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1.0 MERKEL CELL CARCINOMA 
1.1 THE RARE AND AGGRESSIVE KIND 
In 1972 Toker described a rare and highly aggressive “trabecular carcinoma of 

the skin” 1. 1980 this nonmelanoma skin cancer was thought to arise from Merkel 

cells and thus called Merkel cell neoplasm or later Merkel cell carcinoma (MCC)2-

4. MCC is could be distinguishable in three types: intermediate, small cell and

trabecular. The latter is only found in approximal 10% of MCCs. Also, approximal

10% are characterized as small cell. With approximal 80% the intermediate type

is the most common MCC (Figure 1)5.

Figure 1: Merkel cell carcinoma different subtypes (published by Goessling 
et al., 2002)6  
In A the intermediat, in B the small cell variant and in C the trabecular MCC is shown.  

MCC occurs mainly in elderly patients above 65 years of age7. MCC is most often 

detected in the sun-exposed areas of the body e.g. the head and neck area8,9. 

Therefore, UV-exposure was considered as an important  pathogenic factor10. 

Interestingly, only 20% of MCCs reveal a UV induced somatic mutational pattern. 

The majority of MCCs (80%) are Merkel cell Polyomavirus (MCPyV)-positive and 

are characterized by an exceptional low mutational burden. In addition to UV 

damage, the risk to develop MCC is increased under immunosuppression. Organ 
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transplantation related immunosuppression  significantly increases the risk for 

MCC up to 23.8-fold11.  

The incidence of MCC has increased in Western countries in the last decades12. 

In the Netherlands the incidence increased from 0.17 in 1993 to 0.59 per 100,000 

in 2016. The relative 5-year overall survival for distant metastasis is very poor13,14. 

Based on the continuously world-wide aging of the human population and 

increased sun exposure, it is expected that  the incidence of MCC will further 

increase10. 

1.2 THE CLINICO-PATHOLOGICAL VIEW ON MERKEL CELL 

CARCINOMA 
MCC usually presents as a rapidly growing, dome-shaped red or bluish nodule15. 

It might appear as a plaque with small satellite lesions16 in the head and neck 

region (41 to 50%), at the extremities (32 to 38%) or trunk (12 to 14%)17-19. 

Clinically, these small cancerogenic nodular lesions appear to be benign, thus 

only a biopsy can determine MCC20. The haematoxylin and eosin staining reveal 

small round blue cells which are located in the dermis of the skin21. Enlarged 

dysmorphic nuclei are stained blue and surrounded by a tight faint eosinophilic 

cytoplasm21. MCC frequently contain tumour-infiltrating lymphocytes, and mitoses 

apoptosis are easily identified (Figure 1). 

When MCC is diagnosed first the primary tumour diameter (T) and the infiltration 

depth are determined. Further, the MCC patient is examined for regional lymph 

node (N) metastases as well as for distant metastases (M). Dependent on growth 

and metastasizing of MCC, the overall survival of MCC patients can be also 

divided in four stages20. The overall 5-year survival ranges from 62.8% (stage I), 

54,6% (stage II) 34.8% (stage II), 40.3% (stage IIIA) 26.8% (stage IIIB) and 13.5% 

(stage IV)22. The latter stage is characterized by distant metastasis. The most 

frequent sites of MCC metastases are liver (13%), bone (10-15%), lung (10-23%), 

brain (18%), distant skin (9-30%) and distant lymph nodes (9%)23. 

1
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Despite the aggressiveness of MCC, up to date no curative therapeutic regimens 

for MCC are available for advanced stages (stage III and IV) which in part might 

be owed to its rare incidence27. MCC stage I and II are primarily excised with a 

margin of 1-2 cm28. Although, subsequent adjuvant radiotherapy to the surgical 

excision of the primary tumour is yet not considered in the German MCC treatment 

guidelines, adjuvant radiotherapy is advised by the guidelines2829. For the 

treatment of the metastatic stages III and IV MCC chemotherapy was earlier the 

only alternative30. Although, MCC was shown to be a chemotherapy-sensitive 

tumour, no unique chemotherapeutic therapeutic regimen is established27. Since 

MCC and small cell lung cancer (SCLC) were both regarded as undifferentiated 

small cell neuroendocrine carcinomas the treatment regime of MCC was adapted 

to SCLC31. The chemotherapeutic treatment contained the topoisomerase II 

inhibitor Doxorubicin, the mitotic spindle 

inhibitor Vincristine and the DNA crosslink 

inducer Cyclophosphamide32. Although 

chemotherapy showed an 55% overall effect in 

locoregional or distant metastases of MCC, in 

the majority of cases the lesions recurred after 

only 4 to 15 months33-35. In addition, it was 

observed that chemotherapy treated patients 

had with 28% a low 5 years survival rate. 

Therefore, chemotherapy in MCC was 

controversial discussed and used rarely in 

comparison to radiotherapy and excision 36. 

Recently immune check point inhibitors (CPIs) were successfully applied to treat 

MCCs30,37-39. Treating in a phase 2 trial 88 stage IIIB and IV patients who 

previously failed first-line chemotherapy with the anti-programmed cell death 

protein 1 ligand (PD-L1) antibody avelumab (Merck KGaA and Pfizer) showed an 

objective response rate of 31.8% (n=28) 40. In a first line clinical phase 2 trial 

avelumab had a better objective response rate of 62.1% (n=18) after minimum of 

three months follow up. Avelumab has already been approved by the United 

States Food and Drug Administration (FDA) for the treatment of several other 

cancers and for metastatic MCC in first as well as second line41,42. Although, 

immunotherapy is successful and very promising in treating MCCs, there are still 

 

INFO BOX 

Doxorubicin is an anthracycline 
which induces a cell cycle arrest by 
activation of the transcription factor 
p5324. Thereafter, p53 promotes 
apoptosis by mitochondrial 
cytochrome c release and 
subsequently caspase activation 
through cleavage. This leads finally 
to the death of the cell25.  
Vincristine belongs to the vinca 
alkaloids which induce cell death in 
tumours by inhibiting the assembly of 
microtubule to the metaphase mitotic 
spindles and therefore apoptosis via 
mitochondrial cytochrome c release 
is activated26. 
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40 to 50% of non-responders. Therefore, the objective response could be 

improved by far.  

1.3 MERKEL CELL CARCINOMA VIRUS ASSOCIATION  
In 2008 Feng et al. detected the Merkel cell polyomavirus (MCPyV) to be clonally 

integrated in approx. 80% of the MCC DNA.47. Very soon after this discovery the 

presence of MCPyV in approx. 80% of MCC was confirmed in a large MCC cohort 

by Kassem et al.48. Back then MCPyV was the fifth known human polyomavirus. 

Ten years later 14 human polyomaviruses belonging to the Polyomaviridae family 

are detected49. Human polyomaviruses contain a non-enveloped circular double-

stranded DNA. The MCPyV genome consists of 5400 bp which is organized in 

two opposite transcriptional regions: early as well as late and a non-coding 

region50,51. The non-coding region contains the origin of replication and a 

bidirectional promoter for the early and late genes50. The early region encodes for 

the T-antigen and its different splicing variants: small T-antigen (sT), large T-

antigen (LT), 57kT and alternate LT open reading frame (ALTO). The late region 

encodes the viral structural capsid proteins VP1 and VP2 (Figure 2)52. 

MCPyV requires the capsid proteins which are first attached to 

glycosaminoglycans, e.g. heparin sulfate and second facilitate the entry the cells 

with a sialylated glycans in order to enter target cells53,54. A recent study described 

an alternative entry by endocytosis of vesicles containing infectious MCPyV 

particles55. Inside the cells MCPyV LT-antigen recruits the replication machinery 

for the virusproduction56. MCPyV is the first known human polyomavirus which 

was shown to be integrated in the genome of cancer cells47. All integrated MCPyV 

DNA LT-antigen C-terminal sequences are randomly mutated which potentially 

lead to a stop-codon57. This stop codon induces a non-functional helicase-domain 

leading to replication deficiency. Schrama and colleagues proposed that this loss 

of replication might lead to evolutional pressure causing the integration into the 

host genome. Consequently, MCPyV-DNA can still be replicated via cell 

division57,58. The precise mechanism of random integration is still unknown. 

Furthermore, the truncated LT- and the sT-antigens have been shown to interact 

with cell cycle regulatory proteins which lead to a cancerogenic cell growth and 

replication of the host and virus DNA59. 

1
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Figure 2: MCPyV-DNA construct, its entry and transformation of cells 
MCPyV enters cells through a two-process which include attachment to heparin sulfate and 
the entry via a sialylated cofactor. Next MCPyV can integrate into the host genome and the 
LT is truncated. Afterwards sT- and truncated LT-antigen are transforming benign cells into 
neoplastic cells. (Generated with BioRender) 

LT-antigen has been shown to contain a retinoblastoma binding site (RB1)52. 

Members of the RB family control cell proliferation and in cells devoid of replication 

ability the hyperphosphorylated RB is binding to the transcription factor E2F 

leading to its inhibition and cell arrest60. Dephosphorylated RB does not bind to 

transcription factor E2F and consequently induces cell growth. LT-antigen in turn 

forces the cells to enter the S phase of the cell cycle by binding and inactivation 

of RB60. In addition, it has been described that RB1 binding to LT induces the 

overexpression of survivin which has been shown to prevent apoptosis and to 

activate cell cycle entry61. Interestingly, it was demonstrated that MCC cells with 

truncated LT had a higher growth activity in comparison with the full length LT-

antigen62. This might be since shorten LT have a better binding capacity to RB1 

and thus induce higher cell proliferation63. However, MCPyV LT-antigen differs 

from other polyomaviruses LTs which were described to bind and inhibit directly 

the cell cycle regulator gene p53. P53 function was shown to be indirectly inhibited 

by the MCPyV-LT as p53 regulated genes were downregulated62,63. Thus, 

1
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MCPyV-LT has the ability to induce proliferation and cell growth through direct 

RB1 and indirect p53 inhibition.  

Figure 3: sT-antigen induces Cap-dependent translation through PP2A 
inhibition (Generated with BioRender) 
The other MCPyV T-antigen splice variant sT-antigen has also a transforming 

capability as it was shown to induce proliferation and tumour growth in transgenic 

mice64. ST-antigen is also inhibiting the LT-antigen turn over through its LT 

stabilization domain (LSD)65 which might in consequence reinforce the LT 

function. MCPyV sT-antigen contains in addition to the LSD domain the protein 

phosphatase 2A (PP2A)-binding motif which can lead to inhibition of PP2A 

function56 (Figure 3). PP2A is involved in the dephosphorylation of AKT which is 

a part of the tumour cell survival PI3K-mTOR pathway66. The PI3K-mTOR 

pathway was described to be activated in MCC43,44. When PP2A is inhibited, the 

mammalian target of rapamycin (mTOR) kinase subsequently inhibits eukaryotic 

translation initiation factor 4E-binding protein 1 (4E-BP1) by 

hyperphosphorylation67. Interestingly, sT-antigen has been shown to induce also 

hyperphosphorylation of 4E-BP167. Hyperphosphorylated 4E-BP1 releases the 

bound eukaryotic translation initiation factor 4E (eIF4E), which initiates the cap 

assembly and the cap-dependent translation68. It has been shown that 

overexpression of elF4E leads to transformation of rodent cells to tumour cells69. 

In consequence the MCPyV sT-antigen is active downstream of the Akt-mTOR 

1
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pathway which is in contrast to other tumour viruses which target upstream 

components67,70. In addition, MCPyV sT-antigen is capable to induce together with 

atonal bHLH transcription factor 1 (ATOH1) the expression of the MCC diagnostic 

markers cytokeratin 20 (CK20) in keratinocytes71. In conclusion, both MCPyV T-

antigens have transforming activity, are necessary for the MCPyV maintenance 

and at least sT-antigen can induce one of the MCC characteristic markers.  

1.4 THE TRILINEAR EXPRESSION PATTERN OF MERKEL CELL 

CARCINOMA 

EPITHELIAL 
MCC as skin cancer is located mostly in the dermis. MCC express Cytokeratins 

e.g. Cytokeratin 20 (CK20), CK8, CK18 and CK1930. CK20 is detected in

approximal 95% of MCC72. Thereby, CK20 reveal different patterns: a perinuclear

dot-like, a diffuse, a mixed membranous, or cytoplasmic (Figure 4). In general,

cytokeratins are better known as keratins, and more than 50% of total approximal

70 different keratins are expressed in epithelial cells73,74. Keratins are intermediate

filaments which intermediate with actin microfilament and microtubules74. Keratins

preserve cell stability, establish the cell resilience and the polarity, cell signalling

such as apoptosis and vesicle transport75. Keratins are divided into types I and II,

whereas CK18-CK20 belong to type I and CK8 to type II74. Interestingly, CK8,

CK18, CK19 and CK20 are expressed in Merkel cells (MC). This characteristic

expression pattern was one of the reasons why MCs were considered to constitute

the cellular origin of MCC.

1
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Figure 4: Cytokeratin 20 expression in Merkel cell carcinoma 
A perinuclear dot-like (A), a membranous (B) and a mixed (C) detection of CK20 is 
illustrated 

NEUROENDOCRINE 
Neuroendocrine cells are defined as cells which function between the nervous 

system and the endocrine system76. The neuroendocrine skin cells -Merkel cells- 

are directly involved in the mechanoreception by the release of neurotransmitters 

such as catecholamines dopamine or norepinephrine which interact with the 

nervous system77,78. The release of neurotransmitter in neuroendocrine cells is 

achieved e.g. through vesicular structures: secretory granules and synaptic 

vesicles78. The main factor for the formation of secretory granules is the acidic 

protein chromogranin A79. Chromogranin A is also involved in the granule 

exocytosis by controlling the fusion pore expansion which allows the release of 

neurotransmitters80,81. Synaptophysin is the second most abundant synaptic 

vesicle protein -32 copies per vesicle- which is located as integral protein in the 

membrane of synaptic vesicles82. After increase of the intracellular 
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Ca2+concentration the synaptic vesicles fuse with the cell membrane. Although, 

the exact function of synaptophysin is still not clear synaptophysin was described 

as one of the major core proteins for the binding of synaptic vesicles and for the 

subsequent release of the neurotransmitters83. Thus, chromogranin A and 

synaptophysin are both important for the release of neurotransmitters, and 

according to that both are characteristic neuroendocrine proteins.  

Figure 5: Chromogranin A and synaptophysin expression in Merkel cell 
carcinoma 
The cytoplasmic expression of chromogranin A (A) and synaptophysin (B) are illustrated 

Both characteristic neuroendocrine proteins chromogranin A and synaptophysin 

has been detected in cytoplasm of MCCs (Figure 5). Chromogranin A and 

synaptophysin are both not present in every MCC as recently reviewed by Tetzlaff 

and Harms: chromogranin A 84.1% (111/132) and synaptophysin 92% 

(115/125)84. The neuroendocrine differentiation of MCC is also characterized by 

the expression of the neuron specific enolase (NSE; 97.5% (39/40)) and the 

presence of neurofilament (NF; 79.7% (400/502)) 84. Together with CK20 co-

expression this encouraged the hypothesis that MCC is originating from Merkel 

cells which gave MCC its name2-4,85.  

In addition to chromogranin A as well as synaptophysin the neural cell adhesion 

molecule (NCAM or CD56) which is important for the neural cell migration, 

synaptogenesis and synaptic plasticity 86 has been detected in 88.2% (30/34) 

MCCs84. Interestingly, the basic helix-loop-helix (bHLH) factor neurogenic 

differentiation 1 (NeuroD1) was shown to regulate the expression of CD56 in 

neuroendocrine lung carcinomas e.g. SCLC87. Moreover, the expression of 
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NeuroD1 together with the bHLH master regulator of neuroendocrine 

differentiation Achaete-scute homolog 1 (ASCL1) in SCLC is characteristic for two 

groups: neuroendocrine high with chromogranin A expression and 

neuroendocrine low without chromogranin A88. In the latter ASCL1 or NeuroD1 is 

not expressed. Moreover, both NeuroD1 as well as ASCL1 regulate two distinct 

neuroendocrine gensets89. In the neuroendocrine SCLC the RE-1 silencing 

transcription factor (REST) which is known to silence neuroendocrine gene 

expression such as chromogranin A and synaptophysin is expressed90. Due to the 

expression of the chromogranin A, synaptophysin, NSE and NF MCC has been 

characterized as neuroendocrine cancer.  

PRO-/PRE- B-CELL 
The bone marrow pro-/pre-B-cells originate from the hematopoietic lineage which 

can self-renew or differentiate into mature B-cells91,92. The stemness function of 

Hematopoietic stem cells (HSCs) is linked to the expression of the surface 

receptor tyrosine kinase CD117 (c-KIT). With high c-KIT expression the HSC self-

renewal is affected 93. During the maturation of HSCs c-KIT is lost 94,95. HSCs 

differentiate into lymphoid-primed multi-potential progenitors (LMPPs) (Figure 6). 

The multipotent progenitors are first primed for the myeloid and lymphoid lineage 

through the expression of the purine box transcription factor 1 (Pu.1) which is 

forming a “permissive epigenetic landscape” to induce both lineages 96-99. The 

differentiation into the lymphoid lineage and the subsequent inhibition of the 

myeloid lineage is achieved by slowly downregulation of the PU.1 

expression100,101. The downregulation of Pu.1 is caused by Ikaros (IKZF1)102. 

Thus, Ikaros can induce the differentiation of the LMPPs into the common 

lymphoid progenitors (CLPs)103,104. This transition is initiated together with the 

bHLH transcription factor 3 (E2A) is promoting the lymphoid gene expression105. 

E2A activates the gene expression of the Forehead Box O1 (FoxO1) gene and of 

the early B-cell factor 1 (Ebf1)106,107. The protein EBF1 consists of a dimer of two 

65 kDa subunits which have a palindromic DNA-binding motif (HLHLH) with which 

it can activate and repress genes by remodelling epigenetically regulated 

chromatin108-110. Together EBF1 and FOXO1 are inducing the expression of 

specific B-cell lineage genes in a feed-forward loop111,112. Furthermore, in pro-B-

cells EBF1 activates in concert with E2A the expression of the paired box gene 5 
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(PAX5; syn.: BSAP: B cell specific activating protein) which ensures itself a 

reciprocal positive feed-back loop by the binding to the EBF1 promoter113. 

Consequently, E2A activates the expression of EBF1 and PAX5. PAX5 is 

responsible for the commitment to the B-cell lineage by PAX5 114,115. PAX5 inhibits 

non-B-cell genes like macrophage colony-stimulation factor receptor (M-CSFR) 

and Notch-1 which would cause differentiation into macrophages or T-

lymphocytes 116-118.  

The transition of pro- to pre-B-cells is initiating through the expression of the 

recombination activating 1 (Rag1) and Rag2 genes119. The recombinases are part 

of a complex which is responsible of the rearrangements of variable (V), diversity 

(D) and joining (J) DNA segments of the immunoglobulin (Ig) heavy chain

(H)120,121. The recombination starts with the joining of D and J segments which is

initiating by the synergy of EBF1, E2A with the RAG1/RAG2 recombinase

complex122. Thereby, RAG recombinase complex is binding randomly to the

specific recombination segment sequences (RSS) of one J and D DNA-segment

and introducing site-specific DNA double-strand breaks (DSBs)123. The J and D

cut segments were brought into neighbourhood in so called synaptic complex124.

The J and D cut segments were subsequently fused together through

nonhomologous end joining (NHEJ)125. Thereby, the terminal desoxynucleotidyl

transferase (TdT) add nucleotides to generate biological diversity126. Next, in the

late pro B-cells PAX5 recruits the DNA polymerases RAG-1 and RAG-2 to the

variable region of the heavy chain to fuse a random VH to the DJH gene

segments127,128.
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Figure 6: Differentation of haematopoietic stem cell (HSC) into pre-B-cell 
Different transcription factors such as E2A and EBF1 are necessary for the formation of 
the pro-B-cells. PAX5 as a guardian for the B-cell differentiation is essential for the 
differentation to pre-B-cells and generation of the B-cell identity. LMPP= lymphoid-primed 
multi-potential progenitors; CLP= common lymphoid progenitors, (Generated with 
BioRender) 

At the pre-B-cell stage, the Ig light chain (L) is recombined from two distinct loci: 

κ and λ which contain each a VL and JL DNA segment 129. This recombination is 

regulated by the binding of interferon regulatory factor 8 (IRF8) and IRF4 3’ κ and 

λ enhancer130,131. In addition, the octamer transcription factor-2 (Oct-2) is 

activating the expression of the Ig genes by binding to their promoter132. The 

transcribed IgH and IgL pair and form the pre-B-cell receptor (pre-BCR). The C-

terminus consists of a constant region of the IgH which defines the antibody class: 

IgM (µ), IgD (δ), IgG (γ), IgE (ε) and IgA (α)133. On the pre-B-cell the antibody 

classes IgM and IgD are represented134. The BCR signalling is induced by the 

binding of an antigen to the BCR. Thereafter, the heterodimer transmembrane Igα 

(CD79a) and Igβ (CD79b) cytoplasmic domain immunoreceptor tyrosine-based 

activation motifs (ITAMs) are phosphorylated135,136. Other tyrosine kinases are 

binding to the phosphorylated sites and are phosphorylating the cytoplasmic site 

of the B-cell co-receptor CD19 and the B-cell PI3K adaptor (BCAP)137. Thereafter, 

BCAP activates PI3K138. From the known four catalytic PI3K p110 subunits α and 

δ are the most important for the B-cell development and differentiation139. The 

activated p110 subunits phosphorylate PIP2 to PIP3, which recruits the Bruton 

Agammaglobulinemia tyrosine kinase (BTK) to the plasma membrane140. There, 

BTK positively influences the phosphorylation of AKT141. Phosphorylated AKT is 
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inhibiting the RAG1/2 expression phosphorylation of FOXO1142. B-cells which 

show no FOXO1 inhibition were arrested in the pre-B-cell stage143. The arrest in 

the pre-B-cell stage was also observed for the simultaneous loss of PI3K p110α 

and p110δ. Thus, the PI3K p110α and p110δ subunits are crucial for the B-cell 

development and differentiation139.  

In MCCs the expression of PI3K p110δ as well as the heavy and light chain 

rearrangements as and the subsequent expression of Ig heavy and light chains 

were detected 45,145. The expression of Igs was only detected in MCPyV-positive 

MCCs146. Irrespective of the MCPyV status Oct-2 and c-KIT were expressed in 

MCCs146. Moreover, the specific nuclear expression of PAX5 and the expression 

of TdT has been repeatedly reported in the majority of MCC by diverse groups 

during the past years 147-152. As described above under physiological 

circumstances co-expression of TdT and PAX5 is mainly restricted to pro- and 

pre-B cells. Based on that and the Ig rearrangement as well as the Ig expression 

it was postulated that pro-/pre- B cells might be the cellular origin of MCCs 145.  

2. CANCER CELLULAR ORIGIN
Cancer is known since the ancient time as the first documented chirurgical 

treatment was performed 1600 BC in Egypt153. The name cancer itself comes from 

Latin and mean crab because of its common crab-like properties in insist griping 

the invaded tissue. Nowadays cancer is characterized by a large group of different 

diseases154. According to the world health organization (WHO) 9.6 million people 

died in 2018 from cancer155. The number of people suffering from cancer was 

predicted to rise to 14 million in 2035156. The treatment options which were used 

in the past are based on the tissue origin and some markers rarely on the cancer-

specific molecular pathways itself. For example, MCC was treated in a 

comparable regime to SCLC because both share neuroendocrine features157,158. 

Precision medicine and preventing cancer e.g. MCC is becoming more applicable, 

since the knowledge about the carcinogenesis can alter the prognosis and 

treatment regimens as it was observed for diffuse large B-cell lymphoma159. This 

cancer-initiating cell are also known as cellular origin of a specific type of cancer. 

To determine the cellular origin of cancers there were different assays used: 

transplantation assay and lineage tracing assay. The transplantation assay uses 
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a tumour xenograft in immunocompromised mice. It is becoming more evident that 

the cancer cell population is heterogenic and that some cells show stemness 

which is defined by self-renew and capability to differentiate into different cell 

types. These cancer stem cells (CSCs) are thus present in the xenograft and could 

be isolated and rise again into the tumour xenografts160. Although, CSCs have 

tumour-initiating ability it is rather a tumour-regeneration. Thus, CSCs show 

already the changed, altered cancer phenotype. In comparison the cancer cell of 

origin is defined as a normal cell which has not underwent the process of 

cancerogenesis161. Therefore, the cell of origin e.g. of MCC cannot generate the 

cancer without the cancer specific driving events like UV-induced mutations, 

Merkel cell polyomavirus T-antigen expression, etc. Thus, the transplantation 

assay is not applicable to determine the cellular origin. 

In contrast lineage tracing which is also using mice model oncogenic events like 

mutations of tumour suppressor genes. Depending on the lineage specific 

promoter the reporter genes (green fluorescent (GFP) or red fluorescent proteins 

(RFP) are expressed in the neoplasia. The GFP-positive the cells were sorted and 

further analysed160. Although, for colorectal cancer three different possible 

candidates for the cellular origin has been described (intestinal stem cells, transit 

amplifying cells and differentiated villus cells), this kind of experiments are limited 

to determine the precise cell of origin of most cancers162-164. In addition, the 

precise oncogenic events which lead to the particular cancer have to be known 

and applied. Regarding to MCC the MCPyV T-antigen expression and UV-

signature in MCPyV-negative MCCs as events are known. However, which events 

or microenvironment are additional needed are unknown. Therefore, lineage 

tracing to identify the cellular origin of MCC is possible but more knowledge about 

the MCC oncogenesis is needed.  
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Another promising approach to determine the cell of origin is to use methylome of 

cancer and healthy tissues. Bormann and colleagues could show that during 

carcinogenesis of colorectal cancer the DNA methylation signatures stayed 

unchanged165. Thus, methylation analysis could hint to the cellular origin. For this 

approach however the methylome of the subjected cellular origin must be 

available. If the cellular origin is in a differentation stage the changes in 

methylation have to be considered. Thus, the determination of the cell of origin of 

a particular cancer is not trivial and need considerations which approach is the 

most applicable.  
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3.0 AIMS AND OUTLINES OF THIS THESIS 
In this thesis we aimed to understand the cellular origin of MCC. An overview of 

the outline is visualized in Figure 7. 

For the analysis of the cellular origin we focused on methylome and pathway 

analysis. In Chapter 2 we analyse the epigenetic age and the pluripotency of 

MCCs. This should help to investigate if cells which are at the end of their 

differentiation could be the cells of origin of MCC. In Chapter 3 neuroendocrine 

key regulator expression and the influence of methylation is assessed in MCC. 

Chapter 4- 7 focus on the hypothesis that pro-/pre-B-cells are the cellular origin 

of MCC. In Chapter 4 the B-cell gene expression and the other theories regarding 

the MCC cell of origin are reviewed. Chapter 5 describes the B-cell like 

expression of PAX5 and the accessibility of the PAX5 binding sites. In addition, 

the expression of some B-cell transcription factors which interacting with PAX5 by 

inducing the B-cell gene expression and some PAX5 regulated B-cell genes are 

assessed. In Chapter 6 the expression of the B-cell specific PI3K subunit p110δ 

and the efficacy of its inhibitor idelalisib is evaluated. Chapter 7 focuses on the 

expression of BCL2 and the efficacy of the PI3K-BCL2 combinatorial inhibition 

which is used among others to treat leukaemia.  

In the end, in the general discussion the cellular origin, especially the expression 

of the new B-cell genes in MCC and the efficacy of the leukaemia-like treatment 

are discussed (Chapter 8). Finally, a summary of the dissertation is provided.  
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Figure 7: Outline of the thesis “Molecular assessment of the cellular origin 
of Merkel cell carcinoma” 
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Nowadays it is generally accepted that the Merkel cells do not constitute the cellular origin 

of MCC. However, due to its trilinear differentiation the cellular origin of MCC remains 

obscure. The most publications had stem cells, not differentiated cells, respectively, as 

common cell function for their cellular origin. However, there was no evidence.  
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ABSTRACT 
Merkel cell carcinoma (MCC) is a very rare, but highly aggressive skin cancer 

which occurs mainly in elderly patients. MCC cells show an expression pattern of 

three cell lineages: epithelial, neuroendocrine and B-cell progenitor. This trilinear 

expression pattern indicates stemness activity in MCC. The etiopathogenesis of 

MCC is either linked to the Merkel cell polyomavirus (MCPyV) or in a smaller 

proportion (20%) to high levels of UV-induced somatic mutations. Both, viral 

presence as well as accumulation of mutations have been shown to be associated 

with accelerated DNA methylation Age (DNAmAge) compared to chronological 

age. The MCC DNAmAge was significantly lower compared to the chronological 

age, which was irrespective of viral presence or mutational burden. This finding 

strongly indicates a gain or existing stemness activity of MCC cells which might 

explain the MCC trilinear expression pattern. 
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Merkel cell carcinoma (MCC) is a highly aggressive non-melanoma skin cancer 

of mainly elderly and immunosuppressed patients. The survival of patients with 

MCC in advanced clinical stages is only 50% after nine months1. The 

etiopathogenesis of the majority of MCC is closely linked to the recently 

discovered Merkel cell polyomavirus (MCPyV)1. The remaining approximately 

20% MCPyV-negative MCCs are associated with a very high burden of UV-

induced somatic mutations2. Interestingly, infection of blood cells with Epstein-

Barr virus (EBV), cytomelagovirus (CMV) as well as Human Immunodeficiency 

Virus (HIV) and expression of the E6/E7 human papillomavirus (HPV) 16/18 

proteins in cervical squamous cell carcinoma have been associated with 

accelerated DNA methylation Age (DNAmAge) as compared to the patients 

chronological age3-5. In addition, Horvath described an inverse relationship 

between somatic mutations and DNAmAge acceleration3. In contrast, a low 

DNAmAge is found in stem cells and induction of pluripotency is associated with 

“juvenescence” of cells.  

Remarkably, MCC reveal a trilinear differentiation characterized by concurrent 

neuroendocrine, epithelial and pre/pro B-cell lymphocytic gene expression 

obscuring its -currently unknown and controversially- debated cellular origin 6,7. 

The trilinear differentiation of MCC is suggestive for a certain “stemness” of the 

cell of origin. Considering these characteristics of MCC and in order to shed 

further light into their pathogenesis, we here investigated both the DNAmAge and 

the pluripotency gene expression profile of MCPyV-positive and negative MCCs. 

We isolated DNA and RNA of 14 fresh-frozen MCC tissues (originating from 12 

patients) and four MCC cell lines (MKL-1, MKL-2, WaGa and MCC13) using the 

AllPrep DNA/RNA Mini Kit (Qiagen). DNA and RNA were further processed by the 

custom service provided GenomeScan B.V., Leiden, the Netherlands. First, the 

DNA concentration was assessed using the Qubit assay from Invitrogen, 

Carlsbad, California, U.S.A. The quality was assessed by performing gel-

electrophoresis. All samples passed the quality control from GenomeScan B.V. 

Subsequently 500ng of each sample DNA were bisulfite converted using the EZ 

DNA Methylation Gold Kit (Zymo Research, Irvine, California, U.S.A). A bisulfite 

quality control on the samples consisting of a qPCR reaction and melting curve 

analysis was performed by GenomeScan B.V. Again, all samples passed the 

GenomeScan B.V. quality control. Afterwards, 4µL of each sample were directly 
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utilized for the methylation analysis. For the microarray-based DNA methylation 

analyses, the bisulfite-converted DNA was applied to the Infinium 

MethylationEPIC BeadChip targeting over 850,000 methylation sites per sample 

(850K) according to the manufacturer’s instructions (Illumina, Inc., San Diego, 

California, U.S.A performed by GenomeScan B.V. Two different types of Infinium 

assays are incorporated on the array: one included unmethylated and methylated 

beads for each locus, the other included one bead per locus which recognize 

specific unmethylated and methylated DNA. The GenomeScan protocol for 

sample preparation, hybridization and washing of the 850K array was performed 

without deviations of the Illumina protocol (“Infinium II Methylation Assay Manual 

Protocol”). Subsequently, the 850K arrays were scanned using the Illumina iScan 

and all samples passed the MethylAid data quality assessment by using the 

corresponding R script (version R-3.6.2). Raw hybridization signals were 

processed using the GenomeStudio software (v2011.1; methylation module 1.9.0; 

Illumina Inc., USA) applying the default settings and internal controls for 

normalization. Loci with a detection p-value >0.01 in all hybridizations 

(863057/865918) and hybridizations showing a loci call rate above 98% were 

(18/18) used for further analysis. All hybridizations met the defined quality criteria 

and entered the next step in the analysis. MCCs were subjected for the DNAmAge 

calculation as described by Horvath3. We extracted from our quality-controlled list 

of 850K loci (n=863057) the 30084 loci necessary for the DNAmAge calculation 

given by Horwath in the datMiniAnnotation file. Next we uploaded the DNA 

methylation values of these loci in https://dnamage.genetics.ucla.edu/home 

(February 2020) and used the normalization option recommended on the home 

page. Of note, Horvath used Infinium Methylation450 BeadChip targeting over 

450,000 methylation sites per sample (450K) for the DNAmAge calculation3.We 

are aware that by using 850K generated data an underestimation of -3.96 

DNAmAge years compared to 450K data and a correlation to the chronological 

age was observed4. For the assessment of the MCC DNAmAge correlation with 

the chronological age following statistical analyses were performed: the Pearson’s 

correlation coefficient and the two-tailed p-value for the assessment of the scatter 

plot (Figure 1A) and the paired t-test for the assessment of the boxplots (Figure 

1B) were calculated using Graphpad Prism 8.3.1. 
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For the PluriTest approach8, the RNA of all samples was sequenced by 

GenomeScan B.V. Briefly, the RNA quality of all samples was assessed using the 

Fragment Analyzer (Agilent, Santa Clara, California, U.S.A.). All samples passed 

the quality control. The tissue sample preparation was performed according to the 

protocol "NEBNext Ultra Directional RNA Library Prep Kit for Illumina" (NEB, 

Hitchin, Great Britain). The NEBNext Ultra II Directional RNA Library Prep Kit for 

Illumina was used to process the cell line samples. From the total tissue RNA 

rRNA was depleted using the rRNA depletion kit (NEB, Hitchin, Great Britain). The 

cell line mRNA was isolated from total RNA using oligo-dT magnetic beads. 

Afterwards from all RNAs cDNA synthesis was performed, which was used for 

ligation with the sequencing adapters and PCR amplification of the resulting 

product. The quality and yield of all samples matched the company’s expectation. 

The tissue cDNAs were sequenced using the next generation sequencing (NGS) 

platform Illumina NextSeq 500 (read length of 1 * 75bp gained in an average 

output of 1.2 giga base pairs reads per sample) according to the manufacturer’s 

protocols Illumina Inc., San Diego, California, U.S.A). The cell line cDNAs were 

sequenced by using the NGS platform Novaseq 6000 (read length of 2 * 150bp 

gained in an average output of 17 giga base pairs reads per sample) (Illumina 

Inc., San Diego, California, U.S.A). After alignment to GRCh37.87 (hg19) using 

the STAR aligner (v. 2.4.5b), the bam-files were subjected to the program 

featureCounts (v 1.6.3) to assign the reads to the necessary regions for the 

PluriTest approach8. These regions were chosen to match the positions of probes 

on expression arrays which were defined in the original PluriTest publication8. The 

raw read counts were then used to address pluripotency by adopting the R script 

published by Müller et al. 20118 (https://github.com/jhsiao999/pluritest). This script 

was run using the outdated R version 2.15.1, because it was not runnable with 

newer R versions. For the PluriTest approach, five randomly chosen publicly 

available RNAseq-datasets from induced pluripotent stem cells (iPSC) 

(GSE107654) were used as positive controls. The raw data fastq-files were 

downloaded and processed using the same protocol. 

The mean DNAmAge for the tested 14 MCC tissues was 33.0 ±15.0 years with a 

Pearson’s correlation coefficient of 0.05. Thus, the DNAmAge was significantly 

younger and did not match with the patients chronological age (mean 70.0 ±13.0 

years, p<0.0001) (Fig 1A, B, Table 1). This significant lower DNAmAge was 
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observed irrespective of the presence of MCPyV. MCPyV at least in the context 

of MCC is, thus, not associated with DNAmAge acceleration as it has been 

described for other viral infections including HPV-associated cancers5. This 

negative DNAmAge is in the range of what has been reported in uterine 

endometroid cancer with -30 years, colorectal cancer tissue with -20 years and 

head and neck cancers with approximal -17 years9. Comparing two different MCC 

metastases (ID L-MCC8 and L-MCC16, Table 1) which were resected within one 

year from patient number 5 revealed no substantial difference of the DNAmAge. 

Of interest, we observed a 43-year DNAmAge increase between the primary 

tumor (ID L-MCC7) and its metastasis (ID L-MCC10) of one patient (number 4) 

which were both resected within one year (Table 1).  
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Table 1: Summary of the clinicopathological data of the MCC patients and tissues including DNAmAge 

Abbreviations used: No. = number of patient; ID = internal identity; L-MCC= Merkel cell carcinoma from the Leuven cohort; M = male; F = female; prim. 
= primary; met. = metastasis; MCPyV = Merkel cell polyomavirus, - = negative; (+) = weak positive; + = positive; grey marked MCC has an accelerated 
DNAmAge 

No. ID Gender Primary or 
metastasis Localization MCPyV Chronological 

Age DNAmAge DNAmAge-
Chronological Age 

1 L-MCC2 M met. para-aortic lymph node + 70 30.0 -40.0
2 L-MCC4 M prim. face + 63 23.0 -40.0
3 L-MCC5 F prim. lower leg + 55 62.0 7.0

4 L-MCC7 F prim. face + 50 7.0 -43.0
L-MCC10 met. subcutis (+) 51 50.0 -1.0

5 L-MCC8 M met. upper leg + 74 15.0 -59.0
L-MCC16 met. inguinal lymph node + 75 14.0 -61.0

6 L-MCC11 F met. gluteal area + 60 39.0 -21.0
7 L-MCC12 M met. skin - 84 32.0 -52.0
8 L-MCC13 M prim. face + 87 44.0 -43.0
9 L-MCC14 M prim. upper arm - 91 25.0 -66.0
10 L-MCC15 M met. upper arm + 79 34.0 -45.0
11 L-MCC17 F prim. skin + 82 54.0 -28.0
12 L-MCC18 F met. axillary lymph node + 65 39.0 -26.0



THE CURIOUS CASE OF MERKEL CELL CARCINOMA | 2 

49 

Only one of the analyzed MCCs (ID L-MCC5) and two of the analyzed MCC cell 

lines (MKL-1 and MKL-2) revealed an accelerated DNAmAge compared to the 

chronological age (Figure 1C and Table 1).  

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

The observed approximation of 50-year DNAmAge to 51-year chronological age 

of patient number 4 within one year might be due to the increase of DNAmAge 

during disease progression. This has previously been reported for hematopoietic 

stem cells revealing a DNAmAge deceleration after transplantation and a 

DNAmAge acceleration compared to the original donor’s chronological age after 

several months10. Interestingly, in contrast to the MCC cell lines WaGa as well as 

MCC13 the DNAmAge of the MCC cell lines MKL-1 and MKL-2 was accelerated. 
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Horvath described that the DNAmAge correlates with the passage number3. 

Considering this and that the MCPyV-positive cell lines MKL-1, MKL-2 as well as 

WaGa were established earlier than 198711, 200212 as well as 201013, 

respectively, one might argue that the DNAmAge acceleration of the cell lines 

MKL-1 and MKL-2 could be explained by cell culture effects. In contrast, MCC13 

was established earlier than 199514 and a lower DNAmAge could be calculated. 

Considering that MKL-1, MKL-2 and the primary MCC tumor L-MCC5 illustrated 

an acceleration of the DNAmAge it might be that these MCCs possibly belong to 

a distinct minority subgroup of MCC with accelerated DNAmAge compared to the 

chronological age. Further studies using larger MCC cohorts are needed to 

determine in as much MCC consists of different subgroups dividing in accelerated 

or low DNAmAge.  

Figure 2 MCCs are not pluripotent 
The pluripotency score on the y-axis illustrates in as much the samples on the x-axis are 
pluripotent according to the PluriTest. The red lines mark the region of pluripotency, in 
which only the positive controls (induced pluripotent stem cells (iPSCs)) taken from 
GSE107654 are closely located. Thus, the MCC tissues and cell lines are not pluripotent.  
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The highly significant low DNAmAge in combination with the typical trilinear 

differentiation of MCC gene expression, might possibly indicate a pluripotency 

program to be active in these cells. Thus, we assessed the pluripotency status of 

the MCC cells and cell lines using RNAseq in combination with PluriTest analyses. 

Using this approach, the MCC tumor cells and the cell lines did consistently not 

map at, or close to the pluripotency region (Figure 2). Thus, MCC cells and cell 

lines are not pluripotent according to PluriTest.  

Therefore, we conclude that the majority of MCCs are characterized by epigenetic 

youth but lack of pluripotency. The understanding of these epigenetic findings in 

MCC might contribute to the identification of the yet elusive cellular origin of MCC. 
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MCC is characterised by the expression of the neuroendocrine genes 

Chromogranin A and Synaptophysin. If MCC is originating from early B-cells it has 

to be clarified how neuroendocrine genes like Chromogranin A and Synaptophysin 

could be expressed in the B-cell like MCC. Therefore, the expression of the master 

neuroendocrine gene regulator was in focus of the following studies. Thus, in the 

following study we focus on the expression of Achaete-scute complex 1 (ASCL1) 

which induce neuroendocrine gene expression and the expression of the negative 

regulator RE1 silencing transcription factor (REST) which represses 

neuroendocrine gene expression. Since all MCC cells were absent of both ASCL1 

and REST, we further analysed the regulation of REST in MCC which could 

possibly explain the induction of neuroendocrine genes in MCC.  
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ABSTRACT 
Merkel cell carcinoma (MCC) is a highly aggressive non-melanoma skin cancer 

of the elderly which is associated with the Merkel cell polyomavirus (MCPyV). 

MCC reveals a trilinear differentiation characterized by neuroendocrine, epithelial, 

and pre/pro B-cell lymphocytic gene expression disguising the cellular origin of 

MCC. 

Here we investigated the expression of the neuroendocrine key regulators RE1 

silencing transcription factor (REST), neurogenic differentiation 1 (NeuroD1) and 

the Achaete-scute homolog 1 (ASCL1) in MCC. All MCCs were devoid of REST 

and were positive for NeuroD1 expression. Only one MCC tissue reveal focal 

ASCL1 expression. This was confirmed in MCPyV-positive MCC cell lines. Of 

interest, MCPyV-negative cell lines did express REST. The introduction of REST 

expression in REST-negative, MCPyV-positive MCC cells downregulated the 

neuroendocrine gene expression. The lack of the neuroendocrine master 

regulator ASCL1 in almost all tested MCCs points to an important role of the 

absence of the negative regulator REST towards the MCC neuroendocrine 

phenotype. This is underlined by the expression of the REST-regulated 

microRNAs miR-9/9* in REST-negative MCC cell lines. 

These data might provide the basis for the understanding of neuroendocrine gene 

expression profile which is expected to help to elucidate the cellular origin of MCC. 
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INTRODUCTION 
Merkel cell carcinoma (MCC) is a highly malignant non-melanoma skin cancer 

which predominantly arises in the sun-exposed skin of elderly patients 1,2. Next to 

UV exposure and age, MCC are associated with immune deficiencies and the 

presence of clonally integrated Merkel cell polyomavirus (MCPyV) 3,4. More than 

80% of MCC are associated with MCPyV and it has been shown that tumour cell 

proliferation of MCC is dependent on the expression of the oncogenic viral T 

antigens 5-7 

Although MCC accounts only for a minority of all cutaneous malignancies its 

incidence has increased worldwide and has tripled in the US and doubled in some 

European countries 8.  

The 5-year survival of local MCC is 71% but only 20% in the presence of distant 

metastases 2. Recent data of clinical trials on the use of immune checkpoint 

inhibitors in the treatment of patients with MCC stage IIIB/IV are promising 9,10. 

Despite the major progress that has been made during the past years concerning 

the understanding of the etiopathogenesis and treatment, the cellular origin of 

MCC remains enigmatic 11. It has been postulated that MCC either originate from 

Merkel cells or epidermal/dermal stem cells 11,12. To date it is generally accepted 

that the post-mitotic Merkel cells do not constitute the cellular origin of MCC. 

Based on the frequently reported co-expression of PAX5, TdT and 

immunoglobulins in MCCs, we have recently formulated the hypothesis that MCC 

originate from early B-cells, i.e. pre/pro B-cells 13,14.

The repressor element 1 (RE1) silencing transcription factor (REST) is a master 

repressor of neuronal gene expression and neuronal programs in non-neuronal 

lineages 15,16. REST binds together with CoREST to the RE1-binding site of 

neuronal genes, which leads to the inhibition of the expression of these genes 17. 

In the absence of REST, neuronal genes will be expressed. Among other genes, 

REST negatively controls the neuronal target genes encoding chromogranin A 

and synaptophysin 18,19. Although the absence of REST is insufficient to explain 

the full extent of chromogranin A expression, synaptophysin gene expression is 

predominantly regulated by REST 19. REST has been proven to function as an 

oncogene in neural cells and as a tumour suppressor in non-neural cells 16. In 

neoplastic neural cells, REST expression is switched on and is overexpressed, 

e.g. in medulloblastoma and in glioblastoma multiforme 20,21. In contrast, in non-
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neural tumours REST acts as a tumour suppressor, revealing deletions of the 

REST locus on chromosome 4 in a significant proportion of tumours 22.  

REST expression is negatively reciprocal regulated by the neuronal development 

regulator microRNA-9 (miR-9) during neural differentiation 23,24. Further, its 

passenger strand miR-9* is downregulating CoREST: Recently it has been shown 

that miR-9 is upregulated in MCC 25. Interestingly, it has been shown that miR-9 

is activated by the human papillomavirus (HPV) E6 protein in cervical cancer 26. 

In addition, REST has been shown to interact with other human DNA viruses, e.g. 

Herpes simplex virus and adenovirus 27-29.  

The basic helix-loop-helix (BHLH) Achaete-scute homolog 1 (ASCL1) 

transcription factor is known as another master regulator of neuroendocrine 

differentiation and is detected in most neuroendocrine tumours as small cell lung 

cancer (SCLC) 30. In addition, the transcription factor neurogenic differentiation 1 

(NeuroD1) was considered as an alternative regulator of neuroendocrine 

differentiation. 

In the present study, we assessed the expression of REST, NeuroD1 and ASCL1 

in MCC and MCC cell lines. Moreover, the possible regulation of REST expression 

by promoter methylation was assessed with 5-aza-2’ deoxycytidine (5-aza-2’-dC) 

treatment and a methylation specific PCR of the REST promoter CpG islands. In 

addition, we tested the expression of miR-9/9* in REST-positive and REST-

negative MCC cell lines in relation to MCPyV in order to understand in as much 

the regulation of neuroendocrine gene expression in MCC is affected by MCPyV. 
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MATERIALS AND METHODS 
PATIENT SAMPLES 

28 formalin fixed and paraffin embedded (FFPE) primary and metastatic MCC 

tissues were obtained from the archives of the Department of Pathology, 

Maastricht University Medical Center + (table 1). All use of tissue and patient data 

was in agreement with the Dutch Code of Conduct for Observational Research 

with Personal Data (2004) and Tissue (2001, http://www.fmwv.nl). MCCs were 

previously diagnosed by histology and immunohistochemistry for CK20, CD56, 

synaptophysin and chromogranin A in routine diagnostic and have been reviewed 

by 2 experienced pathologists (VW, AZH).  

CELL LINES  

The MCPyV-positive MCC cell lines MKL-1, MKL-2, WaGa, PeTa, BroLi, MS-1 

the MCPyV-negative MCC cell lines MCC13, MCC26 and the B-ALL cell line REH 

were used. All MCC cell lines were kindly provided by Jürgen Becker (University 

Hospital Essen, Essen, Germany). REH was obtained from the Leibniz Institute 

DSMZ-German Collection of Microorganisms and Cell Cultures, Germany.  

The cell lines were cultured in Gibco® RPMI 1640 medium with 10% fetal calf 

serum (FCS) (Gibco®, ThermoFisher SCIENTIFIC, The Netherlands) in an 

incubator at 37°C and 5% CO2.  

IMMUNOHISTOCHEMISTRY 

The expression of REST, ASCL1 and NeuroD1 was tested by 

immunohistochemistry (IHC) in 20 primary and 8 metastatic MCCs, in the MCPyV-

positive MCC cell lines MKL-1, MKL-2, WaGa and in the MCPyV-negative MCC 

cell lines MCC13 and MCC26. In addition, the expression of these genes was 

assessed in the B-cell acute lymphoblastic leukaemia (B-ALL) cell line REH. The 

following antibodies and dilutions were used in this study: Anti-MCPyV LT-antigen 

(clone: CM2B4) dilution 1:100, SANTA CRUZ BIOTECHNOLOGY, Germany; 

anti-REST (clone: CL0381) dilution 1:100, Sigma Aldrich, the Netherlands; anti-

MASH1/Achaete-scute homologe1 (clone: 24B72D11.1) dilution 1:100, Abcam, 

UK; NeuroD1 (clone: 3H8) dilution 1:100, Abnova, Germany; anti-Cytokeratin 20 

(clone: Ks 20.8) “Ready to use antibody”, Dako, the Netherlands. All IHC staining 

were conducted on a Dako Autostainer 48 Link using the EnVision FLEX 
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Visualization Kit K8008 Dako as described previously and according to standard 

diagnostic routine protocols and manufacturer instructions 31. The IHC double 

staining procedure of REST and Cytokeratin 20 (CK20) was performed manually 

by using the Dako Kit K8008 for anti-REST and K5005 for the staining of anti-

CK20. The double staining method was adapted to the standard routine protocol. 

REST-GFP TRANSFECTION 

The cell line WaGa was transfected with human cDNA ORF GFP tagged clone 

NM_005612 from Origene. The expression vector led to a transient expression of 

REST-GFP. The transfection was performed by using Lipofectamine 3000 

(ThermoFisher SCIENTIFIC, The Netherlands) according to the instructions of the 

manufacturer. The expression level changes of synaptophysin and chromogranin 

A were assessed by immunofluorescence microscopy by using a standard 

protocol. The cells were formalin fixed, permeabilized with 0,3% Triton X-100, 

blocked with 5% BSA, incubated with the first antibodies against chromogranin A 

1:250 (SP11, ThermoFisher SCIENTIFIC, The Netherlands) or anti-

synaptophysin 1:250 (SP12, ThermoFisher SCIENTIFIC, The Netherlands), 

stained with the second antibody anti Rabbit Texas Red conjugated (T-2767, 

ThermoFisher SCIENTIFIC, The Netherlands). The detection of the GFP tagged 

REST and fluorescence stained cells with the Leica microscope DM 5000 B 

(Leica, the Netherlands). 

MIRNA ISOLATION AND MIRNA QUANTITATIVE RT-PCR 

The miRNA was extracted by using the miRNA isolation kit “NucleoSpin® miRNA” 

according to the manufacturers’ instructions (Macherey Nagel, Germany). The 

miRNA concentration was measured with the Nanodrop 2000 (ThermoFisher 

SCIENTIFIC, The Netherlands). The cDNA from the isolated miRNAs was 

synthesized by using the Universal cDNA Synthesis Kit II from Exiqon, the 

Netherlands.   

The expression of miR-9 and miR-9* was analysed in means of the quantitative 

RT-PCR by using the specific LNA primers hsa-miR-5p (miR-9) and hsa-miR-3p 

(miR-9*) (Exiqon, the Netherlands). The miRNA expression level was normalized 

to the expression of miR-103 using the primer set hsa-miR-103a-3p. The qRT-
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PCR was performed by using the SYBR Green Supermix (Bio-Rad, Switzerland) 

on the CFX96 PCR Detection System (Bio-Rad, Switzerland) and recorded by the 

Bio-Rad CFX manager.  

REST-, SYNAPTOPHYSIN- AND CHROMOGRANIN A- GENE TRANSCRIPT 

EXPRESSION 

RNA was extracted using the RNA isolation kit “NucleoSpin® RNA” according to 

the manufacturer’s instructions (Macherey-Nagel, Germany). The RNA 

concentration was measured with the Nanodrop 2000 (ThermoFisher 

SCIENTIFIC, The Netherlands). RNA was converted into cDNA using the 

“iScript™ Select cDNA Synthesis Kit” (Bio-Rad, Switzerland). Exon 1 and exon 3 

of REST were amplified using the R1 and R3 primers (Table S2). In addition, exon 

1 and exon 3 spanning amplification of REST cDNA was performed using the 

REST forward (fw) primer and REST reverse (rv) primer (Table S2).  

A quantitative RT-PCR was performed for the analysis of REST-, synaptophysin- 

and chromogranin A- expression in the cell lines MKL-1, MKL-2, WaGa, MCC13, 

MCC26 and REH. For this purpose, the qRT-PCR primer sets for REST, 

chromogranin A, synaptophysin were used. The resulting Ct values were 

normalized with the housekeeping genes β-actin or GAPDH (Table S2). The qRT-

PCR was performed by using the SYBR Green Supermix (Bio-Rad, Switzerland) 

on the CFX96 PCR Detection System (Bio-Rad, Switzerland) and recorded by the 

Bio-Rad CFX manager. All used primers were obtained by Eurofins Genomics, 

Germany. 

DNA-PCR 

DNA isolation was performed using the Nucleospin Tissue DNA Kit (Macherey-

Nagel, Germany) according to manufacturer`s instructions. PCR was performed 

on a Veriti well thermal cycler (Applied Biosystems, the Netherlands) with an 

annealing temperature of 57°C for all combinations of primers and 35 cycles. The 

PCR products were sequenced using the Big Dye Sequencing Kit (ThermoFisher 

SCIENTIFIC, The Netherlands) according to manufacturers’ instructions. All 

experiments were repeated at least 3 times. 

3



NEUROENDOCRINE KEY REGULATOR GENE EXPRESSION | 3 

67 

TREATMENT OF CELL LINES WITH 5-AZA-2’ DEOXYCYTIDINE 

The cell lines MKL-1, MKL-2, MCC13 and MCC26 were treated with 0.5µM, 1.0 

µM and 2.0 µM of 5-aza-2’-dC (Sigma-Aldrich, the Netherlands) which was added 

every 24hrs. In total, the cells were exposed to the demethylation agent for 96h. 

After exposure, the cells were formalin fixed and REST expression was tested by 

IHC.  

METHYLATION SPECIFIC PCR (MSP) 

The genomic DNA of all cell lines was extracted using the “NucleoSpin® Tissue” 

kit (Macherey-Nagel, Germany). The location of the CpG islands was previously 

described by Kreisler et al. 32 and was reproduced using the CpG island searcher 
32,33.  

The gDNA was bisulphite converted using the EpiTect Bisulfite Kit (Qiagen, the 

Netherlands) according to the manufacturers’ instruction. CpG islands were 

amplified using specific primers for both methylated and unmethylated specific 

primer (table S2). As positive control, the unmethylated and the methylated Epitect 

Control DNAs (Qiagen, the Netherlands) were used. 

STATISTICS 

The significance of the qRT-PCR data was determined with Graphpad Prism 6 by 

using the One-Way ANOVA. Data were expressed as the mean  ±  standard 

deviation (SD). P-values of <0.05 were considered as statistically significant. 
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RESULTS 
PROTEIN EXPRESSION OF REST, ASCL1 AND NEUROD1 IN MCC  

Of the 28 MCC tissues, 23 (82.1 %) were MCPyV-positive and 5 (17.8%) MCPyV-

negative as tested by IHC. All MCCs (table 1) were completely devoid of REST 

expression as assessed by IHC (Figure 1A and C). Double staining for CK20- and 

REST-expression of MCC tissues revealed a specific nuclear expression of REST 

within the tumor infiltrating lymphocytes but not in the MCC cells expressing CK20 

(Figure 1B). All MCCs were negative for ASCL1, except one case which revealed 

focal expression for ASCL1 (ID8, table 1). All MCCs revealed a specific moderate 

to strong nuclear expression of NeuroD1 (table 1, Figure 1D). 

In addition, REST expression was assessed in MCC cell lines by IHC. MCPyV-

positive cell lines (MKL-1, MKL-2, WaGa, PeTa, BroLi, MS-1) were negative for 

REST expression (Figure2. and supplemental table S1.). In contrast, the MCPyV-

negative cell lines (MCC13, MCC26, REH) revealed a specific nuclear REST 

expression. In compliance with the MCC specimens, all cell lines were negative 

for ASCL1 expression, but revealed a strong and specific nuclear NeuroD1 

expression in all cell lines. All MCPyV-positive cell lines showed a uniform 

expression pattern for the tested transcription factors. Therefore, for further 

experiments MKL-1, MKL-2 and WaGa cells were used.  
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Figure 1: Immunohistochemistry staining of REST, ASCL1 and NeuroD1 in 
MCC ID 25.  
A, IHC reveals no expression of REST expression in the MCC tissue. In B, double staining 
of CK20 (red) and REST (brown) confirms that the REST positive cells are not located in 
the MCC tissue. ID25 is negative for ASCL1 and positive for NeuroD1 as shown in C and 
D. The microphotographs were taken at 20x magnification.
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Table 1: Summary of the clinico-pathological data of the MCC patients and MCC tissues including the results of the 
immunohistochemical assessment of REST, ASCL1 and NeuroD1. 

ID gender age location Dx Histo MCPyV REST Ascl1 NeuroD1 

Primary MCCs 

1 m 63 head MCC int. pos.  - -  ++ heter. 

2 m 92 ear MCC s.c. neg.  - -  +++ 

3 f 85 buttocks MCC s.c. pos.  - -  +++ 

4 m 69 lip MCC int. pos.  - -  ++ 

5 f 93 upper eye lid MCC int. pos.  - -  + 

6 f 60 tongue MCC int./s.c pos.  - -  ++ heter. 

7 m 74 upper leg MCC int. pos.  - -  +++ 

8 m 93 head MCC int. neg. - ++ foc.  +++ 

9 f 76 buccal MCC int. pos. - -  ++ 

10 f 91 arm MCC int. pos. - n.a. n.a.

11 f 83 upper eye lid MCC int. pos. - - +++

12 f 76 head MCC int. pos. - n.a. n.a.

13 m 77 neck MCC int. neg. - - +++

14 m 79 head MCC int. pos. - - ++

15 f 71 buccal MCC int. pos. - - ++

16 m 68 buttocks MCC int. pos. - - +++
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17 f 58 buccal MCC int./s.c pos.  - -  +++ 

18 m 75 upper leg MCC int pos.  - -  +++ 

19 f 65 arm MCC int. pos.  - -  ++ 

20 m 63 buccal MCC int. neg.  - -  ++ 

Metastatic MCC s 

21 m 71 pancreas MCC met. int. pos.  - -  ++ 

22 f 75 LN neck MCC met. int. pos.  - -  ++ 

23 f 66 skin MCC met. int. pos.  - -  (+) 

24 m 74 groin MCC met. int. pos.  - -  +++heter. 

25 f 67 upper arm MCC met. int. pos.  - -  +++heter. 

26 m 65 LN neck MCC met. int. neg.  - -  ++heter. 

27 f 43 LN groin MCC met. int. pos.  - -  ++ 

28 m 69 LN iliaca MCC met. int./s.c. pos. - ++heter.  ++ 

Abbreviation used: ID = identity, M = male, F = female, Dx = diagnosis, MCC = Merkel cell carcinoma; histo. = histology; int. = 
intermediate, s. c. = small cell, foc. = focal, n.a. = not applicable, pos. = positive, neg. = negative, - = no expression, + = weak 
expression, ++ = moderate expression, +++ = strong expression.  
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REST TRANSCRIPT GENE EXPRESSION IN MCC CELL LINES 

The presence of REST transcripts was assessed in MKL-1, MKL-2, WaGa, 

MCC13, MCC26 and REH cells (Figure 3). No transcript expression of the first 

(R1) and third (R3) exons and marginal, almost invisible presence of the RNA-

specific REST transcript was observed in MKL-1, MKL-2 and WaGa. In contrast, 

the MCPyV-negative cell lines MCC13, MCC26 and REH revealed an evident and 

distinctive REST transcript expression. QRT-PCR for REST revealed that the 

expression of REST transcripts was under the signal threshold in MCPyV-positive 

MCC cells and thus negative. In contrast, MCPyV-negative cells revealed a high 

expression of REST transcripts (Figure 3A and Figure 3C). 

The sequencing of the cDNA amplification products for MCC13, MCC26 and REH 

showed the expression of the identical REST isoform (variant 1) in these three 

cell lines. The cDNA REST amplification product of MKL-2 (Figure 3A; 

supplemental Figure S1) showed a faint PCR product, which was confirmed as 

REST by sequencing, carrying an insertion of 67-bp. This insertion had previously 

been reported in SCLC and is supposed to result in a truncated REST 34,35.  
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Figure 2: IHC staining of the MCC cell lines MKL-1, MKL-2, WaGa, MCC13, MCC26 and the B-ALL cell line REH for REST, 
ASCL1 and NeuroD1. Specific nuclear REST expression (brown) is found in the MCPyV-negative cell lines but not in MCPyV-positive cell lines 
MKL-1, WaGa and MKL-2. All cell lines tested were repeatedly negative for ASCL1 and positive for NeuroD1 by IHC. The scale bar indicate the 
magnification of the microphotographs.  
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Figure 3: Analysis of REST, synaptophysin, chromogranin A and miR-9/9* 
expression. 
No REST transcripts were detected in MCPyV-positive MCC cell lines MKL-1, WaGa and 
MKL-2. Exon 1 (R1), exon 3 (R3) and intron-exon spanning amplification of exon 1 and 
exon3 (REST) MKL-1, MKL-2 and WaGa were not detectable using cDNA (A) but by using 
genomic DNA (B) level. The MCPyV-negative cell lines were positive for REST cDNA. The 
expression of REST, chromogranin A, synaptophysin and miR-9/9* were analysed by 
means of a RT-qPCR. The cq values were normalized to MKL-1 and the sd of n= 2 is 
shown. Only for the REST expression the cq values were normalized to MCC13.  
The REST RT-qPCR confirmed this result and shows a comparable REST transcript level 
in MCC13, MCC26 and REH (C). For chromogranin A and synaptophysin is the pattern 
vice versa. Whereas WaGa showed a 10-fold higher chromogranin A expression compared 
to the other MCPyV positive cell lines (D). In E, the REST positive cell lines MCC13, MCC26 
and REH showed an 84 to 76% respectively lower expression of miR-9 and miR-9* 
compared to the MCPyV-positive cell lines MKL-1, MKL-2 and WaGa. With a p-value of 
<0.5 the MCPyV positive cell lines had a lower of higher expression of all assessed genes 
by qRT-PCR.  
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CHROMOGRANIN A, SYNAPTOPHYSIN AND MIR-9/MIR-9* EXPRESSION IN 

MCC 

The detected patterns of chromogranin A and synaptophysin expression levels in 

MCPyV-positive cell lines revealed an inverse correlation with REST expression 

(Figure 3D). Of interest, a 10-fold higher transcript expression level of 

chromogranin A was observed in WaGa cells compared to MKL-1 and MKL-2. 

Interestingly, the WaGa cells revealed an approximately 3-fold higher expression 

level of the MCPyV T antigens compared to MKL-1 and MKL-2 (Figure 3D and 

supplemental Figure 2). MiR-9 expression in MCC cell lines was assessed in 

REST-negative, MCPyV-positive MCC cell lines MKL-1, MKL-2 and WaGa, and 

REST-positive, MCPyV-negative MCC cell lines MCC13 and MCC26 by means 

of qRT-PCR. The expression of miR-9 and miR-9* was normalized to MKL-1 

(Figure 3E).  

The REST-negative, MCPyV-positive, cell lines showed a high miR-9/miR-9* 

expression compared to the REST-positive, MCPyV-negative, MCC cell lines and 

the B-ALL cell line REH.  

EFFECTS OF THE TRANSIENT EXPRESSION OF REST-GFP IN WAGA CELLS 

ASSESSED BY IF 

In order to determine the functional importance of REST expression in MCPyV-

positive MCC cell lines, WaGa cells were transfected with a GFP-tagged REST 

and its transient expression was detected in the nuclei. The REST-GFP positive 

WaGa cells were stained for chromogranin A and synaptophysin. A significant 

decrease of chromogranin A and synaptophysin compared to the not transfected 

WaGa cells was observed (Figure 4 and Figure S3) in the transfected cells 

compared to the non-transfected cells. 
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Figure 4: REST-GFP transient expressing WaGa cells with downregulated 
chromogranin A and synaptophysin expression. WaGa nuclei were shown with 
DAPI. The transient expressed REST-GFP is detected by green fluorescence. 
Immunofluorescence staining of chromogranin A (A) and synaptophysin (B) reveal a 
cytoplasmic detection of both in WaGa cells und red fluorescence. The merged picture 
shows no detection of chromogranin A and a weak detection of synaptophysin in WaGa 
cells with REST-GFP. In C the negative control whit no application of the first antibody is 
shown. The microphotograph scale is indicated.  
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METHYLATION OF THE REST PROMOTER IN MCCS 

REST expression had been shown to be regulated by methylation of promoter 

CpG islands 32. Since neither REST protein or transcript expression could be 

detected in the MCPyV-positive cell lines, MKL-1, MKL-2, MCC13, MCC26 and 

REH were treated with 5-aza-2’-dC (Fig 5A). Of interest, after 0.5 and 1.0 µM 

treatment with 5-aza-2’-dC MCC26 showed exclusively the response of 

approximate 50 to 60% respectively decrease of REST expression. However, due 

to the high standard deviation this failed to reach statistical significance. The 

expression of REST was not altered in the MCPyV-positive cell lines MKL-1 and 

MKL-2 by 5-aza2’ dC treatment as assessed by IHC and RT-PCR (Figure 5B). 

The REST expression in the other cell lines was not significantly altered by the 5-

aza2 dC treatment. 

A methylation specific PCR was performed on the CpG islands 1 and 3 (Figure 

5D) of the genomic DNA of the above-mentioned cell lines and no methylation 

was detected on both CpG islands in all tested cell lines. 
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Figure 5: No Methylation of REST CpGs in MCC cell lines. Q-RT-PCR of REST 
expression after 5 days treatment with 0.5 µM and 1 µM of 5-aza-2’-dC of MCC cell lines 
MKL-1, MKL-2, MCC13 and MCC26 and the BALL cell line REH revealed no increase in 
expression of REST in MCPyV positive cell lines (A). The p-value of MKL-1/MKL-2 was 
<0.01. For MCC26 the REST expression decreased up to 62% which is not significant. No 
REST protein is detectable in MKL-1 and MKL-2 after 2 µM treatment (B). In C, the MSP 
for CpG 1 and 3 showed no methylation in all MCC cell lines and in the B-ALL cell line. The 
positive controls showed either a methylated or an unmethylated DNA fragment. M: 
methylated; U: unmethylated 
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DISCUSSION 

In the present study we investigated the expression of key regulator genes of 

neuroendocrine gene expression in MCC. For this purpose a large number of 

MCC tissues including MCC cell lines was tested for the expression of REST, 

ASCL1, and NeuroD1.  

REST acts as an repressor of neuroendocrine gene expression, whereby loss of 

REST expression leads to the expression of synaptophysin and chromogranin A. 

In contrast, ASCL1 and NeuroD1, both proneural basic-helix-loop-helix proteins, 

have both been identified as activators of neuroendocrine lineage genes 

expression 36. In contrast, ASCL1 induces synatophysin expression and NeuroD1 

activates CD56 (NCAM1) expression 37,38.  

All MCC tissues and cell lines in this study were negative for ASCL1 expression 

except one MCC which revealed a focal expression of ASCL1 (Table 1). Ralston 

and colleagues (2008) have previously reported that MCCs were all tested 

negative for ASCL1 expression by IHC 39. In contrast, Lewis et al. (2010) found 

that MCCs arising in the head and neck region were positive for ASCL1 

expression 40. Interestingly, the anti-ASCL antibody in this study and the two 

previous reports derived from the same antibody clone. Moreover, we show that 

ASCL1 expression is also absent in all tested MCC cell lines, irrespective of the 

MCPyV-status (Figure 2). 

To the best of our knowledge we report for the first time that NeuroD1 is expressed 

to 100% in MCC tissues and cell lines irrespective of the MCPyV-status (Table 1, 

Figure 2). Interestingly, the acute B-cell lymphoblastic leukaemia cell line REH 

also reveals a strong expression of NeuroD1, suggesting that NeuroD1 

expression alone is not sufficient to induce neuroendocrine differentiation. This is 

supported by the fact that MCC13, MCC26 and REH were negative for the 

neuroendocrine genes chromogranin A and synaptophysin.  

According to previous data, chromogranin A and synaptophysin gene expression 

is negatively regulated by REST 18,41. Therefore, we tested the expression of 

REST in MCC tissues and MCC cell lines (Table 1, Fig 2.). None of the MCC in 

our study did reveal any REST expression in the MCC cells irrespective of the 

MCPyV-status.  

The expression of REST-GFP in the MCPyV-positive MCC cell line WaGa and the 

subsequent REST induced decrease of synaptophysin and chromogranin A 
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expression reveals that chromogranin A and synaptophysin are regulated by 

REST also in MCC cells (Figure 4) 18,41. Since MCC are devoid of neuroendocrine 

gene activator ASCL1 expression in combination with the lack of the 

neuroendocrine gene repressor REST expression strongly indicates that the 

neuroendocrine gene expression of synaptophysin and chromogranin A in MCC 

is mediated by the absence of REST. NeuroD1 expression in MCC alone 

apparently seems to be insufficient to induce the neuroendocrine gene expression 

of synaptophysin and chromogranin A in the MCPyV-negative MCC (Figure 3C 

and D). According to previous reports one might speculate that the high NeuroD1 

expression in MCC might be responsible for the known expression of NCAM1 

(CD56) in MCCs 37,42.  

It is important to note, that the MCPyV-negative variant MCC cell lines MCC13 

and MCC26 are currently controversially discussed in as much these cells lines 

indeed derive from MCC 43. Further the absence of the neuroendocrine marker 

chromogranin A and synaptophysin can be explained by the expression of REST 

in these cells. In the context of the unknown cellular origin of MCC, it would be 

interesting to get more knowledge about the regulation of REST in MCC.  

In this context we also assessed the methylation status of relevant REST promoter 

CpG islands. It has been shown previously in SCLC cells that REST expression 

is regulated by the CpG island methylation of the REST promoter. CpG1 and 

CpG3 islands were stronger methylated in SCLC REST-low expressing cell lines 
32 (Figure 5). In our study, we did not observe methylation of CpG1 and CpG3 

islands of the REST promoter in MCPyV-positive and -negative MCC cell lines. 

Moreover, the 5-aza-2’-dC treatment of the REST negative cell lines did not lead 

to REST expression which confirms the MSPs. Thus, the loss of REST expression 

in MCC is most likely not due to REST promoter methylation.  

Notably, MCPyV-positive WaGa cells revealed an up to 10-fold higher expression 

of chromogranin A compared to the other MCPyV-positive MCC cell lines which 

was paralleled by also a 3-fold higher abundance of MCPyV T antigens. This 

might possibly hint to a direct or indirect activation of MCPyV T antigens on 

chromogranin A expression.  

REST is not only negatively regulating the gene expression of chromogranin A 

and synaptophysin but also the expression of miR-9. Indeed, we could show that 

miR-9 and miR-9* are abundantly present in REST-negative MCPyV-positive 
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MCC cell lines. Recently, miR-9 was found to be upregulated in 20 MCC tissues 

compared to cutaneous lesions of melanoma, squamous cell carcinoma, and 

basal cell carcinoma 25. In cervical carcinoma and oropharyngeal squamous cell 

carcinoma it was shown that miR-9 is activated by HPV 26,44. It is tempting to 

speculate that a comparable mechanism might be applicable to MCPyV and miR-

9 expression in MCC. In the context of the unknown cellular origin of MCC the 

expression of miR-9 and the absence of REST might be the first step towards 

understanding the regulation of neuroendocrine gene expression in MCC and 

might help to identify the cellular ancestry of MCC 13,14. 

CONCLUSION 
MCCs reveal a unique expression pattern of the neuroendocrine key regulator 

genes REST, ASCL1 and NeuroD1, which is characterized by the lack of REST 

and ASCL1 expression and the presence of NeuroD1. The absence of REST 

expression in MCC and in MCPyV-positive MCC cell lines, in combination with 

REST expression in MCPyV-negative cell lines points to an important role of the 

MCPyV in the regulation of REST expression in MCC. Our data might provide the 

basis of MCPyV-related neuroendocrine gene expression in MCC.  
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SUPPLEMENTAL MATERIAL 

Table S1: Summary of the IHC analysis for REST, ASCL1 and NeuroD1 in MCC cell lines and the B-ALL cell line REH, 

ID 
cancer 
type MCPyV REST chromogranin A synaptophysin ASCL1 NeuroD1 

Cell lines 
MKL-1 MCC pos. - +++ +++ - +++

MKL-2 MCC pos. - +++ - +++

MCC13 MCC neg. +++ - - - +++ 

MCC26 MCC neg. +++ - - - +++ 

WaGa MCC pos. - +++ +++ - +++

PeTa MCC pos. - +++ +++ - +++

BroLi MCC pos. - ++ +++ - +++

MS-1 MCC pos. - +++ +++ - +++

REH B-ALL neg. +++ - - - +++
Used abbreviation: pos. = positive, neg.= negative, - = no expression, + = weak expression, ++ = moderate expression, +++ = strong expression. 
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Table S2: Used primer for all PCR applications

Primer Sequence 5‘ 3‘ fw primer Sequence 5‘ 3’rv primer Amplicon bp Tm (°C) 
R1 GAAGGACTTGAAGAGTCTGCTG CCTTGGAGAAATCTCCCTCT 370 56.9/55.9 

R3 GCCATGAAGGAAGTGACCTA GCAATCTTAAAAGGTTGTCTGC 347 56.2/56.7 

REST GGGTGAAATGTCAATTCCGGG GTCTCTACGAAAATGCGGCG 627 57.6/58.3 

REST qPCR GTCCTTACTCAAGTTCTCAGAAGAC GAACCTGTCTTGCATGGCGG 164 61.3/61.4 

chromogranin A TCCCTGTGAACAGCCCTATGAATAA AAAGTGTGTCGGAGATGACCTCAA 78 61 

synaptophysin TGCGCTAGAGCATTCTGGG GCTTAAAGCCTCGCCCCTTCT 74 61 

MCPyV LT GAGGATTCAGCTTCGGGAAGGCATAC

G 

GGGCTCCCCTGGATGCATTGGAG 140 67 

MCPyV sT CAGAGGTCCTGGGTGCATGCTTAAGC GCAAAAACACTCTCCCCACGTCAGAC 149 67 

CpG1 M ATTGGGTGCGCGGCGTAGC CCCTACCGTCTCGACTACGACAACCG 148 58/60 

CpG1 U TGGTGTGGGATTGGGTGTGTGGTGTA

GT 

TCACCCTACCATCTCAACTACAACAACCA 150 61/58 

CpG3 M GGCGAGAGGAAGCGAGAGCGTTC CACCAACGCCTACCTCGACGACG 116 60/60 

CpG3U GAGGTGAGAGGAAGTGAGAGTGTTTG

AGT 

TACCACCAACACCTACCTCAACAACAACA 118 58/58 

β-actin AGAGCTACGAGCTGCCTGAC 
 

AGCACTGTGTTGGCGTACAG 184 61/59 

GAPDH AGGGCTGCTTTTAACTCTGGT CCCCACTTGATTTTGGAGGGA 164 58 
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Figure S1: Blast of MKL-2 REST sequence. NCBI blast has revealed the identity of 
the truncated REST sequence which was detected in SCLC (A). The exons of the non-
truncated and truncated splice variant are shown (B). 

Figure S2: MCPyV expression level in all used cell lines. The expression of 
MCPyV sT and LT were analysed by means of a qRT-PCR. The cq values were normalized 
to MKL-1 and the sd of n=2 is shown. The MCPyV-positive MCC cell lines reveal a different 
expression pattern of MCPyV T antigens whereas the distribution of LT and sT is 
comparable (A). In addition, the relative concentration of LT to sT were compared in B. ST 
is up to 60% less expressed compared to LT  
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UNPUPLISHED SUPPLEMENTAL DATA 

Figure S3: Inhibition of miRNA-9 expression induce morphological changes 
and reduced cell viability in the Merkel cell carcinoma cell line WaGa 
WaGa cells were treated with 1µM and 2µM of the PNAsTM miRNA inhibitor (Panagene, 
South Korea) negative control (nonsense RNA-sequence) and PNAsTM miRNA-9 inhibitor 
for 96h. In A the effective inhibition of the miRNA-9 expression in WaGa cells is shown 
which was assessed by qRT-PCR. In B the microphotographs were taken after 72h 
incubation for the different concentrations of the miRNA inhibitors is illustrated. In C the 
assessment of the effect of the negative control as well as the miRNA9 inhibitor on the cell 
viability of WaGa cells is shown which was performed using the XTT-assay after 96h 
incubation time.
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The previous chapters illustrated that MCC cells have a significant decelerated 

younger DNAmAge compared to the chronological age and that MCC is negative 

for the neuroendocrine transcription factor REST. Thus, we concluded our data 

indicate that MCC cells have a stem cell activity and the requirements for the MCC 

neuroendocrine phenotype. Regarding the elusive cellular origin, we reviewed in 

chapter 3 the current main cellular origin hypotheses of MCC emphasising the 

early B cells as putative cellular origin.  
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ABSTRACT 
Merkel cell carcinoma (MCC) is a highly malignant skin cancer characterized by 

early metastases and poor survival. Although MCC is a rare malignancy, its 

incidence is rapidly increasing in the U.S. and Europe. The discovery of the Merkel 

cell polyomavirus (MCPyV) has enormously impacted our understanding of its 

etiopathogenesis and biology. MCCs are characterized by trilinear differentiation, 

comprising the expression of neuroendocrine, epithelial, and B-lymphoid lineage 

markers. To date, it is generally accepted that the initial assumption of MCC 

originating from Merkel cells (MCs) is unlikely. This is owed to their post-mitotic 

character, absence of MCPyV in MCs and discrepant protein expression pattern 

in comparison to MCC. Evidence from mouse models suggests that 

epidermal/dermal stem cells might be of cellular origin in MCC. The recently 

formulated hypothesis of MCC originating from early B-cells is based on 

morphology, the consistent expression of early B-cell lineage markers and the 

finding of clonal immunoglobulin chain rearrangement in MCC cells. In this review 

we elaborate on the cellular ancestry of MCC, the identification of which could 

pave the way for novel and more effective therapeutic regimens.   
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INTRODUCTION 
Merkel cell carcinoma (MCC) has originally been described as “trabecular 

carcinoma of the skin”1. MCC mainly occurs in elderly or immunosuppressed 

patients and is associated with poor clinical outcome2. Although the incidence of 

MCC is low, a steady rise has been observed throughout the last decades3. 

Histologically, MCC reveals distinctive subtypes, which are the intermediate 

(approx. 90%), the small cell and the trabecular type of which all reveal cytokeratin 

20 (CK20), neural cell adhesion molecule (NCAM/CD56), chromogranin A and 

synaptophysin expression4. Based on this, MCC has been believed to be a 

neuroendocrine carcinoma deriving from Merkel cells (MC)5.  

The discovery of the Merkel cell polyomavirus (MCPyV) significantly contributed 

to the understanding of the etiopathogenesis of MCC 6. The clonal integration of 

the viral genome in MCC, tumour specific oncogenic mutations within the large T 

antigen (LTAg) of MCPyV, the dependence of MCC cells on the expression of the 

LTAg and the presence of MCPyV-DNA in approximately 80% MCC cases 6, led 

to the classification of MCPyV as a class 2A carcinogen by the International 

Agency on Research of Cancer 7. Of note, MCPyV-negative MCCs have a 

different mutational landscape and are mostly caused by sun light exposure. 8 

The current treatment is surgical excision of the primary tumour and the involved 

lymph nodes in combination with adjuvant radiotherapy 9. Nevertheless, even 

aggressive local treatment results in a poor control of the disease, limiting the 

median survival rate of MCC to 29 months 10. Over decades, the favoured theory 

was that MCC originates from MCs 1.  
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Subsequent to the formulation of the epidermal/dermal stem cell hypotheses as 

possible cells of origin of MCCs the controversy has intensified 11. Based on the 

consistent expression of early B-cell antigens in MCCs, the hypothesis that MCCs 

derive from pre/pro B-cells was formulated 12. Hereinafter, the current hypotheses 

on the cellular origin of MCC are comprehensively reviewed. The identification of 

the cellular ancestors of MCC will contribute to establish more effective treatment 

regimens.   

THE “OUT OF MERKEL CELL” HYPOTHESIS 

Based on clinical characteristics, histological studies and the ultra-structural proof 

of neuroendocrine granules, MCs were considered to be the source of MCC 13. 

This theory was supported by the immunohistochemical finding that MCs and 

MCCs share the expression of CK20 and CD56 14. The typical perinuclear dot-like 

expression pattern of CK20 in 82% of MCC is considered almost pathognomonic 

for MCC diagnosis. In addition, neurofilament expression in 90% of MCCs has 

also served as a distinctive marker for MCC 15.  

The arrangement of filaments, such as CK20 and neurofilament, discloses 

important differences between MCCs and MCs. While the cytoskeleton is 

arranged diffusely in MCs, it is arranged in plaque-like aggregates in MCC 16, 

which is of interest, since it suggests an alternative activation. Noteworthy, many 

genes commonly expressed in MCCs, including KIT, PAX5, SCF and BCL-2, are 

absent in MCs, which opposes the “out of Merkel cell hypothesis”. 

Reasonable concerns have been rising during the past years, doubting the 

hypothesis that MCC derive from MCs. Of importance, no proliferative activity is 

detected in MCs as tested either in fetal or adult skin, strongly indicating that MCs 

are post-mitotic 17. In addition, transgenic mice models revealed that MC 

homeostasis is maintained by differentiating epidermal progenitors and not by 

proliferating differentiated MCs 18. Considering that the restoration of the 

proliferative potential is critical for cells to become cells of origin of cancer, post-

mitotic MCs are unlikely to give rise to MCC 16,19. Further evidence challenging 

MCs as the cell of origin of MCC relies on the localization of MCC: While MCs are 

located within the basal layer of the epidermis 20,  
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MCCs are generally localized in the dermis or subcutis with spatial distance to the 

epidermis or to epithelial structures of skin appendages (Fig. 1). Only in about 3-

9% of cases, MCCs reveal contact to the epidermis.  

Figure 1: Cytokeratin 20 (CK20) staining of Merkel cell carcinoma (MCC). The 
MCC cells reveal strong brown staining for CK20 expression. The positive cells are located 
in the dermis or subcutis of an intermediate type of MCC. The positive stained Merkel cells 
(MC) are seen in the epidermis.
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Moreover, the cytonuclear morphology of the different subtypes of MCC has to be 

taken into consideration. The intermediate type of MCCs is morphologically almost 

indistinguishable from blastic lymphoid malignancies and other small blue round 

cell tumours 21. If one MCC subtype was considered to derive from MCs at all, it 

would be the trabecular type, which in contrast to the intermediate and small cell 

type of MCC, is a rather well differentiated skin tumour. It appears counterintuitive 

that fully differentiated cells, including MCs, give rise to three very divergent 

histomorphological phenotypes.  

THE “EPIDERMAL/ DERMAL STEM CELL” HYPOTHESIS 

Lately, research interest shifted to epidermal stem cells as potential cells of origin 

of MCC. According to this, MCC is considered to be the consequence of a 

malignant transformation of an epidermal stem cell. Since epidermal stem cells 

give rise to different lineages, this pathogenic process could explain the divergent 

histological phenotypes of MCCs.  

Testing 13 cases of MCC, Lemasson et al. reported strong cytokeratin 14 (CK14)-

positivity by IHC. Since CK14 derives from the basal epidermal layer, which also 

contains epidermal stem cells, the authors reasoned that MCCs may arise from 

this layer. 11 

The frequent expression of neuronal cell markers such as neurofilament, 

synaptophysin and neuron-specific enolase (NSE) in MCC, renders the dermal 

stem cell an intriguing candidate for the cellular origin of MCC 22. Oncogenic 

mutations of dermal stem cells, which originate from the embryonic neural crest 
23, could explain the expression of these neuronal cell markers. Furthermore, 

expression of the transcription factor SOX-2, a neural crest-derived stem cell 

factor 24, was detected in all cases of a small series of MCCs (N=9), with a majority 

(5/9) even showing a strong nuclear staining. On the contrary, SOX-2 has recently 

also been found to be expressed in epidermal progenitors of murine tongues 25, 

thereby suggesting that SOX-2 expression may be more widespread than 

previously assumed.  

Due to their dermal location and their broad differentiation, a third stem cell 

population, skin-derived precursors, can be considered to be a possible cell of 

origin of MCC 23. Evidence from mouse models shows that MCPyV T-antigen 
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expression results in neoplastic features, such as hyperplasia and increased 

proliferation 26,27. In another mice model, Keratin 14-mediated Cre recombinase 

expression induced expression of MCPyV T antigens in stratified squamous 

epithelial cells and Merkel cells of the skin epidermis. Again, features for 

neoplastic progression could be found, however no malignancy, including MCC, 

could be induced 27,28. To this date, MCPyV-DNA could neither be detected in 

(epi-)dermal stem cells nor skin-derived precursor cells.  

THE “DERMAL FIBROBLAST” HYPOTHESIS 
Recently, Liu et al. isolated human foreskin cells and in vitro separately infected 

the different cells with a MCPyV-GFP pseudovirus and control. Using this 

experimental approach, the authors identified human dermal fibroblasts - in which 

productive viral transcription and replication was observed - to be the major target 

of MCPyV-infection. Using a cell culture model, Liu et al. showed that MCPyV-

infection is facilitated by matrix metalloproteinase and by the ß-catenin/WNT 

pathway. This signalling cascade has previously been shown to be stimulated 

upon UV light exposure and by aging, which are two major risk factors for the 

development of MCC 29. Although MCPyV-DNA is normally not detected in human 

dermal fibroblasts adjacent to MCPyV-positive MCC by diverse molecular 

techniques, i.e. DNA-PCR and DNA FISH, these are very interesting findings 

possibly pointing to the mode of MCPyV-infection of the skin. 

THE “PRE/PRO B-CELL” HYPOTHESIS 

The frequent expression of B-lymphoid lineage markers in MCC and its 

sometimes difficult histological discrimination from lymphoid malignancies 21 

contributed to the formulation of the hypothesis that MCC could originate from 

pre/pro B-cells 12. According to this, the stage of early B-cell development in which 

a MCPyV infection occurs, could determine the phenotype and B-cell expression 

profile of the later MCC. The pre/pro B-cell as the cellular origin of MCC would 

explain why most MCCs are located within the dermis and subcutis 30, without 

revealing contact to the epidermis, where MCs or epidermal stem cells reside (Fig. 

1). To this end, the minority of histopathological grossly divergent, MCPyV-

negative cases with epidermal dysplasia, such as those recently described by 
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Martin et al. 31, would not be considered to derive from pre/pro B-cells, but 

represent a distinct subset of MCCs, possible deriving from epidermal or dermal 

stem cells. In the paragraphs below, an overview of the most decisive steps in 

early B-cell development is given. 

B-cell development starts with pluripotent hematopoietic stem cells (HSC) that

differentiate into a pre/pro B-cell (Fig. 2). These are irreversibly committed to the

B-cell lineage by expression of early B-cell factor 1 (EBF-1) and E2A, both

synergistically cross-regulating the paired-box gene 5 (PAX5) 32. Notably, their

absence results in a failure to develop mature B-lymphocytes 33.

Figure 2: Overview of the different stages of B-cell development with their 
respective surface markers 34, nuclear markers  and V(D)J rearrangement. 
B-cell markers also found in MCCs are highlighted by bold.

Due to the critical role of PAX5, also known as B-cell specific activator protein 

(BSAP), for B-cell commitment, it is considered to be the guardian of the B-cell 

lineage 35. In haematopoiesis, PAX5 expression is B-cell specific and critical for 

maintaining B-cell function through the whole process of maturation and hereafter 
35. On inactivation of PAX5 in vivo, mature B-cells regain the possibility to undergo

gene recombination and may even differentiate into macrophages. Interestingly,
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PAX5 expression is commonly deregulated or mutated in B-cell malignancies 

such as B-cell acute lymphoblastic leukaemia (B-ALL) 36, B-cell chronic 

lymphocytic leukaemia (B-CLL), mantle cells lymphoma (MCL), or follicular 

lymphomas (FLs) 37. C-KIT, also known as CD117 is another critical factor in early 

B-cell development. Binding of the C-KIT ligand Stem Cell Factor (SCF) results in

the activation of this tyrosine kinase, ultimately promoting survival and proliferation

through the RAS/MEK/ERK-signalling pathway 38.

For a cutaneous malignancy, it is very remarkable that MCCs commonly

expresses early B-cell markers. A meta-analysis shows high frequencies with

more than 60% for the TdT and KIT expression and more than 80% for PAX5

expression in MCC. In three studies, the KIT ligand SCF was detected in 25.0%

of cases. In addition, immunoglobulin expression and rearrangement in MCPyV-

positive MCCs has been described. Here, we briefly summarize the previous

reports on expression of terminal deoxynucleotidyl transferase (TdT), PAX5, KIT,

BCL-2, IgM, IgA and IgG, as well as the Ig lambda and kappa light chain in MCCs

(table 1).

Table 1: Summary of different B-lymphocyte markers and their detection 
frequency in MCC. 

Marker positive Total tested present Reference 

CD56 15 15 100% 39

BCL-2 15 16 96% 40

PAX5 128 143 89.5% 12,41-44

TdT 122 187 65.2% 12,41,44-48

KIT 204 324 63% 39-41

SCF 32 128 25% 49-51

PAX5 expression is a frequent finding in MCCs. In 89.9% (24/27) of cases it was 

recently detected by Kolhe et al. 41. This was confirmed by Mhawech-Fauceglia 

et al. (70.6%, 24/34) 43. We found PAX5 expression in all (N=21) tested MCCs 12, 

which is in concordance with another recent study (100%, 30/30) 44. Overall PAX5 

is detected in 89.5% (128/143) of MCCs by immunohistochemistry (Table 1).  
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TdT expression has been identified as a potential diagnostic pitfall in the 

discrimination between MCC and lymphoblastic hematological malignancies 45,46. 

Sur et al. detected TdT in 8 out of 15 MCCs 46, while in two other studies a 

prevalence of 73% and 78% 41,45 was reported. In a larger analysis, 70% (28/40) 

of the analyzed MCCs were found to be TdT positive 47. We observed TdT 

expression in 76.2% (16/21) of MCCs 12. Interestingly, TdT expression is 

significantly correlated with the presence of MCPyV 48. A meta-analysis (table 1) 

establishes that TdT is expressed in 65% (122/187) of all MCCs.  

Published data on the expression of Ig in MCC is sparse. Van Gele et al. 

performed gene-expression profiling of classical (MCPyV-positive) MCC cell lines 

and variant (MCPyV-negative) MCC cell lines. Hereby, the expression of 

Membrane-bound and secreted immunoglobulin gamma heavy chain (IgHG3) in 

the classical MCC cell lines was 100-fold higher as compared to the variant MCC 

cell lines. Importantly, IgHG3 expression was the single most predictive gene for 

differentiating classical and variant MCCs 52. In another transcriptome-wide study 

of 35 primary MCCs, Paulson found IgJ and Ig-kappa constant mRNA to be 

significantly up regulated in MCCs with a good prognosis 53. In addition, we 

recently demonstrated IgA, IgG and IgM expression by immunohistochemistry in 

the majority of MCC cases. Of note, two MCPyV-positive cases showed clonal 

IgH and Ig kappa rearrangement 12. A recent study by Murakami et al. confirms 

this data: Using IHC, one or more of the tested immunoglobulins (IgG, IgA, IgM, 

Igk) was expressed in 70% of MCPyV-positive MCCs (14/20), while none of the 

MCPyV-negative MCCs expressed any immunoglobulin (p= 0.0003). In addition, 

the authors identified a MCPyV-positive case with monoclonal IgH recombination. 
44. 

C-KIT expression is frequently described in MCCs, while it is not expressed in

MCs 54. Overall, the meta-analysis of KIT expression in MCC reveals 63%

(204/324) KIT positive MCCs (table 1). Though critical for early B-cell maturation,

C-KIT has also been proven to be important in certain non-haematological

malignancies, including melanoma. In non-hematologic malignancies, the C-KIT

signalling pathway is exploited through mutations and overexpression of c-kit.

Contrarily, C-KIT could not be found to harbour functional mutations nor gene

amplifications in MCC 55,56.
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Data on the expression of the C-KIT ligand SCF in MCC is limited to three studies, 

in which the detection rates vary considerably (9- 94%). While one group reported 

co-expression of KIT and SCF in 15.6% (5/32), another group detected it in 75% 

of the cases (12/16). The functional relevance of the ligand receptor interaction 

was subsequently shown in the MCC cell line MCC-1. Exogenous administration 

of SCF increased proliferation of MCC-1, while blockage of KIT signalling reduced 

proliferation 57. In non-hematologic malignancies, activation of the C-KIT 

signalling pathway is not achieved by autocrine signalling, but by overexpression 

and functional mutations in c-kit itself. Although this autocrine loop could possibly 

be a target for MCC therapy, current clinical experience does not provide a clear 

picture. While one group could show clinical remission, a phase II trial could not 

prove imatinib to be efficient 58.  

Recently, knockdown of bcl-2 in Merkel cell lines has been shown to result in cell 

death59. Importantly, these finding could be phenocopied by the potent pan-BCL-

2 inhibitor Navitoclax, which led to the induction of apoptosis in 10 out of 11 cell 

lines.  

CONCLUSION 
Although our knowledge of the underlying etiopathogenesis of MCC has changed 

tremendously with the recent discovery of MCPyV, the cell of origin of MCC still 

remains to be defined. Initially, the MC was assumed to be the cellular origin of 

MCC. However, this view has been discarded based on the data summarized in

this review. Alternatively, epidermal stem cells and epidermal precursors have

been discussed as possible cellular origin of MCC. We suggest that MCC

originates from a pre/pro or pre-B-cell, which is mainly based on descriptive data

yielded by IHC and also on molecular data 12. Descriptive data, in combination

with molecular analyses, has been successfully used in the identification of the

cellular origin of Non-Hodgkin lymphomas. Indeed, the current WHO classification

of malignant lymphomas is largely based on this combination of descriptive and

molecular data 60. However, one should be aware of the fact that a possible

transformation-related phenotype switch might impact the interpretation of these

findings.
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In contrast to MCs, early B-cells hold the capacity to differentiate into different cell 

types, which is a necessary and important characteristic of tumorigenesis 19. The 

combined synthesis of critical early B-cell markers, including TdT, PAX5, KIT and 

SCF in a majority of MCCs, strongly suggest B-cells as the cellular origin of MCC. 

Furthermore, preliminary data from our lab also points to the consistent and strong 

expression of RAG-1 in 81% (18/22) of MCCs. Molecular data on the expression 

of Ig transcripts, also in addition to monoclonal Ig gene rearrangement in some 

cases, further supports the hypothesis that early B-cell constitute the cellular origin 

of MCC 12,44. On the other hand, it needs to be noted that Ig expression, though 

most prominent in B-cells, can also be found in some non-haematological 

malignancies 61. According to the B-cell hypothesis, the respective stage of early 

B-cell development at which the transforming event takes place will affect the

phenotype, as well as the protein expression profile.

Moreover, the pre/pro B-cell as the cellular origin also explains why most MCCs

are located within the dermis and subcutis, without revealing contact to the

epidermis, where MCs or epidermal stem cells resides (Fig. 1). Yet, it is unknown

where the putative cell of origin of MCC is infected and transformed by MCPyV.

In the case of pre/pro B-cells, it seems most likely that this infection/transformation

occurs in the skin or blood. Previously, it has been shown that pre/pro B-cells

enter the blood circulation 62,63. Very recently, we assessed the presence of

pre/pro B-cells in sun damaged skin and were able to demonstrate by TDT and

PAX5 IHC double staining the presence of circulating pre/pro B-cells in sun

damaged skin (unpublished data). These findings help to understand why

MCPyV-negative MCCs do carry a genomic UV damage signature and still reveal

the consistent expression of early B-cell markers. In addition, it helps to

understand why MCC are sometimes found as collision tumours with BCC or SCC

of the skin.

Expression of CK20 in MCC is considered to be the signpost of epithelial origin.

However, CK20 expression is variable and can be induced in non-epithelial cells.

Indeed, Simian virus 40 (SV40), a closely related polyomavirus, is able to induce

expression of cytokeratins in non-epithelial cells 64. In addition, also non-Hodgkin

lymphomas and leukaemia can express cytokeratins 65. Similarly, the expression

of NCAM, also known as CD56, in MCC does not necessarily indicate its
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neuroendocrine origin, since CD56 is strongly associated with natural killer (NK) 

cells and the respective lymphomas 39. Notably, NK cells originate from pre-/ pro- 

B-cells.

Furthermore, MCPyV is present in approximately one third of chronic lymphatic

leukaemia (CLL) cases, a malignancy that frequently occurs together with MCC
66. Lastly, integration of MCPyV into the host DNA of CLL cells was demonstrated

by fluorescence in situ hybridization 67.

In conclusion, several lines of evidence suggest that MCC originates from pre/pro- 

or pre-pro-B-cells. At the same time, there are many unresolved issues and

contradictory findings that need to be verified and addressed by functional in vitro

studies before any hypothesis can be proven. The very impressive response to

Idelalisib (specific inhibitor of PI3K p110δ) treatment of a metastasized MCC as

reported by Shiver 68 emphasizes that the correct identification of the cellular

origin of MCC allows to develop novel and more adequate therapeutic regimens

for this highly malignant cancer.

In order to proof any of the suggested hypotheses functional in vitro studies, e.g.

mouse models, are needed.
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Table 2: Summary of supportive and contradictory arguments for the 
different hypotheses on the cell of origin of MCC. 

Putative Cell of 
Origin 

Supportive Arguments Contradictory Arguments 

Merkel Cell 

1. Neuroendocrine

granules

2. CK20 and CD56

expression

3. Clinical characteristics

1. Epidermal location

2. Postmitotic

3. Gene-expression

profile

(Epi-)dermal stem 

cell 

1. Neuronal cell markers

2. CK14 expression

3. SOX-2 expression

4. Mitotic potential

1. Expression of B-cell

markers

B-cell

1. B-cell specific lineage

factors

2. Expression of Ig

3. IgH and Igκ

rearrangement

4. MCC regression with

idelalisib treatment

1. Neuroendocrine

granules

2. Location of MCPyV

transduction

Dermal fibroblasts 

1. Dermal fibroblasts are

a target of MCPyV

infection

1. Gene-expression

profile

2. Neuroendocrine

differentiation

3. Expression of B-cell

markers
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After reviewing the hypotheses of the MCC cellular origin the main goal of the 

following studies (Chapter 5, 6 and 7) is focusing on the MCC early B-cell 

phenotype. PAX5 is described to be the guardian for the B-cell differentiation. For 

example, if PAX5 is not expressed in pre-pro B-cells these cells will be 

differentiate into T-cells. Therefore, the expression pattern of PAX5 in MCC tissue 

as well as in cell lines is of interest. Further, MCC does not show a complete B-

cell phenotype which suggest that PAX5 is not fully functional in MCC. Therefore, 

the epigenome of the PAX5 binding site was analysed and confirmed by 

immunohistochemistry (Chapter 5).  

The PI3K p110δ subunit which is essential for the pre-B-cell receptor signalling 

was described to be expressed in MCC. In Chapter 6 the expression of the PI3K 

p110δ was assessed in a bigger cohort. In addition, the functionality of the PI3K 

p110δ subunit was analysed in the MCC cell lines. 

BCL-2 which was first described in lymphomas and used as target for the 

treatment of leukaemia was also shown to be present in 80% of MCCs. The 

expression of BCL-2 is addressed in Chapter 7. The expression of BCL-2 was 

assessed in our cohort. Further the functionality of BCL-2 was analysed by 

inhibiting the BCL-2 family with Navitoclax. Moreover, the BCL-2 inhibition in 

combination with the PI3K inhibition were discussed for the treatment of 

leukaemia and analysed in this study as well.  
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Contribution to the manuscript (Chapter 5): 
Emil Chteinberg (EC) designed this study together with Prof. Axel zur Hausen 

(AzH), Prof. Reiner Siebert (RS), Prof. Martin Zenke (MZ) and Anna Kordelia Kurz 

(AKZ). Prof. Joost van den Oord, provided the Leuven cohort and the fresh frozen 

MCC tissues which were subsequently used for 850K methylation array analyses 

and RNA-next generation sequencing (RNA-NGS) which were performed by the 

company GenomeScan. Felix Bormann (FB) and Han Jin aligned the obtained 

RNA-NGS data for the downstream analysis. FB generated the PAX5 exon read 

counts and compared with EC the PAX5 splice variant abundance in different 

tissues. EC generated the PAX5 sashimi plots and detected the PAX5 splice 

variants and isoforms. EC performed all PCRs, qRT-PCR Western blot and 

Immunofluorescence experiments. EC generated the MCPyV-positive REH and 

MCC13 cell lines and analysed for PAX5 expression. Julia Kolarova (JK) and Julia 

Vogt analysed the obtained 850K array data set and generated the list of 

differential methylated loci recognized by PAX5. EC performed the subsequent 

enrichment analysis of the Kulis transcription factors and modules. EC performed 

the gene ontology analyses. JK and EC generated the phylogenetic trees. Dorit 

Rennspiess and Kim Severens performed all immunohistochemistry staining used 

in this study. The IHC staining were all revised by EC, AzH, Véronique 

Winnepenninckx, AKS and Ernst-Jan Speel. Thereafter, EC discussed the 

resulted data with all Co-authors, especially with MZ, AKZ, RS and AzH. EC wrote 

the manuscript and designed all figures. JK, AzH and RS contributed essentially 

to the final version by critically revising the written draft of EC.  
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ABSTRACT 
The prognosis of stage III/IV Merkel cell carcinoma (MCC) is very poor. The 

Phosphatidylinositol 3-kinase p110δ specific inhibitor idelalisib has recently been 

reported to induce complete clinical remission in a stage IV MCC patient. Here we 

assessed the expression of p110δ in primary MCC and MCC cell lines including 

its functionality. 

Immunofluorescence microscopy revealed a specific cytoplasmic p110δ 

expression in 71.4% of the tested MCCs and in all tested MCC cell lines. 

Compared to the B cell leukaemia cell line REH all MCC cell lines, except MKL-1, 

revealed a lower response towards the treatment with idelalisib. MKL-1 showed a 

10-fold higher IC50 compared to REH which was accompanied by a significant

decrease of Akt phosphorylation. However, treating the MCC cells with the

specific PI3K p110α subunit inhibitor Alpelisib led to a more effective decrease of

the cell viability compared to idelalisib: WaGa cells 30-fold, PeTa cells 15-fold and

all other MCC cell lines 3-fold.

Although PI3K p110δ is expressed in the majority of MCCs and cell lines its

inhibition by idelalisib alone does not suffice to effectively affect MCC cells

viability.
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INTRODUCTION 

Merkel cell carcinoma (MCC) is a very aggressive virus associated non-melanoma 

human skin cancer 1-3. The Merkel cell polyomavirus (MCPyV) is clonally 

integrated in more than 80% of the MCCs 4,5 and it has been shown that the 

expression of the oncogenic T-antigens are important drivers for the oncogenesis 

of MCC 6,7. Next to MCPyV, UV exposure, age and immune deficiency are 

contributing to the pathogenesis of MCC 1. In addition, the risk to develop MCC is 

significantly increased upon solid organ transplantation (23.8-fold) and for HIV 

patients (11-fold) 8,9.  

Despite its rarity the incidence of MCC has tripled in the USA and Europe 1. This 

and the low 5-year survival rate of 20% of MCCs with distant metastasis 

emphasizes the need for an unique treatment 10. Recently, a complete clinical 

response induced by the phosphoinositide 3-kinase (PI3K) p110δ selective 

inhibitor idelalisib in a patient with stage IV - with proven p110δ transcript 

expression by quantitative RT-PCR - has been reported by Shiver et al 11.  

The activity of the PI3K-pathway has already been studied in MCC by inhibiting 

the p110α subunit 12,13. Yet, it remains unclear to which extent the transcript 

expression of PI3K p110δ leads to a significant specific protein expression in 

MCC. and to which extent p110δ contributes to the PI3K pathway activity in MCC.

It is expected that elucidating PI3K p110δ activity in MCC might help to identify

potential additional therapeutic options for this currently poorly treatable non-

melanoma skin cancer.

Here we assessed the expression of p110δ in 21 MCC tissues and 7 MCC cell

lines. The functionality of p110δ was analysed by idelalisib treatment of MCC cell

lines and compared to the p110α subunit by treatment with the p110α specific

inhibitor Alpelisib.
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MATERIALS AND METHODS 
PATIENT SAMPLES 

Twenty-one formalin fixed and paraffin embedded (FFPE) MCC tissues, 18 

primary and 3 metastases, were obtained from the archives of the Department of 

Pathology, Maastricht University Medical Centre+, Maastricht, the Netherlands. 

All use of tissue and patient data is in agreement with the Dutch Code of Conduct 

for Observational Research with Personal Data (2004) and Tissue (2001, 

"http://www.fmwv.nl"). MCC have been defined by histology and 

immunohistochemistry for CK20, CD56, synaptophysin, chromogranin A and 

MCPyV (Anti-large T antibody CM2B4, SANTA CRUZ BIOTECHNOLOGY) and 

have been reviewed by 2 experienced pathologists (VW, AZH).  

CELL LINES 

The MCPyV-positive MCC cell lines MKL-1, MKL-2, WaGa, PeTa; the MCPyV-

negative MCC cell lines MCC13, MCC26 and the B-ALL cell line REH were used. 

All MCC cell lines were kindly provided by Jürgen Becker (University Hospital 

Essen, Essen, Germany). REH was obtained from the Leibniz Institute DSMZ-

German Collection of Microorganisms and Cell Cultures. The multiple myeloma 

cell line U266 was kindly provided by Department of Transplantation Immunology, 

Tissue Typing Laboratory from the Maastricht Medical Centre, NL. As described 

by Ikeda and colleagues U266 is negative for the PI3K p110δ subunit 14s, and 

thus served as  negative control in this study. The cell lines were cultured in 

Gibco® RPMI 1640 medium (Life-science) with 10% fetal calf serum (FCS) 

(Gibco®, Thermo Fisher Scientific) in an incubator at 37°C and 5% CO2.  

WESTERN BLOTTING 

The MCPyV-positive cell lines MKL-1, MKL-2, WaGa, PeTa and MCPyV-negative 

cell lines MCC13, MCC26 and the B-ALL cell line REH were grown in T25 flasks 

(25 cm²). The cells were harvested, pelleted, washed with cold PBS and 

resuspended in protein stabilizing buffer which consists of CHAPS Cell Extract 

Buffer (cell signalling technology) and phosphatase-protein inhibitor cocktail 

(Thermo Fisher Scientific). The proteins were isolated by freezing and thawing 
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cycles by using liquid nitrogen. The protein concentration was determined by 

using the PierceTM BCA Protein Assay Kit (Thermo Fisher Scientific) according to 

the manufacturer’s instructions. 35-60µg protein samples were separated by 

SDS-PAGE in 12% (w/v) polyacrylamide gels, transferred to nitrocellulose 

membranes according to the manufacturer’s instructions using Bio-Rad Mini 

Protean tetra systems. Followed by blocking with 5% BSA (Sigma), incubated with 

primary antibodies anti-(PI3K p100δ A-8 1:300 (SANTA CRUZ 

BIOTECHNOLOGY); PI3K p100α antibody 1:1000 (cell signalling technologies), 

AKT antibody 1:1000 (cell signalling technologies) and pAKT (Thr308) antibody 

1:1000 (cell signalling technologies) and monoclonal Anti β-actin antibody clone 

AC-15 1:10000 (Sigmal-Aldrich). diluted in blocking buffer and incubated over 

night at 4°C, washed and incubated with the secondary antibody Alkaline 

Phosphatase AffiniPure F(ab')2 Fragment Goat Anti-Mouse/Rabbit IgG + IgM 

(H+L) (Jackson ImmunoResearch). The blots were developed by NBT/BCIP 

(Thermo Fisher Scientific) incubation according to the manufacturer’s instructions. 

The blots were scanned using Canon CanoScan 9000F Mark II. 

IMMUNOFLUORESCENCE MICROSCOPY 

The expression of PI3K p110δ was assessed by immunofluorescence microscopy 

(IFM) in 18 primary and 3 metastatic MCCs, MCPyV-positive MCC cell lines MKL-

1, MKL-2, WaGa, PeTa and MCPyV-negative MCC cell lines MCC13 and MCC26. 

Further the expression of PI3K p110δ was analysed in the B cell acute 

lymphoblastic leukaemia (B-ALL) cell line REH. All samples were formalin fixed 

and paraffin embedded. The FFPE sections were deparaffinized and rehydrated 

in xylene and ethanol baths. The antigen retrieval was performed by boiling the 

slides in 1 mM EDTA pH 8.0. The slides were blocked in 5% BSA TBST, incubated 

with the first antibody Anti-PI3K p100δ antibody A-8 (SANTA CRUZ 

BIOTECHNOLOGY) at 4°C over-night, followed by washing and incubation with 

the secondary antibody Goat anti-Mouse IgG (H+L) Secondary Antibody, DyLight 

488 (Thermo Fischer Scientific). The nuclei of the cells were stained with DAPI 

mounting medium (VECTASHIELD, VECTOR LABORATORIES) according 

manufacturer’s instructions. The detection of the fluorescence stained cells was 

performed with the Leica microscope DM 5000 B (Leica).  
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TREATMENT OF CELL LINES WITH PI3K INHIBITORS 

The cell lines MKL-1, MKL-2, WaGa, PeTa, MCC13, MCC26 and REH were 

treated with idelalisib (Selleckchem, Germany) and Alpelisib (Selleckchem, 

Germany). Both agents were dissolved in DMSO. Following concentrations were 

used for the treatments: 10 nM, 100 nM, 500 nM, 1 µM, 12.5 µM, 25 µM, 50 µM 

and 100 µM.  

The cells were incubated in a 96 well plate (Greiner Bio-One, Austria) for 120h, in 

Gibco® RPMI 1640 medium (Life-science) with 10% fetal calf serum (FCS) 

(Gibco®, Thermo Fisher Scientific) in an incubator at 37°C and 5% CO2. The 

effect of the drug on the cell viability was assessed by the XTT assay (Thermo 

Fisher Scientific) according to the protocol provided by the manufacturer. The read 

out of the XTT assay was done with the iMark™ Microplate Absorbance Reader 

(BIO-RAD).  

To determine the effect of idelalisib on the PI3K pathway the phosphorylation of 

AKT was assessed by Western blotting. Therefore, the cells were treated with 

0.2% DMSO, 1µM, 12.5µM and 25µM of idelalisib for 72h.  

STATISTICS 

The half maximal inhibitory concentration (IC50) values were determined with 

Graphpad Prism 6. By using the One-Way ANOVA test the significance of the 

dose response curves was determined. The western blots were quantified via 

ImageJ 15. 6
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Table 1: Clinicopathological data of MCC patients and corresponding 
tissues including the results of PI3K p110δ expression as tested by 
immunofluorescence microscopy (IFM)  

primary MCCs 
ID gender age location dx histo. MCPyV PI3K p110δ 

1 m 63 head MCC int. pos. + 

2 m 92 ear MCC s.c. neg. ++ 

3 f 85 buttocks MCC s.c. pos. ++ 

4 m 69 lip MCC int. pos. ++ 

5 f 93 
upper eye 

lid MCC int. pos. +heterogen.

6 f 60 tongue MCC int./s.c. pos. - 

7 m 74 upper leg MCC int. pos. - 

8 m 93 head MCC int. neg. ++ 

9 f 76 buccal MCC int. pos. - 

12 f 83 
upper eye 

lid MCC int. pos. ++ 

14 m 74 upper leg MCC int. pos. ++ 

15 m 77 neck MCC int. neg. ++ 

16 f 66 arm MCC int. pos. ++ 

17 m 79 head MCC int. pos. - 

19 m 68 buttocks MCC int. pos. ++ 

20 f 58 buccal MCC int./s.c. pos. ++ 
24 m 74 upper leg MCC int. pos. - 

30 m 63 upper lip MCC int. pos. ++ 
metastases MCC 
ID gender age location dx histo. MCPyV PI3K p110δ 

21 m 71 pancreas 
MCC 
met. int. pos. + 

22 f 75 LN neck 
MCC 
met. int. pos. ++ 

25 f 66 upper leg 
MCC 
met. int. pos. - 

Abbreviations used: ID = identity; m = male; f = female; dx = diagnosis; LN = lymph node; 
MCC = Merkel cell carcinoma; histo. = histological subtype; int. = intermediate; s.c. = small 
cell; MCPyV = Merkel cell polyomavirus; IHC = immunohistochemistry; pos. = positive; neg. 
= negative; heterogen. = heterogeneous; - = no expression; + = weak expression; ++ = 
moderate expression; +++ = strong expression; met. = metastasis 
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RESULTS 
EXPRESSION OF PI3K P110δ IN MCC 

The expression of PI3K p110δ was analysed in 18 primary and in three metastatic 

MCCs by immunofluorescence microscopy (IFM). A specific cytoplasmic staining 

could be observed in 13 of 18 primary MCC (72.2%) and in 2 out of 3 metastatic 

MCC (66.6%) (Tab. 1 and Figure 1). All MCPyV negative MCCs (3 out of 18 

primary MCC tested) were positive for the p110δ subunit. 

Figure 1: Immunofluorescence staining of PI3K p110δ in MCCs.  
The IFM photographs of three MCCs ID14 (A), ID15 (B) and ID7 (C). The wide merged 
photographs (DAPI staining and PI3K p110δ) were taken at a magnitude of 10x. The 
squares in the pictures indicate the region which is chosen for an image enlargement which 
was taken at a magnitude of 63x. The enlarged pictures show separately the nucleus by 
the DAPI staining and the PI3K p110δ staining. The merged pictures show a specific 
cytoplasmic staining of the p110δ subunit in ID14 (A) and ID15 (B). ID7 (C) is an example 
of a p110 δ negative MCC. The scale bares represent a length of 100µm.  
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Figure 2: Assessment of PI3K p110δ expression by Western blotting (A) and immunofluorescence microscopy (B). 
A. Expression level of PI3K p110δ and PI3K p110α in cell lysates of REH, MKL-1, MKL-2, WaGa, PeTa, MCC13, MCC26, and U266. All cell lines
except U266 (PI3K p110δ negative control) revealed a specific PI3K p110δ protein expression at 110 kDa, whereas PI3K p110α expression was
detected in all cell lines. The loading control β-actin is located at 42 kDa.
B. The corresponding IFM photographs for DAPI, PI3K p110δ and merged are shown for these cell lines. The merged photograph identifies PI3K
p110δ expression within the cytoplasm. According to Figure 2A U266 cells reveal no detectable PI3K p110δ expression by IFM. The photos were
taken with 63x magnification. The scale bars represent a length of 100µm.
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EXPRESSION OF PI3K P110δ AND P110α IN MCC CELL LINES  

In addition, the expression of the PI3K p110α and PI3K p110δ was assessed in 

the MCC cell lines MKL-1, MKL-2, WaGa, PeTa, MCC13 and MCC26. The B-ALL 

cell line REH was used as positive control and the human multiple myeloma cell 

line U266 as negative control (Figure 2 A) 14. A strong protein band at the expected 

size of PI3K p110δ of 119kDa could be observed for the cell lysate of REH. 

Thinner protein bands were also visible in the MCPyV-positive and MCPyV-

negative cell line lysates and completely absent in U266 cell lysate. In 

comparison, all cell line lysates showed a strong protein band at 119 kDa specific 

for PI3K p110α (Figure 2 A). The results for the p110δ subunit were confirmed by 

immunofluorescence microscopy (IFM): in all cell lines except U266 a specific 

cytoplasmic staining could be detected (Figure2 B). Thus, PI3K p110δ is 

expressed in the majority of primary and metastatic MCCs and in MCC cell lines 

irrespective of the MCPyV status. 
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Figure 3: Dose-response curves of the MCPyV-positive MKL-1, MKL-2, 
WaGa, PeTa (A and C), and MCPyV-negative MCC13, MCC26, REH and U266 
(B and D) cell lines after 120h treatment with varying molar concentrations 
[M] of idelalisib and Alpelisib.
The cell viability is inhibited by idelalisib or Alplelisib (BYL719) in all cell lines in a dose-
dependent manner. IC50 were calculated from 3 independent (n= 3) experiments with eight 
replicates each. Bars symbolize the standard deviation of the mean. The overall p values 
of all dose response curves besides the treatment of U266 are <0.001.  

TREATMENT WITH PI3K INHIBITORS 

The cell lines were tested for their sensitivity towards the PI3K p110δ specific 

inhibitor idelalisib. The decrease of the cell viability of almost all treated cell lines 

was observed after 120h incubation. The best response was observed in the B-

ALL cell line REH with an IC50 of 3.1 µM. The cell lines MKL-2, WaGa, PeTa and 

MCC13 showed for the idelalisib treatment almost a comparable range of IC50 50 

µM to 63µM. The MKL-1 cells were 2-fold more sensitive compared to all other 

MCC cell lines. MCC26 cells showed a 1.4-- to 1.6-fold weaker response 

compared to all other MCC cell lines. The multiple myeloma cell line U266 showed 

a decrease of the cell viability at a concentration of 12.5 µM, an IC50 value could 

not be determined for this PI3K p110δ-negative cell line. In general, all MCC cell 
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lines showed with an overall p-value <0.001 a significant dose-dependent 

sensitivity to idelalisib after 120h incubation (Figure 3).  

Figure 4: Western blotting of AKT phosphorylation (p-AKT) in idelalisib 
treated cell lines REH, MKL-1, MKL-2, MCC13, MCC26 and U266.  
For p-AKT and AKT a t 60 kDa protein band could be detected in all cell lines. Only in the 
MCC cell line MKL-1 and the B-ALL cell line REH a decrease of p-AKT protein band density 
with increasing idelalisib concentrations could be observed. AKT and β-actin (42 kDa) was 
used as a loading control. 0.2% DMSO (0.2% D) without idelalisib were used as a treatment 
negative controls. 
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Table 2: IC50 values of idelalisib and Alpelisib treatment of MCC, B-ALL and 
multiple myeloma cell lines 

cell lines cancer type MCPyV 

IC50 
Idelalisib 

(µM) 

IC50 
Alpelisib 

(µM) 

MKL-1 MCC pos. 29.6 11.5 

MKL-2 MCC pos. 50.7 16.6 

WaGa MCC pos. 63.1 2.2 

PeTa MCC pos. 59.2 4.2 

MCC13 MCC neg. 56.5 20.0 

MCC26 MCC neg. 81.9 12.7 

REH B-ALL neg. 3.1 1.2 

U266 
multiple

myeloma neg. not deter. n.d.
Abbreviations used: IC50 = half maximal inhibitory concentration, B-ALL = B-cell acute 
lymphoblastic leukaemia; pos. = positive; neg. = negative; n. deter. = not determinable, n.d. 
= not done. 

The effect of idelalisib on the PI3K pathway of the treated cell lines was tested by 

Western blotting analysing the threonine 308 phosphorylation of protein kinase B 

(AKT) which is located downstream of PI3K. A significant decrease of AKT 

phosphorylation was restricted to REH and MKL-1 with increasing concentrations 

of idelalisib (Figure 4).  

In addition, the MCC cell lines and the B-ALL cell line REH were treated with the 

specific PI3K p110α inhibitor Alpelisib. In general, all cell lines showed a higher 

sensitivity towards Alpelisib treatment compared to the idelalisib treatment. Again, 

REH showed the strongest response compared to all other cell lines. The MCPyV-

positive cell lines WaGa and PeTa were more sensitive for Alpelisib compared to 

MKL-1 and MKL-2 (Figure 3).  
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DISCUSSION 

Under physiological conditions the PI3K p110δ subunit plays an important role in 

the differentiation of early B-cells into mature B-cells 16. In the present study, we 

tested the expression and functionality of PI3K p110δ in MCC. Using IFM we 

found that 71% of MCC tested, revealed a specific cytoplasmic expression of the 

p110δ subunit. Prior to the use of IFM we had checked the monoclonal antibody 

for its specificity using Western blotting All MCC cell lines were PI3K p110δ 

positive by Western blotting as confirmed by IFM. The B-ALL cell line REH 

revealed the highest protein PI3K p110δ expression compared to the other cell 

lines. To the best of our knowledge this is the first proof of PI3K p110δ protein 

expression in MCC tissues and MCC cell lines. Previously, Shiver et al. have 

reported PI3K p110δ expression on the transcript level in one MCC sample of a 

stage IV MCC patient 11. This patient was treated with combined radiotherapy and 

idelalisib which is a selective PI3K p110δ inhibitor, that has effectively been used 

in the treatment of chronic lymphocytic leukemia (CLL), B-ALL and Hodgkin 

lymphoma (HL) 17. In our cell culture treatment assay idelalisib significantly 

affected the cell viability of all MCC cell lines. However, compared to the B-ALL 

cell line REH this decrease of the cell viability has to be interpreted as weak.  

The results of our analysis of the PI3K downstream pathway could possibly 

provide an explanation for the weak response of the MCC cell lines towards 

idelalisib treatment. Since AKT becomes phosphorylated upon PI3K activation we 

analyzed the phosphorylation status of AKT in the MCC cell lines. Of interest, only 

MKL-1 showed a decrease of phosphorylated AKT with increasing concentrations 

of idelalisib. Although this effect was 10-fold weaker as compared to the B-ALL 

cell line REH, MKL-1 was the only MCC cell line which revealed a comparable 

effect as seen in REH cells implying that PI3K p110δ is functional in MKL-1. 

Functional PI3K p110δ is primarily restricted to leukocytes and has been reported 

to be critical for the activation, proliferation and survival of B-cells 18 and the 

differentiation of pre-pro B-cells in pro B-cells 16. Thus, together with the recently 

reported pre-pro/pro- B- cell differentiation of MCC, i.e. TdT and PAX5, 

immunoglobulin (Ig) expression and Ig rearrangements 19,20, the functional PI3K 

p110δ expression in MCC might add another tesserae in the discussion of the 

cellular origin of MCC.  
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The inhibition of the PI3K p110α by Alpelisib of the same cell lines has revealed 

a stronger impact on the MCC cell lines. The cell line REH showed again the best 

response towards the treatment with Alpelisib, followed by WaGa, PeTa, MKL-1, 

MKL-2, MCC26 and MCC13. Hafner and colleagues had treated the MCC cell 

lines WaGa, MKL-1, MKL-2 and MCC13 with another PI3K p110α inhibitor LY-

294002 13. They report   IC50 values which are 6-fold, for WaGa, 1.6-fold for MKL-

1, 1.8-fold for MKL-2 and 1.5-fold for MCC13 lower as compared to the calculated 

concentrations for Alpelisib. This might indicate that Alpelisib is either more 

specific for the alpha subunit or is easier penetrating the cells. However, the order 

of the response to the drugs is still the same, WaGa cells are most responsive to 

the treatments followed by MKL-1, MKL-2 and MCC13 13.  

This strong impact on the MCC cell lines is not observed with idelalisib treatment 

rendering PI3K p110δ expression and/or function less important for cell viability 

and for the PI3K pathway function of almost all MCC cell lines tested as shown by 

the unaltered pAKT concentration. To what extent the findings of our study add to 

the understanding of the recent case report of Shiver et al. (10) cannot completely 

be resolved, because the patient described by Shiver et al. did also receive 

radiotherapy. Iyer and colleagues described single-fraction radiation therapy for 

MCCs as a convenient alternative for chemotherapy 21. So it might be that 

radiotherapy alone or in combination with idelalisib has led to the full remission of 

MCC 11.  

CONCLUSION 
The tested MCCs and MCC cell lines express PI3K p110δ. However, the MCC 

cell lines seem to be resistant towards treatment with the specific p110δ-inhibitor 

idelalisib. Our data indicate that idealisib monotherapy will not suffice to treat 

MCC. In as much MCC patients might benefit of a combination of radiotherapy

and idealisib remains to be elucidated by clinical studies.
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SUPPLEMENTAL FIGURES 

Figure S1 MCPyV IHC of ID3 (A) and ID8 (B) 
ID1 MCC cells showing a specific and distinct nuclear expression of the MCPyV LT antige
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ABSTRACT 
Background: Merkel cell carcinoma (MCC) is a highly malignant skin cancer. 

Despite major treatment improvements during the last decade, up to 50% of 

patients do not respond to therapy or develop recurrent disease. For these 

patients, alternative treatment options are urgently needed. Here, we assessed 

the efficacy of the combination of the BCL-2 inhibitor Navitoclax and the PI3K 

p110α inhibitor Alpelisib in MCC cell lines.   

Methods: The expression of BCL-2 was assessed by immunohistochemistry in 

MCC and MCC cell lines. Treatment with Navitoclax and Alpelisib alone and in 

combination were performed on four MCC cell lines. The decrease of cell viability 

during treatment was assessed by XTT assay and visualized for the combinations 

by 3D combinatorial index (CI) plotting. The increase of apoptotic cells was 

determined by cleaved PARP Western blotting and Annexin-V staining.   

Results: Ninety-four percent of MCCs and all three MCPyV-positive cell lines 

showed BCL-2 expression. Navitoclax monotreatment showed to be highly 

effective when treating BCL-2-positive cell lines (IC50 -values ranging from 96.0 to 

323.0 nM). The combination of Alpelisib and Navitoclax resulted in even stronger 

synergistic and prolonged inhibitions of MCC cell viability through apoptosis up to 

four days.   

Discussion: Our results show that the antiapoptotic BCL-2 is frequently 

expressed in MCC and MCC cell lines. Inhibition of BCL-2 by Navitoclax in 

combination with Alpelisib revealed a strong synergy and prolonged inhibition of 

MCC cell viability and induction of apoptosis. The combination of Navitoclax and 

Alpelisib is a novel potential treatment option for MCC patients.  7
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INTRODUCTION 
Merkel cell carcinoma (MCC) is a rare and aggressive skin cancer of the elderly. 

Eighty percent of the MCCs are associated with the Merkel cell Polyomavirus 

(MCPyV) and the remaining tumours with UV-induced mutations 1,2. For long time 

they have been treated by chemotherapeutic regimens including the DNA 

intercalating drug Doxorubicin (an anthracycline) and the anti-mitotic cytostatic 

Vincristine (vinca alkaloid). These treatments showed ORRs ranging from 20 to 

61% 3,4 with promising initial responses, but median overall survival rates of 

approximately 9 to 9.5 months 5. Chemotherapeutics also induced adverse events 

e.g. fatigue, vomiting, mucositis, and in 5 to 7% of patients serious events such

as neutropenia and sepsis 5.

Recently, immune check point inhibitors (CPIs) targeting the programmed cell

death protein ligand 1 (PD-L1) or its receptor PD-1 has been introduced in the first

line treatment of MCC patients 6-9. It has been assumed that the MCPyV small and

large T-antigen (T-Ag) oncoproteins as well as the ultraviolet-induced neoantigens

in these tumours elicit immune responses, which may induce PD-L1 expression
2,6-8. In more than 50% of MCC tissues at least 1 to 5% of the tumour cells were

positive for PD-L19-11. The CPI treatment leads to ORRs of 50-70% in MCC

patients. Again, adverse events are frequently reported such as infusion related

reaction or fatigue 12,13. The remaining 30-50% of MCC patients do not respond to

CPIs 12, and alternative treatments thus are urgently required for this group of

patients.

Several promising alternative treatments have recently been reported. For

example, it is known that the PI3K pathway is activated in 66 - 88% of MCCs 14,15

and we have recently shown that the PI3K inhibitor Alpelisib (Byl719) is potent in

inhibiting MCC cell line growth in vitro 16. Although no data are available on MCC

patients, Alpelisib in combination with Fulvestrant has demonstrated efficacy in

the treatment of hormone receptor-positive and human epidermal growth factor

receptor-2-negative metastatic breast cancer 17. Known adverse events of

Alpelisib comprise hyperglycaemia, diarrhoea and nausea 18,19.

The B-cell lymphoma 2 (BCL-2) inhibitor Navitoclax is an additional promising

treatment. BCL-2 expression has been detected in approximately 80% of MCC,

irrespective of MCPyV-presence 20. Verhaegen and colleagues reported that a

MCC mice xenograft expressing BCL-2 showed a growth arrest after daily
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treatment with this compound for 18 days 21. Also, 10 BCL-2 positive university of 

Michigan (UM)-MCC cell lines, including MCPyV-positive and negative, showed 

sensitivity for this inhibitor 21. Although, no data are available for MCC patients, 

Navitoclax treatment in chronic lymphocytic leukaemia (CLL) patients in a phase 

I trial showed an ORR of 35% 22. Adverse events included dosage-dependent 

thrombocytopenia 23. Combined with Rituximab an improved ORR of 55% was 

observed in CLL patients in phase 2 studies, and this treatment was well tolerated 
24,25. Thus, combination treatments with Navitoclax may increase outcome without 

compromising adverse events.  

Several studies have shown effective dual inhibition of BCL-2 and PI3K p110 α 

and δ pathways and induction of apoptosis in different tumour cells in vitro i.e. 

human myeloid leukaemia (HML), glioblastoma as well as small cell lung cancer 

(SCLC) 26-28. A combined inhibition of BCL-2 and of the active PI3K pathway in 

MCC thus may also improve the treatment outcome of MCC. In this study, we first 

analysed the expression of BCL-2 in 47 MCCs, 5 MCC cell lines and one B-cell 

acute lymphoblastic (B-ALL) cell line. Subsequently, the efficacy of the Navitoclax 

monotreatment and combinations with the PI3K inhibitor Alpelisib were 

investigated.  

7
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MATERIALS AND METHODS 
PATIENT SAMPLES 

The MCC tissues were obtained from the Laboratory of Translational Cell and 

Tissue Research, University of Leuven, Belgium, (n= 16) and the Department of 

Pathology, Maastricht University Medical Centre+ (MUMC+), the Netherlands, (n= 

37) (Table 1). These tissues are part of the “Study on the cellular origin of Merkel

cell carcinoma - towards innovative treatment”, which is validated by the Clinical

Trial Center of the University Hospital Leuven under the reference number 67603

and Local MUMC+, MPTC protocol number: 2013-11. The use of all patient

material and patient data was in agreement with the Dutch Code of Conduct for

Observational Research with Personal Data (2011) and Tissue

(2011,https://www.federa.org/sites/default/files/digital_version_first_part_code_o

f_conduct_in_uk_2011_12092012.pdf). MCCs were previously diagnosed by

histology and immunohistochemistry (CK20, CD56, synaptophysin and

chromogranin A) in routine diagnostic setting and have been reviewed by three

experienced pathologists (JVO, VW, AZH).

CELL LINES 

The MCPyV-positive MCC cell lines MKL-1, MKL-2, WaGa, PeTa; the MCPyV-

negative MCC cell line MCC13 and the B-ALL cell line REH were used. All MCC 

cell lines were kindly provided by Jürgen Becker (University Hospital Essen, 

Essen, Germany). REH was obtained from the Leibniz Institute DSMZ-German 

Collection of Microorganisms and Cell Cultures. The cell lines were cultured in 

Gibco® RPMI 1640 medium (Life-science) with 10% fetal calf serum (FCS) 

(Gibco®, Thermo Fisher Scientific) in an incubator at 37°C and 5% CO2.  7

https://www.federa.org/sites/default/files/digital_version_first_part_code_of_conduct_in_uk_2011_12092012.pdf
https://www.federa.org/sites/default/files/digital_version_first_part_code_of_conduct_in_uk_2011_12092012.pdf
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IMMUNOHISTOCHEMISTRY 

All procedures of immunohistochemistry (IHC) were performed on FFPE tissues 

and FFPE cell lines. The expression of BCL-2 was tested by 

immunohistochemistry in the Leuven cohort (n= 16) and the MUMC+ cohort 

(n=37). In total 37 primary and 16 metastatic MCCs were assessed in this study. 

In addition, BCL-2 expression was tested in the MCPyV-positive MCC cell lines 

MKL-1, MKL-2, in the MCPyV-negative MCC cell line MCC13 and in the B-cell 

acute lymphoblastic leukemia (B-ALL) cell line REH. The following antibodies and 

dilutions were used in this study: anti-Flex BCL-2 Oncoprotein MxH clone 124 

(Dako, the netherlands) ready to use; Anti-BCL-XL clone OTI2D1 1:300 (LsBio, 

USA) and anti-BCL-W polyclonal antibody 1:300 (LsBio, USA). The IHC detection 

was conducted on a Dako Autostainer 48 Link using the EnVision FLEX 

Visualization Kit K8008 Dako as described previously and according to standard 

diagnostic routine protocols and manufacturer’s instructions32. 

qRT-PCR 

RNA was extracted using the RNA isolation kit “NucleoSpin RNA” according to 

the manufacturer's instructions (Macherey-Nagel, Germany). The RNA 

concentration was measured with the Nanodrop 2000 (ThermoFisher 

SCIENTIFIC, The Netherlands). RNA was converted into cDNA using the 

“iScript™ Select cDNA Synthesis Kit” (Bio-Rad, the Netherlands). A quantitative 

RT-PCR was performed for the analysis of BCL-2 expression in the cell lines MKL-

1, MKL-2, WaGa, PeTa, MCC13, and REH using the forward primer 5´-

CTGCACCTGACGCCCTTCACC-3´ and the reverse primer 5´-

CACATGACCCCACCGAACTCAAAGA-3´33.  

The resulting Ct values were normalized using the housekeeping gene GAPDH 

which was amplified using following primers forward 5´-

AGGGCTGCTTTTAACTCTGGT-3´ and reverse 5´-

CCCCACTTGATTTTGGAGGGA-3´. The qRT-PCR was performed by using the 

SYBR Green Supermix (Bio-Rad, the Netherlands) on the CFX96 PCR Detection 

System (Bio-Rad, the Netherlands) and recorded by the Bio-Rad CFX manager. 

All used primers were obtained from Eurofins Genomics, Germany. 

7
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WESTERN BLOTTING 

The MCPyV-positive cell lines MKL-1, MKL-2, WaGa, PeTa and MCPyV-negative 

cell line MCC13 and the B-ALL cell line REH were grown in T25 flasks (25 cm²). 

The cells were harvested, pelleted, washed with cold PBS and lysed in RIPA lysis-

buffer (Cell Signaling Technology, the Netherlands) containing phosphatase-

protein inhibitor cocktail (Thermo Fisher Scientific, the Netherlands). The protein 

concentration was determined by using the PierceTM BCA Protein Assay Kit 

(Thermo Fisher Scientific, the Netherlands) according to the manufacturer’s 

instructions. 25µg protein samples were separated by SDS-PAGE in 8% (w/v) 

polyacrylamide gels, transferred to nitrocellulose membranes according to the 

manufacturer’s instructions using Bio-Rad Mini Protean tetra systems (Bio-Rad 

Laboratories, the Netherlands). Followed by blocking with 5% BSA (Sigma-

Aldrich, the Netherlands), incubated with primary antibodies anti-BCL-2 clone 124 

(Dako, the Netherlands) 1:500, anti- full length and cleaved PARP clone 46D11 

(Cell Signaling Technology, the Netherlands) 1:1000, anti-α-tubulin clone 236-

10501 (Thermo Fisher Scientific, the Netherlands) 1:5000, and monoclonal anti-

β-actin antibody clone AC-15 1:10000 (Sigmal-Aldrich, the Netherlands) diluted in 

blocking buffer and incubated over night at 4°C, washed and incubated with the 

secondary antibody Alkaline Phosphatase AffiniPure F(ab')2 Fragment Goat Anti-

Mouse/Rabbit IgG + IgM (H+L) (Jackson ImmunoResearch, USA). The blots were 

developed by NBT/BCIP (Thermo Fisher Scientific, the Netherlands) incubation 

according to the manufacturer’s instructions. The blots were scanned using Canon 

CanoScan 9000F Mark II. The quantification of the protein bands was performed 

using ImageJ34. The protein of interest signals were normalized to the 

corresponding loading control. 

TREATMENT OF CELL LINES 

The cell lines MKL-1, MKL-2, WaGa, MCC13 and REH were treated with 

Navitoclax (MedChemExpress, Sweden), ALPELISIB (MedChemExpress, 

Sweden), Vincristine (Sigma-Aldrich, the Netherlands) and Doxorubicin (Sigma-

Aldrich, the Netherlands). All compounds were dissolved in DMSO. Following 

concentrations were used for the treatment with Navitoclax: 10 nM, 25nM, 50nM, 

75nM, 100nM, 125nM, 150nM, 200nM, 250nM, 300nM, 350nM, 400nM, 450nM 

and 500 nM. The concentrations for Alpelisib 10nM, 100nM, 250nM, 500nM, 1µM 

7
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12.5µM, 25µM and 50µM. Following concentrations were used of Vincristine 

0.05nM, 0.1nM, 0.5nM, 1.0nM, 5.0nM and 10nM. For the Doxorubicin 0.5nM, 

1nM, 5nM, 10nM, 25nM, 50nM, 100nM and 500nM. The cells were incubated in 

a 96 well plate (Greiner Bio-One, Austria) for 72h with different concentrations of 

Navitoclax, Doxorubicin and Vincristine as well as for 120h with different 

concentrations of Alpelisib in Gibco® RPMI 1640 medium (Life-science, the 

Netherlands) with 10% fetal calf serum (FCS) (Gibco®, Thermo Fisher Scientific, 

the Netherlands) in an incubator at 37°C and 5% CO2. The effect of the drugs on 

the cell viability was assessed by the XTT assay (Thermo Fisher Scientific, the 

Netherlands) according to the protocol provided by the manufacturer. The read 

out of the XTT assay was done with the iMark™ Microplate Absorbance Reader 

(Bio-Rad Laboratories, the Netherlands). For the combination experiments of 

Vincristine, Doxorubicin and Alpelisib with Navitoclax the single effect of all 

compound concentrations on the cell viability was measured and compared with 

the combinations. The apoptotic effect of the compounds on the cells was 

assessed by Western blot detection of cleaved PARP. Cleaved PARP was 

detected after 24h treatment with some concentrations of all compounds with and 

without combinations.  

ANNEXIN-V AND PI APOPTOSIS ASSAY 

For the apoptosis assay the REH and WaGa cells were cultured in T75 flasks 

(Corning, The Netherlands) in RPMI 10% FCS at a cell concentration of 2*105 

cells/mL. The cells were treated with Vincristine or Alpelisib alone and in 

combination with Navitoclax for 96h. At the incubation start and after each 24h the 

cell number was measured using the TC20 Automated Cell Counter (Bio-Rad 

Laboratories, the Netherlands). In addition, at every time point a 1mL sample was 

taken and stained with Annexin-V-FITC as well as with phosphatidylinositol (PI) 

(Sigma-Aldrich, the Netherlands). The Annexin-V-FITC was kindly provided by 

C. Reutelingsperger, Department of Biochemistry, Cardiovascular Research

Institute Maastricht and used as described by Vermes et al. 35

Half of the stained cells was used for fluorescence-activated cell sorting (FACS).

For the right gating REH and WaGa cells were treated with 1µM Staurosporin. For

right gating of the cells unstained cells or stained cells only with Annexin-V-FITC

or PI were used. For the Annexin-V positive cells the FITC gate and for PI the PE-

7
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Cy7 gate were used. Thus, the necrotic cells were detected with the PE-Cy7 gate. 

The early apoptotic cells were detected with the FITC gate and the late apoptotic 

cells were the cells which are detected by both gates. 

The other part of the cells was used to make a cytospin of all Annexin-V as well 

as PI stained cells with the Cyto-Tek Centrifuge (SAKURA, the Netherlands). The 

nuclei of the cells were stained with DAPI mounting medium (VECTASHIELD-

VECTOR LABORATORIES, USA) according manufacturer’s instructions. The 

detection of the fluorescence stained cells was performed with the Leica 

microscope DM 5000 B (Leica, the Netherlands). 

STATISTICS 

The half maximal inhibitory concentration (IC50) values were determined with 

Graphpad Prism 8. By using the One-Way ANOVA test the significance of the 

dose response curves was determined P-values <0.5 are considered as 

significant. Further, the combinatory index (CI) for the different combinations are 

determined to state if the combinatory effect for a range of combinations is 

synergistic, additive or antagonistic. First, the HillSlope (H) and the IC50 values 

were used to calculate ICns in the range from IC10 to IC90.  

𝐼𝐼𝐼𝐼𝑛𝑛 = �
𝑛𝑛

100 − 𝑛𝑛
�
1
𝐻𝐻 ∗ 𝐼𝐼𝐼𝐼50 

From the different ICns the CIs for the different combinations are calculated. For 

every calculate IC one Navitoclax concentration stays constant and the 

concentration of the second compound varies. For the calculation of the CIs the 

corresponding IC of Navitoclax (ICnC1) and of the second compound (ICnC2) are 

used. 

𝐼𝐼𝐼𝐼 =
𝑐𝑐𝑐𝑐𝑛𝑛𝑐𝑐𝐶𝐶1 
𝐼𝐼𝐼𝐼𝐶𝐶1

+
𝑐𝑐𝑐𝑐𝑛𝑛𝑐𝑐𝐶𝐶2 
𝐼𝐼𝐼𝐼𝐶𝐶2

The different calculated CIs for the different combinations (concC1 and concC2) are 

used to generate a 3D isobologram plot. The 3D isobologram generation was 

performed using the R package “scatterplot3d”36,37. Red marked region illustrates 

a synergistic effect (CI<1) of both compounds, whereas white and blue represent 

an additive (CI=1) and antagonistic (CI>1) effect, respectively.  
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RESULTS 
CYTOPLASMIC EXPRESSION OF BCL-2 IN MCC 

BCL-2 expression was assessed in 47 FFPE MCC tissues and 5 MCC cell lines 

by immunohistochemistry, and semi quantitatively scored from negative (-) to very 

strong positive (+++) as illustrated in Figure 1 (A to E). In total, 98% (46 out of 47) 

of MCCs as well as all the MCPyV-positive cell lines (MKL-1, MKL-2, WaGa and 

PeTa) revealed a specific cytoplasmic expression of BCL-2. The intensity of 

expression varied between the MCC tissues: 34% (16 out 47) very strong, 36% 

(17 out of 47) strong, 23% (11 out of 47) moderate and 4% (2 out of 47) weak 

(Table 1). The MCPyV-negative cell line MCC13 was negative for BCL-2 (Figure 

1 F). The BCL-2 expression in cell lines was confirmed on RNA-level by 

quantitative RT-PCR and on protein-level by Western blot (Figure 1 G and H).  

BCL-2 INHIBITION INDUCES APOPTOSIS IN MCC CELLS  

The MCC cell lines WaGa, MKL-1, MKL-2 and MCC13 as well as the B-ALL cell 

line REH were treated with different concentrations (range 1nM to 1µM) of the 

specific BCL-2 inhibitor Navitoclax (Figure 1I). With increasing concentrations, the 

cell viability decreased. For all cell lines except for BCL-2 negative MCC13 (due 

to poor response) dose-response curves and IC50 values could be generated. 

MKL-1, WaGa and REH demonstrated similar high sensitivity towards Navitoclax 

treatment (IC50 around 100nM). Surprisingly, MKL-2 was less sensitive 

(IC50=323.3nM), whereas this cell line showed a high BCL-2 expression. 

Subsequently, we assessed if BCL-2 inhibition promotes apoptosis, as assessed 

by the detection of cleaved PARP protein by apoptosis activated caspases. 

Indeed, all cell lines except MCC13 (Figure 1L and M) showed increase of 

different levels of cleaved PARP with increasing Navitoclax concentration.  
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Table 1: Summary of clinicopathological data of patients with Merkel cell carcinoma (MCC) as well as 
immunohistochemistry for MCPyV and BCL-2 expression 

Merkel cell carcinoma clinicopathological data Immunohistochemistry 

ID Gender primary or 
metastasis 

Tumour 
localization MCPyV BCL-2 

L-MCC2 M met. para-aortic lymph 
node + ++

L-MCC5 M prim. lower leg + ++
L-MCC6 F met. inguinal lymph node + +
L-MCC7 M prim. face + +++
L-MCC8 M met. upper leg + ++

L-MCC10 F met. subcutis (+) ++ 
L-MCC12 F met. skin - +++
L-MCC13 F prim. face + (+)
L-MCC14 F prim. upper arm - +++
L-MCC15 M met. upper arm + +
L-MCC16 M met. inguinal lymph node + (+)
L-MCC17 F prim. skin + +++
L-MCC18 M met. axillary lymph node + +++

M-MCC2 (14) M prim. outer ear - ++
M-MCC3 (13) F prim. cheek +++ ++
M-MCC4 (1) M prim. suboccipital + ++

M-MCC11 (21) M met. pancreas +++ ++
M-MCC14 (3) F prim. upper eye +++ +++

M-MCC15 (18) F prim. tongue + ++
M-MCC20 (4) F prim. cheek +++ +
M-MCC24 (7) F prim. knee +++ (+)

M-MCC25 (10) F prim. dorsal upper arm +++ +++
M-MCC26 (8) F prim. upper eye lid +++ -

M-MCC27 (16) F prim. glabella ++ +++
M-MCC40 (20) M prim. upper leg +++ +++

M-MCC46 M prim. infra-auricular - ++
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Abbreviation used: ID = identity; L-MCC = Merkel cell carcinoma from the Leuven cohort; M-MCC = M Merkel cell carcinoma from the Maastricht 
cohort = male; F = female; prim. = primary; met. = metastasis; - = no expression, (+) = weak expression; + = moderate expression; ++ = strong 
expression, +++ = very strong expression; in grey marked patient data and ID numbers in brackets are the numbers also reported in zur Hausen et 
al. 2013 

M-MCC47 F prim. Lower arm +++ ++ 
M-MCC50 M prim. cheek + -
M-MCC52 F prim. cheek +++ ++
M-MCC54 M prim. gluteus area +++ ++
M-MCC56 F prim. cheek +++ ++
M-MCC57 M prim. upper leg +++ -
M-MCC58 M met. lymph node - +
M-MCC59 F prim. upper arm +++ + 
M-MCC60 F met. lymph node +++ +++ 
M-MCC61 M met. lymph node ++ ++ 
M-MCC62 M prim. cheek - ++
M-MCC64 M prim. upper lip ++
M-MCC65 F met. lymph node +++ +++
M-MCC66 M prim. skin ++ + 
M-MCC67 F prim. skin - +
M-MCC69 M prim. skin - +++
M-MCC70 M met. cheek +++ +++
M-MCC71 F prim. upper leg + (+)
M-MCC72 F prim. cheek + +
M-MCC74 M prim. gluteus area - (+)
M-MCC78 F prim. cheek - +++

44/47 
94.0% 
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Figure 1: Presence of BCL-2 in MCC tissue as well as in cell lines and 
successful BCL-2 inhibition of MCC cell lines induces apoptosis 
Exemplarily negative (A), weak (B), moderate (C), strong (D), very strong (E) cytoplasmatic 
expression of BCL-2 in the MCC tissues M-MCC50, M-MCC21, M-MCC20, M-MCC4 and 
M-MCC14, respectively, are shown by immunohistochemistry staining. The expression of
BCL-2 in MCPyV-positive cell lines MKL-1, MKL-2, WaGa and PeTa is confirmed on RNA-
level by q-RT-PCR (F) and on protein-level by Western Blot (G). Exemplarily the moderate
BCL-2 expression is shown in the MCC MKL-1 and WaGa cells assessed by IHC (H). The
treatment of the MCC cell lines with the specific BCL-2 inhibitor Navitoclax gained in dose-
response curves for all assessed cell lines except MCC13 (I). The cell viability was
assessed by the XTT-viability assay. Exemplarily, the apoptotic effect of Navitoclax is
assessed for MKL-2 (J) and MCC13 (K) by the detection of cleaved PARP. normalized to.
The normalization against β-Actin and full length (FL) PARP of these Westerns blots is
shown in L for MKL-2 and in M for MCC13. The tissue microphotographs were taken at 20x
magnification, the squares in the right corner of the images were a 40x magnification of the
tissue cells. The cell line microphotographs were taken at 40x magnification.
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Subsequently, we assessed if BCL-2 inhibition promotes apoptosis, as assessed 

by the detection of cleaved PARP protein by apoptosis activated caspases. 

Indeed, all cell lines except MCC13 (Figure 1L and M) showed increase of 

different levels of cleaved PARP with increasing Navitoclax concentration.  

EFFECT OF THE PI3K P110Α INHIBITOR ALPELISIB WITH NAVITOCLAX ON 

CELL GROWTH AND APOPTOSIS 

Since we recently reported that the PI3K p110α inhibitor Alpelisib is a potent 

inhibitor of MCC cell growth in vitro, we investigated the efficacy of the 

combination of Alpelisib with Navitoclax in the 4 MCC cell lines and REH. 

Treatment with Alpelisib alone (AN0) resulted in IC50-values ranging from 2.2µM 

in REH to 32.2µM in MCC13 (Figure 2 A, B, C, Figure S2 A, B and Table 2). 

Subsequently the cell lines were treated with increasing concentrations of 

Navitoclax added to the eight Alpelisib concentrations used to produce the AN0 

dose-response curve, i. e. WaGa, MKL-1 and REH (more sensitive to Navitoclax) 

were treated with Navitoclax concentrations ranging from 25 to 100nM (AN25 to 

AN100), and MKL-2 and MCC13 (less sensitive to Navitoclax) with concentration 

ranging from 200 to 400nM (AN200 to AN400) (Figure 2 and Figure S2).  

In comparison to Alpelisib alone the combination treatment resulted in stronger 

inhibitions of cell growth, but differed in sensitivity when comparing WaGa, MKL-

1, MKL-2 and REH. The sensitivity of WaGa and MKL-1 increased 100-fold, of 

REH and MKL-2 10-fold. This is also reflected in the IC50-values of these 

treatments which decreased with increasing Navitoclax concentrations (Figure 

2D, E, F and Figure S2B). MCC13 did not show any increase in cell growth 

inhibition which was in line with the lack of response to Navitoclax (Figure S2).  

Interestingly, WaGa cells showed only at the two higher Navitoclax concentrations 

(75nM and 100nM) a higher sensitivity for the combined treatment than for 

Alpelisib alone (Figure 2A). This observation indicates that some combinations of 

Navitoclax and Alpelisib complement each other and other combinations counter 

act each other. Such effects can also be visualized using 3D isobologram plotting 

according to the Chou-Talalay method 29 (Figure 2G, H, I). With this method one 

can visualize if combinations of inhibitors at certain concentrations are synergistic, 

additive or antagonistic. This can be represented by the combination index (CI): 

CI<1, synergistic; CI=1, additive; CI>1, antagonistic. In WaGa cells synergy was 
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observed when the Navitoclax concentration was ≥ 60nM and the Alpelisib 

concentration was ≤ 10µM (Figure 2G; red coloured area). At other combinations 

the inhibitory effect on the cell viability was additive or even antagonistic (Figure 

2G; white and blue coloured area, respectively). In contrast, in MKL-1 cells the 

combined treatment showed a large range of possible concentrations with which 

synergy could be obtained (Figure 2H).  

In MKL-2 cells synergy again was seen at smaller range of concentrations i.e. 

200nM of Navitoclax combined with Alpelisib concentrations between 1µM and 

12.5µM (Figure 2C and I). In REH cells maximal synergy of the combined 

treatment could be observed compared to the other cell lines (Figure 2). It is clear 

from the dose-response curves and the 3D plots that synergy especially is 

obtained at concentrations where inhibition is at its maximum (Figure 2).  

Table 2: Summary of the BCL-2 immunostaining results in the 4 MCC cell 
lines and REH, as well as the calculated IC50-values when treated with 
Navitoclax  

Abbreviation used: IHC = immunohistochemistry; MCC = Merkel cell carcinoma; B-ALL = 
B-cell acute lymphoblastic leukaemia; MCPyV- = no expression; + = expression; IC50 = the
half maximal inhibitory concentration; n.d. = could not be determined based on the dose
response curve

IHC IC50 treatment 

Cell lines Derived 
from MCPyV BCL-2 Navitoclax Alpelisib 

WaGa MCC + + 95.6 nM 5.1 µM 
MKL-1 MCC + + 122.0 nM 18.2 µM 
MKL-2 MCC + + 323.3 nM 18.4 µM 
MCC13 MCC - - n.d. 32.2 µM 
REH B-ALL - + 98.0 nM 2.2 µM 
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Figure 2: Significant synergistic combinatorial effect of Alpelisib and 
Navitoclax on the MCC cell line cell viability 
The dose response curves for Alpelisib without Navitoclax for the MCPyV-positive MCC 
cell lines (MKL-1 (A), MKL-2 (B), WaGa (C) and REH (D)) are illustrated by the AN0 curves. 
The increasing concentrations (nM) of Navitoclax are illustrated by the numbers AN25, 
BN50, AN75, AN100 etc. The calculated IC50 of Alpelisib alone and in combination with 
different Navitoclax concentrations (nM) are shown for the corresponding cell line (E to H). 
The 3D combinatory index (CI)-plots visualize the combined concentrations of Navitoclax 
and Alpelisib which are synergistic (red), additive (white) or antagonistic (blue) (I to L). The 
red circle in the dose response curves illustrates the determined synergistic range. The 
standard errors are illustrated by the standard error of the mean (SEM). (* = p<0.05); (** = 
p<0.01); (*** = p<0.001)
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Because we have earlier seen that Navitoclax can induce apoptosis, we 

investigated if the combined Alpelisib-Navitoclax treatment within 24h resulted in 

higher levels of cleaved PARP assessed by Western blotting (Figure 3). For 

WaGa, MKL-1 and REH an increase of cleaved PARP could be detected at the 

highest concentrations used. Treatment of WaGa cells showed that particularly 

Navitoclax promotes apoptosis that only can be increased in combination with the 

highest Alpelisib concentration (synergistic effect) (Figure 3). In contrast, in REH 

cells the combination of Navitoclax with the highest Alpelisib concentration 

resulted in increased cleaved PARP (synergistic effect). In MKL-2 cells an 

increase of cleaved PARP was observed with increasing Alpelisib concentrations 

but was more optimal at the 300nM than the 350nM Navitoclax concentration 

(Figure 3 D). This is in agreement with the observation that the first concentration 

is in the synergistic and the second is in the additive range (Figure 2 I). No 

apoptosis induction was detected in MCC13 cells (Figure 3 E).  
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Figure 3: Combinatorial apoptotic effect of Alpelisib and Navitoclax on the 
MCC cell lines  
Different concentrations of Navitoclax and Alpelisib alone and in combination are used to 
treat the MCC cell lines MKL-1, MKL-2, WaGa and MCC13 as well as the B-ALL cell REH. 
The MCC cell lines and REH except MCC13 reveal a stronger cleaved band abundance 
compared to Navitoclax and Alpelisib without combination as seen by westernblot and 
quantification using ImageJ.  
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In order to assess the long-term effect of the combined treatment on apoptosis 

induction, we incubated WaGa and REH cells with 100nM Navitoclax and 12.5µM 

Alpelisib alone and in combination for five days and analysed apoptosis using the 

Annexin-V propidium iodide (PI) FACS-assay. MKL-1 and MKL-2 cells were 

omitted in this experiment because of their different growth pattern (cell clumps) 

which is a limitation for this assay. FACS analyses separated WaGa as well as 

REH cells into live (PI, Annexin-V negative), necrotic (PI-single positive), early 

apoptotic (Annexin-V-single positive) and late apoptotic (PI as well as Annexin-V 

positive) cells (Figure S4). The increase or decrease of these cell populations was 

recorded for five days. In WaGa cells the level of necrotic cells was low and did 

not increase during treatment (Figure 4), whereas the number of Annexin-V 

positive apoptotic cells increased significantly (Figure 4). As previously seen for 

cleaved PARP Navitoclax alone but in particularly in combination with Alpelisib 

strongly induced apoptosis (14.2 and 44.6%, respectively) already within 24 hours 

of treatment. While after 24 hours the percentage of apoptotic cells decreased for 

Navitoclax and slightly increased for Alpelisib, it remained significantly higher for 

the Alpelisib-Navitoclax treated cells. Remarkably, the combined treatment 

resulted in a strong increase of late apoptotic cells and a more slowly increase of 

early apoptotic cells. In comparison to Navitoclax or Alpelisib alone these data 

suggest that in WaGa cells Navitoclax boosts apoptosis within the first 24 hours 

which is slowly continued of the synergistic effect of Alpelisib in the next three 

incubation days. In REH cells a similar effect on apoptosis induction was observed 

but to a lesser extent (Figure 4). Thus, compared to the single treatments the 

apoptotic effect of the Alpelisib-Navitoclax combination persisted and resulted in 

higher apoptotic cell numbers in both cell lines. 7
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Figure 4: Combined Alpelisib-Navitoclax treatment induces increased 
apoptosis in WaGa and REH cells. Only the Alpelisib-Navitoclax 
combination inhibit cell growth. 
WaGa and REH cells were treated with Alpelisib in combination with and without Navitoclax 
for 5 days. After each day, the early apoptotic cells were detected by Annexin-V 
(GFP/green). The late apoptotic cells were detected with nuclear PI staining (red) and 
membranous Annexin-V (green). A part of the treated cells was stained additionally with 
DAPI and visualized using fluorescence microscopy. Exemplarily, the cell staining of day 0 
and day 4 were shown for, the 0.1% DMSO control Alpelisib, Navitoclax and combinations 
of Alpelisib with Navitoclax (A, B for WaGa and D, E for REH). Further, the necrotic cells 
(PI positive), all apoptotic cells (early and late), the early apoptotic cells (Annexin-V-
positive) and late apoptotic cells (PI- and Annexin-V-positive) which were determined by 
FACS screening were shown. For the PI detection the PE-Cy7 and for the Annexin-V the 
FITC gates were used (C for WaGa and F for REH). 
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DISCUSSION 

The aim of this study was to investigate the efficacy of a combination treatment of 

the BCL-2 inhibitor Navitoclax and the PI3K inhibitor Alpelisib on cell growth 

inhibition and apoptosis induction in MCCs. Our results demonstrate that almost 

all MCCs express the anti-apoptotic BCL-2 protein and MCC cell lines are 

sensitive for Navitoclax. The combination of Navitoclax with Alpelisib further 

decreased cell line viability through induction of apoptosis. At concentrations at 

which both inhibitors acted synergistically, the apoptosis induction continued for 

up to 4 days.  

A prerequisite for effective treatment with Navitoclax is the expression of the 

antiapoptotic BCL-2 protein in tumour cells. For this purpose, we investigated the 

expression of these proteins in 47 MCCs and five MCC cell lines. 98% of MCCs 

and all five cell lines were positive for BCL-2, which is in agreement with an overall 

occurrence of approximal 80% (325 of 403) BCL-2 positivity in MCC tissues based 

on the current literature20,30-36. High expression BCL-2 expression has been also 

reported for epithelial cancers and melanomas, and was thought to induce 

resistance towards chemotherapy or immunotherapy37,38. It is tempting to 

speculate that such a mechanism also is responsible for the resistance in MCCs 

treated by these therapies 3,4,12,13.  

Navitoclax treatment showed to be highly effective when treating MCC cell lines 

MKL-1, MKL-2 and WaGa (IC50 -values ranging from 96.0 to 323.0 nM), which 

express high levels of BCL-2. In contrast, the BCL-2 negative MCC13 cell line, 

showed a lower sensitivity to Navitoclax. In general, it is accepted that the 

inhibition of BCL-2 might increase the induction of apoptosis in tumour cells 39. 

Indeed, we observed that the single Navitoclax treatment reduced the cell viability 

through apoptosis induction in the cell lines and this effect was lowest in the 

MCC13 cell line. Our data are in agreement with a previous study, showing that 

Navitoclax was a potent inhibitor of viability in other MCC cell lines 21. It might be 

that BCL-2 expression can serve as predictive biomarker for BCL-2 inhibitor 

treatments.  

Although Navitoclax treatment of patients with several forms of leukaemia have 

resulted in strong apoptosis induction in tumour cells, 17% of patients also 

suffered from severe adverse events such as grade 4 thrombocytopenia24,40. The 

risk for Navitoclax-induced thrombocytopenia is dosage dependent, and could be 
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decreased by using lower Navitoclax concentrations, for example when applied in 

combination with other compounds in leukaemia patients 22,24,25,41,42. In the current 

study, we have investigated the combination of Navitoclax with the FDA-approved 

PI3K inhibitor Alpelisib, which has been previously described as a potent cell 

viability inhibitor of MCC cell lines16,17. This treatment combination further 

improved the inhibiting effect on the cell viability of the MCC cell lines WaGa, MKL-

1 and MKL-2 cells through strong apoptosis induction. This also demonstrates that 

the concentrations of both compounds could be reduced to achieve the same 

effects of single Navitoclax application. Our data further add to the knowledge on 

effective double inhibition of BCL-2 and PI3K pathways in other tumours in vitro 

i.e. human myeloid leukaemia (HML), glioblastoma as well as small cell lung

cancer (SCLC)26-28,43,44. In this light, also the B-ALL cell line REH tested in the

current study proved to be sensitive for the combination of Navitoclax and

Alpelisib.

In addition to the potent inhibitory effect of the combined treatment in MCC and

REH cell lines, we also examined if the induction of apoptosis continues during

longer incubations. For this purpose, the WaGa and REH cells were treated for 4

days, resulting in a rapid increase of apoptosis within 24h and stabilisation of the

percentage of apoptotic cells for up to 4 days. In comparison with incubations of

Navitoclax alone, this inhibitor appears to be responsible for the rapid increase of

apoptotic cells within the first day (regular apoptotic events due to for example

stress in addition to the effect of the treatment), after which the combination with

Alpelisib extends this effect over a longer time period. This can be measured by

a high percentage of late apoptotic cells (both PI and Annexin-V positive) already

after one day that decreases afterwards, whereas the percentage of early

apoptotic cells (only Annexin-V positive) indicating apoptosis induction still

increases and maximizes at day three. Because treatments containing Navitoclax

have so far always been given in daily regimens in cell lines studies and clinical

trials40,44-46, our data indicate that regimens of the here tested combination with

Alpelisib might be effective over a longer time-frame and should be further

investigated for clinical use.

A limitation of this study is the fact that we used a limited number of MCC cell lines

to investigate the Navitoclax-Alpelisib treatment. It will be interesting to assess the

treatment effect in MCC xenograft mice model for example the model reported by
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Verhaegen et al 21. Our results obtained in the BCL-2 negative MCC13 cell line 

suggest that if BCL-2 is not expressed the combination treatment of Navitoclax 

and Alpelisib is not significantly effective. An additional consideration may concern 

the efficacy of one dose of the combined treatment to inhibit the MCC cell lines 

for up to 4 days, taking into account that the half-life in humans of both Navitoclax 

and Alpelisib have been reported to be 17h and 7.6h, respectively 18,24. Although, 

this information is not indicative for the time these compounds are active within 

tumour cells, further studies are needed to investigate this subject. A technical 

limitation concerned the fact that the Annexin-V assay was not compatible with 

the spheroid growth of MKL-1 and MKL-2, but an impression of apoptosis could 

be established using the cleaved PARP Western blot assay.  

In conclusion, our results reveal that Navitoclax and Alpelisib show strong synergy 

in the inhibition of cell viability and induction of apoptosis in MCPyV-positive cell 

lines. The treatment response showed to last for up to 4 days with application of 

one dose. The combination of Navitoclax with Alpelisib should therefore further be 

explored and could be a potential new treatment for MCC patients.  
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SUPPLEMENTAL FIGURES 

Figure S1: No significant synergistic combinatorial effect of Alpelisib and 
Navitoclax on MCC13 
The dose response curves for Alpelisib without Navitoclax for the treated cell lines are 
illustrated by the AN0 curves. The increasing concentrations (nM) of Navitoclax are 
illustrated by the numbers AN25, AN50, AN75, AN100 etc. (A). The calculated IC50 of 
Alpelisib alone and in combination with different Navitoclax concentrations (nM) are shown 
in B. 
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Figure S2: Overview of distribution of vital, necrotic, early and late apoptotic 
WaGa cells sorted by FACS 
WaGa cells treated with 0.1% DMSO, 100 nM Navitoclax, 12.5µM Alpelisib and in 
combination after 1 day (A) and 5 days (B) of treatment were sorted with FACS. The 
necrotic cells are sorted by PI positivity (PI singl. pos) by using the gate PE-Cy7. The early 
apoptotic cells are positive for Annexin-V (Annexin single pos.) and visualized with the FITC 
gate. Cells which were positive for both PI and Annexin-V (PI pos. Ann pos.) were defined 
as late apoptotic cells.  
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SUMMARY 
Merkel cell carcinoma (MCC) is a rare but highly malignant non-melanoma skin 

cancer which mainly affects elderly and immunosuppressed people. Despite its 

rareness the incidence of MCC has tripled during the last decade in the Western 

countries. Merkel cell polyomavirus (MCPyV) – initially detected in 2008 and 

shown to be clonally integrated into the MCC genome - is a novel human tumour 

virus causing approx. 80% of MCC. The etiopathogenesis of the remaining MCCs 

is linked to UV-damage. Based on the detection in the early 1980ies that MCC 

share some features with Merkel cells, e.g. the expression of neuroendocrine 

genes and cytokeratins, the term Merkel cell carcinoma was introduced. Since 

Merkel cells (MCs) which are located at the epidermal/dermal junction, are 

terminally differentiated, post-mitotic, and non-proliferative cells it is nowadays 

generally accepted that MCs are not the cellular origin of MCC.  

MCC is characterized by a typical trilinear expression pattern of epithelial 

(cytokeratins), neuroendocrine (chromogranin A and synaptophysin) and early B-

cell (Paired box 5 (PAX5) and terminal desoxynucleotidyl transferase (TdT)) 

genes. A trilinear expression pattern is possibly suggestive for a certain degree of 

stemness or possibly indicating pluripotency of MCC cells. Thus, we investigated 

in Chapter 2 the DNA methylation Age (DNAmAge) of 13 MCCs using the 

Horvath’s clock and the pluripotency of MCCs. The MCC DNAmAge was 

significantly lower compared to the chronological age, which was irrespective of 

the presence of MCPyV or the UV-associated mutational burden. Although, we 

found that MCCs are not pluripotent, the finding of a significantly decreased 

DNAmAge strongly indicates an existing or gained stemness activity of MCC cells. 

Based on this, the cell of origin of MCC might be closer to a stem cell and thus 

possibly explaining the trilinear expression pattern of MCC.  

In Chapter 3 we aimed to understand the regulation of the neuroendocrine gene 

expression in MCC. The expression of chromogranin A and synaptophysin in non-

neuronal cells is negatively regulated by the RE1 silencing transcription factor 

(REST). The expression of the neuroendocrine key regulators REST, neurogenic 

differentiation 1 (NeuroD1) and the Achaete-scute homolog 1 (ASCL1) were 

tested in MCC and MCC cell lines. Of interest, all MCCs were devoid of REST 

expression. All MCCs expressed NeuroD1, and all MCCs - except one – did not A
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express ASCL1. This was confirmed in MCPyV-positive MCC cell lines. The 

introduction of REST expression in REST-negative, MCPyV-positive MCC cells 

downregulated the neuroendocrine gene expression. The absence of ASCL1 

expression in almost all tested MCCs indirectly emphasizes an important role for 

REST for the neuroendocrine gene expression in MCC. This is underlined by the 

expression of the REST-regulated microRNAs miR-9/9* in REST-negative MCC 

cell lines.  

In Chapter 4 we addressed the early B cell gene expression in MCC by 

comprehensively reviewing the current evidence supporting early B-cells as the 

possible cellular origin of MCC. The consistent and concomitant expression of the 

early B-cell lineage markers PAX5 and TdT and the finding of clonal 

immunoglobulin chain rearrangement in some MCCs triggered this hypothesis.  

PAX5 is a pivotal regulator of B-cell commitment in early B-cells (pre-pro-/pro-

/pre-B-cells).  In Chapter 5 we were interested to compare the PAX5 expression 

pattern and the methylation of CpG loci located in PAX5 binding sites in MCC cells 

with benign B-cells. Therefore, we identified diverse PAX5 isoforms expressed in 

MCC using RNA next generation sequencing of which the canonical as known as 

the B-cell specific activation protein PAX5 isoform could be verified to be 

expressed in MCC. In addition, out of 63844 PAX5 binding sites, 771 were 

excessively hypermethylated in MCC as analysed by 850K methylation array. 

These binding sites are recognized by other pivotal B-cell lineage transcription 

factors. Moreover, the PAX5-binding sites corresponding to T-cell lineage genes 

- not expressed in MCC - are not differentially methylated. Although, a part of the

B-cell receptor signalling pathway regulated by PAX5 was identified in MCC,

PAX5 fails to launch the commitment to a complete B-lineage-specific gene

expression program in MCC cells.

In Chapter 6 we investigated the expression and the functionality of the BCR

signalling member phosphatidylinositol 3-kinase (PI3K) p110δ in MCC by

immunofluorescence microscopy and inhibition with the PI3K p110δ specific

inhibitor idelalisib. The majority, i.e. 71.4% of the tested MCCs and in all tested

MCC cell lines were positive for PI3K p110δ expression. Despite its expression in

the MCC cell lines the inhibition of the p110δ subunit did not result in a significant

inhibition of the cell viability and revealed only in one cell line a slight decrease ofA
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the phosphorylation of the protein kinase B (AKT). According to these results, 

PI3K p110δ is expressed in MCC, but most likely not functional in MCC. In 

Chapter 6 we also illustrated that the inhibition of the PI3K p110α subunit resulted 

in a remarkably higher decrease of MCC cell line cell viability. Based on our 

hypothesis on the cellular origin of MCC we aimed to assess in Chapter 7 the 

efficacy of the combined inhibition of the B-cell lymphoma 2 (BCL-2) family and 

the inhibition of the PI3K p110α subunit, which is successfully used for diverse 

haematological diseases. First, the immunohistochemistry analysis confirmed that 

MCCs do express BCL-2 to a high extent. The combination of the BCL-2 family 

member inhibitor Navitoclax (ABT-263) and the PI3K p110α inhibitor Alpelisib 

(Byl-719) resulted in significant improved sensitivity on the decrease of cell 

viability. This could be explained by the prolonged synergistic apoptotic effect on 

the MCPyV-positive MCC cell lines.  

In Chapter 8 the experimental findings of Chapter 2 to Chapter 7 regarding the 

MCC cellular origin and the possible molecular treatment applications were 

discussed. MCC stemness and the early B-cell circuit gene expression support 

that MCCs are originating from early B-cells. Considering the absence of the BCR 

and the associated membranous proteins like CD79a and CD79b MCC is 

comparable with the classical Hodgkin Lymphoma. Further, we could illustrate that 

the gain in knowledge about MCC tumorigenesis will possibly enable novel 

promising treatment options as e.g. the effective combined inhibition of PI3K 

p110α and BCL-2. 

A
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ZUSAMMENFASSUNG 
Das Merkelzellkarzinom (MKZ) ist ein hoch maligner Hautkrebs, der 

hauptsächlich bei älteren und immunsupprimierten Menschen diagnostiziert wird. 

Obwohl das MKZ selten ist, hat sich die Inzidenz vom MKZ in den westlichen 

Ländern in den letzten Jahrzehnten verdreifacht. 2008 wurde das Merkelzell 

Polyomavirus (MCPyV) erstmals klonal integriert in etwa 80% der MKZ-Geweben 

nachgewiesen. In den darauffolgenden Jahren wurde die Karzinogenese dieser 

Virus-positiven MKZs mit den kleinen und großen MCPyV Tumor Antigen in 

Verbindung gebracht. Im Gegensatz dazu sind die Virus-negativen MKZs durch 

UV-induzierte Mutationen charakterisiert. Trotz dieser neuen Erkenntnisse ist der 

zelluläre Ursprung umstritten. Dieser wurde auf der Grundlage der Detektion von 

der Expression von neuroendokrinen Genen und Zytokeratinen in den 1980ern 

Jahren den Merkel Zellen zugeschrieben. Allerdings sind Merkel Zellen 

ausdifferenzierte, post-mitotische, und nicht teilungsaktive Zellen, die im 

Gegensatz zum MKZ im Übergang von der Dermis zur Epidermis lokalisiert sind. 

Aus diesem Grund ist es weitgehend akzeptiert, dass die Merkel Zellen nicht mehr 

als zellulären Ursprung vom MKZ in Betracht kommen.  

Das MKZ hat ein typisches trilineares Expressionsmuster von epithelialen 

(Zytokeratine), neuroendokrinen (Chromogranin A und Synapthophysin) und 

frühen B-Zell Genen (paired box 5 (PAX5) und terminale 

Desoxynukleotidyltransferase (TdT)). Dieses trilineare Expressionsmuster könnte 

auf Stammzelleigenschaften und Pluripotenz der möglichen MKZ 

Ursprungszellen hinweisen. Aus diesem Grund wurde in Kapitel 2 das DNA-

Methylierungsalter (DNAmAge) von 13 MKZs unter Verwendung der „Horvath-

Clock“ und die Pluripotenz von den MKZs anhand von RNA Sequenzierungsdaten 

der MKZs untersucht. Das MKZ-DNAmAge war im Vergleich zum 

chronologischen Alter der Patienten, unabhängig vom MCPyV oder der UV-

assoziierten Mutationen, signifikant niedriger. Obwohl die MKZs sich als nicht 

pluripotent herausstellten, weist das signifikant verringerte DNAmAge auf eine 

vorhandene oder gewonnene Stammzellaktivität der MKZ-Zellen hin. Daraus lässt 

sich Schlussfolgern, dass die Ursprungszellen eine gewisse Nähe zu 

Stammzellen aufweisen müssen, die das trilineare Expressionsmuster vom MKZ 

erklären könnten.  A
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In Kapitel 3 stand die Regulation der neuroendokrinen Genexpression als Teil 

des trilinearen Expressionsmusters im MKZ im Fokus. Die neuroendokrine 

Genexpression in MKZ ist unteranderem charakterisiert durch die Expression von 

Chromogranin A und Synaptophysin, die in nicht-neuronalen Zellen durch den 

RE-1-silencing-Transkriptionsfaktor (REST) reprimiert wird. Somit wurden in 

diesem Kapitel die Expression der wichtigen neuroendokrinen Regulatoren wie 

REST, das neurogenen Differenzierung 1 (NeuroD1) und das Achaete-Scute-

Homologen 1 (ASCL1) im MKZ untersucht. Alle MKZ Gewebe waren negativ für 

REST und bis auf einen MKZ auch negativ für ASCL-1. Dem entgegengesetzt 

waren alle MKZs positiv für NeuroD1. Die MCPyV-positiven MKZ Zelllinien waren 

alle ASCL1 und REST negativ und positiv für NeuroD1. Nach der Induktion von 

REST in einer dieser Zelllinien, konnte beobachtet werden, dass sich die 

Expression von Chromogranin A und Synaptophysin reduziert hatte. Diese 

Reduktion und das Fehlen des neuroendokrin-positiven Regulators ASCL1 in fast 

allen getesteten MKZs impliziert, dass die Abwesenheit von REST für die 

neuroendokrine Genexpression in MKZ wichtig ist. Darüber hinaus wird diese 

Rolle noch durch die Expression der REST-regulierten microRNA mir-9/9* in 

REST-negativen MKZ-Zelllinien hervorgehoben.  

In Kapitel 4 wurden anhand einer Literaturstudie die frühe B-Zell Genexpression, 

welches zum trilinearen Expressionsmuster des MKZs zugehörig ist, 

zusammengetragen. Dabei wurden die aktuellen Beweise für die B-Zell-

Genexpression und die daraus folgende Theorie, dass frühe B-Zellen den 

zellulären Ursprung des MKZs darstellen, zusammengetragen und abgewogen. 

Durch die konsistente und gleichzeitige Expression der frühen B-Zell Gene PAX5 

und TdT, der Feststellung der Umlagerung der Immunoglobulin Gensegmente in 

einigen MKZs bestärken diese Hypothese.  

PAX5 ist ein wichtiger Regulator der B-Zell Entwicklung von prä-pro / pro / prä-B-

Zellen. In Kapitel 5 wurde das Expressionsmuster von PAX5 und die 

Methylierung der CpGs, die in PAX5 Bindungsstellen lokalisiert sind, in MKZ 

Zellen mit benignen B-Zellen verglichen. Dabei wurden verschiedene PAX5 

Isoformen in MKZ mittels RNA Next Generation Sequenzierung identifiziert, von 

denen die primäre kanonische PAX5 Isoform, besser bekannt als spezifischer B-

Zell Aktivierungsprotein, in den MKZs bestätigt werden konnte. Zusätzlich wurden A
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anhand von 850K-Methylierungsarray bestimmten Analysen, von insgesamt 

63844 PAX5-Bindungsstellen in MKZ, 771 als übermäßig hypermethyliert 

identifiziert. Diese Bindungsstellen werden von anderen Transkriptionsfaktoren, 

die neben PAX5 für die B-Zell Entwicklung wichtig sind, erkannt. Darüber hinaus 

sind die PAX5-Bindungsstellen, die den Genen der T-Zell Differenzierung 

entsprechen, nicht differentiell methyliert und werden nicht exprimiert. Obwohl ein 

Teil des durch PAX5 regulierten B-Zell-Rezeptor (BZR) Signalwegs in MCC 

identifiziert wurde, kann PAX5 einen vollständige B-Zell-spezifischen 

Genexpressionsprogramm in MCC-Zellen nicht induzieren. 

In Kapitel 6 wurde die Expression und Funktionalität des BZR Signalwegmitglieds 

Phosphatidylinositol-3-Kinase (PI3K) p110δ in MKZ durch 

Immunfluoreszenzmikroskopie und Inhibition der Funktion mit dem PI3K p110δ-

spezifischen Inhibitor Idelalisib untersucht. Die Mehrheit, nämlich 71,4% der 

getesteten MKZs und alle getesteten MKZ-Zelllinien, waren positiv für die PI3K 

p110δ. Trotz seiner Expression in den MKZ-Zelllinien führte die Inhibition der 

p110δ-Untereinheit nicht zu einer signifikanten Beeinträchtigung der MKZ 

Zellvitalität und zeigte nur in einer Zelllinie eine leichte Abnahme der 

Phosphorylierung der Proteinkinase B (AKT). Demnach wird PI3K p110δ in MCC 

exprimiert, ist jedoch höchstwahrscheinlich in MKZ nicht funktionsfähig. 

In Kapitel 6 haben wir auch gezeigt, dass die Hemmung der PI3K p110α-

Untereinheit zu einer bemerkenswerten hohen Abnahme der Vitalität der MKZ-

Zelllinienzellen führte. Basierend auf unserer Hypothese zum zellulären Ursprung 

von MKZ, wurde in Kapitel 7 die Wirksamkeit der kombinierten Inhibition des B-

Zell-Lymphom-2 (BCL-2) und die Hemmung der PI3K-p110α-Untereinheit 

untersuchen, die erfolgreich bei der Behandlung verschiedene hämatologische 

Erkrankungen in klinischen Studien eingesetzt wurde. Zuerst wurde mittels 

immunhistochemischer Analyse die Expression von BCL-2 bestätigt. Darauf 

wurden, die Zellen mit der Kombination des BCL-2-Familienmitglied-Inhibitors 

Navitoclax und des PI3K p110α-Inhibitors Alpelisib behandelt. Dies führte 

aufgrund des synergistischen apoptotischen Effekte auf die MCPyV-positiven 

MKZ-Zelllinien zu einer signifikant verbesserten Empfindlichkeit. Darüber hinaus 

wurde das Zellwachstum nach einer initialen Behandlung für vier Tage anhaltend 

inhibiert.  A
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In Kapitel 8 wurden die experimentellen Ergebnisse von Kapitel 2 bis Kapitel 7 

bezüglich des zellulären Ursprungs von MKZ und der möglichen molekularen 

Behandlungsanwendungen diskutiert. Die MKZ Stammzellähnlichkeit und die 

frühe B-Zell Genexpression unterstützen die Hypothese, dass das MKZs aus 

frühen B-Zellen abstammen könnte. In Anbetracht des Fehlens des BZRs und der 

damit verbundenen Membranproteine wie CD79a und CD79b ist das MKZ mit 

dem klassischen Hodgkin-Lymphom vergleichbar. Ferner konnten wir 

veranschaulichen, dass der Zugewinn an Wissen über die MKZ-Karzinogenese 

neue vielversprechende Behandlungsoptionen, wie z. B. die wirksame 

kombinierte Inhibition von PI3K p110α und BCL-2, ermöglichen könnten. 

A
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SAMENVATTING 
Het Merkelcelcarcinoom (MCC) is een zeer kwaadaardige vorm van huidkanker 

die voornamelijk voorkomt bij ouderen en mensen met een verzwakt 

immuunsysteem. Hoewel dit een zeer zeldzame vorm van huidkanker is, is de 

incidentie van het MCC in westerse landen het afgelopen decennium 

verdrievoudigd. Ongeveer 80% van de MCC gevallen wordt veroorzaakt door het 

Merkelcelpolyomavirus (MCPyV). De overige MCC’s worden gekenmerkt door 

mutaties veroorzaakt door langdurige blootstelling aan UV-straling. In 1980 werd 

beschreven dat MCC-cellen gelijkenis vertoonden met Merkelcellen (MC’s) – 

namelijk de expressie van neuro-endocriene genen en cytokeratine – en werd de 

term “Merkelcelcarcinoom” geïntroduceerd. Aangezien MC’s terminaal 

gedifferentieerde, post-mitotische en niet-delende cellen zijn die zich bevinden in 

de dermo-epidermale junctie, worden MC’s niet langer beschouwd als de 

cellulaire oorsprong van het MCC. 

Het MCC wordt gekenmerkt door een trilineair expressiepatroon van epitheliale 

(cytokeratine), neuro-endocriene (chromogranine A en synapthophysin) en 

vroege B-cel (paired box 5 (PAX5) en terminale deoxynucleotide transferase 

(TdT)) genen. Dit trilineaire expressiepatroon kan wijzen op 

stamceleigenschappen en pluripotentie van de mogelijke MCC-oorsprongscellen. 

Om deze reden werd in Hoofdstuk 2 de DNA-methylatie leeftijd (DNAmAge) van 

13 MCC’s onderzocht met behulp van de "Horvath-klok" en werd de pluripotentie 

van de MCC's geanalyseerd. De MCC-DNAmAge bleek significant lager in 

vergelijking met de chronologische leeftijd van de patiënten, ongeacht de 

aanwezigheid van het MCPyV of de met UV-geassocieerde mutaties. Hoewel 

onze resultaten erop wijzen dat MCC’s niet-pluripotent zijn, duidt deze significant 

verminderde DNAmAge op een bestaande of behaalde stamcelactiviteit van de 

MCC-cellen. Hieruit kunnen we concluderen dat de MCC-oorsprongscellen sterke

overeenkomsten hebben met stamcellen, wat het trilineaire expressiepatroon van

het MCC zou kunnen verklaren.

In Hoofdstuk 3 wordt dieper ingegaan op de regulatie van de neuro-endocriene

genexpressie als onderdeel van het trilineaire expressiepatroon in MCC. De

neuro-endocriene genexpressie in MCC wordt gekenmerkt door de expressie van

chromogranin A en synaptophysin. De expressie van deze genen wordt in niet-A
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neuronale cellen onderdrukt door RE-1 silencing transcriptiefactor (REST). In dit 

hoofdstuk wordt de expressie van belangrijke neuro-endocriene regulatoren zoals 

REST, neurogene differentiatie 1 (NeuroD1) en Achaete-Scute homoloog 1 

(ASCL1) in MCC en MCC-cellijnen onderzocht. Hier laten we zien dat alle MCC’s 

negatief waren voor REST expressie en – met uitzondering van één enkele MCC 

– ook negatief waren voor ASCL1 expressie. Daarentegen waren alle MCC’s

positief voor NeuroD1 expressie. Deze bevindingen werden verder bevestigd in

MCPyV-positieve MCC-cellijnen. De introductie van REST expressie in REST-

negatieve, MCPyV-positieve MCC-cellijnen resulteerde in een afgenomen

endocriene genexpressie. De afwezigheid van de neuro-endocriene regulator

ASCL1 in bijna alle geteste MCC's impliceert dat REST een belangrijke rol speelt

in de regulatie van de neuro-endocriene genexpressie in MCC. Deze rol wordt

verder bevestigd door de expressie van de REST-gereguleerde microRNA mir-

9/9 * in REST-negatieve MCC-cellijnen.

Hoofdstuk 4 is een literatuurstudie naar de vroege B-cel genexpressie in MCC,

waarin we al het huidige wetenschappelijke bewijs over vroege B-cellen hun

mogelijke rol als MCC-oorsprongscellen bespreken. Bovenstaande hypothese

werd getriggerd door de consistente en gelijktijdige expressie van de vroege B-

cel markers PAX5 en TdT en de herschikking van de immunoglobulinen-

segmenten in sommige MCC’s. PAX5 is een cruciale regulator in de ontwikkeling

van vroege B-cellen (pre-pro-/pro-/pre-B-cellen).

In Hoofdstuk 5 vergelijken we het PAX5-expressiepatroon en de CpG-

methylering op PAX5-bindingsplaatsen tussen MCC-cellen en benigne B-cellen.

Daartoe hebben we verschillende PAX5-isovormen die tot expressie komen in

MCC geïdentificeerd met behulp van RNA Next Generation Sequencing, en

hebben we de aanwezigheid van de PAX5-isovorm, beter bekend als het

specifieke B-celactivatie-eiwit, kunnen bevestigen in MCC. Daarnaast werden 771

van de 63,844 PAX5-bindingsplaatsen in MCC geïdentificeerd als overmatig

gehypermethyleerd op basis van de resultaten van de 850K-methyleringsassay.

Deze bindingsplaatsen worden herkend door andere belangrijke

transcriptiefactoren die, naast PAX5, cruciaal zijn voor de ontwikkeling van B-

cellen. Bovendien waren de PAX5-bindingsplaatsen die overeenkomen met de

genen voor T-celdifferentiatie niet differentieel gemethyleerd en werden ze niet tot A
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expressie gebracht. Hoewel een deel van de PAX5-gereguleerde B-celreceptor 

(BCR) -signaleringsroute werd geïdentificeerd in MCC, is PAX5 niet in staat om 

een volledig B-cel specifiek genexpressieprogramma te induceren in MCC-cellen. 

In Hoofdstuk 6 werd de expressie en functionaliteit van het BCR-signaleringseiwit 

phosphatidylinositol-3-kinase (PI3K) p110δ in MCC onderzocht met behulp van 

immunofluorescentiemicroscopie en de PI3K p110δ-specifieke remmer Idelalisib. 

De meerderheid, namelijk 71,4% van de MCC’s en alle geteste MCC-cellijnen, 

testten positief voor PI3K p110δ. Echter leidde inhibitie van de p110δ-subunit niet 

tot een significante verslechtering van de cel vitaliteit en werd maar in één enkele 

cellijn een lichte afname van de fosforylering van proteïnekinase B (AKT) 

gevonden. Hieruit kunnen we concluderen dat PI3K p110δ aanwezig is, maar 

hoogstwaarschijnlijk niet functioneel is in MCC. Echter hebben we in er ook 

aangetoond dat inhibitie van de PI3K p110α-subunit resulteerde in een 

opmerkelijk hogere afname van de cel vitaliteit van de MCC-cellijnen.  

Gebaseerd op onze hypothese over de cellulaire oorsprong van MCC, laat 

Hoofdstuk 7 de werkzaamheid van een gecombineerde inhibitie van de B-

cellymfoom-2 (BCL-2) familie en de PI3K-p110α-subunit zien. De gecombineerde 

inhibitie van deze eiwitten is succesvol bevonden in verschillende klinische 

onderzoeken naar hematologische ziekten. De expressie van BCL-2 door MCC’s 

werd eerst bevestigd met behulp van een immunohistochemische analyse. 

Vervolgens werden de MCC-cellen behandeld met een combinatie van de BCL-2 

remmer Navitoclax (ABT-263) en de PI3K p110α-remmer Alpelisib (Byl-719). 

Vanwege hun synergetische apoptotisch effecten op de MCPyV-positieve MCC-

cellijnen resulteerde dit in een significant verbeterde gevoeligheid voor Alpelisib. 

Bovendien werd de celgroei gedurende vier dagen na de initiële behandeling 

geremd. 
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In Hoofdstuk 8 worden de experimentele resultaten van Hoofdstuk 2 tot en met 

Hoofdstuk 7 over de cellulaire oorsprong van MCC en de mogelijke toepassingen 

voor moleculaire behandeling besproken. De overeenkomsten tussen MCC’s en 

stamcellen, in combinatie met de vroege B-cel genexpressie, ondersteunen de 

hypothese dat de MCC's afkomstig kunnen zijn van vroege B-cellen. Gezien het 

ontbreken van de BCR en de bijbehorende membraaneiwitten zoals CD79a en 

CD79b, is het MCC vergelijkbaar met het klassieke Hodgkin-lymfoom. Bovendien 

hebben we kunnen aantonen dat de toename aan kennis over MCC-carinogenese 

nieuwe en veelbelovende behandelingsopties biedt, zoals de effectieve 

gecombineerde inhibitie van PI3K p110α en BCL-2. 

A
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Valorization is the estimation in as much the published scientific work can be 

utilized in the practice and depends on the category of performed research. 

Whereas data from clinical research, e.g. clinical trials, or translational research 

might impact clinical practice earlier, it is well know that research data gained from 

basic research might take longer before they will be transferred or implemented 

in the clinical practice. Here, I will point out how the main results of this thesis are 

very likely to improve the diagnosis and clinical management of Merkel cell 

carcinoma (MCC) in the near future. 

Depending on the localization, the rare and aggressive skin cancer MCC is mostly 

detected at late stage III and IV3. At stage III MCC is metastasized to local lymph 

nodes. At stage IV it is either metastasized to distant lymph nodes or solid organs 

e.g. lung3. In the latter it might possibly difficult to distinguish MCCs from small

cell lung cancer (SCLC). In chapter 3, we described the complete absence of RE-

1 silencing transcription factor REST as well as the achaete-scute family BHLH

transcription factor 1 (ASCL1) in MCC. Contrariwise, ASCL1 was shown to be

expressed in 70% of SCLCs4. Moreover, the hematopoietic program and the

presence of splice variants of the paired box protein PAX5 in MCC which we

showed is unique for MCC (chapter 5) might be also used in as marker to

distinguish SCLC from MCC.

The main focus of this thesis was to get more insight into the cellular origin of

MCC. Irrespective of the cellular origin of MCC, it is expected that the results of

this research will contribute to the understanding of its pathogenesis, ultimately

possibly leading to novel treatment options. Based on the results presented in this

dissertation we now know that the cellular origin should have stem cell activity, is

very likely to be of hematopoietic origin and is characterized by a significant,

however partially defective hematopoietic PAX5 transcription program. Thus, the

pre-pro B-cell is currently the most appropriate candidate for the cellular origin.

The gained knowledge about the cellular origin can now be applied to the

treatment of MCC. Because of its rareness clinical trials on MCC treatment of

more than 100 people cohorts are rare. Therefore, the most clinical trials for the

treatment of MCC are starting from phase 2 or phase 3 where MCC patients are

included in a general cohort among others with solid tumors like cutaneous

squamous cell carcinoma. A successful example of a nowadays approved A
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compound for the treatment of MCC is Avelumab which was assessed in clinical 

trial phase 2 in 200 MCC patients which showed an overall response rate of 50 to 

70% 5-7. In chapter 7 we used our gained knowledge about the early B-cell 

phenotype of MCC and treated the cells with the promising combination of the 

BCL-2 family member inhibitor Navitoclax and the PI3K p110 Alpelisib. The 

compounds induced only in combination a stagnation in cell viability. Both 

compounds are in individual clinical trials phase 2 7-9. Therefore, the costs for the 

first phase of the clinical trial of about 475,000€ in the Netherlands can be 

skipped11. The costs of about 11,379€ per patient in clinical trial 2 has still to be 

considered.12 Clinical trial phase II takes several months with a group of at least 

100 people. For MCC to get that many cases are difficult, therefore international 

cooperation like it was performed with Avelumab are necessary to realize a 

significant evaluation of the synergism of these compounds in the clinic. 

Therefore, a clinical trial phase 2 to evaluate the efficacy of Navitoclax/Alpelisib 

might be conducted within several months and might be approved by the FDA.  

After successful treatment, the patients have to be evaluated for recurrence of the 

cancer by follow-up care. The easiest way is to use biological fluids like blood. 

The younger DNA methylation age (DNAmAge) of blood cells compared to the 

chronological age have a significant correlation2. In chapter 2 we characterized 

that MCCs have a significantly younger DNA methylation age (DNAmAge) 

compared to the chronological age of the MCC patients. Therefore, it might be 

possible to establish an assay to determine the DNAmAge of DNA located in the 

blood. For this screening method only 10 ng of purified DNA is enough for 

enrichment using the capture enrichment Illumina technology and hybridized with 

the 353 CpG sites of the Horvath’s clock. If the DNAmAge is significant younger, 

it is most likely that the patient has aberrant cells and the patient has to be 

screened for recurrence of the cancer.  

The knowledge about the synergism of the Navitoclax/Alpelisib combination can 

be therefore transferred into clinical practice. The combination would not be tested 

on MCC if we had not observed the hematopoietic pre-pro B-cell origin of MCC. 

Moreover, the DNAmAge determination blood screening method might be also 

utilized in the clinic for the follow-up control of MCC. Therefore, this dissertation 
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has gained important data which potentially will be successfully translated into a 

pre-clinical setting and transferred further into the clinical practice.  
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LIST OF ABBREVIATIONS 
4E-BP1 Eukaryotic translation initiation factor 4E-binding protein 1 

5-aza-2'-dC 5-Aza-2'-deoxycytidine

ASCL1 Achaete-scute family BHLH transcription factor 1

ATOH1 Atonal homolog 1

B-ALL B-cell acute lymphoblastic leukemia

BCAP Phospohoinositide-3-kinase adaptor protein 1

BCL-2 B-cell lymphoma 2

BCR B-cell receptor

bHLH Basic helix-loop-helix

BTK Bruton tyrosine kinase

CD56 Neural cell adhesion molecule

CD79a B-cell antigen receptor complex-associated protein alpha chain

CD79b B-cell antigen receptor complex-associated protein beta chain

CI combinatory index

CK Cytokeratin

cKIT tyrosine-protein kinase KIT
CLPs common lymphoid progenitor

CpG Cytosine and Guanin residues

CPIs check point inhibitors

CSC Cancer stem cells

DAPI 4′,6-diamidino-2-phenylindole

DNAmAge DANN methylation age

DSB Double stranded break

E2A Transcription factor 3

EBF1 Early B-cell factor 1

FACS Fluorescence activated cell sorter

FCS Fetal calf serum

FFPE Formalin fixed paraffin embedded

FITC Fluorescein isothiocyanate

FOXO1 Forkhead box O1

GCF Germinal center founders A
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GFP Green fluorescence protein 

GO Gene ontology 

HE Hematoxylin and eosin  

HL Hodgkin lymphoma 

HSC Hematopoietic stem cell 

IC inhibitory concentration 

IF Immunofluorescence  

Ig Immunoglobulin 

IHC Immunohistochemistry 

IKZF1 Ikaros family zinc finger protein 1 

IRF Interferon regulatory factor 

ITAM Integrin subunit alpha M 

LMPP Lymphoid-primed multipotent progenitors  

LT MCPyV large tumor antigen  

MC Merkel cells 

MCC Merkel cell carcinoma  

MCPyV Merkel cell Polyomavirus 

MiR microRNA 

MSP Methylation specific PCR 

mTOR Mechanistic target of rapamycin kinase 

NEhM not excessively hypermethylated  

NEUROD1 Neuronal differentiation 1 

NF Neurofilament 

NGS Next generation sequencing 

NHEJ Non-homologous end joining 

NSE Enolase 2 

OCT2 POU Class 2 Homeobox 2 

PARP Poly (ADP-ribose) polymerase 1 

PAX5 Paired box gene 5 

PBS Phosphate buffered saline 

PD-L1 programmed death-ligand 1 

PE-Cy7 Phycoerythrin coupled to a cyanine dye (Cy7) 

PluriTEST Pluripotency Test A
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PP2A Protein phosphatase 2 

Pu.1 Spi-1 Proto-Oncogene 

qRT-PCR quantitative reverse transcriptase polymerase chain reaction 

RAG Recombination Activating 

RB1 Retinoblastoma protein 

REST RE-1 silencing transcription factor  

SCLC Small cell lung cancer 

sT MCPyV small tumor antigen  

TdT Terminal deoxynucleotidyl transferase 

UV Ultraviolet 

VP Viral protein 

XTT 
2,3-Bis-(2-Methoxy-4-Nitro-5-Sulfophenyl)-2H- 

Tetrazolium-5-Carboxanilid 
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Daarom was het altijd leuk om daarover te discussiëren met jou, als ik je 

uiteindelijk in een van de labs kon vinden. Als ik je niet kon vinden, wist ik dat ik 

moest vergeten dat ik op zoek was naar jou, en dan zat je plotseling uit het niks 

op je zitplaats. Dankjewel voor de discussies en je ondersteuning! 

Ich danke dem Gesundheitszentrum/ Fitnesszentrum K3 für die sportliche 

Betreuung und Stärkung meines Körpers und Geistes. Diese hat es mir ermöglicht 

immer Höchstleistung auf der Arbeit zu bringen. Vor allem danke ich folgenden 

Trainern: Janine, Jakob, Alex, Kevin und Arne.  

Lieber Martin Z., auch Dir will ich extra danken. Vor mehr als 11 Jahren, stand 

ein gerade fertiger Abiturient vor deinem Büro und hatte Dich, über Herrn Prof. 

Kreuzaler, darum gebeten, ihm ein Vorpraktikum, welches er für das Studium an 

der FH Aachen brauchte, zu ermöglichen. Ich bin dir bis heute sehr dankbar, dass 

ich bei Dir mein Praktikum absolvieren durfte, auch wenn mein Giftangriff mit der 

Winogradsky-Säule nicht hätte sein müssen. Ich bin Dir nicht nur sehr dankbar für 

den guten Start in meine wissenschaftliche Laufbahn, sondern auch für die 

Freundschaft, die sich daraus entwickelt hat. Eins war und ist mir klar, ohne Dich 

wäre ich nicht so weit und ich wäre definitiv nicht in Maastricht. Somit ist diese 

Arbeit auch Dein Verdienst! Vielen Dank! 

Liebe Freunde, es ist endlich soweit, ich bin frei und kann mehr Zeit mit euch 

verbringen :-). Ihr alle habt mich auf eure Weise unterstützt und deswegen möchte 

ich euch auch im Einzelnen danken. Da ich schon Martin gedankt habe, fange ich 

mit der restlichen Doppelkopfrunde an. Mathias W. du musstest unbedingt immer 

demjenigen vorhalten, wenn er was falsch aufgespielt hat! War zwar manchmal 

nervig, aber so habe ich doch was gelernt. Kevin R.  deine Kochkünste sind 

unvergessen und deine Drang zu gewinnen noch mehr. Wir haben uns über die 

312 

A



ACKNOWLEDGEMENT | ADDENDUM 

313 
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