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Abstract

Merkel cell carcinoma (MCC) is an aggressive skin cancer frequently caused by genomic integration of the Merkel cell
polyomavirus (MCPyV). MCPyV-negative cases often present as combined MCCs, which represent a distinctive subset
of tumors characterized by association of an MCC with a second tumor component, mostly squamous cell carcinoma.
Up to now, only exceptional cases of combined MCC with neuroblastic differentiation have been reported. Herein we
describe two additional combined MCCs with neuroblastic differentiation and provide comprehensive morphologic,
immunohistochemical, transcriptomic, genetic and epigenetic characterization of these tumors, which both arose in
elderly men and appeared as an isolated inguinal adenopathy. Microscopic examination revealed biphasic
tumors combining a poorly differentiated high-grade carcinoma with a poorly differentiated neuroblastic
component lacking signs of proliferation. Immunohistochemical investigation revealed keratin 20 and
MCPyV T antigen (TA) in the MCC parts, while neuroblastic differentiation was confirmed in the other
component in both cases. A clonal relation of the two components can be deduced from 20 and 14 shared
acquired point mutations detected by whole exome analysis in both combined tumors, respectively. Spatial
transcriptomics demonstrated a lower expression of stem cell marker genes such as SOX2 and MCM2 in the
neuroblastic component. Interestingly, although the neuroblastic part lacked TA expression, the same genomic
MCPyV integration and the same large T-truncating mutations were observed in both tumor parts. Given that
neuronal transdifferentiation upon TA repression has been reported for MCC cell lines, the most likely scenario
for the two combined MCC/neuroblastic tumors is that neuroblastic transdifferentiation resulted from loss of
TA expression in a subset of MCC cells. Indeed, DNA methylation profiling suggests an MCC-typical cellular
origin for the combined MCC/neuroblastomas.

© 2024 The Author(s). The Journal of Pathology published by John Wiley & Sons Ltd on behalf of The Pathological Society of Great Britain and Ireland.
This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and
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Introduction

Merkel cell carcinoma (MCC) is an aggressive skin
cancer with an overall 5-year survival historically esti-
mated at 40% [1,2]. At primary diagnosis, 26% of
patients are diagnosed with regional disease and 8% with
distant metastases [3]. Rarely, MCC located in a lymph
node without detectable skin primary is diagnosed and is
thought to represent metastasis from a subclinical or
spontaneously regressed cutaneous tumor [4,5]. Besides
neuroendocrine features, MCC cells exhibit some charac-
teristics reminiscent of stem cells, which can contribute to
the tumor’s aggressive behavior. For example, MCC cells
can express stem cell markers, such as SOX2, MCM2 and
ABCBS5 [6,7].

Recurrent genomic integration of the Merkel cell
polyomavirus (MCPyV) in MCC was demonstrated in
2008 [8]. Indeed, the MCPyV genome is detected
in about 80% of all MCC cases [8], and expression of
the two viral oncoproteins, that is, small T (sT) and large
T (LT), has been identified as the main oncogenic event
in this subset of tumors [9,10]. Of note, integration-related
gene alterations or mutations lead to expression of a trun-
cated LT in MCPyV-positive MCC [11]. Sequestration
and inactivation of RB1 by this truncated viral protein is
required for tumor cell proliferation [10,12], while sT has
been demonstrated to bear transforming abilities [9].

Behind their contribution to transformation and cell
proliferation, the two T antigens (TAs) have been dem-
onstrated to be main determinants of the Merkel-like
phenotype of MCC tumor cells [13]. Notably, LT acti-
vates transcription of SOX2 [6] and ATOHI [14], two
genes encoding key transcription factors physiologically
involved in Merkel cell differentiation [15]. Accordingly,
knockdown of TA in MCC cell lines results not only in
cell cycle arrest [10,12], but can also lead to neuronal
differentiation under specific conditions [6]. Moreover,
by interacting with MYCL and EP400, sT induces
INSM1 as well as LSDI, an epigenetic modifier [16]
regulating ATOHI expression. The significance of the
latter mechanism is highlighted by the fact that chemical
inhibition of LSD1 in MCC cell lines results not only in
reduced cell growth, but also in expression of factors
involved in neuronal differentiation [16,17].

The so-called combined MCCs found in association
with a tumor of divergent differentiation [18,19] are a
distinctive subset of MCCs accounting for about 10% of
cases [20,21]. These combined MCCs are almost
never related to MCPyV integration [19,22], mostly

© 2024 The Author(s). The Journal of Pathology published by John Wiley & Sons Ltd
on behalf of The Pathological Society of Great Britain and Ireland. www.pathsoc.org

consist of an MCC with a squamous cell carcinoma
component [20,22], while glandular, sarcomatoid or
adnexal differentiation are also observed but rare
[19,23,24]. MCCs combined with a tumor consisting
of cells with an immature neuronal, a so-called
‘neuroblastic’ phenotype, have been reported so far
only three times [19,25,26].

Here, we characterize two cases of combined
MCPyV-positive MCCs presenting as lymph node
metastases without skin primary tumors and harboring
a neuroblastic component. Notably, we demonstrate a
clonal relation between the two tumor components and
demonstrate MCPyV integration in both components.
Our analysis suggests that neuroblastic transdiffer-
entiation in these cases results from loss of TA
expression.

Materials and methods

Ethics

This study was approved by the local ethics committee
(Tours, France, No. ID RCB2009-A01056-51). The ana-
lyses were performed with the written consent of the
patients.

Immunohistochemistry

Immunohistochemical staining for Cytokeratins AE1/AE3,
Cytokeratin 20, Chromogranin A, Synaptophysin,
ISL1, CDS56, Neurofilaments, SATB2, GFAP,
PS100, PHOX2B, NeuN, Olig2, Ki67, SOX2,
MCPyV TA/LT (AB3, CM2B4, 2T2 [27]) was
performed using a BenchMark XT Platform (Tucson,
AZ, USA). Antibodies and dilutions are listed in sup-
plementary material, Table S1.

DNA isolation and MCPyV quantitative PCR

After microdissection of the two tumor components
under a binocular magnifier, genomic DNA was iso-
lated using the Maxwell 16 formalin-fixed and
paraffin-embedded Plus LEV DNA purification kit
(Promega, Madison, WI, USA). DNA from healthy
tissue was obtained from peripheral blood mononu-
clear cells (PBMCs). MCPyV status determination by
real-time PCR was performed as previously
described [28].
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Massive parallel sequencing

The DNAs derived from the neuroblastic tumor com-
ponent and the PBMC were subjected to whole exome
sequencing, while whole genome sequencing to facili-
tate detection of virus integration was performed
with the DNA from the MCC components. See
Supplementary materials and methods for details regarding
sequencing, data analysis, somatic variant calling, copy
number variation (CNV) analysis and detection of the
viral integration sites [29-41].

Spatially resolved transcriptomics

Spatially resolved transcriptomics was performed on
FFPE tissue of one of the combined tumors following
the protocols for Visium CytAssist Spatial Gene
Expression for FFPE (10x Genomics, Leiden, The
Netherlands). A detailed description can be found in
Supplementary materials and methods.

Analysis of DNA methylation

Genomic DNA was extracted from formalin fixed par-
affin embedded tissues using Maxwell apparatus
(Promega, Madison, WI, USA) with Maxwell 16 FFPE
Plus LEV DNA Purification kits. Methylation profiling
employed the MethylationEPIC BeadChip (Illumina,
San Diego, CA, USA). 300 ng of DNA were processed
according to the manufacturer’s protocol as previously
described [42]. Data were generated in the Department of
Neuropathology of the University Hospital Heidelberg.
Computational analyses were based on R version 4.6.1
(https://www.R-project.org). tSNE plot was generated
on the 10,000 most variable CpG sites upon standard
deviation, 3,000 iterations and 10 perplexities.

Results

Two combined tumors consisting of an MCPyV-
positive MCC and a neuroblastic component

Analysis of the combined MCCs provides an excep-
tional opportunity to study the cellular origin as well as
the molecular pathology of MCCs [22,23,43,44].
Therefore, two combined MCCs with neuroblastic com-
ponents were extensively analyzed. The clinical and
microscopic features of these two cases are presented
in Table 1 and Figures 1 and 2. Both tumors arose as
isolated inguinal adenopathy without detectable skin
tumors or distant metastasis in a 75- and an 80-year-old
man, respectively. Microscopic examination (Figure 1,
supplementary material, Figure S1) revealed infiltration
of the lymph nodes by a poorly differentiated high-grade
carcinoma composed of monotonous tumor cells
with high nucleocytoplasmic ratio, round nuclei and
clear/fine chromatin associated with numerous mitotic
figures and foci of necrosis, which are all features typi-
cally observed in classical MCCs.

© 2024 The Author(s). The Journal of Pathology published by John Wiley & Sons Ltd
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In both tumor samples, in addition to the phenotypical
classical MCC, a second tumor component—making up
less than 5% of the tumor volume—with neuroblastic
appearance was observed, and the transition from one
phenotype to the other was abrupt. In the neuroblastic
component of both cases, isolated tumor cells with small
round nuclei harboring neurites were embedded in large
amounts of eosinophilic fibrillar stroma evocative of
neuropils. No pseudo-rosette formation was observed.
In addition, in case 2, few large tumor cells with abun-
dant cytoplasm, pale nuclei and prominent nucleoli sim-
ilar to differentiated neuroblastic cells were detected,
while ganglion cells, a cell population detected in mature
neuroblastic tumors [45], were absent. Neither necrosis
nor mitotic figures were detected in the neuroblastic
components, indicating that the tumor was viable but
not proliferative. Indeed, the proliferative index evalu-
ated by Ki67 was higher than 70% in the classical MCC
component and less than 1% in the neuroblastic compo-
nent, confirming lack of proliferation in the latter.

Further immunohistochemical investigation (Table 1,
Figure 2, supplementary material, Figure S2) revealed
similar features in the classical MCC component of both
cases, with co-expression of Keratin 20 and neuroendo-
crine markers. Importantly, the classical MCC component
stained positive for MCPyV LT, while no expression of
LT or Keratin 20 was observed in the neuroblastic com-
ponents, which were further characterized by strong and
diffuse expression of synaptophysin, neurofilament and
CD56 in a fibrillar pattern. Interestingly, in addition to
the advanced age of the patients, a further finding atypical
for neuroblastic tumors was lack of the well established
neuroblastic markers PHOX2B and GATA3 [46,47]. In
contrast, GFAP, a marker for glial tumors [48,49], stained
focally in the neuroblastic component, which also
exhibited focal cytokeratin (AE1/AE3) staining. Further
neuronal markers such as Olig2 and NeuN were, however,
not detected, while S100 was detectable in some cells
(supplementary material, Figure S3) as previously
described for neuroblastic tumors [50].

The MCC and the neuroblastic components share
common somatic alterations

Next, we addressed whether the two tumor components
are genetically related or represent independent co-
development of two tumors in the same anatomic
location. The latter so-called collision tumors are rare
but well documented [51]. To distinguish between the
two possibilities, the MCC and the neuroblastic tumor
components were micro-dissected for both patients, and
DNA was isolated from the individual tumor compo-
nents as well as from PBMCs as control. DNA from
PBMCs and the neuroblastic tumor components was
subjected to whole exome sequencing, while DNA
from the MCC component was also analyzed by
whole genome sequencing (WGS). These analyses
(supplementary material, Tables S2 and S3) demonst-
rated 20 and 14 somatic DNA variants in case 1 and 2,
respectively, common to both the MCC and
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Table 1. Clinical, morphologic, immunohistochemical and genetic features of the two combined Merkel cell carcinomas (MCCs) with

neuroblastic differentiation.

Clinical features Case 1 Case 2
Age (years) 80 75
Sex M M
Immunosuppression = =
Tumor location Inguinal lymph node Inguinal lymph node
No skin primary No skin primary
Extension work up TEP Thoracic scan
Skin examination
Tumor size (mm) 33 33
Extension at time of diagnosis/AJCC stage Located/IlIA Located/IlIA
Follow-up
Duration (months) 9 35
Event — Gastric metastasis and death
Microscopic features Case 1 Case 2
MCC Neuroblastic MCC Neuroblastic
Growth pattern
Solid ++ — ++ —
Trabecular + — + —
Nested — + - +
Cytology
Nuclear/cytoplasmic ratio High Medium High Medium
Nuclei (shape) Round Round Round-oval Round
Chromatin Fine Fine Fine Fine
Neurite - + — +
Mature neuroblast — — — +
Fibrillar stroma — + - +
Mitotic activity 32 mm? 0 24 mm? 0
Necrosis + — + —
Immunohistochemical features Case 1 Case 2
MCC Neuroblastic MCC Neuroblastic
CKAE1/AE3 ++ dots + fibrillar ++ dots + fibrillar
CK20 ++ dots — ++ dots —
Chromogranin A + dots - ++ +
Synaptophysin ++ ++ fibrillar + ++ fibrillar
ISL1 ++ + weak ++ ++
CD56 ++ ++ fibrillar ++ ++
Neurofilament + dots ++ fibrillar + dots ++ fibrillar
SATB2 ++ — ++ +
GFAP — + fibrillar — + fibrillar
S100 — + focal — + focal
PHOX2B — — — —
NeuN — focal — -
Olig2 - - —
Kie7 809% 0 >70% <2%
SOX2 ++ — ++ —
AB3 (MCPyV LT) ++ = ++ =
CM2B4 (MCPyV LT) ++ — ++ —
272 (MCPyV TA) ++ — NA NA
Genetic features (common to two tumor parts) Case 1 Case 2
Number of somatic variants 20 14
CNV alteration Chr10 del Chr10 del, 1p gain
MCPyV genomic integration Chr11 Chr7

‘—":lack, ‘+’: presence, ‘++’: intense and diffuse expression, Chr: chromosome, CNV: copy number variation, MCPyV: Merkel cell polyomavirus, NA: data not available.

neuroblastic components and not present in PBMCs
from the same patient. These results indicate that the
two tumor components are clonally related in both
cases. Generally, higher allelic frequencies were
observed in the MCC compared with the neuroblastic
components, a finding that is likely due to a higher
tumor cell content in the MCC component (Figure 1).

Besides the shared variants, we also detected acquired
sequence variants present only in one tumor component. In
case 1, two variants (in PTPNI1 and POM121L2) were
restricted to the MCC component, while in case 2, 7 and
11 variants were exclusively detected in the MCC and
neuroblastic components, respectively. Based on these
numbers, the similarity indices, which can be used to

© 2024 The Author(s). The Journal of Pathology published by John Wiley & Sons Ltd J Pathol 2024; 264: 112-124
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Morphologic features of the combined Merkel cell carcinoma cases with a neuroblastic component
Case #1 || Case #2

Figure 1. Morphologic features of the two combined Merkel cell carcinoma (MCC) cases with neuroblastic differentiation. Morphologic
features of the cases (Hematein-phloxin saffron staining). Microscopic examination at low magnification revealed in both cases a biphasic
neoplasm invading the lymph node (scale bar = 5 mm). Microscopic details of the cases (Hematein-phloxin saffron staining, scale bars =
150 and 40 pm). The MCC part (left panel) was predominant and consisted of solid sheets of poorly differentiated cells with high
nucleocytoplasmic ratio, round to oval nuclei and fine chromatin. Numerous mitotic figures were observed. In contrast, the neuroblastic
part (right panel) was characterized by non-proliferating tumor cells with small round nuclei harboring neurites and embedded in large
amounts of eosinophilic fibrillar stroma. In case 2, few large tumor cells with abundant cytoplasm, pale nuclei and prominent nucleoli similar

to differentiated neuroblastic cells were detected.

evaluate the clonal relation of two tumors [52], are
calculated to be 0.91 and 0.42, respectively, indicating
that 91% and 42% of the detected mutations are shared.
In contrast, comparing mutations of the unrelated tumor
parts yielded a similarity index of zero for all four
possible comparisons. Given the small number of tumor
DNAs investigated in our study, statistical evaluation of
the similarity values as described [52] is not feasible.
However, comparison with values obtained in similar
projects [43,53] strongly suggests a clonal relationship
of the two parts of the combined tumors described here.

Among the detected alterations, two variants with
known pathogenic impact were identified in case 1:
ALK p.(R1275Q) and PTPNI1 p.(Y63C), which have
both been reported to be prevalent in neuroblastoma
[54-56], but have also been detected rarely in
MCCs [57]. The above-described mutations restricted

© 2024 The Author(s). The Journal of Pathology published by John Wiley & Sons Ltd
on behalf of The Pathological Society of Great Britain and Ireland. www.pathsoc.org

to only one part of two clonally related tumor compo-
nents can be explained by either being acquired follow-
ing emergence of the two tumor components or by
phenotypic changes having occurred in one tumor cell
or a subpopulation of the original tumor specifically
carrying and lacking these mutations, respectively.
CNV analysis (supplementary material, Figure S4) also
demonstrated a degree of distance in tumor evolution
between the two components of the combined tumors,
since in case 1 the alterations in chromosome (chr) 1 are
different, and an additional loss is observed in chr 7 of the
MCC part in case 2. On the other hand, CNV analysis also
supports a clonal link by demonstrating a chr 10 deletion
common to the MCC and neuroblastic components in both
cases, and a 1q gain in both components in case
2. Interestingly, alterations chr 10 deletion and chr 1 gain
have been described as recurrent events in MCCs [57]. In
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Immunohistochemical features of the combined Merkel cell carcinoma cases with a neuroblastic component
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Figure 2. Immunohistochemical features of the combined Merkel cell carcinoma (MCC) with neuroblastic differentiation. Case 1 is depicted here and
representative illustrations of immunohistochemical features of case 2 are available in supplementary material, Figure S2. Immunohistochemistry
shows cytokeratin 20 (CK20), neuroendocrine markers (Synaptophysin, CD56) and large T antigen (clone Ab3) in the MCC part, while neurofilament
(intense and diffuse) and GFAP expression with a fibrillar pattern are restricted to the neuroblastic component. Furthermore, high proliferation index
(Ki67) and intense nuclear SOX2 positivity were detected in the MCC part but absent from the neuroblastic cells.

conclusion, although these sequencing data strongly sup-
port that the MCC and neuroblastic components of the
combined tumors are clonally related in both cases, it
cannot be concluded which evolved from the other.

Integration of MCPyV in the tumor cell genomes of
MCC and neuroblastic components

To further understand the genotype of the two tumor
components, we analyzed the presence of the MCPyV

© 2024 The Author(s). The Journal of Pathology published by John Wiley & Sons Ltd
on behalf of The Pathological Society of Great Britain and Ireland. www.pathsoc.org

genome, since immunohistochemical analysis suggested
MCPyV-related MCC oncogenesis. Indeed, using sev-
eral different antibody clones (AB3, CM2B4 and 2 T2,
Figure 2, Table 1), TA was detectable only in the MCC
component of both cases. Therefore, we searched for
viral sequences in the WGS data derived from the
micro-dissected MCC components, detecting integration
of MCPyV in chr 11 in case 1 and in chr 7 in case 2.
While a 5°- and a 3’-prime integration site could be
detected for case 1, we were only able to identify one of
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the minimally two sites for case 2. Moreover, a  combined tumors. Moreover, PCR followed by sequencing
LT-truncating mutation could be identified for both cases ~ confirmed that the same LT-truncating mutations were
(p.GIn432* for case 1 and p.Ser293* for case 2). present in both tumor components of both cases
Therefore, both genetic hallmarks of MCPyV-positive  (Figure 3B,C). These results not only confirm the com-
MCC—MCPyYV integration as well as a coding sequence ~ mon origin of both tumor components, but also reveal
for truncated LT—are present in the MCC component of  that the two genetic key features of MCPyV-positive

the combined tumors. MCCs are present in both components of the combined
In contrast to the MCC, no TA was detectable in the MCCs. Nevertheless, the results still do not identify
neuroblastic components, while PCR demonstrated sim-  which component was derived from the other.

ilar MCPyV viral loads in the corresponding tumor
components of both cases (data not shown). Based on . .
the MCPyV integration sites in the MCC component DNA methylation nggesm an MCC-typical cell of
inferred from WGS, we designed primers to amplify ~ fgin for the combined MCC/neuroblastomas

the respective integration sites. Strikingly, amplification ~ To better understand the natural history of these com-
of all known insertion sites as well as confirmation by  bined tumors, we determined the DNA methylation pro-
Sanger sequencing was possible with DNA derived from  file of the two specimens in comparison to pure MCC
the MCC and the neuroblastic component (Figure 3A).  (including 23 MCPyV-positive and 9 MCPyV-negative
These findings indicate that the same MCPyV integra-  tumors) and neuroblastoma (including 10 adrenal and
tion is common in both components, while TA expres- 23 peripheral cases). Methylation at CpG dinucleotides
sion is restricted to the MCC component in each of the  represents one of the major epigenetic mechanisms of
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Figure 3. Demonstration of the same Merkel cell polyomavirus (MCPyV) integration and the same large T (LT)-truncating mutations in the
corresponding Merkel cell carcinoma (MCC) and neuroblastic parts of the combined tumors. MCPyV integration in the tumor cell genomes as
identified by exome sequencing was confirmed by PCR amplification of the junction sequences yielding (A) bands of the predicted size.
(B) Sanger sequencing of the amplicons further confirmed equal virus integration in MCC and neuroblastic parts of both combined tumors.
The chromosomal nucleotide positions of MCPyV integration are indicated. (C) PCR amplification followed by Sanger sequencing demon-
strated the presence of the same LT-truncating mutations in MCC and neuroblastic parts. The alterations are indicated according to the
standard mutation nomenclature in molecular diagnostics [58].
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gene regulation [59], inherited during cell division, and
the methylation pattern is regarded as a robust marker of
cell identity [60]. With respect to cancer, the methylation
pattern is considered a suitable method for classification
and to identify a tumor’s cell of origin [61,62].
Therefore, we subjected DNA derived from both MCC
parts and one neuroblastic part of the two combined
tumors to methylation analysis (sufficient material was
not available from the neuroblastic part of case 2).
Comparison of the methylation patterns with those of
pure MCCs and neuroblastomas revealed that the com-
bined tumors cluster with MCC, suggesting a similar
origin and classifying the combined tumors as MCCs
(Figure 4). In conclusion, the methylation pattern sug-
gests a sequence of an MCC arising by integration of
MCPyV in an MCC-characteristic cell of origin,
followed by neuroblastic differentiation in a fraction of
the preexisting MCC cells.

TA repression is associated with neuroblastic
transdifferentiation

In cell culture experiments, neuronal differentiation has
been reported to occur following knockdown of TA in
MCC cell lines, and these changes are thought to be
related to repression of SOX2 upon reduced TA activ-
ity [6]. Thus, we hypothesized that the neuroblastic com-
ponent may have arisen from the MCPyV-positive MCC
through TA repression. Indeed, immunohistochemistry of
the two combined tumors revealed diffuse SOX2 in the
MCC component, while this protein was lacking in
the neuroblastic component (Figure 2). Prompted by
this observation, we performed spatially resolved
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transcriptomics to examine gene expression patterns in a
region-specific context of case 1 to investigate the
transcriptomic differences between the two phenotypes
(Figure 5SA). After filtering out spots that were regarded as
uncovered areas as the number of genes and unique
molecular identifiers counts were low (supplementary
material, Figure S5 cluster 6), 4,417 spots of the initial
4,918 spots were further analyzed. Dimensionality reduc-
tion resulted in a continuum of spots in UMAP space.
Spatial clustering resulted in eight clusters, four located in
the classical MCC region and two in the neuroblastic
region, in addition to a fibroblast cluster and a
carcinoma-associated fibroblast cluster (Figure 5B).
Spatial clustering in enhanced resolution using
BayesSpace, a fully Bayesian statistical method that uses
the information from spatial neighborhoods, also demon-
strated similar patterns, producing four classical neuroen-
docrine clusters and two neuronal clusters; the respective
clustered spots were annotated by the predominant cellu-
lar content and re-projected to their original spatial con-
text (Figure 5C). These results suggested that the classical
MCC component displayed higher heterogeneity than the
neuroblastic tumor part, which implies later occurrence of
the latter. It was also possible to infer CNVs from the
spatial transcriptomic data (supplementary material,
Figure S6), which partially overlapped with the CNV
deduced from sequencing (supplementary material,
Figure S4). More importantly, however, the feasibility
of this approach demonstrated the required purity with
respect to tumor cell content of the spots selected for
spatial transcriptomics and suggested higher genetic
heterogeneity in the classical component than the
neuroblastic part (supplementary material, Figure S7).

of o
o 3.~
»? .}-c

25 50

Combined MCC/Neuroblastoma, MCC part
Combined MCC/Neuroblastoma, Neuroblastic part
MCPyV-negative pure MCC

MCPyV-positive pure MCC

Figure 4. DNA methylation-based classification of the two combined tumors in comparison to Merkel cell carcinoma (MCC) and
neuroblastoma. Methylation profiling with DNA extracted from the combined tumors (no material was left for the neuroblastic part of case 2)
as well as 32 pure MCCs and 33 pure neuroblastomas. Depicted is unsupervised clustering using t-SNE dimensionality reduction. Neuroblastoma:
shades of blue; MCC: shades of red; combined MCC/neuroblastoma 1 and 2: shades of violet.
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Figure 5. Spatially resolved RNA-sequencing analysis of one combined Merkel cell carcinoma (MCC)/neuroblastoma. (A) H&E visualizing
classical MCC (dark purple, right) and neuroblastic tumor cells (pale pink, left). The white frame represents the area selected for spatial RNA
sequencing. (B) UMAP representation of spatial neighbor network unsupervised clustering of the filtered spots. Spatial clusters were renamed
based on histological features and gene marker expressions: four classical MCC and two neuroblastic clusters as well as fibroblasts and
carcinoma associated fibroblasts (CAFs). (C) Spatial representation of the spots grouped into eight spatial clusters in enhanced resolution.
(D) Spatial visualization of AUCell scores of T antigen (TA)-associated gene panel inferred by differential expression analysis of TA knockdown
experiment in CVG-1 cell line, where only genes with log2 fold change >0.5 were considered. (E) Inferred gene expressions of tumor markers
in enhanced spot resolution. ATOHT and CHGA: neuroendocrine markers; SYPand NCAM1: neuroblast markers; COLTAT: fibroblast; MCM and

E2F genes: large T antigen associated markers.

Since FFPE Visium does not contain probes for viral
genes, we applied an LT-associated gene expression
score derived from publicly available single-cell RNA
sequencing data [6], demonstrating a markedly lower
score in neuroblastic compared with classical
MCCs [6] (Figure 5D); notably, this score was very
low in spots characterized by mainly fibroblasts.

When inspecting specific gene expression, we observed
increased neuroendocrine lineage markers ATOH-I and
CHGA (chromogranin A) in the classical MCC, whereas
SYP (synaptophysin) and NCAMI (neural cell adhesion
molecule 1) were higher in the neuroblastic component
(Figure 5E), confirming the immunohistochemical studies
(Figure 2). Similarly, in line with the abundance of mitotic
figures and high Ki67 (Figures 1, 2), genes associated with
cell proliferation were higher in the MCC component
(data not shown). Moreover, SOX2 was reduced in the
neuroblastic component of the combined tumor, consis-
tent with previous observations on SOX2-dependent
conversion of undifferentiated MCC cells into neuronal
phenotypes [6]. In cell culture experiments, reduced
stemness and enhanced neural phenotypes observed

© 2024 The Author(s). The Journal of Pathology published by John Wiley & Sons Ltd
on behalf of The Pathological Society of Great Britain and Ireland. www.pathsoc.org

upon TA knockdown in MCC cells was associated with
reduced stemness regulators E2F1 and MCM2 [6,63,64].
Similarly, we also noticed downregulation of E2F and
MCM mRNAs in the neuroblastic component of the com-
bined tumor (Figure S5E). Moreover, MYCN, a member of
the MYC family that is highly expressed during early
neurogenesis and plays a critical role in survival of neural
progenitor cells [65], was upregulated in the neuroblastic
component compared with the classical MCC or fibroblast
spots (Figure SE). In conclusion, reduced heterogeneity as
well as lack of proliferation in the neuroblastic component
and the observed expression patterns analogous to TA
knockdown in MCC cell lines in vitro further support the
view that neuroblastic differentiation occurred in a fraction
of a preexisting MCCs upon loss of TA expression.

Discussion

Combined MCCs account for approximately 10% of all
MCCs and their development is likely to reflect several

] Pathol 2024; 264: | 12124
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different pathophysiologic mechanisms. However, most
combined cases are MCCs associated with a squamous
cell carcinoma or a respective precursor lesion [19,20]
and the MCC component of these combined tumors is
generally MCPyV negative [18,19]. Individual genetic
investigation of the two tumor components in such cases
revealed a generally common genetic background, dem-
onstrating that the MCC component usually derives
from the squamous cell carcinoma component, demon-
strating the epithelial origin of virus-negative MCCs
[22,43,44]. In these tumors, the MCC component might
even experience sarcomatoid transformation [24],
explaining the existence of rare combined tumors with
both squamous and sarcomatous differentiation [19].
In contrast, MCPyV-positive combined MCCs are
very rare and seem not to occur in combination with
SCCs, but have been described in association with
benign adnexal tumors [21,23,66-68]. Applying
WGS to two trichoblastoma/MCC combined cases,
we recently reported that a MCPyV-positive MCC
developed upon integration of MCPyV into the genome
of a trichoblastoma cell [23,68].

Neuroblastic tumors arise from adrenal medulla and
paraganglia and subdivide into three categories
according to their level of differentiation: neuroblastoma,
ganglioneuroblastoma and ganglioneuroma [69]. MCC
with neuroblastic differentiation is very uncommon and
only a few cases have been reported [19,20,25,26], and in
our opinion constitute a heterogeneous subgroup due to the
lack of consensual criteria to define ‘neuroblastic’ differ-
entiation. Homer-Wright Rosette formations [19,20,70]
can be observed in MCPyV-negative MCCs [19,70]
and have been regarded as a sign of ‘neuroblastic
differentiation’. However, these morphologic changes
were not associated with documented modifications in
protein/gene expression by immunohistochemistry or
mRNA analysis. Combined tumors with an MCC and a
neuroblastic or ganglioneuroblastic component seem to be
even less frequent, with up to now only two case reports,
which both lacked molecular characterization [25,26].

In the present work, we demonstrated that MCPyV-
positive MCCs can be found in association with a
neuroblastic component. By analyzing shared somatic
pathogenic variants, we were able to identify a clonal
link between these two tumor components. Finally, dem-
onstration of MCPyV integration in both MCC and
neuroblastic components and transcriptomic and
epigenomic analysis suggest that the neuroblastic compo-
nent arose from the MCC through a transdifferentiation
process related to loss of TA expression. In line with this
conclusion, cells from the neuroblastic component lack
any sign of proliferation. Notably, MCPyV-positive
MCC cells generally require TA expression for their
growth [12]. Unfortunately, the limited experimental
options studying archived tumor material did not allow
us to determine the underlying mechanism for this loss of
TA expression. In this context, future studies are required
to determine the molecular event leading to TA repres-
sion, and such findings have potential impact for the
development of innovative MCC therapy.

© 2024 The Author(s). The Journal of Pathology published by John Wiley & Sons Ltd
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Several in vitro experiments including our own
support the view that MCPyV-positive MCC cells can
undergo neuronal transdifferentiation [6,14,17]. In this
respect, repression of TA through RNA interference in
MCC cell lines results in cell cycle arrest due to regained
RB1 activity [10,12]. Accordingly, in contrast to the MCC
component, no mitotic figures and low proliferative index
(<1%) were observed in the neuroblastic component of the
combined tumors described here (Figure 2). Moreover, TA
repression and subsequent RB1 release results in loss
of SOX2 and ATOH]1, two key factors driving Merkel
cell differentiation [15], providing an explanation for
loss of the Merkel cell phenotype upon loss of TA
expression. Importantly, under specific culture conditions
(e.g. co-culture with keratinocytes), TA knockdown in
MCPyV-positive MCC cell lines results in formation of
cytoplasmic projections similar to neurites, repression of
epithelial gene expression, and transcription of neuronal
markers such as neurofilaments [6]. Moreover, similar
findings were observed upon SOX2 knockdown,
suggesting that loss of TA induces neuronal differentiation
through SOX2 inhibition. Accordingly, in our cases, while
diffuse SOX2 was observed in the MCC component,
absence of TA in the neuroblastic component was associ-
ated with lack of SOX2 [6]. While Harold ef al. used this
conversion from an MCC to a neuronal phenotype as an
argument in favor of a neuronal origin of MCC [6], there is
no evidence that TA expression in a neuronal cell is able to
induce MCPyV-positive MCC formation. In contrast, TA
expression in epithelial progenitor cells has been shown to
be associated with MCC formation in humans and a mouse
model [23,71,72], strongly supporting the view that virus-
positive MCC and virus-negative MCC arise from epithe-
lial cells [62].

In conclusion, we describe two cases of combined
tumors with MCPyV-positive MCC and neuroblastic
components, and demonstrate a clonal link between
these two tumor components. Moreover, we provide
data suggesting that part of the preexisting MCC
undergoes neuroblastic transdifferentiation and cell
cycle arrest upon loss of TA expression.
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Figure S1. Microscopic feature of the neuroblastic component in combined tumors
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Figure S2. Immunohistochemical features of case 2

Figure S3. S100 expression in combined tumors

Figure S4. Copy number variation analysis of both neuroblastic and Merkel cell carcinoma components of the two cases
Figure SS5. Preliminary graph-based clustering of the spatial RNA sequencing data produced eight clusters among 4,918 spots
Figure S6. Copy number variation analysis generated by spatial transcriptomic analysis

Figure S7. Hierarchical clustering of the classical and neuroblastic Merkel cell carcinoma (MCC) spots based on inferred copy number variation (CNV)
profiles suggests that neuroblastic MCC is more homogeneous than classical MCC, indicating neuroblastic MCC originates from classical MCC

Table S1. Antibodies used for immunohistochemistry

Table S2. Description of the somatic mutations detected by whole exome sequencing in the neuroblastic (NB) and the Merkel cell carcinoma (MCC)
part of the combined tumor (case 1)

Table S3. Description of the somatic mutations detected by whole exome sequencing in the neuroblastic (NB) and the Merkel cell carcinoma (MCC)
part of the combined tumor (case 2)
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