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Abstract

Merkel cell carcinoma (MCC), an aggressive neuroeride carcinoma of the skin, is to date
the only human cancer known to be frequently caulsed polyomavirus. However, it is a
matter of debate which cells are targeted by thek®lecell polyomavirus (MCPyV) to give
rise to the phenotypically multifaceted MCC cells.

To assess the lineage of origin of MCPyV-positiv€®)] genetic analysis of a very rare
tumor combining benign trichoblastoma and MCPyVHws MCC was conducted by
massive parallel sequencing. Although MCPyV wastbto be integrated only in the MCC
part, six somatic mutations were shared by bothotucomponents. The mutational overlap
between trichoblastoma and MCPyV-positive MCC drthe combined tumor implies that
MCPyV integration occurred in an epithelial tumoellcprior to MCC development.
Therefore, our report demonstrates that MCPyV-pasi¥ICC can derive from the epithelial

lineage.



I ntroduction

Merkel cell carcinoma (MCC) is a rare, aggressigepiasm of the skin with a 5-year overall
survival rate of 40% (Becker et al. 2017). In ab8080 of MCC cases the Merkel cell
polyomavirus (MCPyV), an ubiquitous virus causirgyraptomatic infections in the general
population, is integrated into the genome of thraducells (Feng et al. 2008). In addition to
the random integration of MCPyV, alterations of theal sequence resulting in a truncated
Large T antigen (LT) devoid of replicative abilgieseem to be essential for MCC
oncogenesis. Together with the truncated LT a verabll T antigen (sT) with multiple
oncogenic properties is expressed in MCC cells, kot oncoproteins are considered as the
main drivers for development and growth of MCPy\sitiwe MCC (Becker et al. 2017).
Although it is well established that MCPyV is a cal oncogenic trigger in MCC
pathogenesis, the nature of the cell in which viniegration occurs is unknown. Despite
close phenotypic similarities with MCC such as eggion of keratin (KRT) 20 and
neuroendocrine markers, the eponym Merkel cell (MQ@ponsidered as an unlikely candidate
because this mechanoreceptor cell is post-mitvian (Keymeulen et al. 2009), insensitive to
oncogenic stimuli in mice (Shuda et al. 2015), andhile MCCs are predominantly dermal or
hypodermal (Pulitzer 2017) - resides in the basgéd of the epidermis (Halata et al. 2003).
Alternatively, MCPyV integration could occur in amMC, and an MC-like phenotype might
be acquired during tumorigenesis (Sunshine et QI8P In this respect, epithelial,
fibroblastic, lymphoid as well as a neural cresigior of MCC have been discussed as
potential candidates for MCC origin (Liu et al. B)Bunshine et al. 2018; Tilling and Moll
2012; Zur Hausen et al. 2013). Here, analysis afr@ combined tumor consisting of
trichoblastoma and MCC parts, suggests that an Mg#gitive MCC can arise from an

epithelial cell.



Results

An M CPyV-positive MCC within a benign epithelial follicular tumor

In this study, a case of combined trichoblastomalvidmor was subjected to extensive
analyses. Details of the case are availabl8ujpplementary Table S1 and Supplementary
Figures S1-2. Briefly, morphological examination revealed a kdslimitated tumor located
in the subcutis, without connection to the epideramd harboring two different components
(Figure 1la and b). On the borders, the combined tumor displayedcalpirichoblastoma
features with epithelial follicular germinative serranged in nodules or anastomotic strands
entrapped in a prototypic stroma mimicking the ddrnpapillae (Figure la-b and
Supplementary Figure S1). By contrast, the MCC part, located in the cenfehe combined
tumor, was composed of sheets of round, mediundsiamor cells with scant cytoplasm,
round nucleus and dusty clear chromdEigur e 1a-b). Immunohistochemical investigations
(Figure lc-e/Supplementary Figure S2) confirmed the diagnosis, notably revealing co-
expression of KRT20 and neuroendocrine markerdliM&C cells and scattered KRT20-
positive MCs in the trichoblastoma, a hallmarktostentity (Kurzen et al. 2001).

It has been suggested that MCPyV is not involvetha development of combined MCCs
(Martin et al. 2013) which account for 5-10% of BIICCs (Kervarrec et al. 2018a). However,
guantitative PCR demonstrated a substantial MCPiyd 1ioad (20 copies/cell) in the MCC
component, and staining for MCPyV-LFifure 1c) revealed moderate expression in the
MCC cells suggesting an MCPyV-driven oncogenesi€ohntrast, most of the trichoblastoma
stained negative, and only in one restricted arigaciion of cells expressed LFigure 1c).

It could, however, not be concluded whether thesls crepresented MCPyV-infected
trichoblastoma cells or disseminated cells from #dgacent MCC tumorFigure 1b).

Interestingly, an increased number of cells expngsthe MC differentiation markers SOX2,



KRT8 and KRT20 was present in this area, with KRin@l KRT20 frequently displaying a
distinct paranuclear dot-like pattern dissimilaonfr the diffuse cytoplasmic KRT20-
distribution in normal MCs in the rest of the tmtilastoma componentFigure 1d-
e/Supplementary Figure S3a-c). Furthermore, co-expression of KRT20 and LT irowb
50% and KRT20 and the proliferation marker MKi67ailmout 10% of the KRT20-expressing
cells was observed@pplementary Figure S3a, c-d).

In summary, the morphological and immunohistochaimanalyses of the combined tumor
revealed presence of MCPyV in specific trichoblasioareas and widespread presence of

MCPyV in the MCC part suggesting a virus-induced ®@nhcogenesis.

MCPyV integration and LT truncation in the MCC

Two molecular features characterize MCPyV-assodidM€C. First, the virus genome is
clonally integrated into the genome of the tumdlscg-eng et al. 2008) and second, the LT
antigen coding sequence is always affected in a wagting to expression of a truncated
protein (Shuda et al. 2008). Applying combinatidnvole genome and Sanger sequencing
onto DNA isolated from the MCC part, we could déted confirm integration of MCPyV in
chromosome 3 of the tumor genom@glre 2a-b). Moreover, the presence of MCPyV
sequences beyond the unique break points sugdegtation of a concatemer consisting of
one or more viral copies in addition to the segeebetween the break points. Sequencing
further indicates that even two differently truremhtLT proteins may be expressed in the
MCC part. One truncation caused by the integrabogak point at 1956, the other by a
deletion spanning base pairs 2248 — 2542 (bothrdicgpto GenBank EU375803FiQ. 2b).

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

revealed that this carcinoma harbors the hallmafks MCPyV-positive MCC.



Importantly, amplification of the insertion sitesdaa fragment specific for the LT-truncating
deletion was only achieved with DNA from the MCC ilghfrom the trichoblastoma DNA

only wild type LT sequence could be amplifigdgure 2c). These results clearly indicate that
the trichoblastoma tumor cells do not harbor thegrated form of the virus found in the

MCC.

Shared mutationsin trichoblastoma and MCC component

In order to prove a genetic relationship betweea MCPyV-positive MCC and the
trichoblastoma part of the combined tumor, DNA aet from the different tumor
components and healthy tissue was analyzed by wextene sequencing and somatic
mutations were identifiedqSupplementary Tables S2-4). Several acquired variants were
present in only one of the tumor samples indicatingt each tumor component partly
experienced its own genetic history. Strikinglywewer, the six acquired non-synonymous
variants detected with the highest allelic frequesién the trichoblastoma were also present
in the MCC part(Supplementary Table S2). This was confirmed by Sanger sequencing
(Figure 3) thussuggesting a common origin of the two tumor patasce integrated MCPyV
could only be detected in the MCC péFig. 2c), these results imply that upon MCPyV
integration occurring in an epithelial cell of thachoblastoma component the MCC
developed. In line with this, allelic frequencigsapproximately 50% for the shared somatic
mutations in the MCC part (lacking significant stra(Figure 1)) are in accordance with
heterozygous mutations being present in all MCCauecells.Measured allelic frequencies of
21-32% in the trichoblastoma pdRigure 3 and Supplementary Table S2), which harbors
more extensive strom@&igure 1), may reflect heterozygotic presence of the sharetations

in most if not all trichoblastoma cellénterestingly, all further mutations detected ire th

trichoblastoma part were less frequéBtipplementary Table S2) suggesting that they are



not present in all trichoblastoma cells. This islime with a scenario where MCPyV
integration has occurred in a trichoblastoma @alking these mutations. Among the somatic
variants present in only the MCC part there areesarhich were detected with frequencies
close to those of the shared mutations (e.g. GRIKd FAM219A)(Supplementary Table
S2). They either may represent (i) mutations, presezlovb the detection limit in the
trichoblastoma but, nevertheless existent in thecifip “MCC cell of origin”, or (ii)) may
have been acquired early during MCPyV-mediated genesis. Finally, the low number of
mutations lacking any UV-signatu(8upplementary Table $4) confirms that the MCC part
of the combined tumor matches also these attribnftddCPyV-positive MCC (Becker et al.
2017).

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

arise from an epithelial cell.

Analogy between trichoblastoma and M C progenitor

Next, we asked whether the analyses of the comtimadr would allow further conclusions
regarding the cellular origin of this MCPyV-pos#iWICC. As expected, an epithelial lineage
descendance was confirmed by widespread expresbmytokeratins in trichoblastoma cells.
Moreover, trichoblastoma cells characteristicaljabintrinsic MC-differentiation capability
and phenotypically resemble hair follicle stem £€Kurzen et al. 2001)}{gur e 4a-c) which
have been demonstrated to be essential for MC dgwant (Nguyen et al. 2018; Perdigoto
et al. 2016). In particular, GLI1 activation in thair follicle and the surrounding touch domes
is critical for the maintenance of the MC lineaderdigoto et al. 2016; Xiao et al. 2015).
Interestingly, we could demonstrate in the triclasbdma part of the combined tumor, like in
normal hair follicles, widespread expression of KRTand SOX9, two markers shared by
hair follicle and MC-progenitors as well as GLI1ctear localizatior(Figure 4c-e) (Brownell

et al. 2011; Larouche et al. 2008; Moll et al. 1,988uyen et al. 2018; Nguyen et al. 2018;



Xiao et al. 2015) in association with the interseer 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 demonstrdadtgdenomic analyses could be either a
cell resembling an epithelial progenitor cell otthair follicle or an already differentiated

MC.

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

Our study has limitations and most prominent, camotusions are based on only one case.
Due to the exceedingly low incidence of combinachttblastoma/MCC, we could identify
only one additional case published previously (Betlla et al. 2011). Analyses of this second
combined MCC by immunohistochemistry confirmed dHer case of MCPyV-positive MCC
arising within a trichoblastoma composed of KRTard SOX9-positive MC-precursor-like
cells and interspersed KRT20- and KRT-8 expresdut@s (Supplementary Figure
SA/Supplementary Table S5). Unfortunately, additional molecular analyses Idonot be

performed due to very poor DNA quality related toui fixation.



Discussion

Identification of the cellular origin of MCPyV-pdsie and virus-negative MCC are
considered as high-priority research questionsontt to improve our understanding of the
initiation of this disease, but also for developiagpropriate models and possibly new
therapeutic approaches (Harms et al. 2018; Saual 2017; Sunshine et al. 2018). Due to
close phenotypic similarities with MCC, MC — a higlspecialized mechanoreceptor, and a
descendant from KRT14-positive epidermal progegif{ptalata et al. 2003; Van Keymeulen
et al. 2009) - was historically regarded as théafebrigin of MCC. Proposed alternatives as
potential MCC origin include pre/pro-B cells, detrfiaroblasts, dermal mesenchymal stem
cells and epithelial progenitor cells (Becker angt Hausen 2014; Kervarrec et al. 2019;
Lemasson et al. 2012; Liu et al. 2016; Tilling avidll 2012; Verhaegen et al. 2017; Woo et

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

Although investigating only a single case belongimgn exceptionally rare tumor entity, the
results presented here provide a clear proof th@PyV-positive MCC can arise from the
epithelial lineage, i.e., either from already diéfetiated MCs or their progenitors. Moreover,
while an alternative histogenesis either in mesgmeth or lymphoid cells could not formerly
be excluded for other MCPyV-positive MCC cases sstdnario appears unlikely because a
tumor cell phenotype is determined by both, theaugenic alterations and by the primary
nature of the cell of origin(Bailleul et al. 1990; Brown et al. 1998; Visvad#11). This
concept referred to as “oncogene lineage-addicti@a@rraway and Sellers 2006) was proven
for MCPyV oncoproteins using transgenic mice. Irtjer such model, ectopic expression of
the T antigens (sT alone or in combination with [ffijed to generate tumors with an MCC-
like phenotype in all tested compartments (Shudaalet2015; Spurgeon et al. 2015;

Verhaegen et al. 2015) except for the Merkel ¢eidge (Verhaegen et al. 2017). In light of



these findings, while trichoblastoma tumors coutd be considered as a frequent site of
MCPyV integration, it is conceivable that MCPyV uwkd carcinogenesis occurs in a similar
cellular context i.e. an epithelial cell of the Mi@eage being either an hair follicle progenitor

or an already differentiated MC.

Indeed, we confirmed trichoblastoma as a benigthelal tumor phenotypically resembling
progenitor cells of the hair follicle (Kurzen et @D01) and bearing MC differentiation ability
(Katona et al. 2008; Kurzen et al. 2001; Leblebati al. 2018). Under physiological
conditions, the hair follicle is a privileged niclier MC differentiation and accordingly,
abrogation of hair follicle development in transgemice resulted in complete MC loss
(Perdigoto et al. 2016). Furthermore, Sox9- andZ-gkpressing cells in the embryonic hair
follicle were identified as MC progenitors, andiaetSonic hedgehog signaling was shown to
be critical for establishment of this populatiorand for subsequent MC differentiation
(Nguyen et al. 2018; Perdigoto et al. 2016). Irdengly, all these features can also be found
in the trichoblastoma germinative cells of the préaed combined tumor and accordingly
sparse MCs were detected. Therefore our resuligestighat hair follicles with potential for
MC differentiation might represent a major cellutargin of MCPyV-positive MCC. This
notion has been suggested earlier (Tilling and N0IL2), and is also corroborated by rare
cases of MCC found within follicular cysts (Requert al. 2008; Su et al. 2008).
Furthermore, frequent connections between MCC tamemd hair follicles have been
described (Walsh 2001) although one might alsoeatgat collision with a hair follicle is an

inevitable consequence when a dermal tumor reachesgain size.

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

solid cancers, the precise differentiation degre¢he cell in which transformation occurs

10



remains elusive in most cases (Visvader 2011).hk danalyzed tumor, oncogenic virus
integration may have occurred in one of the difiéieged MCs present in the trichoblastoma.
On the other hand, arguments against the posgilitiat MCCs arise from already
differentiated MCs include i) lack of mitotic adtiy of MCs (Moll et al. 1996), although a
recent publication demonstrated some proliferaiggvity (Narisawa et al. 2019), ii) poor
MCPyV infectibility (Liu et al. 2016) and iii) in®ceptibility of these cells to oncogenic
stimuli (including T antigens) in mice (Shuda et 2015; Van Keymeulen et al. 20Q9)
Alternatively, MCC could derive from MC progenito(¥illing and Moll 2012) which can
arise from GLI1-expressing hair follicle stem cellsterestingly, this population has been
demonstrated to be highly susceptible to tumorigstimuli, and can serve as an important
cellular origin in the development of other skimcars (Peterson et al. 2015). In such a
scenario phenotypic changes may arise during omesge (Fletcher 2006). In this regard, it
has been suggested that TA expression can induc® @iike differentiation process
(Sunshine et al. 2018). Indeed, expression of LTthef polyomavirus simian virus 40 in
gastric or prostate murine epithelial cells canucel an epithelial to neuroendocrine
differentiation (Kaplan-Lefko et al. 2003; Syderadt 2004). Moreover, in human prostate
cancer as well as mouse models, inactivation of R TP53 — both expected outcomes of
MCPyV-TA expression (Houben et al. 2012; Park et28ll9) — have been demonstrated to
induce the epigenetic reprogramming factors SOX@ BAH2 (Ku et al. 2017), i.e. two
critical actors involved in Merkel cell differentian. In line with these published results, we
observed an increase in cells positive for the M&kars KRT8, SOX2 and KRT20 in a
trichoblastoma region containing MCPyV-LT expressiflthough a metastatic spreading of
the MCC tumor cells with “small cell morphology”tm the trichoblastoma might explain
these findings, it could alternatively be the resfilLT-induced MC proliferation, or indicate

a differentiation process promoted by MCPyV oncogires. This notion is supported by more

11



frequent cells expressing SOX2 and KRT8 which apgealier during MC differentiation
than the less frequently expressed KRT2@pplementary Figure 3) (Perdigoto et al. 2014).
Taken together, it is conceivable that MCPyV-TAstcbute to the development of a MC-

like phenotype upon expression in an epitheliatpreor cell.

Irrespective of these more speculative considergtidhe mutational overlap between a
benign epithelial tumor and a MCPyV-positive MC@yides a clear proof that an MCPyV-
positive MCC can evolve from an epithelial cell. Mover, close similarities between
trichoblastoma and MC progenitors suggest thas adlithe MC lineage might represent a

prominent cellular target of MCPyV in MCC carcinogsis.
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Methods
Ethics
This study was approved by the local ethics conemiifTours, France, N° ID RCB2009-

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

| mmunochemistry

Immunohistochemical staining for CD274, CHGA, paR¥K (AE1/AE3), KRT14, KRT20,
MKI167, MCPyV-LT, TP53, SOX9, TDT and TTFl1 as wells adouble staining for
KRT20/MCPyV-LT and KRT/MKI67 was performed usingBenchMark XT Platform as
instructed (Kervarrec et al. 2018b; Kervarrec e8Il 8a). Immunohistochemical staining for
GLI1, KRT8, KRT15, KRT17 and SOX2 was performed nnally. Antibodies and dilutions
are provided irBupplementary Materials. TP53 as well as MCPyV-LT were analyzed using
an Allred score (Moshiri et al. 2016). Quantificatiof LT, KRT8 and -20, SOX2 and MKI67
positive cells in MCPyV(+) and (-) trichoblastom@as was performed by counting cells in 8

independent fields (0.027 nfjrand compared using a Mann-Whitney test.

DNA isolation and MCPyV quantitative PCR

After microdissection of the two tumor componentdd aof the healthy tissue under a
binocular magnifier, genomic DNA was isolated bye usf the Maxwell 16 Instrument
(Promega) with the Maxwell 16 formalin-fixed andrgifin-embedded Plus LEV DNA
purification kit (Promega). MCPyV-LT real-time PCRvas performed as described
(Kervarrec et al. 2018b). Of note, dissection @& thchoblastoma was performed in areas
devoid of LT expression. Briefly, 50 ng DNA was mdkwith primers (0.21M), probe (0.1
uM) and Mix Life technologies GoTaq Probe real-til€R Master Mix 2X (Promega) in a
final volume of 20ul. PCR reactions were performed with the LightCyel80 Il (Roche)
with an initial denaturation at 95°C x 2 min, folled by 45 cycles at 95°C x 15 sec and 58°C

x 60 sec. Albumin was used as reference gene fonalzation. The 2°* method was used

13



for quantification, and results expressed as nurb®&CPyV copies per cell (Kervarrec et
al. 2018b). Sequences of the primers used for gaam PCR are available in

Supplementary Materials.

PCR amplification and Sanger sequencing.

Nested PCRs with primers listedSapplementary Materials were performed to amplify the
respective regions. PCR reactions were carriedmoattotal volume of 2@l containing 1x
HF buffer, 1uM of each primer, 20QuM dNTPs, 1 unit Q5 Phusion (NEB) andul of
template. After an initial denaturation at 98°C formin, the thermal profile consisted of
denaturation at 98°C for 10 sec, annealing at thgemal temperature for 30 sec and
elongation at 72°C for 1 min (30 cycles for pre-#éifigation and 40 cycles for amplification).

After PCR purification the amplicons were sent &gjl&b (Microsynth) for sequencing.

Next Generation Sequencing

For the library preparation of the exomes the Selex$XT Library Prep Kit (Agilent) was
used. Enrichment was performed using Agilent’s SatectXT Human All Exon V6 Kit. The
genomic library was prepared using TruSeq Nano ONAmina). Paired end sequencing
with a read length of 100 bps (exomes) and 150(p@some) was performed on a NovaSeq

6000 (lllumina).

Data analysis

Demultiplexing of the sequencing reads was perfdrmath lllumina bcl2fastq (v2.19).
Adapters were trimmed with Skewer, v0.2.25 (Jiaingl.€2014). An initial quality assessment
was performed using FastQC, v0.11.5 (Andrews S.1020Available online at:
http://www.bioinformatics.babraham.ac.uk/projedstfic).] Low-quality reads were
trimmed with TrimGalore, v0.4.0 (Krueger, F., 2012Available online at:

http://www.bioinformatics.babraham.ac.uk/projecisit galore/) powered by Cutadapt, v1.86

14



(Martin 2011). The trimmed reads were mapped tdithman reference genome (hgl9) using
BWA mem, v0.7.127 (Li and Durbin 2009) and sortedl andexed using Picard, v1.125
(available online at: http://broadinstitute.githiokpicard/) and SAMtools, v1.38 (Li et al.

2009) respectively. Duplicates were marked withaRlc For the exomes local realignment
around indels was executed with GATK, v3.59 (McKam al. 2010). GATK was also used

for coverage calculations.

Somatic variant calling

MuTectl, v 1.1.410 (Cibulskis et al. 2013) and \G@®2, v2.4.111(Koboldt et al. 2012) were
used to identify somatic single nucleotide variaf®\NVs). Samtools (mpileup) with
VarScan2 and Scalpel, v0.5.312 (Fang et al. 20d@)ye applied to identify small somatic
insertions or deletions. All variants were annatateth ANNOVAR, v2017-06-0113 (Wang
et al. 2010). Six somatic variants shared by tlehdblastoma and the MCC were visually
examined using the Integrative Genomics Viewer3 8814 (Thorvaldsdottir et al. 2013) and
confirmed with Sanger sequencing if they have apaich on the protein sequence or affect a
splice site, are rare in the population (below eqfiency of 2 % in 1000g2015aug_all,
EXAC_nontcga_ALL, gnomAD_exome_ALL and gnomAD_gemorALL) and the position

is covered by at least 20 reads and the alternatieée is covered by at least 8 reads and
comprised at least 5 %. Mutational signatures vggatified using MuSiCa (Diaz-Gay et al.

2018) investigating somatic variants comprisecast 10%.

Detection of thevirusintegration site
Seeksv, v1.2.315 (Liang et al. 2017) was used thighhuman reference genome sequence
(hg19) and the MCPyV MCC350 genome sequence (GdnBar375803) to detect the virus

integration site.
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L egends

Figure 1. Microscopic and immunohistochemical features of the trichoblastoma/MCC
combined tumor. (a) Morphological features of the case (hematein-plnlesdffron staining
(HPS)) Low magnification revealed a well delimitated turmoainly located in the subcutis
without connection to the epidermis (bar=1 mm);hleigmagnification shows the MCC in
close association with the trichoblastoma (TB; B&G-um). Indeed, the trichoblastoma was
composed of clusters and anastomotic strands afldidsepithelial cells surrounded by a
clear stroma containing mucin deposits whereasM@ was characterized by sheets of
small to medium sized cells with scant cytoplasound nucleus, dusty chromatin, and a high

mitotic rate. b-€) Microscopic and immunohistochemical details of dase (bar=10@m).
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Two regions from the trichoblastoma part, reprasgngither the majority of TB area without
LT expression (LT(-) TB) or an TB area with occamsl LT expression (LT(+) TB), as well

as one representative region from the MCC partagayed. In the LT-positive area of the
trichoblastoma, a population of clear cells withais®@ chromatin morphologically distinct
from the other cells of the trichoblastoma but dlemn the MCC tumor cells (black arrows)
was evident in the HPS staining. While KRT20 stdiveith a diffuse pattern in virus-

negative parts of the trichoblastoma, in MCPyV-Xpeessing areas a KRT20 dot-like
pattern was observed comparable to MCC. The LT exsgimg area was additionally
characterized by an increased number of SOX2-egmg<ells compared to the rest of the

trichoblastoma, while the MCC cells generally dsg@d 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 gere. DNA
isolated from the MCC part of the combined tumorswanalyzed by whole genome
sequencing (WGS) and confirmed by Sanger sequentheyintegration break points in the
viral genome (Genbank EU3758Q&) well as in chromosome 3 (GRCh37; NCO00003.1) ar
depicted. To note, human sequences adjacent iatdgration break points were found to be
swapped. Moreover, sequencing revealed a deletiothe viral genome A2248-2542).
Frequently, MCPyV integrates as head to tail camoat. In this case, nucleotides 1557-1956
are followed by one or more full length copies (19%56) which is predicted to lead to) (
one or two different truncated Large T antigen @it expressed in the MCC part. One
premature stop codon is caused by the integratieakbpoint at nucleotide 1956 in the final
MCPyV genome of the concatemer and will lead toreggion of the 443 N-terminal amino
acids of LT followed by 3 additional amino acidssé@cond larger truncated LT is encoded in
case that the concatemer encompasses more thdolkwopies of the MCPyV genome. The

A2248-2542 deletion leads to an LT sequence codinghie 540 N-terminal amino acids
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followed by three frame shifted amino acid codom®rpto a stop codon.cf PCR was
performed with primers for general MCPyV detectiMCPyV; product size = 84 bp),
flanking A2248-2542 A region), or for the 5’ (5’ integ.; product sizelZ1 bp) and 3’ (3
integ.; product size = 172 bp) integration sitespectively. For MCPyV wt thé& region PCR
will produce a PCR product of 398 bp, while it wide only 103 bp when the MCPyV
contains the deletion. Notice a faint band for #entegration site with DNA from the
trichoblastoma part at around 200 bp. Sanger setqgnhowever, 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 ethaby
trichoblastoma and MCCSgpplementary Table S2). The variant as well as the allelic
frequency for the alternative sequence (alt.) aerifrom the massive parallel sequencing are
given in the figure. DNA obtained from PBMC or aaf/the two tumor components were
amplified by primers specific for the respectiveiaats. The results of the direct sequencing
are depicted. Blue shading indicates the positibthe variant or the frame shift region

caused by deletion, respectively.

Figure 4. Shared morphologic and immunohistochemical features of MC progenitorsin
the hair follicle and trichoblastoma cells. Overview photographs (bar = 1 mm) of the
complete specimen containing the combined TB/MCGQ amair follicle as well as details of
each component (bars = 100 mm) are display@dMrphological examination (hematein-
phloxin saffron (HPS) staining) revealed clusterdasaloid cells displaying focal palisading
in the trichoblastoma periphery, similar to themgierative cells of the hair follicle. In line
with these findings, expression (@) KRT15, a marker expressed by the outer root shefath

the hair follicle, was observed also in the trickgboma periphery. Furthermore, in TB as
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well as in the hair follicle cells, the progenitararkers(c) KRT17 and(d) SOX9 are
frequently present. The same applies to nuclealilation of GLI1(e) indicating activation

of the sonic hedgehog pathway which is known tochical for the maintenance of MC
progenitors and their subsequent MC differentiatloraccordance with the presence of many
markers indicating MC differentiation capability ihe hair follicle and TB KRT20-positive

MCs (f) can be found in both tissues.
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‘stroma the MCC 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 pm). Two regions from the trichoblastoma part, representing
othr the majorty o T8 area wihout LT expression (LT() T or an T8 area with cccasional LT expression (LT(+)
T), 2s well 35 one representaive rogon from tho MCC part aro displayed. In the LT-positve area of the
wichablastoma,

richoblastoma but also from the MCC tumor cells (black arrows) was evident in the HPS staining. Whie KRT20

2
dotike pattem was observed comparable 1o MCC. The LT expressing area was additonally characterized by an
increased number of SOXz-expressing cells compared 1o the rest of the tichobiasioma, while the MCC cells
‘generally dispiayed nuciear positvity for this marker.
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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 (A2248-2542). 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 A2248-2542 deletion leads to an LT sequence coding
for the 540 N-terminal amino acids 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 A2248-2542 (A 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 A 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.
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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,





