ALTO) [3]. The LT, sT and 57 kT antigens, due to alternative splicing, share a 78 amino acid
sequence at their N-terminal region [4].

Similar to other human polyomaviruses (HPyVs), the MCPyV LT antigen contains a number
of motifs and domains that play key roles in viral genome replication and transcription, as well as
tumorigenesis (Figure 1). The N-terminal half encompasses the DnaJ domain, which consists of the
CR1 motif (13–17 amino acids) followed by the HPDKGG, the sequence is responsible for Hsc70
binding [5,6]. The WXXWW sequence found in LT of other PyVs and that binds the mitotic checkpoint
serine-threonine protein kinase Bub1 is absent in MCPyV LT [7]. At this position, MCPyV LT has
a sequence known as MCPyV T antigen unique region (MUR), containing a binding motif for the
vacuolar sorting protein Vam6p [8]. Adjacent to this, the conserved LXCXE retinoblastoma (RB) binding
motif is present.

Finally, a nuclear localization signal (NLS) with sequence RKRK is situated in the N-terminal
region of LT [9]. The C-terminal region of LT contains an origin binding domain (OBD) and the
helicase/ATPase domain [8]. Both the OBD and the helicase/ATPase domain are required for replication
of the viral genome. The C-terminal region of LT of other HPyVs binds to p53, a tumor suppressor
that regulates the gene expression in response to events such as DNA damage, leading to apoptosis,
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cell cycle arrest or senescence, and inhibition of angiogenesis, and is usually deregulated in cancer [10].
This p53 binding site is contained in the OBD and helicase/ATPase domain. The possible p53 binding
domain in MCPyV LT and its interaction with p53 is discussed in Section 4.2.

Figure 1. Structure of the MCPyV genome and the early region transcripts and the early proteins large
T antigen (LT) and small T antigen (sT) with their functional domains. (A) Schematic presentation
of the ~5400 bp circular dsDNA genome that includes a non-coding region (NCCR), an early region
encoding T antigens that coordinate viral replication, and a late region containing the genes for the
viral capsid proteins VP1 and VP2. (B) Multiple transcripts are generated from the early region by
alternative splicing, including LT, sT, 57 kT antigen (57 kT) and alternative frame of the large T open
reading frame (ALTO). (C) LT contains the DnaJ domain with a conserved HPDKGG motif, the MCPyV
unique region (MUR) with the retinoblastoma protein (RB) binding motif, the nuclear localization signal
(NLS), the DNA or origin binding domain (OBD), the zinc-finger domain (ZN) and the helicase/ATPase
domain. sT antigen encompasses the DnaJ domain, the LT stabilizing domain (LSD), and interaction
domains for the protein phosphatases PP2A and PP4.

MCPyV-positive MCCs (hereafter referred to as VP-MCC) express a C-terminal truncated LT (tLT)
due to nonsense mutations or frameshift mutations generating premature stop codons. Tumor-derived
tLTs retain the DnaJ region and the RB binding domain, and sometimes the NLS, but lack the OBD and
helicase/ATPase domain [5,11] (Figure 1). The C-terminal region contains several elements fundamental
for viral replication, hence tLT fails to support viral replication [12]. As for other HPyVs, and in general
for other tumor viruses, there is strong selective pressure within tumors to eliminate viral replication
capacity [13].

MCPyV LT is rich in potential phosphoacceptor sites (94 serine, 42 threonine, and 23 tyrosine
residues). Li et al., found that phosphorylation of LT at S816 by ATM kinase induced apoptosis and
thus contribute to anti-tumorigenic properties of the C-terminal domain [14]. Diaz and colleagues
identified three additional phosphorylation sites: T271, T297 and T299. Mutation of T271 into alanine
did not have an effect on viral replication. LT T297A stimulated replication, whereas LT T299A was
unable to do so. The authors demonstrated that phosphorylation of T297 may negatively regulate viral
replication by reducing the binding affinity of LT to the viral origin of replication (ORI), while T299
phosphorylation affects both binding to and unwinding of the DNA [15]. Taken together, truncation of
the C-terminal region of LT and phosphorylation of specific residues in LT may abrogate viral replication.
S220 is another phosphoacceptor site and the effect of its phosphorylation is discussed in Section 4.1.
The phosphorylation status of LT in MCC has not been examined.

As a result of alternative splicing of a common precursor transcript, LT and sT share the
80 N-terminal amino acids [8]. The sT antigen contains the DnaJ domain but lacks the RB motif [16]
(Figure 1). At its unique C-terminal region, sT encompasses two zinc-binding domains (CXCXXC motif),
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which provide structural and functional stabilities and two domains rich in cysteine and proline
residues responsible for the sT interaction with protein phosphatase 2A (PP2A) (see further) [17].
A unique MCPyV sT domain, not present in sT of other HPyVs, is the LT stabilization domain (LSD)
at residues 91–95. This region, as will be discussed later, is involved in inhibition of proteasomal
degradation of LT (Figure 1) [18].

The late region encodes the major capsid protein VP1 and the minor capsid protein VP2 (Figure 1).
MCPyV does not seem to express VP3 despite an in-frame internal start codon in the VP2 gene [19].
When expressed in mammalian cells, VP1 (or VP1 and VP2) self-assemble into 45–55 nm diameter
virus-like particles (VLPs) that are used in serological assays [20].

Interspersed between the early and late region is the non-coding control region (NCCR),
which contains the ORI characterized by a core of 71-bp sufficient to initiate DNA replication
(Figure 1). This core region consists of an AT rich tract and eight 5′-GAGGC-3′ LT binding motifs [12].
The NCRR also contains regulatory elements and bidirectional transcriptional promoters required
for early and late viral gene expression [21]. The NCCRs of HPyVs such as BKPyV and JCPyV show
often rearrangements that affect viral DNA replication, promoter activity, virus production and could
help to increase the pathogenic properties of these viruses [22–24]. MCPyV NCCR polymorphism is
found, but no specific NCCR architecture seems to be associated with VP-MCC as MCPyV variants
with identical NCCR have been isolated from both MCC and non-MCC material [25]. However,
MCPyV NCCR variation affects early and late promoter activities in a VN-MCC cell line and in human
dermal fibroblast and wild-type LT inhibited both early and late promoter activities in both cell lines,
whereas tLT had the opposite effect [25]. A recent study demonstrated the onset of insertions and
deletions in the NCCR among an HIV-1-positive population [26]. Whether NCCR variation has an
influence on viral replication and pathogenic properties of the virus remains to be investigated.

The molecular characterization of viral genomes has been useful to describe viral lineages
associated with specific human populations, as demonstrated for other PyVs [27–29]. Phylogenetic
analysis, performed on LT and sT antigens and on VP1, showed that MCPyV sequences circulate in
Europe/North America, Africa, Asia, South America and Oceania groups, suggesting the occurrence of
a viral divergence followed human migrations around the globe [30]. There is a significant evidence for
an ancient and relatively stable association of PyVs with their hosts, suggesting that co-divergence is the
main factor during the evolution [31]. However, deviations from co-divergence indicate that additional
evolutionary processes are at play. Phylogenetic analysis, about the evolutionary history of MCPyV,
showed that the MCPyV LT is most similar to gorilla polyomavirus 1 (GgorgPyV1) and chimpanzee
polyomaviruses 2 and 3 (PtrovPyV 2 and 3) [1], raising the possibility that MCPyV stems from a
nonhuman primate (including chimpanzees and gorillas) and even ape-specific group of PyVs [31].
Non-human primates still represent an important proportion of the bush meat consumed in West and
Central Africa (ca. 12%). Hunting and butchering of bush meat provide the major routes of pathogen
and a cross-species transmission events (e.g., human immunodeficiency viruses and severe acute
respiratory syndrome coronavirus 2). This could also explain how MCPyV may have been transmitted
from apes to humans [32].

1.2. Seroprevalence

MCPyV prevalence study suggests that this virus is chronically shed from human skin representing
part of the skin microbiota [33]. The initial exposure to MCPyV, based on the VP1 serology assay,
supposedly occurs in early childhood. As reported in a study from Cameroon, significant titers against
MCPyV were detected in newborns, although these titers decreased to undetectable levels by 16 months
of age [34]. The maternal derived antibodies could represent the reason of the seropositivity in
newborns. Moreover, these antibodies, effective in preventing primary infection, could explain why the
seroprevalence is lower in children and higher in adults [34]. By 18 months of age, when the maternal
antibodies were no longer detectable, children were susceptible to de novo infection and were able to
mount an own antibody response. Beginning at 18 months of age, an increasing fraction of children
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became positive until approximately 80% tested positive at the age of 5 [34]. In a separate cohort from the
same study, the 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 [35]. These data suggest
that transmission may occur via direct contact with the skin or saliva [34,35]. Several studies support the
increasing risk with age for exposure and persistent infection by MCPyV [36–39]. A study conducted
in Italy, with participants aged from 1 to 100 years old, showed how the seroprevalence for MCPyV
rapidly increased with age: from 41.7% in children age from 1 to 4 years old, to 87.6% among young
adult (15–19 years old), remaining frequent in adulthood (79–96.2%) [40]. MCPyV seroprevalence
studies performed in China (61% overall) and the Czech Republic (63%) yielded similar results with
an increasing trend with age [41,42]. Antibodies versus MCPyV LT and sT are detected in about 1%
of healthy individuals and they can be present in patients with MCC [43]. Often MCC patients have
higher titers of VP1 antibodies than normal healthy individuals [20].

1.3. Cell Tropism: Skin; Replication in Dermal Fibroblasts

Because MCPyV was originally detected in MCC, a tumor believed to originate from Merkel cells
(MCs), which are specialized skin cells, and is chronically shed from skin from healthy individuals,
it was believed that the virus is dermatotrophic. It is now questioned that MCs are the target of MCPyV
infection or productive replication because there are too few MC in the human skin to account for
the millions of copies of MCPyV DNA detected on healthy skin [33]. Liu et al., speculated that the
natural MCPyV host cells were one of the more abundant cell types in the human skin. They showed
that human dermal fibroblasts support productive viral replication [44], and because MCs are situated
in the basal layer of the epidermis near dermal fibroblasts, the authors hypothesized that MCPyV
actively replicating in the dermal fibroblasts could accidently enter MCs and cause MCC [44]. Likely,
MCs could represent a replication environment that supports viral integration and transformation [44].
It has also been demonstrated that MCPyV is capable of expressing LT and VP1 in fibroblast cell lines
originating from lung tissue [44]. Hence, an active viral replication of MCPyV might be connected to
all fibroblast tissues [44]. MCPyV DNA has been detected in cutaneous swabs [45] and it is possible
that infected dermal fibroblasts might die and virions could be carried to the skin surface by the flow
of differentiating keratinocytes [46]. This suggests that viral particles can be more widespread from
the site of replication and release. This hypothesis is supported by the observation that MCPyV is
frequently detected in eyebrow hair bulbs [47]. MCPyV can infect dermal fibroblasts near hair follicles
and it is possible that mature virions could be cleared to the surface of human skin through hair follicles
and/or associated sebaceous and sweat glands [47].

2. MCPyV and MCC

MCC is a rare, neuroendocrine, cutaneous malignancy that was first described in 1972 by Toker as
“trabecular carcinoma of the skin” [48]. The name was later changed to MCC, since the tumor cells were
similar to Merkel cells, present in particular around hair follicles and in the basal layer of the epidermis.
Although MCC is a rare skin cancer, it is highly aggressive displaying a mortality rate of ~45% [49].
Consequently, MCC has a case-fatality rate higher than observed with melanoma [49]. Almost one third
of the patients, at primary diagnosis, present loco regional metastases or lymph node metastases [49].
During the last 10 years, MCC incidence has increased significantly and is expected to increase further,
since, the occurrence of this type of cancer, is related with aging (immunosenescence) and exposure to
the sun [50]. An important alternative explanation for this finding is that before the large use of CK20
immunostaining, the pathology diagnosis was difficult and may at these ancient times require electronic
microscopy, which was frequently not performed. Thus, true MCC were frequently misclassified [51,52].
The correlation between MCC and UV radiation is well documented [53]. Pigmentation of the skin
seems to protect against MCC, as black, Asian and Hispanic individuals have considerably lower risk
of MCC than white populations. Moreover, the occurrence of MCC is frequent in elderly patients on
chronically sun-exposed skin, in individuals treated with UVA photo-chemotherapy and in patients
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with a history of other skin cancers associated with sun exposure. Melanoma is also linked with a
three-fold greater risk of MCC [54]. A molecular UV signature, characterized by DNA mutations that
are typically caused by UV damage, such as C to T transitions, has been demonstrated only in a subset
of cases of VN-MCCs [55,56]. The association with UV exposure in VP-MCC could be related to other
factors, such as UV-induced immunosuppression. In fact, immunodeficiency forms a risk factor in
the development of MCC. MCC is more frequent in patients with leukemia [57] or HIV infection [58]
and in those who are immunosuppressed, as a result of organ transplantation or other causes [59].
The mortality is higher in immunosuppressed individuals than in immunocompetent patients [60].
These findings emphasize the crucial role of an efficient immune surveillance in the control of tumor
growth and progression.

While ultraviolet radiation induced DNA damage is implicated in VN-tumors, the major
causative factor of the MCC is considered MCPyV [61]. MCPyV was first identified in 2008,
through whole-transcriptome sequencing [62], integrated into the genome of eight out of ten tested
MCC cells. The Southern blot patterns of the primary tumor and a metastatic lymph node, isolated from
the same patient, demonstrated an identical viral DNA integration at several different chromosomal
sites. This important finding indicated that the viral integration was clonal and it was an early,
if not initiating event, in VP-MCC oncogenesis process [62]. In addition, a C-terminal tLT form,
lacking the OBD and helicase activity of LT required for viral DNA replication, was also observed [62].
Numerous studies have now confirmed that 80% of the examined tumors contain clonally integrated
copies of the virus and express tLT [62–64]. MCPyV integration into the host genome occurs by
accidental genome fragmentation during viral replication, in random site, without involvement of
cellular tumor suppressor genes or oncogenes [56]. Viral integration involved mutations that result
in the truncation of LT and a study by Schrama and co-workers suggests that truncating mutations
occur before or during integration [65]. In vitro cell studies have demonstrated that expression of
full-length LT in VP-MCC causes a specific DNA damage response, which is probably induced
by in situ replication of the integrated viral DNA, which in turn is triggered by the binding of
LT to the MCPyV ORI. Truncation of LT abolishes viral replication and seems to be necessary for
MCC oncogenesis [5,66]. Tumor-derived tLT preserves the N-terminal J domain and LXCXE motif,
whereas the DNA binding, helicase and cell growth-inhibitory domains are lost [66]. The tLT could
potentiate a stable integration of the MCPyV into the host genome [66]. All VP-MCC tested contain
≥1 viral genome copies/cell [65,67–70], whereas in non-MCC tumors that contain MCPyV, the viral
load was at least 2–3 logs lower (reviewed in [61]).

3. Cells of Origin of MCC

It was originally proposed that MCC derived from MCs because of similar immunophenotypes [71].
Both cell types express cytokeratin 20 [72], synaptophysin [73], neural cell adhesion molecule/CD56 [74],
and numerous endocrine markers [75]. However, it is more and more unlikely that MC are the cells
of origin because several characteristics of MCC argue against MC as the progenitor cell of MCC.
Epithelial, fibroblastic, lymphoid, and neural crest origin of MCC has been put forward (Arguments in
favor or contra these cell types as origin of MCC are summarized in Table 1.

VP-MCC may also originate from different cell types than VN-tumors. Dermal fibroblasts were
suggested since they are permissive for MCPyV infection [44], but also keratinocytes could be the
cell of origin of VP-MCC because keratinocyte-specific expression of MCPyV oncoproteins resulted
in oncogenic effects [76]. Other studies suggest that VN-MCC derive from epidermal keratinocytes,
whereas VP-MCC derive from dermal fibroblasts [77,78].

A recent report supports the assumption that VP-MCC may derive from the epithelial lineage [79].
The authors sequenced a combined tumor of trichoblastoma (neoplasm of epithelial follicular
germinative cells) and VP-MCC. Non-integrated viral DNA encoding full-length LT could be amplified
from the trichoblastoma, while integrated virus (~20 copies/cell) was detected in the MCC. Remarkably,
two different tLT may be expressed in this MCC tumor.
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Whole genome sequencing identified six somatic mutations common for both tumors.
The trichoblastoma had expression of KRT17 and SOX9, and activation of GLI1 as observed by
nuclear localization, markers that are shared with MC progenitors [102–104]. Therefore, the authors
suggest that the trichoblatoma cell in which MCPyV integration occurred and led to the development
of MCC could be an epithelial progenitor cell of the hair follicle or an already differentiated MC [79].

4. The Oncogenic Mechanisms of MCPyV T Antigens

4.1. MCC Cell Growth Depends on LT But Not sT

Since the early proteins of other HPyVs possess oncogenic potentials in cell cultures and in
animal models [105], the role of LT and sT in tumor growth was examined. Knock down of sT and LT
(i.e., truncated LT and 57kT which cannot be distinguished in most VP-MCC cell lines) reduced MCC
cell proliferation in culture, but also in xenograft mice [98,106,107]. Specific knockdown of only LT
was sufficient to generate growth inhibition. Rescue experiments, i.e., expression of T antigens in cells
where their endogenous expression was knocked down showed that wild-type sT plus LT could rescue
cell growth. The growth promoting property of LT involves binding to RB because mutations in the
DnaJ domain, the RB domain, or S220A abrogates LT’s ability to promote cell growth [106,108,109].

Ectopic expression of the tLT variant MKL-1 in MCC13 promoted cell cycle progression [109].
However, RNA interference studies showed that sT is dispensable for growth and survival of VP-MCC
cell lines [98]. Interestingly, knockdown of the T antigens in the VP-MCC LoKe cell line did not results
in any growth inhibition. The authors speculate that additional aberrations enable cell growth even in
the absence of T antigens and therefore, in some VN-MCC cases a viral hit-and-run mechanism was
possible where MCPyV initiates tumor formation, then disappears, but additional mutations drive
tumor progression and maintenance [110]. Studies in mouse and human fibroblasts demonstrated
that expression of a tumor-derived tLT has stronger growth promoting activities than wild-type LT
and 57kT [111]. Expression of full-length did not induce anchorage-independent growth, whereas tLT
proteins induced aggregates in soft agar that did not grow into full colonies, suggesting that tLT has
increased cell proliferative capacity compared with the wild-type LT. Expression of the C-terminal
100 amino acids residues inhibited the cell growth of fibroblasts and of the VP-MCC MKL-1 cell
line [111]. The mechanism by which this region inhibits cellular growth is not known but is likely to be
independent of p53 since neither full-length LT nor 57 kT are able to bind p53. The C-terminal domain
may interact with a yet unidentified cellular protein involved in growth regulation. Putative candidates
are the cell cycle checkpoint kinase ATM, casein kinase 2β and phosphatidylinositol-5-phosphate
4-kinase type 2β, which are all involved in proliferation and were found to interact with MCPyV
LT, but the biological importance of these interactions were not examined, nor was the region of LT
required for interaction identified (reviewed in [21]). CRISPR/Cas9 targeting of LT/57kT impaired
MS-1 and WaGa cell proliferation, decreased G1/S cell cycle progression and increased apoptosis.
Additional targeting of sT did not enhance the effect in LT/57kT mutated cells [112].

4.2. Oncogenic Properties of LT

Cell culture studies revealed that neither full-length nor tumor-derived tLT was able to trigger
cellular transformation [99], but LT is required for growth of VP-MCC cells [108,113]. The C-terminal
domain of LT causes DNA damage and stimulates host DNA damage response, leading to p53 activation
and inhibition of cellular proliferation. Phosphorylation of the C-terminus by ATM kinase induces
apoptosis and inhibits proliferation [14,66]. Thus, the C-terminus of LT contains anti-tumorigenic
properties and may explain why this region is deleted in VP-MCC. To further elucidate the role of
MCPyV LT in MCC tumorigenesis, cellular proteins that interact with LT were identified using different
methods [21,114]. However, the biological relevance of these interactions and possible implications for
MCPyV-induced cancer have not always been studied.
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4.2.1. LT and p53

LT expressed in VP-MCC is truncated in its C-terminal part, which encompasses the p53-binding
domain in LT of other HPyVs. As expected, tLT did not interact with p53, but surprisingly neither did
full-length LT [111]. In another study, Borchert and co-workers showed that an antibody against p53
could immuno-precipitate full-length, but not tLT [115]. However, LT did not bind p53 directly and LT,
but not tLT inhibited p53-mediated transcription. They suggested that full-length LT interacts with a
bridging protein that serves as a co-activator in p53-driven transcription. Alternatively, another protein
may change the conformation of LT allowing it to bind p53 as has been shown for human papillomavirus
E6 protein. E6 forms a complex with E6AP and p53, but neither E6 nor E6AP are separately able to
recruit p53. However, E6AP renders the conformation of E6 competent for interaction with p53 [116].
Park et al., reported that expression of tLT in IMR90 lung fibroblasts significantly stimulated transcript
levels of p53-responsive genes and increased both total protein and Ser-15 phosphorylation levels
of p53 [117]. They showed that the interaction between LT and RB1 lead to increased levels of ARF
and activation of p53. ARF is an inhibitor of the E3 ubiquitin protein ligase MDM2, which degrades
p53 [118]. Hence, LT can through RB-ARF-MDM2 axis stabilize p53.

4.2.2. LT and Retinoblastoma (RB) Family

Both full length and tLT interact with RB1, although with different strength [111,115,117].
This suggests that LT may usurp RB1, thereby relieving repression of E2F-mediated transcription
and induce cell cycle progression into S phase. MCPyV LT did not interact with the p107 and p130
retinoblastoma family members, nor did it interfere with p107-induced and p130-induced cell cycle
arrest and repression of E2F responsive genes [111,113,115]. The weaker in vitro oncogenic potentials
of MCPyV LT compared to LT of other PyVs may be attributed to its weaker impact on the tumor
suppressors p53 and RB.

4.2.3. LT and HSC70

LT interacts with HSC70 via the DnaJ domain and stimulates viral replication [12]. Like other
PyVs, it is presumed that MCPyV LT disrupts Rb-E2F family complexes through the action of its DnaJ
domain and ATPase activity of Hsc70 [119,120]. The biological significance of the DnaJ domain in sT is
unknown as mutations in DnaJ of sT did not interfere with its effect on viral replication or in vitro
transformation activity [12,99].

4.2.4. LT and VPS39 Subunit of HOPS Complex/Vam6p

Human Vam6p, a cytoplasmic protein involved in lysosomal processing and clustering,
interacts with MCPyV full-length LT as well as MCC-derived tLT [18]. LT and tLT that retains
its nuclear localization signal translocate hVam6p to the nucleus and sequester it from involvement
in lysosomal trafficking. The physiological consequences of LT:Vam6p interaction are not known,
but it might play a role in MCPyV replication rather than tumorigenesis, because VP-MCC have been
described that express tLT without a nuclear localization signal [62,121,122].

4.2.5. LT and ATOH1

Sox2 (sex-determining region Y-box 2) and Atoh1 (atonal homolog 1) are critical transcription
factors for MC development in mice [123]. Harold and colleagues found that knockdown of all T
antigen isoforms in VP-MCC cell lines co-cultured with human keratinocytes promotes a neuronal
phenotype in the MCC cells and resulted in reduced expression of ATOH1 and SOX2 [124]. The tLT 339
variant stimulated ATOH1 and SOX2 expression levels, but neither a LT399 retinoblastoma binding
deficient mutant nor sT increased expression of ATOH1 and SOX2. Activation of the SOX2-ATOH2
pathway by LT in a retinoblastoma-dependent manner is important for both the manifestation of
a Merkel cell phenotype and tumorigenesis. Transcriptional activation by ATOH1 requires E-boxes
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(5-CANNTG-3′) and E47 binding site [125], both of which are present in the miR-375 promoter.
Indeed, ATOH1 stimulated expression of miR-375 and ectopic expression of tLTs stimulated the
activity of a minimal promoter containing three E-box and induced ATOH1 mRNA and miR-375 in
fibroblast MRC-5 cells [126]. Moreover, high transcript levels of LT and ATOH were detected in the
VP-MCC WaGa cells. sT, however, was unable to enhance ATOH1 mRNA and miRNA-375 levels.
The neuroendocrine features of MCC may therefore be linked to MCPyV-induced expression of
ATOH1. Whether LT-induced expression of miR-375 is exclusively mediated by ATOH1 or also by an
ATOH1-independent mechanism remains to be elucidated. As both ATOH1 and miR-375 promoters
were hypomethylated, LT may stimulate demethylation of these promoters. Finally, strong expression
of ATOH1 and miR-375 was also observed in classical VN-MCC cells, indicating a virus-independent
mechanism in their expression [126].

4.2.6. LT and Ubiquitin-Specific Protease 7 (Usp7)

All MCPyV T-antigens interact with Usp7, a cellular deubiquitination enzyme [127]. The binding
with LT, tLT and 57kT is direct, whereas sT probably interacts indirectly. Binding of Usp7 required the
tumor necrosis factor receptor-associated domain of Usp7 and did not alter the ubiquitination levels
of the T antigens, but stimulated the binding affinity of LT to the ORI, thereby restricting viral DNA
replication. Usp7-mediated restriction of MCPyV replication could promote viral persistence [127].
Whether Usp7:T antigens interaction contributes to MCC tumorigenesis remains elusive. However,
interference with other functions of Usp7 such as DNA damage response, epigenetic regulation,
and immune response may also play a role in the development of virus-induced MCC [128].

4.2.7. LT and Other Interacting Proteins

Other interaction partners of MCPyV LT are summarized in Table 2. The interaction in VP-MCC
has not been validated and the biological consequences of these interactions have not been investigated.

Table 2. MCPyV LT and sT interaction partners and their role in the life cycle of MCPyV. See text
for details.

T Antigen Protein Functional Class Biological Role Reference

sT abhydrolyse domain containing 12
(ABHD12) metabolism unknown [129]

sT ankyrin repeat domain 13A (ANKRD13Aa) protein stability unknown [129]

sT ATPase sarcoplasmic/endoplasmic
reticulum Ca2+ transporting 2 metabolism unknown [129]

LT ATP binding cassette subfamily A Member
13 (ABCA13) signaling unknown [129]

sT ATP binding cassette subfamily D member
3 (ABCD3) signaling unknown [129]

LT ATP binding cassette subfamily D member
13 (ABCD13) signaling unknown [129]

sT aryl hydrocarbon receptor interacting
protein (AIP) transcription unknown [129]

LT adaptor related protein complex 2 subunit
A and M (AP2A1 and M1) intracellular transport unknown [129]

sT ADAM metallopeptidase domain 9
(ADAM9)

cytoskeleton/extracellular
matrix unknown [129]

LT ataxia telangiectasia mutated (ATM kinase) DNA replication and repair LT phosphorylation [14]

LT, sT BCL2 associated anthanogene 2, 3 and 5
(BAG2, 3 and 5) protein stability/apoptosis unknown [129]

LT bromodomain protein 4 (Brd4) cell cycle/DNA replication viral genome replication [130,131]

sT cadherin 1 (CDH1) cytoskeleton/extracellular
matrix unknown [129]

LT casein kinase 2 beta (CK2β) Signaling unknown [129]

sT cathepsin B (CTSB) protein stability/modification unknown [129]
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Table 2. Cont.

T Antigen Protein Functional Class Biological Role Reference

LT caveolae associated protein 2 (CAVIN2) intracellular transport unknown [129]

sT CCHC-type Zinc finger nucleic acid
binding protein (CNBP) transcription unknown [129]

sT cell surface glycoprotein 44 (CD44) cell-cell interaction, cell
adhesion, migration unknown [129]

sT cell division cycle 20 (CDC20) cell cycle
sT-mediated

phosphorylation of
4E-BP1

[129,132,133]

sT coatomer protein complex subunit γ2 intracellular transport unknown [129]

sT 2′, 3′-cyclic nucleotide 3′
phosphodiesterase (CNP) nucleotide metabolism unknown [129]

LT DEAD-box helicase (DDX24) post-transcription/translation unknown [129]

sT heat shock protein 40 members A1 and B4
(DnaJA1 and B4) chaperone unknown [129]

LT, sT heat shock protein 40 member C7 (DnaJC7) chaperone unknown [129]

LT transcription factors E2F3 and 4 (E2F3 and
4) transcription unknown [129]

sT EGF containing fibulin extracellular matrix
protein 2 (EFEM2)

cytoskeleton/extracellular
matrix unknown [129]

sT eukaryotic translation initiation factor 4E
binding protein 1 (eIF-4EBP1) translation

disregulated
cap-dependent

translation which
promotes tumorigenesis

[99,133]

LT, sT emerin (EMD) cytoskeleton unknown [129]

LT family with sequence similarity 71 member
E2 (FAM71E2) unknown unknown [129]

sT F-box and WD repeat domain containing 7
(Fbxw7) protein stability

tumorigenic properties
of the virus (stabilization

of LT and cellular
proteins)

[134,135]

LT general transcription factor IIIC subunit 1
(GTF3C1) transcription unknown [129]

LT high density lipoprotein binding protein
(HDLBP) metabolism unknown [129]

LT, sT heat shock protein 70 (HSPA1 and A4) chaperone cell cycle progression [129]

sT insulin like growth factor 2 receptor
(IGF2R) signaling unknown [129]

LT, sT inhibitor of nuclear factor kappa-B
kinase-interacting protein (IκBIP) signaling unknown [129]

LT karyopherin subunit α2, 3 and 4 (KPNA2, 3
and 4) intracellular transport unknown [129]

sT lysyl oxidase (LOX) metabolism unknown [129]

LT microtubulin-associated protein 4 (MAP4) cytoskeleton unknown [129]

sT membrane bound O-acetyltransferase
domain containing 7

metabolism/plasma
membrane lipid organization unknown [129]

LT mediator complex subunit 14 (MED14) transcription unknown [129]

sT matrix metalloproteinase 14 extracellular matrix unknown [129]

sT myelin protein zero like 1 (MPZL1) signaling unknown [129]

sT mitochondrial carrier 2 (MTCH2) metabolism unknown [129]

sT myoferlin (MYOF) membrane morphology unknown [129]

sT NF-kappa-B essential modulator
(NEMO=IKBKG) signaling

inhibition NFκB
signaling; immune

evasion
[136]

sT Notch 2 receptor (NOTCH2) signaling unknown [129]

sT nuclear receptor binding SET domain
protein1 (NSD1) transcription unknown [129]

LT prolyl 4-hydroxylase subunit alpha 3
(P4HA3) metabolism unknown [129]

sT prolyl 4-hydroxylase subunit β (P4HB) metabolism unknown [129]
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Table 2. Cont.

T Antigen Protein Functional Class Biological Role Reference

sT platelet-derived growth factor receptor
subunit β (PDGFRβ) signaling unknown [129]

LT PGAM family member 5, mitochondrial
Ser/Thr protein phosphatase (PGAM5) signaling unknown [129]

sT progesterone receptor membrane
component 2 (PGRMC2) signaling unknown [129]

LT phosphatidylinositol-5-phosphate 4-kinase
type 2 beta (PIP4K2β) signaling unknown [129]

LT protein phosphatase 2 scaffold subunit α
(PP2AR1α) signaling unknown [129]

sT protein phosphatase 2 catalytic subunit α
and β (PPP2CA and CB) Signaling

mutation in PP2A
binding site had no effect
on the known activities

of sT

[17,136,137]

sT PRA1 domain family member 2 (PRAF2) intracellular transport unknown [129]

sT protein phosphatase 2 regulatory subunit
Aα and Aβ (PP2R1A and B) signaling unknown [138]

sT protein phosphatase regulatory subunit 1
(PP4R1) signaling

microtubule
destabilization and cell
motility (metastasis?);

inhibition NFκB
signaling (immune

evasion?)

[17,136,139,
140]

sT protein phosphatase Mg2+/Mn2+ dependent
1A, 1B and 1G (PPM1A, B and G)

signaling unknown [129]

sT proteasome 26S ATPase 2,3 and 4 (PSMC2,
3 and 4) protein stability unknown [129]

LT caveolae associated protein 1 (PTRF) transcription unknown [129]

sT pituitary tumor-transforming gene 1
protein-interacting protein (PTTPG1P) intracellular transport unknown [129]

sT Rab18 (RAB18) signaling unknown [129]

LT Retinoblastoma protein 1 (RB1) cell cycle cell cycle progression [111,115,117]

sT ribonuclease/angiogenin inhibitor 1 (RNH1) transcription/translation unknown [129]

sT ribosomal protein L21 translation unknown [129]

sT ribosomal protein S27 like translation unknown [129]

LT recitulon 4 (RTN4) intracellular transport unknown [129]

LT sphingosine-1-phosphate lyase 1 (SGPL1) metabolism unknown [129]

sT secreted protein acidic and cysteine rich
(SPARC) extracellular matrix unknown [129]

sT sulfide quinone oxidoreductase (SQRDL) metabolism unknown [129]

LT signal recognition particle 14 (SRP14) intracellular transport unknown [129]

LT, sT signal recognition particle receptor subunit
b (SRPRB) intracellular transport unknown [129]

sT ser/thr kinase 38 (STK38) signaling unknown [129]

LT, sT STIP1 homology and U-box containing
protein 1 (STUB1) protein stability unknown [129]

sT surfeit 4 (SURF4) intracellular transport unknown [129]

LT Ubiquitin-specific protease (USP7) protein stability inhibition viral DNA
replication [127]

LT transcription elongation factor B subunit 1
(TCEB1) transcription unknown [129]

LT transcription factor DP1 (TFDP1) transcription unknown [129]

sT translocase of inner mitochondrial
membrane 8A (TIMM8A) intracellular transport unknown [129]

sT transmembrane protein 165 (TMEM165) protein glycosylation unknown [129]

sT thioredoxin related transmembrane protein
3 (TMX3) protein folding unknown [129]
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Table 2. Cont.

T Antigen Protein Functional Class Biological Role Reference

sT toll interacting protein (TOLLIP) signaling unknown [129]

LT tripartite motif containing 38 (TRIM38) protein stability unknown [129]

LT testis-specific Y-encoded-like protein 1
(TSPYL1) transcription unknown [129]

sT tubulin α1 (TUBA1B) protein folding and gap
junctions unknown [17]

sT tubulin β2α (TUBB2A) mitosis and intracellular
transport unknown [17]

LT, sT upregulated during skeletal muscle growth
5 (USMG5) nucleotide synthesis unknown [129]

LT VPS39 subunit Of HOPS complex (Vam6p) intracellular transport role in DNA replication
(?) [18,129]

LT VAMP associated proteins A and B
(VAPA and VAPB) intracellular transport unknown [129]

sT vitamin K epoxide reductase complex
subunit 1 (VKORC1) metabolism unknown [129]

LT vacuolar protein sorting-associated protein
11 homolog (VSP11) intracellular transport unknown [129]

LT and sT induce microRNAs that target mRNAs for proteins involved in autophagy.

Autophagy plays an important role in cancer and in immune evasion [141–143]. Silencing LT
or LT+sT in VP-MCC cell lines reduced the expression of miR-30a-3p, miR-30a-5p and miRNA-375,
while ectopic expression of tLT or sT in VN-MCC cells increased the levels of these miRNAs. Induced
expression of miR-30a-3p, miR-30a-5p and miRNA-375 required the DnaJ domain [144]. Target mRNA
of these miRNAs encode the autophagy proteins ATG7, SQSTM1/p62 and BECN1. The authors
showed that sT and tLT, but not wild-type LT suppressed autophagy processes in MCC cells and
protein levels of ATG7 and SQSTM1/p62 were lower in VP-MCC compared with VN-MCC. Hence,
T antigens-mediated suppression of autophagy might protect cancer cells from cell death and contribute
to tumorigenesis [144].

4.3. The Role of 57kT and ALTO in VP-MCC

Whether 57 kT and ALTO are implication in MCPyV-induced tumorigenesis remains to be
established. The 57kT protein retains the RB binding domain and the CR1 and DnaJ binding motifs.
Immortalized human fibroblasts Bj-hTERT expressing 57kT grew slower than control cells and when
LT cDNA was stably expressed in mouse and human fibroblasts, the 57kT form was preferentially
expressed. Expression of 57 kT has never been detected in VP-MCC [68,69], but due to truncation in the
LT gene, LT and 57kT cannot be distinguished in most MCC using the antibodies currently available.
The role of 57kT in MCC remains unsolved. Deletion of ALTO did not abrogate viral replication
and is dispensable for MCPyV-driven tumor cell proliferation [3,108], but the function of this protein
remains elusive.

4.4. The Oncogenic Properties of sT

MCPyV sT is sufficient to fully transform Rat-1 and NIH3T3 mouse fibroblasts [98–100].
Knockdown of sT expression in VP-MCC cell lines causes cells to stop proliferating, but did not result in
cell death. Co-expression of full-length or tLT did not enhance sT-induced colony formation compared
with expression of sT alone [99].

4.4.1. sT and Transgenic Mice

Considering the non-transforming potentials of LT in cell culture and that sT can induce
transformation, sT, but not LT transgenic mice models have been generated. Verhaegen et al., generated
a transgenic mouse model in which sT expression was regulated by the epidermis-specific keratin-5
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promoter [134]. Analysis of embryos revealed that sT promotes neoplastic transformation in epithelia
in a PP2A-independent, but LSD-dependent manner. Adult animals developed lesions strongly
resembling squamous cell carcinoma in situ. However, expression of sT alone does not appear to
be sufficient to drive epidermal cells in MCC in a mouse model. The same group generated K5-tLT,
K5-sT+tLT, K5-st+Atoh1, K5-tLT+Atoh1, K5-sT+tLT+Atoh1, and K5-Atoh1 transgenic mice [145].
The tLT embryo had no apparent phenotype, co-expression of sT+Atoh1 resulted in MCC-like tumors,
and co-expression of tLT did not noticeably altered the phenotype of sT or sT+Atoh1 mice. These studies
indicate that Atoh1-induced differentiation of epidermal cells into neuroendocrine lineage together
with sT as the viral oncogenic driver can result in MCC development. Transgenic mice co-expressing sT
and tLT under control of the keratinocyte-specific K14 promoter developed hyperplasia, hyperkeratosis
and acanthosis, and some mice develop papillomas, but not MCC [76]. Shuda and c-workers developed
a sT-Δp53-Atoh1 transgenic mice which allowed sT expression in MC cells [89]. Although these mice
have increased embryonic MC precursor proliferation, they did not develop MCC.

Taken together, in vitro and animal studies and the detection of sT in the absence of LT in some
VP-MCC indicate that sT may be more involved in the oncogenic process, whereas LT is required to
maintain the tumor cell growth [98,99]. However, studies in the genuine cells of origin of VP-MCC are
required to determine the requirements of sT and LT in cell growth and oncogenesis.

4.4.2. sT and Eukaryotic Translation Initiation Factor 4E Binding Protein (4E-BP1)

Transcription initiation factor 4E-BP1, a downstream target of the Akt-mTOR pathway,
binds in its unphosphorylated or hypo-phosphorylated form eukaryotic initiation factor 4E (eIF4E),
thereby preventing assembly of eIF4F onto capped mRNA and inhibiting translation [146]. sT interacts
with 4E-BP1 and expression of sT, but not LT promoted 4E-BP1 phosphorylation [99,133]. sT-induced
phosphorylation of 4E-BP1 is accomplished by sT interacting with Cdc20 and possibly Cdc20
homolog 1 (Cdh1), which activates the CDK1/cyclin B1 complex and CDK1 and phosphorylate
4E-BP1 [132,133]. 4E-BP1 hyperphosphorylation was required for sT-induced transformation of rodent
cells [99,133]. The importance of sT-mediated 4E-BP1 phosphorylation in MCPyV-induced MCC
is not completely understood, but sT-induced hyperphosphorylation of 4E-BP1 can dysregulate
cap-dependent translation, an event that has been shown to promote tumorigenesis [147].

4.4.3. sT and E3 Ubiquitin Ligases

Binding of sT to E3 ubiquitin ligase complex SCFFbw7 led to inactivation of the enzymatic
activity and stabilization of LT, which is a substrate of SCFFbw7 [135]. Binding occurs through
LSD and loss of net positive charge in the LSD abrogated sT:SCFFbw7 interaction [100]. sT-induced
stabilization of LT stimulates viral replication and transformation of rodent fibroblasts cell cultures
by sT is SCFFbw7-dependent [100,148], and increased protein levels of SCFFbw7 substrates Mcl-1,
c-Jun, mTOR and cyclin E in sT transgenic mice [134]. sT also interacts with the E3 ubiquitin
ligases Cdc20-anaphase promoting complex [17] and β-TrCP [149] and this stimulated genome
instability [135]. Inactivation of E3 ubiquitin ligases by sT may be therefore be an important contributor
in MCPyV-induced transformation and tumorigenesis. However, Dye and colleagues failed to detect
interaction between sT and SCFFbw7 and sT and β-TrCP and no increased c-Myc levels were observed
when sT was overexpressed. They also demonstrated that sT-mediated stabilization of LT did not
require SCFFbw7 [150]. The reason for the discrepancies between the different students is presently
unknown. sT can form a complex with the E3 ubiquitin ligase STIP1 homology and U-box containing
protein 1 (STUB1) [129]. This E3 ubiquitin ligase plays also a role in innate and adaptive immunity [151],
but the biological implications of sT:STUB1 interaction in MCPyV replication and MCC remain to
be determined.
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4.4.4. sT and N-myc Downstream Regulated Gene-1 (NDRG1)

Stable expressing the entire MCPyV early region in human immortalized keratinocytes resulted
in >1.5-fold up- or down-regulated of 325 genes [152]. Of these, 73 had decreased expression and
the majority encodes proteins involved in cell senescence, DNA repair, signal transduction, and cell
cycle regulation, including HIST1H1C. Upregulation of HIST1H1C was also confirmed in VP- and
VN-MCC cell lines, MCC tumors, and in sT expressing human fibroblasts expressing compared
with normal fibroblasts [153–155]. Of the upregulated genes, many encode proteins implicated in
cell cycle regulation and signaling pathways, including CDK4, cyclins D2 and D3, CDC25, FOXQ1,
DUSP10, and CTSH. One gene that was specifically down-regulated by MCPyV, but and not by other
HPyVs and SV40 was the N-myc downstream regulated gene-1 (NDRG1). NDRG1 is a known tumor
suppressor and metastasis suppressor [156]. Knock-down of sT+LT in MKL-1, MKL-2, MS-1 and CVG-1
increased NDRG1 levels in all four cell lines, and decreased cyclin D1 and CDK2 levels in MKL-2, MS-1,
and CVG-1 cells. Overexpression of NDRG1 in MKL-2 reduced cyclin D1 and CDK2 levels, but not
in MKL-1 cells. The different status of transformation of may explain the difference between MKL-1
and the other VP-MCC cell lines. Depletion of sT alone or sT+LT resulted in comparable increase in
NDRG1 mRNA levels, suggesting that sT is sufficient. Overexpression of NDRG1 in keratinocytes
stably expressing MCPyV early region or in MKL-1 and MKL-2 cells inhibits cellular proliferation and
migration. Taken, together these observations indicate that MCPyV-mediated repression of NDRG1
participates in MCC tumorigenesis and that sT may be the main contributor. The expression levels
of NDRG1 have not yet been examined in VN- and VP-MCC. In a study in 91 MCC tumors (30 VN
and 61 VP), cyclin D1 expression was only detected in two tumors, both of which were MCPyV
negative [157].

4.4.5. sT and p53

LT indirectly activates p53 (see above) and sT can stabilize LT, yet co-expression of LT and sT
reduced p53 activation [148]. MCPyV sT can inhibit p53 activity indirectly by binding to and activating
the transcription factor MYCL and the histone acetylase complex EP400 [117]. The MYCL:EP400
complex controls transcription of MDM2 and CSNK1A1 genes. The latter encodes casein kinase 1α
which activates MDM4, an inhibitor of p53 [158]. The activation of p53 by LT may exert anti-tumorigenic
effect, while sT-mediated inhibition of p53 favors pro-tumorigenesis. The relative concentrations of LT
and sT, but also the strength of impact of LT and sT on p53 will determine the outcome. VP-MCC cells
have been shown to express high levels of MDM4 [117]. Accordingly, p53 levels were found to be lower
in VP-MCC cell lines compared to VN-MCC cell lines [117,159,160]. Examination of MCC revealed
that mutations in TP53 gene are almost exclusively detected in VN-MCC, but only 7% of VP-MCC
expressed detectable p53 levels and an inverse correlation between p53 expression and viral DNA copy
number was observed [157,161]. One study reported that p53 levels were variable between patients,
with no obvious differences between VN- and VP-tumors [162]. The expression levels of MDM4 in
VN- and VP-MCC biopsies have not yet been examined. Another consequence of the interaction
of sT with MYCL:EP400 complex that may be involved in tumorigenesis was recently published.
This complex stimulates the expression of components of the lysine-specific histone demethylase 1
(LSD1) complex that acts as a transcriptional repressor [117]. Treatment of VP-MCC cell lines with
LSD1 inhibitors completely blocked colony formation in soft agar, and LSD1 inhibitors reduced the
growth of MCC in vitro and in xenograft models using VP-MCC cells. Hence, sT-mediated activation
of the LSD1 complex seems to play a pivotal role in VP-MCC, and LSD1 inhibitor could be used to
treat VP-MCC patients.

4.4.6. sT and Protein Phosphatases

Because aberrant or loss of enzymatic activity of protein phosphatases (PPs) can lead to
transformation and their role in cancers, PPs are considered tumor suppressors and are targeted by
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several tumor viruses [163–167]. MCPyV sT interacts with PP1A, 1B and 1G [17,129]. The biological
consequences of sT:PP1 interaction have not been determined, but RB is a PP1 substrate. Inhibition of
PP1 by sT may therefore results in hyperphosphorylation of RB, release of repression of E2F target
genes, and drive to enter the S-phase [168].

PP2A exists as a heterotrimer composed of a structural subunit A, a regulatory subunit B, and a
catalytic C subunit [169]. MCPyV sT binds the structural subunit Aβ and Aα, and the catalytic subunits
Cα and Cβ. This binding reduced the catalytic activity of the enzyme [17,136–138]. sT’s binding to
PP2A excluded the regulatory subunit B56α, but not other B subunits [17]. The biological implications
of the sT:PP2A interaction are not known because mutations in sT that prevented PP2A binding had no
effect on sT’s transforming activity [99], nor did it impede sT-induced skin hyperplasia in transgenic
mice [134].

MCPyV sT was reported to interact with PP4 [17,136,139,140], and this interaction promotes
microtubule destabilization and stimulates cell motility and filopodium formation [139,140]. The sT:PP4
association also interferes with the NFκB pathway. The transcription factor NFκB is retained in an
inactive state in the cytoplasm through interaction with inhibitor of κB (IκB). Activation of the NFκB
pathway occurs after phosphorylation of IκB by IκB kinase (IKK) and subsequent degradation of
IκB. IKK is a trimeric complex that consists of IKKα, IKKβ, and IKKγ or NFκB essential modulator
(NEMO). Release of NFκB allows nuclear translocation where it affects transcription of NFκB-responsive
genes [170]. NFκB target genes encode proteins involved in inflammation, immune responses, including
antiviral response [171,172]. Griffith and colleagues demonstrated that sT associates with a PP4R1-PP4C
complex, which stimulates the interaction between NEMO and the protein phosphatase PP4C-PP4R1
complex. Consequently, NEMO-mediated recruitment of PP4C to the IKK complex reduces IKK
phosphorylation, with subsequent inhibition of IκB and failure to release, activate (phosphorylate),
and translocate NFκB to the nucleus [136]. Thus, MCPyV may affect inflammatory and immune
responses by interfering with the NFκB pathway. However, the importance of the sT:NFκB interaction
in tumorigenesis is questioned because a significantly higher expression of pSer-536 RelA/p65 subunit
of NFκB was observed in VP- (n = 24) compared to VN-MCC (n = 17). The phosphorylated p65 form
was exclusively detected in the nucleus [173].

4.4.7. sT and Sheddases

MCPyV sT stimulates expression of the sheddases ADAM10 and 17, proteins involved in cell
signaling, inflammation, and tumor formation and progression [174]. The exact mechanism by which
sT enhances ADAM 10 and ADAM17 expression is not known, but sT increases expression of the
transcription factors ACAD8, PPARG, and ITGB3BP that activate the ADAM10 promoter [155].
ADAM 10 and 17 protein levels are higher VP-MCC tumors compared to VN-MCC, suggesting that
sT-induced sheddase expression may contribute to MCC progression [174].

4.4.8. sT and Metabolism

Ectopic expression of sT in normal human fibroblasts IMR90 resulted in significantly
perturbed metabolism with elevated aerobic glycosylation and upregulation of transcription of
metabolite transport genes [155]. Proteins whose transcripts were significantly upregulated included
monocarboxylate lactate transporter 1 (MCT1), glucose transporter GLUT1, and GLUT3. Inhibition of
MCT1 activity suppressed the growth of VP-MCC cell lines and impaired MCPyV-dependent
transformation of IMR90 cells. The authors showed that MYCL cooperates with the tumor derived
MCPyV early region (expressing sT and tLT) to induce expression of MCT1 and knockdown of the
p65 subunit of NFκB reduced sT, as well as sT+MYCL stimulated MCT1 expression. Taken together,
these data suggest that sT-mediated changes in the metabolic state are implicated in virus-induced MCC
tumorigenesis. MCT1 expression levels in VN- and VP-MCCs have not been examined, but inhibitors
of MCT1 could be considered to treat VP-MCC.
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4.4.9. sT and Other Interaction Partners

Other cellular proteins reported to interact with MCPyV sT are shown in Table 2. The interaction
in genuine host cells for MCPyV and in VP-MCC has not been confirmed, nor has the physiological
relevance of these interactions been explored.

4.5. Effect of MCPyV on Signaling Pathways in MCC

4.5.1. The Phosphatidyl-3-Kinase/AKT/Mammalian Target of the Rapamycin (PI3K/AKT/mTOR) Pathway

The PI3K/AKT/mTOR pathway, which plays pivotal roles in cell growth, motility, survival,
metabolism, and angiogenesis is often the target of viral infections [175,176]. Strong staining with
phosphoT308 AKT antibodies was observed in most of the MCC samples examined, but there was no
significant correlation between phosphoAKT and MCPyV status [177,178]. Another study reported
AKT phosphorylation in 4 VN-MCC cell lines, but not in VP-MCC cell lines [179]. However, three
of the tested VN-MCC cell lines (MCC13, MCC26 and UIOS) are non-classical MCC cell lines High
expression levels of PI3Kα and PI3Kδ were observed in respectively 20% and 52% of archival MCC
specimens (n = 50) [180]. The viral status in the MCC samples was not described, but PI3Kα transcript
levels were detected in 2 VN and 2 VP-MCC cell lines, while one of the VP-MCC cell lines (MKL-1)
had no detectable PI3Kδ mRNA levels. This suggests that the expression levels of PI3K do not depend
on the presence of MCPyV, which is underscored by the finding that silencing of LT and sT in four
MCPyV positive MCC cell lines had no effect on AKT phosphorylation [177]. Taken together, the results
indicate that activation of AKT in MCC is not caused by MCPyV. A well-known substrate of the
PI3K/AKT/mTORC1 pathway is 4E-BP1 and its interaction with sT was discussed earlier.

4.5.2. Protein Kinase C Pathway

Protein kinase C (PKC) is family of serine/threonine kinases that comprises PKCα, βI, βII, γ, δ, ε, η,
θ, ζ and ι [181]. Because PKCε plays critical roles in cancer [182], its activation (i.e., phosphorylation of
Ser729) was examined in 8 VP-MCC and three VN-MCC specimens [183]. Seven of the VP-MCCs were
positive for phospho-PKCε, whereas only one of the three VN-MCC samples expressed phospho-PKCε.
These results suggest a correlation between PKCε activation and MCPyV positivity in MCC. However,
relative few samples were examined and the involvement of MCPyV in PKCε activation remains to
be proven.

4.5.3. Notch Pathway

There are four human Notch receptors (NOTCH1-4) and their ligands include Jagged 1 and 2,
and Delta-like proteins [184]. Relative expression levels of NOTCH1, NOTCH2, NOTCH3, and Jagged 1
were compared in 19 VN- and 19 VP-MCC tumors [185]. NOTCH3 expression was higher in VP-MCC
compared to VN-MCC, while the opposite was found for Jagged 1. Patients with higher NOTCH3
expression had better overall survival, whereas expression of NOTCH1 and NOTCH2 was not associated
with MCPyV status or prognosis. Whether MCPyV proteins are implicated in the upregulation of
NOTCH3 and downregulation of Jagged 1 remains to be investigated. MCPyV sT can bind NOTCH2,
but the functional implication of this interaction is not known [129]. sT may also activate the NOTCH
pathway through stimulating the expression of ADAM10 [174].

4.5.4. Hedgehog Signaling Pathway

Patched 1 (PTCH1) is the receptor for the hedgehog ligand of which 3 are found in humans:
sonic (SHH), Indian (IHH), and desert (DHH) hedgehog [186]. Expression of SHH and IHH was
monitored in 29 VP-MCCs and 21 VN MCCs. A significant higher expression of SHH and IHH was
observed in the VP-MCCs than in VN-MCCs [187].
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4.5.5. Apoptotic Pathway

Expression of pro-survival proteins Bcl-2, BclXL, Bcl-w, Mcl-1 and A1 has been investigated in
both VN- and VP-MCC. High expression of these anti-apoptotic proteins was measured in most MCC
and no correlation was found with the viral status of the tumor [159,188–192]. Despite high Bcl-2 levels
in most tumors, a phase II clinical trial with Bcl-2 antisense RNA G3139 showed very little efficacy in
12 MCC patients [193].

5. Immune Evasion of VP-MCC

More than 90% of the MCC patients are immunocompetent and VP-MCC tumors are highly
antigenic, yet they evade immunological destruction [57,63,194]. MCPyV can escape detection by the
immune system by different mechanisms. Down-regulating major histocompatibility complex class
1 (HLA class 1) was observed in 84% of MCC tumors, and HLA class 1 expression was significantly
lower in VP-MCC than in VN-MCC [195]. MCPyV-specific T cells and MCC-infiltration lymphocytes
express elevated levels of multiple markers of exhaustion such as programmed death 1 (PD-1) and T
cell immunoglobulin and mucin domain-containing protein 3 (TIM-3) [196]. Moreover, the level of
vascular E-selectin is reduced in >50% of the examined MCC (n = 56; viral status not determined) and
this negatively affects the ability of lymphocytes to migrate into the tumor microenvironment [197].
Programmed death ligand -1 (PD-L1) may be aberrantly expressed by tumor cells, creating a shield
against immune attack [198]. Immunohistochemical staining of 8 VN-MCC and 34 VP-MCC showed
that none of the VN tumors expressed PD-L1, while 50% of the VP-MCCs were positive for PD-L1 [199].
Another study on 14 MCC (6 VN and 8 VP) reported that 1 VN-MCC had few (1%) PD-L1 positive
tumors cells, whereas 7 of the VP-MCC were PD-L1 positive with 2–7.5% of the cells expressing
PD-L1 [200]. It is not known whether MCPyV can affect the expression of PD-L1, but upregulation of
PD-L1 has been observed in persistent infection with the oncoviruses hepatitis B and C [201].

MCPyV can also avoid the innate immune system because its early region downregulated the
expression of TRL9 in the B lymphocyte RPMI-8226 cell line by targeting the transcription factor
C/EBPβ [202]. sT could also reduce TLR9 expression, but the mechanism is not known, but it may
operate by stabilizing LT [148]. A study on 128 MCC patients revealed that decreased expression of
TLR 9 correlated strongly with MCPyV positivity of the tumor, while expression of TLR2, 4, 5, and 7 did
not correlate with the viral status of the tumor [203].

The interference with the NFκB pathway by MCPyV sT was discussed earlier. However,
another putative mechanism by which MCPyV can interfere with this pathway is through the
interaction of LT with bromodomain protein 4 (Brd4). Brd4 acts as a transcriptional and epigenetic
regulator [204], and can interfere with the NFκB pathway by interacting with IκB [205]. Brd4 stimulates
MCPyV DNA replication by interacting with MCPyV LT and recruitment of replication factor C [130].
Arora et al., showed that also tLT binds Brd4 and that co-expression of Brdr4 in combination with
either LT, sT, or tLT did not stimulated MCPyV promoter activity in U2-OS cells [131]. However,
Brd4 in combination with LT+sT, but not with tLT+sT, enhanced promoter activity. Studies by our
group showed that full-length LT inhibiting the activity of early as well late promoter from 8 different
MCPyV variants in MCC13 and immortalized human dermal fibroblasts, whereas truncated variants
stimulated their cognate promoter in both cell lines. The effect of sT on MCPyV promoter activity was
not examined [25]. The study by Arora and colleagues was done in U2-OS cells and it was not specified
if early or late promoter activity was monitored and from which virus strain the promoter was derived.
Moreover, they used tLT referred to as tLT21 and tLT168, while we used tumor-derived tLT and tested
their effect on the corresponding promoter. Whether the MCPyV LT:Brd4 interaction interferes with
NFκB signaling pathway and contributes the virus-induced tumorigenesis remains to be investigated.

Cytokines trigger inflammatory and immune responses upon viral infection [206,207], and play a
pivotal role in tumorigenesis [208,209]. A study in BJ human foreskin fibroblasts showed that tLT or
tLT+sT induced IL-1β, IL-6, IL-8, and CXCL1 levels, but their expression levels have not been monitored
in VN- and VP-MCC cell lines or tumor tissue [210]. Prokineticins are chemokine-like proteins that
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possess angiogenic and immunoregulatory activities [211]. VP-MCCs had higher prokineticin-2 mRNA
levels than the virus-negative tumors [212]. Our group found that chemokine (C-C motif) ligand
17/thymus and activation-regulated (CCL17/TARC) is upregulated in VP-MCC cell lines compared to
VN-MCC cell lines. Full-length and tLT, but not sT, enhanced the CCL17/TARC promoter activity and
increased protein levels [213]. The exact mechanisms by which MCPyV may affect cytokine expression
and their possible role in MCC remain to be determined. Another study reported that sT downregulates
IL2, IL-8, CCL20 and CXCL9 expression in the VN-MCC cell MCC-13 [136], but expression levels
in VN- and VP-MCC tumors have not been compared. Stimulator of interferon genes (STING) is a
signaling molecule that controls type I interferon and other proinflammatory cytokines production [214].
STING protein was undetectable in VP MKL-1, MKL-2 and MS-1 cells, but not in non-classical VN
MCC13, MCC26 and UISO cells. Five MCC tumors (virus state not mentioned) also stained negative
with STING antibodies [215]. STING silencing may help MCC tumor cells to escape immune eradication.
More VN- and VP-MCC should be scrutinized to establish whether STING is specifically silenced in
the VP-MCC and the potential role of T antigens in silencing STING should be explored. Postsurgical
adjuvant radiation is common in the treatment of MCC patients and although adjuvant radiotherapy
can improve locoregional control with reduced recurrence rate of the tumor, it may not affect overall
survival [216–219]. Whether VN- and VP-MCC patients display different sensitivity to radiation is not
known, but a previous study had shown that absence of STING impaired radiation-mediated tumor
regression [220]. Because it was recently reported that STING expression is downregulated in VP-MCC
cells [215], VP-MCC may be less sensitive to radiotherapy than VN-MCC.

6. Specific Biomarker for VP-MCC

Apart from detection of viral DNA, RNA, and protein, diagnostic markers that specifically
discriminate VP-MCC from VN-MCC are lacking. Likewise, biomarkers to predict disease progression
and response to therapy of VP-MCC are lacking. However, the presence of antibodies against LT and
sT may be used a diagnostic and prognostic marker. While most individuals have antibodies against
MCPyV VP1 (see Section 1.2), only ~1% of healthy patients had low titer antibodies against viral T
antigens, whereas 41% of MCC patients had such antibodies [221]. The viral status of all MCC patients
was not known, but for those patients it was known, serology for the LT/sT much more closely reflected
the virus status of the tumor. In addition, the titers of T antigens antibodies decreased rapidly in
patients whose cancer did not recur, whereas they rose with disease progression. So antibodies against
LT/sT can predict if the patient has a VP tumor, but these antibodies can also be used to monitor the
development of the disease and whether the patient respond to treatment or not.

Some putative markers will be discussed in this section, although most of them do not seem to be
very specific and more VN- and VP-MCC patients need to be studied to validate their usefulness.

Several studies have shown that p63 may be an adverse prognostic factor as high levels have
been linked to a worse prognosis [222–225], but the viral status in the MCC tumors was not always
described. In one follow up study, the presence of MCPyV was examined, but no correlation between
p63 expression and viral presence was found [226]. The chromatin architectural factor DEK was found
to be expressed in 15/15 MCC tumors examined, but the viral presence or the clinical stage of the
tumors was not identified [227]. This protein is also overexpressed in other cancers (reviewed in [228]),
so that it is not a specific MCC biomarker. K homology domain-containing protein overexpressed in
cancer (KOC=IMP3) is overexpressed in 90% of the MCC samples (n = 20) and expression correlated
with metastasis, but the relationship with MCPyV was not investigated [229]. KOC is a prognostic
marker in pancreatic cancers and melanomas [230,231] and might be a prognostic marker for MCC.
Other proteins examined in MCC include vitamin D receptor, the inhibitory ligand of the Notch
receptor Delta-like protein 3 (DDL3), HIF-1α and its target genes GLUT-1, MCT4, CAIX, and vascular
endothelial growth factor receptor 3 (VEGFR-3), and P-cadherin [232–238]. However, the viral status
of the tumor was not known (vitamin D receptor), no difference between VN- and VP-MCC was found
(GLUT-1, MCT4, CAIX), or there was a tendency to higher expression in VP-MCC, but the difference
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was not significant (DDL3, HIF1α, P-cadherin). VEGFR-3 was found in all MCCs, but significantly
higher in VP-MCC [238]. The value of VEGFR3 as a biomarker is controversial because other studies
failed to detect VEGFR-3 in MCC [232,233]. The inconsistency, lack of virus status and limited number
of samples of these studies have failed to identify a bona fide biomarker for VP-MCC.

MicroRNA as VP-MCC Biomarkers

MicroRNA (miR) are small RNA molecules that inhibit gene expression at a post-transcriptional
level by preventing translation or inducing degrading of their target mRNA. Because of their stability,
presence in all body fluids, and sometimes disease-specific expression, they can be useful prognostic and
diagnostic markers in cancer. Several groups have examined miR expression in MCC (reviewed in [239]),
but miR-375 in particular has been more extensively studied. This miR is enriched in VP-MCC compared
to VN-MCC [240], while another study found that the miR-375 levels were enhanced in MCC cell
tumors but not associated with the viral status [241,242]. The MCPyV genome itself encodes a single
miR (mcv-miR-M1) that is complementary to a sequence in the LT gene adjacent to the RB binding
motif. However, mcv-miR-M1 was detected in ~50% of 38 tested VP-MCC and the expression levels
were low [243]. It seems unlikely that mcv-miR-M1 contributes to MCVPyV-induced tumorigenesis
and its use as biomarker for VP-MCC is doubtful.

7. VP-MCC Specific Therapy

Current MCC treatment include surgery, radiation therapy, chemotherapy and immunotherapy.
The standard option is surgery followed by radiation [63,64,244]. However, immunotherapy-based
strategies is rapidly becoming a preferred therapy in several cancers, including MCC. Three types
of immune checkpoint inhibitors are currently being applied on MCC patients: pembrolizumab and
nivolumab, antibodies against programmed cell death-1 (PD-1), avelumab, an antibody against the
ligand of PD-1, PD-L1, and the CTLA-4 antibody ipilimumab. All these antibodies are approved
by US Food and Drug Administration for treatment of different cancers [245]. Clinical trials with
pembrolizumab in MCC patients showed 56% objective response rate (ORR) and the ORR in VP-MCC
patients (n = 16) and VN-MCC patients (n = 9) was 62% and 44% respectively and 59% (n = 32) and
53% (n = 18), respectively [246,247]. The ORR to nivolumab was also regardless of the viral state of
the tumor [248]. The ORR in VP-MCC patients (n = 23) and VN-MCC patients was 26% and 46%,
respectively of the VN-MCC patients (n = 13), while in another study including 46 VP-MCC and
31 VN-MCC patients, the ORR was 28% and 36%, respectively [249]. Treatment of five MCC patients
with ipilimumab indicated a positive activity of ipilimumab, but the viral state of the patients was
not reported [250]. In conclusion, the response of MCC patients to checkpoint inhibitors seems to be
independent of the viral state of the tumor, urging the development of VP-MCC specific therapy.

7.1. Vaccines

Serological studies in different countries demonstrated that most of the adult population
have antibodies against MCPyV VP1 and infection occurs early in childhood (see Section 1.2).
Although prophylactic vaccination with purified VP1 or virus-like particles at early age can prevent
viral infection and later on development of VP-MCC, no such vaccines exist for the moment. The reason
for this is probably that although the virus establishes a life-long infection in ~80% of the people
virus, only a minority will develop VP-MCC and unfortunately, this makes the development of a
MCPyV vaccine not very lucrative for pharmaceutical and biotechnology companies. Another option
is preventive vaccination with T antigens. Approximately 1% of non-MCC patients have low titer of
antibodies against these oncoprotein probably because of low viral activity or latent infection and
the fact that LT is a nuclear protein, reducing its processing and presentation by HLA class 1 [251].
However, seroprevalence and titers increase significantly in MCC patients [221]. A possible pitfall
with LT vaccination is that HLA class 1 is downregulated in 84% of MCC tumors, and HLA class 1
expression was significantly lower in VP-MCC than in VN-MCC [195], suggesting reduced antigen
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presentation. Studies with LT/sT proteins as prophylactic vaccines are lacking, but DNA vaccines
coding sT or the N-terminal domain of LT have been tried out in mice. DNA vaccination generated a
specific T cell immune response in mice and potent protective and therapeutic antitumor effects in
a preclinical murine MCC tumor model [252–254]. Therapeutic vaccination to improve the immune
system of MCC patient offers another alternative. For an excellent recent review, the reader is referred
to [251]. Therapeutic vaccination with MCPyV T antigens can support improperly primed T cells and
stimulate naive CD T cells. However, administration of whole sT protein or tumor variants of LT may
promote tumorigenesis. This can be circumvented by using peptides of these proteins or mutant forms
(e.g., a non-RB binding LT) that lost their oncogenic properties.

7.2. CRISPR/Cas9-Based Methodology

Depletion of T antigens expression by the CRISPR/Cas9 technology was shown to impair
proliferation and induce apoptosis of VP-MCC cell lines [112]. Development of a CRISPR/Cas9-based
therapeutic tool against T antigens in VP-MCC is a possibility. Challenges of the method to overcome
are delivery of the gRNA, efficiency, and accuracy of the mutation.

7.3. RNA Interference Based Treatment

shRNA-mediated knockdown of T antigens expression has been successfully used in cell culture.
Intratumorally injected shRNA against viral oncoproteins either as nanoparticles or vector-based are
being studied [255,256] and clinical trials are being performed (e.g., NCT01505153). (Sub)cutaneously
located primary MCC tumors should be easily accessible for injections with shRNA.

7.4. Anti-Viral Drugs

No specific inhibitors of PyV LT or sT exist, although small molecules that inhibit the ATPase
activity of SV40, BKPyV and JCPyV have been described [257,258]. Since MCC tumors express tLT
devoided of the ATPase domain, these drugs are not applicable for VP-MCC. However, some molecules
not specific for MCPyV show anti-viral activity in cell culture and xenograft models. The malaria drug
artesunate reduces growth and survival of VP-MCC cells in vitro and VP-MCC tumors in a xenograft
mouse model, but had no or little effect on primary fibroblasts, melanoma cell lines, and non-classical
VN-MCC cell lines [259]. Artesunate down-regulated expression of LT, but only in one VP-MCC cell
line was the sensitivity towards artesunate reduced upon knockdown of LT expression. Artesunate
has entered clinical trials with solid tumors cancer patients other than MCC patients and was well
tolerated and modest clinical activity was observed [260]. DDL3 could be a therapeutic target in
patients with VP-MCC because DLL3 expression is higher than in VP-MCC [237]. Treatment of a
67-year-old patient with metastatic MCC who received three doses of DLL3-targeting antibody-drug
conjugate rovalpituzumab tesirine (Rova-T) had partial response with 57% decreased of the target
lesions [237]. It was not specified whether this patient had VP-MCC. Nuclear expression of survivin in
MCC is associated with poor prognosis [261]. MCPyV LT upregulates survivin levels and expression of
survivin is necessary for VP-MCC cells to survive [159]. The survivin inhibitor YM155 reduced growth
of some VP-MCC xenograft tumors and was nontoxic in mice, suggesting YM155 is an attractive drug
to treat VP-MCC patients [159,262]. Several clinical trials using survivin vaccination are registered
(e.g., NCT00108875, NCT02851056, NCT00573495, NCT03879694), but none include MCC patients.
MCPyV LT’s interaction with HSC70 is important for inactivation of RB1 [12]. MAL3-101, a specific
inhibitor of DnaJ-stimulated HSC70 ATPase activity [263], induces apoptosis in some MCC cell lines and
inhibits tumor growth of xenografted VP-MCC WaGa cells without toxic side effects [264]. However,
MAL3-101 triggered apoptosis of MCC cells irrespective of the presence of MCPyV, but cells with
high HSC70 expression levels were more sensitive. MAL3-101 appears to be a candidate to treat MCC,
independent of the viral state, but to our best knowledge, no clinical trials are ongoing. VP-MCC
have higher expression of ADAM10 and 17 compared to VN-MCC [174]. TIM-3 is shed by both
ADAM 10 and 17 and blocking TIM-3 by antibodies reduced PD-1 expression and increased cytokine
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production [265]. Therefore, TIM-3 seems to dampen the immune system [266]. Moreover, ADAM 10
cleaves HLA class 1 [267]. Thus, ADAM 10 and 17 inhibitors may stimulate the immune system and
could be used for the treatment of VP-MCC. VP-MCC cell lines and MCC tumors do not express STING
(see Section 4; [215]). Treating MKL-1 and MS-1 cells that stably express STING responsive to the
STING agonist DMXAA not only restored the induction of interferons and proinflammatory cytokines
and chemokines, but stimulated PD-L1 expression, T cell migration and activation, and triggered
cell death in vitro [215]. The authors suggested that introducing STING by e.g., an adenovirus-based
vector in MCC together with DMXAA could be used to treat VP-MCC patients.

8. Conclusions and Future Perspectives

The first HPyVs were discovered in 1971 and despite their ability to transform cells and induce
tumors in animals, their role in human cancer remains unclear [268–271]. It was not until 2008 when the
lab of Chang and Moore isolated MCPyV that the first HPyV that can cause cancer was identified [62].
Together with raccoon polyomavirus, they are the only two PyVs known to cause cancer in their natural
host [272]. Despite our increase in understanding MCPyV’s role in MCC, many important questions
remain unsolved. The uncertainty about the genuine cell(s) of origin of VP-MCC has hampered studies
to scrutinize the exact roles of the T antigens in tumorigenesis. Transgenic mice studies have failed
to ubiquitously demonstrate that sT can cause MCC. Research questions related to the biology of
this virus (route of infection, transmission, spreading, cell tropism, replication) need to be solved.
Efficient cell cultures for MCPyV are lacking, although human dermal fibroblasts can sustain viral
replication [44]. Another enigma is why only about 0.5–1 individuals/100,000/year develop MCC
with 80% of them being VP (for recent reviews see [49,64]), although most people are infected with
MCPyV (see Section 1.2) and seem to chronically shed virus from the skin [33]. MCPyV induced MCC
might just be an unfortunate, non-intendent event. An animal model to study virus-induced MCC
is lacking (sT transgenic mice do not develop MCC and xenograft studies are usually performed in
immune deficient mice). Cases of MCC has been described in other mammals, including cat, dog and
steer [273–278]. It is not known whether a polyomavirus might be involved in these MCC, but bovine
and canine polyomaviruses have been described [279,280], while LiPyV, originally isolated from human
skin [281], was detected in feces of cats [282]. However, the sT and LT of bovine PyV, dog PyV and
LiPyV share <50% homology with the corresponding proteins of MCPyV. T antigens of gorilla and
chimpanzee PyVs, which are phylogenetically more closely related [1], are 80% identical to the MCPyV
T antigens and DnaJ, RB, MUR, LSD, and PP4 domains are conserved, but MCC has not been described
in the apes. If MCC in any of these animals has a polyomavirus etiology, they could be used as model
systems to improve our knowledge on virus-induced MCC and to test out novel therapeutic strategies.
Other gaps of knowledge are related to the clinics. VP-MCC specific biomarkers that can be used in
diagnosis, prognosis, and response to treatment are currently lacking so that determining the viral
state of the tumor depends on detecting the presence of viral DNA, RNA or T antigens in biopsies.
Specific therapy for VP-MCC does not yet exist and will require identification of potential therapeutic
targets in VP-MCC. Proteomics of VN- and VP-MCC may allow identification of tumor-specific proteins
that can be targets for therapy or useful biomarkers. The discovery of MCPyV as a causative agent of
MCC has stirred up MCC research and the next decennia will certainly further increase our knowledge
and lead to the development of improved treatment for this aggressive cancer.
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Abbreviations

ALTO Alternate frame of the LT open reading frame
HLA-1 Major histocompatibility complex class 1
HPyV Human polyomavirus
LSD Large T antigen stabilization domain
LT Large T antigen
MC Merkel cell
MCC Merkel cell carcinoma
MCPyV Merkel cell polyomavirus
miR MicroRNA
MUR MCPyV T antigen unique region
NCCR Non-coding control region
NLS Nuclear localization signal
OBD Origin binding domain
ORI Origin of replication
ORR Objective response rate
PD-1 Programmed death 1
PD-L1 Programmed death ligand 1
PP Protein phosphatase
PyV Polyomavirus
RB Retinoblastoma protein
sT Small t antigen
TLR Toll-like receptor
tLT Truncated LT
VN-MCC Virus-negative Merkel cell carcinoma
VP-MCC Virus-positive Merkel cell carcinoma
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Abstract: Merkel cell carcinoma (MCC) is a rare malignant neuroendocrine carcinoma of the skin
with a poor prognosis and an apparent increase in incidence. Due to its rarity, evidence-based
guidelines are limited, and there is a lack of awareness among clinicians. This review constitutes
the consensus management recommendations developed by the Danish MCC expert group and is
based on a systematic literature search. Patients with localized disease are recommended surgical
excision and adjuvant radiotherapy to the primary site; however, this may be omitted in patients
with MCC with low risk features. Patients with regional lymph node involvement are recommended
complete lymph node removal and adjuvant radiotherapy in case of extracapsular disease. Metastatic
disease was traditionally treated with chemotherapy, however, recent clinical trials with immune
therapy have been promising. Immune checkpoint inhibitors targeting the programmed cell death
protein 1(PD-1)/programmed death-ligand 1(PD-L1) axis should therefore be strongly considered
as first-line treatment for fit patients. A 5-year follow-up period is recommended involving clinical
exam every 3 months for 2 years and every 6 months for the following 3 years and PET-CT one to two
times a year or if clinically indicated. These national recommendations are intended to offer uniform
patient treatment and hopefully improve prognosis.

Keywords: Merkel cell carcinoma; diagnosis; treatment; review; guideline

1. Introduction

Merkel cell carcinoma (MCC) is a rare and highly aggressive neuroendocrine malignancy of the skin.
Research in MCC has recently gained traction due to successful clinical trials with immune checkpoint
inhibitors and the discovery of the Merkel cell polyoma virus (MCPyV) [1,2]. The incidence in Denmark
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has increased 5.4-fold from 0.06 cases/100,000 in 1986 to 0.31 cases/100,000 in 2002 [3]. The median age
of patients at diagnosis is 77 years, with the majority being male (62%) [4]. MCC is primarily caused
by UV-radiation (24%) and/or the presence of MCPyV (76%) [1,5,6]. Immunosuppression also plays
a role and increases the risk of MCC, as seen in individuals with chronic lymphatic leukemia (30-fold),
the human immunodeficiency virus/acquired immunodeficiency syndrome (HIV/AIDS, 13-fold) and
organ transplants recipients (10-fold) [7]. Currently, the 5-year overall survival of MCC is approximately
40%, making it more deadly than melanoma [8]. The current review constitutes the national Merkel cell
carcinoma management recommendations developed by the Danish MCC expert group.

2. Diagnosis

2.1. Clinical Features

MCC usually presents as a nonspecific, firm, rapidly growing, painless red, purple or pink exophytic
cutaneous nodule (Figure 1) [9]. The tumor is most often located in the head and neck area (43%), followed
by the extremities (39%) [8]. As the presentation is often nonspecific and clinical diagnosis is only correct in
1% of cases, the AEIOU acronym has been developed to increase diagnostic accuracy by defining clinical
features of MCC: Asymptomatic/lack of tenderness, Expanding rapidly, Immune suppression, Older than
50 years, and Ultraviolet-exposed site on a person with fair skin. Approximately 89% of patients have ≥3
of these features. Common benign misdiagnoses include cyst/acneiform lesion, lipoma, fibroma, vascular
lesion or insect bite [9].

 

Figure 1. A red, nodular primary MCC on the left hand.

2.2. Pathology

Histology: MCC is often located in the dermis extending into the subcutaneous tissue. The cells are
small, uniform and basaloid with granulated chromatin, scant cytoplasm and high mitotic rates [10].
Necrosis, increased vascularization, immune cell infiltration, solar elastosis and collision tumors
(squamous cell carcinoma, basal cell carcinoma, actinic keratosis, Bowen disease) are common features [10].
Having the appearance of a small round blue cell tumor, MCC has many differential diagnoses, the most
important being basal and squamous cell carcinomas, metastatic small cell carcinomas from other sites,
melanoma, non-Hodgkin lymphomas and anaplastic adnexal carcinomas [11].

Immunohistochemistry (Table 1): MCC most commonly expresses epithelial markers, more
specifically CK20, with a paranuclear dot-like staining. It shows neuroendocrine features with expression
of neuroendocrine markers such as CD56 (88.2% positivity), chromogranin A (84.1% positivity) and
synaptophysin (92% positivity) [12].
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Table 1. Immunohistochemical markers in MCC and common differential diagnosis (Llombart et al. [11]).

Cancer Type CK (AE1/AE3) CK20 CK7 TTF-1 CD56 LCA S-100 CD-99 Chromogranin A Synaptophysin

Merkel cell carcinoma + + − − + − − + + +
Small cell lung cancer + − + + + − − + + +

Lymphoma − − − − − + − − − −
Melanoma −/(+) − − − + − + − − −

Ewing’s sarcoma −/(+) − − − + − - + −/(+) −/(+)

MCC is negative for leukocyte common antigen (CD45, in contrast to lymphoma), S-100 (in contrast
to melanoma), CK7 and TTF-1 (in contrast to small cell lung cancer) [12,13].

MCC diagnosis is based on histological features combined with CK20 expression and TTF-1
negativity. A subgroup of MCC does not stain accordingly, as 12.6% of MCC are CK20 negative, while
7% express TTF-1 [12]. CM2B4, which targets the MCV-large T antigen, may also be useful in diagnostics
of virus-positive MCC (sensitivity 88.2%; specificity 94.3%) [6].

Proposed immunohistochemical panel: CK(AE1/AE3), CK20, CK7, TTF-1, CD45, S-100, CD-99 and
neuroendocrine markers, such as synaptophysin, chromogranin A and CD56. In case of a nonconclusive
result of the immunohistochemical panel, it may be necessary to do supplementary staining according to
differential diagnosis.

Sentinel node (SN) protocol: A formalin-fixed SN will be split through the hilum and optionally
further cut into parallel slices. The paraffin-embedded tissue slices will be cut in six serial steps
with 50 μm intervals with a HE and CK(AE1/AE3) stained section at each level [14]. Isolated tumor
cells within a lymphatic channel in the parenchyma of a lymph node, or its capsule, are classified as
a metastasis.

Pathology report content should include:
Histopathological parameters: Macroscopic tumor diameter (microscopic in case of no clinical

estimation, horizontal, in mm); Margin status (distance from lateral and deep resection margins,
macroscopic and/or microscopic estimation, in mm); Tumor thickness (from stratum granulare, or highest
tumor cell in case of ulceration, to deepest tumor cell, in mm with no decimals); Ulceration (total loss of
epidermis with vital reaction, present/absent); Lymphovascular invasion (LVI) and perineural invasion
(present/absent); Level of invasion (extracutaneous extension to muscle/fascia/cartilage/bone); Collision
tumors (description if present).

Immunohistochemical analyses: Ki67 (% of tumor cells, estimate in 10% intervals if image counting
tools are not available (more reproducible than hotspot counting)); Tumor infiltrating lymphocytes
(number of CD8 positive lymphocytes per HPF); Viral status (MCPyV is positive when >1% of tumor
cells stain independently of intensity when using the immunohistochemical clone CM2B4).

Sentinel lymph node status: Maximum diameter of the metastasis is reported, as well as number of
involved/removed lymph nodes and extracapsular extension (presence of nodal metastasis extending
through the lymph node capsule and into adjacent tissue) [15]; In-transit metastasis (present/absent):
A discontinuous tumor distinct from the primary lesion and located between the primary lesion and
the draining regional lymph nodes or distal to the primary lesion (Figure S1).

3. Work-Up & Staging

3.1. Work-Up

Patients should undergo full clinical skin and lymph node investigation with/without ultrasound
(US) of the regional lymph node basin (Figure 2). Baseline F18-FDG whole-body positron emission
tomography-computed tomography (PET-CT) scan may exclude differential diagnosis (mainly small cell
lung cancer), lead to upstaging in 16% of patients and change management in up to 37% (Table 2) [16,17].
Until more data are produced, baseline PET-CT may be considered for all MCC patients.
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Figure 2. Diagnostic workup for MCC patients.

Table 2. Impact of staging with PET-CT adapted from Hawryluk et al. [16].

Stage Patients Upstaged by PET/CT Patients Upstaged by PET/CT (%)

IA 0/12 0%
IB 0/5 0%

IIA 0/3 0%
IIB 0/5 0%

IIIA 1/22 4.5%
IIIB 4/8 50%
IV 5/5 100%

Patients without clinically involved lymph nodes are recommended sentinel lymph node biopsy
(SLNB), as 24–32% of these patients harbor clinically occult, microscopic regional metastasis [18–20].
Risk increases with tumor diameter, but patients with tumors down to 0.5 cm have been shown to be
sentinel lymph node (SLN) positive in 14% [21]. SLNB should be carried out at the same time as wide
excision to avoid inaccuracy and minimize the risk of false-negative results if performed after wide
excision (15–17%) [18,22]. Patients with clinically involved lymph nodes should be offered US-guided
fine needle aspiration biopsy (FNAB) to confirm the diagnosis.

3.2. Staging

The current staging is based on the eighth edition of the tumor, node, metastasis (TNM) staging
system, recommend by the Union for International Cancer Control (UICC) and the American Joint
Committee on Cancer (Figure S1). The expected 5-year overall survival (OS) for each stage is illustrated
in Table 3 [8].

Table 3. Five-year overall survival with confidence interval (CI) [8].

Stage Clinical Staging (95% CI) Pathological Staging (95% CI)

I 45.0% (41.9–48.1%) 62.8% (59.6–65.8%)
IIA 30.9% (27.0–34.9%) 54.6% (49.3–59.7%)
IIB 27.3% (16.0–39.9%) 34.8% (25.6–44.1%)

IIIA Data lacking 40.3% (37.5–43.0%)
IIIB Data lacking 26.8% (23.4–30.4%)
IV Data lacking 13.5% (11.0–16.3%)

The eighth edition of the TNM staging system is based on 9387 MCC cases with follow-up and
staging data from 1998 to 2012 [8]. Staging can be clinical or pathological; the latter is more precise.
Patients with local disease and negative SLNs have better prognosis (76% at 5 years) than those with
clinically negative nodes (59% at 5 years) as the latter may harbor occult metastases that are not detected
at time of diagnosis if SLNB is not performed [23]. Patients with nodal disease and unknown primary
tumor are now given similar stage as patients with any tumor and microscopic nodal involvement
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(pathological stage IIIA), as patients with clinically detected nodal disease and unknown primary
tumor show improved prognosis over cases with concurrent known primary tumor (OS 42% vs. 27%,
respectively) [8].

4. Treatment

Due to the rarity of MCC, prospective clinical trials are rarely conducted. Therefore, current
treatment recommendations are mostly based on retrospective studies with few patients (Figure S2).

5. Management of the Primary Tumor

5.1. Surgery

Traditionally, the recommended excisional margin for primary tumors has been 2–3 cm [24,25].
Recent studies comparing different excision margins show that patients (n = 47) treated with 1, 2 or 3 cm
margins did not have a statistically significant difference in disease-free survival and OS [26]. Similarly,
the largest single-institution study to date (n = 240) did not demonstrate a significant difference in local
recurrence or disease-specific survival between patients treated with 1, 1.1–1.9 or >2 cm excisions [27].
Surgery-only (n= 104) with an excisional width of 1–2 cm to the tumor bed (tumor diameter < 2 cm) has
demonstrated local recurrence rates down to 1.9% [19]. However, these studies were not randomized
clinical trials so confounding by indication may be prevalent; larger excision margins may have been
used for larger tumors. Regular randomized trials testing different resection margins are warranted
but difficult to complete due to the small number of patients. A positive surgical margin is associated
with reduced OS and should lead to re-excision [28,29]. Based on the above studies, an excisional
margin of 1–2 cm is recommended.

5.2. Adjuvant Radiotherapy

Primary tumor: Radiotherapy (RT) is recommended following surgical excision [30]. In 4843 MCC
cases, the largest cohort to date, it was shown that localized MCC (stage I and II) treated with primary
surgery and adjuvant RT was associated with improved OS, compared to surgery alone (stage I: HR = 0.71,
95% CI = 0.64 to 0.80, p < 0.001; stage II: HR 0.77, 95 % CI = 0.66 to 0.89, p < 0.001) [28].

Recommended dose is 50–60 Gy at 2 Gy/d, 5 fractions per week (F/W) [31–33]. Adjuvant radiotherapy
(RT) to the primary site has been shown to improve local control, and data from three pooled prospective
trials, which included 88 high-risk MCC patients, showed that pre-radiation margin status (positive/negative)
did not have an impact on time to loco-regional failure in patients receiving adjuvant RT [34]. As most MCCs
are located in the head-and-neck area, a wide surgical margin is not always feasible and should not be
pursued at all costs, but respect functionality and cosmesis, especially as adjuvant RT leads to a high degree
of local control. Administration of RT should be carried out within 3 weeks after surgery to minimize disease
progression prior to RT [35].

Adjuvant RT may be left out in patients with low-risk characteristics in their primary tumors
(Figure S3). These include small primary tumors (≤1 cm diameter), negative margin status, no LVI,
negative SLNB and no chronic immunosuppression (i.e., lymphoma/leukemia) [18,19,36]. In a small
retrospective study on patients with low-risk head-and-neck primary tumors, adjuvant RT was associated
with increased local control without a survival benefit [37]. Since all recurrences were salvaged by
radiotherapy, adjuvant RT should not routinely be recommended for this patient subgroup but discussed
per case.

Regional lymph nodes: Prophylactic regional RT is not recommended in SLNB-negative patients,
as this has not shown to reduce the regional recurrence rate [38].

5.3. Definitive Radiotherapy—Nonresectable Disease

Definitive RT increases disease control but should be reserved for patients who are not candidates
for complete, gross resection or refuse surgical intervention. A systematic review including 23 studies
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found that definitive RT to 136 primary tumor sites resulted in local recurrence rates of 7.6% with
a median follow-up time of 24 months. Definitive RT was more effective in managing local disease
at the primary tumor site, compared with the regional site (7.6% vs. 16%, p = 0.02) [39]. In terms of
survival, a study of 50 patients with local disease based on clinical examination and ultrasound treated
with definitive RT or conventional treatment (surgery and adjuvant RT) indicated no statistically
significant difference in overall (p = 0.18) or disease-free survival (p = 0.32) between the groups [40].
However, no randomized studies have evaluated the effect of primary surgery and adjuvant RT versus
definitive RT. The recommended doses are 56–60 Gy at 2 Gy/d.

Management of the primary tumor summarized:
A 1–2 cm clinical excision margin resulting in negative margins.
Adjuvant RT for primary tumors >1 cm and/or absence of low-risk characteristics (negative surgical

margin, negative SLNB, no LVI and no chronic immunosuppression). Adjuvant RT offers disease control,
but potential benefit should always be carefully weighed against morbidity and frailty of the patient.

Recommended dose: 50–60 Gy at 2 Gy/d, 5 F/W with 1–2 cm margins.
Definitive RT may be offered to patients who are not candidates for or refuse surgery.
Recommended dose: 56–60 Gy at 2 Gy/d, 5 F/W with 1–2 cm margins.
Prophylactic regional RT in SLNB-negative patients is not recommended.

6. Management of the Regional Lymph Nodes

The evidence on management of patients with nodal disease is particularly scarce, as most studies
are retrospective, have too few patients and/or short follow-up periods and often have selection bias
in patients receiving adjuvant therapy. Recent large single-institution studies suggest no difference
between SLNB-positive patients treated with radiotherapy or therapeutic lymph node dissection
(TLND) [41,42]. Patients with nodal disease have poor prognosis and high recurrence rates, compared
to patients with localized disease [8,43]. This may warrant an aggressive treatment approach, despite
lack of evidence on optimal management of patients with nodal disease.

6.1. Lymph Node Dissection and Locoregional Radiotherapy

All patients with pathologically confirmed regional lymph node metastases should be recommended
TLND, whether it be a positive SLN or a palpable/radiologically confirmed metastasis. Additionally,
TLND provides prognostic information as SLNB-positive patients with 1 or more positive non-SLNs are
associated with a significantly worse prognosis [42]. Adjuvant regional RT is associated with increased
morbidity, while the effect of adjuvant RT on OS seems less convincing, as stage III-patients (n = 2065)
treated with surgery and adjuvant RT were not shown to have a statistically significant improvement
in OS, compared to patients treated with surgery alone (p = 0.80) [28,36,41]. Indications for post-operative
regional RT may therefore be restricted to patients with extracapsular disease to achieve regional control.
The recommended doses are 50–60 Gy at 2 Gy/d, 5 F/W (Figure S3) [33]. No randomized controlled
trials have compared regional nodal surgery to regional RT. Based on the above considerations and
uncertainties, patients with nodal involvement should be evaluated individually in multidisciplinary
tumor board consultations.

6.2. Definitive Radiotherapy – Nonresectable Disease

Definitive RT offers clinically meaningful disease control and is indicated for patients, who are
not candidates for complete, gross resection or refuse surgical intervention. A systematic review and
analysis of 23 studies found that 127 regional nodal sites treated with definitive RT resulted in a 16%
recurrence rate with a median follow-up time of 24 months [39]. A prospective trial examining patients
treated with macroscopic (n = 24) and microscopic (n = 26) nodal disease did not show a statistically
significant difference in disease-specific survival when patients were treated with definitive RT versus
TLND with/without regional RT (p = 0.9 and p = 0.7, respectively) [44]. The recommended dose to the
regional lymph nodes is 56–60 Gy at 2 Gy/d per day. Collectively, definitive RT may offer clinically
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acceptable primary site and regional disease control for patients with unresectable disease or patients
with serious co-morbidity preventing surgical intervention.

6.3. Other Treatment Regimens

Adjuvant chemotherapy is not recommended for resected stage III patients due to lack of association
with improved OS (n = 2065, p = 0.71) [28]. Clinical trials with immunotherapy may be considered,
albeit more specific recommendations will await the results of clinical studies, e.g., the ADAM
trial—a randomized phase 3 trial with adjuvant avelumab in 100 stage III MCC patients [45].

Management of the regional lymph nodes summarized:
Therapeutic radical lymph node dissection is recommended in MCC patients with regional

nodal involvement.
Adjuvant regional RT should be considered in the presence of extracapsular disease.
Recommended dose: 50–60 Gy at 2 Gy/d, 5 F/W.
Definitive RT should be offered to patients, who are not candidates for or refuse surgery.
Recommended dose: 56–60 Gy at 2 Gy/d, 5 F/W.
Patients with nodal involvement should be evaluated in multidisciplinary tumor board conferences.

7. Management of Distant Metastatic Disease

Traditionally, patients with distant metastatic disease were treated with conventional chemotherapy
mainly with only palliative effect. There are currently no randomized controlled trials comparing
chemotherapy with immunotherapy, however promising clinical trials have resulted in the recommendation
of immunotherapy in the first-line setting in several recent guidelines [46,47].

7.1. Immune Checkpoint Inhibitors

Treatment with immune checkpoint inhibitors in the first-line setting is associated with response
rates of >50%; some durable responses and are well tolerated [48]. Qualitative interviews with
patients (n = 19) treated with both first-line chemotherapy and second-line treatment with the
immune checkpoint inhibitor avelumab indicate a better quality of life during avelumab treatment [49].
This may be considered in the clinical setting, as MCC patients have a high average age and often
multiple comorbidities.

Immunotherapy has been investigated in nonresectable stage IIIB and stage IV patients. There
are no known predictive factors, as investigations of specific biomarkers (tumor PD-L1 expression,
infiltrating lymphocyte PD-L1 expression, viral status, intratumoral CD8+ infiltration) have been unable
to predict clinical response [2,50]. Exclusion criteria include ECOG Performance Status ≥2, steroid
use in doses >10 mg prednisone daily, continued need of other immune suppressing agents, organ
transplant recipients (heart, lungs and liver) or autoimmune disease with risk of unmanageable flares.

7.2. Avelumab (PD-L1 Antibody)

First-line setting: Treatment with avelumab in patients (n = 29) with metastatic MCC, no prior
systemic treatment and at least 3 months-follow-up resulted in an objective response rate (ORR) of
62.1% (18/29 patients) with 4 (13.8%) complete responses (CR) and 14 (48.3%) partial responses (PR) [51].
At time of analysis, 14/18 (77.8%) of responses were ongoing with a 6-month response duration in 83%
of responding patients. Among 39 patients evaluable for safety analysis, 28/39 (71.8%) experienced
grade 1–3 treatment-related adverse events (TRAE) and 6/39 (15.4%) patients discontinued treatment.
There were no grade 4 TRAE or treatment-related deaths.

Second-line setting: The largest clinical trial with immune therapy in stage IV MCC patients (n = 88)
who had progressed after receiving chemotherapy resulted in an ORR of 29/88 (33%), including 19
(21.6%) PR and 10 (11.4%) CR [52]. Among the responders, the majority (74%) had duration of response
of ≥1-year, while the 1-year OS rate was 52%. TRAE occurred in 62/80 (70%) of patients, including 4 (5%)
patients with grade 3 TRAE. There were no deaths related to treatment [2]. These findings resulted in
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avelumab becoming the first approved drug for metastatic MCC by the Food and Drug Administration
(FDA) and the European Medicines Agency (EMA) [53].

7.3. Pembrolizumab (PD-1 Antibody)

First-line setting: 50 stage IIIB/stage IV patients were administered pembrolizumab with an ORR
of 56% (28/50 patients) including 12 with CR and 16 with PR [54]. Of the 28 patients with a confirmed
response, the median response duration was not reached (ranged from 5.9 months to 34.5+ months)
with an estimated 24 months-progressive-free survival of 48.3%. TRAE occurred in 48 (96%) of patients,
including 14 (28%) patients with grade 3–4 TRAE. There was one treatment-related death. Pembrolizumab
is approved for MCC in the US but not in Europe.

7.4. Other Immune Checkpoint Inhibitors

Case studies and clinical trials with other immune checkpoint inhibitors such as nivolumab have
shown efficacy in treatment of metastatic MCC, but no applications for approval by the FDA or EMA
have yet been filed [55].

7.5. Chemotherapy

Chemotherapy used for metastatic MCC is associated with high response rates, but responses are
short-lived and the risk of adverse events, such as hematological toxicity and treatment-related death
is not negligible [48]. Furthermore, the impact on OS is unclear since there are no comparisons with
best supportive care. However, historical data of chemotherapy across regimens and centers over time
has not indicated a benefit [28,56].

First-line setting: Response rates range from 53–61% with a median progression-free survival of
3.1 months and duration of response <8 months [48]. Ninety-five percent of patients (n = 62) treated
may eventually develop progressive disease [57]. The primary recommended treatment regimens
include cisplatin or carboplatin in combination with etoposide, as platinum-containing regimens may
result in higher rates of complete (21% vs. 17%) and partial response (29% vs. 17%) compared with
non-platinum-containing regimens [48,58].

Second-line-setting: Response rates range from 23–45% with a median progression-free survival
of 2 months and duration of response <8 months [48].

Later-lines-setting: Chemotherapy in second-line or higher shows response rates of 10–29% with
no complete responses. The median duration of response is less than 2 months with a progression-free
survival and OS ranging from 2–3 months and 4–5 months, respectively [59,60].

Management of distant metastatic disease summarized:
Immune checkpoint inhibitors targeting the PD-1/PD-L1 axis should be strongly considered as

first-line treatment for fit patients with no contraindications.
Avelumab has been approved by the FDA and EMA, whereas pembrolizumab has only been

approved by the FDA. Small studies show effect of other checkpoint inhibitors, including nivolumab.
Immune checkpoint inhibitors are associated with high response rates, durable responses and

relatively few adverse events.
Chemotherapy is primarily recommended for fit patients with contraindications to immunotherapy

or after progression on immunotherapy (second line).
Recommended regimens are cisplatin or carboplatin in combination with etoposide.
No standard treatment can be recommended for patients progressing after chemotherapy; however,

fit patients may be candidates for clinical trials.

8. Follow-Up

The patient follow-up exam should include full skin inspection and lymph node examinations
with/without US of the regional lymph nodes. As 90% of MCC reoccurrences are seen within 2 years,
follow-up is recommended every 3 months during this period, followed by every 6 months for the
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following 3 years [61]. PET-CT is the imaging modality of choice. It may be conducted one to two
times a year or as clinically indicated [16,58]. Follow-up may be individualized based on patient risk
factors, as there is no solid evidence for the optimal follow-up strategy in MCC patients. Risk factors,
such as virus-negative and/or immune-compromised patients, may warrant closer follow-up due to
increased risk of disease progression and MCC-related death [6].

Follow-up summarized:
Five-year follow-up period: Every 3 months for the first 2 years. Every 6 months for the following

3 years.
PET-CT is performed one to two times a year or if clinically indicated.

9. Registration

MCC is a very rare skin cancer with a dismal prognosis compared even to melanoma, and therefore
a prospective systematic registration of the patients’ clinicopathological characteristics, surgical and
oncological treatments and clinical outcome is paramount to improve the patient outcome. A Danish
national database is under planning and all medical specialties involved in diagnosis and treatment of
these patients will participate in this registration.

10. Methods

The current recommendations were developed by a national, multidisciplinary expert group
involved in the management of Merkel cell carcinoma patients. A systematic literature review was
performed using a broad search with the following key word “Merkel Cell Carcinoma” in PubMed.
The literature search was performed including papers from 1998 to 2019 with exclusion of non-English
papers. Additional papers were included if found in reference lists. Relevant websites with guidelines
by other MCC groups and organizations such as the European Organisation for Research and Treatment
of Cancer and the National Comprehensive Cancer Network were also included. Where no firm
conclusions could be made based on the retrieved literature, expert consensus was obtained during
discussions in the expert group. A formal evaluation of the evidence level in the retrieved references
was not performed. The current work is the first attempt to agree on national guidelines, and future
updates will include more formal evaluation of the literature.

11. Conclusions

This review constitutes the consensus management recommendations developed by the Danish
MCC expert group and is based on a systematic literature search. MCC is rare, and there is a lack of
randomized controlled trials. Patients with localized disease are generally recommended surgical
excision with a 1–2 cm margin and adjuvant radiotherapy to the primary site. Clinically node-negative
patients should be offered sentinel node biopsy. Patients with regional lymph node involvement are
recommended complete node removal and, in case of extracapsular disease, adjuvant radiotherapy.
Definitive radiotherapy is recommended for patients not amenable for surgery. Although available
data on radiotherapy are conflicting, results from large datasets including a recent metanalysis point
to more restricted dosing, ensuring sufficient margins and lack of survival benefit in patients with
nodal involvement [28,30–32]. The latter is interpreted as a consequence of early subclinical metastatic
spread. Immune checkpoint inhibitors targeting the PD-1/PD-L1 axis should be considered as first-line
treatment for fit patients with nonresectable stage IIIB/IV disease.

Prospective comparative data on harmonized patient characteristics and treatment modalities
are needed to determine optimal treatment sequence and modus of MCC patients with primary and
regional nodal disease. Acknowledging the facts that MCC is highly immunogenic and immunotherapy
is considered the new standard treatment in the advanced setting, the future role of immunotherapy in
MCC patients with primary and regional disease is highly awaited [45,62].
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