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Abstract  

While virus-negative Merkel cell carcinoma (MCC) is characterized by high frequency of UV-

induced mutations, expression of two viral oncoproteins is regarded as key mechanism driving 

Merkel cell polyomavirus (MCPyV)-positive MCC. The cells in which these molecular events 

initiate MCC oncogenesis have yet not been identified for both MCC subsets. A considerable 

proportion of virus-negative MCC is found in association with squamous cell carcinoma (SCC) 

suggesting (i) coincidental collision, (ii) one providing a niche for the other or (iii) one evolving 

from the other. Whole exome sequencing of four combined tumors consisting of SCC in situ 

and MCPyV-negative MCC demonstrated in all cases many mutations shared between SCC and 

MCC indicating a common ancestry and thereby a keratinocytic origin of these MCCs. 

Moreover, analyses of the combined cases as well as of pure SCC and MCC suggests that RB1 

inactivation in SCC facilitates MCC development and that epigenetic changes may contribute 

to the SCC/MCC transition.  
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Introduction 

Merkel cell carcinoma (MCC), i.e. primary neuroendocrine carcinoma of the skin, is an 

aggressive skin neoplasm (Harms et al. 2018). In 2008, Feng et al. identified a beforehand 

unknown Merkel cell polyomavirus (MCPyV) integrated in the genome of MCC tumor cells 

(Feng et al. 2008). Further studies confirmed MCPyV integration in about 80% of cases, and 

demonstrated a crucial involvement of the two viral T antigens expressed in MCPyV-positive 

MCC, i.e. small T (sT) and large T (LT) antigen, in transformation and tumor cell proliferation 

(Harms et al. 2018). While sequestration of RB1 and subsequent E2F release appears as the 

main contribution of LT to MCC oncogenesis (Harms et al. 2018; Houben et al. 2012), sT affects 

cell biology via several mechanisms such as recruiting MYCL to the EP400 complex which 

subsequently leads to several downstream events like expression of the lysine specific histone 

demethylase (LSD1) and inactivation of p53 (Harms et al. 2018; Park et al. 2020). The 20% of 

MCC cases not associated with MCPyV are thought to be driven by DNA damage caused by UV 

exposure (Harms et al. 2015; Starrett et al. 2020). Indeed, high tumor mutational burden and 

UV-signature are hallmarks of virus-negative MCC (Goh et al. 2016; González-Vela et al. 2017; 

Harms et al. 2015).  

Despite these advances in the understanding of the genetic background of MCC, the nature of 

the cells of origin remains to be determined, and might differ in the two subsets (Becker and 

Zur Hausen 2014; Harms et al. 2018; Kervarrec et al. 2019a; Sunshine et al. 2018; Zur Hausen 

et al. 2013). Indeed, while a transformation sequence of premalignant intraepithelial 

neoplasia to in situ and then invasive carcinoma is regarded as a rule for epithelial tumors 

(Ratushny et al. 2012; WHO 2018), no MCC precursor sequence has yet been clearly identified. 

This fact together with the dermal or subcutaneous location, lack of epidermal connection, 

and rare mutations in MCPyV-positive cases, has led some authors to propose a non-

epidermal origin for the virus-associated MCC subtype (Harold et al. 2019; Sunshine et al. 

2018).  

By contrast, a high mutational load associated with UV signature characteristic for MCPyV-

negative MCCs is normally restricted to cells in the most superficial layers of the skin (Sunshine 

et al. 2018). Moreover, virus-negative MCCs are frequently observed in close proximity to UV-

related epithelial tumors, either evolving (actinic keratoses/carcinomas in situ) or established 

squamous cell carcinomas (Carter et al. 2018). The percentage of MCPyV-negative MCCs 

detected as tumors with combined SCC component are in the range of 10 to 38% of all MCC 
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cases (Ogawa et al. 2020; Walsh 2001). Although such co-localization might result from a 

common ancestry - and thereby suggesting virus-negative MCC as a keratinocytic cancer - it 

still remains a matter of debate, whether in combined SCC/MCC one component derives from 

the other (Carter et al. 2018; Falto Aizpurua et al. 2018).  

Therefore, the main goal of the present study was to elucidate the relationship between the 

two components of co-occurring MCPyV-negative MCC and SCC. Indeed, whole exome 

sequencing of four squamous cell carcinoma in situ (SCCis) combined with MCC provided clear 

evidence that MCPyV-negative MCC can evolve from a keratinocytic tumor. 

 

Results 

Tested MCC cases associated with SCCis are not related to MCPyV oncogenesis. 

To determine whether the MCC component in combined SCC/MCC might evolve from the 

associated SCC we choose four cases comprising SCC with an in situ component (SCCis) and 

invasive MCC because in case of a genetic relationship the direction of progression would be 

obvious. Clinical and microscopic features of the four cases are described in Table 1/Figure 1. 

With respect to etiology, several points argued for non-viral UV-mediated oncogenesis of the 

MCC part of the combined tumors: (i) prior clinical histories of multiple melanoma or non-

melanoma skin cancers suggesting long-term UV exposure were identified in two cases, (ii) all 

tumors occurred in sun-exposed skin (head and neck: n=2, leg: n=2), and (iii) MCPyV is 

normally not detected in combined cases (Martin et al. 2013; Pulitzer et al. 2015).  

 

Accordingly, microscopic features of MCC tumor cells were evocative of MCPyV-negative 

lesions with tumor cells displaying visible/clear cytoplasm in all cases (Iwasaki et al. 2013). 

Immunohistochemistry further revealed a so called “aberrant” profile with co-expression of 

MCC markers together with TTF-1 in three cases (Pasternak et al. 2018). In line with these 

observations, the lack of MCPyV was confirmed by immunohistochemistry and real time PCR 

in all cases (Table 1). Therefore, clinical, phenotypical and molecular characterization 

suggested non MCPyV-induced oncogenesis for all these combined tumors.   

Interestingly, progressive cytological changes across the SCCis were observed in one specimen 

(case #2), and were most advanced in close proximity to the MCC part (Supplementary Figure 

1). This continuous morphological spectrum from SCCis with successively decreasing 
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differentiation close to in situ and then invasive MCC might reflect the chronological course of 

tumor progression suggesting that an SCC cell gave rise to the MCC. This might be true for all 

investigated combined tumors since immunohistochemical detection of p53 revealed in all 

cases the same expression status in the respective SCC and MCC component (Table 

1/Supplementary Figure 2) suggesting a common somatic alteration (Pulitzer et al. 2015).  

 

High number of mutations shared between SCCis and the corresponding MCPyV-negative 

MCCs suggest common origin 

In order to reveal a possible genetic relationship of the SCC and MCC components of the 

combined tumors, the two tumor parts of the four specimens were carefully dissected, 

followed by isolation of genomic DNA and whole exome sequencing. To detect somatic 

mutations, whole exome sequenced DNA derived from PBMCs or healthy tissue served as 

control (Figure 2/Table 1/Supplementary Figure 3, Supplementary Tables 1-2).  

In line with the expected UV-mediated oncogenesis, for all samples, a high tumor mutational 

burden was evident by many somatic mutations present with an allelic frequency of ≥10%. For 

the SCC parts, an average of 760 (range: 172-1177) and for the MCC parts an average of 1173 

(range: 436-2397) mutations could be detected. Moreover, mutation signature analyses 

confirmed prominent UV signature (COSMIC signature 7) in all cases and an additional APOPEC 

signature (COSMIC signature 13) for case 1 (Supplementary Figure 4) with similar mutational 

signature patterns for each part within a case confirming the likelihood of a shared origin of 

both components. 

Importantly, a significant number of somatic variants (69-1060) were shared by both 

components of the same specimen (Figure 2). Notably, allelic frequencies of the shared 

variants in the MCC part were always higher than those observed in the SCC. In fact, the vast 

majority of frequencies were close to 50% in the MCC suggesting that the mutations shared 

with the respective SCC were heterozygously present in all MCC tumor cells given their tumor 

content of about 80%. In contrast, in the SCC parts shared mutations were detected with the 

majority of allelic frequencies ranging from 10 to 30% (Figure 2). Since - due to much more 

abundant stroma - the tumor cell content of the micro-dissected SCC parts ranged only from 

30-50%, these mutational frequencies still translate into a presence of these somatic variants 

in most or all SCC cells (Supplementary Figure 3 and Figure 2). Accordingly, given the normal 

in situ to invasive tumor development sequence, these findings are in line with the scenario 
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that the invasive MCC part derived from the clonal expansion of an SCC tumor cell. Individual 

variants observed only in one tumor component, can be explained by their presence or 

absence in the specific MCC founder cell, thereby distinguishing this cell from those giving 

further rise to the finally observed SCC part. Alternatively, such mutations restricted to one 

tumor part may have appeared later in the natural history of the combined tumors. The 

common origin of both tumor components was further sustained by similar chromosomal 

alterations identified by copy number variation analyses (Supplementary Figure 5) and the 

before mentioned shared mutational signature pattern (Supplementary Figure 4).  

 

No obvious genetic trigger for the SCC/MCC transition 

Since our data demonstrated that MCPyV-negative MCC can derive from SCC, we then 

wondered whether we could identify genetic alterations which might contribute to the 

neuroendocrine transformation in the combined tumors. Thus, we searched for mutations 

specific for the MCC part. For this purpose, the most suitable of the four studied combined 

tumors was case #2 since only 40 mutations detected in the MCC were not shared with the 

corresponding SCC (Figure 2). Notably, 37 of these mutations were actually also present in the 

SCC component, but they did not pass our filter settings (Supplementary Table 2; category 

“MCC_and_below_filter_threshold_in_SCC”) (see “somatic variant calling” in the methods 

section). Thus, only three mutations were truly restricted to the MCC component. The allelic 

frequencies of these variants of the NACAD, PGGT1B and RLIM gene were 51, 36 and 12%, 

respectively suggesting that all MCC cells are heterozygous for only the NACAD mutation while 

others occurred over time. This observation would be in accordance with a role as potential 

driver of MCC progression. However, NACAD is neither an established oncogene nor tumor 

suppressor, nor has any mutation in the coding sequence of NACAD been observed before in 

MCC (COSMIC data base). Therefore, the NACAD mutation is very unlikely to be crucial for 

MCC development. In conclusion, a potential genetic trigger for the SCC/MCC transition could 

not be identified in case #2.  

The same is true for the three other combined tumors. Although the much higher number of 

MCC-specific alterations (Figure 2) increases the risk that a crucial genetic event has been 

overlooked, we were not able to detect established oncogenes or tumor suppressors among 

the proteins predicted to have an altered amino acid sequence only in the MCC part of the 

combined tumors. For a more systemic approach we analyzed the genes mutated in more 
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than one case and only present in the MCC compartment by DAVID for a functional annotation 

(Huang et al. 2009a; Huang et al. 2009b). To this end, for the 34 genes DAVID did only reveal 

a statistical significant enrichment for the keyword “guanine-nucleotide releasing factor”. The 

five genes ascribed to this group are DOCK4, GAPDV1, HERC1, KALRN and PLEKHG1. However, 

all these genes are characterized by a relatively large coding sequence (4158-14586 bp) 

increasing the likelihood of being bystander mutations in tumors with very high mutational 

burden. Moreover, for all five genes there was in addition to the two cases with restriction of 

the mutation to the MCC also always one case in which the mutation was present in both 

compartments. In conclusion it appears likely that none of these genetic alterations is 

responsible for the SCC/MCC transition. 

 

Decreased histone methylation and acetylation distinguish MCC from SCC 

If the SCC/MCC transition in the combined MCCs is not due to somatic mutations it might be 

caused by epigenetic changes. Moreover, we speculated that similar mechanisms might be 

operative in phenotype determination of MCPyV-positive and -negative MCC. In this respect, 

MCPyV-sT mediated induction of the lysine-specific demethylase 1 (LSD1) – an epigenetic 

modifier affecting histone methylation and acetylation – has recently been described as a key 

mechanisms in virus-induced MCC (Park et al. 2020). Therefore, we wondered whether 

changes in histone modifications might distinguish SCC from MCC. Although, not enough 

sufficient residual material of the four combined tumors for such an analysis, we addressed 

this question by immunohistochemical staining of a cohort of 173 pure MCC (42 MCPyV-

negative and 131 MCPyV-positive) in comparison to a large series of non-MCC epithelial skin 

tumors (n=202) (Figure 3). Strikingly, strong and diffuse histone H3K4 mono-methylation and 

H3K27 acetylation was observed in almost all SCC, basal cell carcinoma (BCC) and skin 

appendage tumors while the majority of MCPyV-positive and MCPyV-negative MCCs displayed 

weak and heterogeneous staining (Figure 3). In conclusion, reduced histone H3K4 methylation 

and H3K27 acetylation are prominent features common between virus-positive and negative 

MCC, but distinguishes them from other epithelial skin tumors.  

 

RB1 inactivation and SOX2 expression might contribute to the SCC to MCC transformation.  

Since genetic alterations driving MCC development could not be identified we finally 

wondered whether molecular events predisposing SCC for progression to neuroendocrine 
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MCC can be identified. To this end, we determined all genes which were mutated with a 

considerable allelic frequency (≥ 40%) in the MCC component of at least two of our combined 

cases. For these genes (n=118; contains both potential driver like TP53 and likely bystander 

mutations like TTN), we then extracted mutation frequencies from previously published whole 

exome sequencing data sets of MCPyV-negative MCC (n=43)(Goh et al. 2016; González-Vela 

et al. 2017; Harms et al. 2015) and cutaneous SCC (n=98) (Durinck et al. 2011; Li et al. 2015; 

Pickering et al. 2014; South et al. 2014; Uzilov et al. 2016; Yilmaz et al. 2017) (Figure 

4A/Supplementary Table 3). Interestingly, similar mutation frequencies in SCC and MCC of 

most of these genes further support a possible common oncogenesis. Accordingly, for only 3 

genes, there was an at least 2-fold mutation frequency increase in MCC compared to SCC 

(Figure 4A), and among them RB1 displayed the highest MCC mutation rate (26 mutations/43 

MCC cases (60%) vs 20 mutations/98 SCC cases (20%); p=3.10-5, Fisher exact test). Notably, 

several genetic RB1 aberrations were observed both in the MCC as well as in the SCC part of 

our combined tumors (Table 1/Figure 4B). Moreover, RB1 expression was lacking in both 

tumor components of all cases when assessed by immunohistochemistry (Table 

1/Supplementary Figure 2).  

 

Interestingly, it has recently been reported that RB1 inactivation can induce SOX2, a master 

regulator of Merkel cell development (Harold et al. 2019). In line with this, while only 

exceptionally rare cells in the normal epidermis (probably Merkel cells or melanocytes) 

expressed this transcription factor, strong SOX2 positivity was observed in both components 

of all combined SCC/MCC (Figure 3C/Supplementary Figure 2) suggesting that RB1 

inactivation and SOX2 expression occurred before neuroendocrine transformation.  

 

Notably, expression of SOX2 in all tumor cells appears to be a specific feature of the 

investigated SCCs giving rise to MCC, since it has been reported previously that in pure SCC 

SOX2 marks only a minor subset of tumor initiating cells (Siegle et al. 2014). To confirm this, 

we analyzed 24 pure cutaneous SCC and found that the majority (62.5%) completely lacked 

SOX2 while for the remaining weak and focal SOX2 staining was observed (Supplementary 

Table 4/Supplementary Figure 6). Moreover, RB1 staining demonstrated - again in contrast 

to the combined tumors - RB1 expression in the majority of pure SCCs (75%) (Supplementary 

Table 4/Supplementary Figure 6).  
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In conclusion, RB1 inactivation and SOX2 expression appear as characteristic features of the 

SCC part of combined SCC/MCC. However, this inactivation likely constitutes an early 

mandatory but obviously not sufficient step towards development of MCPyV-negative MCC.  
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Discussion 

Identification of the cellular origin of MCPyV-positive and -negative MCC is a high priority 

research objective not only to improve our understanding of MCC pathogenesis, but also to 

allow development of appropriate models which in turn can be utilized to develop new 

therapeutic options (Harms et al. 2018). In this context, although we recently demonstrated 

that MCPyV-positive MCC can arise from trichoblastoma (Kervarrec et al. 2020) suggesting an 

epithelial origin of MCPyV-positive MCC, lack of connection to the neighbouring epidermis, 

and lack of UV-signature argue for a non-epithelial origin of the virus associated subtype 

(Sunshine et al. 2018). In contrast, prominent UV-signature and frequent epidermal 

connection suggest a keratinocytic origin of MCPyV-negative MCC. Accordingly, by 

demonstrating that many somatic mutations are shared between both components of four 

combined SCC/MCC, and both compartments display similar CNV profiles and mutational 

signatures, our study presents compelling evidence for the keratinocytic origin of the MCC 

part of MCPyV-negative combined tumors. This may also be interpreted as further evidence 

for a keratinocytic origin of the more frequent pure MCC because highly similar genetic 

alterations and immunohistochemical profiles found in combined and pure MCPyV-negative 

tumors suggest that these two subsets represent one entity (Carter et al. 2018; Pasternak et 

al. 2018). One might speculate whether “pure” virus-negative MCC really arises de novo or 

whether a possible precursor lesion is only not detectable. Epidermal origin of all MCPyV-

negative cases is further supported by exceptional cases of exclusively in situ/intraepidermal 

MCCs (Supplementary Figure 7).  

 

While the master regulator of neuroendocrine differentiation SOX2 had - to the best of our 

knowledge - not been studied in MCPyV-negative MCC, data on its expression and function in 

the Merkel cell lineage and MCPyV-positive MCC are available. In this regard, expression of 

SOX2 in epidermal progenitors of healthy skin induces Merkel cell differentiation by up-

regulating Atonal homolog 1 (ATOH1) gene transcription via direct binding to its promotor 

(Harold et al. 2019; Perdigoto et al. 2014). In MCPyV-positive tumor cells SOX2 expression has 

been recently shown to support the neuroendocrine phenotype and its expression is 

dependent on Large T antigen inactivating RB1 (Harold et al. 2019). By comparing pure SCC 

with pure MCC we established that frequent RB1 inactivation, is a prominent feature 

distinguishing MCPyV-negative MCC from SCC. Of note, a recent study investigating SCCis 
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genomic did not identify recurrent RB1 mutations in this setting (Zheng et al. 2021). Since RB1 

inactivation and SOX2 expression were, however, observed in all SCC components of the 

combined tumors, we propose that RB1 inactivation is a mandatory but not sufficient step for 

progression to MCC. Importantly, all four combined SCC/MCC tumors also harboured p53 

mutations in both components. Therefore, a picture emerges which is reminiscent of small 

cell lung cancer, where concurrent RB1 and p53 alterations are almost always present (Su et 

al. 2019) and contribute to the neuroendocrine phenotype (Sutherland et al. 2011). In line 

with our observation, RB1 inactivation has been shown to define a subset of EGFR-mutant 

lung cancers at risk for histologic transformation to the neuroendocrine small cell type (Offin 

et al. 2019). Interestingly, Park and colleagues have demonstrated in experimental models 

that the same set of oncogenic drivers (MYC, BCL2, AKT as well as p53 and RB1 inactivation) 

can transform both normal lung and normal prostate epithelial cells into tissue specific 

neuroendocrine cancers (small cell prostate cancer and small cell lung cancer, respectively) 

(Park et al. 2018). Given our conclusion that MCPyV-negative MCC represents a 

neuroendocrine cancer that derives from cutaneous epithelial cells it is noteworthy that p53 

and RB1 inactivation, AKT pathway activation (Hafner et al. 2012; Iwasaki et al. 2015), BCL2 

expression (Vujic et al. 2015) and LMYC amplification (DeCaprio 2021; Paulson et al. 2009) 

have been reported as frequent events in these tumors suggesting analogues transformation 

processes. 

 

We could not answer the intriguing question what finally causes the transition from SCC to 

MCC. Our data, however, suggest that this step can occur without additional genetic 

alterations, at least those we can identify by whole exome sequencing. A limitation of our 

study is that we were not able to rule out that fusions or copy number variation might be 

involved. Nevertheless, we identify reduced histone H3K4 methylation as a feature 

distinguishing MCC from classical keratinocytic tumors. H3K4 methylation represents a key 

mechanism for epigenetic regulation of gene expression and is controlled by the action of 

histone methyltransferases like KMT2D and the lysine-specific demethylase 1 (LSD1)(Morera 

et al. 2016). Mechanistically, KMT2D induced histone methylation activates while 

demethylation of mono- and di-methylated histone H3K4 by LSD1 represses gene 

transcription (Shi et al. 2004). Interestingly LSD1 activity has been recently identified as a 

specific vulnerability of MCPyV-positive MCC with inhibitors inducing differentiation and cell 
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death (Leiendecker et al. 2020; Park et al. 2020). In this regard it has been proposed that 

MCPyV-sT-induced induction of LSD1 is essential for growth of MCC cells by partially opposing 

the effect of ATOH1 to repress full differentiation (DeCaprio 2021; Park et al. 2020). Our 

observation that both virus-positive as well as virus-negative MCC can be distinguished from 

classical epithelial skin tumors by reduced H3K4-methylation (and the related H3K27-

acetylation) allows the speculation that also in virus-negative MCC such a repression of 

growth-inhibiting full differentiation is essential for an MCC to develop (Alam et al. 2020; Dhar 

et al. 2018; Maitituoheti et al. 2020).  

 

Conclusion: 

Although, some authors propose MCPyV-negative and MCPyV-positive MCC to be two 

different entities (Nirenberg et al. 2020), the clinical and phenotypical overlap is still extensive. 

This may suggest that virus-positive and virus-negative MCC share similar cells of origin and 

that similar molecular events drive cancer development in both cases. Accordingly, the recent 

observation that virus-induced MCC can arise from trichoblastoma ((Kervarrec et al. 2020) and 

unpublished observation) indicates at least that an epithelial derivation is possible for MCPyV-

positive MCC. An epithelial origin is also proposed for MCPyV-negative MCC (Nirenberg et al. 

2020; Sunshine et al. 2018), and here we provide strong evidence that this is true for four 

virus-negative MCCs arising from SCCis. Moreover, our data also suggest RB1 inactivation as a 

likely mandatory step for neuroendocrine differentiation of the tumor cells while reduced 

histone methylation may be important to allow further transition and growth of the tumor 

cells.  

 

Material and Methods 

Ethics 

This study was approved by the local ethics committee (Tours, France, N° ID RCB2009-A01056-

51), and written informed consent of the patients was obtained.  Morphology and 

immunohistochemical profiles of two of the combined cases were previously published 

(Kervarrec et al. 2019b). 

Immunohistochemistry 

Immunohistochemical staining for CHGA, KRT5/6, KRT20, MCPyV-LT, RB1, TP53, and TTF-1 was 
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performed using a BenchMark XT Platform. Immunohistochemical staining for SOX2 was 

performed manually. Antibodies and dilutions are provided in Supplementary Material.  

DNA isolation and MCPyV quantitative PCR 

After microdissection of the two tumor components under a binocular magnifier, genomic 

DNA was isolated using the Maxwell 16 formalin-fixed and paraffin-embedded Plus LEV DNA 

purification kit (Promega). DNA from healthy tissue was obtained from peripheral blood 

mononuclear cells in 3 cases and from FFPE tissues adjacent to the tumor in one (case n°3). 

MCPyV status determination by real-time PCR was performed as previously described 

(Kervarrec et al. 2019b).  

Next Generation Sequencing  

For the exome library preparation, the SureSelectXT Library Prep Kit (Agilent) was used. 

Enrichment was performed using Agilent’s SureSelectXT Human All Exon V6 Kit. The genomic 

library was prepared using TruSeq Nano DNA (Illumina). Paired-end sequencing with a read 

length of 100 bps (exomes) and 150 bps (genome) was performed on a NovaSeq 6000 

(Illumina).  

Data analysis  

Demultiplexing of the sequencing reads was performed with Illumina bcl2fastq (v2.19). 

Adapters were trimmed with Skewer, v0.2.25. An initial quality assessment was performed 

using FastQC, v0.11.3 (Andrews S., 2010. Available online at: 

http://www.bioinformatics.babraham.ac.uk/projects/fastqc).  Low-quality reads were 

trimmed with TrimGalore, v0.6.1 (Krueger, F., 2012: Available online at: 

http://www.bioinformatics.babraham.ac.uk/projects/trim_galore/) powered by Cutadapt, 

v2.3. The trimmed reads were mapped to the human reference genome (hg19) using BWA 

mem, v0.7.17 and sorted and indexed using Picard, v1.125 (available online at: 

http://broadinstitute.github.io/picard/) and SAMtools, v1.3 respectively. Duplicates were 

marked with Picard. Base recalibration was executed with GATK, v4.0.11.0. GATK, v3.59 was 

used for coverage calculations.  

 

Somatic variant calling  

MuTect2 (v4.0.11.0), VarScan2 (v2.4.1), Strelka2 (v2.9.2) and Scalpel (v0.5.3)were used to 
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identify somatic single nucleotide variants (SNVs) and small somatic insertions or deletions. 

We considered variants detected by two or more callers for downstream analysis. All variants 

were annotated with ANNOVAR, v2018-04-16. Variants were considered somatic if they have 

an impact on the protein sequence or affect a splice site, are rare in the population (below a 

frequency of 2% in 1000g2015aug_all, ExAC_nontcga_ALL, gnomAD_exome_ALL and 

gnomAD_genome_ALL) and the position is covered by at least 20 reads and the alternative 

allele is covered by at least 8 reads and comprises at least 10% of all reads. If a variant was 

detected in one tumor using the criteria mentioned above but failed other filter thresholds or 

was only called by one of the callers in the other tumor of the same patient we reported the 

variant and added the information “below threshold” to the last column (Supplementary 

Table 2).   

For Venn diagrams and violin plots of mutation frequency only mutations with >=10% were 

considered. Mutational signatures were identified using MutaGene. For this analysis 

synonymous variants were also included .  

 

CNV analysis  

Somatic Copy Number Variations (CNVs) were called with VarScan2 (v2.4.1). 

All references for bioinformatic tools used are available in Supplementary Methods. 

 

Data availability statement 

The datasets generated during and/or analysed during the current study will be available in 

European Genome-phenome Archive: EGAS00001005028 . 

 

Analysis of previously published data sets 

Previous studies including investigation of MCPyV-negative MCC or cutaneous SCC by whole 

exome sequencing were identified from COSMIC and Medline database. The number of 

mutations/samples were extracted from COSMIC or from the studies presented in the 

supplementary files. 
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Figure 1. Microscopic and immunohistochemical features of the SCCis/MCC combined 

tumors. A. Morphological features of the four cases (hematein-phloxin-saffron staining (HPS), 

bars are 100µm and 2mm respectively). The SCC parts were composed of an in situ and 

sometimes invasive (cases 1 and 3) carcinomatous proliferations of tumor cells harboring 

abundant, sometimes clear cytoplasm and hyperchromatic enlarged nucleus with prominent 

nucleoli. By contrast, higher nucleocytoplasmic ratios with coarse hyperchromatic chromatin 

were observed in the MCC parts. B. Immunohistochemical details of case n°3. While the SCC 

part was characterized by expression of the cytokeratins (KRT) 5/6, positivity of KRT20, and of 

the neuroendocrine marker chromogranine A (CHGA) were restricted to the MCC component. 

Weak expression of TTF-1 was also observed in the MCC part which lacked expression of KRT7.  

 

Figure 2. SCC and MCC cells of the combined tumor share pathologic somatic variants. Venn 

diagrams demonstrating the overlap of mutations between SCCis and MCC. Allelic frequencies 

of the non-synonymous variants specific to the respective parts (individual) or shared are 

presented by violin plots. 

 

Figure 3. Histone H3K27 acetylation and H3K4 mono methylation levels in MCC and non MCC 

epithelial skin tumors. A.  Histone H3K27 acetylation level in MCC and non MCC epithelial skin 

tumors. B. Histone H3K4 methylation level in MCC and non MCC epithelial skin tumors. C. 

representative illustration of Histone H3K27 acetylation and H3K4 methylation levels in the 
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SCC and MCC part of one combined SCC/MCC (case #1). (Bar indicates 100 µm). Non MCC 

tumors consisted in 73 squamous cell carcinoma, 31 basal cell carcinoma, 11 spiradenoma, 10 

poroma, 10 trichoblastoma, 9 sebaceous adenoma, 9 hidradenoma, 7 mixed tumors, 6 Paget 

diseases, 5 trichilemmoma, 4 pilomatricoma, 4 trichoepithelioma, 3 poroid hidradenoma, 3 

adnexal adenocarcinoma not otherwise specified, 3 proliferating trichilemmal cysts, 2 primary 

cutaneous mucinous carcinoma, 2 adenoid cystic carcinoma, 2 sebaceous carcinoma, 2 

cylindroma, 2 myoepithelioma, 1 pilomatrical carcinoma, 1 porocarcinoma. Only cases with 

interpretable staining were taking account. 

 

 

Figure 4. RB1 inactivation might contribute to promote neuroendocrine differentiation in 

SCC. A. Mutation frequencies in previously published data sets of SCC and MCC. Mutation 

frequencies of selected genes (n=118; Supplementary Table 3) were extracted from 

previously published data sets of MCPyV-negative MCC (n=43) and cutaneous SCC (n=98). The 

results as mutation-number/100 cases are depicted for 50 most common mutated genes in 

MCC. B. RB1 alteration in the four combined cases. Mutations/LOH are depicted for cases 1 

(yellow), 2 (black), 3 (red) and 4 (blue) (CYCA/B: Cyclin fold A/B domain, PA/B: Pocket domain 

A/B). C. Immunohistochemical detection of SOX2 in a combined case (case 2, bar = 2.5mm). 

SOX2 expression was almost completely restricted to both tumor components with higher 

expression in the MCC part. 

 
  



22 

 

Table 1 Clinical and microscopic features of the 4 combined cases.  

Clinical features Case 1  Case 2  Case 3  Case 4  

Age  80 83 81 75 
Sex F F F F 
Immunosuppression No No No Yes  
Previous skin cancers - 1 Melanoma, 10 

BCC, 1 AK 
1 AK, 2 SCC - 

Tumor location Leg Face Leg Neck 
AJCC stage  I I I III 
Follow-up 

    Duration, months 
    Metastasis 
    Death 

 
7 

Yes 
Yes 

 
15 
Yes 
No 

 
17 
Yes 
Yes 

 
12 
Yes 
No 

Immunomorphologic 

and virologic features 

Case 1 Case 2  Case 3  Case 4 

SCC MCC SCC MCC SCC MCC SCC MCC 

Tumor components 

    In situ 
    Invasive 

 
+ 
+ 

 
- 
+ 

 
+ 
- 

 
+ 
+ 

 
+ 
+ 

 
- 
+ 

 
+ 
- 

 
- 
+ 

MCC markers 

    Cytokeratin 20 
    Chromogranin A 
    Synaptophysin 
    CD56 

 
- 
- 
- 
- 

 
++ 
++ 
++ 
++ 

 
- 
- 
- 
- 

 
++ 
++ 
++ 
++ 

 
- 
- 
- 
- 

 
++ 
++ 
++ 
NA 

 
- 
- 
- 
- 

 
++ 
- 

++ 
++ 

Other investigated 

markers 

    TTF-1 
    P53 
    RB1 
    SOX2 
    MCPyV-LT 
    H3K27 acetylation 
    H3K4me1 

 
 
- 
- 
- 
+ 
- 
+ 
+ 

 
 

+ 
- 
- 

++ 
- 

++ 
++ 

 
 
- 
- 
- 
+ 
- 

NA 
NA 

 
 

+ 
- 
- 

++ 
- 

NA 
NA 

 
 
- 

++ 
- 
+ 
- 

++ 
++ 

 
 

+ 
++ 
- 

++ 
- 

++ 
++ 

 
 
- 

++ 
- 
+ 
- 

NA 
NA 

 
 
- 

++ 
- 

++ 
- 

NA 
NA 

MCPyV qPCR No amplification No amplification No amplification No amplification 

Genetic features1 

Genes and allelic freq., 

[%] 

Case 1 Case 2 Case 3 Case 4 

SCC MCC SCC MCC SCC MCC SCC MCC 

TP53 p.P20fs r.spl p.C238R p.R248L 
(NM_000546.4) 46.8 95.5 34.3 78.5 13 71.1 24.8 76.4 
   p.P19T     
   31.3 84.4     
RB1 p.S249* - p.R255* p.G86* 
(NM 000321.2) 55.9 92.6   13.2 56.8 3.0$ 35.5 
            p.E365Q      
 37.8 35.7       
KMT2D p.Q3913* p.P4925S p.R4536* p.E2351* 
(NM_003482.3) 25.0$ 44.8 17.1$ 42.1 17.5$ 73.5 15.9$ 68.1 
   p.H3178P     
   26.5 42.5 

 
    

NOTCH1 - p.N314S - p.P1231L 
(NM_017617.3)   49.2 89.8   - 39 
   p.P110L     
   49.3 87.3     
KDR - p.V641L - - 
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(NM_002253.2)   21.1 39.6     
   p.G493E     
   23.8 50.8     
PIK3C2B p.L874V - p.T1351I - 
(NM_002646.3) 14.8 29.6   - 24.6   

BCC: basal cell carcinoma, AK: actinc keratosis,  NA: not available data, Nonfrsb : non frameshift substitution , 
SCC: squamous cell carcinoma, Spl: splicing,  - lack, + weak/heterogeneous, ++strong and diffuse 
immunohistochemical expression, 1: the mutation status of the 10 genes previously identified as the most 
common mutated genes in MCC are depicted (Starrett et al. 2020). To note no mutation were observed in 
NOTCH2, ROS1, ARID1A and TSC1. $: although these variants were below the detection threshold as described 
in the methods section, manual IGV-analysis allowed their identification. 
 
 
 
 
 












