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ABSTRACT

Despite the fact that the transcription factor atonal homolog 1 (ATOH]1) is a master regulator
of Merkel cell development, its role in Merkel cell carcinoma (MCC) carcinogenesis remains
controversial. Here, we provide several lines of evidence that ATOH1 is a lineage-
dependency oncogene in MCC. Luciferase assays revealed binding of ATOHI1 and
subsequent activation to the promoter of miR-375, i.e. one of the most abundant microRNAs
in MCCs. Overexpression of ATOHI in variant MCC cell lines and fibroblasts induced miR-
375 expression, whereas ATOH1 knockdown in classical MCC cell lines reduced miR-375
expression. Moreover, ATOH1 overexpression in these cells changed their growth
characteristics from adherent to suspension/ spheroidal growth, i.e., resembling the
neuroendocrine growth pattern of classical MCC cell lines. Notably, ectopic expression of
different Merkel cell polyomavirus (MCPyV) derived truncated large T antigens induced
ATOH] expression in fibroblasts, which was paralleled by miR-375 expression and similar
morphologic changes. In summary, MCPyV associated carcinogenesis is likely to induce the
characteristic neuroendocrine features of MCC via induction of ATOH1; thus, ATOH]1 can be

regarded as a lineage-dependency oncogene in MCC.
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INTRODUCTION

Merkel cell carcinoma (MCC), aka neuroendocrine carcinoma of the skin, is a very aggressive
cancer. It is less common as malignant melanoma, but its case fatality rate (33% versus 15%)
is higher (Kaae et al., 2010, Stang et al., 2018). UV light exposure, advanced age, immune
suppression as well as bearing hematological disorders such as B-cell chronic lymphocytic
leukemia are associated with an increased risk for MCC (Becker et al.,, 2017). MCC
carcinogenesis can be driven either by genomic integration of the Merkel cell polyomavirus

(MCPyV) or chronic exposure to UV light (Becker et al., 2017).

MCC cells share morphological, immunohistological and ultrastructural features with Merkel
cells, which serve as mechanoreceptors for light touch sensation and are among the few cell
types in the skin displaying neuroendocrine features (Maricich et al., 2009). Both Merkel cells
and MCC cells express neuroendocrine markers such as chromogranin-A, synaptophysin and
cytokeratin 20 (CK20). However, there is no direct histogenetic link between Merkel cells

and MCC (Becker et al., 2017).

Aberrant expression of microRNAs (miRNAs) in cancer is well established. miR-375 was
recently identified among the most highly expressed miRNAs in classical MCC cell lines and
tissues (Fan et al., 2018, Renwick et al., 2013, Xie et al., 2014). miR-375 was first identified
as a pancreatic-islet miRNA regulating insulin secretion (Poy et al., 2004). While miR-375
expression is low in most cancer types (Yan et al., 2014), high expression of miR-375 is a
characteristic of lung and small intestine cancers with neuroendocrine differentiation
(Arvidsson et al., 2018, Miller et al., 2016, Nishikawa et al., 2011). In lung cancer, miR-375
is induced by the basic helix-loop-helix transcription factor Achaete-scute homolog 1
(ASCL1) (Nishikawa et al., 2011). However, ASCL1 is not present in MCC (Chteinberg et

al., 2018), thus other helix-loop-helix transcription factors expressed in MCC such as Atonal
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homolog 1 (ATOH1) may assume this task. ATOHI1 is essential for Merkel cell developr;lent
(Maksimovic et al., 2014, Ostrowski et al., 2015). It is reported to be down-regulated during
MCC progression and thus has been suggested to act as a tumor suppressor (Bossuyt et al.,
2009); however, a recent report demonstrated that expression of ATOHI protein was
increased in advanced MCCs (Gambichler et al., 2017). Moreover, only co-expression of the
oncogenic MCPyV-derived T antigens together with ATOH]1 resulted in the development of
MCC-like tumors in mice (Verhaegen et al., 2017), thus supporting the notion that ATOH1 is
relevant for MCC carcinogenesis. -catenin, the key mediator of the canonical Wnt pathway,
has been reported to be responsible for ATOH1 expression in neuroblastoma and neural
progenitor cells (Shi et al,, 2010); however, neither canonical nor non-canonical Wnt
signaling seem to be involved in MCC carcinogenesis (Liu et al., 2007, Weeraratna et al.,
2010). Hence, neither the induction nor the perpetuation of ATOH1 expression in MCC is

fully understood.

RESULTS

ATOH] expression correlates with miR-375 expression in MCC cells.

The high expression level of ATOH1 mRNA in MCC cells was confirmed in a large panel of
MCC cell lines (n = 22; ref.(Fan et al., 2018)), whereas 13 non-MCC cell lines were all
negative for its expression (Fig. 1a). MCC cell lines can be differentiated by their different
growth patterns, i.e., classical MCC cell lines growing as spheroids or suspensions cells,
whereas variant MCC cell lines show an adherent growth pattern. Of MCC cell lines, only
classical MCC cell lines were characterized by high levels of ATOH1 mRNA. Consistent
with this, protein expression of ATOHI1 in classical MCC cell lines was confirmed by

immunoblot (Fig. 1b). Neither in variant MCC cell lines, which are in contrast to classical

T



A T 7 AN -V g
ACCEPTED MANUSCRIP]

MCC cell lines as adherent cells, nor in squamous cell carcinoma (SCC)- c"ell lines ATOH1
protein was detected. Similarly, ATOH1 mRNA expression was only detected in MCC tumor
tissues but not in other non-MCC skin cancers (Fig. 1¢). ATOH1 expression is likely to be
modulated by differential DNA methylation in the ATOH1 promoter region (<1500 bps
upstream of the start codon) as CpG islands were hypomethylated in classical MCC cell lines
and tissues, whereas these regions were hypermethylated in variant MCC cell lines (Fig. 1d).
Indeed, ATOH1 promoter methylation level negatively correlated with ATOH1 mRNA
expression in MCC cell lines (= -0.86, p= 0.003, Fig. 1e). It should be noted that expression
of ATOH1 was not restricted to MCPyV" MCCs but was also present in MCPyV" classical

MCC cell lines and tumor tissues.

miR-375 has been identified among the most abundant or highly expressed miRNAs in MCCs
(Abraham et al., 2016, Fan et al., 2018, Renwick et al., 2013), but the fundamental molecular
mechanism is unknown. In neuroendocrine lung cancer, miR-375 is induced by ASCLI,
which is only weakly expressed in MCC cell lines and its expression did not correlate with
that of miR-375 (Suppl. Fig. S1a, b). This finding was in line with reports that ASCLI1 is
absent or only occasionally present in MCC tumor tissues (Chteinberg et al., 2018, Ralston et
al,, 2008). Since ATOHI1 is another member of the basic helix-loop-helix family of
transcription factors, which like ASCLI1 activates transcription by binding to E-boxes (5'-
CANNTG-3"), and is highly expressed in MCC, we tested whether transcriptional activation
of miR-375 in MCC is mediated by ATOH1. Indeed, when determining miR-375 expression
level in a comparable MCC cell lines panel (n= 21), we observed a comparable expression
pattern as for ATOHI resulting in a significant correlation (r= 0.88, p< 0.0001; Fig. 1f).
Moreover, the structure and methylation status of miR-375 promoter region also support the
idea that miR-375 might be transcriptionally activated by ATOHI1 in MCC (Fig. 1g). Besides

the presence of E-boxes, an E47 binding site, which is required for E-box dependent



transcriptional activity of ATOH1 (Aguado-Llera et al., 2010), is present in the miR-375
promoter. More importantly, CpG islands around the E-boxes binding sites region are

hypomethylated in classical MCC cells.

ATOH]I and miR-375 are not required for MCC cell proliferation

To test if ATOHI induces miR-375 expression in MCC cells, a series of knockdown
experiments were performed. Two predesigned dicer-substrate siRNAs (DsiRNAs) against
ATOHI1 (si-ATOH1-1 and si-ATOH1-2), which were transfected into the MCC cell lines
WaGa and MKL1 by nuclear transfection, knocked down ATOH1 mRNA by approximately
50% in both cell lines (Fig. 2a, Suppl. Fig. S1c¢). Decreased ATOHI1 protein expression was
confirmed by immunoblot in WaGa cells (Fig. 2b). In line with our hypothesis, miR-375
expression was significantly downregulated by those DsiRNAs mediated ATOH1 knockdown
(Fig. 2¢, Suppl. Fig. S1d). Knockdown of ATOH1 did not alter cell viability and/or
proliferation of transfected MCC cells (Fig. 2d). Consistent with this, inhibition of miR-375
by antagomir did not affect proliferation of WaGa and PeTa MCC cells (Suppl. Fig. S2).
Taken together, despite the abundance of ATOH1 and miR-375 expression neither appears to

be required for MCC cell proliferation.

ATOHI induces miR-375 expression in variant MCC cells and skin fibroblasts

Next, we overexpressed ATOH1 in the ATOH1-negative variant MCC cell lines MCC13 and
MCC26 as well as in primary skin fibroblasts (Fig. 3a, b, e; Suppl. Fig. S3a, b).
Interestingly, upon overexpression of ATOH1 about 75% of cells changed their growth
pattern from adherent to suspension within 48 hours after transfection (Fig. 3¢ top panels, 3f
top panels); ATOH1 overexpressing cells formed small cell clusters, resembling a
neuroendocrine growth pattern. Moreover, ATOH1 mRNA expression was more pronounced

in cells characterized by this neuroendocrine growth pattern as compared to those with
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adherent growth (Fig. 3a). To confirm that these suspension cells a_re no.t.merely presenting
dying cells, a live/dead staining was performed by MitoView633 and NucView488 that detect
catalytically active live cells (red) and caspase3-active dead cells (green), respectively (Fig.
3c bottom, 3f bottom panels). To verify that ATOH1 stimulates the miR-375 promoter
activity, a luciferase reporter construct containing no E-box, three E-boxes or mutated E-
boxes was co-transfected with the ATOH1 expression vector pcDNA3-ATOH1-mCherry or
the empty vector pcDNA3-mCherry into both MCC13 and MCC26 cells. Only the co-
transfection of the reporter plasmid carrying E-boxes together with the ATOH1 expression
vector resulted in a robust induction of luciferase activity indicating that the experimentally
induced ATOH1 indeed binds to E-boxes (Fig. 3d; Suppl. Fig. S3c). We infer that in MCC
cells, ATOHI1 binds to the E-boxes within the miR-375 promoter and thereby induces its
expression. Notably, in variant MCC cells after ATOH1 overexpression miR-375 was found
significantly upregulated, and this miR-375 upregulation was pronounced in cells growing in
suspension (Fig. 3e; Suppl. Fig. S3d). As described above, forced expression of ATOHI in
primary skin fibroblasts also altered their growth characteristics towards a neuroendocrine-
like growth pattern (Fig. 3f). Furthermore, miR-375 expression was predominately induced in

these suspension fibroblasts (Fig. 3g).

Ectopic expression of truncated MCPyV LTs in a fibroblast cell line induces both ATOHI and

miR-375 expression as well as a neuroendocrine-like growth pattern

To test if the MCPyV-encoded transforming early genes are able to trigger the ATOH1/miR-
375 expression cascade, we expressed truncated MCPyV LTs, from which the sT coding
sequence was removed, derived from the classical MCC cell lines MKL-1, MKL-2 and MS-1
in the fibroblast cell line MRC-5 (Suppl. Fig. S4a). As observed for ATOHI1 overexpression
in fibroblasts, a subset of transduced MRC-5 cells started to grow as suspension cells (Fig.
4a). Ectopic expression of these truncated MCPyV LTs induced endogenous ATOH1 and
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miR-375 expression, which was more pronounced in MRC-5 cells growing in suspension

(Fig. 4b, c¢), but not ASCLI1 expression (data not shown). Meanwhile, truncated MCPyV LTs
also boosted luciferase activity of a reporter plasmid carrying E-boxes (Suppl. Fig. S4b). In
line with LT-induced ATOHI1 expression, we observed in scRNAseq experiments that
abundant LT and ATOH1 expression are apparently present in the same WaGa cells (Fig. 4d-
f), and the observation was further confirmed by correlation analysis (Suppl. Fig. S4c,
r=0.62, p< 0.001). In contrast, forced expression of MCPyV sT in MRC-5 cells did not
significantly induce ATOH1 or miR-375 expression (Suppl. Fig. S4d, e), nor did it change

the cell morphology and growth pattern (data not shown).

DISSCUSSION

The herein presented results demonstrate that MCPyV LT induced the expression of
transcription factor ATOH1, which directly transactivates expression of miR-375, i.e. one of
the most abundant microRNAs in this tumor. Notably, both LT-induced ATOH1 expression
as well as subsequent ATOH1-mediated miR-375 induction appears to be boosted in MCC by

hypomethylation of the respective promotor elements.

Development of MCC is frequently linked to the integration of MCPyV in the host genome,
and it is known that several viruses manipulate the host’s gene expression through epigenetic
modifications (Engdahl et al., 2017, Kuss-Duerkop et al., 2018). For example, virally induced
hypermethylation of immune-related genes is a common viral strategy to evade the hosts’
immune responses (Kuss-Duerkop et al., 2018). However, viral infection can also decrease
methylation levels to gain control of host gene expression (Kuss-Duerkop et al., 2018).
Another example, human herpesvirus 6B (HHV-6B) infection leads to hypomethylation in

telomere regions, which serve as HHB-6B integration sites as they are more accessible by

=
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-hy;)-o;néth;la;ti;)n- (l-‘Eng-(llahl- et al.; -2017). In MCPyV positive MCC ceII'S, L'f of MéPyV nnght
induce demethylation of the ATOHI and miR-375 promoters, resulting in increased
transcription of both ATOH1 and miR-375. Alternatively, LT may stimulate transcription of
miR-375 by triggering ATOHI1, or directly activate miR-375 expression. Thus, further

investigation is required to elucidate the underlying mechanism.

However, strong expression of ATOH1 and miR-375 is also observed in MCPyV-negative
classical MCC cell lines (but not in MCPyV-negative variant MCC cell lines). To this end,
shared oncogenic pathways have been implicated in both virus-positive and UV-induced
MCC (Gonzalez-Vela et al., 2017). Despite important genetic differences, both MCC
etiologies exhibit nuclear accumulation of oncogenic transcription factors such as STAT3,

which has been shown to induce ATOH]1 expression (Zhang et al., 2012).

Our data indicate that ATOHI is the major transcription factor for the observed miR-375
expression in MCC since forced ectopic expression of ATOHI in primary skin fibroblasts as
well as variant MCC cell lines induced miR-375 expression. Notably, ectopic ATOH1
expression in these adherently growing cell lines also changed their growth characteristics
towards a neuroendocrine-like pattern, i.e., to suspension/ spheroids growth. Indeed, both
induced ATOH1 and thereupon miR-375 expression was more pronounced in the proportion
of suspension/ spheroids cells. This observation together with the notion that culture
conditions of variant MCC cell lines enforcing a non-adherent growth, i.e., culture in ultra-
low attachment plates or as hanging drops, did not change the expression of ATOH1 or miR-
375 (data not shown), suggests that increased ATOH1/miR-375 expression is relevant for or
may be even causing this neuroendocrine-like growth pattern. In line with this hypothesis,
ATOHI1 and miR-375 have both been reported to be strongly expressed in neuroendocrine

cancers (Arvidsson et al., 2018, Flora et al., 2009, Northcott et al., 2009, Park et al., 2006).
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Depending on the cellular context, ATOH1, aka Mathl and Hathl, may function both as an

oncogene, e.g., in medulloblastoma (Briggs et al., 2008, Grausam et al., 2017) or as a tumor
suppressor gene, e.g., in colon (Bossuyt et al., 2009, Fukushima et al., 2015), gastric (Han et
al., 2015) and hepatocellular cancer (Gao et al., 2017). Despite its high expression in MCC
tissues and in classical MCC cell lines (Gambichler et al., 2017), knockdown of ATOH1 did
not affect cell viability or proliferation of MCC cells. Hence, we speculate that ATOH1 might
rather be a lineage-dependency than a lineage-survival oncogene for MCC (Garraway and
Sellers, 2006). However, other cell characteristics such as migration, invasion, or drug
resistance after ATOH1 knockdown were not scrutinized. In line with the notion of ATOH1
functioning as lineage-dependency oncogene are recent reports demonstrating that ATOH]1 is
an essential co-factor for MCPyV T antigens induced carcinogenesis in mice (Verhaegen et
al., 2017). In this regard, we observed that forced expression of truncated LTs derived from
different MCC cell lines already induced expression of ATOHI in the fibroblast cell line
MRC-5. This induction was predominately observed in those cells which acquired a

neuroendocrine growth pattern.

The possible role of miR-375 in MCC cells was also explored. In accordance with the report
of Abraham et al. (Abraham et al., 2016), knockdown of miR-375 in classical MCC cell lines
did neither alter their viability, proliferation rate, nor morphology (Fig. S3 and data not
show). However, miR-375 is an exosomal miRNA (Huang et al., 2015), which may promote
carcinogenesis by paracrine effects such as polarizing the tumor microenvironment
(Binenbaum et al., 2018, Cooks et al., 2018). To this end, we recently reported that
conditioned medium from MCC cell culture contained miR-375, which was strongly enriched

in the exosomal fraction (ref. (Fan et al., 2018), and data not shown).

In summary, we provide several lines of evidence suggesting that ATOH]1 is induced by
forced expression of truncated MCPyV LT and appears to act as a lineage-dependency

10
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oncogene in MCC: either subsequent or direct overexpression of ATOH1 in variant MCC cell
lines or fibroblasts induces a neuroendocrine growth pattern, which was paralleled by similar
morphologic changes and miR-375 expression, a marker for the neuroendocrine phenotype of
different cancers. Thus, MCPyV associated carcinogenesis is likely to induce the

characteristic neuroendocrine features of MCC via induction of ATOH1.

MATERIAL AND METHODS

Cell lines and clinical samples

The MCC and non-MCC cell lines have been described in supplementary tables of our
previous report (Fan et al., 2018). For tumor tissue analysis, formalin-fixed and paraffin-
embedded (FFPE) samples of 23 MCCs and 48 melanomas were obtained from the

department of Dermatology of University Hospital Essen were used.
Plasmids

pcDNA3.1-mCherry-ATOH1 and pTA-Luc plasmids were kindly provided by Tsuchiya's lab
(Tokyo Medical and Dental University, Tokyo, Japan), pTA-3E-luc (3x E-boxes) and pTA-
3EM-luc (3x mutated E-boxes) plasmids were generated from pTA-luc plasmids in our lab.
pcDNA3.1 and pCMV-betaGAL plasmids were kindly provided by Jianfeng Huang (Medical
University of Graz, Graz, Austria) and pLIM1-EGFP by David Sabatini (Addgene plasmid #

19319).
Quantitative real time polymerase chain reactions (qQRT-PCR)

RNA was isolated using PeqGOLD total RNA Kit (VWR/ Peqlab, Erlangen, Germany) and
transcribed into ¢cDNA using the SuperScript IV reverse transcriptase according to the

manufacturer's instructions. qRT-PCR was performed on the CFX Real-Time PCR system

11
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(Bio-Rad Laboratories, Diisseldorf, Germany). HPRT or RPLPO was used as endogenous
control, ATOH1 or MCPyV LT mRNA expression was detected using SYBR green assays,
and relative quantification was calculated by the 2"24“ method using the respective untreated
control or as indicated (Livak and Schmittgen, 2001). Primer sequences are given in

supplementary table 1.

For miRNAs, Applied Biosystems™ TagMan™ MicroRNA Assays (Thermo Fisher
Scientific, Frankfurt, Germany) was performed according to the manufacturer's instructions.
Pre-designed TagMan microRNA assays for miR-375 (ID000564) were used. The
quantification cycle threshold (Cq) values of target miRNAs were normalized to the small
nucleolar RNA RNU6B (ID001093) and relative expression to the respective comparator was

calculated using the 2724“4 method.
Immunoblot

Cell lysates were generated as previously described (Skov et al., 2005). 4-12% bis-tris plus
precast gels (Thermo Fisher Scientific) were applied for protein electrophoresis, samples were
transferred to nitrocellulose membranes using iBlot dry blotting system (Thermo Fisher
Scientific). Nitrocellulose membranes were blocked for one hour with 5% powdered skim
milk in PBST (PBS supplemented with 0.05% Tween 20) and incubated overnight with a
primary antibody. Primary antibodies used were anti-mCherry antibody (1:200; Novus
Biologicals/ 1C51) for ATOH1-mCherry, anti-ATOH]1 antibody (1:1000; LSBio/ B6529) and
TUB 2.1 (1:2500; Sigma Aldrich) for B-tubulin. Next day, membranes were washed with
PBST and incubated for onehour with the appropriate peroxidase-coupled secondary
antibodies (Agilent Technologies, Ratingen, Germany), followed by visualization using the

Plus-ECL chemiluminescence detection kit (Thermo Fisher Scientific).

12
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DNA methylation microarray analysis

Infinium MethylationEPIC BeadChips (Illumina, Ense-Hoingen, Germany) were used to
measure DNA methylation level. Data analysis was performed in R version 3.4.4. Raw IDAT
files were imported and further processed following the cross-package workflow by
Maksimovic et al. (Maksimovic et al., 2016) incorporating the Bioconductor packages minfi
(Aryee et al., 2014) and limma (Ritchie et al., 2015). Signals of the control probes and general
quality control was assessed with the minfi gcReport function. Data were normalized using
functional normalization (Fortin et al., 2014) implemented in minfi. Probes with a detection p-
value above 0.01 in at least one sample was removed. For visualizing percentage of
methylation, methylation levels were converted to beta-values (B = M/(M+U)), the ratio
between methylated and the sum of methylated and unmethylated signal. For
multidimensional scaling, methylation levels were converted to M-values (M = log,(M/U)),
the logit transformation of the beta-values. No batch effects were detected with
multidimensional scaling. Differentially methylated probes and differentially methylated
regions were called as described (Maksimovic et al., 2016) and considered as significant if p-
value <= 0.05. Annotation information provided by Illumina correspond to human genome

(hg19) reference coordinates.
Transfection

For ATOH1 overexpression, luciferase assay and lentivirus production, Lipofectamine 3000
transfection reagent (Thermo Fisher Scientific) was used for transient transfection following
the manufacturer's instructions. For ATOH1 and miR-375 knockdown, nuclear transfection
was applied. 2x10°® MCC cells were seeded into a 6-well-plate 24 hours before transfection.
100 pl Nucleofector Kit V buffer (Lonza, Basel, Switzerland) mixed with 10 pul DsiRNA

(IDT, Leuven, Belgium) or mirVana miRNA inhibitors (Thermo Fisher Scientific) (20 nM)

13
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were added to the cells, electroporation was performed with program D-23 of Nucleofector

2B (Lonza) device.
Live/dead cell staining

Suspension growing cells were collected 36 hours after transfection or 5 days after the stably
transduced MRC-5 cells were established, resuspended in 300 pl culture medium in cell
imaging coverglass chambers (Eppendorf, Hamburg, Germany). NucView 488 and MitoView
633 apoptosis assay kit (Biotium, Fremont, United States) were applied to stain the cells

according to instructions in the product protocol.
Luciferase assay

MCC13, MCC26 or MRC-5 cells (1x10°) were seeded in a 12-well-plate 24 hours before
transfection. pcDNA3.1, pcDNA3.1-mCherry-ATOH1, or MKL-1-LT, MKL-2-LT, MS-1-
LT, or MCPyV-sT encoding plasmids were co-transfected with pTA-3E-luc or pTA-3EM-luc
and Beta-Gal reporter plasmids using Lipofectamine 3000 reagent (Thermo Fisher Scientific).
Transfection was performed according to the manufacturer's instructions. Cells were
harvested 48 hours after transfection and ONE-Glo and Beta-Glo assay system (Promega,
Wisconsin, United States) were applied to determine relative luciferase signals using
FLUOstar Omega (BMG LABTECH, Ortenberg, Germany) following the manufacturer's

instructions.
Lentivirus production and transduction

Truncated MCPyV large T antigens (LTs) derived from different MCC cell lines were cloned
into pLIM1-EGFP plasmids. Lentivirus was produced in HEK293T cells by co-transfecting
pLIM1-EGFP-LTs or pLIM1-EGFP plasmids with helper plasmids (pHCMV-G, pRSV rev

and pMDLg/pRRE). Virus supernatants were harvested 48 hours after transfection and

14
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filtered through 0.45 pm filters. For transduction, virus supernatants and 4ug/ml polybrene
were added to the MRC-5 cells overnight, then cells were washed twice with culture medium.

1pg/ml puromycin was applied for 5 days to select transduced cells.

scRNAseq and gene expression analysis

Since WaGa cells grow in suspension no isolation step was required and cells were directly
single cell barcoded using the 10x Genomics 3’ Chromium v2.0 platform (Zheng et al., 2017)
(10x Genomics, Leiden, Netherland). Library preparation was performed according to the 10x
Genomics protocol and the library afterwards sequenced on an Illumina HiSeq 4000

(Illumina).

The Cell Ranger Single Cell Software Suite version 2.1.1 (http://10xgenomics.com/) was used
with default settings to align cDNA reads to the hgl9 human reference genome and the
Merkel cell polyomavirus sequence (NC 010277.2). For quality control, cells with less than
1000 UMI counts, less than 200 genes or expressing more than 10% mitochondrial genes
were removed from analyses leaving in total 4187 cells. The Seurat R package was used for
normalization and biological analysis (Butler et al., 2018). Expression values in the count
matrix were imputed after normalization using the software package MAGIC (van Dijk et al.,
2018). Cell cycle scores were calculated using a list of cell cycle-related genes identified by

Kowalczyk (Kowalczyk et al., 2015) and the Seurat “CellCycleScoring” function.

Data Availability Statement

Datasets related to methylation levels of ATOH1 and microRNA-375 in the article can be

found at http://dx.doi.org/10.17632/zpbnvthp8b.1, an open-source online data repository

hosted at Mendeley Data. Datasets of WaGa single cell RNA sequencing were uploaded to

NCBI-GEO (GSE130346).

15



ACCEPTED MANUSCRIPT

Statistical Analysis

Statistical analyses were performed using GraphPad Prism 6.0 Software (GraphPad Software
Inc., San Diego, CA, USA). Experiments containing two groups were analyzed using Mann-
Whitney U test. Experiments containing more than two groups were analyzed using Kruskal-
Wallis test for unpaired non-parametric samples. R studio was applied in statistical analysis as
indicated: ggpubr R package for correlation analysis. A p-value smaller than 0.05 was
considered significant; the respective p-values are indicated in the figures as follows: *p <

0.05, **p < 0.01, ***p < 0.001.
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FIGURE LEGENDS

Fig. 1: The highly expressed ATOH1 in MCC cell lines and tissues correlates with miR-

375 expression

a: ATOH]1 expression in 22 MCC cell lines (19 classical MCPyV positive [n=13, red] or
negative [n=6, gray], and three variant MCC cell lines [blue] (details are described in Fan et
al., 2018 (Table S1)) as well as 13 non-MCC skin cancer (melanoma, squamous cell
carcinoma), lung cancer, kidney, and fibroblast cell lines (details are described in Fan et al.,
2018 (Table S2)) was quantified by RT-qPCR in triplicates. The expression of ATOH1 was
normalized to HPRT and is depicted relative to 293T cells as calculated by the 224°? method.
b: Immunoblot of ATOHI in MCC and SCC cell lines, B-Tubulin served as endogenous
control. ¢: ATOHI1 expression in 40 non-MCC skin cancer tissue samples (35 melanoma
[black] and 5 BCC [blue]) as well as 23 MCC tissue samples (14 MCPyV+ [red] and 9
MCPyV- [gray]) was determined by RT-qPCR in triplicate. The expression level of ATOH]1
was normalized to HPRT and is depicted relative to one randomly selected melanoma sample
as calculated by the 2*4%? method. d: DNA methylation status of the CpG islands in ATOH1
promoter region (<1500bp before ATG) from classical MCC (green, n=9), variant MCC
(purple, n=3) cell lines and MCC tissues (orange, n=3) was analyzed by Methylation EPIC
Array. DNA methylation levels (B-values) were indicated as the line and shaded areas are
defined by 95% confidence interval. e: Correlation analysis for ATOH1 promoter methylation
level and ATOH1 mRNA expression level in MCC cell lines (5 MCPyV+ [red] and 4
MCPyV- [blue]) was performed in R using the "ggpubr" package. f: Correlation analysis for
miR-375 expression level and ATOH1I mRNA expression level in MCC cell lines (13
MCPyV+ [red] and 8 MCPyV- [blue]) was performed in R using the "ggpubr" package. The
expression of ATOH1 mRNA/ miR-375 was normalized to HPRT/ U6 and is depicted relative

to 293T cells as calculated by the 2"*4°? method. g: Methylation patterns of the miR-375 gene
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aré. ciepicteci The r;d .bottc;n-lm track refers to the miR-375 single exon gene structure
annotation, whereby the arrows indicate the genomic orientation. The classical (green, n=9)
and variant (blue, n=3) MCC tracks refer to the degree of methylation in percent over the
classical and variant MCC cell lines. Each bar represents one single CpG site. The horizontal
green block represents the location of a known CpG-islands (CpG rich regions). The 100
Vertebrates Conservation (Vert. Cons) track displays the DNA sequence conservation within

vertebrates. A high degree of conservation outside of an exon in combination with a CpG-

island suggests the possible presence of a promoter region.
Fig. 2: ATOH1 knockdown in WaGa cells downregulates miR-375 expression

a: ATOH]1 expression in WaGa cells transfected with siRNAs against ATOH1 or control
siRNA was quantified by RT-qPCR in triplicates. The expression of ATOH1 was normalized
to HPRT and is depicted relative to control siRNA transfected cells as calculated by the 2744¢4
method (mean + SD). b: Immunoblot of ATOH1 in WaGa cells transfected with siRNAs
against ATOHI or control siRNA, B-Tubulin was used as endogenous control. ¢: miR-375
expression in WaGa cells transfected with siRNAs against ATOH!1 or control siRNA was
quantified by RT-qPCR in triplicates. The expression of miR-375 was normalized to U6 and
is depicted relative to control siRNA transfected cells as calculated by the 2“1 method
(mean + SD). d: 24 hours after nuclear transfection cells were seeded (1x 10° cells per well)
and counted every two days. Values represent relative cell number to seeded transfected cells

at day 0.
Fig. 3: Overexpressing ATOH1 in MCC13 cells induces miR-375 expression

a: ATOH1 expression in MCC13 cells transfected with ATOH1 expression plasmid or
control plasmid and stratified by their growth pattern (A= adherent; S= suspension) was

quantified by RT-qPCR in triplicates. The expression of ATOH1 was normalized to HPRT

25



(4

[Nt S =R EEHEBEREET == & Sos I LR S R .. — e —— L. = ==

and is depicted relative to untreated cells as calculated by the 2% method (mean + SD). b:
Immunoblot of ATOH1 in MCC13 cells overexpressing ATOH1 (cells growing adherent or in
suspension were separated before analysis); beta-Tubulin served as endogenous control. ¢:
upper row- morphology change of MCC13 cells overexpressing ATOH1; lower row- floating
cells were stained with NucView® 488 and MitoView™ 633 apoptosis assay kit. Living cells
were stained with red while dead/apoptotic cells were stained with green. Scale bar = 50 pM.
d: Luciferase reporter assay to determine E-box activity. MCC13 were co-transfected with
pTA-luc, pTA-3E-luc or pTA-3EM-luc, pCMV-betaGAL as exogenous control, and either
control vector or ATOH1 vector. Values represent luciferase activity relative to cells
transfected with control plasmid. e: miR-375 expression in MCC13 cells transfected with
ATOHI1 expression plasmid or control plasmid was quantified by RT-qPCR in triplicates. The
expression of miR-375 was normalized to U6 and is depicted relative to untreated cells as
calculated by the 2"*4°? method (mean + SD). f: Upper row- morphology change of primary
skin fibroblasts (Fibro 1.7) overexpressing ATOH1; lower row- floating cells stained with
NucView® 488 and MitoView™ 633 apoptosis assay kit. Living cells were stained with red
and dead/apoptotic cells were stained with green. Scale bar = 50 pM. g: miR-375 expression
in primary skin fibroblasts (Fibro 1.2 and Fibro 1.7) transfected with ATOH1 expression
plasmid or control plasmid was quantified by RT-qPCR in triplicates. The expression of miR-
375 was normalized to U6 and is depicted relative to control cells as calculated by the 2-

AACq method (mean + SD).

Fig. 4: Overexpressed truncated MCPyV LTAs induces ATOH1 expression as well as

miR-375 expression in MRC-S cells

a: Upper row- morphology changes of MRC-5 cells transduced with different truncated
MCPyV LTAs derived from MCC cell lines; lower row- floating growing cells stained with
NucView® 488 and MitoView™ 633 apoptosis assay kit. Living cells were stained with red
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and déad/apoptot-ic lc;el-ls. v_vere. étained w:th green. Scale bar = 50 pM. b ATOH]1 expression
in MRC-5 cells (adherent and suspension cells were analyzed separately) transduced with
different truncated MCPyV LTAs expression constructs quantified by RT-qPCR in triplicates.
The expression of ATOH1 was normalized to RPLPO and is depicted relative to EGFP cells
as calculated by the 2724“Y method (mean + SD). ¢: miR-375 expression in MRC-5 cells
expressing different truncated MCPyV LTAs was quantified by RT-qPCR in triplicates. The
expression of miR-375 was normalized to U6 and is depicted relative to EGFP cells as
calculated by the 2*“? method (mean + SD). d-f: Principle component analysis (PCA) of
single cell sequenced WaGa cells. d: PCA based exclusively on cell cycle marker genes, cells
are colored with respect to their cell cycle. e and f: Expression level of MCPyV LTA mRNA
(e) and ATOH1 mRNA (f) in WaGa cells in principle component reduced space. Expression
values were imputed using the software MAGIC to compensate for dropouts typical for 10x

Genomics scRNA-seq.
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Figure 3

ATOH1 mRNA

10’

rel. kuic./ bela-GAL
-

Uni

PCDNA 1ug

Lo

treated

pTA-luc

= al

U
\F‘et";\r“’fos\ﬂ AW
&

5 &
Cod

) A0 N\
7 o? o

pcDNA g

Py

= B pcDNA
I ATOH1

pTA-3E-luc pTA-3EM-luc

ATOH1 159

ATOH1 0 Spg ATOH1 1ug

miR-375

miR-375

50

R L)
B2 W e
Pt o

%
F 1o
e
WFitros 1.2 i
IlFibros 17

PCDNA g ATOH1 1pg A ATOH1 g S



ATOH1 mRNA

il

otmga

MKL-1_LT

c
oy
[ 1
1
w
3
E
SIS SR S S~ N, S SR
KAV AN oAV K AN AN gV
¢ W "‘*\‘ “‘*\,‘7' ¢ “5 ““(\\'\ ‘“\\ﬂ'
Adherent Suspension
e
LT mANA

!ou

ou3
033

0

MKL-2 LT

R L S 6 S
AV AV g VK AV AV Y
e ‘Kpf" e\ ‘K@\."'
Adherent Suspension
?
ATOH1 mRNA

oo8
no7

20 10
PC1

10



ASCL1_fw CCCAAGCAAGTCAAGCGACA
ASCL1_rv AAGCCGCTGAAGTTGAGCC
ATOH1_fw TGAAGGAGTTGGGAGACCAC
ATOH1_rv GTAGACGGGATGCTCTCTCG
MCPyV-LTA_fw | CTCGTCAACCTCATCAAAC
MCPYV-LTA_rv | GGAGCAAATTCCAGCAAA
HPRT_fw GTCGTGATTAGTGATGATG
HPRT_rv GTTCAGTCCTGTCCATAA
RPLPO_fw CCATCAGCACCACAGCCTTA
RPLPO_rv GGCGACCTGGAAGTCCAACT
RPLPO_TP YY-ATCTGCTGCATCTGCTTGGAGCCCA-BHQ1
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