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Abstract  

Merkel cell carcinoma (MCC), an aggressive neuroendocrine carcinoma of the skin, is to date 

the only human cancer known to be frequently caused by a polyomavirus. However, it is a 

matter of debate which cells are targeted by the Merkel cell polyomavirus (MCPyV) to give 

rise to the phenotypically multifaceted MCC cells.  

To assess the lineage of origin of MCPyV-positive MCC, genetic analysis of a very rare 

tumor combining benign trichoblastoma and MCPyV-positive MCC was conducted by 

massive parallel sequencing. Although MCPyV was found to be integrated only in the MCC 

part, six somatic mutations were shared by both tumor components. The mutational overlap 

between trichoblastoma and MCPyV-positive MCC part of the combined tumor implies that 

MCPyV integration occurred in an epithelial tumor cell prior to MCC development. 

Therefore, our report demonstrates that MCPyV-positive MCC can derive from the epithelial 

lineage.  
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Introduction 

Merkel cell carcinoma (MCC) is a rare, aggressive neoplasm of the skin with a 5-year overall 

survival rate of 40% (Becker et al. 2017). In about 80% of MCC cases the Merkel cell 

polyomavirus (MCPyV), an ubiquitous virus causing asymptomatic infections in the general 

population, is integrated into the genome of the tumor cells (Feng et al. 2008). In addition to 

the random integration of MCPyV, alterations of the viral sequence resulting in a truncated 

Large T antigen (LT) devoid of replicative abilities seem to be essential for MCC 

oncogenesis. Together with the truncated LT a viral small T antigen (sT) with multiple 

oncogenic properties is expressed in MCC cells, and both oncoproteins are considered as the 

main drivers for development and growth of MCPyV-positive MCC (Becker et al. 2017).  

Although it is well established that MCPyV is a crucial oncogenic trigger in MCC 

pathogenesis, the nature of the cell in which virus integration occurs is unknown. Despite 

close phenotypic similarities with MCC such as expression of keratin (KRT) 20 and 

neuroendocrine markers, the eponym Merkel cell (MC) is considered as an unlikely candidate 

because this mechanoreceptor cell is post-mitotic (Van Keymeulen et al. 2009), insensitive to 

oncogenic stimuli in mice (Shuda et al. 2015), and - while MCCs are predominantly dermal or 

hypodermal (Pulitzer 2017) - resides in the basal layer of the epidermis (Halata et al. 2003). 

Alternatively, MCPyV integration could occur in a non-MC, and an MC-like phenotype might 

be acquired during tumorigenesis (Sunshine et al. 2018). In this respect, epithelial, 

fibroblastic, lymphoid as well as a neural crest origin of MCC have been discussed as 

potential candidates for MCC origin (Liu et al. 2016; Sunshine et al. 2018; Tilling and Moll 

2012; Zur Hausen et al. 2013). Here, analysis of a rare combined tumor consisting of 

trichoblastoma and MCC parts, suggests that an MCPyV-positive MCC can arise from an 

epithelial cell. 
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Results 

An MCPyV-positive MCC within a benign epithelial follicular tumor 

In this study, a case of combined trichoblastoma/MCC tumor was subjected to extensive 

analyses. Details of the case are available in Supplementary Table S1 and Supplementary 

Figures S1-2. Briefly, morphological examination revealed a well-delimitated tumor located 

in the subcutis, without connection to the epidermis and harboring two different components 

(Figure 1a and b). On the borders, the combined tumor displayed typical trichoblastoma 

features with epithelial follicular germinative cells arranged in nodules or anastomotic strands 

entrapped in a prototypic stroma mimicking the dermal papillae (Figure 1a-b and 

Supplementary Figure S1). By contrast, the MCC part, located in the center of the combined 

tumor, was composed of sheets of round, medium-sized tumor cells with scant cytoplasm, 

round nucleus and dusty clear chromatin (Figure 1a-b). Immunohistochemical investigations 

(Figure 1c-e/Supplementary Figure S2) confirmed the diagnosis, notably revealing co-

expression of KRT20 and neuroendocrine markers in all MCC cells and scattered KRT20-

positive MCs in the trichoblastoma, a hallmark of this entity (Kurzen et al. 2001).  

It has been suggested that MCPyV is not involved in the development of combined MCCs 

(Martin et al. 2013) which account for 5-10% of all MCCs (Kervarrec et al. 2018a). However, 

quantitative PCR demonstrated a substantial MCPyV viral load (20 copies/cell) in the MCC 

component, and staining for MCPyV-LT (Figure 1c) revealed moderate expression in the 

MCC cells suggesting an MCPyV-driven oncogenesis. In contrast, most of the trichoblastoma 

stained negative, and only in one restricted area a fraction of cells expressed LT (Figure 1c). 

It could, however, not be concluded whether these cells represented MCPyV-infected 

trichoblastoma cells or disseminated cells from the adjacent MCC tumor (Figure 1b). 

Interestingly, an increased number of cells expressing the MC differentiation markers SOX2, 
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KRT8 and KRT20 was present in this area, with KRT8 and KRT20 frequently displaying a 

distinct paranuclear dot-like pattern dissimilar from the diffuse cytoplasmic KRT20-

distribution in normal MCs in the rest of the trichoblastoma component (Figure 1d-

e/Supplementary Figure S3a-c). Furthermore, co-expression of KRT20 and LT in about 

50% and KRT20 and the proliferation marker MKi67 in about 10% of the KRT20-expressing 

cells was observed (Supplementary Figure S3a, c-d).  

In summary, the morphological and immunohistochemical analyses of the combined tumor 

revealed presence of MCPyV in specific trichoblastoma areas and widespread presence of 

MCPyV in the MCC part suggesting a virus-induced MCC oncogenesis.  

 

MCPyV integration and LT truncation in the MCC  

Two molecular features characterize MCPyV-associated MCC. First, the virus genome is 

clonally integrated into the genome of the tumor cells (Feng et al. 2008) and second, the LT 

antigen coding sequence is always affected in a way leading to expression of a truncated 

protein (Shuda et al. 2008). Applying combination of whole genome and Sanger sequencing 

onto DNA isolated from the MCC part, we could detect and confirm integration of MCPyV in 

chromosome 3 of the tumor genome (Figure 2a-b). Moreover, the presence of MCPyV 

sequences beyond the unique break points suggest integration of a concatemer consisting of 

one or more viral copies in addition to the sequence between the break points. Sequencing 

further indicates that even two differently truncated LT proteins may be expressed in the 

MCC part. One truncation caused by the integration break point at 1956, the other by a 

deletion spanning base pairs 2248 – 2542 (both according to GenBank EU375803) (Fig. 2b). 

In conclusion, the genetic analysis of MCPyV in the MCC part of the combined tumor 

revealed that this carcinoma harbors the hallmarks of an MCPyV-positive MCC.  
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Importantly, amplification of the insertion sites and a fragment specific for the LT-truncating 

deletion was only achieved with DNA from the MCC while from the trichoblastoma DNA 

only wild type LT sequence could be amplified (Figure 2c). These results clearly indicate that 

the trichoblastoma tumor cells do not harbor the integrated form of the virus found in the 

MCC.  

 

Shared mutations in trichoblastoma and MCC component 

In order to prove a genetic relationship between the MCPyV-positive MCC and the 

trichoblastoma part of the combined tumor, DNA isolated from the different tumor 

components and healthy tissue was analyzed by whole exome sequencing and somatic 

mutations were identified (Supplementary Tables S2-4). Several acquired variants were 

present in only one of the tumor samples indicating that each tumor component partly 

experienced its own genetic history. Strikingly, however, the six acquired non-synonymous 

variants detected with the highest allelic frequencies in the trichoblastoma were also present 

in the MCC part (Supplementary Table S2). This was confirmed by Sanger sequencing 

(Figure 3) thus suggesting a common origin of the two tumor parts. Since integrated MCPyV 

could only be detected in the MCC part (Fig. 2c), these results imply that upon MCPyV 

integration occurring in an epithelial cell of the trichoblastoma component the MCC 

developed. In line with this, allelic frequencies of approximately 50% for the shared somatic 

mutations in the MCC part (lacking significant stroma (Figure 1)) are in accordance with 

heterozygous mutations being present in all MCC tumor cells. Measured allelic frequencies of 

21-32% in the trichoblastoma part (Figure 3 and Supplementary Table S2), which harbors 

more extensive stroma (Figure 1), may reflect heterozygotic presence of the shared mutations 

in most if not all trichoblastoma cells. Interestingly, all further mutations detected in the 

trichoblastoma part were less frequent (Supplementary Table S2) suggesting that they are 
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not present in all trichoblastoma cells. This is in line with a scenario where MCPyV 

integration has occurred in a trichoblastoma cell lacking these mutations. Among the somatic 

variants present in only the MCC part there are some which were detected with frequencies 

close to those of the shared mutations (e.g. GRIK4 and FAM219A) (Supplementary Table 

S2). They either may represent (i) mutations, present below the detection limit in the 

trichoblastoma but, nevertheless existent in the specific “MCC cell of origin”, or (ii) may 

have been acquired early during MCPyV-mediated oncogenesis. Finally, the low number of 

mutations lacking any UV-signature (Supplementary Table S4) confirms that the MCC part 

of the combined tumor matches also these attributes of MCPyV-positive MCC (Becker et al. 

2017). 

In conclusion, the data provided so far, clearly indicate that an MCPyV-positive MCC can 

arise from an epithelial cell.  

Analogy between trichoblastoma and MC progenitor  

Next, we asked whether the analyses of the combined tumor would allow further conclusions 

regarding the cellular origin of this MCPyV-positive MCC. As expected, an epithelial lineage 

descendance was confirmed by widespread expression of cytokeratins in trichoblastoma cells. 

Moreover, trichoblastoma cells characteristically bear intrinsic MC-differentiation capability 

and phenotypically resemble hair follicle stem cells (Kurzen et al. 2001) (Figure 4a-c) which 

have been demonstrated to be essential for MC development (Nguyen et al. 2018; Perdigoto 

et al. 2016). In particular, GLI1 activation in the hair follicle and the surrounding touch domes 

is critical for the maintenance of the MC lineage (Perdigoto et al. 2016; Xiao et al. 2015). 

Interestingly, we could demonstrate in the trichoblastoma part of the combined tumor, like in 

normal hair follicles, widespread expression of KRT17 and SOX9, two markers shared by 

hair follicle and MC-progenitors as well as GLI1 nuclear localization (Figure 4c-e) (Brownell 

et al. 2011; Larouche et al. 2008; Moll et al. 1993; Nguyen et al. 2018; Nguyen et al. 2018; 
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Xiao et al. 2015) in association with the interspersed presence of KRT8-and KRT20-positive 

MCs (Figures 1c and 4f, Supplementary Figure S3b-d). Therefore, the trichoblastoma cell 

in which MCPyV integration occurred as demonstrated by genomic analyses could be either a 

cell resembling an epithelial progenitor cell of the hair follicle or an already differentiated 

MC. 

A second case of MCPyV-positive MCC arising within a trichoblastoma 

Our study has limitations and most prominent, our conclusions are based on only one case. 

Due to the exceedingly low incidence of combined trichoblastoma/MCC, we could identify 

only one additional case published previously (Battistella et al. 2011). Analyses of this second 

combined MCC by immunohistochemistry confirmed a further case of MCPyV-positive MCC 

arising within a trichoblastoma composed of KRT17- and SOX9-positive MC-precursor-like 

cells and interspersed KRT20- and KRT-8 expressing MCs (Supplementary Figure 

S4/Supplementary Table S5). Unfortunately, additional molecular analyses could not be 

performed due to very poor DNA quality related to Bouin fixation.  
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Discussion 

Identification of the cellular origin of MCPyV-positive and virus-negative MCC are 

considered as high-priority research questions not only to improve our understanding of the 

initiation of this disease, but also for developing appropriate models and possibly new 

therapeutic approaches (Harms et al. 2018; Sauer et al. 2017; Sunshine et al. 2018). Due to 

close phenotypic similarities with MCC, MC – a highly specialized mechanoreceptor, and a 

descendant from KRT14-positive epidermal progenitors (Halata et al. 2003; Van Keymeulen 

et al. 2009) - was historically regarded as the cell of origin of MCC. Proposed alternatives as 

potential MCC origin include pre/pro-B cells, dermal fibroblasts, dermal mesenchymal stem 

cells and epithelial progenitor cells (Becker and Zur Hausen 2014; Kervarrec et al. 2019; 

Lemasson et al. 2012; Liu et al. 2016; Tilling and Moll 2012; Verhaegen et al. 2017; Woo et 

al. 2010; Zur Hausen et al. 2013). 

 

Although investigating only a single case belonging to an exceptionally rare tumor entity, the 

results presented here provide a clear proof that MCPyV-positive MCC can arise from the 

epithelial lineage, i.e., either from already differentiated MCs or their progenitors. Moreover, 

while an alternative histogenesis either in mesenchymal or lymphoid cells could not formerly 

be excluded for other MCPyV-positive MCC cases such scenario appears unlikely because a 

tumor cell phenotype is determined by both, the tumorigenic alterations and by the primary 

nature of the cell of origin ,(Bailleul et al. 1990; Brown et al. 1998; Visvader 2011). This 

concept referred to as “oncogene lineage-addiction” (Garraway and Sellers 2006) was proven 

for MCPyV oncoproteins using transgenic mice. Indeed, in such model, ectopic expression of 

the T antigens (sT alone or in combination with LT) failed to generate tumors with an MCC-

like phenotype in all tested compartments (Shuda et al. 2015; Spurgeon et al. 2015; 

Verhaegen et al. 2015) except for the Merkel cell lineage (Verhaegen et al. 2017). In light of 
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these findings, while trichoblastoma tumors could not be considered as a frequent site of 

MCPyV integration, it is conceivable that MCPyV induced carcinogenesis occurs in a similar 

cellular context i.e. an epithelial cell of the MC lineage being either an hair follicle progenitor 

or an already differentiated MC.  

 

Indeed, we confirmed trichoblastoma as a benign epithelial tumor phenotypically resembling 

progenitor cells of the hair follicle (Kurzen et al. 2001) and bearing MC differentiation ability 

(Katona et al. 2008; Kurzen et al. 2001; Leblebici et al. 2018). Under physiological 

conditions, the hair follicle is a privileged niche for MC differentiation and accordingly, 

abrogation of hair follicle development in transgenic mice resulted in complete MC loss 

(Perdigoto et al. 2016). Furthermore, Sox9- and Fgfr2-expressing cells in the embryonic hair 

follicle were identified as MC progenitors, and active Sonic hedgehog signaling was shown to 

be critical for establishment of this population , and for subsequent MC differentiation 

(Nguyen et al. 2018; Perdigoto et al. 2016). Interestingly, all these features can also be found 

in the trichoblastoma germinative cells of the presented combined tumor and accordingly 

sparse MCs were detected. Therefore our results suggest that hair follicles with potential for 

MC differentiation might represent a major cellular origin of MCPyV-positive MCC. This 

notion has been suggested earlier (Tilling and Moll 2012), and is also corroborated by rare 

cases of MCC found within follicular cysts (Requena et al. 2008; Su et al. 2008). 

Furthermore, frequent connections between MCC tumors and hair follicles have been 

described (Walsh 2001) although one might also argue that collision with a hair follicle is an 

inevitable consequence when a dermal tumor reaches a certain size.  

 

Of  note, while the lineage from which tumor cells derived have been identified for several 

solid cancers, the precise differentiation degree of the cell in which transformation occurs 
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remains elusive in most cases (Visvader 2011). In the analyzed tumor, oncogenic virus 

integration may have occurred in one of the differentiated MCs present in the trichoblastoma. 

On the other hand, arguments against the possibility that MCCs arise from already 

differentiated MCs include i) lack of mitotic activity of MCs (Moll et al. 1996), although a 

recent publication demonstrated some proliferative activity (Narisawa et al. 2019), ii) poor 

MCPyV infectibility (Liu et al. 2016) and iii) insusceptibility of these cells to oncogenic 

stimuli (including T antigens) in mice (Shuda et al. 2015; Van Keymeulen et al. 2009),. 

Alternatively, MCC could derive from MC progenitors (Tilling and Moll 2012) which can 

arise from GLI1-expressing hair follicle stem cells. Interestingly, this population has been 

demonstrated to be highly susceptible to tumorigenic stimuli, and can serve as an important 

cellular origin in the development of other skin cancers (Peterson et al. 2015). In such a 

scenario phenotypic changes may arise during oncogenesis (Fletcher 2006). In this regard, it 

has been suggested that TA expression can induce an MC-like differentiation process 

(Sunshine et al. 2018). Indeed, expression of LT of the polyomavirus simian virus 40 in 

gastric or prostate murine epithelial cells can induce an epithelial to neuroendocrine 

differentiation (Kaplan-Lefko et al. 2003; Syder et al. 2004). Moreover, in human prostate 

cancer as well as mouse models, inactivation of RB1 and TP53 – both expected outcomes of 

MCPyV-TA expression (Houben et al. 2012; Park et al. 2019) – have been demonstrated to 

induce the epigenetic reprogramming factors SOX2 and EZH2 (Ku et al. 2017), i.e. two 

critical actors involved in Merkel cell differentiation. In line with these published results, we 

observed an increase in cells positive for the MC markers KRT8, SOX2 and KRT20 in a 

trichoblastoma region containing MCPyV-LT expression. Although a metastatic spreading of 

the MCC tumor cells with “small cell morphology” into the trichoblastoma might explain 

these findings, it could alternatively be the result of LT-induced MC proliferation, or indicate 

a differentiation process promoted by MCPyV oncoproteins. This notion is supported by more 
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frequent cells expressing SOX2 and KRT8 which appear earlier during MC differentiation 

than the less frequently expressed KRT20 (Supplementary Figure 3) (Perdigoto et al. 2014). 

Taken together, it is conceivable that MCPyV-TAs contribute to the development of a MC-

like phenotype upon expression in an epithelial precursor cell.  

 

Irrespective of these more speculative considerations, the mutational overlap between a 

benign epithelial tumor and a MCPyV-positive MCC provides a clear proof that an MCPyV-

positive MCC can evolve from an epithelial cell. Moreover, close similarities between 

trichoblastoma and MC progenitors suggest that cells of the MC lineage might represent a 

prominent cellular target of MCPyV in MCC carcinogenesis.  
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Methods 

Ethics 

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

A01056-51), and written, informed consent of the patient was obtained. ͒ 

Immunochemistry 

Immunohistochemical staining for CD274, CHGA, pan-KRT (AE1/AE3), KRT14, KRT20, 

MKI67, MCPyV-LT, TP53, SOX9, TDT and TTF1 as well as double staining for 

KRT20/MCPyV-LT and KRT/MKI67 was performed using a BenchMark XT Platform as 

instructed (Kervarrec et al. 2018b; Kervarrec et al. 2018a). Immunohistochemical staining for 

GLI1, KRT8, KRT15, KRT17 and SOX2 was performed manually. Antibodies and dilutions 

are provided in Supplementary Materials. TP53 as well as MCPyV-LT were analyzed using 

an Allred score (Moshiri et al. 2016). Quantification of LT, KRT8 and -20, SOX2 and MKI67 

positive cells in MCPyV(+) and (-) trichoblastoma areas was performed by counting cells in 8 

independent fields (0.027 mm2) and compared using a Mann-Whitney test.  

DNA isolation and MCPyV quantitative PCR 

After microdissection of the two tumor components and of the healthy tissue under a 

binocular magnifier, genomic DNA was isolated by use of the Maxwell 16 Instrument 

(Promega) with the Maxwell 16 formalin-fixed and paraffin-embedded Plus LEV DNA 

purification kit (Promega). MCPyV-LT real-time PCR was performed as described 

(Kervarrec et al. 2018b). Of note, dissection of the trichoblastoma was performed in areas 

devoid of LT expression. Briefly, 50 ng DNA was mixed with primers (0.2 µM), probe (0.1 

µM) and Mix Life technologies GoTaq Probe real-time PCR Master Mix 2X (Promega) in a 

final volume of 20 µl. PCR reactions were performed with the LightCycler 480 II (Roche) 

with an initial denaturation at 95°C × 2 min, followed by 45 cycles at 95°C × 15 sec and 58°C 

× 60 sec. Albumin was used as reference gene for normalization. The 2-∆Ct method was used 
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for quantification, and results expressed as number of MCPyV copies per cell (Kervarrec et 

al. 2018b). Sequences of the primers used for quantitative PCR are available in 

Supplementary Materials. 

PCR amplification and Sanger sequencing.  

Nested PCRs with primers listed in Supplementary Materials were performed to amplify the 

respective regions. PCR reactions were carried out in a total volume of 20 µl containing 1x 

HF buffer, 1 µM of each primer, 200 µM dNTPs, 1 unit Q5 Phusion (NEB) and 1 µl of 

template. After an initial denaturation at 98°C for 1 min, the thermal profile consisted of 

denaturation at 98°C for 10 sec, annealing at the optimal temperature for 30 sec and 

elongation at 72°C for 1 min (30 cycles for pre-amplification and 40 cycles for amplification). 

After PCR purification the amplicons were sent to Seqlab (Microsynth) for sequencing.  

Next Generation Sequencing  

For the library preparation of the exomes 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 (Jiang et al. 2014). An initial quality assessment 

was performed using FastQC, v0.11.5 (Andrews S., 2010. Available online at: 

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

trimmed with TrimGalore, v0.4.0 (Krueger, F., 2012: Available online at: 

http://www.bioinformatics.babraham.ac.uk/projects/trim_galore/) powered by Cutadapt, v1.86 
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(Martin 2011). The trimmed reads were mapped to the human reference genome (hg19) using 

BWA mem, v0.7.127 (Li and Durbin 2009) and sorted and indexed using Picard, v1.125 

(available online at: http://broadinstitute.github.io/picard/) and SAMtools, v1.38 (Li et al. 

2009) respectively. Duplicates were marked with Picard. For the exomes local realignment 

around indels was executed with GATK, v3.59 (McKenna et al. 2010). GATK was also used 

for coverage calculations.  

 

Somatic variant calling  

MuTect1, v 1.1.410 (Cibulskis et al. 2013) and VarScan2, v2.4.111(Koboldt et al. 2012) were 

used to identify somatic single nucleotide variants (SNVs). Samtools (mpileup) with 

VarScan2 and Scalpel, v0.5.312 (Fang et al. 2016)  were applied to identify small somatic 

insertions or deletions. All variants were annotated with ANNOVAR, v2017-06-0113 (Wang 

et al. 2010). Six somatic variants shared by the trichoblastoma and the MCC were visually 

examined using the Integrative Genomics Viewer, v2.3.6814 (Thorvaldsdóttir et al. 2013) and 

confirmed with Sanger sequencing 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 

comprised at least 5 %. Mutational signatures were identified using MuSiCa (Díaz-Gay et al. 

2018) investigating somatic variants comprised at least 10%. 

Detection of the virus integration site  

Seeksv, v1.2.315 (Liang et al. 2017) was used with the human reference genome sequence 

(hg19) and the MCPyV MCC350 genome sequence (GenBank EU375803) to detect the virus 

integration site.  
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Legends 

Figure 1. Microscopic and immunohistochemical features of the trichoblastoma/MCC 

combined tumor. (a) Morphological features of the case (hematein-phloxin-saffron staining 

(HPS)). Low magnification revealed a well delimitated tumor mainly located in the subcutis 

without connection to the epidermis (bar=1 mm); higher magnification shows the MCC in 

close association with the trichoblastoma (TB; bar=250 µm). Indeed, the trichoblastoma was 

composed of clusters and anastomotic strands of basaloid epithelial cells surrounded by a 

clear stroma containing mucin deposits whereas the MCC was characterized by sheets of 

small to medium sized cells with scant cytoplasm, round nucleus, dusty chromatin, and a high 

mitotic rate. (b-e) Microscopic and immunohistochemical details of the case (bar=100 µm). 
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Two regions from the trichoblastoma part, representing either the majority of TB area without 

LT expression  (LT(-) TB) or an TB area with occasional LT expression  (LT(+) TB), as well 

as one representative region from the MCC part are displayed. In the LT-positive area of the 

trichoblastoma, a population of clear cells with coarse chromatin morphologically distinct 

from the other cells of the trichoblastoma but also from the MCC tumor cells (black arrows) 

was evident in the HPS staining. While KRT20 stained with a diffuse pattern in virus-

negative parts of the trichoblastoma, in MCPyV-LT-expressing areas a KRT20 dot-like 

pattern was observed comparable to MCC. The LT expressing area was additionally 

characterized by an increased number of SOX2-expressing cells compared to the rest of the 

trichoblastoma, while the MCC cells generally displayed nuclear positivity for this marker.  

Figure 2. The MCC part of the combined tumor fulfills the hallmarks of MCPyV-

positive MCC. (a) Integration of MCPyV in chromosome 3 of the MCC genome. DNA 

isolated from the MCC part of the combined tumor was analyzed by whole genome 

sequencing (WGS) and confirmed by Sanger sequencing. The integration break points in the 

viral genome (Genbank EU375803) as well as in chromosome 3 (GRCh37; NC000003.11) are 

depicted. To note, human sequences adjacent to the integration break points were found to be 

swapped. Moreover, sequencing revealed a deletion in the viral genome (∆2248-2542). 

Frequently, MCPyV integrates as head to tail concatemer. In this case, nucleotides 1557-1956 

are followed by one or more full length copies (1957-1956) which is predicted to lead to (b) 

one or two different truncated Large T antigen proteins expressed in the MCC part. One 

premature stop codon is caused by the integration break point at nucleotide 1956 in the final 

MCPyV genome of the concatemer and will lead to expression of the 443 N-terminal amino 

acids of LT followed by 3 additional amino acids. A second larger truncated LT is encoded in 

case that the concatemer encompasses more than two full copies of the MCPyV genome. The 

∆2248-2542 deletion leads to an LT sequence coding for the 540 N-terminal amino acids 
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followed by three frame shifted amino acid codons prior to a stop codon. (c) PCR was 

performed with primers for general MCPyV detection (MCPyV; product size = 84 bp), 

flanking ∆2248-2542 (∆ region), or for the 5’ (5’ integ.; product size = 171 bp) and 3’ (3’ 

integ.; product size = 172 bp) integration sites, respectively. For MCPyV wt the ∆ region PCR 

will produce a PCR product of 398 bp, while it will be only 103 bp when the MCPyV 

contains the deletion. Notice a faint band for the 5’ integration site with DNA from the 

trichoblastoma part at around 200 bp. Sanger sequencing, however, confirmed it to be an 

unspecific product.  

Figure 3. Trichoblastoma and MCC cells of the combined tumor share six protein-

altering somatic variants. Whole exome sequencing identified six variants shared by 

trichoblastoma and MCC (Supplementary Table S2). The variant as well as the allelic 

frequency for the alternative sequence (alt.) derived from the massive parallel sequencing are 

given in the figure. DNA obtained from PBMC or any of the two tumor components were 

amplified by primers specific for the respective variants. The results of the direct sequencing 

are depicted. Blue shading indicates the position of the variant or the frame shift region 

caused by deletion, respectively.    

Figure 4. Shared morphologic and immunohistochemical features of MC progenitors in 

the hair follicle and trichoblastoma cells. Overview photographs (bar = 1 mm) of the 

complete specimen containing the combined TB/MCC and a hair follicle as well as details of 

each component (bars = 100 mm) are displayed. (a) Morphological examination (hematein-

phloxin saffron (HPS) staining) revealed clusters of basaloid cells displaying focal palisading 

in the trichoblastoma periphery, similar to the germinative cells of the hair follicle. In line 

with these findings, expression of (b) KRT15, a marker expressed by the outer root sheath of 

the hair follicle, was observed also in the trichoblastoma periphery. Furthermore, in TB as 
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well as in the hair follicle cells, the progenitor markers (c) KRT17 and (d) SOX9 are 

frequently present. The same applies to nuclear localization of GLI1 (e) indicating activation 

of the sonic hedgehog pathway which is known to be critical for the maintenance of MC 

progenitors and their subsequent MC differentiation. In accordance with the presence of many 

markers indicating MC differentiation capability in the hair follicle and TB KRT20-positive 

MCs (f) can be found in both tissues. 










