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Simple Summary: Merkel cell carcinoma (MCC) is an aggressive, rare skin cancer which is caused
either by a virus or chronic UV exposure. For both forms, distinct genetic alterations have been
described; however, these observations were mostly made in tumor tissue. Since cancer cell lines are
frequently used as preclinical models to investigate biological function, we considered it necessary to
establish the genomic landscape of MCC cell lines by whole-exome sequencing. We confirmed the
presence of UV-induced DNA damage, a high number of mutations and several coding mutations
in virus-negative cell lines which were absent in virus-positive cell lines; these, however, harbored
characteristic copy number variations, suggesting some virally caused genetic instability. Knowing
the genomic features of MCC cell lines validates previous, and facilitates upcoming, experimental
studies to discover their biological and translational relevance.

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

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

1. Introduction

Merkel cell carcinoma (MCC) is a rare, highly aggressive neuroendocrine skin cancer.
It is either associated with chronic Ultraviolet (UV)-light exposure or the genomic integra-
tion of the Merkel cell polyomavirus (MCPyV) [1,2]. Virus-associated MCCs are highly
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prevalent in countries with high latitude, while UV-associated MCCs are more frequent in
regions close to the equator [1–3].

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

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

2. Results

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

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

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

Since mutations are called between the respective cell line and the human reference
genome hg19, the observed somatic TMB strongly depends on the filtering strategy for
potential polymorphisms (Figures 1A and S1). Polymorphisms are identified using the
variant allele frequency (VAF) reported in databases covering nonmalignant exomes
and genomes. In general, exome databases cover 71.6% of all MCC cell line mutations
while genome databases cover either 91.4% in the 1000 genomes database or 97.7% in the
“genome aggregation database” (gnomAD) genome database (Figure S1B,C). Therefore,
we filtered for VAFs greater than 0.001% with the comprehensive gnomAD genome
database. This reduced the presented TMB of virus-positive MCC cell lines by 98.8%
from, on average, 54,850 to 637 mutations per cell line. The TMB of virus-negative MCC
cell lines shows a smaller reduction by 94.8% from, on average, 52,614, to 913 mutations
(Figures 1B and S1A).
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Figure 1. Virus-negative Merkel cell carcinoma (MCC) cell lines show high tumor mutational bur-
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low TMB and lack prominent signatures; (A) Mutational burden in mut/Mbp, color-coded by vari-
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genome database; Figure S1A depicts the same plot with log-transformation of x-axis; (C) Contri-

butions of base-pair transitions for single nucleotide variants (SNVs), normalized by total number 

of SNVs. Complementary transitions are merged in one category (e.g., G > A and C > T as C > T); 

(D) Cosine similarity between trinucleotide context frequencies (TCFs) of MCC cell lines and refer-

ence signatures reveals two distinct patterns for virus-positive and -negative cell lines; (E) Signa-

ture contribution of MCC cell lines after fitting to reference signatures. Signature contributions are 

normalized to total number of SNVs in the respective cell line. Signatures not reaching at least 10% 

contribution in at least one sample are summarized as “Other”. Abbreviations: mut/Mbp: Muta-

tions per Megabasepair, SBS: Single Base Substitution. 

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

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

2.2. Mutations Altering Protein Structure

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

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

2.3. Significantly Mutated Genes

Next, we tested for genes with a significantly higher mutational burden as expected
by chance, aka significantly mutated genes (SMGs) (Figure 3B–F, Tables S4–S6) [30]. In this
approach, the mutations of several samples are aggregated and compared with a local back-
ground model of silent mutations for each respective gene [30]. This analysis was performed
separately for all virus-negative (Figure 3B,D) and for all virus-positive (Figure 3C,E) cell lines.
Downstream analysis was restricted to Hallmark Gene sets to focus on genes possibly relevant
to MCC carcinogenesis. We evaluated the significance of the respective mutational burden
by visualizing the distribution of p-values (Figure 3B–E). When correcting all p-values for
multiple testing using Benjamini–Hochberg procedure, the genes KRT4, MDK and CACNA1B
remained the only SMGs in the Hallmark Gene Sets present in both MCC types. Virus-negative
MCC cell lines harbor more SMGs with a p-value lower than 0.01 within Hallmark Gene Sets
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compared to virus-positive MCC cell lines, i.e., 16 vs. 5 genes, respectively (Figure 3D–F).
Among the SMGs for virus-negative cell lines are TP53 and RB1, which are frequently mutated
tumor-suppressor genes in virus-negative MCC (Figure 3F) [4–9,11–14]. Of the SMGs found
in virus-positive MCC cell lines, UM-MCC29 has a frame-shift deletion in the chromatin
modifier CBX3 (chr7.26248161.A > -), and UKE-MCC3b a falsely annotated nonstop mutation
in NAPA, the latter composed of an in-frame insertion (chr19.47998837.- > ATTAAA) and
deletion (chr19.47998843.GTT > -), resulting in the addition of two and deletion of one amino
acid without introducing a stopcodon (Figure 3F).
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Figure 3. Virus-negative MCC cell lines have high number of coding mutations altering protein structure and significantly
mutated genes. (A) Oncoplot showing genes selected by the following criteria: (i) containing either a frameshift InDel,
nonsense or nonstop mutation and (ii) it is either within a Hallmark Gene Set or its mutation is annotated as pathogenic
in ClinVar database. The number of mutations within the selected genes are depicted as bar chart. Both plots are colored
by variant classification. Genes emphasized in red are discussed in the results section; (B–E) Distribution of p-values for
identification of SMGs as histogram (B,C) and ranked by p-value (D,E) for virus-negative (B,D) and -positive (C,E) MCC
cell lines; only genes present in Hallmark Gene Sets were taken into account, red lines indicate a p-value of 0.01, genes with
a p-value of exactly 1 are not shown; (F) Mutational burden and involvement in biological processes of SMGs with p-value
below 0.01 and presence in Hallmark Gene Sets. Abbreviations: MCC: Merkel cell carcinoma, InDel: Insertion and deletion,
SMG: Significantly mutated genes.
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We identified three SMGs (KRT4, MDK and CACNA1B) with extraordinary low
p-values (Figure 3D–F) in all MCC cell lines. KRT4 contains the exact same large in-
frame insertion in all samples (rs11267392), which has a VAF of 87% in the 1000 genomes
database. MDK comprise the exact same frameshift deletion in a cytosine-rich repeat in
six samples, which is actually a mixture of a single-cytosine (chr11.46404342.C > -) and
double-cytosine (chr11.46404342.CC > -) deletion. CACNA1B has the same large-scale
insertion at a splice site in seven samples (chr9.140773612.- > ACGACACGGAGCCC-
TATTTCATCGGGATCTTTTGCTTCGAGG CAGGGA, rs370237172).

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

CNVs were determined from the exome sequencing data (Figure 4A, Table S7). The
virus-negative cell lines UM-MCC9 and UM-MCC34, but not UM-MCC32, are characterized
by numerous, varying CNVs covering most of the genome. Virus-positive MCC cell lines
have less, but more characteristic CNVs, which include whole-chromosome gains of chr1
(UM-MCC29), chr5, chr7, chr8 (UM-MCC29), chr6 (WaGa, PeTa), chr11 (UM-MCC29),
chr13 (UM-MCC29, PeTa), chr19, chr20 (UM-MCC29, WaGa) and a complete loss of chr10
(UM-MCC13). Several chromosomes are partially amplified, e.g., chr1q (UM-MCC13, PeTa),
chr3q (MKL-1, PeTa) and chr11 (WaGa, PeTa), while others show partial losses, such as
chr3p (UM-MCC13), chr8p (UM-MCC13, MKL-1, WaGa) and chr10q (MKL-1, WaGa, PeTa).
Only UKE-MCC3b lacks any substantial copy number changes.
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value of fibroblasts (F 1.15).
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Previous studies reported copy number losses covering RB1 on chromosome
13 [4,5,11,12,14,16,31]. We also observe large single-copy deletions on chromosome 13
including the loss of RB1 in virus-negative cell lines (UM-MCC32 and UM-MCC34);
in contrast, there are large single-copy gains that include RB1 in one virus-negative
(UM-MCC9) and two virus-positive cell lines (PeTa, UM-MCC29).

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

3. Discussion

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

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

MCC Cell Line Type Virus-Negative Virus-Positive

Tumor Mutational Burden high
(on average, 44.5 mut/Mbp)

low
(on average, 10.5 mut/Mbp)

Mutagenic processes
detected

UV-light-associated DNA
damage

(SBS7a, SBS7b)

flat mutation profile
without prominent signatures.

Coding mutations
many mutations with potential

functional effect;
many mutated genes

few mutations with potential
functional effect;

few mutated genes

Copy Number
Variations many widespread CNVs few, characteristic CNVs

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

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

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

Cell Line MCPyV Status Established From Localization of
Primary Time in Culture Reference

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

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

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

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

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

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

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

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

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

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

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

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

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

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

4. Materials and Methods
4.1. Cell Lines and Tissues

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

4.2. Library Preparation and Sequencing

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

4.3. Alignment and Variant Calling

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

4.4. Variant Filtering

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

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

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

4.6. Bioinformatic Processing

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

5. Conclusions

Virus-negative MCC cell lines show high TMB, UV-light DNA damage and several
functional coding mutations, while virus-positive MCC cell lines harbor few mutations.
Thus, the mutational landscape of MCC cell lines that are frequently used in preclini-
cal research reflect the observations from tumor tissue and confirm their suitability for
functional studies.

Supplementary Materials: The following are available online at https://www.mdpi.com/2072-669
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