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ABSTRACT

Merkel cell carcinoma (MCC) is a very rare, but highly aggressive skin cancer which occurs mainly in
elderly patients. MCC cells show an expression pattern of three cell lineages: epithelial, neuroendo-
crine, and B-cell progenitor. This trilinear expression pattern suggests stemness activity in MCC. The
etiopathogenesis of MCC is either linked to the Merkel cell polyomavirus (MCPyV) or in a smaller
proportion (20%) to high levels of UV-induced somatic mutations. Both viral presence and accu-
mulation of mutations have been shown to be associated with accelerated DNA methylation Age
(DNAmAge) compared to chronological age. The MCC DNAmAge was significantly lower compared Merkel cell polyomavirus;
to the chronological age, which was irrespective of the viral presence or mutational burden. pluritest; DNA methylation
Although these features indicate some aspects of stemness in MCC cells, gene-expression-based age

pluripotency testing did not provide evidence for pluripotency of MCC cells.
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To the editor contrast, a low DNAmAge is found in stem cells
and induction of pluripotency is associated with
‘juvenescence’ of cells.

Remarkably, MCC reveals a trilinear differentiation
characterized by concurrent neuroendocrine, epithe-
lial, and pre/pro B-cell lymphocytic gene expression
obscuring its — currently unknown and controver-
sially — debated cellular origin [6,7]. The trilinear dif-
ferentiation of MCC is suggestive for a certain
‘stemness’ of the cell of origin. Considering these char-
acteristics of MCC and in order to shed further light
into their pathogenesis, we here investigated both the
DNAmAge and the pluripotency gene-expression pro-
file of MCPyV-positive and negative MCCs.

We isolated DNA and RNA of 14 fresh-frozen
MCC tissues (originating from 12 patients) and four
MCC cell lines (MKL-1, MKL-2, WaGa, and MCC13)
using the AllPrep DNA/RNA Mini Kit (Qiagen). DNA
and RNA were further processed by the custom service
provided GenomeScan BV, Leiden, the Netherlands.
First, the DNA concentration was assessed using the

Merkel cell carcinoma (MCC) is a highly aggressive
non-melanoma skin cancer of mainly elderly and
immunosuppressed patients. The survival of patients
with MCC in advanced clinical stages is only 50%
after 9 months [1]. The etiopathogenesis of the
majority of MCC is closely linked to the recently
discovered Merkel cell polyomavirus (MCPyV) [1].
The remaining approximately 20% of MCPyV-
negative MCCs are associated with a very high bur-
den of UV-induced somatic mutations [2].
Interestingly, infection of blood cells with Epstein-
Barr virus (EBV), cytomegalovirus (CMV) as well as
human immunodeficiency virus (HIV) and expres-
sion of the E6/E7 human papillomavirus (HPV) 16/
18 proteins in cervical squamous cell carcinoma have
been associated with accelerated DNA methylation
Age (DNAmAge) as compared to the patients’
chronological age [3-5]. In addition, Horvath
described an inverse relationship between somatic
mutations and DNAmAge acceleration [3]. In
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Qubit assay from Invitrogen, Carlsbad, California,
USA. The quality was assessed by gel electrophoresis.
All samples passed the quality control from
GenomeScan BV. Subsequently, 500 ng of each DNA
sample was bisulphite converted using the EZ DNA
Methylation Gold Kit (Zymo Research, Irvine,
California, USA). A bisulphite quality control on the
samples consisting of a qPCR reaction and melting
curve analysis was performed by GenomeScan BV.
Again, all samples passed the GenomeScan BV quality
control. Afterwards, each sample was directly utilized
for the methylation analysis. For the microarray-based
DNA methylation analyses, the bisulphite-converted
DNA was applied to the Infinium MethylationEPIC
BeadChip targeting over 850,000 methylation sites per
sample (850 K) according to the manufacturer’s
instructions (Ilumina, Inc., San Diego, California,
USA) performed by GenomeScan BV. The
GenomeScan protocol for sample preparation, hybri-
dization, and washing of the 850 K array was per-
formed without deviations of the Illumina protocol
(‘Infinium II Methylation Assay Manual Protocol’).
Subsequently, the 850 K arrays were scanned using
the Illumina iScan and all samples passed the
MethylAid data quality assessment by using the corre-
sponding R script (version R-3.6.2). Raw hybridization
signals were processed using the GenomeStudio soft-
ware (v2011.1; methylation module 1.9.0; Illumina
Inc., USA) applying the default settings and internal
controls for normalization. Loci with a detection
p-value >0.01 in all hybridizations (863,057/865,918)
and hybridizations showing a loci call rate above 98%
were (18/18) used for further analysis. All hybridiza-
tions met the defined quality criteria and entered the
next step in the analysis. MCCs were subjected for the
DNAmAge calculation as described by Horvath [3].
We extracted from the 863,057 loci passing the quality
criteria those 30,084 loci necessary for the DNAmAge
calculation  given by Horwath in  the
datMiniAnnotation file. Next, we uploaded the DNA
methylation values of these loci in https://dnamage.
genetics.ucla.edu/home (February 2020) and used the
recommended normalization option. Of note, Horvath
used Infinjum Methylation450 BeadChip targeting
over 450,000 methylation sites per sample (450 K) for
the DNAmAge calculation [3]. We are aware that by
using 850 K generated data an underestimation of
—-3.96 DNAmAge years compared to 450 K data and
a correlation to the chronological age was observed [4].

For the assessment of the MCC DNAmAge correlation
with the chronological age, the following statistical
analyses were performed: the Pearson’s correlation
coefficient and the two-tailed p-value for the assess-
ment of the scatter plot (Figure 1a) and the paired t-test
for the assessment of the boxplots (Figure 1b) were
calculated using Graphpad Prism 8.3.1.

For the PluriTest approach [8], the RNA of all
samples was sequenced by GenomeScan BV. Brietly,
the RNA quality of all samples was assessed using the
Fragment Analyzer (Agilent, Santa Clara, California,
USA). All samples passed the quality control. The
tissue sample preparation was performed according
to the protocol ‘NEBNext Ultra Directional RNA
Library Prep Kit for Illumina’ (NEB, Hitchin, Great
Britain). The NEBNext Ultra II Directional RNA
Library Prep Kit for Illumina was used to process the
cell line samples. From the total tissue RNA, rRNA was
depleted using the rRNA depletion kit (NEB, Hitchin,
Great Britain). The cell line mRNA was isolated from
total RNA using oligo-dT magnetic beads. Afterwards
from all RNAs, cDNA synthesis was performed, which
was used for ligation with the sequencing adapters and
PCR amplification of the resulting product. The quality
and yield of all samples matched the company’s expec-
tation. The tissue cDNAs were sequenced using the
next generation sequencing (NGS) platform Illumina
NextSeq 500 (read length of 1 * 75 bp gained in an
average output of 1.2 giga base pairs reads per sample)
according to the manufacturer’s protocols (Illumina
Inc,, San Diego, California, USA). The cell line
cDNAs were sequenced by using the NGS platform
Novaseq 6000 (read length of 2 * 150 bp gained in an
average output of 17 giga base pairs reads per sample)
(lumina Inc, San Diego, California, USA). After
alignment to GRCh37.87 (hgl9) using the STAR
aligner (v. 2.4.5b), the bam-files were subjected to the
program featureCounts (v 1.6.3) to assign the reads to
the necessary regions for the PluriTest approach [8].
These regions were chosen to match the positions of
probes on expression arrays which were defined in the
original PluriTest publication [8]. The raw read counts
were then used to address pluripotency by adopting
the R script published by Miiller et al. 2011 [8] (https://
github.com/jhsia0999/pluritest). This script was run
using the outdated R version 2.15.1 because it was
not runnable with newer R versions. For the
PluriTest approach, five randomly chosen publicly
available RNAseq-datasets from induced pluripotent
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Figure 1. Epigenetic age of MCC cells is significantly younger compared to the chronological age of MCC patients.

In (a), a scatter plot of 14 Merkel cell carcinoma (MCC) illustrates that there is no significant correlation between chronological age
and DNAmAge (Pearson’s correlation coefficient of 0.05). The solid blue line corresponds to DNAmAge = chronological age. In (b),
boxplots illustrate that the MCC DNA methylation age (DNAmAge) is significantly (***p-value <0.0001) younger compared to the
chronological age. The DNAmAge is irrespective of the presence of the Merkel cell polyomavirus (MCPyV) (MCPyV-negative MCCs
marked red). In (c), the chronological age and the DNAmAge of the MCC cell line MKL-1, MKL-2, WaGa, and MCC13 were plotted. The
MCC cell lines WaGa and MCC13 are epigenetically ‘younger’ compared to their chronological age.

stem cells (iPSC) (GSE107654) were used as positive
controls. The raw data fastq-files were downloaded and
processed using the same protocol.

The mean DNAmAge for the tested 14 MCC
tissues was 33.0 + 150 y with a Pearson’s

correlation coefficient of 0.05. Thus, the
DNAmAge was significantly younger and did not
match with the patients’ chronological age (mean
70.0 + 13.0 y, p < 0.0001) (Figure la, b, Table 1).
This significant lower DNAmAge was observed

Table 1. Summary of the clinicopathological data of the MCC patients and tissues including DNAmAge.

No. ID Gender Primary or metastasis Localization MCPyV  Chronological age DNAmAge DNAmAge-Chronological age
1 L-MCC2 M met. para-aortic lymph node + 70 30.0 —40.0
2 L-MCC4 M prim. face + 63 23.0 —-40.0
3 L-MCGS F prim. lower leg + 55 62.0 7.0
4  L-MCC7 F prim. face + 50 7.0 —44.0
L-MCC10 met. subcutis (+) 51 50.0 -1.0
5 L-MCC8 M met. upper leg + 74 15.0 -59.0
L-MCC16 met. inguinal lymph node + 75 14.0 -61.0
6  L-MCC11 F met. gluteal area + 60 39.0 -21.0
7 L-MCC12 M met. skin - 84 320 -52.0
8 L-MCC13 M prim. face + 87 44.0 —43.0
9 L-MCC14 M prim. upper arm - 91 25.0 —66.0
10 L-MCC15 M met. upper arm + 79 34.0 —45.0
1 L-MCC17 F prim. skin + 82 54.0 -28.0
12 L-MCC18 F met. axillary lymph node + 65 39.0 -26.0

No. = number of patient; ID = internal identity; L-MCC = Merkel cell carcinoma from the Leuven cohort; M = male; F = female;

prim. = primary; met. = metastasis; MCPyV = Merkel cell polyomavirus; -

negative; (+) = weak positive; + = positive.
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irrespective of the presence of MCPyV. MCPyV at
least in the context of MCC is, thus, not associated
with DNAmAge acceleration as it has been
described for other viral infections including
HPV-associated cancers [5]. This negative
DNAmAge is in the range of what has been

=100

reported in uterine endometroid cancer with
-30 vy, colorectal cancer tissue with —20 y and
head and neck cancers with approximal —-17 y
[9]. Comparing two different MCC metastases
(ID L-MCC8 and L-MCC16, Table 1) which were
resected within 1 y from patient number 5
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Figure 2. MCCs are not pluripotent.

The pluripotency score on the y-axis illustrates in as much the samples on the x-axis are pluripotent according to the PluriTest. The
red lines mark the region of pluripotency, in which only the positive controls (induced pluripotent stem cells (iPSCs)) taken from
GSE107654 are closely located. Thus, the MCC tissues and cell lines are not pluripotent.



revealed no substantial difference of the
DNAmAge. Of interest, we observed a 43-y
DNAmAge increase between the primary tumour
(ID L-MCC?7) and its metastasis (ID L-MCC10) of
one patient (number 4) which was both resected
within 1 y (Table 1). Only one of the analysed
MCCs (ID L-MCC5) and two of the analysed
MCC cell lines (MKL-1 and MKL-2) revealed an
accelerated DNAmAge compared to the chronolo-
gical age (Figure 1c and Table 1).

The observed approximation of 50-y DNAmAge
to 51-y chronological age of patient number 4 within
1 yr might be due to the increase of DNAmAge
during disease progression. This has previously
been reported for haematopoietic stem cells reveal-
ing a DNAmAge deceleration after transplantation
and a DNAmAge acceleration compared to the ori-
ginal donor’s chronological age after several months
[10]. Interestingly, in contrast to the MCC cell lines,
WaGa, as well as MCC13 the DNAmAge of the
MCC cell lines, MKL-1 and MKL-2 were accelerated.
Horvath described that the DNAmAge correlates
with the passage number [3]. Considering this and
that the MCPyV-positive cell lines, MKL-1, MKL-2,
as well as WaGa, were established earlier than 1987
[11], 2002 [12] as well as 2010 [13], respectively, one
might argue that the DNAmAge acceleration of the
cell lines MKL-1 and MKL-2 could be explained by
cell culture effects. In contrast, MCC13 was estab-
lished earlier than 1995 [14] and a lower DNAmAge
could be calculated. Considering that MKL-1, MKL-
2 and the primary MCC tumour L-MCCS5 illustrated
an acceleration of the DNAmAge it might be that
these MCCs possibly belong to a distinct minority
subgroup of MCC with accelerated DNAmAge com-
pared to the chronological age. Further studies using
larger MCC cohorts are needed to determine in as
much MCC consists of different subgroups dividing
in accelerated or low DNAmAge.

The highly significant low DNAmAge in combina-
tion with the typical trilinear differentiation of
MCC gene expression might possibly indicate
a pluripotency program to be active in these cells.
Thus, we assessed the pluripotency status of the
MCC cells and cell lines using RNAseq in combina-
tion with PluriTest analyses. Using this approach, the
MCC tumour cells and the cell lines did consistently
not map at or close to the pluripotency region (Figure
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2). Thus, MCC cells and cell lines are not pluripotent
according to PluriTest.

Therefore, we conclude that the majority of MCCs
are characterized by epigenetic youth but lack of
pluripotency. The understanding of these epigenetic
findings in MCC might contribute to the identifica-
tion of the yet elusive cellular origin of MCC.

List of abbreviations

Merkel cell carcinoma MCC
Merkel cell polyomavirus MCPyV
DNA methylation age DNAmAge
RNA sequencing RNAseq
Pluripotent test PluriTest

Induced pluripotent stem cells iPSC
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