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Abstract in German  

Die Dysregulation von miRNAs ist bei allen bekannten Krebsarten zu finden und für die 

Karzinogenese, Metastasierung und das Behandlungsansprechen essentiell. Bestimmte 

Merkmale von miRNAs, wie die Zirkulation im Blut und die Stabilität, ermöglichen es 

ihnen, als Biomarker für die Diagnose, Prognose und Überwachung von 

Krebserkrankungen zu fungieren. Beim Merkelzellkarzinom (MCC), einem seltenen und 

aggressiven Hautkrebs, sind die Studien zu miRNAs eher begrenzt. Deshalb haben wir 

miRNA-Profiling in MCCs durchgeführt. miR-375 wurde als häufig vorkommende 

miRNA in klassischen MCC (cMCC) Zelllinien und Tumorgeweben identifiziert. Als 

nächstes zeigte das Vorhandensein von miR-375 in MCC-konditionierten Medien und 

Seren von zwei präklinischen MCC-Modellen, dass es wahrscheinlich als zirkulierende 

miRNA bei MCC-Patienten vorhanden ist. Tatsächlich unterscheiden sich miR-375-

Serumspiegel zwischen MCC-Patienten mit und ohne Tumorlast, korrelieren mit dem 

MCC-Tumorstadium und dienen als wertvoller Marker für die MCC-Überwachung.  

Als nächstes untersuchten wir die Funktionsweise der transkriptionellen Regulation von 

hochexprimierter miR-375 in MCCs. Der atonale BHLH-Transkriptionsfaktor 1 (ATOH1) 

gilt als abgeleiteter miR-375-Regulator. Die hohe Expression von ATOH1 wird in cMCC-

Zelllinien und MCC-Geweben bestätigt und weist ein ähnliches Expressionsmuster wie 

miR-375 auf. Wir zeigen mittels Knockdown und Überexpression, dass ATOH1 der 

Induktor von miR-375 in MCC-Zellen und Fibroblasten ist. Interessanterweise induzieren 

die ektopische Expression von MCPyV LTs und ATOH1 ähnliche zellmorphologische 

Veränderungen, und die Expression von ATOH1 und miR-375 wird durch MCPyV LTs 

induziert.  

Darüber hinaus untersuchten wir durch Knockdown mittels Antagomirs via Nukleofektion, 

die Rolle von miR-375 in MCC-Zellen. Der fast vollständige miR-375 Knockdown in 

cMCC-Zelllinien hat weder die Zellvitalität, noch die Zellmorphologie verändert. Zwei 

onkogene Signalwege, nämlich Hippo und EMT, die in MCC-Zellen durch miR-375 

reguliert werden, wurden nur geringfügig verändert. Diese Beobachtungen machen miR-

375 als intrazelluläres Onkogen in MCC-Zellen unwahrscheinlich. 

Schließlich haben wir die Funktion von miR-375 in der interzellulären Signalübertragung 

untersucht, wobei wir uns auf die krebsassoziierte Fibroblasten-(CAF)-Polarisation 

konzentrierten. Exosomale MCC-abgeleitete miR-375 wurde auf Fibroblasten übertragen, 
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die ihre Polarisation in Richtung CAF-Phänotyp, einschließlich einer erhöhten Expression 

von α-SMA, CXCL2 und IL-1β, verursacht. Die in der Kokultur induzierte 

Fibroblastenpolarisation wird durch miR-375 Antagomire gehemmt oder durch ektopische 

miR-375 Expression, die RBPJ und p53 beeinflusst, imitiert. Eine Reihe von in situ 

Beobachtungen aus MCC-Tumorproben stimmen mit unserer Hypothese überein. So 

liefern wir mehrere Beweislinien, dass die miR-375-Expression in MCC eine 

protumorigene Mikroumgebung erzeugt, indem sie eine Fibroblastenpolarisation induziert. 

Zusammengefasst, zeigen wir in dieser Arbeit nicht nur, dass miR-375 als zirkulierender 

Serummarker für MCC dient, sondern erläutern auch die transkriptionelle Funktionsweise 

und Rolle in MCC-Zellen. Noch wichtiger ist, dass wir exosomale miR-375 aus MCC-

Zellen zeigen, die Fibroblasten Richtung CAF-Phänotyp polarisieren.   
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Abstract in English 

Dysregulation of miRNAs is found in all known cancer types and essential for 

carcinogenesis, metastasis and treatment responses. Certain features of miRNAs, such as 

circulating in the blood and stability, allow them to act as biomarker for cancer diagnosis, 

prognosis and monitoring. In Merkel cell carcinoma (MCC), rare and aggressive skin 

cancer, studies regarding miRNAs are rather limited. Thus, we performed miRNAs 

profiling in MCCs. miR-375 is identified and confirmed as highly abundant miRNAs in 

classical MCC cell lines and tumor tissues. Next, presence of miR-375 in MCC 

conditioned mediums and sera of two preclinical MCC models indicates it is likely present 

as a circulating miRNA in MCC patients. Indeed, miR-375 serum levels distinguish MCC 

patients with tumor burden or without, correlate with MCC tumor stage, and serve as 

valuable marker for MCC monitoring.  

Next, we explored underline mechanism of transcriptional regulation of highly expressed 

miR-375 in MCCs. atonal BHLH transcription factor 1 (ATOH1) is considered as deduced 

miR-375 regulator. High expression of ATOH1 is confirmed in cMCC cell lines and MCC 

tissues and exhibits similar expression pattern as miR-375. We demonstrate that ATOH1 is 

the inducer of miR-375 in MCC cells and fibroblasts via knockdown and overexpression 

experiments. Interestingly, ectopic expression of Merkel cell polyomavirus large T 

antigens (MCPyV LTs) and ATOH1 induce similar cell morphologic changes, and ATOH1 

and miR-375 expression are both induced by MCPyV LTs.  

Furthermore, we examined the role of miR-375 in MCC cells via knockdown experiments 

using antagomirs via nucleofection. Nearly complete miR-375 knockdown in cMCC cell 

lines did neither change cell viability nor cell morphology. Hippo and epithelial–

mesenchymal transition (EMT) related oncogenic signaling pathways, which are predicted 

as regulated by miR-375 in MCC cells, was only slightly altered. These observations 

render miR-375 unlikely as an intracellular oncogene in MCC cells. 

At last, we scrutinized the function of miR-375 in intercellular signaling, focusing on 

cancer associated fibroblasts (CAF) polarization. Exosomal MCC-derived miR-375 is 

transferred to fibroblasts causing their polarization towards CAF phenotype including 

increased expression of alpha-smooth muscle actin (α-SMA), C-X-C motif chemokine 

ligand 2 (CXCL2) and interleukin 1 beta (IL-1β). Coculture induced fibroblast polarization 
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is inhibited by miR-375 antagomirs or mimicked by ectopic miR-375 expression via 

targeting recombination signal binding protein for immunoglobulin kappa J region (RBPJ) 

and p53. A series of in situ observations from MCC tumor samples are consistent with our 

hypothesis. Thus, we provide several lines of evidence that miR-375 expression in MCC 

generates a protumorigenic microenvironment by inducing fibroblast polarization. 

Taken together, in this thesis, we not only demonstrate that miR-375 serves as a circulating 

serum marker for MCC, but also explore its transcriptional mechanism and functional role 

in MCC cells. More importantly, we demonstrate exosomal miR-375 derived from MCC 

cells polarizes fibroblasts into CAF phenotype.    
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1. Introduction 

1.1 Merkel cell carcinoma 

Merkel cell carcinoma (MCC), also called neuroendocrine tumor of the skin, is a rare and 

aggressive skin cancer. It was first described as "trabecular carcinoma of the skin” in 1972 

by Cyril Toker (Toker, 1972). The following studies demonstrated that these tumor cells 

were bearing a phenotypic resemblance to Merkel cells, which were present in the basal 

layer of the epidermis and served as mechanoreceptors essential for light touch sensation 

(Maricich et al., 2009). Thus, the name was changed to Merkel cell carcinoma. Both 

Merkel cells and MCC cells are sharing similar neuroendocrine phenotypes, such as 

expressing markers cytokeratin 20 (CK 20), chromogranin‐A and synaptophysin. 

Comparing to malignant melanoma, it is less common, but the case fatality rate (33%) is 

much higher than malignant melanoma (15%) (Stang et al., 2018, Kaae et al., 2010), 

largely due to the high probability of metastatic progression. As reported to date, relevant 

risk factors of MCC are including advanced age, ultraviolet light (UV) exposure, immune 

suppression and bearing chronic inflammatory disorders (Becker et al., 2017). Merkel cell 

polyomavirus (MCPyV) integration in the cell genome or exposure to UV radiation is 

considered associated with MCC pathogenesis. However, the distinct molecular 

pathogenesis of MCC and its link to MCPyV or UV exposure mostly remains elusive. 

Thus, the development of effective targeted therapies for MCC is impeded. For advanced 

MCCs, which are not amenable to surgery and/or radiotherapy, chemotherapy does not 

provide a concomitant survival advantage due to relatively high treatment-related 

morbidity and mortality (Duprat et al., 2011). But since 2016, using immune‐checkpoint 

inhibitors therapies for MCC patients resulted in a strong survival benefit for metastatic 

MCC (Kaufman et al., 2016, Nghiem et al., 2016, Terheyden and Becker, 2017). 

1.1.1 Epidemiology 

MCC incidence rate was observed increasing in in Sweden, the Netherlands and the United 

States during 2005-2008, whereas the incidence date has been stable since 1995 in 

Denmark, Finland, Iceland and Norway (Agelli and Clegg, 2003, Girschik et al., 2011, 

Hodgson, 2005, Kukko et al., 2012). Improvements in cancer diagnosis, including the use 

of CK 20 immunostaining and identification of MCPyV integration in most MCCs, might 

contribute to the increase of the incidence of MCC. As a rare disease, the epidemiology of 
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MCC is not well studied. A comparison of MCC incidence between different countries is 

difficult because different measurements were applied in different studies. However, the 

incidence of MCC differs among geographic areas and ethnic groups (Agelli et al., 2010). 

Most representative MCC patient is a white male at his 70s or 80s with a history of 

extensive solar UV exposure. In the United States, around 1600 MCC patients were 

diagnosed every year, the median age of MCC patients at diagnosis is 75 to 80 years 

(Soltani et al., 2014, Youlden et al., 2014, Zaar et al., 2016). 5 years relative survival of 

patients in United States was around 60% (1973 -1999) and only 40% in Queensland, 

Australia (2006-2010) (Youlden et al., 2014).  

1.1.2 Pathophysiology 

Clonal integration of MCPyV in the genome or solar UV radiation-related DNA damage 

and mutations are considered as the original drive for MCC carcinogenesis (Becker et al., 

2017). Notably, exposure to UV radiation not only can cause DNA damage but also result 

in local immunosuppression, which might be also essential for viral carcinogenesis (Prasad 

and Katiyar, 2017, Popp et al., 2002). UV radiation induces the generation of inflammatory 

mediators and alters the function of antigen-presenting dendritic cells, which causes a 

cascade of events and further decreases the local immune sensitivity (Prasad and Katiyar, 

2017). 

The MCC cells share morphological, immunohistological as well as ultrastructural features 

with Merkel cells, together with gene expression profiling and molecular analysis 

evidence, Merkel cells or Merkel precursor cells were hypothesized as the cellular origin of 

MCC. However, the direct histogenetic link between MCC and Merkel cells is missing, 

and Merkel cells are specialized as terminally differentiated cells, which are unable to 

divide (Becker et al., 2017). Thus, they are might not the origin of MCC cells. Researchers 

also provided evidence that MCC cells might also originate from pre-B/ pro-B cells (Zur 

Hausen et al., 2013), or dermal fibroblasts (Tilling et al., 2014). 

1.1.2.1.  Merkel cell polyomavirus  

The fact that MCC tumors occur more frequently among the patients suffering long-term 

immune suppression indicates the involvement of infectious pathogens. Chang-Moore 

group performed unbiased metagenomic next-generation sequencing and identified a new 

human polyomavirus in MCC (Feng et al., 2008). They also demonstrated viral DNA was 

clonally integrated in the host DNA in eight of ten tumor samples (Feng et al., 2008). 
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Ensuring studies on more MCC patient cohorts confirmed the presence of MCPyV in most 

of tested samples (Shuda et al., 2008, Becker et al., 2009). Further evidence indicates that 

virus integration is an early event in the MCC tumorigenic process and likely playing an 

essential etiologic role (Houben et al., 2010, Schrama et al., 2019). However, the 

association between MCPyV status in the tumor and patient survival rate is controversial 

(Laude et al., 2010, Bhatia et al., 2010, Schrama et al., 2011).  

MCPyV is a small-sized, circular and double-stranded DNA virus, which belongs to the 

Polyomaviridae family (Gheit et al., 2017). MCPyV infection is common on the skin, high 

seroprevalence is detected in the healthy adult population (Pastrana et al., 2009), no sign or 

symptom is observed in the primary MCPyV infection (Tolstov et al., 2011). These 

evidences indicate that MCPyV is a general component of normal microbial skin flora 

(Loyo et al., 2010). Similar to other members of Polyomaviridae family, MCPyV genome 

contains an early region encoding proteins for viral replication (large T antigen (LT), small 

T antigen (ST) and 57k T antigen) and late region encoding proteins for viral capsid (viral 

protein 1 and viral protein 2) (Feng et al., 2008, Schowalter and Buck, 2013). Moreover, a 

viral miRNA named as MCV-miR-M1 is also encoded by in the virus genome (Lee et al., 

2011), its function is not yet explored.   

1.1.2.2.  Oncogenic role of MCPyV  

After MCPyV was reported as an MCC-associated virus, the gap between common 

MCPyV infection and low incidence of MCC leads to the question: Why? Based on the 

observed pieces of evidence, at least two events are required for MCPyV to act as an 

oncogenic role in MCC tumor development. The first is MCPyV genome integration into 

the host genome and the second is that LT is truncated due to different mutations impeding 

viral replication (Feng et al., 2008, Shuda et al., 2008). The virus genome might 

occasionally integrate into the host genome during replication, it remains unclear whether 

MCPyV possesses preferred integration sites in human genome, it seems that MCPyV is 

randomly integrated into host genome (Martel-Jantin et al., 2012, Duncavage et al., 2011). 

Another event is LT truncation, the helicase domain, DNA binding domain, and cell 

growth inhibitory domain are disrupted, but retinoblastoma-associated protein (RB1) 

binding motif remains intact, which allows LT to bind to RB1 protein and supports growth 

of tumor cells (Shuda et al., 2008, Kwun et al., 2009, Li et al., 2013). MCPyV virions are 

no longer produced in the MCC cells carrying integrated and mutated MCPyV genome. 

Despite the fact that the mechanism of MCPyV integration is largely unknown, those two 



 

 

 

9 

events are reported essential for the MCC development (Becker et al., 2017, Harms et al., 

2018). Regarding which event occurs first, David et al. indicated that LT mutations 

happened before MCPyV integration based on their observation of discrete stop-codon 

mutations in MCC cells with concatemeric virus integration (Schrama et al., 2019). 

Moreover, the extremely low probability of both events may give an explanation about the 

gap mentioned in the question above.  

Early genes of MCPyV, LT and ST are considered as viral oncoproteins contributing to 

oncogenesis of MCC (Houben et al., 2010, Houben et al., 2012, Shuda et al., 2014). 

Knockdown expression of LT and ST results in cell death of MCPyV positive MCC cells, 

indicating they are required for proliferation and/ or cell survival. As mentioned above, 

truncated MCPyV LT binds to RB1 protein and promote cell growth via upregulation of 

the survivin expression (Houben et al., 2012). Growing evidences indicate that MCPyV ST 

is an oncogenic protein in MCPyV positive MCC oncogenesis, especially in cell 

transformation step. ST expression alone could transform rat-1 fibroblasts (Shuda et al., 

2011), and human fibroblasts when co-expressing truncated LT in vitro (Cheng et al., 

2013). ST transgenic mice experiments indicate that ST expression can lead to tumor 

formation in different organ systems (Verhaegen et al., 2015, Spurgeon et al., 2015). More 

important, co-expressing atonal BHLH transcription factor 1 (ATOH1) and MCPyV ST in 

mice result in MCC-like tumor formation (Verhaegen et al., 2017). Besides that, MCPyV 

ST harbors a domain known as LT-stabilizing domain inhibiting different E3 ubiquitin 

ligases via binding to F-Box And WD Repeat Domain Containing 7 (FBXW7) (Kwun et 

al., 2013, Shuda et al., 2015). Co-expression LT and ST shows that LT is stabilized by ST 

expression, other oncogenes like C-myc might be also benefited from ST expression in 

MCC cells (Kwun et al., 2013). MCPyV LT could also regulate host gene expression, it 

promotes cap-dependent mRNA translation of proglycolytic genes via phosphorylation of 

eukaryotic translation initiation factor 4E (eIF4E)-binding protein 1 (4E-BP1) (Shuda et al., 

2015).  

1.1.2.3.  Mutation patterns in MCC subtypes  

MCC tumors were classified into two MCC subtypes according to the MCPyV status: 

MCPyV+ MCCs and MCPyV- MCCs. Besides MCPyV integration is associated with 

MCC oncogenesis, mutation load in MCC tumors, including chromosomal copy number 

variations (CNVs) and other mutations, are scrutinized by different research groups. 

Almost all the MCC tumors are carrying chromosomal CNVs, MCPyV- MCCs typically 
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harbor more CNVs than MCPyV+ MCCs (Paulson et al., 2009). Comparing to MCPyV+ 

MCCs, MCPyV- MCCs possess much a higher somatic mutation load associated with UV 

radiation, which is the feature of other skin cancer types, e.g. melanoma, and cutaneous 

squamous cell carcinoma (SCC) and basal cell carcinoma (BCC) (Harms et al., 2015, Goh 

et al., 2016, Wong et al., 2015).  

In MCPyV- MCCs, mutations associated with inactivation of tumor suppressor genes is 

another feature, such as TP53, RB1, the members of Notch signaling pathway (Wong et 

al., 2015, Cimino et al., 2014). On the contrary, TP53 and RB1 are intact in most of 

MCPyV+ MCCs (Cimino et al., 2014). Some the hotspot activating mutations in other 

human cancers, i.e. KRAS, HRAS, and PIK3CA, are detected in both MCPyV+ MCCs and 

MCPyV- MCCs, while other hotspot activating mutations, like AKT1, RAC1, EZH2, and 

CTNNB1, are only observed in MCPyV- MCCs (Hafner et al., 2012, Nardi et al., 2012, 

Cimino et al., 2014, Wong et al., 2015, Goh et al., 2016, Harms et al., 2015). Those 

mutations are conducive to intracellular signaling changes involved in MCC 

tumorigenesis.  

1.1.2.4.  Immunogenicity of MCC tumors  

Integrated MCPyV in MCPyV+ MCCs and high mutational load in MCPyV- MCCs 

composed the immunogenicity of MCC. In most patients with MCPyV+ MCC tumors, 

epitopes of CD8+ T cells against LT and ST are frequently observed (Lyngaa et al., 2014), 

and CD8+ T cells infiltration in MCC tumors indicates better prognosis (Paulson et al., 

2011). However, intratumoral CD8+ T cells infiltration only occurs in less than 20% MCC 

tumors, and those infiltrated CD8+ T cells in MCC tumors are frequently categorized as 

exhausted T cells (Paulson et al., 2011, Walsh et al., 2016, Dowlatshahi et al., 2013). 

Moreover, human leukocyte antigen (HLA) class I expression was found deregulated in 

MCC cells, which might contribute to lack of CD8+ T cells infiltration in MCC tumors 

(Ritter et al., 2017).  

1.1.3 Immunotherapy treatment on MCC and urgent necessity for biomarker 

Immune checkpoint inhibitors treatment results in a strong therapeutic effect on MCC 

patients base on the immunogenicity of MCC tumors. Programmed cell death protein 

1/ligand 1(PD-1/PD-L1) checkpoint inhibitors have been demonstrated to create durable 

tumor response (Terheyden and Becker, 2017, Kaufman et al., 2016, Nghiem et al., 2016). 

To be noted here, highest tumor responses exists in first-line therapy of patients bearing 
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limited tumor burden, stressing the demand for reliable approaches for early detection of 

tumor recurrence in MCC patients who has no tumor burden after surgery or chemotherapy 

(Kaufman et al., 2016, Nghiem et al., 2016, Terheyden and Becker, 2017). Furthermore, 

around 40-60% of patients do not respond to checkpoint inhibitor treatment (Terheyden 

and Becker, 2017). Thus, a blood-based surrogate biomarker of tumor burden, which can 

be serially assessed, could be a useful tool for both early detection of tumor relapse and 

monitoring of different treatment. 

1.2 microRNAs 

1.2.1 Biogenesis pathway of miRNAs 

miRNAs located at different regions in the human genome: introns of protein-encoding 

genes, intergenic regions or even within the exons of the genes (Lagos-Quintana et al., 

2001, Lagos-Quintana et al., 2003). According to the different locations, the transcription 

regulation mechanisms are also different. miRNAs in the introns are typically transcribed 

together with the host genes (Rodriguez et al., 2004, Aravin et al., 2003, Lim et al., 2003), 

while intergenic miRNAs are transcribed independently utilizing their own promoters 

(Lagos-Quintana et al., 2003, Rodriguez et al., 2004).  

Generally, two cleavage events occurred in the miRNA’s biogenesis process: Drosha 

complex in the nuclear and following Dicer complex in the cytoplasm, both of them are 

ribonuclease III endonucleases (Denli et al., 2004, Gregory et al., 2004, Hutvagner et al., 

2001, Lee et al., 2003). Primary miRNA (pri-miRNA) is transcribed by RNA Pol II or Pol 

III with a stem-loop secondary structure, cleaved by protein complex composed of Drosha 

and RNA-binding protein DiGeorge syndrome chromosomal region 8 (DGCR8) in the 

nuclear (Borchert et al., 2006, Han et al., 2006). Subsequently, cleaved pri-miRNA, so 

called miRNA precursor (pre-miRNA), is exported into the cytoplasm through transporter 

Exportin-5 complex (Bohnsack et al., 2004, Okada et al., 2009, Zeng and Cullen, 2004). 

Pre-miRNA is cleaved by the Dicer complex into miRNA duplex in the cytoplasm 

(Chendrimada et al., 2005). At last, mature miRNA incorporates with Argonaute (AGO) 

protein of RNA-induced silencing complex (RISC). To be noted, besides the conical 

biogenesis pathway described above, a few miRNAs maturation process doesn’t require 

Drosha or Dicer cleavage, such as mirtrons can bypass Drosha processing (Babiarz et al., 

2008, Okamura et al., 2007, Ruby et al., 2007).    

1.2.2 Function of miRNAs 
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In general, miRNAs bind to the 3’ UTR of target mRNAs and downregulate their 

expression. One miRNA can target to hundreds of mRNAs while the same mRNA can be 

regulated by handful of individual miRNAs (Bartel, 2004). miRNA largely recognize 

target mRNAs through “seed pairing”, positions 2-8 from the miRNA 5´-end, which is the 

principle for target sites prediction (Bartel, 2009).  

miRNAs mostly mediate gene silencing at post-transcriptional level, mRNA degradation 

and/ or translational repression. In plants, mRNA degradation is mediated by perfect base-

pairing between miRNA and target mRNA, cleaved by Argonaute (Yekta et al., 2004). In 

animals, miRNA-mediated mRNA poly(A) tail removal lead to trigger mRNA degradation, 

a glycine-tryptophan protein of 182 kDa (GW182) is recruited by AGO in this process  

(Behm-Ansmant et al., 2006). Imperfect base-pairing between miRNA and target mRNA 

generally result in translational repression. Regarding the silencing mechanism, most 

experimental evidences indicate that the miRISC induces eIF4A-I and eIF4A-II 

dissociation from target mRNAs, thus eIF4F translation initiation complex assembly is 

inhibited (Petersen et al., 2006, Meijer et al., 2013, Fukao et al., 2014). However, to data, 

the miRNA mediated translation repression is still not fully understood (Gebert and 

MacRae, 2019).  

On the contrary, miRNAs can also induce target genes expression, such as miR-122 binds 

to hepatitis C virus (HCV) RNA 5’UTR and protect HCV RNA from degradation (Jopling 

et al., 2005), miR-369-3p binds to tumor necrosis factor (TNF) mRNA 3’UTR and increase 

its translation (Vasudevan and Steitz, 2007, Vasudevan et al., 2007). Further studies 

demonstrated that miRNAs could influence other miRNAs expression, for example, mouse 

miR-709 can inhibit primary miR-15a/16-1 cleavage by binding to its target sequence 

(Tang et al., 2012).  

1.2.3 miRNAs in human cancer disease 

Deregulation of miRNAs expression is confirmed in all known human cancer types after 

decade research. Underline mechanisms include genomic alterations, transcriptional factors 

dysregulation, defects in miRNA biogenesis and epigenetic modifications (Gebert and 

MacRae, 2019). Genomic alterations, including amplification, deletion or translocation of 

miRNA gene copy number or location, often provoke irregular miRNA expression in 

human cancer cells. Frequent deletion of miR-143/145 harboring region (5q33) leads to 

down-regulation of their expression in human colorectal and breast cancer (Iorio et al., 
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2005, Michael et al., 2003). Same as protein encoding genes, miRNA expression is also 

tightly controlled by transcriptional factors network. Therefore, dysregulation of different 

key transcriptional factors, e.g. C-myc and p53, results in abnormal miRNAs expression 

(Gebert and MacRae, 2019, Peng and Croce, 2016).  Ectopic C-myc expression in 

malignant cells impedes the expression of miR-15/26/29/30 and let-7 family, which are 

classified as tumor suppressive miRNAs (Chang et al., 2008). p53 binds to miR-34a 

promoter to induce its expression and trigger apoptosis. miRNA biogenesis is controlled by 

different key enzymes and proteins as described above (Raver-Shapira et al., 2007). Thus, 

atypical expression or mutations of those genes often cause disruption of miRNA 

expression. For example, in a rare kidney cancer, single nucleotide mutations on DGCR8 

and Drosha significantly diminish the expression of miR-200 and let-7 family (Walz et al., 

2015). Another hallmark of cancer is epigenetic alterations, including ectopic DNA 

hypomethylation or hypermethylation and abnormal histone acetylation and deacetylation 

patterns. For example, due to DNA hypermethylation of respective promoter regions, miR-

124a, miR-145 and miR-9-1 expression is inhibited in lung, colon and breast cancer cells 

respectively (Lehmann et al., 2008, Lujambio and Esteller, 2007, Donzelli et al., 2015). In 

addition to those factors, miRNA response elements (MRE)-containing non-coding RNA 

transcripts, also called competing endogenous RNAs (ceRNAs), are reported as miRNA 

sponge regulating miRNA function and expression level, such as phosphatase and tensin 

homolog pseudogene 1 (PTENP1) can impound miR-19b/ 20a targeting phosphatase and 

tensin homolog (PTEN) (Poliseno et al., 2010).   

Function of miRNAs in cancer cells reflects in all features of human cancers, which was 

surmised as six hallmarks (Hanahan and Weinberg, 2011). Upregulation of oncogenic 

miRNAs or downregulation of tumor suppressive miRNAs sustain proliferative signaling, 

e.g. oncogenic miR-17-92 cluster targets E2F Transcription Factor 1 (E2F1) to promote 

cell proliferation (Coller et al., 2007), decreased miR-486 expression in non-small-cell 

lung cancer influence cell proliferation as well as cell migration by regulating insulin-like 

growth factor (IGF) and PI3K-AKT signaling (Peng et al., 2013). Similar to miRNAs 

regulate cell proliferation signaling, differentially expressed miRNAs are deeply involved 

in regulating signaling pathways controlling evading growth suppressors (miR-221/222 

target to cell-cycle inhibitor p27 in glioblastoma cells) (Gillies and Lorimer, 2007), 

resisting cell death (Decreased expression of miR-15a/16-1 upregulate Bcl-2 expression to 

inhibit cell apoptosis in chronic lymphocytic leukemia) (Cimmino et al., 2005), enabling 



 

 

 

14 

replicative immortality (Fas ligand is targeted by miR-590 to promote cell survival in acute 

myeloid leukemia) (Shaffiey et al., 2013), activating invasion and metastasis (miR-200/205 

family targets ZEB1 and SIP1 to promote Epithelial-mesenchymal transition (EMT) and 

tumor metastasis) (Gregory et al., 2008, Bracken et al., 2008) and inducing angiogenesis 

(hypoxia induced miR-210 targets EFNA3 ephrin A3 to boost VEGF expression) (Camps 

et al., 2008, Liu et al., 2012).  

1.2.4 Human cancer virus related miRNAs 

Around 20% human cancers are associated with virus infection, including Epstein-Barr 

Virus (EBV) in Burkitt lymphoma, Hepatitis C virus (HCV) and Hepatitis B virus (HBV) 

in liver cancer, human papillomavirus (HPV) in cervical cancer, Human T-cell leukemia 

virus (HTLV-1) in leukemia as well as Merkel cell polyomavirus (MCPyV) in Merkel cell 

carcinoma (Vojtechova and Tachezy, 2018). To be noted, most of the cancer associated 

virus can not cause carcinogenesis themselves, they might live together with the host for 

decades without tumor development (Vojtechova and Tachezy, 2018). Therefore, other 

factors like immune suppression, oncogenic mutations in host cells and chronic 

inflammation are essential to trigger carcinogenesis of virus associated cancers.  

Viruses gain the ability to manipulate host miRNAs for their replication during evolution. 

As described before, 5’UTR of HCV RNA is protected by miR-122 binding to against 

RNA degradation induced by the cellular antiviral response (Jopling, 2008). On the other 

hand, HBV significantly decreased miR-122 expression in liver cells, because miR-122 

impede its infection (Wang et al., 2012b).  

Utilizing miRNA processing machinery of host cells, viruses encode their own miRNAs. 

Plenty of virus-encoded miRNAs were discovered by deep sequencing and identified in the 

last 20 years, such as miR-BHRF1-3 encoded by Epstein–Barr virus (EBV) (Feederle et al., 

2011), miR-S1 encoded by simian virus 40 (SV40) (You et al., 2012, Sullivan et al., 2005), 

miR-UL112 encoded by Cytomegalovirus (CMV) (Nachmani et al., 2010), and so on… 

Virus-encoded miRNAs are proved not only targets to their own viral genes but also 

regulate the expression of host cellular genes associated with cell proliferation or apoptosis. 

For example, SV40 miR-S1 can regulate SV40 large T antigen expression in the late stage 

of infection (Sullivan et al., 2005), while EBV miR-BART5 targets to proapoptotic gene 

PUMA to sustain host cell survival (Choy et al., 2008).  

1.2.5 miRNAs in Merkel cell carcinoma  
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miRNAs profiling using next generation sequencing (NGS) or miRNA microarray has 

been performed in MCC by different research groups (Renwick et al., 2013, Xie et al., 

2014, Veija et al., 2015, Ning et al., 2014, Abraham et al., 2016a), however, the results are 

not consistent. We performed miRNA microarray as well as Nanostring miRNA panel with 

MCC cell lines and confirmed miR-375 as the highly expressed miRNA in MCPyV+ cell 

lines comparing to MCPyV- cell lines (Fan et al., 2018). Renwick et al and Xie et al also 

identified miR-375 as highly expressed miRNAs in the MCPyV+ cell lines (Renwick et al., 

2013, Xie et al., 2014), however, in the study of Veija et al and Ning et al (Ning et al., 

2014, Veija et al., 2015), miR-375 was not identified as highly expressed miRNA. 

Regarding the biological function of miR-375 in MCCs, different studies also draw 

different conclusions. Abraham et al stated that miR-375 was a positive regulator of NE 

differentiation vie targeting Notch pathway molecules (Abraham et al., 2016a), while Xie 

et al revealed that miR-375 and its target lactate dehydrogenase b (LDHB) were playing 

dual roles in MCPyV+ and MCPyV- MCC cell lines, overexpression of miR-375 in 

MCPyV- MCC cells resulted in cell growth arrest and increased apoptosis while miR-375 

inhibition in MCPyV+ MCC cells had a similar effect (Xie et al., 2014). Besides miR-375, 

the functional role of miRNA downregulated in MCCs, such as miR-209, was also 

explored. miR-203 overexpression decreased cell growth ability via regulating expression 

of the survivin in MCPyV- MCC cells, but not MCPyV+ cells (Xie et al., 2014). 

1.3 miRNAs, exosomes and cancer  

Functions of miRNAs in the cytoplasm are simply described as above, miRNA targeting 

gene regulation is restricted in the same cell, however, the discovery of intact miRNAs in 

exosomes provided solid evidence that they might be essential in various intercellular 

signaling.   

1.3.1 Biogenesis and composition of exosomes 

Exosomes are secreted extracellular vesicles originated from endosomal, size between 40 

to 100nm (Johnstone et al., 1987). In the last decade, exosomes were proved to be released 

by plenty of different cell types and now researchers assume that all the cell types secret 

exosomes (Zitvogel et al., 1998). Exosomes also display the similar phenotypic state of the 

cells in which they were produced (Samanta et al., 2018). They are formed through 

endocytic invagination in the cells, multivesicular bodies (MVBs) are generated in the 

intracellular endosomes, then MVBs fuse with the plasma membrane and release to 
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extracellular space as exosomes (Akers et al., 2013). Exosomes are released from the 

plasma membrane, thus have the ability to fuse with the plasma membrane of recipient 

cells (Svensson et al., 2013). They contain various proteins (tetraspannins CD63 and CD81, 

heat shock proteins Hsp70 and Hsp 90, membrane transport and fusion proteins- Annexins, 

GTPases, major histocompatibility complex (MHC) class I or II, integrins and others 

diverse proteins), significant amounts of miRNAs named as exosomal miRNAs, long non-

coding RNAs, functional mRNAs and even fragments of single-stranded DNA (Samanta et 

al., 2018, Mathieu et al., 2019).   

1.3.2 miRNAs packaging in exosomes 

After miRNAs were identified in exosomes, question is raised as followed: are those 

miRNAs actively and selectively packed into exosomes?  To answer this question, the first 

evidence is that miRNAs are enriched in the exosomes comparing in the cells (Goldie et al., 

2014). Following investigations not only answered that question, but also provided 

evidence of different miRNAs sorting mechanisms into exosomes. Proteins in RNA-

induced silencing complex (RISC), such as GW182 and Ago2 (Lee et al., 2009, Gibbings 

et al., 2009), waxy lipid molecules called ceramide are reported regulating miRNA sorting 

(Kosaka et al., 2010) into exosomes. GGAG motif of miRNAs as well as their guide 

protein (e.g. miR-17 and Heterogeneous nuclear ribonucleoprotein (hnRNP) A2B1) are 

also important for miRNA sorting into exosomes (Villarroya-Beltri et al., 2013, Santangelo 

et al., 2016). Furthermore, expression level of both miRNAs and relative miRNA targets 

influence exosome miRNA sorting, which was proved by overexpression of miR-511-3p 

and its target gene Rock2 in Dicer fl/fl murine bone marrow derived macrophages 

(Squadrito et al., 2014).  

1.3.3 Exosomes (ExomiRs) functions in cancer 

As exosomes can be secreted by any type of cells, the functions of exosomes are extensive. 

Exosomes are reported regulating specific immune responses of T cells via expression of 

MHC class I/II on their surface (Zitvogel et al., 1998). In this thesis, we mainly introduce 

the function of exosomes in cancer. It’s well known that communications between tumor 

cells and stromal cells are essential for cancer progression, which will be introduced in the 

next section.   

More and more investigations indicate that tumor cells transfer proteins and RNAs, 

especially miRNAs, via exosomes, thus modulate stromal cells and immune cells activity 
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to create a tumor supportive microenvironment (Mathieu et al., 2019). Endothelial cells 

can be activated by exosomes derived from tumor cells to favor angiogenesis and further 

tumor metastasis. Exosomal miR-25-3p transferred from colorectal cancer cells target 

KLF2 and KLF4 in endothelial cells, thus promote angiogenesis (Zeng et al., 2018). 

Growing evidences have demonstrated that exosomes from cancer cells are playing a 

critical role in building immunosuppressive microenvironments by modulating infiltrated 

immune cells, including CD8+ effector T cells, regulator T cells, natural killer cells as well 

as dendritic cells and myeloid-derived suppressor cells (Samanta et al., 2018, Zhang et al., 

2015b). Another function of exosomes derived from tumors is that they can reprogram 

stromal cells into cancer associated fibroblasts (CAFs) to promote tumor progression or 

metastasis (Paggetti et al., 2015).   

In turn, stromal cells and immune cells derived exosomes also have an impact on cancer 

cells. Exosomes derived from CAFs, miRNAs as miR-21 and miR143, were transferred 

into cancer cells and enhanced EMT related genes expression in breast cancer 

(Donnarumma et al., 2017). Besides CAFs, exosomes from marrow-derived mesenchymal 

stem cells (BM-MSCs) could inhibit cancer cells proliferation but enhanced resistance to 

chemotherapy in breast cancer cell line MDA231 (Ono et al., 2014). Other stromal cells 

like endothelial cells, macrophages and T cells can promote tumor progression via 

exosomes transferring (Zhang et al., 2015b). However, exosomes released by natural killer 

(NK) cells have different functions, exosomes containing granzymes A/B and cytotoxicity 

factors perforin 1 could kill tumor cells (Zhu et al., 2017), and exosomal miR-186 from 

NK cells reduces cell proliferation as well as immune escape in neuroblastoma (Neviani et 

al., 2019). Besides NK cells, exosomes derived from dendritic cells were showed to be able 

to activate immune response against cancer cells (Pitt et al., 2016).  

In addition to the communications between tumor cells and stromal cells in the tumor 

microenvironments, tumor cells themselves also exchange materials through exosomes 

(Samanta et al., 2018). Exosomes derived from tumor cells can transfer oncogenic traits 

between cancer cells, for example, miR-200 transferred between cancer cells via exosomes 

drives EMT in breast cancer cells (Le et al., 2014). Moreover, tumor cells could develop 

drug resistance by receiving exosomes containing drug-resistant proteins or miRNAs from 

other tumor cells (Maacha et al., 2019).  



 

 

 

18 

1.4 Circulating miRNAs  

 Circulating miRNAs presence is first discovered in human blood by Chim et al in 2008 

(Chim et al., 2008), following researches demonstrate that miRNAs exist in almost all the 

body fluids, such as urine, saliva, tears, milk, cerebrospinal fluid, colostrum, bronchial 

lavage, peritoneal fluid, ovarian follicular fluid and seminal fluid (Weber et al., 2010). 

Here we focus on the researches about circulating miRNAs in serum/ plasma. Questions 

are asked about circulating miRNAs are as follows: What’s the features of those 

circulating miRNAs comparing to the cellular miRNAs? Due to the low amount and tiny 

size of circulating miRNAs, how to solve the challenge to quantify them? Are those 

circulating miRNAs specific for different disease and what’s the function of them?  

1.4.1 Features of circulating miRNAs 

One important feature of circulating miRNAs is that they are very stable comparing to the 

cellular miRNAs, resistant to endogenous RNase activity (Hamam et al., 2017). 

Circulating miRNAs are stable at room temperature up to four days, even after boiling, 

freeze-thaw cycles, and extreme pH change (Mitchell et al., 2008, Dong et al., 2017). 

Underline mechanisms are also explored, part of the circulating miRNAs is protected in the 

exosomes or other extracellular vesicles like microvesicles (Gibbings et al., 2009), and 

apoptotic bodies, part of the circulating miRNAs is binding with proteins like AGO2 

and/or high-density lipoprotein (HDL) (Arroyo et al., 2011, Vickers et al., 2015). However, 

it remains unsettled about the percentage of miRNAs travelling in exosomes, some groups 

reported only a few circulating miRNAs existing in exosomes in human serum (around 

10%) (Arroyo et al., 2011, Turchinovich et al., 2011), while other groups reported that 

most of the circulating miRNAs in the serum are exosome-associated (83% to 99%) (Gallo 

et al., 2012). The difference might due to different methods were used for exosome 

isolation or limited miRNAs in a few plasma samples were measured (Gallo et al., 2012). 

As part of the circulating miRNAs is associated with exosomes, exosome associated 

miRNAs are sorted as introduced above, secretion of circulating miRNAs is also under 

selection, not randomly released (Hamam et al., 2017). Nevertheless, the uptake 

mechanisms of circulating miRNAs are not well known, recipient cells might receive 

exosome associated circulating miRNAs by exosome endocytosis, while exosome-free 

miRNAs might enter recipient cells through specific cell surface receptors, such as 
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miRNAs associated with HDL can enter the cells by HDL receptor (Turchinovich et al., 

2013, Turchinovich et al., 2011).  

1.4.2 Quantification of circulating miRNA 

It is a challenge to quantify circulating miRNA accurately in body fluids. Several methods 

have been established to solve this problem, however, each of them has its own advantages 

and drawbacks. miRNA qRT-PCR is widely used for the measurement, it possesses high 

sensitivity, but it is mostly used to quantify a small set of miRNAs (Hardikar et al., 2014). 

Thus, instead of high-throughput profiling, this method is suitable for validation of result 

from profiling. While miRNA microarray allows researchers to detect large numbers of 

circulating miRNAs at the same time, but the dynamic range is low, novel miRNAs 

(unannotated) could be missed (Garcia-Elias et al., 2017). Another method is next-

generation sequencing, then all the miRNAs could be detected using this method, however, 

large amounts of material is required, therefore some patient serums are not feasible to use 

this method (Coenen-Stass et al., 2018). Moreover, data generated from next-generation 

sequencing is complex, bioinformatics tools are required for analysis. miRNA NanoString 

nCounter panel can measure the exact copy number of miRNAs in samples, but now only 

800 miRNAs can be detected in human samples (Shukla et al., 2018).  

1.4.3 Circulating miRNAs as cancer biomarkers 

Several features of circulating miRNAs make them to become outstanding biomarkers 

(Wang et al., 2018). Firstly, materials for circulating miRNAs, such as patient serum/ 

plasma, are easy to access. The second is the stability of circulating miRNAs, they are 

protected in the exosomes or binding proteins. The last one is that, as introduced before, 

exosomes miRNAs could reflect the miRNA expression profile of parental tumor cells. 

Circulating miRNAs together with already established protein and circulating tumor DNA 

markers are promising to provide better solution for different human cancers diagnosis 

and/ or prognosis. Circulating miRNAs have been identified as biomarker in many cancer 

types: miR-141 for advanced prostate cancer (de Souza et al., 2017), miR-1246 for breast 

cancer (Hamam et al., 2017), an exosomal miRNA panel (let-7a, miR-21, miR-23, miR-

150, miR-223, miR-1229, and miR-1246) for colorectal cancer (Ogata-Kawata et al., 2014), 

miR-92a for acute leukemia (Elhamamsy et al., 2017), miR-192 and miR-29a-3p for HBV 

positive hepatocellular carcinoma (Zhu et al., 2016) and so on… To be noted, we also have 
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identified miR-375 as MCC serum marker for MCC tumor burden recently in Paper I (Fan 

et al., 2018) .  

1.4.4 Possible functions of circulating miRNAs 

Besides being used as cancer biomarkers, we are also interested in whether those miRNAs 

in biological fluid still have certain function in the human body. Growing evidences 

strongly demonstrate that miRNAs transferred via exosomes result in downregulation of 

their target genes and subsequently phenotypic and genetic alteration in the recipient cells, 

however, for circulating miRNAs, it remains unsettled that whether they could decrease 

target genes expression in recipient cells due to the low concentration in the blood (Sohel, 

2016). Several studies indicate that circulating miRNAs might promote tumor cells 

metastasis via contributing to building a premetastatic niche, such as miR-122 could 

reprogram glucose metabolism of the recipient cells in premetastatic niche in breast cancer 

(Fong et al., 2015), circulating miRNAs targeting PTEN also contribute to tumor 

metastasis to the brain (Zhang et al., 2015a). However, circulating miRNAs are associated 

with exosomes as introduced above, it is not clear that those changes in recipient cells are 

induced by miRNAs or other exosomal components. Thus, more investigations are 

required to better understand the functions of circulating miRNAs.  

1.5 Cancer associated fibroblasts in the tumor microenvironment 

Tumor microenvironment is defined as a common term of diverse cell types including 

resident and infiltrated immune cells (lymphocytes, macrophages, myeloid-derived 

suppressor cells), fibroblasts, endothelial cells and other cell types, extracellular matrix 

and a variety of secreted factors in the tumor (Binnewies et al., 2018). In primary 

tumors, the fate of tumor, eliminated by immune cells, initiate dormant micro-metastasis 

or long-distance metastasis, is highly influenced by the tumor microenvironment, and 

finally determined by the interaction of stromal cells and cancer cells.  Immune escape/ 

evasion, hypoxia, angiogenesis and invasion caused by these interactions are essential 

for tumor progression and therapeutic response or resistance. Targeting stromal cells 

instead of tumor cells achieved great success, the best example is the application of 

immune checkpoint inhibitors for treatment (Havel et al., 2019, Nghiem et al., 2016). 

Among different cell types in the tumor microenvironment, cancer associated fibroblasts 

are the most abundant component of the stroma (Kalluri, 2016). All the fibroblasts 

existing in the tumor mass are defined as CAF, growing evidence demonstrate that they 
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are deeply involved in affecting tumor progression (Kalluri, 2016, Chen and Song, 

2019). CAFs are heterogeneous, composed of various subtypes, the origin of CAF is not 

well known now, researches demonstrate that some CAFs subtypes are polarized from 

local fibroblasts and others might differentiated from mesenchymal stem cells (Kalluri, 

2016, Chen and Song, 2019).  

1.5.1 CAF heterogeneity 

Plenty of surface, intracellular and secreted protein markers are applied to identify and 

define CAF subtypes. To date, α-SMA (Tomasek et al., 2002, Ayala et al., 2003), 

fibroblast-specific protein 1 (FSP1/ S100A4) (Iwano et al., 2002, Orimo et al., 2005), 

serine protease fibroblast activation protein (FAP) (Tchou et al., 2013, Arnold et al., 

2014), platelet-derived growth factor receptor-β (PDGFRβ) (Pietras et al., 2008, Pena et 

al., 2013), CXC-chemokine ligands (CXCL2, CXCL12) (Erez et al., 2010, Ahirwar et 

al., 2018), component of collagen type I (COL1A1) (Wei et al., 2018), interleukins (IL-

1β, IL-6) (Erez et al., 2010, Qiao et al., 2018), matrix metalloproteinases (MMPs) 

(Hassona et al., 2014) and other related proteins are reported as CAF markers in 

different investigations. However, none of those reported CAF markers are exclusive for 

activated fibroblasts identification, take α-SMA as example, it is most used and well-

established CAF marker (Kalluri, 2016), but it cannot be used to identify all CAF 

subtypes in the tumor microenvironment (Ohlund et al., 2017, Ayala et al., 2003) and 

also serves as common marker for smooth muscle cells (Ohlund et al., 2014). FAP can 

be detected in CD45 positive immune cells and FSP1 is also present in macrophages 

(Österreicher et al., 2011, Arnold et al., 2014). It’s also important to point out that 

functional activated fibroblasts generally only express part of the listed CAF markers, 

not all of them. According to those expression pattern of CAF markers, CAFs are 

classify into different subsets (Kalluri, 2016). Beside the markers, different CAF origin 

precursor fibroblasts also contribute to fibroblasts heterogeneity (Kalluri, 2016, Quail 

and Joyce, 2013).  

1.5.2 CAF activation/ polarization 

CAFs are generally considered tumor supportive, however, fibroblasts derived from 

normal tissues demonstrate anti-tumor effects in vitro experiments (Alkasalias et al., 

2014). Thus, CAF activation is the process that normal fibroblasts or other CAF 

precursor cells being reprogrammed into tumor supportive CAFs by cancer cells, also 
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known as “educated by cancer cells”. A pile of factors derived from cancer cells and 

particular tumor microenvironment (TME) factors, such as oxidative stress (Toullec et 

al., 2010) and hypoxia, are governing this process (Chen and Song, 2019). Regarding 

cancer derived factors, TGF-β (Quante et al., 2011), IL-6 (Giannoni et al., 2010)  and 

PDGF (Pietras et al., 2008) are mostly studied factors activating fibroblasts (Kalluri, 

2016). Those factors bind to their corresponding receptors and trigger cell signaling 

associated with CAF phenotypes and enhanced proliferative and invasive properties. 

Besides that, RBPJ and p53 were also reported involved in CAF activation (Procopio et 

al., 2015, Kim et al., 2017, Goruppi et al., 2017, Arandkar et al., 2018).  

Alternately, stromal fibroblasts can be activated/ polarized by receiving exosomes 

derived from cancer cells or other stromal cells (Webber et al., 2010, Goulet et al., 

2018). As introduced above, exosomes are carrying various growth factors and/ or 

cytokines, functional DNA/RNA fragments, especially miRNAs as introduced above. 

Take exosomal miR-1247 for example, it is derived from Hepatocellular carcinoma cells 

with a highly metastatic feature, promoting lung metastasis by inducing CAF activation 

in the pre-metastatic niche (Fang et al., 2018). 

1.5.3 CAF function  

In the tumor microenvironment, CAFs are growing along with cancer cells and have an 

essential impact on multiple tumor malignant features via paracrine signaling. To be noted, 

cytokines and chemokines secreted by CAFs are heterogeneous in various cancer types at 

different stages. More and more investigations demonstrate that CAFs are deeply involved 

in tumor tumorigenesis, angiogenesis, metastasis as well as drug resistance (Chen and 

Song, 2019). The first experimental evidence of the tumorigenic role of CAFs in tumor 

tumorigenesis was uncovered in mice model bearing human prostate cancer mass (Olumi 

et al., 1999). In the model, CAFs could promote tumorigenesis of immortalized prostatic 

epithelial cells, but not normal fibroblasts. Following studies were performed in multiple 

cancer types, take breast cancer for example, CAFs promote cancer stem-like cell 

proliferation via CAFs released Stromal cell-derived factor 1 (SDF1) and cancer cells 

expressed CXC-chemokine receptor 4, (CXCR4) interaction (Huang et al., 2010, Orimo et 

al., 2005). Other factors secreted by CAFs, such as heat-shock factor 1 (HSF1), matrix 

metallopeptidase 2 (MMP2) and fibroblast growth factor 1 (FGF1), were proved to foster 

proliferation of cancer cells (Martens et al., 2003, Scherz-Shouval et al., 2014).  
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Regrading tumor angiogenesis, CAFs could generate plentiful fibroblast growth factor 2 

(FGF2), platelet derived growth factor C (PDGFC), vascular endothelial growth factor A 

(VEGFA), secreted frizzled related protein 2 (SFRP2) and osteopontin to trigger or 

intensify the angiogenic programming of the tumor tissue (de Palma et al., 2017).  

CAFs have been reported involved in multistage of tumor metastasis, start from tumor cells 

migration, invasion, intravasation, and eventually establish long distance metastasis. CAFs 

could release different chemokines into the TME to facilitate metastasis, like in breast 

tumors, insulin-like growth factor 1 (IGF1) and SDF1 produced by CAFs could help breast 

cancer cells to colonize in bone marrow microenvironment (Zhang et al., 2013). CAF 

related chemokine, galectin-1 in oral SCC, stanniocalcin-1 in colorectal cancer, bone 

morphogenetic protein (BMP) in prostate cancer, are proved to support tumor metastasis 

(Chen and Song, 2019). Besides secreted factors, CAFs re also reported to create gaps for 

tumor cell invasion in the matrix (Gaggioli et al., 2007, Glentis et al., 2017). Moreover, 

exosome derived from CAFs also contribute to tumor metastasis (Wortzel et al., 2019). In 

the breast cancer models, CAF associated exosomes promote cancer cell migration and 

invasion via the WNT signaling pathway (Chen et al., 2017a).  

High risk tumors often develop resistance to various therapeutic treatments, including 

chemotherapy, targeted therapy and immunotherapy, stromal CAFs are protective to cancer 

cell in different aspects. In the chemotherapy, CAFs could secret IL-6 to boost EMT and 

resistance to cisplatin treatment in non-small cell lung carcinoma (Shintani et al., 2016). 

Cancer stem cells, as a group chemotherapy resistant cells in tumors (Lytle et al., 2018), 

are also protected by CAFs. In lung and breast cancers, a subtype CAFs expressing G 

protein-coupled receptor 77 (GPR77) and CD10 could generate a niche to keep cancer 

stem cells away from chemotherapeutic treatment (Su et al., 2018). In the targeted therapy, 

for example, hepatocyte growth factor (HGF) released from CAFs could activates MAPK 

and PI3K-AKT signaling in BRAF mutated cancer cells against RAF inhibitor treatment in 

melanoma (Straussman et al., 2012).  Despite the success of immune checkpoint inhibitors 

treatment in recent years, around 60% of tumors are not responsive to any of those 

therapies (Yan et al., 2018b). CAFs was reported contributing to the immunotherapy 

resistance, they could eliminate CD8+ T cells in TME via FAS ligand and PD-L2 to 

protect cancer cells (Lakins et al., 2018).  

Besides all the tumor protective CAFs subtypes, tumor suppressive CAFs subtypes are also 

discovered and identified in TME. In breast cancer, CD146+ CAFs could sustain estrogen 
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receptor expression in cancer cells and maintain sensitivity to tamoxifen treatment, while 

CD146- CAFs have opposite function (Brechbuhl et al., 2017).  

1.5.3 CAF in Merkel cell carcinoma 

 Not like common skin cancer types, such as melanoma, basal cell carcinoma (BCC), and 

squamous cell carcinoma (SCC), as a rare skin tumor type, CAFs in Merkle cell carcinoma 

is largely unknown. Dermal fibroblasts are considered as one of the cell origins of MCC, 

since they can be infected by MCPyV (Sunshine et al., 2018), however, fibroblasts in MCC 

tumor mass were not yet explored. In this thesis, we identified α-SMA positive cancer 

associated fibroblasts utilizing immunostaining on MCC tumor tissue sections. Analysis of 

data from single cell RNA sequencing using fresh MCC tissue revealed that fibroblasts in 

the MCC tumor were heterogeneous with CAF features. Next, we scrutinized the role of 

exosome miR-375 and came up with a possible explanation of CAF polarization in MCCs. 
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2. Material and methods  

2.1 Cell lines and primary cell culture  

24 MCC cell lines including 21 cMCC cell lines and three vMCC cell lines, 16 non-MCC 

tumor cell lines, one fibroblast cell line, one embryonic kidney cell lines as well as four 

primary skin fibroblasts were utilized in this thesis, details were listed in Table 1 and Table 

2 in the Appendix. All cell lines are authenticated by STR analysis on a regular basis (last 

performed in June 2019). 

2.1.1 Generation of primary skin fibroblasts 

A series of primary skin fibroblasts were generated from biopsies of healthy skin in our lab 

and used in Paper I, II and IV. Biopsies were cut into small pieces and incubated with 130 

µM Dispase II (Sigma-Aldrich, Darmstadt, Germany) in hanks balanced salt solution 

(HBSS, Sigma-Aldrich) at 4°C overnight to separate the dermis from the epidermis. The 

dermis was then transferred into fresh medium (1:1 DMEM+DMEM/F-12 (PAN-Biotech) 

supplemented with 1% penicillin and streptomycin (P/S, PAN-Biotech) and 15% fetal 

bovine serum (FBS, PAN-Biotech, Aidenbach, Germany), 10µM amphotericin B (AMP-B, 

Sigma-Aldrich) and 75µM ciprofloxacin (CIPRO, Sigma-Aldrich) and incubated overnight 

in a humidified incubator at 37°C.  The medium was replaced after 24h and 48h, gradually 

reducing the AMP-B and CIPRO concentrations to 5µM and 35µM respectively. After that, 

the medium was changed once a week, until fibroblasts began to form confluent patches. 

At this point, the excess tissues were discarded and the remaining adherent fibroblasts were 

cultured in total culture medium (1:1 DMEM+ DMEM/F-12 supplemented with 1% P/S 

and 15 % FBS). 

2.1.2 Coculture conditions between MCC cells and fibroblasts  

Coculture experiments between MCC cells and fibroblasts were performed in Paper IV, 

conditions are described as follows:  

Cell conditioned medium (CM) was generated by culturing cells (2x106) in fresh RPMI 

1640 supplemented with 10% FBS and 1% P/S for 72 hours. Culture supernatants were 

centrifuged to remove floating cells and cell debris. CM was added to 70% confluent 

fibroblasts and incubated for 72 hours.  
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For transwell co-culture (TC), 5x105 MRC-5 cells or 2x105 primary skin fibroblasts were 

seeded in lower part of the 6-well-plate with 0.4µm pore polyester membrane inserts 

(Corning, Hagen, Germany). After 24 hours 1x106 MCC cells were seeded into the inserts. 

Fibroblasts were harvested after 72 hours of co-culture.  

For direct co-culture (DC): MCC cells were added to 70% confluent adherent growing 

fibroblasts. After 72 hours co-culture, the supernatants and floating cells were carefully 

removed, and the remaining adherent cells were washed at least 3 times with PBS to 

remove all floating cells. Adherent fibroblasts were harvested. 

2.2 MCC tissue and serum samples  

In this thesis, in total 67 formalin-fixed and paraffin-embedded (FFPE) MCC tissue 

samples, 48 melanomas tissue samples, and 10 basal cell carcinomas (BCC) tissue samples 

were used. 44 MCC and 10 BCC samples were obtained from Dermatology of Medical 

University of Graz; the other 23 MCC and 48 melanoma samples were from Dermatology 

of University Hospital Essen. RNAs were isolated from these tissue samples and used for 

respective assays in Paper I, II, and IV, besides that, MCC samples were also used for 

Immunohistochemistry (IHC) staining (Paper IV), Immunofluorescence (IF) staining 

(Paper IV) and miRNA in situ hybridization (ISH) (Paper I, IV). To be noted, one 

primary MCC tissue from Dermatology of University Hospital Essen was used for single 

cell RNA sequencing (scRNAseq). 

In total 438 serum samples were used in Paper I, including serum samples from 30 healthy 

control subjects and 109 MCC patients including four different cohorts. Control serum 

samples were obtained from Dermatology of Medical University of Graz, MCC serum 

samples were from Dermatology of Medical University of Graz, University of 

Washington/Seattle, University Hospital Essen, and University of Melbourne. Clinical 

information of these patients is described in supplementary tables of Paper I.  

The investigational protocols using human biopsies were approved by the Institutional 

Review Board/Ethic Committee (17-7539-BO; Ethics Committee of the University 

Duisburg-Essen and sharing of de-identified samples was approved by the ethics 

committees in Graz, Melbourne, and Seattle.  

2.3 Plasmids and Oligos  

2.3.1 Luciferase reporter related plasmids  
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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 based on pTA_luc plasmids in our lab. pcDNA3.1_ 

mCherry_ATOH1 plasmids were also provided by Tsuchiya's lab, control plasmids 

pcDNA3.1 and pCMV-betaGAL were kindly provided by Jianfeng Huang (Medical 

University of Graz, Graz, Austria). These plasmids were used for luciferase activity assay 

in paper II.   

2.3.2 Lentivirus related plasmids  

Lentiviral plasmids pLJM1_EGFP were provided by David Sabatini (Addgene plasmid # 

19319), and plasmids expressing different truncated MCPyV LTAs (MS1_LT, MKL1_LT, 

MKL2_LT) were generated based on pLJM1_EGFP plasmids in our lab. Besides that, 

Lentivirus helper plasmids (pHCMV-G, pRSV rev and pMDLg/pRRE) and pcDH_EGFP 

_P2A_MCS_puro plasmids were kindly provided from David Schrama (University 

Hospital Würzburg, Würzburg, Germany). These plasmids were used for lentivirus 

production in Paper II and IV. 

2.3.3 miRNA mimics and antagomirs  

miR-375 mimics (Mission microRNA Mimic, HMI0537, Sigma-Aldrich) or negative 

control (Mission miRNA negative control 1, HMC0002, Sigma-Aldrich) were used in this 

thesis to overexpress miR-375 in fibroblasts in Paper IV; miR-375 antagomirs (Assay ID: 

MH10327, Catalog: 4464084, Thermo Fisher Scientific, Frankfurt, Germany) or respective 

controls (Catalog: 4464076, Thermo Fisher Scientific) were used for miR-375 knockdown 

in MCC cells and fibroblasts in Paper III and IV.  

2.4 Transfection and lentiviral transduction 

2.4.1 Lipofectamine-based transfection and nucleofection  

Lipofectamine 3000 reagent (Thermo Fisher Scientific) was used for transfection of 

different expression plasmids, reporter plasmids, miRNA mimics and miRNA antagomirs 

in MCC cell lines and fibroblasts according to the instructions of manufacturer (Paper II -

IV).  

Nucleofection transfection was applied to achieve higher transfection efficiency for 

miRNA knockdown on Nucleofector™ 2b Device (Lonza, Basel, Switzerland) in Paper 

III. Transfection buffer Cell Line Nucleofector® Kit V (Lonza) and transfection program 
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D23 were determined as the optimized conditions for nuclear transfection of cMCC cell 

lines.  

2.4.2 Lentivirus production and transduction  

Lentivirus production was performed using respective lentiviral expression plasmids and 

helper plasmids (pHCMV-G, pRSV rev and pMDLg/pRRE) in HEK293T cells. 

Supernatants containing virus were harvested 48- 72 hours after transfection, cell debris 

was then removed by 0.45 μm filters. In Paper II, pLJM1-EGFP plasmids and different 

truncated MCPyV LTs expressing plasmids were used, while in Paper IV, pcDH_EGFP 

_P2A_MCS_puro plasmids were used. For the lentivirus transduction in fibroblasts, 

4μg/ml polybrene and proper amount of virus supernatants were added into fibroblasts for 

12 hours, then cells were cultured in total culture medium. Two days later, 1μg/ml 

puromycin was applied for 5 days for positive selection.  

2.5 RNA isolation, qRT-PCR, multiplexed scRNAseq and miRNA 

hybridization.  

2.5.1 RNA isolation 

Total RNA was isolated using the PeqGOLD total RNA Kit (VWR/ Peqlab, Erlangen, 

Germany) for cultured cell lines, miRNeasy FFPE Kit (Qiagen, Hilden, Germany) for 

FFPE tumor tissues and miRNeasy Serum/Plasma Kit (Qiagen) for serum samples. Isolated 

RNA concentrations were determined with FLUOstar Omega (BMG LABTECH, 

Ortenberg, Germany) (Paper I- IV). 

2.5.2 Real-Time Quantitative Reverse Transcription PCR (qRT-PCR) 

For mRNA transcripts, cDNAs were generated using SuperScript IV reverse transcriptase 

(Thermo Fisher Scientific) according to the given protocols from manufacturer. All the 

qRT-PCR experiments were performed on the CFX Real-Time PCR system (Bio-Rad, 

Düsseldorf, Germany), SYBR green assay and Taqman assay were used for different 

targets genes. In this thesis, SYBR green assay was used for ATOH1, ASCL1, MCPyV-

LTA, pri-miR-375, α-SMA, IL-1β, CXCL2, p53, RBPJ and HPRT, Taqman assay was 

used for RPLP0. HPRT or RPLP0 were used as endogenous control, relative quantification 

was calculated by the 2-ΔΔCq method using the respective control as indicated (Paper I- 

IV).  The sequences of used primers are listed in Table 3 in the Appendix.  
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For miRNAs, miR-cDNAs and following qRT-PCR were performed using pre-designed 

Applied Biosystems TaqMan MicroRNA assays (Thermo Fisher Scientific): miR-182 

(ID002334), miR-106b (ID000442), miR-19b (ID000396), miR-200c (ID002300), miR-

375 (ID000564), cel-miR-39 (ID000200) and small nucleolar RNA RNU6B (ID001093). 

RNU6B was used as endogenous control or cel-miR-39 for serum miRNAs, relative 

quantification was calculated by the 2-ΔΔCq method using the respective control as indicated 

(Paper I- IV).  

2.5.3 Multiplexed scRNAseq and data analysis 

Multiplexed scRNAseq is perform using fresh primary MCC tumor tissue in Paper IV. 

Tumor cells were dissociated into single cell suspension and barcoded using the 10x 

Genomics Chromium v2.0 platform (Zheng et al., 2017) (10x Genomics, Leiden, 

Netherland). Library preparation was performed according to the given protocol and the 

library was sequenced on an Illumina HiSeq 4000 platform (Illumina, Eindhoven, 

Netherland). The Cell Ranger Single Cell Software Suite version 2.1.1 

(http://10xgenomics.com/) was used to align cDNA reads to the hg19 human reference 

genome. Cell types were annotated using the following marker genes (Proliferation 

marker: MKI67, TOP2A, fibroblasts: VIM, FN1, S100A4, T-cells: CD3E, CD8A; MCC: 

CHGA, ENO2, KRT20, CD44, endothelial cells: VIM, VWF, CAV1). A CAF signature 

score was computed using the Seurat AddModuleScore function based on the following 

CAF marker genes: FAP, TAGLN, THY1, DCN, COL1A1, COL1A2, COL6A1, 

COL6A2, COL6A3, ACAT2, CAV1, S100A4. For normalization, dimension reduction 

and visualization we used the Seurat R package v2 (Butler et al., 2018). Differentially 

expressed genes were called using Seurat’s FindMarkers function with default settings. 

RNA velocity estimates were calculated using the corresponding velocyto R package 

with a gene-relative model based on Principal component analysis (PCA) cell-cell 

distances calculated by Seurat(La Manno et al., 2018). Extrapolated cell states were 

projected onto a tSNE embedding that summarizes transcriptional variability in the data 

on a lower-dimensional space. Inferred trajectories are depicted as arrows, where the 

base of the arrow indicates the current and the tip of the error the extrapolated cell state.  

2.5.4 miRNA hybridization  

Locked nucleic acid (LNA)-based miRNA in situ hybridization was performed on FFPE 

fixed MCC tissue sections by Bioneer ISH services (Hørsholm, Denmark). MCC sections 
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were incubated with 20nM of a specific probe against miR-375 (DIG-TCACGCGAG 

CCGAACGAAA-DIG) or a scrambled control probe (DIG-TGTAACACGTCTATACG 

CCCA-DIG) at a 58°C following a previously described protocol (Lindahl et al., 2016). 

This method is used in Paper I and IV to determine miR-375 expression on MCC tumor 

tissues.  

2.6 Protein expression determination 

2.6.1 Immunoblot  

Immunoblot, also called western blot, is using specific antibodies to determine the 

expression level of target proteins according to their molecular weight. The first step is the 

protein isolation from cells or tissues using lysis buffer, then protein lysate was separated 

on the electrophoresis gel, transferred onto nitrocellulose membrane. The membrane was 

blocked in milk and incubated with specific first antibody overnight, then secondary 

antibody with species-specific horseradish peroxidase (HRP) was added after the washing 

step. At last, the result is visualized using the ECL Western Blotting Substrate (Pierce, 

Rockford, IL, USA) in a chemiluminescence imager (Amersham imager 600, GE 

Healthcare, New York, United States). Quantifications of immunoblots were performed 

with ImageJ and Graphpad software (GraphPad Software Inc., San Diego, CA, USA). 

First antibodies used in this thesis are listed here: anti-mCherry antibody (1:200; 1C51, 

Novus Biologicals, Littleton, Colorado, United States) for ATOH1-mCherry, anti-

ATOH1 antibody (1:1000; B6529, LSBio, Eching, Germany), 𝑎-SMA (clone 1A4, 

1:1000, Dako, Düsseldorf, Germany), p53 (clone DO7, 1:1000, Dako), RBPJ (clone 

D10A4, 1:500, Cell Signaling Technology, Leiden, Netherlands) and for β-tubulin (clone 

TUB2.1, 1:2000, Sigma-Aldrich) in Paper II and IV. 

2.6.2 Immunohistochemistry (IHC) staining and staining score determination 

IHC staining was usually used to visualize protein expression on the tissue in situ using a 

specific antibody. In this thesis, IHC staining was performed on FFPE MCC tissue sections 

after deparaffinization to visualize α-SMA expression using an α-SMA specific antibody 

(clone 1A4, Dako) in Paper IV. Antigens were retrieved and incubated with peroxidase 

blocking solution (3% H2O2 in methanol). Sections were then incubated for the first 

antibody and following HPR-polymer anti-mouse antibody (POL2DS-006, Zytomed, 

Eching, Germany), the detection was obtained using permanent HRP green stain 

(Zytomed). After nuclei were counterstained with hematoxylin, sections were dehydrated 
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and mounted in mounting media. The stained sections were then scored for α-SMA 

positive fibroblasts using the Mantra quantitative pathology workstation with inForm 

analysis software (Perkin Elmer). In detail, the instrument was trained by manually 

categorizing the tissue sections into tumor and stromal segments followed by automated 

cell segmentation via their hematoxylin-stained nuclei. The system was then trained to 

automatically distinguish between cell phenotypes by manually identifying 100 tumor and 

stromal cells. The final α-SMA staining score was determined as the percentage of α-SMA 

positive stromal cells. The cutoff for α-SMA positive cells was set at an optical density of 

intensity above 0.26. For each section four areas at the border of the tumor and four areas 

in the middle of the tumor were gripped and analyzed as explained above. The mean of the 

values for tumor border and tumor middle was taken for the final scoring. 

2.6.3 Immunofluorescence (IF) staining  

IF staining was used in Paper IV to determine α-SMA protein expression in fibroblasts. 

Fibroblasts grow on cover slides (Thermo Fisher Scientific) in 12-well plates. Before 

staining, cells were fixed in 4% paraformaldehyde (PFA) for 10 minutes, permeabilized in 

PBS with 0.2% Tween 20 for 15 minutes and blocked with 1% BSA in PBS for 1 hour. 

Then a primary antibody specific against α-SMA (clone1A4, Dako), diluted 1:200 in 1% 

BSA in PBS was added and incubated overnight at 4°C. After two washes, an Alexa Fluor 

546 labeled goat-anti-mouse secondary antibody (1:200, Thermo Fisher Scientific) was 

added for one hour. Following two washes with 5 µg/ml wheat germ agglutinin (WGA, 

conjugated with Alexa Fluor 647, Thermo Fisher Scientific) for 30 minutes and DAPI 

(1:2000, Thermo Fisher Scientific) was added to visualize nuclei. After three washes cells 

were embedded with Prolong Diamond Antifade Mountant (Thermo Fisher Scientific) and 

then Axio Observer.Z1 microscope (Zeiss, Oberkochen, Germany). 

2.6.4 Multiple IF staining  

Multiplex IF staining was performed using the Opal 7-color IHC kit (Perkin Elmer, Velbert, 

Germany) according to manufacturer’s instructions in Paper IV. In short, FFPE fixed 

tissue sections were incubated at 60°C for 1h, deparaffinized in xylene and rehydrated with 

100%, 96% and 70% ethanol for 2 minutes each. Sections were then cross-linked to the 

slide by incubation in 10% Formalin (Sigma-Aldrich) for 10 minutes, followed by two 

five-minute washes in distilled water. Before incubated with each antibody, antigens were 

retrieved by microwaving in a suitable Opal antigen retrieval Buffer pH9 (AR9) or pH 6 
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(AR6) for 15 minutes. After cooling down, sections were blocked with antibody blocking 

solution for 10 minutes before incubation for 30 minutes at room temperature with the 

respective primary antibodies. After three washes in TBS with 0,05% Tween 20 (TBST), 

sections were incubated with Opal polymer HRP mouse and rabbit for 10 minutes at room 

temperature. After washing trice in TBST the respective Opal fluorophore was added in a 

dilution of 1:50 and incubated for 10 minutes at room temperature. After three washes in 

TBST the process was started over with the respective retrieval of the next antibody. The 

order in which the antibodies were added to the sections is summarized in Table 4 in the 

Appendix. After the last antibody incubation nuclei were stained with DAPI for five 

minutes, sections were embedded with ProLong Diamond Antifade Mountant (Thermo 

Fisher Scientific) and incubated at room temperature in the dark for 24 h before imaging 

with the Mantra quantitative pathology workstation (Perkin Elmer). 

2.7 Exosome isolation and characterization  

Exosomes related experiments were performed in Paper IV: exosomes were isolated from 

2mL conditioned medium using the ExoQuick-TC kit (System Biosciences, Palo Alto, CA, 

USA) following the manufacturer’s instruction. Isolated exosome fractions were analyzed 

using violet side scatter in the Cytoflex (Beckmann Coulter, Brea, California, United 

States). Standardized nanoparticles of 50nm, 100nm and 200nm were served to determine 

the size of isolated exosomes. Isolated exosomes were stained with Exo-Red RNA 

fluorescent label (System Biosciences), according to manufacturer’s instruction. 

2.8 Cell viability or proliferation assays 

2.8.1 Live/ dead cell determination  

In this thesis, two methods were applied to distinguish live or dead cells, one is Trypan 

blue exclusion, which was used in Paper III. Dead cells can be stained by Trypan blue dye 

(Sigma-Aldrich) due to their intact cell membranes, thus, live and dead cells can be 

determined under bright field microscopy, cell counting was used to determine percentage 

of live cells or dead cells. Another method is using NucView 488 and MitoView 633 

apoptosis assay kit (Biotium, Fremont, United States) in Paper II. Cells stained with 

MitoView 633 exhibit far-red fluorescent signal, which is positively correlated with their 

mitochondrial membrane potential, while cells stained NucView 488 exhibit green 

fluorescent signal, which is positively correlated with caspase-3 activity in the cells. 

Basically, live cells are stained with red and apoptotic cells are showing green. The kit 
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(1:1000) was used to manifest the cell status of MCC cells and fibroblasts after transfection 

or lentiviral transduction.  

2.8.2 Dead cells/ cell debris removal  

Dead cells /cell debris removal step was performed in Paper III after nucleofection. Ficoll 

solution (Biochrom, Berlin, Germany) was used to remove dead cells and cell debris. Cells 

suspension were mixed with 1x PBS (1: 1), slowly added on the top of an equal volume of 

Ficoll solution. Following the centrifugation step (1200g, 20min, no break) separated the 

cells, the layer containing living cells was harvested and washed with PBS. At last, these 

cells were cultured in a culture medium.  

2.8.3 Cell proliferation assay 

Cell counting from time to time was used to determine cell proliferation/ viability of MCC 

cells after transfection in Paper II and IV. The cell suspension was mixed with Trypan 

blue dye (1:1) to exclude dead cells, cells were counted every second day and the relative 

value was relative to seeded cell number.  

2.9 Luciferase assay 

Luciferase assay was applied in Paper II to determine if ATOH1 or MCPyV LT induced 

transcription factors could bind to E-boxes on the promoter of miR-375 in vMCC cell lines 

and fibroblasts. ATOH1 or truncated MCPyV LT expressing and control plasmids were 

co-transfected with different reporter plasmids (pTA-luc, pTA-3E-luc or pTA-3EM-luc, 

Beta-Gal) into MCC cells or fibroblasts. 48 hours post-transfection, cells were harvested 

and ONE-Glo and Beta-Glo assay system (Promega, Wisconsin, United States) were used 

to detect luciferase signals in FLUOstar Omega (BMG LABTECH) according to 

instructions of the manufacturer, Beta-Gal signal was used as endogenous control.  

2.10 Preclinical in vivo models 

In this thesis, two preclinical models were used in Paper I, chicken chorioallantoic 

membrane (CAM) and mice xenotransplantation. For CAM assays, MCC cells in culture 

medium were mixed with Matrigel (1:1) (BD Bioscience) and planted on the CAM (nine 

days after incubation). For the mice xenotransplantation assays, MCC cells in culture 

medium were mixed with Matrigel (1:1) and subcutaneously injected into the lateral flank 

of NOD.CB17-Prkdcscid/J mice (six weeks, female) (Charles River Laboratories). Those 

mice were housed under specific pathogen-free conditions. Blood form chicken or mouse 
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grafted with MCC cells were collected at the certain time point (CAM, four days; mice, 28 

days) to prepare serum for subsequent experiments. Animal studies were approved by the 

Austrian Ministry of Education and Science (BMWF-66.010/0151-II/3b/ 2012). 

2.11 Pathway finder gene expression arrays 

Pathway finder gene expression arrays were performed using the RT2 Profiler PCR arrays 

(SABioscience via Qiagen) in Paper III. Expression of genes involved in epithelial to 

mesenchymal transition (EMT) (PAHS-090Z) and Hippo signaling (PAHS-172Z) was 

determined in MCC cells transfected with miR-375 antagomirs or negative control. cDNAs 

were generated from isolated total RNAs using RT2 first strand kit (Qiagen) and used in 

the expression array. Realtime qRT-PCR was performed as described above, the relative 

expression of genes was analyzed in RT² Profiler PCR Array software from Qiagen 

(https://dataanalysis.qiagen.com/pcr/arrayanalysis.php). 

2.12 Gene set enrichment analysis (GSEA) 

For gene set enrichment analysis (GSEA), GSEA version 3.0 was used in Paper III and 

IV (Subramanian et al., 2005). Pre-ranked analyses were performed by sorting 

differentially expressed genes according to their fold changes without prior filtering on 

significance or effect size. In paper III, GSEA was performed to check whether any prior 

defined gene set shows significant differences between miR-375_high or miR-375_low 

MCC cell lines; while in Paper IV, it was used to check if any prior defined gene set are 

significantly regulated in CAF_high and CAF_low fibroblasts. Enrichment was then tested 

for the KEGG gene set and the hallmark of cancer gene set (Liberzon et al., 2015). 

2.13 DNA methylation microarray analysis 

DNA methylation level in MCC cell lines (8), SCC cell lines (4) and fibroblasts (3) were 

determined using Infinium MethylationEPIC BeadChips (Illumina, Ense-Höingen, 

Germany) in Paper II. All related data analyses were performed in R (version 3.4.4), 

Bioconductor packages minfi and limma were used in the data processing workflow. The 

methylation level of each CpG island was converted to beta-values to visualize the 

methylation percentage. Human genome (hg19) reference coordinates provided by 

Illumina were applied for annotation information.  
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2.14 Statistical analysis 

Statistical analyses were performed in GraphPad Prism (Version 6.0 to 8.0) (GraphPad 

Software Inc., San Diego, CA, USA) in Paper I- IV. Mann-Whitney U test was used for 

analysis in two groups experiments, while the Kruskal-Wallis test was applied for 

experiments containing more than two groups. Multiple statistical analyses were performed 

in R studio using different R packages: ggpubr R package for correlation analysis in Paper 

I, II and IV, or dot plot in Paper III; heatmap.2 for miRNAs expression pattern in Paper I; 

pROC for ROC curve analysis in Paper I, minfi and limma in Paper II for DNA 

methylation analysis; Seurat v2 and velocyto for scRNAseq analysis in paper IV. p-values 

smaller than 0.05 are considered significant; respective p-values are indicated in the figures 

as follows: *p < 0.05, **p < 0.01, ***p < 0.001. 
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3. Results  

Part of the results may resemble the results sections from my published papers (Fan et al., 

2019a, Fan et al., 2018, Fan et al., 2019b).  

3.1 “Circulating cell-free miR-375 as a surrogate marker of tumor 

burden in Merkel cell carcinoma” (Paper I) 

miRNAs have been investigated in human cancers in the last decades, however, studies 

about miRNAs in MCC are limited when we initiated our project. Here, we scrutinized 

miRNAs expression in MCC cell line and discovered miR-375 as one of the most abundant 

miRNAs in cMCC cell lines and later confirmed in MCC tissues. In this paper, we 

manifested how we discovered and validated miR-375 as a circulating miRNA marker for 

MCC tumor burden.  

3.1.1 miR-375 is strongly expressed in cMCC cell lines and tumor tissues 

We performed Nanostring miRNA assay using nCounter Human v2 miRNA Expression 

Assay kit on six cMCC cell lines, which revealed that miR-375 was one of the most 

expressed miRNAs in those cell lines (Fig. 1A). Following qRT-PCR experiments using 

large cell lines panel, including 21 cMCC cell lines, 3 vMCC cell lines and 23 non-MCC 

cell lines, further confirmed the previous discovery (Fig. 1B). To be noted, miR-375 was 

also highly expressed in MCC tissues comparing to non-MCC skin tumor tissues, which 

was not MCPyV status dependent (Fig. 1C). Furthermore, miRNA hybridization assay 

provided the in situ evidence that miR-375 was strongly expressed on MCC tissues (Fig. 

1A). 

3.1.2 miR-375 is detected in MCC-conditioned medium and serum of preclinical 

models bearing MCC xenografts 

Since circulating miRNAs have been detected in cancer patient serums and they might 

serve as communication factors between different cells (Xu et al., 2013, Mahn et al., 2011). 

In our experiments, we tested if miR-375 was present in the cell culture medium of cMCC 

cell lines. Indeed, among all five previously reported highly expressed miRNAs (miR-

106b, miR-375, miR-19b, miR-182, miR-200c) in MCC cells, only miR-375 was readily 

detected in the conditioned medium (CM) by qRT-PCR (Fig. 1E). Following experiments 
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using multiple MCC cell lines further demonstrated the presence of miR-375 in CM of 

miR-375 expressing cMCC cell lines, but not vMCC cell lines (Fig. 1F).  

 

 
“Fig. 1: The highly expressed miR-375 in MCC cell lines and tissues is also present as cell-free miRNA 
in MCC-conditioned media as well as in sera of MCC-bearing preclinical models.   

A: Heat map depicting the relative expression of the 30 most abundant miRNAs in six MCC cell lines. Data 
obtained by nCounter® Human v2 miRNA Expression Assay (NanoString Technology). B: miR-375 
expression in 24 MCC cell lines (21 classical MCPyV positive [n=14, red] or negative [n=7, gray], and three 
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variant MCC cell lines [blue]; details in S. Tab. 1) as well as 23 non-MCC skin cancer (melanoma, squamous 
cell carcinoma), lung cancer, kidney, and fibroblast cell lines (details in S. Tab. 2) was quantified by RT-
qPCR in triplicates. The relative expression of miR-375 was normalized to U6 and is depicted relative to 
293T cells as calculated by the 2-ΔΔCq method. C: miR-375 expression in 58 non-MCC skin cancer tissue 
samples (48 melanomas and ten basal cell carcinomas) as well as 67 MCC tissue samples (49 MCPyV 
positive [red] and 18 MCPyV negative [gray]) was determined by RT-qPCR in triplicate. The expression 
level of miR-375 was normalized to U6 and is depicted relative to one randomly selected melanoma sample 
as calculated by the 2-ΔΔCq method. D: In situ hybridization (ISH) for miR-375 in a representative MCC 
tissue. Intense miR-375 ISH signal (right), and background staining for the scrambled control (left). Scale 
bar, 10 µm. E: The presence of miR-375, miR-200c, miR-182, miR-19b and miR-106b in 200µl of 
conditioned medium from the MCC cell line WaGa (48 hours culture of 106 cells per ml) and in the cells 
themselves was determined by RT-qPCR in triplicate. The ratio of respective miRNA calculated by the 2-ΔΔCq 
method in conditioned medium to the cells is depicted. F: miR-375 presence in conditioned medium from 
seven different MCC cell lines was determined in triplicate. The expression level of miR-375 was normalized 
to spiked-in cel-mir-39 and is depicted relative to MCC13-conditioned medium as calculated by the 2-ΔΔCq 
method. G: Circulating cell-free (cf) miR-375 in sera of chicken embryos bearing 4-day-old xenotransplants 
of WaGa MCC cells on the chorioallantoic membrane was determined by RT-qPCR in triplicate. The 
expression level of miR-375 was normalized to spiked-in cel-mir-39 and is depicted relative to the serum of 
an untreated chicken embryo as calculated by the 2-ΔΔCq method. H: cf miR-375 in sera of NOD.CB17-
Prkdcscid/J mice with or without subcutaneous WaGa MCC xenografts was determined by RT-qPCR in 
triplicate. The expression level of miR-375 was normalized to spiked-in cel-mir-39 and is depicted relative to 
the sera of tumor-free NOD.CB17-Prkdcscid/J control mice as calculated by the 2-ΔΔCq method. Mann-
Whitney U test were performed as described in Statistical analysis; p*<0.05, p**<0.005, p***<0.001.” The 
data shown above are from my published article (Fan et al., 2018, Paper I) and reproduced here with 
permission from American Association for Cancer Research. 
 

Next, two established MCC xenograft bearing preclinical models were applied to check if 

miR-375 was present in the serum of animals bearing MCC tumor xenografts. WaGa cells 

were either placed on the chicken chorioallantoic membrane (CAM) or injected into the 

flank of nude mice in the MCC xenograft experiments. Serums were prepared from these 

two models and the amount of miR-375 is higher in animals bearing MCC tumors 

comparing to the controls in both models (Fig. 1G, H). These data indicate that miR-375 is 

secreted from MCC cells, thus, miR-375 might be also present in the serum of MCC 

patients with tumor burden.  
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“Fig. 2: Study flow diagram of serum analysis for circulating cell-free miR-375, including two 
retrospective and two prospective MCC patient cohorts.” The data shown above are from my published 
article (Fan et al., 2018), Paper I and reproduced here with permission from American Association for Cancer 
Research. 
 

3.1.3 miR-375 serum levels differentiate patients with MCC tumor burden or without 

evidence of disease 

As encouraged by the results showed above, we measured the amount of circulating miR-

375 in the serum of MCC patients with tumor burden or no evidence of disease (NED) 

using established Realtime qRT-PCR for miRNAs. In total, we analyzed miR-375 in four 

different patient cohorts, which was regarded as discovery cohort (Graz, 40 serum samples 

from 29 patients), training cohort (Seattle, 199 serum samples from 33 patients) and 

validation cohorts (Essen, 77 serum samples from 21 patients and Melbourne, 92 serum 

samples from 26 patients) (Fig. 2). In the discovery cohort, circulating miR-375 serum 

levels were significantly higher in patients with measurable tumor comparing to NED 

patients (Fig. 3A). Receiver Operating Characteristic (ROC) curve analysis revealed that 

miR-375 serum level of 2.299 as the best cutoff to distinguish patients with tumor or NED 

with a sensitivity of 0.826 and specificity of 1.000, calculated area under a ROC Curve 

(AUC) was 0.954 (Fig. 3C). Next, we checked miR-375 serum level of patients in the 



 

 

 

40 

training cohort, which again revealed that miR-375 serum levels were significantly higher 

in the patients with tumor burden (Fig. 3B). miR-375 serum level of 2.595 as optimal 

cutoff value was determined by ROC curve analysis with sensitivity of 0.703 and 

specificity of 0.810, calculated AUC was 0.800 (Fig. 3D).   

 
“Fig. 3: Circulating cell-free miR-375 in serum discriminates MCC patients with and without presence 
of disease: The retrospective discovery and training cohorts.  

A, B: cf miR-375 in sera of MCC patients was determined by RT-qPCR in duplicate and normalized to 
spiked-in cel-mir-39. Values were calculated relative to the serum of an MCC patient with no evidence of 
disease (Graz cohort) by the 2-ΔΔCq method. Results are depicted in Cleveland dot plots categorized in 
patients with no (NED) or with evidence of disease. C, D: Receiver operating characteristic (ROC) curves 
showing the sensitivity and specificity of miR-375 serum levels to discriminate tumor-bearing versus NED 
patients. The areas under the curve (AUC), optimal cut-off values and their sensitivity and specificity are 
given. A, C: Graz cohort; B, D: Seattle cohort. Patients’ characteristics are given in S. Tab. 3 and 4. The 
horizontal line indicates the median, Mann-Whitney U test and pROC R were performed as described in 
Statistical analysis; p***<0.001.” The data shown above are from my published article (Fan et al., 2018), 
Paper I and reproduced here with permission from American Association for Cancer Research. 
 

To validate our hypothesis, another two independent cohorts were used to check their 

serum levels of miR-375. In both tested cohorts, serum miR-375 levels were much higher 

in patients with MCC tumor burden comparing to patients with NED (Fig. 4A, B). In the 

Essen cohort, the optimal cutoff of miR-375 serum level was 3.693 with a sensitivity of 

0.893 and specificity of 0.812, calculated AUC was 0.929 (Fig. 4C). In another cohort, the 

optimal cutoff was 2.953 with a sensitivity of 0.938 and specificity of 0.917, calculated 
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AUC was 0.959 (Fig. 4D). Optimal cutoff of miR-375 serum level from retrospective 

cohorts (Graz and Seattle) was calculated as 2.42 as the mean of these two cohorts. When 

applying this value to distinguish the tumor-bearing or NED patients in the validation 

cohorts, the rate of tumor-bearing patients with miR-375 serum levels lower versus higher 

than the cutoff was 3.1% vs. 61.4 in Essen cohort (Fig. 4E) and in Melbourne cohort the 

rate is 9.1% vs. 88.2% (Fig. 4F). Moreover, combining the miR-375 serum levels in 30 

healthy controls, we are safe to conclude that miR-375 is a valuable biomarker to 

distinguish patients with or without MCC tumor burden.  

 
“Fig. 4: Circulating cell-free miR-375 in serum discriminates MCC patients with and without presence 
of disease: The prospective validation cohorts. 

A, B: cf miR-375 in sera of MCC patients was determined by RT-qPCR in duplicate and normalized to 
spiked-in cel-mir-39. Values were calculated relative to the serum of an MCC patient with no evidence of 
disease (Graz cohort) by the 2-ΔΔCq method. Results are depicted in Cleveland dot plots categorized in 
patients with no (NED) or with evidence of disease. C, D: Receiver operating characteristic (ROC) curves 
showing the sensitivity and specificity of miR-375 serum levels to discriminate tumor-bearing versus NED 
patients. The areas under the curve (AUC), optimal cut-off values and their sensitivity and specificity are 
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given. E, F: The mean optimal miR-375 serum level cut-off was calculated from the optimal cut-off values of 
the retrospective discovery and validation cohorts as 2.42. Proportions of MCC patients of the prospective 
cohorts with (red) or without (blue) tumor burden below or above this mean optimal cut-off are depicted. 
Percentages of MCC patients with tumor burden within each group are given. A, C and E: Essen cohort, B, D 
and F: Melbourne cohort. Patients’ characteristics are given in S. Tab. 3-4. The horizontal line indicates the 
median, Mann-Whitney U test and pROC R were performed as described in Statistical analysis; p*<0.05, 
p**<0.005, p***<0.001.” The data shown above are from my published article (Fan et al., 2018), Paper I and 
reproduced here with permission from American Association for Cancer Research.  
 

3.1.4 miR-375 serum levels correlate with tumor stages in patients bearing MCC 

tumors 

When inspecting the miR-375 serum level values and respective clinical information, we 

discovered a pattern that miR-375 serum levels are higher in the patients with tumor 

burden at tumor stage III or IV. Indeed, combined with all these four cohorts, miR-375 

serum levels are significantly correlated with their AJCC stages in the tumor-bearing 

patients, but not in the patients with NED (Fig. 5A, B). More practically, miR-375 serum 

levels correlated with exact metabolic tumor volumes (MTV) measured by Positron 

emission tomography–computed tomography (PET/CT) scans in the Melbourne patient 

cohort (Fig. 5C).   

3.1.5 Serum miR-375 levels can be used for monitoring MCC tumor progression 

Series serum samples from the same patients with progressed disease or effective treatment 

allowed us to check if miR-375 serum level could be used as a monitor for MCC treatment 

or disease progression. Indeed, miR-375 serum levels changed according to MCC tumor 

regression or tumor shrinkage after treatment in multiple tested MCC patients (Fig. 6). 

Three patients from Melbourne cohort with their metabolic tumor volume measured by 

PET/CT showed the best examples of miR-375 as monitor of MCC tumor progression 

(Fig. 5D-F). Take one as an example (Fig. 5D), one patient with a large tumor (405.8 mL) 

held a high miR-375 serum level (54.9), when the tumor volume shrunk into 69.4mL, the 

respective serum level was 15.8. However, when MCC tumor progressed again, miR-375 

serum level increased to 46.2 accordingly. Following immunotherapy nearly eliminated the 

tumor (volume 2.4mL), the serum level also dropped to a very low level as 0.52. These 

experimental evidence clearly indicate that miR-375 is a promising monitor for MCC 

tumor progression and different treatment management. 
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“Fig. 5: Circulating cell-free miR-375 serum levels correlate with disease stage and tumor burden of 
MCC patients 
cf miR-375 in sera of MCC patients was determined by RT-qPCR in duplicate and normalized to spiked-in 
cel-mir-39. Values were calculated relative to the serum of an MCC patient with no evidence of disease 
(Graz cohort) by the 2-ΔΔCq method. A, B: Results are depicted in Cleveland dot plots combined for all four 
cohorts categorized by AJCC stage at the time of blood draw for patients with (A) or without (B) evidence of 
disease; to discern from which cohorts the samples were derived, the data points were color-coded: Graz - 
green, Seattle - yellow, Essen - dark red, Melbourne - purple. Correlation analysis between cf miR-375 serum 
levels and MCC tumor stages was performed in R using the “ggpubr” package, the horizontal line indicates 
the median. C: Correlation analysis for cf miR-375 serum level and MCC tumor burden as quantified by 
PET/CT scan for the Melbourne cohort was performed in R using the “ggpubr” package. D, E and F: cf miR-
375 serum levels are plotted over the course of disease together with the tumor volume which was calculated 
from PET/CT scans depicted above the respective graphs for three exemplary patients from the Melbourne 
cohort (D: p_#16, E: p_#6 and F: p_#10). The numbers circled indicate the different therapies: ①Radiation 
therapy, ②Chemotherapy and ③Immunotherapy. The clinical course of patient D is described in Results; 
patient E showed disease progression during chemotherapy; patient F showed a complete response to 
checkpoint inhibition.” The data shown above are from my published article (Fan et al., 2018), Paper I and 
reproduced here with permission from American Association for Cancer Research. 
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“Fig. 6: Tracking the course of disease in MCC patients using circulating cell-free miR-375 
cf miR-375 in sera of MCC patients was determined by RT-qPCR in duplicate, normalized to spiked-in cel-
mir-39, and values were calculated relative to the serum of an MCC patient with no evidence of disease 
(Graz cohort) by the 2-ΔΔCq method. Results are plotted over time together with the narrative description of 
the course of disease. (A: t_#3 and B: t_#6 from Graz cohort; C: c_#08, D: c_#30 and E: c_#31 from Seattle 
Cohort; F: e_#4, G: e_#2 and H: e_#8 from Essen cohort). The numbers circled indicate the different 
therapies: ①Radiation therapy, ②Chemotherapy and ③Immunotherapy.” The data shown above are from 
my published article (Fan et al., 2018), Paper I and reproduced here with permission from American 
Association for Cancer Research. 
 

3.2 “MCPyV Large T antigen induced atonal homolog 1 (ATOH1) is a 

lineage-dependency oncogene in Merkel cell carcinoma” (Paper II) 

MCC is also named as NE tumor of the skin, however, the NE differentiation in MCC 

carcinogenesis is still largely unknown. Merkel cells share similar NE phenotype with 

MCC cells, thus, it’s likely that research on NE differentiation in Merkel cells might help 

us to better understand the question. Atonal BHLH transcription factor 1 (ATOH1) was 

reported as a master regulator in Merkel cell NE differentiation, but its function in MCC 
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Fig. S5 : Tracking the course of disease in MCC patients using circulating cell-free miR-375
cf miR-375 in sera of MCC patients was determined by RT-qPCR in duplicate, normalized to 
spiked-in cel-mir-39, and values were calculated relative to the serum of a MCC patient with 

together with the narrative description of the course of disease. (A: t_#3 and B: t_#6 from Graz 
cohort; C: c_#08, D: c_#30 and E: c_#31 from Seattle Cohort; F: e_#4, G: e_#2 and H: e_#8 
from Essen cohort). The numbers circled indicate the different therapies: Radiation therapy, 
Chemotherapy and Immunotherapy. 
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was controversial. In this paper, ATOH1 is demonstrated as lineage dependent oncogene 

by multiple lines of experimental evidence. 

3.2.1 Expression levels of ATOH1 and miR-375 are correlated in MCC cell lines  

ATOH1 mRNA was highly expressed in 19 cMCC cell lines comparing three vMCC cell 

lines and 13 non-MCC cell lines via qRT-PCR (Fig. 7a). To be noted, vMCC cell lines and 

cMCC cells are grouped by their growth patterns: vMCC as adherent growing cells and 

cMCC as suspensions or spheroids growing cells. Subsequent immunoblot experiment 

confirmed that ATOH1 protein level was consistent as its mRNA level in tested cell lines 

(Fig. 7b).  Moreover, ATOH1 mRNA in MCC tissues were also significantly higher 

compared to other non-MCC skin tumor tissues (Fig. 7c). DNA methylation analysis of the 

ATOH1 promoter region revealed that CpG islands in this region were hypermethylated in 

vMCCs and hypomethylated in cMCCs, which likely mediated the differential ATOH1 

expression in MCCs (Fig. 7d). As expected, ATOH1 mRNA expression levels negatively 

correlated with its promoter methylation levels in all tested MCC cell lines (r= -0.86, p= 

0.03) (Fig. 7e).  

As introduced in Paper I, miR-375 was identified as high abundant miRNA in MCCs, 

however, its molecular regulation mechanism was largely unknown. In NE lung cancer, 

ASCL1 was reported as a miR-375 inducer (Nishikawa et al., 2011), but it was lowly 

expressed in MCC cells and not correlated with miR-375 expression. Another fact that 

ASCL1 was mostly absent in MCC tumor tissue also proved that ASCL1 was not 

responsible for high miR-375 expression (Chteinberg et al., 2018). ATOH1 and ASCL1 

belong to BHLH transcription factor family, both of them could bind to the E-boxes on the 

promoter of miR-375. Expression of ATOH1 and miR-375 showed comparable expression 

patterns in MCC cell lines, high in cMCC and low vMCC. Thus, ATOH1 might be the 

transcription factor for miR-375 in MCC cells. The first evidence was that ATOH1 mRNA 

expression was significantly correlated miR-375 expression (Fig. 7f). Moreover, miR-375 

promoter region was hypomethylated in both cMCC and vMCC cell lines (Fig. 7g). 

Notably, an E47 binding site was also present in the promoter region miR-375, which was 

important for ATOH1 mediated transcriptional activity as reported (Aguado-Llera et al., 

2010).  
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“Fig. 7: The highly expressed ATOH1 in MCC cell lines and tissues correlates with miR-375 
expression  

a: ATOH1 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 2-

ΔΔCq method. b: Immunoblot of ATOH1 in MCC and SCC cell lines, β-Tubulin served as endogenous 
control. c: ATOH1 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 ATOH1 was normalized to HPRT and is depicted relative to one 
randomly selected melanoma sample as calculated by the 2-ΔΔCq method. d: DNA methylation status of the 
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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 (β-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 ATOH1 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-ΔΔCq method. g: Methylation patterns of the miR-375 gene are depicted. 
The red bottom 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.” The data shown above are from my published article (Fan et al., 2019a), 
Paper II and reproduced here with permission from Elsevier.  
 

3.2.2 Knockdown of ATOH1 downregulated miR-375 expression of MCC cells 

To verify if ATOH1 mediates miR-375 expression in cMCC cell lines, we performed 

ATOH1 knockdown experiments using two pre-designed siRNAs (dicer-substrate siRNAs) 

against ATOH1 in WaGa and MKL1 cells. Nucleofection was applied for siRNAs 

transfection to increase transfection efficiency, ATOH1 mRNA decreased about 50% in 

both cell lines after siRNA transfection (Fig. 8a). Immunoblot experiments demonstrated 

that siRNA induced ATOH1 knockdown was stronger in ATOH1 protein level (Fig. 8b).  

Accordingly, as expected, miR-375 expression was significantly reduced after ATOH1 

knockdown (Fig. 8c). However, knockdown of ATOH1 did not change cell proliferation 

ability of MCC cells transfected with siRNAs against ATOH1(Fig. 8D). Here we suggest 

that ATOH1 might be not a lineage survive related oncogene, but a lineage dependency 

related oncogene (Garraway and Sellers, 2006). However, migration or invasion ability and 

other cell features were not investigated in this study.   
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“Fig. 8: ATOH1 knockdown in WaGa cells downregulates miR-375 expression 
a: ATOH1 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 2-ΔΔCq method (mean + SD). b: Immunoblot of 
ATOH1 in WaGa cells transfected with siRNAs against ATOH1 or control siRNA, β-Tubulin was used as 
endogenous control. c: miR-375 expression in WaGa cells transfected with siRNAs against ATOH1 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-ΔΔCq method (mean + SD). d: 
24 hours after nuclear transfection cells were seeded (1x 105 cells per well) and counted every two days. 
Values represent relative cell number to seeded transfected cells at day 0.” The data shown above are from 
my published article (Fan et al., 2019a), Paper II and reproduced here with permission from Elsevier. 
 

3.2.3 miR-375 expression was induced by ectopic ATOH1 expression in vMCC cells 

and fibroblasts 

vMCC cells are both negative for ATOH1 and miR-375, thus, we overexpressed ATOH1 

in MCC13 and MCC26 cells to check the function of ATOH1 and if miR-375 expression 

was induced (Fig. 9a, b). Interestingly, after 48 hours ATOH1 transfection, more than 70% 

of cells transformed into suspension growing cells, bearing a resemblance to NE growth 

pattern (Fig. 9c). In suspension growing cells, more ATOH1 mRNA was overexpressed 

comparing to adherent growing cells (Fig. 9a). To dispel such doubts that suspension cells 

derived from adherent cells were only dying cells, we performed live or dead cell staining.  
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“Fig. 9: 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 and is depicted relative to untreated cells as calculated 
by the 2-ΔΔCq 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. c: 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 µM. 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 
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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 untreated cells as calculated by the 2-

ΔΔCq 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 µM. 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-ΔΔCq method 
(mean + SD).” The data shown above are from my published article (Fan et al., 2019a), Paper II and 
reproduced here with permission from Elsevier. 
 

Indeed, there were dead cells among the suspension cells, however, living cells were also 

present at a certain ratio (Fig. 9c). On the other hand, to verify if ATOH1 could bind to the 

E-boxes of the miR-375 promoter, luciferase reporters carrying 3 E-boxes, mutated E-

boxes or without E-box were used. Indeed, only reporters containing 3 E-boxes 

demonstrated a strong induction of luciferase activity when co-transfected with ATOH1 

(Fig. 9d). Thus, we could infer that in MCC cells ATOH1 induces miR-375 via binding E-

boxes in its promoter. More importantly, the ectopic expression of ATOH1 significantly 

increased miR-375 expression, particularly in suspension growing cells (Fig. 9e). We also 

the tested function of ATOH1 overexpression in primary skin fibroblasts, ATOH1 

overexpression induced similar cell morphology changes as well as miR-375 expression 

(Fig. 9f, g).  

3.2.4 MCPyV LTs induces ATOH1 and miR-375 expression as well as a NE-like 

growth pattern 

MCPyV LTs are deeply involved in MCC carcinogenesis in MCPyV positive tumors. Here 

we overexpressed different truncated MCPyV LTs derived from different MCC cell lines 

in MRC-5 cells to test if ATOH1 and miR-375 expression were also triggered. Similar in 

the skin fibroblasts with ATOH1 overexpressing, part of MRC-5 cells transduced with 

MCPyV LTs turned into suspension growing cells (Fig. 10a). Importantly, expression of 

ATOH1 and miR-375 was induced by MCPyV LTs transduction, especially in the 

suspension growing MRC-5 cells (Fig. 10b, c). To be noted, ASCL1 expression was not 

induced by MCPyV LTs expression (data not shown). Moreover, consistent with the fact 

that ATOH1 expression is induced by MCPyV LTs, in our scRNAseq experiment using 

WaGa cells we noticed that high expression of LT and ATOH1 are located in the same 

cells, and their expression levels were correlated in all tested WaGa cells (Fig. 10d-f).  
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Taken together, we reveal that ATOH1 is likely a lineage-dependency oncogene in MCC 

by several lines of experimental evidence: forced ATOH1 expression induces morphology 

changed to NE-like growth pattern and miR-375 expression, and both of them are induced 

by truncated MCPyV LT. Therefore, MCPyV might trigger NE differentiation via 

induction of ATOH1 during MCC carcinogenesis. 

 

“Fig. 10: Overexpressed truncated MCPyV LTAs induces ATOH1 expression as well as miR-375 
expression in MRC-5 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 and dead/apoptotic cells were stained 
with green. Scale bar = 50 µM. b: ATOH1 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 RPLP0 and is depicted relative to 
EGFP cells as calculated by the 2-ΔΔCq method (mean + SD). c: 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-ΔΔCq method 
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(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.” The data shown above are from my published article (Fan et al., 2019a), Paper II 
and reproduced here with permission from Elsevier. 
 

3.3 “Highly expressed miR-375 is not an intracellular oncogene in Merkel 

cell polyomavirus-associated Merkel cell carcinoma”（Paper III） 

As we learned from previous studies, miR-375 was one of the most abundant miRNAs in 

MCCs.  Regarding the function of miR-375, it acts as oncogene or tumor suppressor in 

different human cancers, while in MCCs, the role of miR-375 in cMCCs in different 

investigations are inconsistent. In this paper, we applied a more effective way to 

knockdown miR-375 in cMCCs to better understand its function in MCCs.  

3.3.1 Knockdown of miR-375 in cMCC cells  

For abundant miRNAs in cells, miRNA knockdown was essential to explore their 

functions, moreover, high knockdown efficacy is required. To achieve compete miR-375 

knockdown in cMCC cell lines, we performed transfection in two different methods, i.e., 

lipofectamine-based and nucleofection, using antagomirs against miR-375 or NC in WaGa 

and PeTa cells. Expression of miR-375 decreased via lipofectamine-based transfection 

using miR-375 antagomirs in a dose-dependent manner in WaGa and PeTa 
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“Figure 11: miR-375 is knockdown in classical MCC cell lines 
Relative miR-375 expression was determined in triplicates by RT-qPCR in WaGa (a, c) and PeTa (b, d) cells 
transfected with miR-375 antagomirs or negative control using lipofectamine (a, b) or nucleofection (c, d). 
Ct values were normalized to U6 and calibrated to the untreated WaGa cells. All experiments were 
independently repeated three times. Error bars represent SD, *** indicates p<0.001.” The data shown above 
are from my preprint paper (Fan et al., 2019b), Paper III and reproduced here with the permission of bioRxiv. 
 

cells (Fig. 11a, b), however, knockdown efficiency was not enough for this high expressed 

miR-375. Then we optimized nucleofection conditions for WaGa and PeTa cells and 

determined transfection program D23 and 25nM of miR-375 antagomirs as the best 

condition. Nearly compete miR-375 knockdown was achieved using this condition, almost 

no measurable miR-375 was detected in WaGa and PeTa cells after nucleofection (Fig. 

11c, d).  

3.3.2 miR-375 knockdown did not alter morphology or proliferation of MCC cells  

Nucleofection resulted in nearly compete miR-375 knockdown, on the other hand, harsh 

transfection condition was associated with about 50% cell death in both cell lines. For 

subsequent experiments to determine phenotypic changes after miR-375 knockdown, dead 

cells and cell debris were removed using Ficoll centrifugation. However, cell morphology 

was not affected by nearly compete knockdown of miR-375, and cell proliferation ability 

was also not altered after miR-375 was knockdown (Fig. 12).  

 

“Figure 12: miR-375 knockdown does not alter cell morphology and viability of MCC cells 
Morphology of WaGa (a) and PeTa (b) cells 72 hours after nucleofection. Relative cell numbers of WaGa (b) 
and PeTa (d) cells seeded at 105 cells per well 48 hours after nucleofection with miR-375 antagomirs or 
negative control. Scale bar represents 50µm. All experiments were independently repeated three times, error 
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bars represent SD.” The data shown above are from my preprint paper (Fan et al., 2019b), Paper III and 
reproduced here with the permission of bioRxiv. 
 

3.3.3 EMT and Hippo signaling pathways related genes might be regulated by miR-

375  

Despite the fact that nearly compete knockdown of miR-375 didn’t change cell 

morphology and proliferation ability in cMCC cells, in order to better understand the role 

if miR-375 in MCC, we predicted its target genes in ENCORI, an online tool for miRNA 

targets prediction. Top ranking genes (500) were selected among more than 3000 target 

genes for next step analysis, these genes related signaling pathways were determined by 

Gene ontology (GO) analysis. Several pathways were identified, such as cell junction 

assembly,  

 

“Figure 13: miR-375 target genes are involved in Hippo and EMT signaling pathways 
a: Gene ontology analysis was performed in Metascape using the top 500 predicted miR-375 target genes. b: 
Gene set enrichment analysis was performed using previously published transcriptome microarray data of 
MCC cell lines with high (WaGa, MKL1) and low (MCC13, MCC26) miR-375 expression. Enrichment plot 
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of kegg_focal_adhesion signaling pathway is depicted. c: miR-375 target genes involved in Hippo and focal 
adhesion signaling pathway.” The data shown above are from my preprint paper (Fan et al., 2019b), Paper III 
and reproduced here with the permission of bioRxiv. 
 

Golgi transport, neuron differentiation and Hippo signaling (Fig. 13a). To find out which 

predicted signaling pathways are more relevant in MCC cells, we performed gene set 

enrichment analysis (GSEA) using published transcriptome data of MCC cell lines. Four 

cell lines were used, WaGa and MKL-1 as miR-375_high as well as MCC13 and MCC26 

as miR-375_low. GSEA revealed that genes in focal adhesion related signaling pathway 

were differentially expressed, lower in miR-375_high cells (Fig. 13b). Moreover, most of 

the experimentally confirmed miR-375 target genes are involved in Hippo and focal 

adhesion related signaling (Fig. 13c), and both pathways are EMT related (Frisch et al., 

2013).  

3.3.4 Expression of genes involved in Hippo and EMT signaling slightly altered via 

miR-375 knockdown  

 

“Figure 14: Hippo and EMT signaling pathway related genes altered by miR-375 knockdown 
Expression of genes related to Hippo (a) and EMT (b) signaling pathways were determined by multiplexed 
RT-qPCR expression array in WaGa cells transfected with anta-375 or anta-NC, normalized to the average of 
Ct values of housekeeping genes (GAPDH, HPRT and RPLP0) and calculated to the ΔCt of WaGa cells 
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transfected with anta-NC.” The data shown above are from my preprint paper (Fan et al., 2019b), Paper III 
and reproduced here with the permission of bioRxiv. 
 

Next, gene expression array was used to check the expression alteration of genes involved 

in Hippo and EMT signaling after miR-375 knockdown. Comparing to the MCC cells 

transfected with negative control antagomirs, expression of eleven genes upregulated and 

four genes downregulated in Hippo signaling pathway, also eleven genes upregulated and 

three downregulated in EMT related signaling pathway in MCC cells with miR-375 

knockdown (Fig. 14). However, these alterations in gene expression are rather limited, not 

reaching a statistical relevance (less than two folds changes) (Fig. 14).   

3.4 Merkel cell carcinoma derived exosomal miR-375 induces fibroblast 

polarization via inhibition of RBPJ and p53 (Paper IV) 

We reported that knockdown of miR-375 in MCC cell lines, has at best minimal effects on 

cell survival, proliferation or cell morphology. Highly efficient knockdown did not alter 

any of the signaling pathways involving miR-375 target genes posing the question about 

the functional role of this highly abundant miRNA in MCC. Based on our observation that 

miR-375 is present in MCC conditioned cell culture medium as well as sera of MCC 

patients, it may function as exosomal shuttle miRNA. Here, we provide evidence that 

horizontally transferred exosomal miR-375 is substantial for polarization of fibroblasts 

towards CAFs in MCC.   

3.4.1 Fibroblasts in MCC tumors exhibit a CAF like phenotype 

 Based on our previous results, we suggest that miR-375 acts in intercellular signaling 

process via exosomal shuttle and is able to polarize stromal cells of the tumor 

microenvironment. Thus, we characterized fibroblasts in the MCC microenvironment by 

evaluating the expression of CAF markers, including TE-7, Caveolin-1, α-SMA, and 

S100A4, using multiplexed immunofluorescence (IF) staining (n=10) (Fig. 15A). TE-7 

was expressed at low levels in most stromal cells with a few exceptions. α-SMA was 

expressed by fibroblast-like cells and pericytes in the vicinity of blood vessels and was 

often colocalized with Caveolin-1. Unlike the expression pattern of the α-SMA, S100A4 

was mainly expressed in single cells distributed throughout the tumor; only sometimes 

colocalizing with α-SMA (Fig. 15A). These morphological analyses demonstrate that 

MCC-associated fibroblasts are heterogeneous, but most of them exhibit a CAF-like 

phenotype.  
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Fig. 15: Fibroblasts in MCC tumors exhibit a CAF like phenotype 

A: FFPE sections of MCC tissues were stained by for fibroblast markers: TE-7 (red), Caveolin1 (yellow), a-
SMA (green) and S100A4 (orange) as well as MCC tumor marker CK20 (light blue) and nuclear staining 
with DAPI (dark blue). A representative MCC tissue is depicted. Scale bar represents 50µm. B: t-SNE for 
mRNA expression obtained by scRNAseq of 401 cells isolated from MCC tumor. Cell clusters were 
annotated by mRNA expression profiles for known marker genes, numbers indicate the amount of cells in 
respective cell clusters. C: CAF signature score was generated for different cell clusters based on mRNA 
expression of selected CAF marker genes. 
 

Next, we performed single cell RNA sequencing (scRNAseq) of a primary MCC tumor 

using 10x genomics chromium, in total 401 cells were analyzed. T-distributed stochastic 

neighbor embedding (tSNE) clustered them into MCC tumor cells (149, of which 21 were 

proliferating), fibroblasts (71), T lymphocytes (114) and endothelial cells (67) (Fig. 15B). 

Notably, tSNE separated the MCC associated fibroblasts roughly in two clusters based on 

their expression profile (Fig. 15B). In most of the fibroblasts expressed well-established 

CAF markers such as fibroblast activation protein (FAP), Thy-1 cell surface antigen 

(THY1), actin alpha 2, smooth muscle (ACAT2, encoding α-SMA), caveolin 1 (CAV1) 

and different collagenases, however, at different expression levels (Fig. 16A). Thus, we 

generated a CAF score based on the expression profile of these genes, which covered a 

large spectrum of values in the fibroblasts (Fig. 15C). Notably, several peaks within the 

spectrum represent groups of fibroblasts with different levels of CAF polarization (Fig. 

15C). Besides that, two fibroblast clusters identified above were also classified as CAFlow 
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and CAFhigh groups according to respective CAF score values (Fig. 16B, C). In order to 

distinguish whether these two groups of fibroblasts were independently developed or just 

at different stages of CAF polarization, we calculated RNA velocity that predicts the future 

state of individual cells on a time scale of hours based on splicing transcripts ratios (La 

Manno et al., 2018). This revealed that these two fibroblasts clusters were directing 

towards different future states as indicated by RNA velocity vector in the principal 

component analysis (PCA) (Fig. 16D). In summary, MCC- associated fibroblasts showed a 

large heterogeneity and different polarization states in both IF studies as well as scRNAseq. 

On that basis we next analyzed if these observations are triggered by horizontal transfer of 

miR-375. 

 

Figure 16:  Heterogeneity of mRNA expression of gene related to fibroblast polarization in 401 
individual cells obtained from a primary MCC tumor 
A: mRNA expression levels of selected CAF markers in different identified cell clusters of MCC tumor. B: 
CAF signature score plotted on tSNE of all cell clusters, these two fibroblast clusters were annotated as 
CAFhigh and CAFlow. C: CAF signature score was generated for two fibroblast clusters based on mRNA 
expression of selected CAF marker genes. D: RNA velocity plotted in on tSNE of all cell clusters, arrows 
indicate the location of the estimated future cell state for each cell. E: RNA velocity plotted in principle 
component analysis (PCA) of the speed vector of two fibroblasts clusters, arrows indicate the location of the 
estimated future cell state for each cell. 
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3.4.2 miR-375 is enriched in MCC derived exosomes and transferred into fibroblasts 

We confirmed the level of abundance of miR-375 and its function as exosomal shuttle 

miRNA in MCC cell lines by comparing the amount of previously reported highly 

expressed miRNAs (miR-19b, miR-106b, miR-375, miR-200c and miR-182) in WaGa 

cells and WaGa cell CM using RT-qPCR (Fig 17A, B) (Renwick et al., 2013, Fan et al., 

2018). While all tested miRNAs were abundant in the cell lysate, only miR-375 was 

present in relevant amounts in CM. The strong predominance of miR-375 in cell free 

supernatant suggests an active and selective release of miR-375 by WaGa cells presumably 

by exosomal enrichment (Bhome et al., 2018). To test this hypothesis, we isolated 

exosomes from classical miR-375 expressing MCC cell lines (WaGa, PeTa, MKL-1, UM-

MCC-13) conditioned medium, which exhibits the typical size between 30-100nm (Fig. 

17C). miR-375 was strongly enriched in these exosomes as compared to the respective CM 

but it was not enriched in miR-375 negative cell lines MCC13 and SCL-2 (Fig. 17D). The 

MCC-derived exosomes were stained with ExoRed to investigate if they can be 

incorporated into the fibroblasts (Fig. 17E).  The fibroblast cell line MRC-5 as well as 

primary skin fibroblast Fibro1.12 ingested the labelled exosomes within three hours (Fig. 

17F). These observations strongly support the hypothesis that exosomal transfer of miR-

375 from MCC cells to fibroblasts contribute to intercellular communication.  

3.4.3 MCC derived factors polarize fibroblasts towards a CAF phenotype.  

To explore the functional impact of MCC derived factors on fibroblasts, we performed a 

series of experiments co-culturing WaGa, PeTa or the miR-375 negative MCC13 cell line 

with fibroblasts. Three different co-culture conditions were tested: direct cell-cell contact 

(DC), transwell chamber system (TC) and MCC CM. For all subsequent experiments we 

used both the fibroblast cell line MRC-5 and primary fibroblasts. To ensure both 

reproducibility as well as biological relevance: while primary skin fibroblasts are 

biological more relevant, but they are characterized by a limited expansion capacity, thus 

primary skin fibroblasts from different donors had to be are used. Due to the different 

growth patterns of fibroblasts (adherent) and classical MCC cells (suspension), they could 

be easily separated before subsequent analysis. However, this does not apply for the 

variant MCC cell line MCC13 and therefore no DC experiment was performed for them. 
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Fig. 17: Fibroblasts take up MCC derived exosomes containing miR-375.  
A, B: Expression of miR-375, miR-182, miR-106b, miR-19b and miR-200c in WaGa cells (A) and 
conditioned medium (CM) of WaGa cells was determined by RT-qPCR. Depicted are the amplification 
curves of each micro-RNA in duplicates. C: Exosomes were isolated from WaGa CM. Size was determined 
by comparison to nanobeads of a defined size (50, 100 and 200nm). D: Relative miR-375 expression in 
exosomes derived from four classical MCC cell lines (WaGa, PeTa, MKL-1, UM-MCC13); a variant MCC 
cell line (MCC13), and cutaneous squamous cell carcinoma SCL-2 served as control, Ct values were 
normalized to a spike in cel-miR-39. E: Exosomes isolated from WaGa cells stained with Exo-Red, unstained 
exosomes served as negative control. F: EGFP expressing MRC-5 cells (left panels) or primary skin 
fibroblast (Fibro.1.12, right panels) were cultured alone or in presence of Exo-Red labeled WaGa derived 
exosomes. Representative overlay images are shown; scale bar represents 10µm. Error bars represent SD, 
*** indicates p<0.001.  
 

The first discovery from these experiments was that either culture condition caused the 

newly occurring presence of miR-375 in MRC-5 and primary fibroblasts (Fig. 18A, C). 

The amount of detected miRNA varied substantially, with the largest amount in DC and 

the lowest in CM conditions (Fig. 18A, C). Since neither of the fibroblasts expressed miR-

375 when cultured alone and none of the culture conditions induced pri-miR-375 (Fig. 

18B, D), miR-375 expression was not induced, but it was rather transferred from MCC 

cells to fibroblasts.  
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Fig. 18: mir-375 is horizontally transferred from MCC cells to fibroblasts induces a CAF-like 
phenotype  
MRC-5 cells (A, B, E, F, I, K) or primary skin fibroblasts (Fibro1.4)(C, D, G, H, J, L) were treated with 
conditioned medium (CM), cultured in transwell (TC) or in direct (DC) co-culture with MCC13 (black), 
WaGa (red) or PeTa (blue) cells. A- D: Relative expression of miR-375 (A, C) and pri-miR-375 (B, D) in 
fibroblasts was determined by RT-q-PCR.  E- H: Relative α-SMA, CXCL-2 and IL-1ß mRNA expression 
was determined in fibroblasts under TC conditions (E, G) or DC conditions (F, H) by RT-qPCR. I, J:  α-
SMA protein expression in fibroblasts co-cultured with MCC cells was determined by immunoblot, β-tubulin 
served as loading control. K, L:  Immunofluorescence staining of α-SMA (green) in MRC-5 (K) and 
Fibro1.4 cells (L) after direct co-culture with MCC cells. Cellular membranes were stained with WGA (red) 
and nuclei with DAPI (blue). Scale bars represent 50µm. For RST-qPCR experiments, Ct values were 
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normalized to U6 or HPRT and calibrated to the ΔCt of untreated MRC-5 or Fibro1.4 cells respectively. All 
experiments were independently repeated three times. Error bars represent SD, *** indicates p<0.001. 
 

Next, we analyzed the functional effects of the exosomal cargo transferred from MCC, 

including miR-375, on fibroblasts by measuring the mRNA expression of CAF markers, i.e. 

α-SMA, CXCL2 and IL-1β. In line with higher miR-375 uptake, CAF markers were also 

higher expressed in fibroblasts under DC conditions, especially α-SMA (Fig. 18E-H). α-

SMA was also induced on protein level as evidenced by immunoblot of cell lysates and by 

IF staining (Fig. 18I-L). The latter also revealed substantial morphological changes of 

fibroblasts under co-culture conditions, like an elongated, stellate shape, which are in 

accordance with a CAF-like phenotype (Fig. 18K, L) (Kalluri, 2016). 

3.4.4 miR-375 alone is sufficient for fibroblast polarization. 

Since many factors transferred from MCC cells may cause fibroblasts polarization, we next 

tested to which extent miR-375 is responsible for the observed effect. Thus, we 

experimentally induced miR-375 in fibroblast (Fig. 19A, C). Ectopic expression of miR-

375 resulted in an increased mRNA expression of CXCL2, IL-1β and predominately α-

SMA (Fig. 19B, D), that was more pronounced in primary skin fibroblasts (Fibro 1.12) 

than in MRC-5 cells. α-SMA was also induced on protein level upon ectopic miR-375 

expression as determined by immunoblot (Fig. 19E, F) and IF staining (Fig. 19G, H). In 

addition, the fibroblast morphology changed towards a CAF phenotype, but to a lesser 

extent compared to direct co-culture with miR-375 expressing MCC cells. Thus, these 

results provide conclusive evidence that miR-375 is sufficient for fibroblast polarization. 

Most miRNAs exert their function by interfering with mRNA stability or inhibiting its 

translation. To this end, recombination signal binding protein for immunoglobulin kappa J 

region (RBPJ) and p53 are predicted and experimentally confirmed target genes of miR-

375(Abraham et al., 2016a, Liu et al., 2013). Moreover, reduced expression of RBPJ and 

p53 has been reported to be associated with polarization of fibroblasts(Procopio et al., 

2015, Kim et al., 2017, Goruppi et al., 2017, Arandkar et al., 2018). Upon experimentally 

induced expression of miR-375 in fibroblasts we indeed observed a significant 

downregulation of RBPJ and p53 mRNA and protein expression (Fig. 19I- N). With 

respect to CAF markers upregulation, this effect was more pronounced in primary skin 

fibroblasts comparing to MRC-5 cells (Fig. 19B, D). These observations indicate that miR-

375 mediated inhibition of RBPJ and p53 is one of the mechanisms for MCC induced 

fibroblast polarization.  



 

 

 

63 

 

Fig. 19: Overexpression of mir-375 in MRC-5 and primary skin fibroblasts induces a CAF-like 
phenotype.  
miR-375 was overexpressed in MRC-5 cells (A, B, E, G, I, J) or primary skin fibroblasts (Fibro1.12) (C, D, 
F, H, L, N). A, C: Relative miR-375 expression of untreated, miR-negative control (NC) and miR-375 
mimic transfected fibroblasts was determined by RT-q-PCR. B, D: Relative α-SMA, CXCL-2 and IL-1ß 
mRNA expression of untreated, miR-NC and miR-375 mimic transfected fibroblasts by RT-qPCR. E, F: α-
SMA protein expression in untreated, miR-NC and miR-375 mimic transfected fibroblasts was determined 
by immunoblot, β-tubulin served as loading control. Quantifications were performed using imageJ. G, H: 
Immunofluorescence staining for α-SMA (green) in untreated, miR-NC and miR-375 mimic transfected 
fibroblasts. Cellular membranes were stained with WGA (red) and nuclei with DAPI (blue). Scale bars 
represent 50µm. I- L: Relative p53 and RBPJ mRNA expression of untreated, miR-NC and miR-375 mimic 
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transfected fibroblasts were determined by RT-qPCR. M, N: p53 and RBPJ protein expression in untreated, 
miR-NC and miR-375 mimic transfected fibroblasts was determined by immunoblot, β-tubulin served as 
loading control. Quantifications were performed using imageJ. For RT-qPCR experiments, Ct values were 
normalized to U6 or HPRT and calibrated to the ΔCt of untreated MRC-5 or Fibro1.4 cells respectively. All 
experiments were independently repeated three times. Error bars represent SD, *** indicates p<0.001.  
 

3.4.5 miR-375 antagomirs diminished MCC induced fibroblast polarization  

 

Fig. 20: miR-375 antagomirs diminish MCC cells co-culture induced fibroblast polarization 
Fibroblasts MRC-5 (A, C, E, G) or primary skin fibroblasts Fibro 1.12 (B, D, F, H) were transfected with 
antagomirs against miR-375 or control prior to co-culture with WaGa or PeTa cells in transwell. A, B: 
Relative α-SMA expression in fibroblasts under indicated conditions was determined by RT-qPCR. C, D: α-
SMA protein expression in in fibroblasts under indicated conditions was determined by immunoblot; β-
tubulin served as loading control. E- H: Relative p53 and RBPJ mRNA expression of in fibroblasts under 
indicated conditions was determined by RT-qPCR. For all RT-qPCR experiments, Ct values were normalized 
to HPRT mRNA expression and calibrated to the ΔCt of untreated MRC-5 or Fibro.1.12 cells transfected 
with antagomirs control (anta-con) respectively. All experiments were independently repeated three times. 
Error bars represent SD, *** indicates p<0.001. 

Figure 5

MRC-5 Fibro 1.12

8
A

0

6

2

m
R

N
A 

re
l. 

ex
pr

es
si

on
 

** **

n.s

4

anti-375
WaGa 
PeTa 

- - + - +

- - - + +
- + + - -

anti-con + + - + -
+

-
-

-

E
1.2

 0

0.8

0.4

p5
3 

m
R

N
A 

re
l. 

ex
pr

es
si

on
 

n.s
**

**

anti-375
WaGa 
PeTa 

- - + - +

- - - + +
- + + - -

anti-con + + - + -
+

-
-

-

B

0

8

6

2

m
R

N
A 

re
l. 

ex
pr

es
si

on
 

4

* *

n.s

anti-375
WaGa 
PeTa 

- - + - +

- - - + +
- + + - -

anti-con + + - + -
+

-
-

-

G

R
B

P
J 

m
R

N
A 

re
l. 

ex
pr

es
si

on
 

n.s
**

**

1.2

 0

0.8

0.4

anti-375
WaGa 
PeTa 

- - + - +

- - - + +
- + + - -

anti-con + + - + -
+

-
-

-

F
2.0

 0

1.5

0.5

p5
3 

m
R

N
A 

re
l. 

ex
pr

es
si

on
 

*

* **
1.0

anti-375
WaGa 
PeTa 

- - + - +

- - - + +
- + + - -

anti-con + + - + -
+

-
-

-

H

R
BP

J 
m

R
N

A 
re

l. 
ex

pr
es

si
on

 

n.s

*

n.s
1.2

 0

0.8

0.4

anti-375
WaGa 
PeTa 

- - + - +

- - - + +
- + + - -

anti-con + + - + -
+

-
-

-

C
-SMA

ß-Tubulin

anti-con
anti-375

WaGa 
PeTa 

- - + - +

- - - + +
- + + - -

+ + - + -
+

-
-

-

5

0

4

1

ß-
Tu

bu
lin

no
rm

al
iz

ed

3

2

D

3

0

1ß-
Tu

bu
lin

 n
or

m
al

iz
ed 2

-SMA

ß-Tubulin

anti-con
anti-375

WaGa 
PeTa 

- - + - +

- - - + +
- + + - -

+ + - + -
+

-
-

-

**
**

* *

n.s
n.s



 

 

 

65 

 

To further scrutinize the relevance of miR-375 in MCC induced fibroblast polarization, we 

repeated our co-culture experiments in the presence of miR-375 antagomirs. The 

antagomirs substantially reduced the detectable amount of miR-375 transferred into 

fibroblasts under TC or DC conditions. However, the transferred miR-375 was not 

completely abolished, indeed the reduced miR-375 amounts in DC conditions were still 

higher than the amounts under in TC conditions in absence of miR-375 antagomirs. Thus, 

we observed a significant reduction of induced miR-375 α-SMA expression on both 

mRNA and protein levels only for TC conditions (Fig. 20A-D). Notably, the effects of the 

miR-375 antagomirs on CXCL2 and IL-1β expression were more pronounced.  

The effects of miR-375 antagomirs on miR-375 induced fibroblast polarization is directly 

explained by the observation that RBPJ and p53 mRNA is partly rescued by the miR-375 

antagomirs (Fig. 20E- H). It should be noted that the rescue is more effective in MRC-5 

cells. Due to the limited efficacy of antagomirs to inactivate miR-375, this effect was more 

evident under TC conditions.  

3.4.6 Presence of miR-375 in tumor cells and CAFs of MCC tumor tissue in situ 

To translate our in vitro observations into the clinical setting, we performed miRNA in situ 

hybridizations with miR-375 probe on a series of MCC tumors (n=6). miR-375 was 

predominantly expressed in MCC cells, but also present in stromal cells with fibroblast 

morphology (Fig. 21A). The miR-375 positive stromal cells were characterized by the 

same morphological appearance and distribution as the α-SMA expressing cells (Fig. 21C). 

Thus, we established a relative α-SMA staining score in 20 MCC lesions and correlated it 

with the miR-375 expression determined by qRT-PCR, demonstrating a significant 

positive correlation (Fig. 21C, D). Furthermore, expression of RBPJ and p53 were 

negatively correlated with miR-375 expression (Fig. 21E, F). GSEA of the scRNAseq data 

of a primary MCC described above comparing CAFhigh and CAFlow fibroblast clusters 

based on the described CAF score demonstrated that p53 related pathway is more inhibited 

in the CAFhigh fibroblasts (Fig. 21G). These in situ findings strongly support the notion 

that the horizontal transfer of miR-375 from MCC cells to fibroblast triggers the 

polarization of the latter towards a CAF phenotype by downregulation of p53 and RBPJ.  
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Fig. 21: miR-375 expression correlates with fibroblast polarization in situ.  
A: FFPE fixed MCC tumor tissues were hybridized with a scrambled control probe (upper) or a miR-375 
specific probe (lower). Whole slide scans of one representative MCC tissue are depicted. B: Two 
representative tumor areas are depicted at high resolution to demonstrate presence of miR-375 in fibroblasts 
(indicated by arrows); scale bars represent 10µm. C: MCC tissues (n=20) were stained for α-SMA, one 
representative MCC tissue are depicted. D: Spearman rank correlation of α-SMA staining scores and miR-
375 expression level.  E, F: Spearman rank correlation of p53 and RBPJ mRNA expression level with miR-
375 expression level. Statistical analyses were performed in R using the "ggpubr" package. Error bars 
represent SD. *** indicates p<0.001. G: GSEA was performed using scRNA data of two fibroblasts clusters, 
p53 related signaling was manifested.  
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4. Discussion  

Part of the discussion may resemble the discussion sections from my published papers (Fan 

et al., 2019a, Fan et al., 2018, Fan et al., 2019b).  

In this thesis, we discovery that miR-375 is highly expressed in MCC cells and tissues, 

present in MCC conditioned medium as well as serum of two preclinical animal models 

bearing MCC tumor xenotransplantation. More importantly, data from four independent 

MCC patient cohorts clearly indicate that miR-375 serum levels not only distinguish MCC 

patients with tumor from MCC patients of NED, but also could be used as a powerful tool 

to monitor tumor progression or treatment. Besides miR-375 as a biomarker, we also 

explored the transcriptional mechanism of miR-375. We demonstrate that forced 

expression of truncated MCPyV LT in fibroblasts triggers expression of ATOH1, a BHLH 

transcriptional factor, which binds to E-boxes and directly activates transcription of miR-

375. To determine the functional role of miR-375 in MCC cells, knockdown of miR-375 

was performed in cMCC cell lines. However, nearly miR-375 knockdown did not change 

cell viability, morphology as well as growth pattern, two oncogenic pathways (Hippo and 

EMT) were only slightly altered. Based on the facts showed above, we hypotheses that 

miR-375 might an intercellular factor, rather than an intracellular oncogenic factor. Indeed, 

horizontally transferred exosomal miR-375 polarizes fibroblasts into CAF phenotype via 

targeting RBPJ and p53.  

MCC is highly metastatic cancer type in the skin, however, the treatment methods for 

metastatic MCC are rather limited, i.e. surgery and radiation, and these methods are not 

usually effective enough to benefit the pat. The appearance of immunotherapy using 

immune checkpoint inhibitors dramatically changed the landscape of MCC treatment 

(Kaufman et al., 2016, Nghiem et al., 2016, Terheyden and Becker, 2017).  Nevertheless, 

part of the patients doesn’t respond to the therapy or develop resistance to it. As we learned 

from the reports of previous clinical trials, around 2/3 patients responded to the therapy in 

the first-line treatment and only 1/3 patients in the second-line treatment (Kaufman et al., 

2016, Nghiem et al., 2016, Terheyden and Becker, 2017). These data showed that MCC 

patients bearing limited tumor burden benefited more from the immunotherapy, thus we 

need a method for detection of early MCC tumor recurrence or progression after treatment. 

Obviously, tumor tissue-based techniques are not feasible for metastatic MCC tumors. 

Regarding imaging technologies, such as PET/CT or MR imaging, they are effective but 
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rather costly, moreover, documented risks are involved (Huntington et al., 2015). Thus, 

blood-based biomarkers have advantages, they could be repeatedly collected in a non-

invasive way and monitoring the whole clinical course of the patients. More importantly, 

they could provide evidence when the imaging step is required for localizing the tumor 

(Wong et al., 2017). Another advantage of using miRNA as a marker is that tumor burden 

information can be revealed without knowing the exact locations of metastatic or recurrent 

lesions, which is essential for highly metastatic cancer types. 

Blood-based tumor markers have been identified and applied in many tumor types, in 

MCC, different molecules had been investigated by several research groups. Since MCC is 

the NE tumor of the skin, established biomarkers for other NE tumors are rational 

candidates to be tested. For example, chromogranin A (CGA) and neuron-specific enolase 

(NSE) serum levels serve as circulating biomarkers for small cell lung cancer (SCLC) 

(Isgro et al., 2015). However, when tested in MCC patients, neither CGA nor NSE was 

able to distinguish MCC patients bearing tumor burden or not effectively according to their 

serum levels (Gaiser et al., 2015). On the other hand, more than 80% MCC tumors are 

associated with MCPyV integration, thus the presence of oncoproteins encoded by MCPyV 

might serve as surrogate markers for MCC tumor burden (Paulson et al., 2010, Touzé et 

al., 2011, Paulson et al., 2017). Antibodies against these virus coded oncoproteins 

(antibody titer) were used to demonstrate their serum levels of MCC patients. As expected, 

oncoprotein antibody titers significantly correlated with MCC tumor burden, low antibody 

titers in the patients with tumor remission and high titers in patients with tumor recurrence 

were detected. In cohort from Seattle, antibody titers of MCPyV ST data were also 

provided by collaborators, which allow us to compare miR-375 and MCPyV ST serum 

level in the same samples. Indeed, ROC analysis revealed the almost identical results of 

miR-375 and MCPyV ST in MCC patients with the presence of MCPyV ST in the serum. 

However, MCPyV oncoproteins are not present in the serum of MCC patients carrying 

MCPyV negative tumors, then this method is not feasible in these patients. Moreover, no 

MCPyV oncoproteins is not detected in half of the patients carrying MCPyV associated 

MCC tumors at baseline (Paulson et al., 2017), which indicates that these antibody titers 

could not be set at baseline and not applicable to monitor the tumor progression. To date, 

miR-375 is the only applicable circulating biomarker for MCC tumor burden in virus 

negative and positive MCC patients.   
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As mentioned in the introduction section, at beginning miR-375 was described as a 

pancreatic specific miRNA, which functioned in insulin secretion regulation and was 

required for pancreatic islet development (Poy et al., 2004). Later on, miR-375 

dysregulation was found in different tumor types, downregulated in gastric (Ding et al., 

2010, Tsukamoto et al., 2010), pancreatic (Zhou et al., 2012), colon (Dai et al., 2012, 

Faltejskova et al., 2012) and liver cancer (He et al., 2012),  indicating miR-375 was 

playing a role of oncogene in these cancer types. In prostate cancer (Szczyrba et al., 2011), 

medullary thyroid carcinoma (Hudson et al., 2013), NE lung cancer (Nishikawa et al., 

2011) and MCC (Renwick et al., 2013, Xie et al., 2014), miR-375 expression was found 

upregulated. In line with these studies, we confirmed here miR-375 was strongly expressed 

in the largest MCC cell lines panel to date in vitro, MCC tissues samples in vivo and miR-

375 hybridization on MCC tissue in situ. To be noted, high expression of miR-375 was not 

virus dependent in MCC cell lines and tumor tissues. Moreover, a substantial amount of 

miR-375 was detected in MCC conditioned medium, but not other miRNAs which were 

also highly expressed in MCC cells (miR-106b, miR-182, miR-19b, miR-200c). miR-375 

was reported as exosomal miRNA, which explains miR-375 was readily in conditioned 

medium. Moreover, in our following research, we indeed found that miR-375 was enriched 

in exosomes derived from MCC cells.  

According to our data, we infer that miR-375 in the serum of MCC patients is secreted 

from MCC cells, then miR-375 expressed in blood cells might impair the function of miR-

375 as a biomarker. As we checked published investigations, miR-375 is not expressed in 

blood cells (Pritchard et al., 2012), such as red blood cells or platelets (Mitchell et al., 

2016). Moreover, miR-375 is not differentially expressed in serum and plasma (Wang et 

al., 2012a), which allows us to use both blood materials for miR-375 detection.  

To shortly summarize, miR-375 is highly expressed in MCCs and present in MCC derived 

CMs as well as sera of two preclinical animal models carrying MCC tumors. These facts 

allow us to check if miR-375 is present in the serum of MCC patients and serves as a 

circulating tumor marker for MCC tumor burden. Indeed, miR-375 serum levels not only 

distinguish MCC patients with or without tumor burden but also correlated with tumor 

stages. Moreover, miR-375 is a promising tool for monitoring the response to different 

therapies, especially immunotherapy. In the future, miR-375 will be validated in the 

clinical trials for MCC treatment.  
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MCC development is strongly associated with MCPyV integration in the genome, more 

than 80% MCC are MCPyV positive. Now it is known that viruses integrated into the host 

genome manipulate the expression of host genes via multiple means, one is that virus 

encoded proteins or short RNA molecules (such as miRNAs) could hijack the epigenetic 

machinery of the host cells (Engdahl et al., 2017, Kuss-Duerkop et al., 2018). Take the 

methylation machinery as an example, viruses could foster hypermethylation in the 

promoter regions of certain immune related genes in order to avoid the detection of host 

immune system, which a common mechanism applied by different viruses (Kuss-Duerkop 

et al., 2018). More specific, DNA methyltransferases (DNMTs) are strongly associated 

with DNA methylation status, which could be exploited by different viruses, such as 

KSHV recruits DNMT3A to host genes (Shamay et al., 2006), and HPV E6 and E7 

upregulate DNMT1 expression level (Burgers et al., 2007). Another example, human 

herpesvirus 6B (HHV-6B) infection often result in hypomethylation of telomere regions as 

their accessible integration site (Engdahl et al., 2017). In MCC cells, MCPyV might be 

also associated with epigenetic modification during MCC development. According to our 

data, truncated MCPyV LTs likely induce hypomethylation of promoter regions of ATOH1 

and miR-375, thus increase their expression levels. On the other hand, LTs might induce 

ATOH1 or miR-375 expression in different manners, as reported recently ATOH1 is 

directly activated by SOX2, which as induced by MCPyV LTs (Harold et al., 2019). 

However, deeper investigations are required to fully understand the mechanism. 

Nevertheless, highly expressed ATOH1 and miR-375 is observed in MCPyV negative 

MCC tissues and classical MCC cell lines, the regulation mechanism of ATOH1 and miR-

375 in these cells cannot explained by MCPyV LTs associated inductions. To date, virus 

negative MCCs are more associated with UV induced mutations, however, shared 

activated oncogenic signaling pathways were discovered in both virus positive and 

negative MCCs (Gonzalez-Vela et al., 2017). Although the genetic landscape of those two 

groups of MCCs is quite different from each, higher mutation burden is associated with 

virus negative MCCs, same transcription factors, i.e. STAT3, is found accumulated in the 

nuclear of MCC cells (Gonzalez-Vela et al., 2017). More important, STAT3 was reported 

as an inducer of ATOH1 in epithelial cells (Zhang et al., 2012).  

In the ATOH1 overexpression experiments in vMCC cell lines as well as in skin 

fibroblasts, we reveal ATOH1 as transcription factor inducing miR-375 expression. To be 

noted, forced expression of ATOH1 in these cells not only upregulate miR-375 expression 
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but also changed their growth pattern from adherent cells into a NE like pattern, like 

suspension growing cells. In general, suspension cells derived from adherent cells are 

considered as apoptotic or dying cells, however, a substantial amount of those suspension 

growing cells induced by ATOH1 expression are living cells. Moreover, expression levels 

of ATOH1 and miR-375 are much higher comparing to those adherent cells transfected 

with ATOH1. Someone might argue that ATOH1 induces cell morphology change and 

miR-375 induction is likely an accompanying event during cell morphology change, such 

as suspension growing. To clear the doubt, we also checked the expression of miR-375 in 

vMCC cell lines growing in ultra-low attachment plates as well as hanging drops, miR-375 

expression was not altered in such forced suspension growing conditions, which indicate 

miR-375 induction is not an accompanying event via suspension growing. Moreover, 

overexpression of miR-375 in vMCC cell lines promoted NE differentiation phenotype 

(Abraham et al., 2016a). Taken these observations and notions together, augmented 

expression of ATOH1 and miR-375 are associated with NE like growth pattern change, 

and we even conjecture that ectopic expression of ATOH1 and miR-375 caused the 

morphology changes. To verify if this hypothesis is supported in other NE cancers, we 

checked previously published papers about ATOH1 and miR-375 expression levels. The 

fact that high expression of both ATOH1 and miR-375 are found in these cancers indeed 

supports this hypothesis (Park et al., 2006, Northcott et al., 2009, Flora et al., 2009, 

Arvidsson et al., 2018). 

ATOH1, also called Hath1 as a human gene or Math1 as a mouse gene, is a BHLH 

transcription factor, often involved in NE differentiation. As reported, it is required for 

Merkel cells and inner ear hair cell development (Ostrowski et al., 2015, Chen et al., 2018). 

Dysregulation of ATOH1 was found in multiple cancer types. Downregulation of ATOH1 

in gastric cancer (Han et al., 2015) hepatocellular cancer (Gao et al., 2017) and colon 

cancer (Bossuyt et al., 2009, Fukushima et al., 2015) indicates that it might function as a 

tumor suppressor, while high expression of ATOH1 in medulloblastoma (Briggs et al., 

2008, Grausam et al., 2017) reflects that it might play a role as oncogene. As we learned 

from this paper, ATOH1 is highly expressed in cMCC cell lines and tissues, and it might 

function as an oncogene. However, ATOH1 knockdown in cMCC cell lines did not result 

in cell viability /proliferation alteration. Therefore, we speculate that ATOH1 may rather 

be a lineage dependent oncogene, but not a lineage survival oncogene in MCCs (Garraway 

and Sellers, 2006). However, besides proliferation ability, migration/ invasion ability or 
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drug resistance was not investigated after ATOH1 knockdown. Another evidence that 

supports the idea that ATOH1 functions as lineage dependent oncogene is from a recent 

reported MCC transgenic mice model. Only co-expressing ATOH1 together with MCPyV 

LTs induces MCC-like lesions in the mice indicate that ATOH1 is an essential factor for 

MCC development. In our experiments of overexpressing different truncated MCPyV LTs 

in MRC-5 cells, we indeed observed that ATOH1 expression was induced by LTs. 

Moreover, this induction was stronger in the cells changed their morphology into NE 

growth pattern comparing to the unchanged adherent cells. In line with our hypothesis, a 

recently published paper demonstrates that knockdown of MCPyV T antigen directly 

inhibited ATOH1 expression (Harold et al., 2019). 

Next, we investigated the function of miR-375 in cMCC cells via miR-373 knockdown. As 

introduced in previous papers, miR-375 abundantly expressed in cMCC cell lines and 

MCC tissues, however, the function of miR-375 is still not clear in MCC. Thus, 

knockdown experiments using specific antagomirs against miR-375 or NC were applied to 

demolish miR-375 in cMCC cell lines. To our surprise, nearly complete miR-375 

knockdown did not change cell proliferation ability, morphology or growth pattern. 

Accordingly, two oncogenic signaling pathways, i.e. Hippo and EMT, which is predicted 

as miR-375 regulating pathways in MCC cells, are only marginally affected by miR-375 

knockdown. Moreover, we have demonstrated in the previous paper that the presence of 

miR-375 was readily detected in CM derived from cMCC cells culture, serum of two MCC 

xenotransplantation animal models as well as serum of MCC patients with tumor burden 

(Fan et al., 2018).  Taken together, miR-375 might function as intercellular signaling 

molecule interacting with stromal cells in the MTE of MCCs, but not serve in intracellular 

signaling. Furthermore, miR-375 was reported as exosomal miRNA recently (Huang et al., 

2015, Su et al., 2019), and we indeed confirmed that miR-375 was enriched in exosomes 

derived from MCC cells in a subsequent project.  

Regarding the function of miR-375 in MCC cells, several reports have been published, 

however, the results are not consistence in cMCC cells. In vMCC cell lines, miR-375 is 

lowly expressed and overexpression of miR-375 decreased cell proliferation and migration 

ability, thus it is considered as a tumor suppressor (Abraham et al., 2016b, Kumar et al., 

2018). However, in cMCC cells knockdown or inhibition of miR-375 resulted in different 

outcomes. Abraham et al demonstrated that miR-375 knockdown by antagomis did not 

change cell growth properties (Abraham et al., 2016b), while according to Kumar’s study, 
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miRNA sponge induced miR-375 inhibition resulted in decreased cell proliferation ability, 

upregulated cell death via targeting to LDHB gene (Kumar et al., 2018). Moreover, another 

function of miR-375 was revealed by Kumar’s another published paper, miR-375 inhibits 

autophagy via targeting to ATG7 (Kumar et al., 2019). The conflicting results in cMCC 

cells might be due to the limited specificity of used antagomirs or miRNA sponge, or 

different effectivity of transfection methods.  

To knockdown highly expressed miRNAs could be a demanding task (Krutzfeldt et al., 

2005), especially in certain cells difficult to be transfected. In this study, two transfection 

methods were applied to introduce antagomirs into cMCC cells, one is common 

lipofectamine based transfection and another is nucleofection. The result revealed that 

nucleofection using antagomirs lead to a nearly complete miR-375 knockdown. To be 

noted here, nucleofection is also associated with half of the cell death, thus for some 

primary cell with limited amount, it is might not applicable. As mentioned before, other 

than antagomirs, miRNA sponge was applied to inhibit the function of miR-375 in cMCC 

cells (Kumar et al., 2018). To specify here, the miR-375 expression could remain the same 

after the miRNA sponge was introduced.  

To date, more than ten online tools have been released for miRNA target genes prediction, 

but the results from those tools are highly incompatible. ENCORI we used in the study 

could provide comprehensive results from online tools, such as TargetScan, miRanda, 

microT, PITA, miRmap, and PicTar (Li et al., 2014). More practically, Argonaute 

crosslinking and immunoprecipitation data of all tested miRNAs were also integrated into 

the results (Li et al., 2014). Using ENCORI, miR-375 target genes were predicted in this 

study.  Then those selected target genes were used for Gene Ontology (GO) enrichment 

analysis in Metascape, signaling pathways possibly targeted or regulated by miR-375 were 

determined. Together with the GSEA using published transcriptome microarray data of 

MCC cell lines, EMT and Hippo were determined as miR-375 regulating signaling 

pathway in MCC cells.   

RT-qPCR based profiler arrays were applied to check the expression of Hippo and EMT 

related signaling molecules after miR-375 knockdown, up 84 genes of each signaling 

pathway were tested. According to our data, only a few genes were upregulated after miR-

375 knockdown and even less gene downregulated, and more importantly, all of these 

changes are smaller than two-fold changes. Even Hippo and EMT were predicted as miR-

375 regulating signaling pathways in MCCs, however, the effect of miR-375 knockdown 
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on them was rather very limited. Actually, the gap is not too difficult to understand. Recent 

studies about long non-coding RNAs (lncRNAs) offered possible explanations: lncRNAs, 

like HNGA1, TINCR and CircFAT1 are reported as miR-375 sponge in different cancer 

types (Chen et al., 2017b, Liu et al., 2018, Wang, 2016). Thus, it is possible that one or 

more than one lncRNAs are highly expressed in MCC cells and abundant miR-375 is 

trapped and not functional. On the other hand, miR-375 might act in a redundant manner in 

MCC cells because other miRNAs which are homologues to it are also expressed and 

targeting to similar genes. More investigations are required to solve this question. 

In solid cancers, stromal cells have an impact at all stages of cancer progression. To date, 

fibroblasts in MCC tumors have not been scrutinized in detail. Here, we reveal the 

heterogeneity of fibroblasts in the stroma of MCC lesions, reflecting a spectrum of 

polarization towards a CAF phenotype. In most cancers, fibroblast polarization is triggered 

by tumor derived factors such as TGF-β, PDGF or IL-6 that are only lowly expressed or 

absent in tested cMCC cell lines and MCC tumors (data not shown). Moreover, these 

molecules are not present in the exosomes derived from cMCC cell lines (Konstantinell et 

al., 2016). Thus, the question of alternative ways of fibroblasts polarization in MCCs is 

raised.  

To this end, horizontal transfer of miRNAs within exosomes has been reported to promote 

functional and metabolic reprogramming of fibroblasts (Mitra et al., 2012, Yan et al., 

2018a). Here we demonstrate that exosomal transferred miR-375 from MCC cells to 

fibroblasts targets RBPJ and p53 causing downregulation of their expression that is 

associated with fibroblast polarization. RBPJ, aka CSL, is a Notch mediator which 

suppresses CAF polarization (Procopio et al., 2015, Goruppi et al., 2017, Kim et al., 2017). 

p53 downregulation allows fibroblasts to overcome cell senescence that is induced by 

RBPJ downregulation and thus boosts CAF polarization (Procopio et al., 2015, Arandkar et 

al., 2018). Both RBPJ and p53 were previously reported as target genes of miR-375 

(Abraham et al., 2016a, Liu et al., 2013), a notion which was confirmed by our study. 

Indeed, expression of miR-375 was inversely correlated with RBPJ and p53 expression in 

MCC tumor tissues. Unfortunately, mRNA expression of RBPJ and p53 in fibroblasts from 

MCC tumor was below detection line in scRNAseq. However, p53 related signaling 

pathways are strongly inhibited in those fibroblasts manifesting a high CAF score.   

Different MCC/ fibroblast co-culture conditions, i.e., CM, TC or DC resulted in increasing 

effects on CAF polarization. This phenomenon can be explained by the amount of miR-
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375 transferred to fibroblasts via exosomes or direct contact. In addition, DC conditions 

may also allow material transfer, such as miRNAs, through tunneling nanotubes between 

tumor cells and fibroblasts (Thayanithy et al., 2014). Besides miR-375, other factors 

horizontally transferred by exosomes or nanotubes from MCC cells to fibroblasts may 

cause their polarization. Secretomic analysis of MCC derived exosomes revealed more 

than 160 proteins are present (Konstantinell et al., 2016). Hence, it is important to note that 

the ectopic expression of miR-375 alone was sufficient to polarize fibroblasts and that 

miR-375 antagomirs decreased MCC co-culture triggered phenotype changes in fibroblasts. 

Thus, it is safe to conclude that miR-375 plays a major role in MCC mediated CAF 

polarization.  

We further demonstrate the presence of miR-375 in stromal cells with the appearance of 

fibroblasts of MCC by in situ hybridization. Quantitative differences of miR-375 might be 

one of the causes for CAFs’ heterogeneity in MCC as observed by multiplexed IF staining 

and scRNAseq. However, different origins, e.g., tissue resident fibroblasts or recruited 

mesodermal stem cells, prior activation stages or additional environmental factors may 

contribute to this fibroblast heterogeneity in MCC (Kalluri, 2016, Chen and Song, 2019). 

We demonstrated uptake of exosomes by fibroblasts, but other stromal cells, such as 

lymphocytes, macrophages and endothelial cells in the microenvironment are likely to be 

affected as well. As reported previously, mesenchymal stromal cell-derived exosomes 

altered mRNA expression and function of B-Lymphocytes (Khare et al., 2018) and 

endothelial cells (Liang et al., 2016). Notably, transferred miR-375 enhanced tumor-

associated macrophages migration and infiltration into tumor spheroids in breast cancer 

(Frank et al., 2019).  

Until now, we have established the role of miR-375 for intercellular communication 

between MCC tumor cells and stromal fibroblasts. We demonstrate that miR-375 derived 

from MCC cells or miR-375 alone can induce fibroblast polarization in vitro and that this 

probably also occurs in situ MCC patients. These observations suggest that miR-375 

constitutes an attractive target for therapeutic interventions, as the feasibility of the 

therapeutic role of miRNA is currently investigated in cutaneous T cell lymphoma for 

miR-155 (Seto et al., 2018).   

To summarize all these four papers, we confirm that miR-375 is highly expressed in MCCs 

and present in CM and sera of MCC animal models and patients. It is identified as a 

reliable circulating biomarker for MCC tumor burden and promising monitor for disease 
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progression or treatment. On the other hand, the mechanism of high miR-375 expression is 

also explored. ATOH1 binds to E-boxes of miR-375 promoter and induce its transcription. 

Moreover, ectopic ATOH1 also induces morphology change of vMCC cell lines and 

fibroblast into NE like growing pattern. Both ATOH1 and miR-375 are induced by 

truncated MCPyV LTs partial disclose the mechanism of MCPyV associated MCC 

carcinogenesis. Regarding the function of miR-375 in MCC cells, knockdown experiments 

were performed. To our surprise, nearly complete miR-375 knockdown does not alter cell 

proliferation/ viability, nor cell morphology change. Two oncogenic signaling pathways 

predicted as targets of miR-375 are only weakly altered. However, as an exosomal miRNA, 

miR-375 is found enriched in MCC derived exosomes, together with the observations 

described above, we indicate that miR-375 could be an important regulator in the cell-cell 

communication. Next, we discover that fibroblasts in MCC TME exhibit heterogeneous 

CAF phenotype, and this phenomenon is likely associated with miR-375. MCC co-culture 

and miR-375 overexpression /knockdown experiments with/ in different fibroblasts reveal 

miR-375 horizontally transferred from MCC cells to fibroblasts or alone induces fibroblast 

polarization. All in all, in this thesis, we not only identify miR-375 as a serum marker but 

also reveal miR-375 expression mechanism and its function in CAF polarization in TME 

of MCC.   
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6. Appendix 

Table 1: MCC cell lines used in this thesis.  

Type of cell 
lines Name Growth pattern MCPyV 

status 
Culture 
medium Use in Paper 

Variant 
MCC cell 

lines 

MCC-13 Adherent neg 
RPMI 1640, 

10% FBS 

I, II 
MCC-26 Adherent neg I, II 

UISO Adherent neg I, II 

Classical 
MCC cell 

lines 

AlDo Suspension, aggregates pos 

RPMI 1640, 
10% FBS 

I, II 
BroLi Suspension, aggregates pos I, II 
LoKe Suspension, aggregates pos I, II 

MKL-1 Suspension, aggregates pos I, II, IV 
MKL-2 Suspension, aggregates pos I, II 
MS-1 Suspension, aggregates pos I, II 
PeTa Suspension, aggregates pos I- IV 
WaGa Suspension, single cells pos  I- IV 

WoWe-2 Suspension, aggregates pos  I, II 
UKE-MCC1a Suspension, aggregates pos  I, II 
UM-MCC9 Suspension, aggregates neg 

Modified 
neural crest 

stem cell self-
renewal 

medium, 15% 
chick embryo 

extract 

I, II 
UM-MCC13 Suspension, aggregates pos I, II, IV 
UM-MCC29 Suspension, aggregates pos I, II 
UM-MCC31 Suspension, aggregates neg I, II 
UM-MCC32 Suspension, aggregates neg I, II 
UM-MCC34 Suspension, aggregates neg I, II 
UM-MCC39 Suspension, aggregates neg I, II 
UM-MCC52 Suspension, aggregates pos I, II 
UM-MCC565 Suspension, aggregates pos I, II 
UM-MCC623 Suspension, aggregates neg I, II 
UM-MCC624 Suspension, aggregates neg I, II 
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Table 2: non-MCC cell lines used in this thesis.  

Type of cell lines Name Growth pattern Culture medium Used in Paper 

Melanoma 

BLM Adherent 

RPMI 1640, 10% FBS 

I, II 
MV3 Adherent I, II 

Ma-Mel-02 Adherent I, II 
Ma-Mel-12 Adherent I, II 
Ma-Mel-13 Adherent I, II 
Ma-Mel-47 Adherent I, II 
Ma-Mel-61a Adherent I, II 
Ma-Mel-61f Adherent I, II 
Ma-Mel-66a Adherent I, II 
Ma-Mel-68 Adherent I, II 
Ma-Mel-86a Adherent I, II 
Ma-Mel-86c Adherent I, II 
SK-Mel-28 Adherent I, II 

WM-9 Adherent I, II 

Cutaneous 
squamous cell 

carcinoma 

 

HSC-1 Adherent 

RPMI 1640, 10% FBS 

I, II 
MET-1 Adherent I, II 
MET-4 Adherent I, II 
SCL-1 Adherent I, II 
SCL-2 Adherent I, II, IV 

Lung carcinoma A549 Adherent RPMI 1640, 10% FBS I, II 

Fibroblasts 

MRC-5 Adherent MEM Eagle, 10% FBS I, II, IV 
Fibro 1.2 Adherent DMEM, 15% FBS I, II 
Fibro 1.4 Adherent DMEM, 15% FBS I, II, IV 
Fibro 1.7 Adherent DMEM, 15% FBS II 
Fibro 1.12 Adherent DMEM, 15% FBS IV 

Epithelial cells 293T Adherent DMEM, 10% FBS I, II, IV 
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Table 3: Sequence of primers used in the thesis  

Gene  Forward primer Reverse primer  

ACTA2  CAGCCAAGCACTGTCAGG CCAGAGCCATTGTCACACAC 

CXCL2 GGGCAGAAAGCTTGTCTCAA GCTTCCTTCCTTCTGGT 

IL1B GAGCTGATGGCCCTAAACA AAGCCCTTGCTGTAGTGGTG 

TGFB1 CGCCAGAGTGGTTATCT TAGTGAACCCGTTGATGTC 

CXCR4 GTTAATGCTTGCTGAATTGGAA CTCGGTGTAGTTATCTGAAGTG 

HPRT GTCGTGATTAGTGATGATG GTTCAGTCCTGTCCATAA 

Pri-miR-375 CCTCACCTGAACGCATCTG TGGGGACGAAGCCAAGCTA 

RBPJ CGGCCTCCACCTAAACGAC TCCATCCACTGCCCATAAGAT 

TP53 CAGCACATGACGGAGGTTGT TCATCCAAATACTCCACACGC 

ASCL1 CCCAAGCAAGTCAAGCGACA AAGCCGCTGAAGTTGAGCC 

ATOH1 TGAAGGAGTTGGGAGACCAC GTAGACGGGATGCTCTCTCG 

MCPyV-LTA CTCGTCAACCTCATCAAAC GGAGCAAATTCCAGCAAA 

RPLP0 CCATCAGCACCACAGCCTTA GGCGACCTGGAAGTCCAACT 

RPLP0 probe YY-ATCTGCTGCATCTGCTTGGAGCCCA-BHQ1 

 

 

Table 4: Primary antibodies used for Multicolor IF (Paper IV)   

 Antigen 
retrieval Antibody Clone /product 

number Clonality Supplier Dilution Fluoro-
phore 

1 AR9 TE-7 CBL271 monoclonal Millipore 1:600 Opal 520 

2 AR9 Caveolin 1 PA5-17447 polyclonal Thermo 
Fischer 1:500 Opal 570 

3 AR9 alpha-
SMA 1A4 monoclonal Dako 1:600 Opal 540 

4 AR9 S100A4 EPR2761(2) monoclonal Abcam 1:1200 Opal 620 

5 AR6 FAP HPA059739 polyclonal Atlas 
antibody 1:500 Opal 650 

6 AR6 CK20 D9Z1Z monoclonal Cell 
signaling 1:800 Opal 690 
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