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1. Preface 

 

The herein presented thesis consists of a selection of four original articles that are published. 

Furthermore, this thesis includes a shared summary, introduction, and discussion concerning 

these four articles, which are attached at the end of the thesis:  

 
 
Article I (shared first author): 
Haferkamp S, Borst A, Adam C, Becker TM, Motschenbacher S, Windhovel S, Hufnagel AL, 
Houben R, Meierjohann S: Vemurafenib induces senescence features in melanoma cells. J 
Invest Dermatol 133:1601-1609 (2013). 
 
Article II: 
Houben R, Dreher C, Angermeyer S, Borst A, Utikal J, Haferkamp S, Peitsch WK, Schrama D, 
Hesbacher S: Mechanisms of p53 restriction in Merkel cell carcinoma cells are independent of 
the Merkel cell polyoma virus T antigens. J Invest Dermatol 133:2453-2460 (2013). 
 
Article III: 
Hesbacher S, Pfitzer L, Wiedorfer K, Angermeyer S, Borst A, Haferkamp S, Scholz CJ, Wobser 
M, Schrama D, Houben R: RB1 is the crucial target of the Merkel cell polyomavirus Large T 
antigen in Merkel cell carcinoma cells. Oncotarget 7:32956-32968 (2016). 
 
Article IV (first author): 
Borst A, Haferkamp S, Grimm J, Rosch M, Zhu G, Guo S, Li C, Gao T, Meierjohann S, Schrama 
D, Houben R: BIK is involved in BRAF/MEK inhibitor induced apoptosis in melanoma cell lines. 
Cancer Lett 404:70-78 (2017). 
 
 
The work presented in this thesis was carried out from June 2012 to May 2016. It was 

supervised by principal supervisor PD Dr. rer. nat. Roland Houben. Experimental work was 

performed at the Department of Dermatology of the University Hospital Wuerzburg, 

Germany.  
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2. Summary 

 

Neoplasms of the skin represent the most frequent tumors worldwide; fortunately, most of 

them are benign or semi-malignant and well treatable. However, the two most aggressive and 

deadly forms of malignant skin-neoplasms are melanoma and Merkel cell carcinoma (MCC), 

being responsible for more than 90% of skin-cancer related deaths. The last decade has yielded 

enormous progress in melanoma therapy with the advent of targeted therapies, like BRAF or 

MEK inhibitors, and immune-stimulating therapies, using checkpoint antibodies targeting CTLA-

4, PD-1 or PD-L1. Very recent studies suggest that also MCC patients benefit from a treatment 

with checkpoint antibodies. Nevertheless, in an advanced metastatic stage, a cure for both of 

these aggressive malignancies is still hard to achieve: while only a subset of patients experience 

durable benefit from the immune-based therapies, the widely applicable targeted therapies 

struggle with development of resistances that inevitably occur in most patients, and finally lead 

to their death. The four articles included in this thesis addressed current questions concerning 

therapy and carcinogenesis of melanoma and MCC. Moreover, they are discussed in the light of 

the up-to-date research regarding targeted and immune-based therapies. In article I we 

demonstrated that besides apoptosis, MAPK pathway inhibition in BRAF-mutated melanoma 

cells also induces senescence, a permanent cell cycle arrest. These cells may provide a source 

for relapse, as even permanently arrested cancer cells can contribute to a pro-tumorigenic 

milieu. To identify molecular factors determining the differential response, we established M14 

melanoma cell line derived single cell clones that either undergo cell death or arrest when 

treated with BRAF/MEK inhibitors. Using these single cell clones, we demonstrated in article IV 

that downregulation of the pro-apoptotic BH3-only protein BIK via epigenetic silencing is 

involved in apoptosis deficiency, which can be overcome by HDAC inhibitors. These 

observations provide a possible explanation for the lack of a complete and durable response to 

MAPK inhibitor treatment in melanoma patients, and suggest the application of HDAC inhibitors 

as a complimentary therapy to MAPK pathway inhibition. Concerning MCC, we scrutinized the 

interactions between the Merkel cell polyomavirus’ (MCV) T antigens (TA) and the tumor 

suppressors p53 and Rb in article II and III, respectively. In article III, we demonstrated that the 

cell cycle master regulator Rb is the crucial target of MCV large T (LT), while it - in contrast to 
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other polyomavirus LTs - exhibits much lower affinity to the related proteins p107 and p130. 

Knockdown of MCV LT led to proliferation arrest in MCC cells, which can be rescued by 

knockdown of Rb, but not by knockdown of p107 and p130. Contrary to Rb, restriction of p53 in 

MCC seems to be independent of the MCV TAs, as we demonstrated in article II.  In conclusion, 

the presented thesis has revealed new molecular details, regarding the response of melanoma 

cells towards an important treatment modality and the mechanisms of viral carcinogenesis in 

MCC.  
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3. Zusammenfassung 

 

Die häufigsten Tumore weltweit sind Neoplasien der Haut; glücklicherweise sind die meisten 

dieser benigne oder semi-maligne und gut behandelbar. Die beiden aggressivsten und 

tödlichsten Formen bösartiger Hauttumoren sind das Melanom und das Merkelzell-Karzinom 

(MCC), welche verantwortlich für über 90% aller durch Hauttumore verursachten Todesfälle 

sind. Im letzten Jahrzehnt gab es jedoch erstaunliche Fortschritte in der Therapie des malignen 

Melanoms, was vor allem durch das Aufkommen der zielgerichteten Therapien wie den BRAF 

oder MEK Inhibitoren und den immunstimulierenden Therapien, welche Checkpoint-Antikörper 

gegen CTLA-4, PD-1 oder PD-L1 verwenden, bedingt ist. Neueste Studien legen nahe, dass auch 

MCC Patienten von diesen Checkpoint-Antikörpern profitieren können. In fortgeschrittenen, 

metastasierten Stadien ist jedoch für beide Malignitäten eine Heilung immer noch sehr schwer 

erreichbar: nur eine kleine Gruppe der Patienten erreichen einen dauerhaften Nutzen durch die 

Immuntherapien, während die breit anwendbaren zielgerichteten Therapien mit der 

Entwicklung von Resistenzen zu kämpfen haben, welche unausweichlich in den meisten 

Patienten entstehen und letztendlich zu deren Tod führen. Die vier dieser Dissertation 

beigefügten Publikationen adressierten aktuelle Fragestellungen bezüglich Therapie und 

Karzinogenese des Melanoms und des MCCs. Des Weiteren werden diese im Licht des heutigen 

Forschungsstandes diskutiert, im Besonderen mit Blick auf die zielgerichteten und 

immunbasierten Therapien. In Publikation I zeigten wir, dass Inhibition des MAPK Signalwegs in 

BRAF-mutierten Melanom-Zellen neben Apoptose auch zu Seneszenz, einem permanenten 

Zellzyklusarrest, führen kann. Diese Zellen können der Ursprung der Resistenzbildung sein, da 

auch permanent arretierte Krebszellen zu einem Tumor-fördernden Milieu beitragen können. 

Um molekulare Faktoren zu identifizieren, die für diese unterschiedliche Behandlungsreaktion 

ursächlich sind, haben wir Einzelzellklone aus der M14 Melanom-Zelllinie etabliert, welche 

entweder mit Zelltod oder Arrest auf die BRAF/MEK Inhibitor Behandlung reagieren. Mit Hilfe 

dieser Klone zeigten wir in Publikation IV, dass die Herunterregulierung des pro-apoptotischen 

BH3-only Proteins BIK durch einen epigenetischen Mechanismus zur Apoptose-Resistenz dieser 

Zellen führt, was durch den Einsatz von HDAC-Inhibitoren umgangen werden kann. Diese 

Beobachtungen bieten eine mögliche Erklärung für das Ausbleiben eines vollständigen und 
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dauerhaften Ansprechens auf die MAPK-Inhibitor Behandlung der Melanom-Patienten, und 

legen den Einsatz von HDAC-Inhibitoren als komplementäre Therapieoption nahe. Beim MCC 

haben wir jeweils die Interaktion zwischen den Merkelzell-Polyomavirus (MCV) T Antigenen (TA) 

und den Tumor-Suppressoren p53 und Rb in Publikation II und III näher betrachtet. In 

Publikation III haben wir gezeigt, dass das zentrale, Zellzyklus-regulierende Protein Rb das 

vorrangige Ziel des MCV large T Antigens (LT) ist, während es - im Gegensatz zu anderen 

Polyomavirus-LTs - viel weniger Affinität zu den verwandten Proteinen p107 und p 130 aufweist. 

Der Knockdown des MCV LT führte zu Proliferationsarrest in MCC Zellen, welcher durch 

Knockdown von Rb aufgehoben werden konnte, nicht jedoch durch Knockdown von p107 und 

p130. Die Restriktion von p53 scheint im Gegensatz zu Rb im MCC unabhängig von den MCV TAs 

zu sein, wie wir in Publikation II gezeigt haben. Zusammenfassend gibt diese Dissertation 

Aufschluss über neue molekulare Zusammenhänge bezüglich der Reaktion von Melanom-Zellen 

gegenüber einer wichtigen Behandlungsmöglichkeit und den Mechanismen der viralen 

Karzinogenese des MCC. 
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4. Introduction 

 

4.1. The epidermis: macroscopic and cellular structure 

 

The skin is the largest organ of the human body and has an important role in immunity, water 

homeostasis, thermal regulation, sensation, and a multitude of other functions. It is build up in 

three layers of ectodermal tissue: the epidermis, the dermis, and the hypodermis (subcutaneous 

tissue). The outer layer of the skin - the epidermis - is the first mechanical and immunological 

barrier between the body and environmental threats like pathogens, radiation or chemicals, 

some of which have the potential to cause DNA damage and thereby can be classified as 

carcinogenic substances (1). It contains no blood vessels and is nourished by diffusion from the 

underlying dermis. The epidermis is subdivided into five layers: stratum basale, stratum 

spinosum, stratum granulosum, stratum lucidum, and stratum corneum (see Fig. 1A). The most 

common cells in the epidermis are keratinocytes (about 95%), which are continuously generated 

at the basal layer, wander up the strata, while changing their appearance during the process of 

keratinization and finally die before they reach the corneum. Besides immunologically active 

Langerhans cells, residing within the stratum spinosum, two additional cell types are found in 

the basal layer: (I) Merkel cells, which are touch sensitive oval-shaped mechanoreceptors that 

form synaptic contacts with sensory neurons and are abundant in sensitive skin and (II) 

melanocytes, melanin producing cells with dendritic arms mainly responsible for skin coloring 

and UV protection (2, 3).  

Highly aggressive neoplastic skin malignancies named after these two cell types are known as 

Merkel cell carcinoma (MCC) (Fig. 1B) and melanoma (Fig. 1C), respectively. In the four 

publications this thesis is based on, established cell lines derived from the aforementioned two 

skin cancers were used to address and elucidate molecular biological questions arising in the 

context of up-to-date cancer research.  
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Fig. 1: Structural overview of the epidermis; Merkel cell carcinoma and melanoma lesions. 
A: layers and cell types commonly found in the epidermis (image adapted from (4)). B: Merkel cell carcinoma; a 
dome-shaped nodule present on the leg of a patient (image adapted from (5)). C: Typical superficial spreading 
melanoma lesion (image adapted from (6)). 
 

4.2. Merkel cell carcinoma (MCC) 

 

Merkel cell carcinoma is a very aggressive neuroendocrine skin cancer, occurring mostly in 

elderly and/or immunosuppressed patients. The median age of patients diagnosed with MCC 

is 76.2 years for women and 73.6 years for men (7). Although MCC is still a rare disease, with 

approximately 0.6 new cases per 100.000, its incidence is steadily increasing in different 

countries (7). Most often the tumors arise in sun-exposed areas like the head and neck (8). 

Clinical characteristics for MCC have been summarized under the acronym AEIOU: 

asymptomatic/lack of tenderness, expanding rapidly, immunosuppression, older than age 50, 

and UV exposed site on a fair-skinned person (9). Diagnosis of MCC can be challenging, in 

particular when based on morphology, as small cell lung cancer displays very similar features 

(10). An important characteristic to distinguish MCC from other tumors is the presence of peri-

nuclear cyto-keratin (CK)-20. Moreover, the lack of thyroid transcription factor-1 (TTF-1) may 

also serve as a marker (10).  

7



 

Current treatment therapies are surgical resection of the primary tumor, commonly followed by 

radiotherapy which grants good loco-regional control. As MCC is associated with occurrence of 

early nodal and distant metastasis, also chemotherapy can be applied in advanced stages and 

has a high response rate of 60-75%, which is, however, only of very limited duration and not 

resulting in significantly increased overall survival (OS) (11, 12). Therefore, chemotherapeutic 

regimens are often only applied with palliative intention (13). Very recent reports suggest that 

immune checkpoint blockade may be able to achieve lasting responses in a large proportion of 

patients with metastatic MCC (14, 15); this aspect will be discussed later.  

Transformation of epidermal Merkel cells had been considered to be the source of MCC, 

originally termed trabecular neuroendocrine carcinoma (16, 17). This view, however, has been 

challenged recently and epidermal stem cells, other skin derived precursor cells as well as pre-B 

cells are discussed as possible cells of origin for MCC (18, 19). Although the cell of origin is 

unclear, understanding of the molecular-biological events involved in development and 

progression of MCC has made major advances in the last decade: the fact that besides UV-

exposure also immunosuppression is a risk factor for MCC has provided a rationale to search for 

a viral etiology. In 2008, DNA sequence analysis finally revealed the presence of the Merkel cell 

polyomavirus (MCV) in 80% of MCC tumors (20). In most cases, the viral DNA is clonally 

integrated into the genome of the MCV-positive tumor cells, suggesting MCV infection as a 

crucial event in the pathogenesis of MCC. 

 

4.2.1. Merkel cell polyomavirus (MCV) 

 

MCV is a double-stranded DNA virus of the Polyomaviridae family consisting of 73 species 

identified so far; 13 of these are known to infect humans (21). Since the discovery of the simian 

virus 40 (SV40) decades ago, polyomaviruses have been suspected to bear the potential to 

induce human cancer, because in experimental animal studies virus infection leads to tumor 

formation following integration of viral DNA in the genome of the host cells (22-25). Still, MCV is 

so far the only member of this virus family which could be linked to a human cancer. MCV is an 

ubiquitary virus which can be detected frequently on human skin and other environmental 

surfaces (26). Furthermore, about 80% of all people over the age of 50 are sero-positive for 
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antibodies against the MCV capsid protein VP1 (27, 28). The reasons why MCC is nevertheless a 

rare cancer are not yet fully understood. The circumstance that specific mutations truncating 

one of the viral proteins in conjunction with accidental integration of the viral genome into the 

human genome has to occur, may contribute to its uncommonness. Furthermore, rarity of the 

cell of origin and/or rarity of its infection by MCV may contribute to the fact that MCC is 

relatively uncommon, despite the high prevalence of MCV (29). 

The MCV genome consists of 5,387 base pairs and encodes, like other polyomaviruses, for two 

distinct groups of proteins. The T antigens (TA), which bear transforming potential, are 

expressed early after infection. In case of MCV, a large T antigen (LT), small T antigen (ST), and 

57k T antigen (57kT) are derived by alternative splicing of a common precursor mRNA (5, 20). 

Additionally, in an alternate coding frame ALTO, a protein of unknown function, is encoded by 

the LT mRNA (30). The second group of viral proteins consists of the capsid proteins (VP1-3), 

which are expressed in later stages of the viral life cycle and constitute the envelope of newly 

formed viruses. These transport the viral genome to other cells after host cell lysis (5). For MCV, 

however, VP3 is inactive or not expressed at all. An overview of the MCV genome organization is 

summarized in Fig. 2A. Several oncogenic viruses require the cellular DNA replication machinery 

for their own reproduction and have therefore acquired the ability to activate the host’s cell 

cycle machinery. As a consequence, they presumably acquired transforming potential (31). 

Transformation induced by polyomaviruses is attributed to the T antigens, which can interfere 

with different cell cycle regulatory pathways and proliferation cascades and are able to impair 

tumor suppressor mechanisms (31). The different MCV T antigens share the N-terminal amino-

acid sequence containing a DnaJ domain for binding the cellular heat shock protein HSC70 and 

the so called conserved region 1 (CR1). However, they differ substantially in the C-terminal 

region, determining the functional variability of the T antigen splice products (20, 32) (Fig. 2B).  

The LT antigen is encoded by two exons and has several functions in MCV infection like initiation 

of viral replication and altering the host cell’s cell cycle (5, 33). Besides the above mentioned 

DnaJ and CR1 domain, several further domains conserved among polyomavirus LTs are present 

in MCV LT: the retinoblastoma protein (Rb) binding domain, a specific nuclear localization 

sequence (NLS), the origin-binding domain (OBD) as well as a DNA binding and a helicase 

domain. The presence of the NLS results in nuclear localization of MCV LT when expressed in 
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mammalian cells (34). From studies with SV40 polyomavirus LT, it is known that the OBD and 

helicase region also mediate interactions with a multitude of cellular proteins - the most 

prominent of them is the tumor suppressor protein p53. Though, MCV LT does not bind to p53 

(35-37). In most cases of MCC tumor cells, the integrated MCV genome contains mutations 

truncating the C-terminus of LT, aborting the virus’s ability to replicate and also eliminating 

growth suppressive properties of the C-terminus (37-39). Generally, however, the Rb-binding 

site is preserved in the MCC associated truncated versions of the LT protein.  

The MCV ST antigen consists of 186 amino acids and plays a role in viral replication and cellular 

transformation (5). The C-terminal region is produced via transcriptional read-through of the 

exon splice site used by LT and 57kT. ST can be found in the nucleus as well as in the cytoplasm 

(40). The typical polyomavirus protein phosphatase 2A (PP2A) Aα subunit binding site is unique 

for the ST antigen and is important for viral replication and virus-induced transformation in 

other polyomaviruses (41). A recently discovered MCV ST domain is the LT-stabilization domain, 

which mediates inactivation of the ubiquitin ligase SCF (Fbw7) and thereby represses 

proteasomal degradation of LT (42). 

In contrast, little is known about the 57k protein that shares a MCV unique region (MUR) with 

LT, consisting of a sequence located between the first exon and the OBD, which contains the Rb-

binding domain. Furthermore, there is some degree of homology between 57kT and SV40 17kT, 

what plays a role in promoting host cell proliferation (43, 44). In tumor cells nevertheless, a 

distinction between LT and 57kT is not relevant because the truncating mutations in most cases 

delete all diverging C-terminal parts of the two proteins. The MCV genome resembles other 

polyomaviruses not only in its organization and proteins encoded, but also – just like other 

family members - encodes a microRNA, which is involved in regulating early viral gene 

expression (45).  
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Fig. 2: Mapping of the MCV genome and the alternatively spliced MCV T antigens. 
A: The MCV genome consists of a non-coding control region (NCCR) containing promoter elements as well as the 
origin of replication. An early gene region contains the large T antigen (LT), small T antigen (ST), 57kT antigen 
(57kT), and an alternative T antigen open reading frame (ALTO). The late gene region is coding for the capsid 
proteins (VP1-3) and a microRNA (miRNA) regulating early viral transcription levels (image adapted from (5)). B: All 
T antigen isoforms originate in one pre-mRNA and encode the conserved CR1 epitope and DnaJ (HSC70 binding) 
domain. Unique for the ST antigen are two PP2A binding sites, a PP2A Aβ/PP4C binding site, and a large T-
stabilization domain. LT and 57kT share a MCV-unique region in the second exon with a retinoblastoma protein 
(Rb) binding domain and the origin binding domain (OBD), while LT additionally has C-terminal zinc finger, leucine 
zipper, ATPase, and helicase domains (5, 46). 
  

 

A 

B 
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4.2.2. MCV T antigens in MCC carcinogenesis 

 

The discovery of MCV and its T antigens has profoundly extended our understanding of the 

molecular pathogenesis of MCV-positive MCC, which - besides the virus integration - is 

characterized by a relatively low frequency of somatic mutations and a lack of recurrent genetic 

alterations (47). For many polyomaviruses, LT is the major transforming protein and its 

transforming potential is attributed to its capability to impair the major tumor suppressor 

proteins p53 and Rb (48, 49). In MCC though, the mechanism of tumorigenesis and the exact 

roles of the two T antigens are not yet fully understood. MCV-positive MCC cell lines in vitro and 

in xeno-transplant mouse models are dependent on the expression of the MCV T antigens and 

in particular on LT, as short hairpin RNA (shRNA) mediated knockdown leads to cell cycle arrest 

and/or cell death (50). Whether established MCV-positive MCC cells are also addicted to ST has 

been reported inconsistently (51, 52). Nevertheless, MCV ST is capable of transforming rodent 

fibroblasts, whereas MCV LT is not and does also not cooperate with ST in this respect (53). 

Consequently, the dependency of the tumor cells on the T antigens identified these proteins as 

potential therapeutic targets. For the development of such new therapeutic strategies, 

however, a more detailed understanding of the interactions between the T antigens and their 

cellular partners is required. 

 

4.2.3. MCV and tumor suppressor proteins 

 

The transforming potential of SV40 LT is mainly based on its interaction with tumor suppressor 

proteins like p53 and members of the pocket protein family (54, 55). The latter consists of three 

members: Rb, p107, and p130. In concert these 3 proteins restrict the mitotic activity of a cell by 

affecting the G1 to S-Phase transition mainly through binding and inhibiting members of the E2F 

transcription factor family, which are involved in cell cycle regulation and synthesis of DNA in 

mammalian cells (56). E2F proteins form cell cycle promoting complexes with a dimerization 

partner (DP), while an active Rb protein binds and denies these E2F-DP dimers to induce 

proliferative signals (57). Prior to entering S-phase, complexes of cyclin-dependent kinases 

(CDK4/6) and cyclins (cyclin D) phosphorylate Rb that thereby loses the ability to form 
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complexes with E2F-DP and is deactivated (58, 59). Rb usually remains in a phosphorylated state 

throughout S, G2, and M phase. The E2F proteins are generally split into two functional groups: 

transcription activators and repressors. In activators it has been shown that E2F binding with Rb 

masks the transactivation domain responsible for transcription activation, while in E2F 

repressors binding of pocket proteins (especially p107 and p130) leads to formation of repressor 

complexes to silence target genes (60, 61). Historically, it has been supposed that the pocket 

proteins suppress transcriptional activity by direct interaction with chromatin-bound E2F 

molecules at their corresponding promoters, what - according to some studies - appears to be 

true only for p107 and p130 (62-64). Rb however, is undetectable at these promoters in the 

context of transcriptional repression. Importantly, Rb-mediated and p107/p130-mediated cell 

cycle control is not redundant; indeed, a lot of E2F-responsive genes are dysregulated in 

p107/p130-deficient cells (56).  

Another important tumor suppressor protein is the aforementioned p53, which is a 

transcription factor that is found inactivated by mutations or deletions in more than 50% of 

human tumors (65). P53 is also referred to as the “guardian of the genome”, due to its central 

role in the response to genotoxic stress and UV radiation. Depending on the context, p53 can 

induce cell cycle arrest, senescence, DNA repair, and apoptosis and contributes thereby to 

genomic stability and counteracts tumor formation (66). Various intra- and extracellular stress 

induced stimuli can activate p53; these include for example: DNA damage, oxidative stress, 

osmotic shock, ribonucleotide depletion, loss of adhesion or deregulated oncogene expression 

(67-69). P53 activity is mainly regulated by two mechanisms: (I) phosphorylation of certain N-

terminal serine/threonine residues enhances its transcriptional activity. (II) Increasing or 

decreasing the half-life of the protein. The latter is mediated by murine double minute 2 

(MDM2) or in humans human double minute 2 (HDM2), a E3 ubiquitin ligase which tags p53 for 

proteasomal degradation (70). Because of an auto-regulatory mechanism, p53 levels are kept 

low in unstressed cells, as HDM2 expression is regulated by p53. Stress induced transcription of 

phosphatase and tensin homologue (PTEN) for example, inhibits HDM2/p53 complex formation 

and subsequently leads to p53 activation (71). In contrast to SV40 LT, MCV LT was reported not 

to be able to bind p53 and in the MCC associated LT proteins the C-terminus responsible for 

direct interaction of SV40 LT with p53 is missing (39, 72). However, the LxCxE motif known to be 
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essential for binding of the Rb family proteins is preserved in MCV LT expressed in MCC cells and 

it has been demonstrated that this LxCxE motif is required for MCV LT to promote growth of 

MCC cells (73). One publication included in this thesis (article III) investigates in detail which of 

the three Rb family proteins are bound and inactivated by the MCV LT antigen in MCC, while a 

second paper (article II) describes whether MCV T antigens are involved in restricting the tumor 

suppressor function of p53 in MCC.  

 

4.3. Melanoma 

 

Melanoma is a highly malignant tumor derived from the melanin producing cells in the 

epidermis, the melanocytes (Fig. 1C). Established risk factors for the development of melanoma 

include light skin and UV exposure, in particular excessive sunburns in childhood (74). The 

American Cancer Society’s estimated lifetime risk of Caucasian men being diagnosed with 

melanoma is 1/35, while for Caucasian women it is 1/54 (75). Despite accounting for only 4% of 

all skin cancers, about 80% of skin cancer related deaths are attributed to melanoma and the 5-

year survival for advanced metastatic melanoma still remains low, ranging from 12-28% (76-79). 

According to the American Joint Committee on Cancer (AJCC), melanoma is classified in four 

clinical stages with some stages being further subdivided regarding the size of the primary 

tumor, involvement of local or distant lymph nodes, and the presence and location of distant 

metastasis (see Table 1&2). Patients with Stage IV melanoma are associated with a very poor 

prognosis and a mean survival of 8–10 months in large cohort analysis studies. A more accurate 

staging categorizes patients into stage IV sub-groups with only cutaneous metastases (M1a), 

lung metastases (M1b) or other visceral metastases (M1c), which yield associated 5-year 

survival rates of 18.8%, 6.7%, and 9.5%, respectively (77). When detected at early stage I, 

excision of the primary tumor results in an almost 100% cure rate. Therefore, self-examination 

and self-awareness can be lifesaving. Typical signs allowing melanoma detection by visual 

inspection are summarized in the “ABCDE“-rule: Asymmetry, border irregularity, color variation, 

diameter greater than 6mm, and evolving over time (78, 80) (Fig. 3). As mentioned above, the 

prognosis is much worse if the cancer has already spread and the 5-year OS correlates directly 

with the stage of the primary tumor and the presence of nodal and/or distant metastasis. 
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Today’s treatment options in this stage are mainly immuno-based treatments or targeted 

therapies, which will be described later on. Other therapy options, like radiation or cryotherapy, 

merely play a minor role in the treatment of melanoma (81). 

 
Fig. 3: “ABCDE” characteristics of melanoma. 
ABCD characteristics help to distinguish between malignant melanoma and an ordinary mole (image adapted from 
(82)). Ordinary moles usually have a symmetrical form, even borders, one color, are smaller than 6mm and don’t 
change or evolve over time. Malignant melanomas often present as asymmetrical lesions with uneven borders, 
have multiple colors varying from brown to black or blue, and grow larger than a 6mm diameter while changing 
over time (83). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

symmetrical smaller  
than 6mm 

one  color even borders ordinary nevus 

asymmetrical larger  
than 6mm 

Multiple 
 colors 

uneven borders evolving - changes in  
size, shape and color 
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Table 1: TNM staging categories for cutaneous melanoma. 
Abbreviations: Tis, tumor in situ; NA, not applicable; LDH, lactate dehydrogenase. *Micrometastases are diagnosed 
after sentinel lymph node biopsy. #Macrometastases are defined as clinically detectable nodal metastases 
confirmed pathologically. Data obtained from (77). 
 

Primary Tumor Thickness (mm) Ulceration Status/Mitosis 

T 

Tis NA NA 

T1 ≤ 1.00 

a: Without ulceration and mitosis 
< 1/mm2 

b: With ulceration or mitosis ≥ 
1/mm2 

T2 1.01-2.00 
a: Without ulceration 

b: With ulceration 

T3 2.01-4.00 
a: Without ulceration 

b: With ulceration 

T4 >4.00 
a: Without ulceration 

b: With ulceration 
Nodal Involvement No. of Metastatic Nodes Nodal Metastatic Burden 

N 

N0 0 NA 

N1 1 
a: Micrometastasis* 
b: Macrometastasis# 

N2 2-3 

a: Micrometastasis* 
b: Macrometastasis# 

c: In tranist metastasis/satellites 
without metastatic nodes 

N3 

4+ metastatic nodes, or 
matted nodes, or in Transit 
metastases/satellites with 

metastatic nodes 
 

Distant Metastasis Site Serum LDH 

M 

M0 No distant metastasis NA 

M1a Distant skin, subcutaneous, 
or nodal metastases Normal 

M1b Lung metastases Normal 

M1c 
All other visceral metastases Normal 

Any distant metastases Elevated 
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Table 2: Anatomic stage groupings for cutaneous melanoma.  
*Clinical staging includes microstaging of the primary melanoma and clinical/ radiologic evaluation for metastases. 
By convention, it should be used after complete excision of the primary melanoma with clinical assessment for 
regional and distant metastases. #Pathologic staging includes microstaging of the primary melanoma and 
pathologic information about the regional lymph nodes after partial (i.e., sentinel node biopsy) or complete 
lymphadenectomy. Pathologic stage 0 or stage IA patients are the exception; they do not require pathologic 
evaluation of their lymph nodes. Data obtained from (77). 
 

Clinical Staging* Pathologic Staging# 

 T N M  T N M 
0 Tis N0 M0 0 Tis N0 M0 

IA T1a N0 M0 IA T1a N0 M0 

IB 
T1b N0 M0 

IB 
T1b N0 M0 

T2a N0 M0 T2a N0 M0 

IIA 
T2b N0 M0 

IIA 
T2b N0 M0 

T3a N0 M0 T3a N0 M0 

IIB 
T3b N0 M0 

IIB 
T3b N0 M0 

T4a N0 M0 T4a N0 M0 

IIC T4b N0 M0 IIC T4b N0 M0 

III Any T N>0 M0 

IIIA 
T1-4a N1a M0 

T1-4a N2a M0 

IIIB 

T1-4b N1a M0 
T1-4b N2a M0 

T1-4a N1b M0 

T1-4a N2b M0 
T1-4a N2c M0 

IIIC 

T1-4b N1b M0 

T1-4b N2b M0 
T1-4b N2c M0 

Any T N3 M0 

IV Any T Any N M1 IV Any T Any N M1 
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Until recently, the standard first line treatment was dacarbazine, the only chemotherapeutic 

agent approved for the treatment of metastatic melanoma by the Food and Drug 

Administration (FDA) before 2011. The response rates of for dacabazine were rather low (7 to 

12%) and the median OS of treated stage IV melanoma patients was only 5 to 8 months (84-87). 

In the last 15 years, however, major progress in understanding the molecular biological 

mechanisms underlying the process of developing melanoma has been made: a set of frequent 

molecular changes that occur during the transformation of a melanocyte to a malignant 

melanoma cell have been described, leading to the loss of cell cycle control. Growth stimulating 

mutations in the proto-oncogenes NRAS or BRAF, resulting in hyper-activation of the mitogen-

activated protein kinase (MAPK) pathway, which is described later, have been reported in 

roughly 90% of melanomas (88, 89). However, these mutations do not suffice to evoke 

malignancy since proliferation is mostly interrupted by tumor-suppressor mechanisms that 

activate stress induced senescence (90); this is probably the situation in most benign nevi. 

Additional mutations occurring in the tumor-suppressor genes cyclin-dependent kinase inhibitor 

2A (CDKN2A), which encodes for 2 distinct tumor-suppressor proteins p16INK4A and p14ARF, PTEN 

or p53 are found with moderate frequencies in melanoma and may contribute to overcoming 

senescence (76). Furthermore, changes in genes or expression patterns of genes that are 

involved in melanocytic differentiation or cell adhesion have been described to play a role on 

the way towards malignancy. These are for example amplification of microphthalmia-associated 

transcription factor (MITF), decreased expression or loss of E-cadherin and melanocyte-specific 

gene melastatin1 (TRPM1) and aberrant or increased expression of N-cadherin, αVβ3 integrin, 

survivin and matrix metalloproteinase2 (MMP-2) (76). A more recent approach based on a large 

number of melanoma samples categorizes four different melanoma subtypes, regarding the 

most common driver oncogenes found: mutant BRAF, mutant RAS, mutant NF1 or triple wild-

type (89). All three named oncogenes are part of the MAPK pathway, highlighting its central role 

in melanoma. The following chapter takes a closer look at this pathway and describes several 

approaches provided by targeted therapies to exploit melanoma’s dependency on it (oncogene 

addiction), what has become a pillar of modern day melanoma treatment. 
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4.3.1. The MAPK pathway as a therapeutic target in melanoma 

 

Activation of the MAPK pathway occurs after binding of an extracellular growth stimulating 

signaling molecule, like epidermal growth factor (EGF), to a transmembrane receptor tyrosine 

kinase (RTK), such as the epidermal growth factor receptor (EGFR) (91). Receptor activation and 

phosphorylation of its tyrosine residues leads to the recruitment of docking proteins like GRB2, 

containing a SH2 domain that binds to the phosphor-tyrosine residues of the activated receptor. 

GRB2 additionally binds the guanine nucleotide exchange factor SOS with its two SH3 domains. 

When the GRB2-SOS complex docks to a phosphorylated RTK, SOS becomes activated and that 

promotes the removal of GDP from a RAS protein. RAS can now bind a GTP molecule and 

become active, resulting in initiation of RAS-RAF complex formation followed by 

phosphorylation of MEK1/2, which in turn catalyzes the phosphorylation of ERK1/2. ERKs 

translocate into the nucleus and regulate a multitude of cellular processes, like embryogenesis, 

cell differentiation, cell proliferation, and cell death by interaction with several transcription 

factors (92).  

Some of the first oncogenes described in humans encode for the aforementioned RAS proteins 

with three main isotypes (HRAS, KRAS, and NRAS), and RAS mutations are also frequently found 

in melanoma, most of them being NRAS mutations (93). Unfortunately, direct inhibition of RAS 

with tipifarnib, a farnesyltransferase inhibitor (FTI), has been ineffective, making RAS elusive as 

a potential single target for effective treatment of metastatic melanoma (94). It is thought that 

the RAS proteins can escape that inhibition by prenylation through a geranylgeranyl transferase 

that transfers an alternate isoprenoid group to RAS and allows continued activity (95, 96). 

Nevertheless, targeting RAS in a multi-agent, multi-targeted approach may hold promise: a 

phase I clinical trial combining tipifarnib and sorafenib (a BRAF-inhibitor) showed stable disease 

in patients with different cancers, including one with metastatic melanoma (97). Additionally, an 

in vitro study revealed that the combination of lonafarnib (another FTI) and sorafenib led to 

improved sorafenib-induced apoptosis and suppression of melanoma cell invasion in raft culture 

assays (98). 

The RTK c-kit is a transmembrane protein that transduces extracellular stimuli into the 

cytoplasm and universally expressed in mature human melanocytes, where it fosters 
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proliferation and survival trough signaling pathways like MAPK, PI3K/AKT, and JAK-STAT by 

receptor dimerization and auto-phosphorylation after ligand binding. Although rare in most 

cancers, relatively high numbers of c-kit-activating mutations and/or amplifications (28–39%) 

have been reported in melanomas of mucosal, acral, and sun-damaged skin (99, 100). Preclinical 

data demonstrated that melanoma cells harboring c-kit mutations show reduced proliferation 

and increased apoptosis, along with suppression of the MAPK, PI3K, JAK-STAT, and anti-

apoptotic pathways, when treated with imatinib, an ATP-competitive inhibitor of several 

tyrosine kinases (101). Two clinical trials with selected melanoma patients that harbor c-kit 

mutations or amplifications displayed clinically significant results: one study reported a median 

progression-free survival (PFS) of 12 weeks and an OS of 46 weeks (102), while another study 

resulted in a median PFS of 3.5 months and an OS of 14 months (103). Other RTK inhibitors, like 

dasatinib and nilotinib, have also demonstrated responses in melanoma patients with c-kit 

mutations (104, 105), while lacking efficacy in unselected melanoma patients, similar to imatinib 

(106-108). 

Further and essentially the most important targetable mutations in melanoma alter Valine 600 

in the in the serine/threonine-protein kinase BRAF, rendering it constitutively active. Indeed, 

approximately 50% of melanomas harbor a mutation in this kinase, with the substitution of 

valine to the phosphorylation mimicking glutamic acid being the most common (BRAFV600E), 

whereas lysine or arginine substitutions have also been reported (109, 110). Blocking specifically 

the mutated BRAF protein with a small molecule inhibitor leads to subsequent cell cycle arrest 

and apoptosis in melanoma cells (111). This has fundamentally changed the treatment options 

for metastatic and/or unresectable melanoma with BRAF mutation: in 2011, the FDA approved 

the first selective BRAFV600E inhibitor for melanoma called vemurafenib (PLX4032), which 

showed impressive clinical results (112, 113). In phase I and II clinical trials, significant tumor 

shrinkage and treatment-induced clinical responses were reported in more than 50% of the 

patients treated, and improved OS and PFS in patients with BRAFV600E mutant metastatic 

melanoma could be achieved (114, 115). Furthermore, a phase III study demonstrated superior 

outcome compared to cytostatic treatment: for patients with the BRAFV600E mutation, the 

estimated median PFS in the vemurafenib group was 6.9 months compared to 1.6 months for 

the dacarbazine group (116). Until now, new selective BRAF inhibitors are continuously under 
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development and subject to clinical trials, and some have also achieved FDA approval, like 

dabrafenib (117).  

As BRAF-mutated cells frequently possess enhanced sensitivity towards MEK inhibition (118), 

MEK1/2 inhibitors like trametinib - which has gained FDA approval in 2013 - also yielded 

promising results in the treatment of melanoma (119). The combination of the BRAFV600E 

inhibitor dabrafenib and trametinib in inhibitor-treatment naive patients showed a significant 

improvement in PFS/OS, and a reduction of serious side effects like the appearance of 

cutaneous squamous cell carcinomas was observed as well (120-122). Therefore, combined 

targeting of mutant BRAF and the downstream kinase MEK has become today’s standard of care 

for patients with advanced BRAFV600 mutated melanoma (123, 124). An overview of the MAPK 

pathway and established or developmental drugs to inhibit key kinases are depicted in Fig. 4. 

Despite this exciting progress, most patients with BRAF or MEK inhibitor-responsive melanoma 

show - due to outgrowth of treatment resistant cells - tumor progression or relapse within less 

than a year , which can only be delayed by combinatory treatment (BRAF + MEK inhibitor) (125). 

Hence, uncovering the molecular mechanisms of intrinsic and acquired resistances to 

BRAF/MEK inhibition has been a major duty in melanoma research over the last years. In this 

respect, it has been demonstrated that most resistances can be classified in one of the following 

three patterns: (I) Reactivation of ERK signaling, what can be caused by up-regulation of 

receptor tyrosine kinases like PDGFR-β, expression of mutant NRAS variants, alternatively 

spliced drug-insensitive BRAFV600E variants or BRAFV600E amplification (126, 127). (II) Activation of 

alternative pathways like the phosphoinositide 3-kinase/protein kinase B (PI3K/AKT) pathway, 

which is commonly linked to intrinsic and/or acquired resistance to MAPK inhibition in 

melanoma cells (128, 129). (III) Dysfunctional apoptotic signaling can be the cause of resistance 

(130-133). The latter was the major topic of this thesis and resulted in the first-author 

publication article IV. The next chapter focuses mainly on this issue. 
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Fig. 4: Targeting the MAPK pathway with small molecule inhibitors. 
Growth Factor (GF) binding to a trans-membrane receptor tyrosine kinase (RTK) transduces the proliferation signal 
into the cytoplasm. From there, a signaling cascade from RAS to RAF to MEK to ERK leads the stimulus into the 
nucleus, where gene expression is modified and promotes proliferation, survival, angiogenesis, and in case of 
cancer cells, invasion or metastases. V600E-mutant BRAF creates such intracellular signals without the binding of 
an extracellular stimulator. Different small molecule inhibitors can bind to key kinases of the MAPK signaling 
cascade to suppress growth stimulating signals, what results in cell death or cell cycle arrest. 
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4.3.2. MAPK inhibition & apoptosis in melanoma 

 

Apoptosis, a caspase dependent form of programmed cell death, is a highly regulated and 

controlled process with pivotal importance in multicellular organisms and central roles in 

development and homeostasis (134). Two major apoptosis mediating pathways have been 

described: the extrinsic pathway is characterized by an extracellular ligand (e.g. TNFα/FAS), 

which binds to a specific death-receptor and activates caspase 8 or 10. Extrinsic mediated 

apoptosis has a crucial function in inflammation and the immune response to infected/aberrant 

cells. The intrinsic apoptosis pathway is triggered by intracellular stimuli, like irreparable DNA 

damage or cytotoxic stress, and is activated via cytochrome C release from the mitochondria 

and subsequent caspase 9 cleavage. After distinct signaling cascades, which are strictly 

regulated, both pathways finally result in effector caspase 3 cleavage and subsequent death 

substrate activation, leading to the execution of the cell death program (134, 135). Members of 

the B-cell lymphoma (Bcl)-2 protein family play a central role in initiation and regulation of 

intrinsic apoptosis, and can be divided into three sub-groups : the first group includes the pro-

apoptotic Bcl-2 homology domain 3-only (BH3-only) proteins (BIM, BIK, BAD, BID, HRK, BMF, 

NOXA and PUMA), which sensitize for or trigger apoptotic signals. These BH3-only proteins can 

inhibit the second group, the anti-apoptotic Bcl-2 family members (BCL-2, BCL-xL, BCL-w, Bfl-1 

and Mcl-1) that in turn bear the potential to functionally repress the third group, consisting of 

the pro-apoptotic effectors BAK and BAX, which finally induce cytochrome C release from the 

mitochondria (134, 136-138). Furthermore, it has been described that BH3-only protein induced 

BAX/BAK activation, which is necessary for the execution of intrinsic apoptosis, is not only 

indirectly achieved by blocking the anti-apoptotic Bcl-2 family members, but can also occur 

directly through BID and BIM (139, 140). A general overview of the intrinsic apoptosis pathway 

and the structural setup of the Bcl-2 family proteins is given in Fig. 5a&b. 

The specificity of the BH3-only proteins is divergent: while BIM and PUMA appear to be less 

selective and have the potential to bind all anti-apoptotic Bcl-2 proteins, Noxa targets only Mcl-

1 and Bfl-1, Bad has affinity for Bcl-2, Bcl-w and Bcl-X(L), while BIK/NBK inhibits specifically only 

Bcl-2 and Bcl-X(L) (141, 142). 
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Fig. 5a: The intrinsic apoptosis pathway and its key proteins. 
The decision between life and death of a cell is made at the mitochondria and determined by a shift in the balance 
between pro- and anti- apoptotic factors. Intracellular stimuli like cytotoxic stress, DNA damage or oncogene 
activation can trigger the pro-apoptotic BH3-only members of the Bcl-2 family in a p53 mediated or p53 
independent manner, while survival pathways, like the MAPK or PI3K/AKT pathway, can counteract the BH3-only 
protein activation. Once activated, BH3-only proteins inhibit the anti-apoptotic Bcl-2 members, what in turn leads 
to Bax/Bak activation and subsequent changes of the outer mitochondrial membrane permeability, releasing 
several inter-membrane factors like cytochrome C, SMAC or AIF (apoptosis inducing factor) into the cytosol. 
Cytochrome C triggers the formation of the apoptosome, an Apaf-1 (apoptosis activating factor 1) multimer, which 
allows binding and activation of initiator caspase 9 followed by cleavage of effector caspase 3 that has several 
targets (death substrates) to activate or inactivate. The apoptotic potential of the released factors is dependent on 
IAP (inhibitor of apoptosis) proteins like XIAP, which are antagonized by SMAC (Diablo) and other released factors 
like HtrA2/Omi. In contrast, the apoptotic activity of AIF seems to take place after translocation to the nucleus, and 
is caspase-independent (135, 138).  
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Fig. 5b: Members of the Bcl-2 protein family. 
The Bcl-2 protein family consists of 3 sub-groups: anti-apoptotic factors like the name-giving Bcl-2, pro-apoptotic 
effectors like Bax and Bak, and BH3-only initiators of apoptosis. One to four so called Bcl-2 homology domains 
(BH1-4) are found in all, while a transmembrane domain (TM) at the C-terminal side is present only in some family 
members. The BH1 and BH2 domains function predominantly in pore formation and dimerization with pro-
apoptotic BH3-only members, and the BH3 domain has a role in homo- and hetero- dimerization between the Bcl-2 
family members. The BH4 domain is unique for the anti-apoptotic Bcl-2 members, and interacts with or regulates 
several other proteins involved in apoptosis (138, 143). 
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Several mechanisms involved in activation of BH3-only proteins have been reported (138, 144): 

phosphorylation, dephosphorylation, receptor triggered conformational changes or cleavage, 

and p53 mediated induction of transcription. Furthermore, proteasomal degradation and 

alternative splicing contribute to their diversity and regulation; for example, about 10 isoforms 

have been described for BIM, with BIMS, BIML and BIMEL being most prominent (138, 145-148). 

It has also been shown that transcriptional gene-silencing through epigenetic mechanisms, like 

DNA methylation or histone modification, can play a part in downregulation of BH3-only 

proteins, and this phenomenon is also associated with BRAF inhibitor resistance in melanoma 

(144, 149). 

As mentioned above, defects or aberrations in the apoptotic signaling cascades are a central 

issue that can confer resistance to small molecule inhibitor treatment in melanoma. Indeed, 

evasion of cell-death is a common feature of tumor cells and also considered as one of the 

hallmarks of cancer (150). It has been reported that the intrinsic apoptosis pathway in 

melanoma is suppressed by active BRAF signaling, inhibiting expression of the BH3-only protein 

Bcl-2 interacting mediator of cell death (BIM) (147), whereas inhibition of the MAPK pathway 

triggers stress stimuli that induce upregulation of BIM and PUMA for subsequent apoptosis in 

melanoma cells (151-154). However, not all cells are killed, and the survivors may provide a 

source for relapse or a niche supporting tumor regrowth (155). Therefore, the major topic of 

this thesis and the two included publications dealing with melanoma, was to analyze the 

response of melanoma cells to the BRAFV600 inhibitor vemurafenib and/or the MEK1/2 inhibitor 

trametinib treatment (article I), and to determine molecular characteristics, which affect the cell 

fate decision between death and survival (article IV). 

 

4.3.3. Immunotherapy in melanoma 

 

The immune system can recognize and target cancer cells, but is often held in check by 

inhibitory signals, which in healthy cells mediate self-tolerance and thereby avoid collateral 

tissue damage by an anti-microbial immune response (156). Avoiding immune destruction has 

also been added as a new emerging hallmark of some and perhaps all cancers by Hanahan & 

Weinberg in 2011, as the scientific community has got more aware of the important role of the 
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immune system - especially T and B lymphocytes, macrophages and natural killer cells - in 

destroying cancer cells (150). Modern cancer immunotherapy started with the FDA approval of 

the cytokines interleukin 2 (IL-2) and interferon alpha (INF-α) in 1995 for the treatment of 

melanoma. IL-2 is essential for central roles of the immune system, like tolerance and immunity, 

primarily due to its direct effect on T-cell differentiation. Furthermore, it also promotes the 

differentiation of T-cells when the initial T-cell is stimulated by an antigen, thus helping the body 

defend against infections (157). The interferons like INF-α are potent cytokines with anti-viral, 

anti-proliferative, and immunomodulatory capacities and are secreted by macrophages, 

fibroblasts, and endothelial cells. However, dendritic cells are considered the major producers 

of INF-α, in response to RNA or DNA viruses or nucleic acid-containing immune complexes (158). 

This first approach showed only mixed results, as high-dose Il-2 led to complete remissions in 

only 6% and to partial responses in 10% of patients (159, 160). Although durable remissions 

could be achieved in a minority of patients, this treatment was also associated with high 

toxicities. Indeed, adverse side effects killed 2% of the patients. Moreover, INF-α could only 

reduce the risk of recurrence by 10%, but did not have an effect on the OS (161). A new class of 

immunotherapeutic agents, the checkpoint inhibitors, was a big breakthrough several years 

later: ipilimumab, a cytotoxic T-lymphocyte-associated Protein 4 (CTLA-4) antibody, was 

approved by the FDA in 2011 for the treatment of advanced melanoma, after improved survival 

for late stage patients could be verified in clinical trials (162, 163). In Addition, the programmed 

cell death protein 1 (PD-1) antibodies pembrolizumab and nivolumab were FDA approved for 

melanoma in 2014, as these led also to durable remissions in some patients, but with 

considerably fewer toxic side effects than ipilimumab (164, 165). Both checkpoint-blocking 

strategies enable repressed tumor-specific T cells to fight cancer cells by suppressing surface 

molecule mediated signals that diminish T-cell activity: targeting CTLA-4 is believed to act 

primarily during the CD4+ T-helper cell priming phase, whereas the anti-PD-1 antibodies are 

thought to augment CD8+ T-killer cell activity directly in the tumor microenvironment (166).  

At the moment, numerous new immunotherapeutic drugs are developed and tested alone or in 

combination in clinical trials, as further detailed in the discussion. Both treatment options - the 

immune based strategies as well as the targeted therapies - offer astonishing new possibilities in 

27



 

the treatment of metastatic melanoma, and have massively improved the PFS and OS of 

patients (Table 3).  

 

Table 3: Treatment specific average survival in metastatic melanoma. 
Abbreviations: PFS, progression-free survival; OS, overall survival; n.d., not done. Data obtained from (167). 
 

Therapeutic strategy    
First line therapy % PFS at 6 months % OS at 12 months % OS at 24 months 

Chemotherapy 22.1 42.2 22.6 

BRAF inhibitors 55.4 63.4 37.6 
BRAF + MEK inhibitors 72.3 76.9 53.5 

CTLA-4 inhibitors 39.3 50.4 28.6 

PD-1 inhibitors 51.1 72.2 59.3 
CTLA-4 + PD-1 inhibitors 63.8 73.1 62.9 

Second line or higher % PFS at 6 months % OS at 12 months % OS at 24 months 

Chemotherapy 20.7 45.8 27.3 

BRAF inhibitors 55.9 56.9 n.d. 

MEK inhibitors 21.3 42.3 n.d. 

BRAF + MEK inhibitors 75.9 80.1 52.8 
CTLA-4 inhibitors 21.8 48.6 29.1 

PD-1 inhibitors 40.2 62.1 45.3 

CTLA-4 + PD-1 inhibitors 73.2 86.9 n.d. 
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5. Discussion 

 

Despite great advances in understanding the molecular pathogenesis of cancer in the last 50 

years, cancer-related death rates in the western civilization have only marginally been reduced, 

leaving cancer the second most frequent cause of death after cardiovascular diseases in 

Germany (168). While today some malignancies like testicular cancer are curable in most cases, 

MCC and melanoma still present a challenge to treat, and in an advanced, metastatic stage the 

five-year OS remains very low and ranges between 0-18% for MCC and less than 30% for 

melanoma (79, 169, 170). Due to these yet unsatisfying numbers,  basic and clinical research has 

been carried out, and has led not only to new insights in the pathogenic mechanisms of these 

tumor entities, but also yielded new treatment approaches, which are todays new standard of 

care for advanced melanoma and MCC (123, 171, 172). Indeed, for MCC as well as for 

melanoma, immunotherapeutic approaches have shown the capability to increase the survival 

of patients. These therapies act through inhibition of signals which suppress T cell function. The 

applied agents are antibodies targeting CTLA-4 (Ipilimumab), PD-1 (nivolumab or 

pembrolizumab) or PD-Ligand1 (PD-L1) (avelumab), and increase activity of cytotoxic CD8+ T 

cells, which are able to induce the extrinsic apoptosis pathway in the cancer cells. For 

melanoma, a second approach using small molecule kinase inhibitors specifically targeting 

activated oncogenic signaling pathways in the tumor cells is also applied, which induces the 

intrinsic apoptosis pathway. Here, these new therapies and further potential approaches for the 

treatment of MCC and melanoma will be discussed, with special emphasis on the topics 

addressed in the articles enclosed in this thesis. 

 

5.1. Current state and outlook of immune-based therapies in melanoma & MCC 

 

Immunotherapy with CTLA-4 and PD-1 antibodies is an established treatment for metastatic 

melanoma nowadays; however, not all patients do benefit from this approach and experience 

lasting responses. Furthermore, patients tend to react very differently to immunotherapy, and 

so far there are almost no predictive markers that identify those patients, who will potentially 

benefit from an immune-based therapy (173). According to the nature of the adaptive immune 
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system, presentation of antigenic peptides by major histocompatibility complex (MHC) class I 

molecules on the tumor cell surface is a prerequisite for the recognition by T-cells, and the 

response to an immunotherapy (174). Therefore, in particular tumors expressing viral antigens 

and many so called neoantigens, which correlate with a high burden of somatic mutations, are 

thought to be especially suited for immune-based approaches (175). MCC as well as melanoma 

fulfill these criteria, as MCV-negative MCC and cutaneous melanoma are the cancers with the 

highest load of somatic mutations, and MCV-positive MCC depends on the expression of the 

viral T antigens (47, 50, 89). Indeed, it has been shown that melanoma patients with a 

particularly high burden of clonal neoantigens have a greater benefit from immune-based 

therapies (175). Moreover, T cells recognizing clonal neoantigens were detectable in those 

patients, who experienced a durable clinical response (173, 175). This suggests the individual 

clonal neoantigen load as a possible predictive biomarker for the selection of patients indicated 

for immunotherapy.  

It is expected that the combination of different drugs will be the key to improve the therapeutic 

success of immunotherapies in melanoma, since most malignancies seem to exploit multiple 

strategies to avoid the recognition and destruction through the immune system (immune 

escape mechanisms) at one. This includes loss of antigenicity, loss of immunogenicity or the 

establishment of an immunosuppressive microenvironment (176, 177). For example, the 

combination of ipilimumab and IL-2 led to complete response rates after a long follow-up in 

melanoma patients of 17%, compared to 7% in patients receiving ipilimumab with gp100 

peptides (178). In 2015, a randomized phase III trial reported increased efficacy and safety for 

the use of combination-therapy of nivolumab and ipilimumab or nivolumab monotherapy, 

compared to ipilimumab monotherapy (179). Nevertheless, the search for more potential 

target-molecules besides the common targets CTLA-4, PD-1, and its ligand PD-L1 still is ongoing: 

recently, it has been reported that T-cell immunoreceptor with Ig and immunoreceptor 

tyrosine-based inhibition motif domains (TIGIT) is an immune checkpoint molecule that can limit 

CD8+ T-killer cell antitumor responses, in a comparable way to CTLA-4 and PD-1 (180, 181). Co-

blockade of TIGIT and PD-1 has been proposed based on investigations, demonstrating that 

TIGIT-positive cells often co-express PD-1 (182). Another study suggests diphencyprone (DPCP), 

which has been used in melanoma patients as a sensitizing agent to induce tumor regression, as 
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a potential complementary agent to anti-PD-1 blockade, as PD-1 expression was significantly 

elevated in DPCP-applied regions (183).  

Cytotoxic T-cells mediate cell death to the target tumor- or infected cell by the extrinsic, death 

receptor mediated apoptosis pathway, what results in initiator caspase 8 activation (184). As 

described in the introduction, BH3-only proteins of the Bcl-2 family play a pivotal role in 

intrinsic, mitochondria mediated apoptosis, and moreover, we outline the role of the BH3-only 

protein Bcl-2 interacting killer (BIK) for melanoma cell death after MAPK-pathway inhibition in 

article IV. These proteins, including BIK, could also play a role in extrinsic mediated apoptosis 

initiated by immunotherapy, as there is interaction between both pathways, for example 

through caspase 8 conducted cleavage and activation of the BH3-only protein Bid (135, 185). 

This truncated Bid protein (tBid) counteracts the anti-apoptotic Bcl-2 family members, outlining 

the importance of BH3-only proteins, also for the immune response. Furthermore, shared 

mechanisms of death induction by targeted and immunotherapy are also suggested by the 

observation that BRAF mutated patients, which were previously treated with BRAF inhibitors, 

demonstrate a reduced response rate in subsequent immunotherapy, compared to BRAF wild 

type patients treated solely with immunotherapy (186). To evaluate the relevance of BIK in 

melanoma treated with immune-stimulatory agents, co-culture of the M14-derived single cell 

clones described in article IV or patient derived BIK knockout melanoma cells with patient-

derived cytotoxic T-cells, could elucidate the relevance of BIK expression under immunotherapy-

conditions.  

For MCC, there is a strong rationale that immune-based therapies could also be successful in the 

treatment of this cancer. Several clinical trials, applying immune checkpoint inhibitors as 

monotherapy or in combination with other agents for the treatment of advanced MCC, have 

recently been published or are still ongoing. Very promising results have been reported by two 

phase II trials in 2016: pembrolizumab, as first line treatment, was associated with a high 

response rate of 56% in 26 treatment-naive MCC patients, and avelumab, a PD-L1 antibody, as 

second line treatment for patients with chemo-refractory disease, could also reach a 32% 

response rate (14, 15). Both studies reported efficacy in MCV-positive and negative patients 

with a manageable safety profile. Further MCC-associated clinical trials are numerous and 

explore different immune-system associated strategies: these include, for example, the targeted 
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delivery of the Interleukin-12 (IL-12) gene - a pro-inflammatory cytokine, capable of stimulating 

the production of interferon gamma (IFN-γ) by natural killer and T-cells, which is also known to 

promote cell-mediated immunity and to activate anti-tumor responses (187) – by using 

intratumoral injection of a plasmid, followed by in vivo electroporation (NCT01440816). In 

addition, the use of IL-12 in combination with paclitaxel, a mitosis inhibiting toxin also known as 

taxol, is evaluated and compared to paclitaxel alone in an open-label, randomized phase II trial 

(NCT02054884). Furthermore, it has been demonstrated that MCV antigen-specific T cells are 

detectable in MCC patients, and these are capable of effectively kill MCV-positive MCC cell lines 

(188). Based on these findings, a phase I/II study (NCT02584829) evaluating safety and efficacy 

of avelumab in combination with MHC class I upregulation, mediated by interferon beta (IFN-β) 

administration and autologous T-cell transfer, is currently ongoing. Another phase I study is a 

proof-of-concept clinical trial, testing intratumoral injection of glucopyranosyl lipid adjuvant-

stable emulsion (GLA-SE), a toll-like receptor-4 agonist, in patients with MCC (NCT02035657). 

Preliminary data has indicated that G100 (GLA-SE delivered intratumorally) is well tolerated and 

promotes inflammatory changes in the tumor microenvironment, thereby activating T-cells 

(189, 190). Taken together, this suggests the use of immunotherapies for both MCC variants. In 

March 2017, avelumab was the first treatment that gained FDA approval for metastatic MCC, 

and it will probably only be a matter of time until the next immune-based therapy for MCC 

achieves FDA approval. 

The observed response towards immunotherapy does not depend on whether MCC is MCV 

associated or not. It is therefore likely that in MCV-negative cases a high neoepitope load – 

indeed virus-negative MCCs harbor more tumor neoantigens than melanomas or non-small cell 

lung cancers, due to their high frequency of somatic mutations (47) - provides targets for tumor-

specific T cells, while in MCV-positive cases, which are characterized by a very low mutation 

load, viral epitopes serve as targets (191). In this respect, it is important that MCV-positive cells 

have been shown to be dependent on the expression of the viral proteins ST and LT (50, 52), not 

allowing MCC cells to evade the immune system by loss of expression of these antigens. In 

article III we were able to explain the LT dependency, as this protein is required to inactivate the 

tumor suppressor Rb, which in the absence of growth signals inhibits cellular proliferation (56). 

Thus, MCV TAs appear very viable as potential targets for immunotherapy; although the 

32



 

dependency on LT may be lost in certain cases, for example, through a homozygous deletion of 

the Rb allele, as we demonstrated for the MCC cell line LoKe in article III, rendering this cell line 

independent of MCV-LT expression. However, MCV ST seems to fulfill a more complex and also 

indispensable role in virus-positive MCC (52, 53), and thus the loss of ST-dependency seems 

more unlikely, even though some data challenge its requirement for MCC proliferation (51). 

Expression levels of MCV ST and LT seem to differ substantially (51), most likely due to pre-

mRNA or post-transcriptional protein processing, since both TA-variants are alternatively spliced 

viral proteins originating in one pre-mRNA (see Fig.2). Therefore it is at least questionable, if 

they could be expressed completely independent from each other. Importantly, in murine 

models using the B16 melanoma cell line expressing MCV LT or ST, DNA vaccines against both 

TAs generated antitumor effects mainly mediated by peptide-specific CD4+/CD8+ T-cells, and 

these mice experienced enhanced survival compared to those vaccinated with an empty vector 

(192, 193), further suggesting these structures as immunotherapeutic targets. 

 

5.2. Current state and outlook of targeted therapies in melanoma 

 

Small-molecule inhibitor based therapy for melanoma was developed after the BRAFV600E 

mutation was discovered in 2002, what finally resulted in FDA approval of vemurafenib, the first 

MAPK pathway targeting drug in 2011 (112, 113). Notably, the MAPK signaling pathway, which 

is strongly associated with proliferation and survival, still remains the most important to target. 

Soon after vemurafenib approval, the initial euphoria for small molecule inhibitors was abruptly 

lowered, as the awareness of resistances arose, which melanoma cells inevitably develop in the 

vast majority of patients after continuous therapy (125). Mechanisms of intrinsic or acquired 

resistance to BRAF or combined BRAF/MEK inhibition are many-sided, and vary between tumors 

and/or even within tumors. Lately, the most important mechanisms involved in intrinsic and 

acquired resistance have been reviewed by Amaral et al. in European Journal of Cancer. For 

intrinsic resistance, which is defined by the absence of response to BRAF/MEK inhibitor therapy 

(even despite the presence of a BRAFV600 mutation), these include hepatocyte growth factor 

(HGF) stromal secretion, RTK signal alterations, COT expression, RAC1 gene mutations, 

neurofibromatosis 1 (NF1) dependent mechanisms, aberrations in cyclin and cyclin-dependent 
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kinase (CDK) expression or activity, and many more (194). Acquired resistance is described as an 

initial strong response to the inhibitor treatment, although a drug-tolerant sub-population of 

cells persists, what finally leads to progressive disease caused by proliferative resistant clones. 

Common sources of acquired resistances are RAS mutations, MAPK reactivation through a RAF 

isoform switch (ARAF,CRAF) or elevated CRAF levels, alternative BRAF splicing or amplification, 

activating mutations in the PI3K/AKT pathway, and so on (195). Many of these mechanisms 

identified overlap and fall into both categories; in fact, this classification is largely artificial, and 

some mechanisms are just incompletely understood, also putting a spotlight on the redundancy 

of some cellular pathways. Thus, it is believed that further improvements of the efficacy of 

targeted therapies can be achieved by a supplementary agent, targeting additionally those 

molecules involved in intrinsic resistance or acquired resistance to BRAF/MEK inhibition.  

The tumor heterogeneity, characterized by the presence of different sub-populations that react 

differently to the BRAF/MEK inhibitor treatment, is a major issue to consider when we search 

for answers to resistance development. Cells with different cell cycle profiles, especially a slow 

cycling phenotype, appear to be refractory to cytotoxic and targeted therapy treatment (196-

198). The importance of the cell cycle in intrinsic resistance to signaling inhibitors has also been 

emphasized by Beaumont et al., who point out that a temporary G1 or G2 arrest confers 

resistance to specific treatment conditions (199). Cells in a growth-arrested state often exhibit 

increased mitochondrial metabolic activity, are high in autophagy, and may even show markers 

of senescence; a condition that can be induced by BRAF inhibition itself, as we demonstrated in 

the enclosed article I. Moreover, growth arrested cancer cells can still pose a threat for the 

organism: temporarily arrested (quiescent) cells can re-enter the cell cycle, and also 

permanently arrested (senescent) cells can be harmful by secreting factors that contribute to a 

pro-tumorigenic milieu. These changes in the secretome, paradoxically provoked by BRAF 

inhibitor treatment, can stimulate the outgrowth, dissemination, and metastasis of drug-

resistant cancer cell clones or foster the survival of drug-sensitive cancer cells (200). Therefore, 

the ideal targeted therapy should aim at maximizing the eradication of cancer cells, rather than 

driving them into senescence or quiescence. 
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5.2.1. Bcl-2 family members as potential targets for melanoma therapy 

 

Another condition in a sub-population of melanoma cells that mediates treatment resistance is 

apoptosis deficiency (130-133). A pivotal role in intrinsic, mitochondrial mediated apoptosis, 

which is induced by MAPK pathway inhibitor treatment in melanoma, plays the Bcl-2 protein 

family (136-138). The balance between pro-apoptotic and anti-apoptotic Bcl-2 proteins is of 

central importance for the induction of intrinsic apoptosis. Increased levels of anti-apoptotic 

Bcl-2 family members, like Bcl-X(L) and especially Mcl-1, which are commonly upregulated in 

progressing melanomas, have frequently been linked to resistance against small molecule 

inhibitors and cytotoxic agents (201-203); however, the role of Bcl-2 itself is still controversial 

(204-207). Targeting BCL-2 - either directly (for example by the use of inhibitors (208, 209)) or 

indirectly (for instance with BH3-mimetics that mimic the pro-apoptotic BH3-only proteins and 

thereby neutralize anti-apoptotic Bcl-2 family members (210, 211)) - has been demonstrated to 

effectively kill melanoma cells, and, even more important, melanoma cells with cancer stem 

cell-like characteristics, which are often made responsible for tumor persistence (212). 

Furthermore, the use of proteasomal inhibitors may in part exert its anti-tumorigenic effect by 

reducing proteasome dependent degradation of the BH3-only Proteins BIK, BIM, and NOXA 

(213-215). Additionally, epigenetic silencing of BH3-only proteins has been described in 

different cellular contexts, and can contribute to BRAF inhibitor resistance (144, 149). Indeed, 

we could identify epigenetic silencing of BIK as a potential mechanism to render melanoma cells 

refractory to BRAF/MEK inhibitor induced apoptosis, as demonstrated in article IV. We have 

shown that in melanoma cells lacking basal BIK expression, treatment with histone deacetylase 

inhibitors (HDACi) leads to increased Histone 3 Lysine 9 acetylation of the BIK promoter and de-

repression of BIK expression. Moreover, the HDACi treatment made the previously refractory 

cells susceptible to apoptosis induction by BRAF/MEK inhibitors. This provides further pre-

clinical prove for the therapeutic use of small molecules, upregulating or mimicking BH3-only 

proteins (210, 211), with special emphasis on BIK. Although some HDACi have been tested and 

approved for peripheral and cutaneous lymphoma and myeloma (216-218), in melanoma 

however, clinical trials with HDACi as monotherapy did not have the desired results (219, 220). 

Nevertheless some studies are still running, like the evaluation of vorinostat in resistant BRAF-
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mutated advanced melanoma (NCT02836548). We and others provide a rationale for using 

HDACi in combination with BRAF/MEK inhibitor treatment or immunotherapy (221, 222). Some 

trials that combine immunotherapy with HDACi in melanoma, have already started as well: one 

study is recruiting patients for the treatment with panobinostat and ipilimumab (NCT02032810); 

another will evaluate the selective HDAC6 inhibitor ACY-241 in combination with ipilimumab 

and nivolumab (NCT02935790). 

Similarly, first efforts at targeting Bcl-2 family members failed, most likely because of unfitting 

delivery systems and the unstable nature of the compounds, like antisense, single-chain 

antibodies, ribozymes, BH3 peptides and hydrocarbon stapling (223). Up-to-date approaches 

focus on more stable BH3-mimetics, like ABT-263 (navitoclax), an oral version of ABT-737 and 

ABT-199 (venetoclax). Both showed encouraging performance in hematologic tumors, and 

resulted in FDA approval of the latter for chronic lymphocytic leukemia (224-228). 

Unfortunately, none of these inhibit Mcl-1, what may be the reason for the inefficiency of ABT-

737/ABT-263 single agent treatment in melanoma, as Mcl-1 is central for apoptosis-resistance in 

this cancer (229-232). However, it has been reported that ABT-737 sensitizes melanoma cells for 

BRAF inhibition mediated apoptosis (233), what is in line with our observation that upregulation 

of BIK via ectopic expression or HDACi has a similar effect, as both have the potential to inhibit 

Bcl-2 and Bcl-X(L) (234). At the moment, one phase I/II study is recruiting patients to explore the 

combination of dabrafenib with trametinib and navitoclax in BRAF-mutant melanoma and other 

solid tumors (NCT01989585). Currently, many inhibitors targeting Mcl-1 are developed that 

could complement BRAF/MEK inhibitor therapy: promising compounds for instance are 

maritoclax, WP1130, UMI-77, clitocine, and compound 11, which have shown efficacy in animal 

studies (235-239), but data from clinical trials are still missing. Figure 6 schematically 

summarizes the potential use of HDACi and BH3-mimetics as a complementary therapy to MAPK 

pathway inhibition.  
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Fig. 6: HDACi and BH3-mimetics may help to overcome apoptosis defiance in MAPK pathway inhibition. 
Apoptosis is the preferred outcome of MAPK pathway inhibition in melanoma cells. Factors that avoid apoptosis, 
like an active MAPK pathway, a low amount of BH3-only proteins or a high amount of anti-apoptotic Bcl-2 members 
are depicted in a red color, while factors that contribute to an apoptotic response, like a high amount of BH3-only 
proteins or activation of BAX/BAK are illustrated in blue. HDAC inhibition, proteasomal inhibition, and BH3-
mimetics bear great potential to maximize the apoptotic response towards MAPK pathway inhibition. This is 
mediated by shifting the balance between anti-apoptotic Bcl-2 family members and pro-apoptotic BH3-only 
proteins in the direction of the latter.  
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5.3. Potential of targeted therapies in MCC 

 

Unlike in melanoma, tumor-suppressors and especially oncogenes are not frequently mutated in 

virus-positive MCC, but numerous receptor kinases and ligands that may serve as therapeutic 

targets are expressed. These are PI3K/AKT, c-kit, platelet-derived growth factor A & B (PDGFA & 

PDGFB), vascular endothelial growth factors A and C as well as vascular endothelial growth 

factor receptor-2 (VEGF-A, VEGF-C, VEGFR-2) (240-243). One case reported a 92-year old 

woman with a complete resolution of a MCV and KIT positive tumor, after application of the 

tyrosine kinase inhibitor imatinib in combination with radiotherapy (244). Unfortunately, a 

phase II clinical trial of imatinib in MCC was canceled prematurely due to poor performance 

status, with the majority of patients progressing rapidly within one to two cycles of treatment 

(245). Multi-targeted kinase inhibitors could have better clinical effectivity in advanced MCC, 

and a clinical trial administering cabozantinib, a c-met and VEGFR-2 inhibitor, to MCC patients is 

running at the moment (NCT02036476). Activating mutations of the PI3K/AKT pathway have 

also been observed in MCC, suggesting the use of inhibitors of this pathway (241). In a case 

report, the PI3K inhibitor idelalisib was able to achieve a complete response in a patient with 

stage IV MCC (246). The mammalian target of rapamycin (mTOR) inhibitors MLN0128 and 

everolimus are investigated in ongoing trials for advanced MCC (NCT02514824 and 

NCT00655655), as mTOR is described as activated in MCC and a known regulator of the 

PI3K/AKT and MAPK pathway (247, 248). 

Given that in many cancers tumor-suppressors are frequently mutated, deleted, silenced or 

dysfunctional by other reasons, restoring wild-type tumor suppressor activity appears to be a 

reasonable approach to eradicate cancer. This can be achieved either by direct virus-mediated 

and non-virus-mediated delivery methods, transporting functional tumor suppressor genes to 

their destination and ectopic expression of these (gene therapy), or by inhibitors that disrupt 

interactions between tumor suppressor genes and their negative regulators (249). This attempt 

may also be suitable for MCC, as reactivation of a single tumor-suppressor like Rb or p53 may be 

sufficient to stop MCC cell proliferation and/or induce apoptosis, how our data from the two 

enclosed MCC articles suggest (article II & article III).  

38



 

The role of p53 in MCC is still not sufficiently elucidated: The majority of MCC lines show wild-

type p53 expression with some transcriptional activity, which is not sufficient to restrict survival 

or proliferation in these cells, as we demonstrate in article II. It has been reported that despite 

the lack of the C-terminal p53-binding domain, SV40 LT is still able to inhibit p53-dependent 

transcription (250, 251), which may hint to a similar ability of MCV LT. However, our data from 

article II do not support this thesis, since knockdown of MCV TAs has no impact on p53 

transcriptional activity in MCC cells. Additionally, according to these data, p53 reactivation 

through inhibition of its main negative regulator human double minute 2 (HDM2) with nutlin-3a 

is promising in vitro, and the application of a related agent (RG7112) has shown some clinical 

activity in liposarcoma and leukemia (252, 253). Moreover, local adenoviral delivery of a 

recombinant p53 gene with standard treatments showed good results in clinical studies (254, 

255). A lot of clinical trials are going on exploring the effectivity and safety of the p53 gene 

therapy in various cancers and drug combinations (NCT02429037, NCT02435186, 

NCT02842125). Patients with still localized MCC could also benefit from a similar approach, and 

possibly experience a lower recurrence rate after tumor excision. 

In contrast to p53, the role of Rb in MCC is clearer: inactivation of Rb either by mutations 

occurring frequently in virus-negative MCC, or by MCV LT in virus-positive MCC seems to be a 

crucial step in MCC carcinogenesis, and necessary for most MCC cells to proliferate (47, 73). 

Therefore, Rb reactivation is a logic effort to battle MCC. Blockade of Rb phosphorylation and 

maintenance of efficient E2F repression may be achieved by CDK-inhibitors, such as the highly 

selective CDK4/6 inhibitor PD-0332991 (palbociclib), which also yielded positive results in 

clinical trials (256-258). For MCC however, inhibition of CDKs appears not suitable, since Rb 

inactivation occurs downstream of CDKs. Because inactivation of Rb by MCV LT in MCV-positive 

MCC occurs by direct interaction of these two proteins (article III), development of small 

molecules interfering specifically with Rb/LT binding would be of great interest. 

Taken together, targeted therapies that aim at reactivation of tumor-suppressors rather than 

oncogene blockade remain a viable strategy to fight cancer in the future, although a lot of 

considerable uncertainty remains. Many experiments and clinical trials to date are hindered by 

the lack of efficacy, specificity, and serious safety concerns by enhanced tumor suppressor 

activity in healthy cells. Furthermore, development of inhibitors for protein-protein interaction 
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rather than kinases with well-defined ATP-binding pockets is far more challenging, as these 

interfaces typically consist of large surface areas that display a lack of well-defined structures 

(249, 259). 

 

5.4. Combining targeted and immune-based therapies: the future of melanoma treatment?  

 

A possibility to achieve improved overall survival, which is increasingly explored in clinical 

melanoma research, is the combination of therapies: in particular, combining the high response 

rates of the targeted therapies with the longevity of the immunotherapies appears to be 

attractive. This approach may reduce the short-lived benefits of the BRAF/MEK inhibitors, and a 

broader number of patients could benefit than with CTLA-4/PD-1 blockade alone (260, 261). 

Furthermore, targeted therapy can affect antitumor immunity, and complications can be 

avoided or synergies may arise when applied together or sequential in a certain combination or 

order (186). In xenograft models, it has been shown that the effectivity of BRAF inhibition is at 

least partly dependent on the presence of CD8+ T-killer cells (262), and another study reported 

that BRAF inhibition and PD-1 blockade function in a synergistic manner (263). In contrast, MEK 

inhibition alone or in combination was associated with suppressed human T-lymphocyte 

proliferation, cytokine production, and antigen-specific expansion, whereas treatment with 

dabrafenib had no effect (264). In melanoma patients it has been shown that the MAPK 

pathway plays an important role in cancer immune evasion by secreting immune-suppressive 

cytokines like interleukin 6 & 10 (IL-6 & IL-10), while tumor samples after being exposed to 

vemurafenib had reduced levels of these cytokines (265, 266). Moreover, an increase in 

melanoma differentiation antigens, as well as a significant increase in clonal intra-tumoral CD8+ 

T-killer cells, has been reported after initiation of BRAF treatment. These findings were also 

associated with down regulated IL-6, IL-8, IL-1α and VEGF. Notably, increased 

immunomodulatory molecules, namely PD-1 and PD-L1, have been detected following BRAF 

inhibition, suggesting a potential immune-based mechanism of resistance, which might be 

overcome by applying the respective checkpoint antibodies (261, 266-269). Furthermore, BRAF 

inhibition in patients was associated with reduced immunosuppression mediated by myeloid 

derived suppressor cells (270). 
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Translation into clinical studies with large patient cohorts has already begun, and a first attempt 

of combining immune- with targeted therapy was the combination of the initial flagships of 

each treatment approach: ipilimumab and vemurafenib. This study was discontinued due to 

dose limiting toxicities and massive hepatotoxic adverse effects experienced by most patients 

(271). Recently, a clinical trial finished that utilizes dabrafenib with or without trametinib 

combined with ipilimumab in patients with BRAF-mutated metastatic melanoma 

(NCT01767454), where in the doublet arm administering dabrafenib with ipilimumab no dose 

limiting toxicities were observed, while the addition of trametinib was associated with severe 

gastrointestinal toxicity (272). These experiences teach us that there are a lot of challenges to 

overcome, until one day the two therapy approaches can finally be used successfully, as severe 

adverse events seem to occur frequently. However, myriads of clinical trials are currently 

conducted, evaluating different protocols of combining immunotherapeutics with MAPK 

pathway inhibitors in melanoma: one phase Ib study investigates the use of atezolizumab, an 

PD-L1 antibody, in combination with vemurafenib or vemurafenib plus cobimetinib in 

participants with BRAF-mutant melanoma (NCT01656642). Another trial scrutinizes the safety 

and efficacy of pembrolizumab in combination with trametinib and dabrafenib (NCT02130466). 

Further, not checkpoint antibody based approaches, try to use cytokines (NCT01603212, 

NCT01943422) or tumor infiltrating lymphocytes (NCT00338377, NCT01585415, NCT01659151) 

along with targeted therapies.  

Taken together, metastatic melanoma treatment has undergone an astonishing development 

and faced many scientific breakthroughs in the past 10 years, but this progress also has added 

much complexity to the management of melanoma patients. The appropriate timing and/or 

sequencing of targeted therapy and immunotherapy remain to be elucidated, but synergies 

most likely exist between both treatment options. However, the potential benefits seem to be 

bought by a substantial increase in toxicity, and more studies are clearly needed for a better 

understanding of the responses to these types of therapy. The insights gained will eventually 

help identifying suitable patients for each of the established therapies, and further improve 

treatment outcome. 
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Vemurafenib Induces Senescence Features in
Melanoma Cells
Sebastian Haferkamp1,4, Andreas Borst1,4, Christian Adam1, Therese M. Becker2, Stephanie Motschenbacher1,
Simone Windhövel1, Anita L. Hufnagel3, Roland Houben1,5 and Svenja Meierjohann3,5

A large proportion of human melanomas harbor a mutation leading to permanent activation of the serine/
threonine kinase BRAF, and as a consequence, they have developed dependence on BRAF/mitogen-activated
protein kinase signaling. Accordingly, BRAF inhibitors such as Vemurafenib show a good anti-tumorigenic effect
on metastases with the BRAFV600E mutation. Although an initial period of sustained tumor regression is usually
observed after Vemurafenib treatment, tumors often relapse at the same site, and apoptosis induction of
melanoma cells in vitro is incomplete. Here, we demonstrate, using a large panel of melanoma cell lines, that
Vemurafenib induces features of stress-induced senescence in addition to apoptosis. This senescence phenotype
is characterized by heterochromatin formation, changes in cell shape, and increased senescence-associated
b-galactosidase activity. Importantly, senescence features induced by BRAFV600E inhibition was also detected in
human melanoma cells xenografted into nude mice. Our observations provide a possible explanation for the lack
of complete and durable pro-apoptotic effect of Vemurafenib in patients.
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INTRODUCTION
Patients with metastatic melanoma have a poor prognosis and
only limited therapeutic options are available (Miller and
Mihm, Jr, 2006; Garbe et al., 2011). However, the identifi-
cation of oncogenic BRAF in the majority of melanomas and
the demonstration that BRAF mutant melanoma cells are
largely dependent on BRAF/mitogen-activated protein kinase
(MAPK) signaling have been important findings with high
pharmacological impact (Puzanov and Flaherty, 2010). More
than 80% of these BRAF mutations lead to a valine to
glutamate exchange at position 600, rendering the protein
permanently active by releasing an intra-molecular inhibitory
interaction (Davies et al., 2002). Therefore, specific BRAFV600E

inhibitors such as Vemurafenib (PLX4032) are beneficial to a
large proportion of melanoma patients (Puzanov and Flaherty,

2010). The overall response rate of patients with BRAFV600E-
positive melanomas to Vemurafenib is roughly 50% and
responsive patients display significant tumor regression and
prolonged survival (Chapman et al., 2011). Although the
strategy of inhibiting mutant BRAF is the most successful
melanoma treatment option so far, in most cases, the initial
phase of tumor regression is followed by Vemurafenib resistance,
disease relapse, and death of the patients (Aplin et al., 2011;
Chapman et al., 2011). Consequently, the elucidation of
resistance mechanisms is a highly investigated area and has
revealed the involvement of CRAF, AKT, receptor tyrosine
kinases, and BRAF amplifications or splice variants in BRAF
inhibitor resistance (Fedorenko et al., 2011). To better understand
and improve BRAF inhibitor therapy, it is also crucial to evaluate
the phenotypic cellular responses and thereby the extent of
apoptosis versus cell cycle arrest initiated by Vemurafenib.

BRAF signaling can have different effects on cells of
melanocyte origin. On the one hand, BRAF activation in
primary melanocytes in vitro induces an irreversible growth
arrest termed senescence, which is regarded as a major tumor
suppressor mechanism (Michaloglou et al., 2005). Senescence
is triggered by a variety of cellular stresses, such as telomere
attrition, UV exposure, reactive oxygen stress or—as in case of
BRAFV600E expression—oncogene activation (oncogene-
induced senescence; Ogrunc and d’Adda di Fagagna, 2011).
In contrast to quiescent cells, senescent cells can be arrested
in G0/G1 or G2/M and develop a characteristic flat and/or
multinuclear phenotype. Benign melanocytic nevi, which
frequently harbor oncogenic BRAF mutations, remain stably
growth arrested for decades and display markers of oncogene-
induced senescence, such as an increased activity of the
acidic b-galactosidase and induction of the tumor suppressor
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p16 (Michaloglou et al., 2005). Therefore, it has been
suggested that benign nevi are an in vivo example of
oncogene-induced senescence, and overcoming senescence
is regarded as a key step in the progression to melanoma.
However, the presence of senescent nevus cells remains
controversial (Cotter et al., 2007; Gray-Schopfer et al., 2008;
Michaloglou et al., 2008; Tran et al., 2012).
On the other hand, in BRAF-mutant melanoma, BRAF is

essential for tumor survival and proliferation. BRAF signaling is
involved in preventing apoptosis—e.g., by shifting the balance
between pro- and anti-apoptotic proteins in the direction of
the latter—and in cell cycle progression—e.g., by inducing the
transcription of cyclin D and by suppressing cell cycle-
inhibitory proteins, which are also relevant for mediating
senescence (Balmanno and Cook, 2009). Vemurafenib
treatment of melanoma cell lines was associated with a pro-
apoptotic response (Lee et al., 2010; Sondergaard et al., 2010;
Tap et al., 2010), the preferred outcome of tumor therapy.
However, in other tumor types, the inhibition of the driver
oncogene also promoted senescence. For instance, non-small-
cell lung cancer cells treated with EGFR or MAPK/extracellular
signal–regulated (ERK) kinase inhibitors (Hotta et al., 2007;
Wang et al., 2011) and colorectal cancer cells treated with
vascular endothelial growth factor receptor 2 inhibitors
underwent cellular senescence (Hasan et al., 2011).
Here, we investigated the effect of Vemurafenib on apop-

tosis and senescence in a series of human melanoma cell lines.

RESULTS
To determine the response of melanoma cells to BRAF
inhibition, we used a panel of 14 melanoma cell lines: 10
carried the BRAFV600E mutation, 1 harbored the BRAFV600K

mutation, and 3 expressed wild-type BRAF. Seven of the
BRAFV600E mutant cell lines are well-characterized lines from
the NCI-60 panel (http://discover.nci.nih.gov/cellminer/muta-
tionGeneLoad.do). The cells were treated with 0.5mM Vemur-
afenib, a concentration previously demonstrated to effectively
inhibit ERK1/2 signaling in BRAFV600E-mutant cells (Joseph
et al., 2010), and cell cycle distribution was analyzed by flow
cytometry. After 2 days of treatment, the M14 cell line
responded by undergoing cell death in 15% of the cell
population, but the proportion of dead cells decreased after
prolonged Vemurafenib exposure (Figure 1a). In the BRAF-
mutant Malme 3M cell line, cell death was induced in a
delayed manner and did not start before 4 days of Vemur-
afenib exposure (Supplementary Figure S1a online). However,
in M14 and Malme 3M cells, an increased proportion of the
surviving cells was found in G0/G1 after 7 days of Vemur-
afenib treatment (Figure 1a and Supplementary Figure S1a
online). Most cell lines showed a clear increase in the
proportion of G0/G1 cells in response to Vemurafenib, but
no evidence of cell death (Supplementary Figure 1b online).
As a control, we included the melanoma cell line WMM1175,
which expresses inducible p16 and can be triggered into
senescence by addition of isopropyl-b-D-thiogalactopyrano-
side (Haferkamp et al., 2008). Again, p16 expression caused
accumulation of cells in G0/G1 (Supplementary Figure S1b
online). Unexpectedly, the two BRAF-mutant melanoma cell

lines LOX IMVI and RPMI 7951 showed no alteration of cell
cycle phases in response to Vemurafenib. We also examined
the proliferation behavior of several melanoma cell lines by
performing carboxyfluorescein diacetate retention analyses.
Here, cells are labeled with carboxyfluorescein diacetate,
which is diluted out of proliferating cells over time but largely
retained in non-proliferating cells. Figure 1c shows that the
degree of label retention of the melanoma cell lines in
response to Vemurafenib is comparable with the label reten-
tion in WMM1175 cells after 5 days of isopropyl-b-D-thioga-
lactopyranoside-induced p16 expression, which drives the
cells into the senescence program.

As expected, all BRAF-mutant melanoma cell lines that
responded to Vemurafenib showed diminished MAPK
activity, as detected by reduced P-ERK1/2 levels (Figure 2).
In addition, they also displayed diminished the accumula-
tion of P-Rb, a marker of cell cycle arrest (Figure 2). LOX
IMVI cells, which showed no reduction of P-ERK1/2 in
response to Vemurafenib, displayed no reduction of P-Rb. In
RPMI 7951 cells, reduction of P-ERK1/2 as well as P-Rb was
noted in response to Vemurafenib, despite a lacking effect on
the cell cycle.

To investigate the long-term effects of Vemurafenib, we
treated the cell lines with the drug for 7 days. In many of the
cell lines that previously showed an increase in G0/G1,
namely M19-Mel, SK-MEL-28, UACC-62, UACC-257, and
FM88, we observed a characteristic change in cell shape to
an enlarged and flattened phenotype, which is reminiscent of
senescence (Supplementary Figure S2 online). Some of the
enlarged cells were binucleated or multinucleated (Figure 3a,
b). This phenotype was never observed in the cell lines
expressing wild-type BRAF, but only in cell lines carrying
mutated BRAF. All cells displaying an enlarged phenotype
showed increased senescence-associated b-galactosidase
(SA-b-Gal) activity, supporting the notion that Vemurafenib
can induce senescence features in BRAF-dependent mela-
noma cell lines (Figure 3c). In addition, cell lines without
obvious cell shape alterations such as M14, Malme 3M, and
Mel2a also showed increased SA-b-Gal staining (Figure 3d).
The accumulation of nuclear heterochromatin and promyelo-
cytic leukemia (PML)-positive nuclear bodies often accompa-
nies senescence (Narita et al., 2003; Courtois-Cox et al.,
2008), and trimethylated H3K9 (H3K9me3) as well as PML
are well-established markers for these structures (Krauss, 2008;
Vernier et al., 2011). We first analyzed the protein amount of
PML and H3K9me3 in untreated and Vemurafenib-treated
melanoma cells (Figure 4a). An increase of either one of these
markers or both of them was observed in those cell lines that
showed SA-b-Gal staining in more than 10% of the cell
population in response to Vemurafenib (compare Figures 3d
and 4a). We also performed immunofluorescence staining of
PML in nine of the BRAF mutant cell lines and found that the
results concurred with our western blot data (Figure 4b and
Supplementary Figure S3 online). All these data gained from
in vitro analyses of the melanoma cell lines are summarized in
Supplementary Table S1 online.

The tumor suppressor protein p16 is an important regulator
of senescence in response to different cellular stress signals.
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However, p16 is frequently inactivated in melanoma, and
germline p16 mutations predispose to this cancer type
(Castellano et al., 1997; Sharpless and Chin, 2003). In line
with these data, p16 expression was only detectable in two
cell lines (SK-MEL-28 and Mel2a). Unexpectedly, it was even
downregulated in the presence of Vemurafenib, suggesting
that the observed decreased Rb phosphorylation is not
mediated by p16 (Supplementary Figure S4 online).
To establish whether growth inhibition of Vemurafenib-

treated cells was irreversible, as characteristic for senescent as
opposed to quiescent cells, we investigated the colony
formation capacity of those cells that display Vemurafenib-
dependent senescence features and included control cells,
which do not display senescence features (MDA-MB-435,
RPMI 7951, Mel Juso). Following 5 days of Vemurafenib
treatment, cells were washed to remove media with drug, and
equal numbers of control- or Vemurafenib-treated cells were
seeded at low density and cultivated for 8 and 9 days in the

absence of the inhibitor. Colony formation was then mon-
itored by crystal violet staining. Except M19-Mel and Mel2a,
all cell lines that display Vemurafenib-dependent senescence
features showed reduced capacity to form colonies, reaching
significance in case of Malme 3M, SK-MEL-28, UACC-62, and
FM88 (Figure 5a, b). In particular, the colony-forming capacity
of SK-MEL-28 cells was reduced by 480% (Figure 5a, b).
Here, the colonies formed by Vemurafenib pretreated SK-
MEL-28 cells were much smaller than their counterparts from
the control population. In addition, many enlarged single
cells, having obviously not undergone cell division after
removal of Vemurafenib, were detectable (Figure 5a). The
colony-forming capacity of the control cells RPMI 7951 and
Mel Juso were not affected by Vemurafenib pretreatment
(Figure 5b). Curiously, in M19 Mel and MD-MBA 435 cells,
Vemurafenib pretreatment even led to enhanced colony
formation, although this did not reach statistical significance
(Figure 5b).
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Figure 1. Apoptosis and G1 accumulation in response to BRAFV600E inhibition. (a) Left: Cell cycle profile of M14 cells treated with the solvent DMSO or with
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To confirm these data in an independent assay, we
performed SA-b-Gal staining of those cell lines that displayed
significantly reduced colony formation in Figure 5b as well as
MDA-MB-435 cells as control. Nine days after withdrawal of
Vemurafenib, the percentage of SA-b-Gal-positive cells was

still increased compared with control cells in SK-MEL-28,
UACC-62, and FM88 cells (Figure 5c). Owing to the high SA-
b-Gal background staining of Malme 3M cells, a difference
could not be detected here. Altogether, we could show that
the senescence-inducing effect of Vemurafenib is sustainable
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in some cell lines even after drug release. As only a fraction of
the cell population (between 20% and 85%, see Figure 3d)
becomes senescent because of the Vemurafenib treatment, the
percentage of terminally arrested senescent cells in a cell
population naturally decreases with time, dependent on the
cell cycle duration of the unaffected cells. It is possible that the
consequential expansion and colony formation of unaffected
cells leads to the underestimation of the fraction of terminally
arrested and senescent cells at the beginning of drug
withdrawal.
To determine whether an increase in Vemurafenib concen-

tration affects the degree of apoptosis and senescence induc-
tion, we selected nine BRAFV600E-positive cell lines and
treated them with 2 and 5mM of the inhibitor in addition to
the previously used 0.5mM. Compared with 0.5mM, 2 and 5mM
Vemurafenib led to a slightly stronger inhibition of P-ERK1/2 in
some, but not all cell lines (Supplementary Figure S5 online).
In concordance with the data shown above, LOX IMVI cells
were irresponsive to Vemurafenib irrespective of the applied
concentration. To analyze the effect of the increased Vemur-
afenib concentration on cell growth and death, we monitored
cellular density in the absence or presence of the inhibitor

over a 5-day period using the X-celligence system (Roche;
Supplementary Figure S6a). This assay allows detection of the
impedance or electric resistance of the cell population, which
usually correlates with cell density: while cell growth leads
to an increasing cell index, cell death is represented by a
decreasing cell index. Because of their round cell shape,
LOX IMVI cells are not suitable for this kind of analysis and
were therefore omitted. In most cell lines, 2 and 5mM
Vemurafenib decreased cell density compared with 0.5mM,
indicating that the inhibitor is capable of inducing predomi-
nantly cell death instead of senescence at higher concentra-
tions. In case of M19-Mel and UACC-62, addition of
Vemurafenib first led to an increase of cell index, which can
be attributed to the strongly increased cell shape that
also influences impedance (see Supplementary Figures S2
and S6 online). Thus, we complemented these data with a
BrdU incorporation analysis, showing the extent of viable
and proliferating cells, as well as detection of dead cells by
flow cytometry (Supplementary Figure S6b and S7a online).
Both assays also demonstrated that increased Vemurafenib
concentrations had an enhanced effect on the cells. In most
cell lines, induction of cell death went along with increases in
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the pro-apoptotic protein PUMA, thus indicating cell death by
apoptosis (Supplementary Figure S7b online).
However, even though 2 and 5mM Vemurafenib concen-

trations led to a stronger apoptosis response compared
with 0.5mM, we found that many of the surviving cells
displayed senescence features such as flattened cell shape
and positive SA-b-Gal staining, which was visible in up to
80% of the cell population (Figure 3e and Supplementary
Figure S8 online).
To exclude that senescence induction upon BRAF inhibition

is an in vitro artifact, we analyzed the effect of Vemurafenib in
a mouse model. Tumors were induced in Nude mice
(Hsd:Athymic Nude-Foxn1nu) by subcutaneous injection of
SK-MEL-28 cells. After the tumors had reached a size of
approximately 150mm3, the animals were treated by daily
intraperitoneal administration of 25mg Vemurafenib per kg

body weight. This led to initial tumor regression (Figure 6a).
Control animals received the same volume of the solvent
Miglyol 812, and here tumors continued growing. Tumors
were excised following 7 days of treatment when tumor
regression was evident in all Vemurafenib-treated mice (day
25 after start of the experiment). In accordance with the
in vitro data, the tumor cells of inhibitor-treated mice
displayed increased SA-b-Gal activity compared with the
control tumors (Figure 6b). In addition, we could observe a
decrease of the proliferation marker Ki67, a slight, but
nonsignificant increase of PML and H3K9me3, and the
occasional appearance of multinucleated cells in tumors from
Vemurafenib-treated mice. An increase of apoptosis, mea-
sured by cleaved caspase 3 and TUNEL, was not noted.
However, as tumor regression was rather prominent immedi-
ately after the addition of Vemurafenib (Figure 6a), apoptosis
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has most likely taken place earlier and was not detectable
anymore at the time of tumor excision.

DISCUSSION
Aberrant activation of BRAF in primary melanocytes and
fibroblasts induces permanent cell cycle arrest through onco-
gene-induced senescence (Michaloglou et al., 2005). Here we
show that the induction of senescence is also an important
response to BRAF inhibition in BRAFV600E and BRAFV600K -
mutant melanoma cells. In this respect, we demonstrate that
out of nine BRAFmutant cell lines that respond with cell cycle
arrest to Vemurafenib treatment, eight display at least two
markers of senescence-like typical changes in cell size and

shape, increased SA-b-Gal activity, or H3K9me3-positive
heterochromatic foci and PML bodies (see Supplementary
Table S1 online). In the cell line LOX IMVI, Vemurafenib did
not affect ERK1/2 phosphorylation at all, indicating that the
reason for BRAF inhibitor resistance is likely found upstream
of ERK1/2. Possible mechanisms for such a phenomenon
include enhanced receptor tyrosine kinase signaling, the
development of BRAF splice mutants, or mutations in the
kinase COT1, all of which can overcome the inhibitory effect
of Vemurafenib on ERK1/2 (Johannessen et al., 2010;
Villanueva et al., 2010; Poulikakos et al., 2011).

Most melanoma cells rely on an activated MAPK pathway,
which is most often triggered by oncogenic BRAFV600E. RAF
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Figure 6. Shrinkage of xenotransplanted tumors in mice treated with Vemurafenib (Vem) is associated with the induction of senescence-associated

b-galactosidase (SA-b-Gal) activity. In 12 nude mice, two tumors each were induced by subcutaneous injection of SK-MEL 28 cells. After 18 days, when the

tumors reached a volume of around 150mm3 (indicated by arrow), the animals received intraperitoneal injections of either phosphate-buffered saline/DMSO or

Vemurafenib (25mgkgÿ1). (a) Tumor growth curve of control (Cont)-treated and Vem-treated cells. Tumor size was measured and relative mean values

(±standard deviation) are displayed. (b) Senescence and apoptosis markers in xenotransplanted tumors after 7 days of treatment (day 25 after tumor cell injection).

Tumors were analyzed for the appearance of senescence markers, namely, multinucleated cells (MNCs), increased SA-b-Gal activity, and the expression of PML,

trimethylated histone H3 (H3K9me3), and the proliferation marker Ki67. Apoptotic cells were detected using TUNEL assay and immunohistochemical staining of

cleaved caspase 3 (Cleav. casp). Cell counts of each marker (including standard deviations) are shown in the histogram and correspond to the mean count number

of three different tumors of each group (bar (20� )¼200mm, bar (100� )¼ 10mm). PML, promyelocytic leukemia.
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proteins phosphorylate and activate MAPK/ERK kinase, and
MAPK/ERK kinase activates the ERK 1 and 2, which target
more than 70 different substrates in different subcellular
compartments (Chen et al., 2001). ERK1/2 can exert their
pro-tumorigenic function through different mechanisms.
ERK1/2-dependent phosphorylation of the transcription
factor FOXO3a leads to its proteasomal degradation, thus
resulting in the reduced expression of the FOXO3a-dependent
expression of pro-apoptotic Bcl-2-like protein 11 (Balmanno
and Cook, 2009). Notably, pro-apoptotic PUMA is also
induced by FOXO3a, and might therefore be indirectly
regulated by ERK1/2 (You et al., 2006). In addition, direct
Bcl-2-like protein 11 and Bcl-2-associated death phosphory-
lation by ERK1/2 reduces protein stability or prevents binding
of anti-apoptotic proteins, respectively, thereby shifting the
balance between pro- and anti-apoptotic proteins in favor of
cell survival. However, the cyclin-dependent kinase inhibitor
gene CDKN1B (encoding p27KIP1) is another target gene of
FOXO3a, which is blocked by ERK1/2. In addition, cell cycle-
promoting genes such as CCND1 (cyclin D1) and c-MYC are
induced by this pathway (Kerkhoff et al., 1998; Ciuffreda
et al., 2009). Interestingly, small interfering RNA-mediated
downregulation of the ERK1/2 target gene c-MYC in
established melanoma cells results in senescence (Zhuang
et al., 2008). Thus, next to anti-apoptosis, proliferation is a
major function of the ERK1/2 pathway in tumors.
The effect of Vemurafenib on melanoma cells expressing

the BRAFV600E oncogene, the main activator of the ERK1/2
pathway in melanoma, is generally described as pro-apoptotic
(Lee et al., 2010; Tap et al., 2010; Qin et al., 2012). Although
we could confirm this effect, in particular, when we used high
concentrations of Vemurafenib, we found that a substantial
proportion of surviving cells displays features of senescence.
These data demonstrate that apoptosis and senescence
response do not exclude each other in a cell population.
Although apoptosis induction is the preferred effect of drug

treatment in cancer, senescence is also considered an eligible
treatment objective (Acosta and Gil, 2012). It is known that
senescence triggers a local immune response, which helps to
clear the tumor mass (Chien et al., 2011). As nude mice still
possess natural killer cells, which reportedly display anti-
melanoma activity, the observed tumor regression can be
easily explained. However, senescent cells can also provide a
microenvironment that increases the metastatic abilities of
neighboring cells (Ohanna et al., 2011), and might thereby
contribute to resistance. Furthermore, cancer cells that were
driven into senescence by chemotherapeutic agents can
develop chemoresistant side populations with cancer stem
cell-like properties (Achuthan et al., 2011). BRAF has a role in
regulating mitosis, and BRAF inhibition impairs spindle
formation and leads to chromosomal missegregation in HeLa
cells (Borysova et al., 2008). Similar events might take place in
Vemurafenib-treated melanoma cells, with the risk of causing
increased genomic instability and selection for drug-resistant
cells with more aggressive tumorigenic phenotypes. The
involvement of senescence in melanoma regression and
resistance in Vemurafenib-treated patients will be the subject
of our future studies.

MATERIALS AND METHODS
Cell culture
Human melanoma cell lines LOX IMVI, M14, M19-Mel, Malme 3M,

MDA-MB-435, RPMI 7951, SK-MEL-28, UACC-62, and UACC-257

were cultivated in DMEM and FM88, Mel2A, WüMel45, M26, and

Mel Juso in RPMI-1640. For all cell lines, the medium was

supplemented with 10% fetal calf serum, penicillin (100Umlÿ 1,

Gibco, Darmstadt, Germany), and streptomycin (100mgmlÿ 1,

Gibco). The WMM1175 cells have been described previously

(Becker et al., 2001). For induction of p16, 4mM isopropyl-b-D-

thiogalactopyranoside was added to the culture medium.

SA-b-Gal staining
Cells were either left untreated or were treated with indicated

concentrations of Vemurafenib for 7 days, unless specified otherwise,

before being washed with phosphate-buffered saline (PBS; pH 7.2)

and fixed with 3.7% formaldehyde in PBS (pH 7.2) for 5min at room

temperature. After rinsing the cells with PBS (pH 7.2), they were

subjected to b-Gal assay as described elsewhere (Dimri et al., 1995)

and then examined by light microscopy.

Cell lysis and immunoblot analysis
Attached and floating cells were harvested, rinsed twice with PBS,

and were analyzed by western blot analysis as specified in the

Supplemental information online.

Immunofluorescence
Cells were seeded on glass coverslips, treated for the indicated times

with 0.5mM Vemurafenib, and were fixed for 5min at 4 1C in 100%

methanol, followed by a permeabilization step in 100% acetone

at 4 1C. Cells were then blocked with 1% bovine serum albumin

and probed with anti-PML antibody (1:100; PG-M3; Santa Cruz

Biotechnology, Santa Cruz, CA). Alexa Fluor 594 goat-anti-mouse

(Invitrogen, Darmstadt, Germany) was used as secondary antibody.

Nuclear counterstaining was performed with 4’,6-diamidino-2-

phenylindole.

Flow cytometry
Cells were treated with 0.5, 2, and 5mM Vemurafenib or the solvent

DMSO alone. After indicated timespans, attached cells and floating

cells in the medium supernatant were harvested and fixed in 70%

ethanol. Details of the analysis are given in the Supplemental Material

section.

Xenotransplantation
For tumor induction, SK-MEL-28 was injected subcutaneously into

each lateral flank of 6-week-old female nude mice. When the

tumors reached a volume of around 150mm3, mice were randomly

divided into a vehicle control group and a Vemurafenib

treatment group, as specifed in the Supplemental Materials section

in detail. All the animal experiments were approved by the local

authorities (government of Unterfranken) according to the legal

requirements.

Immunohistochemistry
Three-micrometer sections of formalin-fixed and paraffin-embedded

tumors were treated and stained as described previously (Houben

et al., 2012; see also Supplementary Materials online).
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Supplemental Material 

 

 

Supplementary Materials and Methods 

 

X-celligence analysis – 1.5x10
3
 cells were seeded on wells of a gold-layered 96-well-

plate (Roche) and were monitored for the indicated timespan using the X-celligence system 

(Roche), as instructed by the manufacturer. Every five hours, resistance of the cell population 

was measured and was recorded as “cell index”. The assay was done in triplicate, and two 

independent biological experiments were performed.  

 BrdU incorporation assay – Cells were pretreated with 0, 0.5, 2 or 5 !M Vemurafenib 

for 5 days and then incubated with 10 µM BrdU for 12 h. BrdU incorporation was quantified 

using a colorimetric BrdU cell proliferation ELISA, as recommended by the manufacturer 

(Roche). 

Flow cytometry - For flow cytometry analysis, DNA was stained with 69 mM 

propidium iodide in 38 mM sodium citrate and 100 mg/ml RNase A for 30 min at 37°C. 

Samples were analyzed in a Beckman Coulter Cytomics FC 500. To analyze altered 

proliferation by a second method we applied carboxyfluorescein diacetate (CFDA) which can 

be used to label cells. Prior to treatment with Vemurafenib, cells were labeled applying the 

Vybrant CFDA SE Cell Tracer Kit (Invitrogen) according to the manufacturer’s instructions. 

Changes of the green fluorescence in control and Vemurafenib-treated cells were analyzed in 

a FACSCanto (BD Biosciences).  

Cell lysis and immunoblot analysis – Cells were lysed in lysis buffer (20 mM HEPES 

(pH 7.8), 500 mM NaCl, 5 mM MgCl2, 5 mM KCl, 0.1% deoxycholate, 0.5% Nonidet-P40, 

10 !g/ml aprotinin, 10 !g/ml leupeptin, 200 !M Na3VO4, 1 mM PMSF and 100 mM NaF). 

Proteins were resolved by SDS/PAGE and analyzed by immunoblotting using the following 

primary antibodies: Anti-!-actin (C-4; Santa Cruz Biotechnology), anti p16 (N20; Santa Cruz 

Biotechnology) anti-PML (H238, PG-M3; Santa Cruz Biotechnology), anti-PUMA (Cell 

70



Signaling), anti-ERK2 (C14; Santa Cruz Biotechnology), anti-ERK1/2 (Cell Signaling), anti-

phospho-ERK1/2 (Thr202/Tyr204; Cell Signaling), anti-phospho Rb (Ser780; Cell Signaling), 

anti-H3K9me3 (Active Motif), anti-Retinoblastoma protein (C15, Santa Cruz Biotechnology ) 

and anti-tubulin (Sigma-Aldrich). The secondary antibodies were conjugated with horseradish 

peroxidase and were directed against mouse (Pierce) or rabbit (Bio-Rad). 

Immunohistochemistry - For the detection of senescence markers previously validated 

primary antibodies were used recognizing Ki-67 (clone SP6; Lab Vision Corp.), cleaved 

caspase 3 (Asp175, clone 5A1E; Cell Signaling), PML (H238, clone PG-M3; Santa Cruz 

Biotechnology), anti-H3K9me3 (07-442; Millipore) and biotinylated multispecies-specific 

secondary antibody (DAKO) (Tomita 2010, Tran et al 2012). TUNEL assays were performed 

using the in situ cell death detection kit (Roche) according to the manufacturer’s instructions.  

Xenotransplantation - Six-week-old female nude mice (Hsd:Athymic Nude-Foxn1
nu

), 

were obtained from Harlan Laboratories (Eystrup, Germany). For tumor induction, 5*10
6
 SK-

MEL-28 cells suspended in PBS supplemented with 50% BD Matrigel
TM

 Basement 

Membrane Matrix (BD Biosciences, Heidelberg, Germany) were injected s.c. into each lateral 

flank of the mice. The size of the tumor was measured twice weekly using a slide gauche. 

When the tumors reached a volume of around 150 mm
3
 (day 18 after cell injection), the mice 

were randomly divided into two groups (n=6): vehicle control group (mice injected 

intraperitoneally with PBS/DMSO daily), Vemurafenib group (mice injected intraperitoneally 

with 25 mg/kg Vemurafenib daily). For further analysis subcutaneously grown tumors were 

surgically removed. Subsequently the tumors were divided and snap-frozen in liquid nitrogen 

and formalin-fixed, paraffin-embedded.  
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Supplementary Table 1: Induction of a senescence type cell cycle arrest by Vemurafenib 

in melanoma cell lines 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Summary of proliferation and senescence parameters described in this manuscript.  

0: unchanged; +: increase; -: decrease; +/0: weak increase 

 

 

 

  BRAF 

phospho

-ERK1/2 

phospho

-Rb 

G0/G1 

arrest ß-Gal cell size H3K9me3 PML 

LOX IMVI V600E 0 0 0 0 0 0 0 

M14 V600E - - + + 0 + + 

M19-Mel V600E - - + + + 0 + 

Malme 3M V600E - - + + 0 + + 

MDA-MB-435 V600E - - + 0 0 0 +/0 

RPMI 7951 V600E - - 0 0 0 0 0 

SK-MEL-28 V600E - - + + + 0 +/0 

UACC-62 V600E - - + + + + + 

UACC-257 V600E - - + + + + 0 

Mel2a V600E - - + + 0 + 0 

FM88 V600K - - + + + 0 + 

M26 wt 0 0 0 0 0 0 0 

Mel Juso wt 0 0 0 0 0 0 0 

WüMel45 wt 0 0 0 0 0 + - 
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Supplementary figure legends 

 

 
 

Figure S1: Effect of Vemurafenib on the cell cycle  

Bar graph representation of the cell cycle profiles of melanoma cells after indicated times of 

Vemurafenib or IPTG (WMM1175) treatment. Data are mean values from three independent 

experiments. Standard deviations are indicated. 
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Figure S2: Effect of Vemurafenib on melanoma cell shape  

Phase contrast images of indicated melanoma cell lines treated for 7 days with the solvent 

DMSO (control) or with 0.5 !M Vemurafenib (Vem), (bar=20!m).  
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Figure S3: PML body formation by Vemurafenib 

Immunofluorescence showing focal nuclear accumulation of PML in indicated melanoma cell 

lines. The nuclei are visualized by DAPI staining, (bar=20!m). 

Figure S3  
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Figure S4: Effect of Vemurafenib on p16 

Western blot of total cell lysates derived from the indicated cell lines after 2 days in the 

presence or absence of 0.5 !M Vemurafenib.  Tubulin served as loading control. 
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Figure S5: Inhibition of ERK1/2 by increasing concentrations of Vemurafenib 

Western blot of the indicated melanoma cell lines after 48 h of treatment with the solvent 

DMSO (-) or with 0.5 !M, 2 !M and 5 !M Vemurafenib (Vem). Cell lysates were analyzed 

for the expression of phospho-ERK1/2 (Thr 202/ Tyr 204). Total ERK2 served as loading 

control. 
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Figure S6: Effect of increasing concentration of Vemurafenib on cell growth and DNA 

synthesis 

 

a: X-celligence measurement of indicated melanoma cells in presence of the indicated 

concentration of Vemurafenib up to 120 hours (5 days). The cell index represents the 

impedance of the cell population on a well of a 96-well dish. b: BrdU incorporation of 

indicated cell lines that were pretreated with the indicated concentrations of Vemurafenib for 

5 days before incubation with BrdU for 12 h. The significance of differences between the 

DMSO control and the different Vemurafenib treatments are indicated. Standard deviations 

are indicated.*: p<0.05, **: p<0.001 (Student`s t-test, two-tailed, paired).  
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Figure S7: Apoptosis induction by Vemurafenib 

Cells were treated for 5 days with the indicated concentrations of Vemurafenib, before cells 

and their supernatant were harvested and subjected to analyses. a: Cells were analyzed by 

flow cytometry, and the percentage of cells in subG1 are indicated. b: Western blot showing 

the induction of the pro-apoptotic protein PUMA in response to Vemurafenib treatment. 

Tubulin served as loading control. 
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Figure S8: Induction of senescence in response to increased Vemurafenib concentration 

SA-!-Gal staining of indicated cell lines after seven days of control (DMSO) or Vemurafenib 

treatment with the indicated concentrations. The percentage of SA-!-Gal-positive cells after 

Vemurafenib treatment is indicated. 
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Mechanisms of p53 Restriction in Merkel Cell
Carcinoma Cells Are Independent of the Merkel Cell
Polyoma Virus T Antigens
Roland Houben1, Christina Dreher1, Sabrina Angermeyer1, Andreas Borst1, Jochen Utikal2,3,
Sebastian Haferkamp1, Wiebke K. Peitsch3, David Schrama1,4 and Sonja Hesbacher1

Merkel cell carcinoma (MCC) is a rare and very aggressive skin cancer with viral etiology. The tumor-associated
Merkel cell polyoma virus (MCV) belongs to a group of viruses encoding T antigens (TAs) that can induce
tumorigenesis by interfering with cellular tumor-suppressor proteins like p53. To explore possible modes of p53
inactivation in MCC p53 sequencing, expression analysis and reporter gene assays for functional analyses were
performed in a set of MCC lines. In one MCV-negative and one MCV-positive cell line, p53 inactivating mutations
were found. In the majority of MCC lines, however, wild-type p53 is expressed and displays some transcriptional
activity, which is yet not sufficient to effectively restrict cellular survival or growth in these cell cultures.
Interestingly, the MCV TAs are not responsible for this critical lack in p53 activity, as TA knockdown in MCV-
positive MCC cells does not induce p53 activity. In contrast, inhibition of the ubiquitin ligase HDM-2 (human
double minute 2) by Nutlin-3a leads to p53 activation and p53-dependent apoptosis or cell cycle arrest in five out
of seven p53 wild-type MCC lines, highlighting p53 as a potential target for future therapies of this aggressive
tumor.

Journal of Investigative Dermatology (2013) 133, 2453–2460; doi:10.1038/jid.2013.169; published online 16 May 2013

INTRODUCTION
Merkel cell carcinoma (MCC) of the skin is a rare and very
aggressive neuroendocrine tumor with more than 3-fold rise in
incidence over the past decades (Hodgson, 2005). As MCC
has a high tendency to metastasize, and there are no curative
or life-prolonging therapies available for patients with
distant metastases (Tai et al., 2000; Becker, 2010), there is a
great need to understand the molecular events driving this
cancer.
Until recently, virtually nothing was known about

oncogenes and tumor suppressors contributing to the patho-
genesis of MCC (Lemos and Nghiem, 2007). However, an
important step forward was the discovery of the Merkel cell

polyoma virus (MCV) that is clonally integrated in the genome
of the cancer cells in the majority of MCCs (Feng et al., 2008;
Sastre-Garau et al., 2009). Integration of the virus before
clonal expansion of the tumor cells as well as addiction
of MCV-positive MCC cells to the expression of viral
oncoproteins suggest that MCV is a major driver of MCC
development and progression (Houben et al., 2010, 2012a).
The polyomaviruses oncoproteins are the T antigens (TAs).

All polyomaviruses encode alternatively spliced Large
and small T antigen (LT and sT). Further splice variants are
middle T antigen, 17 kT and 57 kT, that are encoded by
murine polyomaviruses, simian virus 40 (SV40) and MCV,
respectively (Shuda et al., 2008; Cheng et al., 2009; Gjoerup
and Chang, 2010). Oncogenic transformation by the viral TAs
is mediated by interaction with a multitude of cellular
proteins. For example, protein phosphatase 2A is targeted by
SV40 sT, whereas SV40 LT is capable of inactivating the
tumor-suppressor proteins retinoblastoma protein and p53
(Gjoerup and Chang, 2010).

p53—also referred to as guardian of the genome—is a
transcription factor that can modulate the expression of
hundreds of genes (Song and Xu, 2007). In normal cells,
p53 is frequently undetectable because of continuous
ubiquitination by HDM-2 (human double minute 2) and
subsequent proteasomal degradation (Blagosklonny, 1997).
On several types of stresses including DNA damage or
oncogene activation, p53 gets activated and induces
cell cycle arrest, DNA repair, apoptosis, or senescence

ORIGINAL ARTICLE

1Department of Dermatology, Venereology and Allergology, University
Hospital Würzburg, Würzburg, Germany; 2Skin Cancer Unit, German Cancer
Research Center (DKFZ), Heidelberg, Germany; 3Department of Dermatology,
Venereology and Allergology, University Medical Center Mannheim,
University of Heidelberg, Mannheim, Germany and 4Department of General
Dermatology, Medical University Graz, Graz, Austria

Correspondence: Roland Houben, Department of Dermatology, Venereology
and Allergology, University Hospital Würzburg, Josef-Schneider-Strasse 2,
D-97080 Würzburg, Germany. E-mail: Houben_R@klinik.uni-wuerzburg.de

Received 30 October 2012; revised 20 March 2013; accepted 21 March
2013; accepted article preview online 5 April 2013; published online 16 May
2013

Abbreviations: GFP, green fluorescent protein; HDM-2, human double
minute 2; LT, large T antigen; MCC, Merkel cell carcinoma; MCV, Merkel cell
polyoma virus; shRNA, short hairpin RNA; sT, small T antigen; SV40, simian
virus 40; TA, T antigen

& 2013 The Society for Investigative Dermatology www.jidonline.org 2453

82



(Green and Chipuk, 2006; Lavin and Gueven, 2006; Sherr,
2006). Thereby, p53 is central for the suppression of cancer,
and its inactivation is one of the characteristics of cancer.
Indeed, mutations of p53 are found in approximately half of
all tumors (Roemer, 1999). Most of these aberrations are
missense mutations in the central DNA-binding domain that
abolish the transcriptional capacity and may render p53
dominant negative over coexpressed wild-type p53 (van
Oijen and Slootweg, 2000). Beside mutations, further modes
of p53 inactivation contributing to tumor development have
been described, including the ability of certain viral proteins
to impair p53 function. Indeed, p53 inactivation is a common
feature of all DNA tumor viruses (Levine, 2009).
p53 inactivation by polyomaviruses was described mainly

as a function of LT that binds to p53 and thereby abrogates its
ability to act as a transcription factor (Bargonetti et al., 1992;
Jiang et al., 1993; Pipas and Levine, 2001). MCV LTs in MCC
cells, however, lack a putative p53-binding domain because
of tumor-associated T-antigen deletion mutations generally
present in MCC-associated MCV genomes (Shuda et al., 2008;
Sastre-Garau et al., 2009). Nevertheless, recent reports
suggested that mutations in p53 occur preferentially in MCC
tumors that fail to express MCV LT (Sihto et al., 2011; Rodig
et al., 2012). For example, p53 mutations were found in over
50% of MCCs lacking MCV LT expression but were not
detectable in LT-positive MCCs (Sihto et al., 2011). These
observations suggest that even MCV with truncated LT is able

to inactivate p53. In line with this notion, it has been reported
that, on one hand, SV40 LT lacking the C-terminal
p53-binding domain is still able to inhibit p53-dependent
transcription (Quartin et al., 1994; Rushton et al., 1997)
and, on the other hand, SV40 sT can repress p53 function
(Gjoerup et al., 2000).

Here we analyze the p53 signaling pathway in MCV-
positive and MCV-negative MCC lines. Most of these cell
lines harbor wild-type but insufficiently active p53 protein.
We exclude the MCV TAs as relevant inhibitors of p53 activity
in MCC and demonstrate that p53-dependent cell death or cell
cycle arrest can be activated by a small-molecule inhibitor of
HDM-2.

RESULTS AND DISCUSSION
p53 inactivating mutations in 2 of 14 MCC lines
The frequency of p53 inactivating mutations has been reported
to be relatively low in MCC, i.e., 10% (1 in 10 tumors),14%
(3 in 21 tumors) or 27% (11 in 40 tumors) (Van Gele et al.,
2000; Lassacher et al., 2008; Sihto et al., 2011). Thus, as a first
step of a comprehensive p53 pathway analysis in MCC, we
determined the p53 status in 14 MCC lines by sequencing
exons 5–8 in a series of 14 MCC lines. We found that similar
to the published tissue analyses only two MCC cell lines (14%)
had p53 mutations, whereas the remaining 12 cell lines
displayed wild-type sequences in the p53 mutation hot spot
region (Table 1).

Table 1. MCV and p53 status of the MCC cell lines analyzed in this study

Response to Nutlin-3a

MCV þ

p53 status
(exons 5–81)

p53
mRNA

p53
protein

p53-specific
reporter
activity

p53
protein

Reporter
activity

p53
targets

Cycle
arrest Apoptosis

1 BroLi Yes Wild type þ þ þ þ þ þ ÿ þ

2 WaGa Yes Wild type þ þ þ þ þ þ þ ÿ þ

3 Mkl-1 Yes Wild type þ þ þ þ þ þ þ ÿ þ

4 MKL-2 Yes Wild type þ þ ÿ ÿ ÿ ÿ ÿ ÿ ÿ

5 PeTa Yes Wild type þ þ þ þ þ þ þ ÿ þ

6 MS-1 Yes Hemizygous
deletion

aa 251–253

þ þ þ þ þ ? ND ND ND ND ND

7 AlDo Yes Wild type þ þ þ ND ND ND ND ND ND

8 WoWe Yes Wild type ND ND ND ND ND ND ND ND

9 HeRo Yes Wild type ND ND ND ND ND ND ND ND

10 KaRi Yes Wild type ND ND ND ND ND ND ND ND

11 LoKe Yes Wild type ND ND ND ND ND ND ND ND

12 MCC
26

No Wild type þ ÿ ÿ ÿ ÿ ÿ ÿ ÿ

13 UISO No Wild type þ þ þ þ þ þ þ þ ÿ

14 MCC13 No P278S and S241P
both heterozygous

þ þ þ þ þ ? ÿ ÿ ÿ ÿ ÿ

Abbreviations: MCC, Merkel cell carcinoma; MCV, Merkel cell polyoma virus; ND, not done; ?, data difficult to interpret.
1Exons 5–8 harbor 95% of the known p53 mutations (Vousden and Lu, 2002).
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The MCV-negative cell line MCC13 carried two different
mutations in exon 7 and exon 8 (Table 1). As we cannot
distinguish whether these two mutations affect the same or
different alleles, it is unknown whether all the p53 molecules
expressed in MCC13 are mutant or not. However, according
to the IARC (International Agency for Research on Cancer)
p53 mutation database, both loss-of-function and dominant-
negative effects on wild-type p53 have been described for the
P278S mutation in exon 8, suggesting that p53 is indeed
inactivated in this cell line (Petitjean et al., 2007). For the
p53 deletion mutant lacking amino acids 251–253, which
is present homo- or more likely hemizygously in the
MCV-positive line MS-1, functional data are not available.
Nevertheless, as several substitution mutants of the
deleted amino acids have been characterized as inactive,
this deletion mutant is likely to be inactivating (Petitjean
et al., 2007).

p53 expression and activity in MCC cell lines
Next we analyzed p53 mRNA and protein expression in nine
MCC cell lines using real-time PCR and immunoblot. In the
two p53 mutant cell lines (MCC13 and MS-1), the high mRNA
expression level correlated with high p53 protein expression
(Figure 1a). Accumulation of mutant p53 in tumor cells is a
well-known, although not yet fully understood, phenomenon
(Soussi, 2007). Among the seven p53 wild-type cell lines,

however, p53 protein expression levels were diverging and
did not correlate with mRNA expression. In two cell lines
(MCC26 and MKL-2), p53 protein was not detectable despite
p53 mRNA expression (Figure 1a), suggesting very strict
posttranscriptional repression of p53 expression. In the
remaining five p53 wild-type cell lines, p53 protein was
expressed at levels sufficient for detection by western blot.
To estimate the transcriptional activity of p53 in the different

MCC lines, we stably transduced the cells with a reporter gene
construct (pGreenFire) expressing green fluorescent protein
(GFP) under the control of a p53 response element. The
mean GFP expression was measured by flow cytometry and
normalized for the relative number of incorporated pGreen-
Fire copies as determined by real-time PCR. Surprisingly, the
normalized GFP expression from the pGreenFire construct did
not correlate with p53 expression (Figure 1a). As it has been
demonstrated that p53 reporter assays may sometimes yield
unspecific responses (Wischhusen et al., 2004), short hairpin
RNA (shRNA) knockdown of p53 was performed to determine
whether the observed GFP expression is p53 dependent. In the
two p53 mutant cell lines (MS-1 and MCC13), GFP reporter
expression was increased, and in MCC13, p21 was induced
upon p53 knockdown (Figure 1b), suggesting that predomi-
nantly an inhibitory activity of mutant p53 was eliminated
in these cells. In the two cell lines lacking detectable p53
expression (MCC26 and MKL-2), GFP expression remained
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Figure 1. p53 expression and transcriptional activity in Merkel cell carcinoma (MCC) cell lines. (a) Upper bar graph: real-time PCR analysis of p53 mRNA relative

to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) depicted on a log scale. Immunoblot: p53 protein analysis. Lower bar graph: indicated MCC lines

(p53 mutant lines underlined) were stably transduced with a p53 reporter construct expressing green fluorescent protein (GFP; pGreenFire). Mean GFP

fluorescence was monitored by flow cytometry and normalized to the relative number of pGreenFire copies integrated into the cellular genome as determined by

real-time PCR. (b) The cells were infected with short hairpin RNA (shRNA) expression constructs containing either a scrambled (scr) or a sequence targeting p53.

Immunoblot: on day 4 after infection, total cell lysates were analyzed for the indicated proteins. Bar graph: mean GFP fluorescence of the scr control cells

minus that of p53 knockdown cells (p53-specific GFP expression). Mean values (±SD) derived from at least three independent experiments are shown (statistics:

one-sample t-test *Po0.05, **Po0.005, and ***Po0.0005). (c) Box-and-whiskers plot: p53-specific GFP expression of seven p53 wild-type MCC cell lines

compared with that of six p53 wild-type melanoma cell lines.
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almost unchanged on application of the p53 shRNA, implying
that in these cases GFP expression from the pGreenFire
construct is not driven by p53. In contrast, in the remaining
five p53 wild-type cell lines (UISO, WaGa, BroLi, MKL-1, and
PeTa), GFP expression was at least partially p53 dependent.
The p53-specific reporter gene activities in MCC lines, how-
ever, were low compared with the reporter gene activities
found in p53 wild-type melanoma cell lines (Figure 1c).
Nonetheless, p53 was observed to drive expression of its
target gene p21 in all five p53 wild-type MCC lines, as p53
knockdown led to decreased p21 levels (Figure 1b).
Obviously, however, p21 expression levels and p53 activity
are not sufficient to effectively restrict growth of these
proliferating tumor cells, evoking the question of what is
limiting p53 activity in MCC.

MCC-derived MCV TAs do not repress p53 activity when
overexpressed in cells with high endogenous p53 activity
Inhibition of p53 is a central feature of SV40 LT in transfor-
mation (Bargonetti et al., 1992; Jiang et al., 1993; Pipas and
Levine, 2001). Truncated MCV LTs expressed in MCC cells,
however, generally lack the C-terminal half of the protein
and thereby the potential p53-binding domain (Shuda et al.,
2008; Sastre-Garau et al., 2009). Nonetheless, the demon-
stration of p53 inhibiting activity for the N-terminus of SV40
LT (Quartin et al., 1994; Rushton et al., 1997) as well as for
SV40 sT (Gjoerup et al., 2000), and the recently published
observation of p53 mutations only in LT-negative MCCs (Sihto
et al., 2011), argue for a role of the MCV TAs in repression of
p53 in MCC.
To evaluate the capacity of the MCV TAs in inhibiting p53,

we utilized two p53 wild-type melanoma cell lines with high
p53-specific pGreenFire reporter gene activity (UACC-62 and
Mel-U) as a model system. Importantly, GFP expression in
these cells can almost completely be abrogated by p53
knockdown (data not shown). These cells were infected with
a lentiviral expression vector encoding MCV TALT279* (sT and
LT truncated at amino acid 279 resembling the stop codon
position of the MCC line WaGa). An SV40 TA (sT and LT)
expression construct encoding full-length SV40 LT was used
for control purposes. Expression of the different LT proteins
was confirmed by immunoblot (Figure 2a). The presence of
SV40 TA as well as of MCC-derived MCV TALT279* stimulated
cell cycle progression of the melanoma cell lines (data not
shown). In SV40 TA–transduced cells, increased S-phase entry
was accompanied by reduced p53 reporter gene activity, as
expected. However, on expression of MCV TALT279*, the p53
reporter gene activity was elevated in both cell lines
(Figure 2b). SV40 TA strongly increased p53 levels, as
previously reported (Rushton et al., 1997), whereas MCV
TALT279* elevated p53 expression only moderately (Figure 2a
and c). When p53 reporter gene activity is normalized to the
p53 protein levels, it becomes clear that SV40 TA strongly
suppresses p53 reporter gene activity, whereas MCC-derived
MCV TA does not (Figure 2d). A major regulator of p53
expression and activity is human double minute (HDM-2
(Harris and Levine, 2005). Therefore, we analyzed whether
ectopic TA expression would affect HDM-2 levels: HDM-2

was strongly increased upon SV40 TA but was unaffected by
MCV TALT279* expression (Figure 2a).

p53 transcriptional activity in MCC cells is not altered on
knockdown of MCV TAs
To confirm the lack of impact of MCV TAs on p53, we
analyzed p53 reporter gene activity following knockdown of
the MCV TAs in five MCV-positive MCC lines. On application
of an shRNA targeting LT and sT (Houben et al., 2010), p53
reporter gene activity remained unchanged in three cell lines
(WaGa, BroLi, and PeTa), whereas MKL-1 and MKL-2
displayed a small but statistically insignificant increase in
GFP expression (Figure 3). Expression of p53 and—more
importantly—expression of the p53 target genes p21,
HDM-2, and Bax, however, was not elevated upon TA
knockdown (Figure 3), suggesting that MCV sT and the
truncated MCV LT do not repress p53 function in any of the
five investigated cell lines. These findings together with the
inability of overexpressed MCV TALT279* to suppress p53
activity (Figure 2) and the observation of a p53 mutation in
the MCV-positive cell line MS-1 (Table 1) argue against an
inhibition of the p53 pathway in MCV-positive MCCs by the
MCV TAs.
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(a) Immunoblot with cell lysates harvested 4 days after infection. (b) Changes in

the mean GFP fluorescence measured on day 4. Mean values (±SD) from eight

independent experiments are given. (c) Immunoblot signals for p53 relative

to tubulin were quantified using the ImageJ software and data from five

independent experiments. Mean values (±SD) are given. (d) Changes in p53

reporter expression normalized to p53 expression derived as described in c.

*Po0.05, **Po0.005, and ***Po0.0005; one-sample t-test.
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p53 is activated by Nutlin-3a in 5 out of 7 p53 wild-type MCC
cell lines
Next we asked whether it is possible to reactivate p53 in MCC
cells. In this respect we tested two compounds. Cisplatin is a
DNA crosslinking antineoplastic agent frequently used for
treatment of metastasized MCC that may activate p53 via the
DNA damage response pathway (Tai et al., 2000; Pectasides
et al., 2006; Pabla et al., 2008). Nutlin-3a specifically inhibits
the E3 ubiquitin ligase HDM-2 (Secchiero et al., 2011) that is
expressed in all analyzed MCC cell lines with the exception of
MCC13 (Figure 1a). HDM-2 is the key player of several
negative autoregulatory loops of p53 that, in the absence of
p53-stabilizing signals, keep p53 levels low (Harris and
Levine, 2005). HDM-2 promotes proteasomal degradation of
the p53 protein through polyubiquitination of the C-terminus
(Kubbutat et al., 1997; Michael and Oren, 2003). Moreover,
HDM-2 binding can affect p53 through direct repression of its
transcriptional activity (Oliner et al., 1993).
The p53 mutant cell line MCC13 was not affected by

Nutlin3-a. In contrast, 5 out of 7 p53 wild-type cell lines

(UISO, WaGa, BroLi, MKL-1, and PeTa) responded to
Nutlin-3a treatment with increased GFP expression from the
p53 reporter (Figure 4a), induction of p53 expression, and
induction of at least two of the three p53 target proteins p21,
Bax, and HDM-2 (Figure 4b). This corresponded with induc-
tion of cell cycle arrest in the MCV-negative cell line UISO
and induction of apoptosis in the MCV-positive WaGa, BroLi,
MKL-1, and PeTa, as indicated by an increased sub-G1
population in cell cycle analysis after 40hours of Nutlin-3a
treatment (Figure 4c, d and e). Induction of cell death by p53
reactivation distinguishes these MCC cell lines from many
other p53 wild-type cancer cell lines that, although frequently
responding with cell cycle arrest, are impaired in their
apoptotic response to Nutlin-3a (Tovar et al., 2006; Tseng
et al., 2010). The observed Nutlin-3a effects on MCC cells
were mediated by p53, as p53 knockdown reverted Nutlin-3a-
induced p53 reporter gene activity (data not shown) and
prevented cell cycle arrest or apoptosis (Figure 4f). Therefore,
repressed p53 activity due to HDM-2 activity might constitute
a major factor for growth and survival of these MCC cells.

Cisplatin did not provoke a clearcut p53 response.
Induction of p53 reporter gene activity was for most cell lines
much less pronounced compared with Nutlin-3a (Figure 4a),
there was no induction of the p53 target genes p21 and
HDM-2 (Figure 4b), and—although the sub-G1 fraction was
increased in all MCC cell lines (Figure 4e)—only in case of
BroLi the induction of cell death was p53 dependent
(Figure 4f). These results suggest that MCC cells have a general
defect in activation of wild-type p53 by the DNA damage
response pathway. This may be one of the reasons why this
tumor entity frequently progresses without p53 mutations
(Table 1 and see Van Gele et al., 2000; Lassacher et al.,
2008) and it may contribute to the limited long-term efficacy
of DNA-damaging agents and radiotherapy in advanced
MCC (Voog et al., 1999; Tai et al., 2000; Poulsen et al.,
2003, 2006; Becker, 2010).

Neither Cisplatin nor Nutlin-3a treatment led to detectable
p53 expression in MCC26 and MKL-2 cells (Figure 4b).
Therefore, the strict repression of p53 expression in these
two cell lines does not appear to be mediated by HDM-2. As
p53 mRNA is expressed in both cell lines (Figure 1a and
Table 1) either inhibition of p53 translation (e.g., by RNPC1;
Zhang et al., 2011) or HDM-2-independent degradation of
p53 are possible mechanisms for its repression. The latter may
play a role for MCC26 as incubation with the proteasome
inhibitor bortezomib provoked a weak p53 band in immu-
noblot analysis and a 3-fold increase in GFP expression from
the p53 reporter construct (data not shown).

Induction of p53 protein upon HDM-2 knockdown in four of five
Nutlin-3a-sensitive MCC cell lines
Although Nutlin-3a is regarded to be a highly selective
molecule targeting the HDM-2/p53 interaction (Patton et al.,
2006), inhibitor experiments always bear the risk to provoke
unspecific effects not related to the targeted protein. Therefore,
we aimed to complement the Nutlin-3a results by HDM-2
knockdown experiments. Application of an HDM-2 shRNA in
the five cell lines responding with p53 activation to Nutlin-3a
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let to induction of p53 and the p53 target p21 in WaGa, PeTa,
BroLi, and UISO (Figure 5), confirming that p53 in these cell
lines is controlled by HDM-2. Moreover, HDM-2 knockdown
like Nutlin-3a treatment provoked significant apoptosis in
WaGa, BroLi, and PeTa cells (Figure 5). In contrast, in
MKL-1 cells we could not induce any sign of p53 activation
with the HDM-2 shRNA. This, as well as the fact that in the
other cell lines induction of p53 expression is not as
pronounced as on Nutlin-3a treatment, is likely due to less
efficient and less synchronous repression of HDM-2 function
by the shRNA compared with Nutlin-3a.

Conclusion
In summary, we demonstrate that expression and activity of
p53—which is frequently wild type in MCC—is not repressed
by the MCV TAs but can be restored by HDM-2 antagonism.

This p53 reactivation induces cell cycle arrest or apoptosis in
the majority of MCC cell lines. Therefore, p53 reactivation by
inhibition of HDM-2 may be a possible future therapeutic
approach. Phase-I clinical trials using the Nutlin-3a-related
compound RG7112 for treatment of hematologic malignancies
(nCT00623870) and solid tumors (nCT00559533) are currently
ongoing (http://www.clinicaltrials.gov/). A clinically approved
HDM-2 inhibitor will hopefully become available in the future.

MATERIALS AND METHODS
Ethics statement
This study was conducted according to the Declaration of

Helsinki Principles and approved by the institutional review

board of Würzburg University Hospital (Ethikkommission der

Medizinischen Fakultät der Universität Würzburg; sequential study

number 124/05).
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Figure 4. Induction of p53-dependent apoptosis or cell cycle arrest by Nutlin-3a. The indicated cells stably transduced with a green fluorescent protein (GFP) p53

reporter construct were treated with 10mM Nutlin-3a or 10mgmlÿ1 Cisplatin. After 24hours, cells were analyzed by flow cytometry for GFP expression and cell

lysates were subjected to immunoblot analysis. Cell cycle analysis was performed after 40hours of treatment. (a) Changes in GFP expression relative to

control cells are given (mean values (±SD) of at least five experiments). (b) Immunoblot analyzing of the indicated proteins. (c) Examples of histogram plots from

the cell cycle analysis. (d, e) Mean values (±SD) of at least five experiments for cells in S or sub-G1, respectively. (f) Results of the cell cycle analysis of
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Cell culture
A series of cell lines from patients with histologically confirmed MCC

was established in our departments, including PeTa, AlDo, HeRo,

KaRi, and WoWe, as well as BroLi, WaGa, and LoKe. Procedures for

establishment of the three latter cell lines have been described

previously (Houben et al., 2010, 2012b). All cell lines mentioned

as well as MKL-1 (Shuda et al., 2008), MKL-2, and MS-1 (Houben

et al., 2010) harbor MCV DNA. In contrast, UISO (Ronan et al.,

1993), MCC13 (Leonard et al., 1995), and MCC 26 (Van Gele et al.,

2002) are MCV negative. MCC lines were grown in RPMI-1640

supplemented with 10% fetal calf serum, 100Umlÿ 1 penicillin, and

0.1mgmlÿ 1 streptomycin.

Sequence analysis of p53 exons 5–8
Genomic DNA was extracted from the different MCC cell lines and

subjected to seminested PCR using the primers previously reported

(Houben et al., 2011). The amplicons were sequenced by Sanger

sequencing.

Lentiviral p53 reporter gene assay and shRNA transfer
To establish cells with an integrated p53 reporter gene, the lentiviral

vector pGreenFire (System Biosciences, Mountain View, CA) was

used that codes for puromycin resistance and GFP under the control

of a p53-responsive element (4� 50-CGACATGCCCGGGCATGT-30).

Knockdown of p53 or MCV TA expression was achieved by lentiviral

shRNA expression constructs described previously (Houben et al.,

2010, 2011). For overexpression of TAs in melanoma cell lines

carrying a GFP p53 reporter, a wild-type SV40 TA gene (Lin and

Simmons, 1991) or an MCV TA gene carrying a stop codon mutation

at codon 279 (Houben et al., 2012a) were cloned into the vector

pCDHred. This was done to allow identification of the infected cells

within a GFP-expressing population. pCDHred was derived from the

vector pCDH-CMV-MCS-EF1-copGFP (System Biosciences) by

replacing the copGFP sequence with a turboRFP. Infectious viruses

were raised by transfecting HEK293T cells and target cells were

infected as previously described (Houben et al., 2012a). Pure

populations carrying the pGreenFire reporter were selected by

culturing the cells in the presence of puromycin. GFP expression

from the reporter was analyzed by flow cytometry. The relative

presence of the reporter constructs in the genomic DNA of the

selected cells was analyzed by real-time PCR and calculated relative

to the highly repetitive DNA elements LINE1 using the DDCt method.

Immunoblot
Cells were lysed in RIPA buffer, protein concentration was deter-

mined and equal amounts of protein were resolved by SDS-PAGE.

Immunoblotting was performed as described previously (Houben

et al., 2012a). The following primary antibodies were applied: MCV

LT (CM2B4), p53 (D-01), p21 (C-19), HDM-2 (SMP14; all from Santa

Cruz Biotechnology, Santa Cruz, CA), Bax (2D2) (eBioscience,

San Diego, CA), SV40 LT (Abcam, Cambridge, MA), and tubulin

(Sigma-Aldrich, Taufkirchen, Germany).

Cell cycle analysis
DNA was stained with propidium iodide as described previously

(Houben et al., 2007). Analysis of the cellular DNA content was

performed on a FACSCanto flow cytometer (Becton Dickinson,

Heidelberg, Germany).
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ABSTRACT

The pocket protein (PP) family consists of the three members RB1, p107 and 

p130 all possessing tumor suppressive properties. Indeed, the PPs jointly control 

the G1/S transition mainly by inhibiting E2F transcription factors. Notably, several 

viral oncoproteins are capable of binding and inhibiting PPs. Merkel cell polyomavirus 

(MCPyV) is considered as etiological factor for Merkel cell carcinoma (MCC) with 

expression of the viral Large T antigen (LT) harboring an intact PP binding domain 

interaction of MCPyV-LT with the PPs. Co-IP experiments indicate that MCPyV-LT 

binds potently only to RB1. Moreover, MCPyV-LT knockdown-induced growth arrest in 

MCC cells can be rescued by knockdown of RB1, but not by p107 or p130 knockdown. 

Accordingly, cell cycle arrest and E2F target gene repression mediated by the single 

Moreover, data from an MCC patient indicate that loss of RB1 rendered the MCPyV-

positive MCC cells LT independent. Thus, our results suggest that RB1 is the dominant 

tumor suppressor PP in MCC, and that inactivation of RB1 by MCPyV-LT is largely 

INTRODUCTION

Several members of the polyomaviridae family (e.g. 

Simian Virus 40 (SV-40)) are capable of inducing tumor 

formation in animal models [1, 2], and the potential of 

SV40 to transform their host cells has been ascribed to the 

expression of viral oncoproteins, i.e. the T antigens (TA) 

[3]. Up to date, however, the Merkel Cell Polyomavirus 

(MCPyV) described in 2008 is the polyomavirus that is 

widely accepted to be causal for a human malignancy, 

namely Merkel Cell Carcinoma (MCC) [4, 5].

MCC is a highly aggressive skin cancer, and although 

it is relatively rare its incidence is increasing considerably 

[6]. Notably, in the vast majority of MCCs the MCPyV 

genome can be detected [7-9], and the observed clonal 

integration of the virus in the genome of the tumor cells 

[5] implies the causal relationship between MCPyV and 

MCC. This is further sustained by the addiction of MCPyV-

positive MCC cells to expression of the T antigens [10], 

particularly due to a dependence on Large T antigen (LT) for 

MCC cell growth [11]. Interestingly, MCC-associated LTs 

are, due to stop codon mutations or pre-mature integration 

break points, generally truncated deleting the C-terminus 

required for viral replication but always preserving the 

LxCxE motif found in many proteins which interact with 

pocket proteins (PPs) [12, 13].

The PP family comprises three members, i.e. the 

Retinoblastoma protein 1 (RB1) and the two RB-like 

proteins p107 (RBL1) and p130 (RBL2). The family name 

refers to their binding ‘pockets’ mediating interaction with 

90



Oncotarget32957www.impactjournals.com/oncotarget

a multitude of other proteins [14]. All PPs bind to and 

thus regulate the activity of transcription factors of the 

E2F family. These interactions are regarded as central in 

controlling cell cycle progression from G1 to S phase [15]. 

Regulation of G1/S transition by PPs and E2Fs is a complex 

and at least partially redundant interplay of activator E2Fs 

(E2F-1, E2F-2, E2F-3a) preferentially binding RB1 and 

repressor E2Fs (E2F-3b, E2F-4, E2F-5) interacting with 

one or more of the PPs [16]. In normal quiescent cells, the 

PPs bound to E2Fs repress transcription of E2F-dependent 

promoters by different mechanisms; e.g. by recruiting 

histone deacetylases (HDACs) [17]. Upon phosphorylation 

by cyclin/cyclin-dependent kinase (CDK) complexes in 

late G1 PPs dissociate from their E2F partners, leading to 

Besides phosphorylation by CDKs, the suppressive 

function of the PPs can be halted by different viral 

proteins, such as HPV-E7, Ad-E1A and SV40-LT [18]. 

The binding of these oncoproteins via the conserved 

LxCxE motif results in disruption of repressive complexes 

of PPs with E2F family members leading to enhanced 

proliferation, and can thereby contribute to induction of 

cell transformation [18, 19].

knockdown-induced growth inhibition in MCC cells 

by ectopically expressed MCPyV-LT is dependent on 

an intact LxCxE motif suggested that PP inactivation 

is a critical function of MCPyV-LT in MCC [11]. Thus, 

here we address the questions which PPs are essential to 

be targeted by MCPyV-LT in MCC cells, and whether 

function of this viral protein in its natural tumor host 

cells. We provide evidence that inactivation of only RB1 

supporting growth of MCC cells.

RESULTS

Homozygous deletion of the RB1 gene in an 

MCPyV-positive cell line not depending on 

MCPyV-LT expression

expression of the pocket proteins in MCPyV-positive 

MCC cell lines. Real time quantitative PCR revealed that 

all PPs are expressed in almost all cell lines with generally 

higher mRNA levels for p107 and p130 than for RB1 

(Figure 1a). The only exception was the cell line LoKe 

for which no RB1 expression could be detected. Notably, 

LoKe, although encoding a functional truncated MCPyV-

LT [20], is up to date the only MCPyV-positive MCC 

cell line tested which is not dependent on LT expression 

expression of all PPs in all other cell lines as well as the 

lack of RB1 expression in LoKe (Figure 1b).

Since real time PCR with genomic DNA suggested 

that lack of RB1 expression is due to a loss of the RB1

gene (data not shown), we performed a comparative 

genomic hybridization for LoKe. This analysis revealed 

several genomic aberrations, with the relevant one being 

a very sharp homozygous deletion of the genomic region 

13q14.2 (Figure 1c; basepairs 48.816.847 – 50.073.157 

according to assembly GRCh37.p13) affecting only RB1

and 10 additional genes (CAB39L, CDADC1, CYSLTR2, 

FNDC3A, ITM2B, LPAR6, MLNR, PHF11, RCBTB2, 

SETDB2).

The cell line LoKe was generated from a patient 

with metastatic MCC. Thus, to explore whether loss of 

RB1 had occurred after integration of MCPyV during 

tumor progression, we analyzed a metastasis excised at 

the time when the cell line LoKe was established and the 

primary tumor excised 3 years before. Real time PCR 

revealed largely reduced presence of the RB1 gene in both 

tumors suggesting that at least the majority of tumor cells 

had lost both RB1 alleles. Immunohistochemistry on tissue 

sections revealed that in the metastasis all tumor cells 

were negative for RB1, in line with loss of both alleles 

of the RB1 gene (Figure 1d). In contrast, in the primary 

tumor RB1 expression was heterogeneous with most parts 

lacking RB1 entirely (Figure 1d upper panel) while some 

minor areas demonstrated RB1 expression in a subset 

of tumor cells (Figure 1d middle panel). Sequencing of 

MCPyV-LT in genomic DNA derived from the primary 

tumor and several different metastases (including those 

analysed by immunohistochemistry) revealed that they all 

harboured the same unique stop codon present in the LoKe 

cell line (GenBank: KJ128381.1) implying that they are all 

clonally related.

MCPyV-LT knockdown can largely be rescued 

by RB1 knockdown

The LoKe cell line is characterized by loss of RB1 

and independence of LT expression. In addition, analysis 

of the coding sequence of p107 and p130 demonstrated 

that both proteins are not affected by mutations (data not 

shown). These results suggest that inactivation of RB1

– but not the two other pocket proteins – is an essential 

function of MCPyV-LT in MCC cells. Consequently, to 

to substitute functionally for MCPyV-LT we performed 

shRNA knockdown experiments targeting MCPyV-LT and 

the different PP family members in MCC cells. To this end, 

we used the MCPyV-positive cell lines MKL-1, WaGa, 

BroLi and MKL-2 stably transduced with TA.shRNA.tet, 

a vector allowing Doxycycline (Dox)-inducible expression 

of an shRNA targeting all MCPyV-T antigen mRNAs [11]. 

because the only effective LT-targeting shRNA exerts 

considerable off-target effects [11]. The TA.shRNA.tet 

cells were then stably transduced with a second shRNA 
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vector constitutively expressing either a scrambled (Scr) 

or a shRNA targeting RB1. In addition, in the cell lines 

MKL-1 and WaGa shRNAs targeting p107 or p130 were 

analyze the role of all PP family members. Reduced 

expression of the PPs in response to the respective shRNA 

as well as Dox-induced knockdown of LT in these cell 

lines was monitored by immunoblot (Figure 2).

The impact of the shRNAs on growth properties of 

uninfected parental cells on the basis of GFP expression 

driven by the TA.shRNA.tet vector. Dox-induced  

LT-knockdown was associated with growth inhibition 

of cells expressing additionally the control Scr shRNA, 

indicated by a gradual loss of GFP-positive cells over 

time (Figure 2). In all four tested cell lines additional 

knockdown of RB1, however, resulted in a partial 

(WaGa, MKL-2) or even an almost complete rescue 

(MKL-1, BroLi) of impaired cell growth (Figure 2). 

For the interpretation of these data two of our previous 

observations are of importance. First, the TA shRNA 

induced growth arrest can be rescued to the same extent 

by an LT cDNA as by a TA gene (coding for sT and LT) 

indicating that with this experimental system we evaluate 

only LT functions although the applied TA shRNA also 

targets sT [20, 22]. Second, in the cell line WaGa the 

rescue by TA or LT is incomplete demonstrating a similar 

Figure 1: Loss of RB1 in the MCPyV-positive MCC cell line LoKe which is not depending on MCPyV-LT expression. a.

T
-values relative

to the house keeping gene RPLP0 (high values indicate low expression) are given. N.D.: not detectable. b. Immunoblot analysis of the PP 

protein expression levels in the indicated MCPyV-positive MCC cell lines. c.

cell line LoKe, with x-axis coordinate representing positions along the genome. d. RB1 gene by real time PCR 

in genomic DNA derived from the primary MCC tumor and in a subsequent metastasis of the respective patient excised 3 years later at the 

time when the LoKe cell line was derived from pleural effusion. Normal genomic DNA served as control. e. Immunohistochemical staining

for RB1 in tissue sections of the two LoKe tumors described in d. Two different regions of the primary tumor are depicted.
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rescue activity as achieved by RB1 knockdown (Figure 

2; [20, 22]). Hence, it is likely that the TA shRNA exerts 

growth inhibiting off-target effects in WaGa. Interestingly, 

RB1 and p130 are induced upon TA shRNA induction 

(Figure 2) potentially contributing to the incomplete 

substitute for MCPyV-LT in the cell lines WaGa, MKL-1 

and BroLi and at least partially capable to rescue the loss 

of LT in MKL-2 cells. In contrast, knockdown of p107 or 

p130 did not affect the growth inhibition induced by LT 

knockdown in WaGa and MKL-1 cells (Figure 2).

the possibility that paracrine effects distort proliferation 

measurements in the mixed culture assay [23], cell cycle 

analyses were performed in MKL-1 and WaGa cells 

following TA and RB1 knockdown. In accordance with 

the results of the mixed culture assay, TA shRNA-induced 

be reversed by additional knockdown of RB1 (Figure 3a 

and 3b). Moreover, quantitative RT-PCR experiments 

revealed that TA shRNA-induced cell cycle arrest was 

associated with reduced expression of cell cycle related 

Figure 2: MCPyV-LT knockdown induced growth inhibition can be rescued by RB1 knockdown. MCPyV positive cell 

lines MKL-1, WaGa, BroLi and MKL-2 transduced with a Dox-inducible TA.shRNA.tet vector system were infected with lentiviral shRNA 

constructs targeting RB1 (all cell lines), p107 or p130 (MKL-1 and WaGa). A Scr shRNA served as control. Pure populations infected with 

the PP shRNA constructs were established by antibiotic selection. Following 5 days of Dox treatment total cell lysates were harvested and 

analyzed by immunoblot for expression of MCPyV-LT and the different PPs. To evaluate changes in cellular growth, mixed populations of 
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RB1 target genes CCNB1, MYB, PLK1 and CDC6 while 

upon additional knockdown of RB1 expression levels 

were hardly affected (Figure 3c).

Strict overlap of genes regulated by MCPyV-LT 

and RB1 in MCC cells

To further scrutinize the extent RB1 inactivation 

can compensate for TA knockdown with respect to gene 

expression in MCC cells, we performed NanoString 

nCounter™ gene expression analyses [24]. To this end, the 

controls) was determined for mRNA derived from WaGa 

cells upon TA.shRNA expression. These cells were 

additionally stably transduced with either a construct 

coding for an shRNA-insensitive TA gene [11], with the 

RB1 shRNA or with the respective control vectors (cDNA 

vector; Scr shRNA). 90 genes demonstrating very low 

expression (less than 25 copies) were excluded from 

the analysis of differential expression upon TA.shRNA 

expression since for very rare mRNAs variability due to 

technical issues can be expected to be rather high [24]. 

From the remaining 155 cancer genes 21 gene demonstrated 

a more than 2-fold alteration in expression upon induced 

TA knock down, either downregulation (13 genes) or 

upregulation (8 genes), respectively (Figure 4). For all these 

21 genes the TA.shRNA-induced changes were reversed 

by either TA re-expression or shRNA-mediated RB1 

inactivation (Figure 4). Most of the genes downregulated 

following TA knockdown (e.g. BIRC5 (survivin), BLM, 

CDC25a, BRCA 1 and 2, MYBL2, CCNA2, RAD54L, 

HHMR, TYMS) have previously been described as E2F 

Figure 3: RB1 knockdown reverses TA knockdown-induced cell cycle arrest and E2F target gene repression. WaGa 

and MKL-1 cells double infected with inducible TA-shRNA and constitutive Scr- or RB1-shRNA expression constructs were cultured for 

5 days in the absence or presence of Dox. a and b. Fixed cells were stained with propidium iodide and DNA content was determined by 

c. Relative expression levels of the indicated cell cycle-related RB target genes were 

T
 method. RPLP0 served as endogenous control for normalization and Scr shRNA-infected cells 

performed using paired student’s t-test. (**p<0.005; *p<0.05).
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and/or RB1 target genes [25-28], a notion sustained by 

the observed re-expression upon RB1 knockdown (Figure 

4). Others however, and in particular some of the genes 

upregulated upon TA.shRNA application (e.g. PLAUR, 

FGFR3, TIMP3) do not belong to the well established 

RB1 target genes. Nevertheless, re-expression upon RB1 

knockdown suggests that these genes are at least indirectly 

regulated by RB1 in WaGa. Importantly, the observation 

that expression of every gene differentially expressed upon 

TA knockdown could be reversed by RB1 knockdown 

further supports that RB1 inactivation is the predominant 

function of truncated MCPyV-LT in MCC cells.

MCPyV-LT preferentially interacts with RB1

rescue MCPyV-TA knockdown induced growth inhibition 

of MCPyV-positive MCC cells is surprising for two 

reasons. First, redundant functions of the PPs have been 

shown in many aspects, (e.g. unrestricted growth of 

pocket proteins [29]) and second, the related SV40-LT  

has been demonstrated to be capable of binding and 

inhibiting all three pocket proteins [30, 31]. Since the 

binding capacity of MCPyV-LT to RB1 is established [12, 

32], we wondered whether MCPyV-LT can also bind to 

p107 and p130. Hence, transient co-expression of His-

tagged versions of the three pocket proteins and V5-tagged 

SV40-LT or MCPyV-LT278 in 293T cells was followed by 

immunoprecipitations with an anti-His-tag antibody. As 

expected, SV40-LT co-immunoprecipitated with all three 

pocket proteins. In contrast, MCPyV-LT278 demonstrated a 

selective binding to RB1 (Figure 5a).

MCPyV-LT fails to inhibit functionality of p107 

and p130

A lack of co-immunoprecipitation cannot formally 

proof the absence of interaction between two proteins. 

We thus analyzed next whether MCPyV-LT is able 

to functionally interfere with the PPs. To address this 

question in a model system that allows unequivocal 

distinction of the different PPs, we utilized mouse 

Figure 4: Overlap of genes regulated by MCPyV-TA and RB1 in MCC cells. TA-shRNA was expressed in WaGa cells stably 

transduced with either empty vector, vector coding for MCPyV-TA, a Scr-shRNA vector or an RB1-shRNA construct. After 5 days LT 

and RB1 protein levels were analyzed by immunoblot, and mRNA expression levels of 245 cancer related genes were analyzed using 

the NanoString nCounter™ gene expression system [24]. 90 genes were excluded from further analysis due to very low expression. The 

absolute expression values of the remaining 155 genes were normalized to the mean value of the 6 house keeping genes. Depicted are the 

relative mRNA expression levels, i.e. TA-shRNA expressing cells relative to their controls, of the 21 genes displaying a more than two fold 

change in the empty vector and the Scr-shRNA cells.
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three PP genes have been knocked out (MEF-TKO) [29] 

engineered for Dox-inducible expression of MCPyV-

LT278 (Figure 5b). Ectopic expression of p107, p130 or 

RB1 in these cells (Figure 5b and Supplementary Figure 

S1) led to a partial cell cycle arrest (Figure 5c and 5d) 

as well as to reduced expression of the E2F target genes 

MYBL2, CCNB1 and MKI67 (Figure 5e). Upon induction 

of MCPyV-LT RB1-induced cell cycle arrest and gene 

did not affect the p107- and p130-induced effects (Figure 

5c and 5d).

DISCUSSION

The causal relation between MCPyV and MCC 

is widely accepted [33]. In this regard, although one 

study suggested that MCPyV is present in all MCCs [9], 

several other investigations imply that the entity MCC – 

MCPyV-positive and MCPyV-negative cases [34-38]. 

Due to discrepancies in some of these reports it is not yet 

clear if the presence of the viral genome impacts clinical 

outcome of the disease. However, concerning molecular 

Figure 5: Preferential binding and inactivation of RB1 by MCPyV-LT a. Co-immunoprecipitation. His-tagged PPs were co-

expressed with V5-tagged MCPyV-LT278 or SV40-LT in 293T cells. After 24 hours RB1 was immunoprecipitated with a His-tag-antibody. 

Co-immunoprecipitation of the LT proteins was analyzed by immunoblot using a V5-antibody. b, c and d. PP triple knockout mouse 
278. His-tagged versions 

are displayed. e. Relative expression levels of the indicated E2F target genes were determined by real-time PCR. muRPL37 served as 

were performed using paired student’s t-test. (***p<0.0005; **p<0.005; *p<0.05).
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differences, several recent sequencing studies consistently 

reported that MCPyV-negative MCCs in contrast to 

MCPyV-positive cases are characterized by frequent 

deletions/mutations of the RB1 gene [39-41]. Thus, 

RB1 inactivation seems to be an essential step in MCC 

development with inactivation occurring either genetically 

or in MCPyV-positive tumors by expression of a truncated 

LT with a generally preserved RB binding site [12, 13]. In 

the related SV40-LT this binding site contributes to LT’s 

capability to inactivate all three pocket protein members, 

i.e. RB1, p130 and p107 [42].

MCPyV-LT, however, seems to discriminate 

between the different PPs. This is supported by our co-

IP experiments in 293T cells as well as our functional 

data derived from co-expression of PPs and MCPyV-

LT in triple PP knockout cells. We observed preferential 

binding of MCPyV-LT to RB1 compared to the two other 

PP family members, and demonstrated also a differential 

capability to interfere functionally with the different PPs. 

Indeed, co-expression of truncated MCPyV-LT can reverse 

cell cycle arrest and E2F target gene expression induced 

by RB1, but not the effects induced by p107 or p130 in 

MEF-TKO cells. This restricted interaction capacity with 

PPs distinguishes MCPyV-LT from LTs encoded by other 

polyomaviruses. Indeed, SV40-LT has the potential to 

abrogate RB1- as well as p130- and p107-induced gene 

repression and cell cycle arrest in RB1-/- Saos cells [43]. 

Moreover, also LT proteins from the human JC and BK 

polyomaviruses have been demonstrated to bind to all 

three PPs [44, 45]. Interestingly JC-LT exhibits the highest 

[45].

The observed preferential binding of RB1 by 

MCPyV-LT further expands the list of described 

differences such as that i) LT from MCPyV does not 

contrast to e.g. SV40 (Shuda et al., 2011) and ii) MCPyV-

LT lacks a CKII consensus sequence at an important 

phosphorylation site which is present in SV40 and all 

human polyomaviruses harbouring an RB1 binding site 

(Schrama et al., 2015). Differences between LT from 

assignment to different phylogenetic clades with MCPyV 

grouping with polyomaviruses found in chimpanzee, 

gorilla and bats [46].

In contrast to the many cellular interaction partners 

described for the well-studied SV40-LT [42], the number 

RB1, HSC-70, Brd4 and Vam6p, is limited [12, 47-49]. 

in the natural tumor host cells MCPyV inactivation of 

RB1 appears to be the predominant and in some MCC cell 

lines the only essential function of MCPyV-LT to support 

growth of these cells. Indeed, knockdown of RB1 led in 

the tested MCPyV-positive MCC cell lines to a rescue 

of LT-knockdown-induced E2F target gene repression 

and more importantly, to a reversion of LT-knockdown-

induced cell growth inhibition. The importance of the 

RB1-LT interaction is further sustained by a recent report: 

revealing that the overwhelming majority of MCPyV-LT 

induced gene expression alterations require the intact 

LxCxE binding motif [50].

restricted but important interaction of MCPyV-LT with 

is up to now the only studied MCPyV-positive MCC cell 

line not depending on expression of the viral LT protein 

despite the presence of an MCC-typical LT mutation 

preserving the RB binding motif. This suggests that LT 

and the RB-binding domain were required at some point 

during carcinogenesis [21]. The observed homozygous 

loss of the RB1 gene in LoKe cells seems to render them 

independent of MCPyV-LT expression. The expression 

of wild type p107 and p130 in LoKe thus implies that 

inactivation of RB1 – but not the two other PPs – is an 

essential function of MCPyV-LT in MCC cells. Assuming 

equivalent molecular mechanisms in all MCCs, this is in 

line with the fact that inactivation of p107 and p130 in 

MCPyV-negative MCCs has not been reported [39, 40, 

51]. Indeed, neither homozygous deletion/mutation of 

p107 and p130 nor mutation/copy number variations of 

upstream factors like p16INK4A, CDK4 or Cyclin D – which 

are common features of many tumor types [52] – have 

been described.

Regarding the molecular history of the MCPyV-LT-

independent MCPyV-positive cell line LoKe co-presence 

of RB1 and MCPyV-LT in a portion of the neoplastic 

cells of the respective primary MCC tumor suggests that 

integration of MCPyV into the genome of the tumor cells 

preceded homozygous loss of RB1.

Although being essential for growth of established 

RB1 expressing MCC cells the role of MCPyV-LT in 

In contrast to SV40-LT, MCPyV-LT is not transforming 

been demonstrated only for MCPyV-sT so far, and could 

not be enhanced by MCPyV-LT [53]. In accordance, 

MCPyV-TA cannot induce a fully malignant phenotype 

in mouse models [54]. Fibroblast transformation in 

vitro, as well as induction of hyperproliferative lesions 

in mouse models by MCPyV-sT has been demonstrated 

to be dependent on a region called the LT stabilization 

domain, which is mediating the inhibition of different E3 

ligases. Inactivation of protein phosphatase A the major 

function of SV40-sT seems not to be relevant [53, 55, 56]. 

Therefore, our observation that MCPyV-LT in contrast 

to SV40-LT - besides not binding p53 directly [32, 57] - 

discriminates between the different pocket proteins adds 

only one more piece to the puzzle of distinct features of 

these two oncogenic polyomaviruses.

These differences between SV40-LT and MCPyV-

LT certainly contribute to their transforming capacity. In 
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this regard, in some cellular systems inactivation of all 

three PPs is required to allow unrestricted growth [29]. 

Accordingly, many tumors require a broad disruption of 

the PP/E2F pathway by e.g. activation of cyclin-dependent 

kinases or inactivation of cyclin dependent kinase 

inhibitors [14]. MCC, however, seems to belong to a group 

of tumors, like small cell lung cancer and retinoblastoma 

tumor formation [52, 58]. The limited ability of MCPyV-

LT to interfere with p107 and p130 may, therefore, account 

for a limited subset of cell types being transformable by 

MCPyV. Besides other factors (e.g. virus tropism) this 

may contribute to the fact that only the rare MCC and 

some subsets of chronic lymphocytic leukemia [59, 60] 

have been reported to be associated with this omnipresent 

virus. Finally, our data suggest that inactivation of RB1 is 

the only crucial function of MCPyV-LT to support growth 

of MCC cells.

MATERIALS AND METHODS

Ethics statement

This study was conducted according to the principles 

of the Declaration of Helsinki and analysis of patient 

derived samples was approved by the Institutional Review 

Board of Würzburg University Hospital (Ethikkommission 

der Medizinischen Fakultät der Universität Würzburg; 

sequential study number 124/05).

Cell culture

The cell lines analyzed in this study include the 

MCPyV-positive MCC cell lines LoKe [21], PeTa [61], 

WaGa, BroLi, MKL-2 (all described in [10]) and MKL-1 

[62] as well as the triple PP knock out mouse embryonic 

for lentivirus production and for co-immunoprecipitation 

assays. All cell lines were grown in RPMI 1640 

supplemented with 10% FCS, 100 U/ml penicillin and 

0.1 mg/ml streptomycin. MEF-TKO cell were directly 

obtained from the lab were the cells were generated and 

characterized [29] and were not passaged for more than 

6 months. All MCC cell lines as well as the HEK-293T 

the MCC cell lines are routinely checked by sequencing 

for the presence of the characteristic Large T truncating 

mutations, which lead to a distinct molecular weight of the 

protein detectable by immune blotting (Figure 1).

Vectors

For inducible knockdown of MCPyV-LT, we 

used the lentiviral single vector TA.shRNA.tet allowing 

constitutive GFP expression and Doxycycline (Dox)-

inducible expression of an shRNA targeting all transcripts 

derived from the MCPyV early region [11]. For constitutive 

knockdown shRNA sequences targeting RB1, p107 or p130 

(see Supplementary Table S1) were cloned into the lentiviral 

vector pGreenPuro. For Dox-inducible LT expression we 

used the two vector system Lenti-X Tet-On-3G (Clontech) 

with the cloning vector pLVX-Tre3G-IRES allowing 

inducible expression of two cDNAs from an internal 

ribosomal entry site (IRES)-containing transcript. Truncated 

MCPyV-LT278 was cloned into the cloning site preceding the 

IRES and GFP was inserted downstream of the IRES.

Lentiviral infection

Lentiviral supernatants were produced in HEK293T 

cells using three (pRSV rev, pHCMV-G and pMDLg/

pRRE) helper plasmids. Harvested virus supernatant 

cells were washed twice with medium and subjected to 

antibiotic selection.

Mixed cell culture assay

Constitutive GFP expression from the TA.shRNA.

tet construct was used to compare the growth behavior of 

double-infected and uninfected cells: TA.shRNA.tet cells 

were mixed with approximately 20% of untransduced 

cells, and changes in the frequency of GFP-positive 

time.

Cell cycle analysis

Real time PCR

Total RNA was isolated with peqGOLD Total RNA

Kit (PeqLab) and reverse transcribed using the Superscript 

II RT First Strand Kit (Invitrogen). Real time PCR was 

conducted in the ABI 7500 Fast Real-Time PCR cycler 

(Applied Biosystems) using a SYBR Green I Low Rox 

Mastermix (Eurogentec GmbH) and the respective primers 

(Supplementary Table S2). Following a 10 min denaturing 

are given in Supplementary Table S2.

Comparative genomic hybridization

DNA from MCC cell lines was hybridized to 

Affymetrix SNP 6.0 arrays, and data analysis was carried 

out with the Bioconductor package “copynumber”. 

Microarray data has been deposited at Gene Expression 

Omnibus (GSE73879).
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Immunohistochemistry

previously described [11] with an antibody targeting RB1 

(G3-245; BD Pharmingen).

NanoString nCounter™ gene expression analysis

100 ng total RNA were subjected to hybridization 

with the Nanostring Cref Kit (Cancer-Kit) containing 

probes for 245 cancer related gene products and the 

mRNAs of 6 house keeping genes. Following nCounter 

digital reading the values were normalized to the mean 

value of the house keeping genes.

Immunoblotting

Immunoblotting was performed as previously 

described [11] The primary antibodies used in this study 

were directed against RB1 (G3-245; BD Pharmingen), 

p107 (sc-318; Santa Cruz), p130 (sc-317; Santa Cruz) 

MCPyV-LT (CM2B4; Santa Cruz), the V5 tag (SV5-Pk1; 

(TUB 2.1; Sigma-Aldrich).

Co-immunoprecipitation

293T cells were co-transfected with expression 

constructs coding for 6xHis tagged PPs and V5-

tagged MCPyV-LT278 or V5-tagged SV40-LT. 24 hours 

after transfection cell lysates were harvested and Co-

Immunoprecipitation was performed as recently described 

[63].

Statistics

Student t test was performed with GraphPad Prism 

5.03 software.
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a b s t r a c t

In patients with BRAF-mutated melanoma specific inhibitors of BRAFV600E and MEK1/2 frequently induce

initial tumor reduction, frequently followed by relapse. As demonstrated previously, BRAFV600E-inhibi-

tion induces apoptosis only in a fraction of treated cells, while the remaining arrest and survive providing

a source or a niche for relapse. To identify factors contributing to the differential initial response towards

BRAF/MEK inhibition, we established M14 melanoma cell line-derived single cell clones responding to

treatment with BRAF inhibitor vemurafenib and MEK inhibitor trametinib predominantly with either cell

cycle arrest (CCA-cells) or apoptosis (A-cells). Screening for differentially expressed apoptosis-related

genes revealed loss of BCL2-Interacting Killer (BIK) mRNA in CCA-cells. Importantly, ectopic expression

of BIK in CCA-cells resulted in increased apoptosis rates following vemurafenib/trametinib treatment,

while knockdown/knockout of BIK in A-cells attenuated the apoptotic response. Furthermore, we

demonstrate reversible epigenetic silencing of BIK mRNA expression in CCA-cells. Importantly, HDAC

inhibitor treatment associated with re-expression of BIK augmented sensitivity of CCA-cells towards

vemurafenib/trametinib treatment both in vitro and in vivo. In conclusion, our results suggest that BIK

can be a critical mediator of melanoma cell fate determination in response to MAPK pathway inhibition.

© 2017 Elsevier B.V. All rights reserved.

Introduction

Somatic mutations in the BRAF gene rendering the protein

constitutively active occur in approximately 50% of cutaneous

malignant melanoma [1]. In this regard, targeting mutant BRAF and

the downstream kinase MEK has become one pillar of today's

standard of care for patients with advanced BRAFV600 mutated

melanoma [2]. However, although most patients initially respond

with rapid and significant tumor regression, not all tumor cells are

eliminated and residual tumors frequently relapse [3]. In accor-

dance, preclinical models demonstrated that BRAF inhibition in-

duces cell death in only a subset of tumor cells while others persist

in a growth-arrested state [4,5]. These surviving tumor cells pro-

vide a potential threat for the organism, as they can cause tumor

relapse either by acquiring resistance [6,7] or by contributing to a

pro-tumorigenic milieu through therapy-induced alterations of the

secretome [8]. Therefore, incomplete melanoma cell death in

response to inhibition of BRAF/MEK signaling is a key factor

limiting therapeutic success.

Persistent tumor cell survival is frequently associated with

aberrant apoptosis signaling [9]. In this respect, two major

apoptosis mediating pathways have been described: the extrinsic

death receptor and the intrinsic mitochondria mediated pathway

regulated by members of the B-cell lymphoma (BCL)2 protein

family [10]. The BCL2 family can be subdivided into three groups: i)

the pro-apoptotic “activator or sensitizer” BCL2 homology domain

3-only (BH3-only) proteins (BIM, BIK, BAD, BID, HRK, BMF, NOXA

and PUMA), which interact with and inhibit the ii) anti-apoptotic

family members (BCL2, BCL-xL, BCL-w, BFL-1 and MCL-1) that in
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turn functionally repress the iii) pro-apoptotic effectors BAK and

BAX. The latter initiate apoptosis by mediating cytochrome C

release from the mitochondria [10,11].

For BRAFV600 mutant melanomas it has been proposed that the

intrinsic apoptosis pathway is suppressed by active BRAF signaling,

which inhibits the expression of the BH3-only protein BCL2 inter-

acting mediator of cell death (BIM) [12]. Consequently, inhibition of

BRAFV600 mutant signaling induces upregulation of BIM and

thereby melanoma cell apoptosis [13,14].

The current study addresses the question which factor de-

termines pro-apoptotic cell fate in the melanoma cells upon

BRAFV600 inhibition. To this end, we analyzed single cell clones

responding to BRAF or combined BRAF/MEK inhibition either pre-

dominantly with apoptosis (A-cells/clones) or with cell cycle arrest

(CCA-cells/clones). We identify BCL2 Interacting Killer (BIK) as

differentially expressed in apoptotic versus arresting responders,

and provide evidence that epigenetic silencing of the BIK gene can

contribute to failed cell death induction upon inhibition of BRAF

signaling in BRAFV600 mutant melanoma. Indeed, HDAC inhibition

triggers re-expression of BIK and sensitizes CCA-cells to BRAF/MEK

inhibition in vitro and in vivo.

Material & methods

Cell culture

All cell lines [4,15] used in this study were derived from ATCC and routinely

tested for mycoplasma. Cells were cultivated in RPMI 1640 supplemented with 10%

FCS, 100 U/ml penicillin and 0.1 mg/ml streptomycin. For colony formation analysis

the cells were washed with PBS and fixed using ice-cold methanol for 10 min on ice,

washed again and stained for 10 min with Gram's crystal violet solution (Merck).

Cell cycle analysis

Cells were fixed for 24 h using ice-cold ethanol, treated with a propidium iodide

solution (PBSþ 1% FCSþ 0.1 mg/ml propidium iodideþ 0.1 mg/ml RNAse A) at 37 "C

for 1 h and immediately analyzed by flow cytometry.

MTS assay

The CellTiter 96®Aqueous One Solution Cell Proliferation Assay Kit (Promega)

was used according to manufacturer's instructions.

Real time PCR

Total RNA was isolated using the peqGOLD Total RNA Kit (PeqLab) and reverse

transcribedwith the Superscript II RT First Strand Kit (Invitrogen). Real time PCRwas

performed in the ABI 7500 Fast Real-Time PCR cycler (Applied Biosystems) by using

a SybrGreen I Low Rox Mastermix (Eurogentec GmbH) and the respective primers

for BIK (fw: 5-TCT TGA TGG AGA CCC TCC TGT-3 and rv: 5- CAA GAA CCT CCA TGG

TCG GG-3) and GAPDH (fw: 5-GCC CAA TAC GAC CAA ATC C-3 and rv: 5-AGC CAC ATC

GCT CAG ACA C-3). Relative expression was calculated using the DD-CT method. The

RT2 Profiler PCR-Array (PAHS-012Z, Qiagen) was used according to manufacturer's

instructions.

Immunoblotting

Analysis of protein expression by immunoblots was performed as previously

described [16], and the primary antibodies used in this study are listed in

supplementary table 1.

Ectopic BIK expression

A BIK cDNA amplified from pTRE-Nbk [17] was cloned into the lentiviral pcDH

Vector (SBI) coding also for GFP. Lentiviral infection was carried out as described

previously [16], and stably transduced cell lines were selected by fluorescence

activated cell sorting (FACS).

BIK knockdown/knockout

BIK (s1989) and control siRNA were purchased from Ambion®/Life Technolo-

gies™ and transfected at 50 nM using TurboFect™ Transfection Reagent (Thermo

Fisher). Plasmids sc-401751 (coding for Cas9 and the BIK guide RNA) and sc-401751-

HDR (allowing homology directed repair mediated introduction of a red fluores-

cence protein (RFP) and a puromycin resistance into the BIK gene), were purchased

from Santa Cruz and double transfected with UltraCruz™ Transfection reagent (sc-

395739) according to manufacturer's instructions. Following puromycin selection,

FACS was used additionally to select for RFPhigh cells.

Mixed cell culture assay

GFP or RFP expression in pCDH or sc-401751-HDR-infected cells was used to

determine changes in the ratio of infected and parental uninfected cells inmixed cell

cultures by flow cytometry.

Chromatin-immunoprecipitation (ChIP)

Acetylation of the BIK promoter was analyzed by ChIP followed by real time PCR.

To this end, we used the SimpleChIP Plus Enzymatic Chromatin IP Kit (Cell Signaling)

according to the manufacturer's instructions. The antibodies applied for IP were

targeting Histone H3 (clone D2B12; Rabbit mAb; Cell Signaling) and Histone H3

acetylated on Lysine 9 (H3K9Ac) (clone 1B10; mouse mAB; ActiveMotif). The primer

sets used to quantify the co-precipitated BIK promoter are given in supplementary

figure S5.

Xenotransplantation

For tumor induction, 5 # 106 M14 cells (clone #1 and #4) suspended in PBS

supplemented with 50% BD Matrigel™ Basement Membrane Matrix (BD Bio-

sciences, Heidelberg, Germany) were injected s.c. into each lateral flank of 6 weeks

old Balb/C Nu mice (one clone on the left, one on the right). The size of the tumor

was measured every three days. When the tumors reached a volume of around

100 mm3 (day 30 after cell injection), the mice were randomly divided into two

groups (n¼ 5): Vem/Tra group (mice injected intraperitoneally with Vem/Tra daily),

Vem/Tra/FK228 group (mice injected intraperitoneally with Vem/Tra/FK228 daily).

For further analysis subcutaneously grown tumors were surgically removed. Animal

experiments were performed in compliancewith FourthMilitary Medical University

animal protection guidelines and were approved by local government authorities.

Results

Single cell melanoma sub-lines with differential response to MAPK

pathway targeting

This study was based on the concept that molecular differences

determining the cell death or cell cycle arrest response of

BRAFV600 E/Kmelanoma cells uponMAPK pathway inhibition can be

identified by analyzing differentially responding single cell clones

from a heterogeneously responding cell line. For this approach we

chose M14 as a BRAFV600E mutated melanoma cell line because cell

cycle analysis of 11 different melanoma cell lines revealed both, a

G1 arrest as well as a substantial increase in sub-G1 for M14 cells

after 4 days treatment with the BRAFV600E inhibitor vemurafenib

(Vem) or the MEK inhibitor trametinib (Tra) (supplementary

Fig. S1). Following establishment of M14 single cell sub-lines, two

clones were identified (#2 and #4, marked by red boxes in the

figures) which responded with cell cycle arrest (Fig. 1A) rather than

cell death upon treatment with Vem or combined treatment with

Vem/Tra (Fig. 1B and C). The reduced inhibitor induced cell death of

clones #2 and #4 was further confirmed by lactate dehydrogenase

release assay (supplementary Fig. S2A). In comparison to these

arresting clones, we included in further analyses two single cell

clones (#1 and #3) with relatively high sub-G1 fractions after four

days of Vem or Vem/Tra treatment (Fig. 1AeC). These early differ-

ences between arresting and apoptotic clones were not transient

but translated into increased long term survival of clones #2 and #4

evident in MTS assays performed after 8 weeks of Vem treatment

(Fig. 1D). Moreover, while the surviving cells of the arresting clones

#2 and #4 bore the potential to form colonies after Vem removal,

the surviving cells of the apoptotic clones lacked colony formation

capability (supplementary Fig. S2D).

Drug resistance of melanoma cells can be associated with a slow

cycling phenotype [18,19]. Comparison of the proliferation rates of

the four single cell clones and the parental M14 cells did, however,

not reveal any significant differences (supplementary Fig. S2B). To

evaluate whether lack of cell death following MAPK pathway in-

hibition of the arresting clones is due to a general apoptotic defect,

we determined death rates after puromycin treatment. The

observed similar sensitivity of all clones (supplementary Fig. S2C)
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indicates that the differential apoptotic response of the M14 sub-

lines upon MAPK pathway inhibition is specific.

Low BIK mRNA expression in M14 sub-lines arresting upon MAPK

pathway inhibition

To identify molecules involved in the hampered cell death

response of the arresting clones, we analyzed gene expression us-

ing a qPCR array covering 84 apoptosis related genes. While most of

the analyzed genes and in particular most BCL2 family members

were equally expressed, BIK/NBK RNA levels in the CCA-clones #2

and #4 were clearly lower than in the A-clones #1 and #3 (Fig. 2A).

This observation was confirmed by quantitative real-time PCR

(Fig. 2B).

The discrepancy of BIK expression translated also to the protein

level: Immunoblot analysis revealed the presence of BIK protein in

the A-clones #1 and #3 and the parental M14 cells, and almost no

expression in the CCA-clones #2 and #4. Surprisingly, however,

long film exposure was necessary to detect BIK expression sug-

gesting low protein levels (Fig. 2C). This may be due to BIK being

downregulated through proteasomal degradation [20,21]. Indeed,

BIK levels were highly elevated in apoptotic clones and the parental

M14 cells by a 24 h treatment with the proteasome inhibitor bor-

tezomib, indicating a fast BIK turnover in these cell lines (Fig. 2D).

In contrast, BIK expression could not be induced by bortezomib in

the CCA-clones #2 and #4, further demonstrating BIK protein

deficiency in these cells (Fig. 2D). Furthermore, immunoblot anal-

ysis revealed that reduced pERK levels upon BRAF/MEK inhibition

were associated with decrease of procaspase 9 levels and subse-

quent cleavage of effector caspase 3 only in the A-clones #1 and #3

and the parental M14 (Fig. 2B). Largely treatment-independent

expression of the anti-apoptotic BIK targets BCL2 and BCL-X(L)

[22] and of the executor Bcl-2 family pro-apoptotic proteins Bax

and Bak was observed in all clones. In contrast, BIMEL and PUMAa/b

which have been demonstrated to be essential for apoptosis upon

MAPK pathway inhibition in melanoma [12,23,24], demonstrated

increased protein expression upon Vem/Tra treatment (Fig. 2C).

However, given the comparable induction of BIMEL and PUMAa/b in

all clones, this mere induction is not sufficient to induce apoptosis

in CCA-clones #2 and #4.

MAPK pathway inhibition selects for BIKlow cells in different

BRAFV600 E/K melanoma cell lines

To explore whether BIK expression contributing to the decision

between arrest and death uponMAPK pathway inhibition is limited

to M14 cells or generally observable in BRAF mutant melanoma cell

lines, we extended our analyses to nine BRAFV600E and one

BRAFV600K (FM88) melanoma cell lines. BIK mRNA expression was

detectable in all ten analyzed melanoma cell lines. BIK protein

Fig. 1. M14 derived single-cell clones preferentially responding with either apoptosis or cell cycle arrest to MAPK-pathway inhibition. A: After four days of treatment with

vemurafenib (5 mM) or trametinib (10 nM) parental M14 cells or selected single-cell clones were subjected to cell cycle analysis. B: Exemplary cell cycle profiles of at least 3 in-

dependent experiments after 72 h of combined Vem/Tra treatment. C: The cells were treated for the indicated time with the Vem/Tra combination and DNA content was determined

by flow cytometry. D: Following eight weeks of Vem-treatment, the relative number of the surviving cells was analyzed in MTS assays after one week of standard cultivation

(normalized to Clone #3; 96-wells with 20.000 cells at start). A, C and D: (n % 3, mean ± SD, Students t-test, unpaired, A and C compared to parental M14, two-tailed, *p < 0.05;

**p < 0.01; ***p < 0.001).
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levels, however, were low, but inducible by proteasomal inhibition

in eight lines and the level of induced protein correlated with

mRNA expression (Fig. 3A and B). Next, we analyzed the induction

of sub-G1 cells upon Vem/Tra in the ten melanoma cell lines

(Fig. 3C), and statistical analysis revealed a significant correlation

between BIK mRNA expression and apoptosis rates (p ¼ 0.041;

R2
¼ 0.4235; Fig. 3D). To further confirm involvement of BIK in cell

fate decision upon MAPK pathway inhibition, we analyzed the

surviving cells after separation from dead cells following four days

of Vem/Tra treatment. We hypothesized that in a heterogeneous

cell population BIKhigh cells would be preferentially killed, and

indeed, we observed moderate to near complete reduction of BIK

protein in all eight BIK expressing melanoma cell lines after Vem/

Tra treatment (Fig. 3E and supplementary Fig. S3).

Ectopic BIK expression increases while BIK knockdown/knockout

reduces the apoptotic response towards MAPK pathway inhibition

In order to formally prove the impact of BIK expression on cell

fate decision, BIK was ectopically expressed in the CCA-clones #2

and #4 as well as in the MDA-MB 435 cell line by lentiviral trans-

duction. MDA-MB 435 also lacks endogenous BIK expression and

demonstrates only a minor cell death response upon Vem/Tra

treatment (Fig. 3AeC). Immunoblot analysis confirmed effective BIK

expression in the transduced and GFP-sorted cells (Fig. 4A) which,

under standard cultivation conditions, had very little or no effect on

apoptosis or proliferation rate (supplementary Fig. S4A and B). In the

presence of Vem/Tra, however, the BIK overexpressing cells

demonstrated elevated fractions of apoptotic sub-G1 cells (Fig. 4B).

Moreover, relative loss of BIK overexpressing cells in mixed cell

cultures with the corresponding parental cells indicates increased

sensitivity towards MAPK pathway inhibition (Fig. 4C).

Vice versa, we performed siRNA knockdown of BIK in the BIKhigh

A-clones #1 and #3 as well as in the parental M14 cells and in

FM88 cells (Fig. 5A). BIK knockdown in these cells resulted in

reduced induction of sub-G1 cells compared to cells transfected

with a control scrambled siRNA upon Vem or Vem/Tra treatment

(Fig. 5B).

As a separate control, we also performed CRISPR/CAS9mediated

BIK gene knockout in all cell lines with predominant apoptotic

response towards Vem/Tra treatment, according to our previous

results (Fig. 3C). The resulting loss of bortezomib inducible BIK

protein expression was associated with reduced induction of

apoptosis upon Vem or Vem/Tra treatment in 5 out of 7 investi-

gated cell lines (Fig. 5C and D). Furthermore, most of BIK knockout

A-cells accumulated relative to the BIK-positive parental cells upon

Vem/Tra treatment (Fig. 5E left). In contrast, BIK knockout in CCA-

cell lines lacking intrinsic BIK expression (Clone #2, #4 and MDA-

Fig. 2. Lack of BIK expression in M14 single cell clones with diminished apoptosis upon MAPK pathway inhibition. A: Relative mRNA expression (each mRNA normalized to the

lowest value) of BCL2 family members after 24 h with and without Vem/Tra (5 mM/10 nM) using the RT2 Profiler PCR-Array. B: relative BIK mRNA expression analyzed by qRT-PCR

(n % 3, mean ± SD). Clone #2 served as calibrator and GAPDH as housekeeping gene. C: Immunoblot analysis probing the indicated apoptosis-associated proteins in whole cell

lysates derived from cells cultured for 72 h in the absence or presence of Vem/Tra (long exposure of the film in case of BIK). D: Analysis of BIK expression by immunoblot in

bortezomib (24 h; 2.5 mM) treated cells (short film exposure).
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MB 435) did not affect sensitivity towards MAPK pathway inhibi-

tion (Fig. 5E right). In summary, BIK overexpression and knock-

down/knockout experiments suggest a substantial contribution of

BIK in mediating MAPK pathway inhibition induced cell death in

several BRAF mutated melanoma cell lines with loss of BIK

expression shifting the response towards survival.

De-repression of BIK expression by HDAC inhibition

Since sequencing analysis did not reveal any reason for sup-

pressed BIK expression in M14 Clones #2 and #4 (data not shown),

we hypothesized that this was due to epigenetic modifications. In

this regard, silencing of gene expression can be mediated by

histone deacetylases (HDACs) as acetylation of lysine residues in

histones is an important mechanism stimulating expression of the

respective genes [25]. Hence, we performed experiments applying

the HDAC inhibitor Romidepsin (FK228) to explore whether HDACs

are involved in BIK repression in the BIKlow CCA-cell lines. Chro-

matin Immunoprecipitation followed by real time PCR demon-

strated elevated H3K9 acetylation in the BIK promotor region upon

treatment with FK228 (Fig. 6A and supplementary Fig. 4). In line

with increased promoter acetylation we observed FK228-induced

elevated BIK mRNA levels - in particular in the BIKlow CCA-cell

lines (M14 Clones #2 and #4 as well as MDA-MB 435) (Fig. 6B) -

which resulted in increased BIK protein levels in all analyzed cell

lines (Fig. 6C). Moreover, FK228 was not only cytotoxic as single

Fig. 3. MAPK pathway inhibition of BRAF mutant melanoma cells selects for reduced BIK expression. A: qRT-PCR: relative BIK mRNA expression in the indicated BRAF-mutant

melanoma cell lines with LoxIMV1 as calibrator and GAPDH as housekeeping gene. Mean values (þ/& SD) of six independent experiments. B: Immunoblot analysis of cell lysates

harvested after 24 h in the presence or absence of bortezomib (2.5 mM). C: Following 48 h of Vem/Tra (5 mM/10 nM) treatment the DNA content was measured by flow cytometry.

Depicted is the increase of the sub-G1 population (%sub-G1 Vem/Tra - %sub-G1 control) (n % 3, mean ± SD). D: Linear regression of BIK expression and Vem/Tra induced sub-G1

fraction (based on data presented in A and C) (p ¼ 0.041; R2
¼ 0.4235). E: Following four days in the presence or absence of Vem/Tra, the surviving cells were collected and treated

with bortezomib for 24 h and then analyzed by immunoblot for BIK expression.
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agent treatment, but also increased the apoptotic response of CCA-

cells upon Vem/Tra treatment (Fig. 6D), indicating that FK228

sensitized BIK-negative cells for Vem/Tra therapy.

HDAC inhibition increases efficacy of BRAF/MEK inhibition against

BIKlow xeno-transplanted tumors

Next, we performed xeno-transplantation experiments to test if

our in vitro observations can be confirmed in the in vivo setting. To

this end, BIKlow and BIKhigh tumors were induced in nude mice by

simultaneously injecting M14 clone #4 and clone #1 cells, in the

right and left flank, respectively. Upon treatment with Vem/Tra, the

BIKhigh tumor clone #1 shrank significantly faster than the of BIKlow

tumor clone #4 (Fig. 6E).Whenmicewere additionally treated with

the HDAC inhibitor FK228, however, tumor burden of BIKlow tumors

was significantly decreased compared to Vem/Tra only treatment.

Indeed, therapeutic efficacy as determined by tumor volume

decrease of Vem/Tra/FK228-treated BIKlow tumors was in the same

range as for Vem/Tra or Vem/Tra/FK228 treated BIKhigh tumors

(Fig. 6E).

Discussion

The major problem of current targeted therapy for patients with

BRAFV600 mutant melanoma is the occurrence of inhibitor resistant

tumors after an initial, distinct reduction in tumor mass [26,27]. In

this respect, several molecular mechanisms rendering BRAFmutant

melanoma cells insensitive towards BRAF and/or MEK inhibition

have been uncovered [6,7,28]. However, not only acquired or pre-

existing resistance contributes to relapse, but also incomplete

killing of the inhibitor sensitive tumor cells has been demonstrated

to support outgrowth, dissemination and metastasis of drug-

resistant cancer cell clones [8]. Indeed, often a fraction of

inhibitor-sensitive BRAF mutant melanoma cells survive inhibition

of MAPK pathway signaling in a cell cycle-arrested, senescence-like

state, while the remaining cells undergo apoptosis [4,5,8,27]. Here

we identified the pro-apoptotic BCL2 family member BIK as a

protein involved in this cell fate decision with epigenetic silencing

of BIK supporting survival of RAF/MEK inhibitor treated melanoma

cells.

BIK is a protein predominantly found at the ER where it can bind

and inhibit anti-apoptotic BCL2 and BCL-X(L), leading to subse-

quent activation of BAX, triggering Ca2þ release from the ER that

enhances cytochrome c liberation from the mitochondria and

subsequent caspase 9 cleavage [29e33]. Furthermore, inhibition of

anti-apoptotic MCL-1- a protein implicated in apoptosis deficiency

inmelanoma [34] - has been described [35]. A study in IFNg-treated

airway epithelial cells attributed the role of BIK in cell death to its

ability to inhibit nuclear translocation of ERK1/2 through BH3

mediated interaction with the activated ERK proteins [36].

Fig. 4. Ectopic BIK expression increases the apoptotic response upon MAPK pathway inhibition. The indicated cell-lines were stably transduced with a vector coding either for

GFP or for BIK and GFP. A: BIK protein levels analyzed by immunoblot after 24 h with and without bortezomib (2.5 mM). B: Increase in sub-G1 cells following 72 h of Vem/Tra

treatment as determined by flow cytometry of PI-stained cells (%sub-G1 Vem/Tra - %sub-G1 control) (n ¼ 5). C: GFP expression was used to monitor the response to Vem/Tra (5 mM/

10 nM) in mixed cell cultures with parental cells over time. Relative ratios based in each case on the measurement of the first time point were calculated, and mean values (±SD) of

four independent experiments are depicted. (Students t-test, paired, two-tailed, *p < 0.05; **p < 0.01; in C the areas under the curve were compared).
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Several results obtained in our present study support an impor-

tant function of BIK in cell death induced by ERK1/2 inactivation in

BRAFV600 mutant melanoma cells treated with RAF/MEK inhibitor:

(i) correlation of BIK expressionwith the apoptotic response towards

RAF/MEK inhibition in different BRAFV600 mutant melanoma cell

lines and in particular inM14 derived single cell clones, (ii) preferred

survival of BIKlow melanoma cells upon treatment with RAF/MEK

inhibitors, (iii) increased inhibitor induced apoptosis and reduced

proliferation/cell death rate in cells ectopically expressing BIK and

(iv) reduced apoptotic response and increased proliferation/cell-

death rate of BIK knockdown/knockout melanoma cells. In line

with our findings it has been demonstrated that suppression of BIK

can mediate apoptosis resistance in B-cells, as well as in lympho-

blastoid, renal cell carcinoma and breast cancer cells [37e41].

Although, our data clearly demonstrate a possible role of BIK

loss for reduced apoptotic response upon BRAF/MEK inhibition in

melanoma cells we would like to point out that this does not

exclude that other molecular mechanisms may mediate such an

effect as well. Similarly, several different mechanisms have been

described for adaptive resistance to MAPK pathway inhibition [42].

In contrast to several other cancer cell types where BIK

expression is increased upon death inducing stimuli [43e45], we

did not observe distinct changes of BIKmRNA or protein expression

upon Vem or Vem/Tra treatment in BRAF mutant melanoma cells.

Even flow cytometry analyses of BIK-GFP fusion protein expressing

cells did not reveal an increase in BIK protein expression preceding

inhibitor induced death (data not shown). Therefore, BIK may

either be functionally activated by MAPK pathway inhibition or

basal level expression of BIK is an essential prerequisite for other

induced/repressed factors to trigger apoptosis. Regarding the first

possibility it has been proposed that due to its exposed BH3 domain

BIK is, in contrast to BID, a constitutively active protein [46] while

another study suggested that phosphorylation of BIK is required for

full apoptotic activity, however, without providing evidence that

phosphorylation increases in response to death inducing stimuli

[47]. Furthermore, subcellular localization influencing BIK activity

has been reported [48], and last but not least glucose-regulated

protein 78 (GRP78) has been described to negatively regulate BIK

function through direct interaction [38,49]. Interestingly, GRP78

expression is repressed in BRAFmutantmelanoma cells in response

to vemurafenib [13], which also suggests BIK as a MAPK pathway

inhibition triggered mediator of apoptosis in melanoma.

Regarding the second possibility, i.e. that basal BIK expression is

required for other induced factors to promote apoptosis, the BCL2

family members BIM and PUMA are promising candidates poten-

tially cooperatingwith BIK in cell death induction, similar towhat is

reported for BIK and NOXA [31]. Indeed, BIM and PUMA have been

demonstrated to be both elevated and required for apoptosis upon

MAPK pathway inhibition in melanoma cells [12e14,23,24].

Moreover, we observed induction of BIM and PUMA also in those

Fig. 5. BIK knockdown/knockout reduces the apoptotic response towards MAPK pathway inhibition. A and B: 24 h before subsequent inhibitor treatment the indicated cell

lines were transfected with a BIK or scr siRNA. C and D: BIK knockout in the indicated cell-lines was achieved using CRISPR/CAS9 technology and a selectable donor integrating into

the BIK locus. A and C: BIK knockdown/knockout evaluated by immunoblot analysis of cell lysates harvested following bortezomib treatment (24 h; 2.5 mM). B and D: Reduction of

sub-G1 cells relative to control cells after 48 h Vem (5 mM) or Vem/Tra (5 mM/10 nM) treatment of BIK knockdown (B) or knockout cells (D). Depicted is the mean relative difference

[(Dsub G-1 knockout - Dsub G-1 control)/Dsub G-1 control] of at least three independent experiments. E: RFP expression of the BIK-knockout cells was used to monitor the response

to Vem/Tra in mixed cell cultures with parental cells over time. Relative ratios based in each case on the measurement of the first time point were calculated, and mean values (±SD)

of at least three independent experiments are depicted (n % 3, Students t-test, paired, two-tailed, *p < 0.05; **p < 0.01; ***p < 0.001; in E the areas under the curve were compared).
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cell lines largely lacking inhibitor induced apoptosis as well as BIK

expression (Fig. 2C). Upon ectopic BIK expression, however, Vem/

Tra treatment leads to elevated killing of these cells (Fig. 4) sug-

gesting BIK as a critical co-factor for BIM/PUMAmediated apoptosis

and, vice versa, lack of BIK expression in BRAF mutant melanoma

cells limiting the desired apoptotic response upon MAPK pathway

inhibition (Fig. 5).

De-repression of BIK expression was achievable in our BIKlow

melanoma cell lines by applying an HDAC inhibitor (Fig. 6), sug-

gesting transcriptional repression of BIK due to lack of histone

acetylation. Similarly, epigenetic silencing of BH3-only proteins and

its contribution to acquired resistance has been described for

several tumor entities [50,51] providing part of the rationale for the

potential use of HDAC inhibitors to treat cancer patients. Indeed,

several HDAC inhibitors are tested in clinical trials and some have

already been approved for peripheral and cutaneous lymphoma as

well as for myeloma [52e54]. However, in melanoma, clinical trials

with HDAC inhibitors as monotherapy have failed so far [55,56].

Supporting other pre-clinical studies suggesting combination of

HDAC and MAPK pathway inhibitors for the treatment of BRAF

mutant cancer [57,58] our results presented here suggest that

combination of HDAC inhibitors with MAPK pathway inhibitors

may result in an increased initial apoptosis response possibly

leading to improved long term efficacy.
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Figure S1: Apoptosis and cell cycle arrest induced by Vem or Tra in different melanoma cell

lines. The indicated BRAF mutant cell lines were treated with increasing concentrations of Vem or

Tra. After 4 days, cells were stained with propidium iodide and analysed by flow cytometry.

Decreasing percentages of cells in S and G2 phase relative to (G1+S+G2) indicate a G1 arrest. The

percentage of sub-G1 cells serves as a measure of cell death. Mel Juso was used as BRAF wild-type

control.
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Figure S2: Further characterization of apoptotic and arresting M14 single cell clones. A: Vem or

Tra mediated apoptosis after 4 days measured with the CytoTox 96® Non- radioactive Cytotoxicity

Assay (Promega) according to manufacturers instructions (n=3, mean +/- SD, Students t-test, paired,

two-tailed, *p<0.05; **p<0.01. Each clone compared to correspondingly treated parental M14 cells).

B: Growth rates compared in mixed cell culture assay. Cells were mixed with stably GFP expressing

parental M14 cells and altered growth characteristics of the single cell clones were excluded by

determining the ratio of GFP+/GFP- cells over time. C: Sensitivity to varying concentrations of

puromycin was measured by determining the percentage of propidium-iodide permeable cells after a

72 h treatment by flow cytometry. D: Surviving cells after eight weeks of Vem treatment (from Fig.

1D) of one 96-well were reseeded and cultivated under standard conditions. Crystal Violet staining

was performed after 13 days to analyze the ability to form colonies. Photograph is representative for

three experiments.
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Fig. S3: BIK levels in apoptotic and arresting cells in the course of Vemurafenib/Trametinib

treatment. Immunoblot analysis was performed with whole cell lysates derived from the indicated

cell lines or M14 single cell clones treated with Vem/Tra (5 µM/10 nM) for 0, 1, 2 or 3 days. Prior to

harvesting cells were treated with bortezomib (24 h; 2.5 µM).
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Figure S4: Ectopic BIK expression in the arresting M14 clones and MDA-MB 435 does not affect

growth or background apoptosis under standard conditions: A: The indicated cells either

transduced with empty vector or with a BIK expression vector were fixed and stained by propidium-

iodide and analyzed by flow cytometry for the proportion of sub-G1 cells. B: Ectopically BIK

expressing single cell-lines were mixed with GFP expressing parental cells and altered growth was

excluded by analyzing the ratio of GFP+/GFP- cells over time.
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Figure S5: Chromatin-Immunoprecipitation (ChiP) followed by real-time PCR to demonstrate

that HDAC inhibition leads to increased BIK promoter acetylation. A and B: Sequence of the

different real time PCR primers pairs and their location in the BIK-promoter region C: Following 24 h

of FK228 treatment (100 nM) of the indicated cells, fixed and digested chromatin was pulled down

with antibodies targeting Histone H3 and H3K9Ac, respectively. Purified DNA was analyzed for the

presence of the BIK promoter by real-time PCR using the three different primer sets. Values for

H3K9Ac relative to H3 pull down are depicted.
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Figure S6: Demonstration that the different M14 single cell clones were directly derived from

M14 and not mixed-up with the M14 derivative MDA-MB-435. First, exon 8 of the p53 gene of

was sequenced and indeed, we could detect in all single cell clones as well as in M14 and MDA-MB-

435 derived DNA the G797A (G266E) mutation (data not shown) which is characteristic for M14 and

MDA-MB-435 (Ikediobi et al., 2006). Since MDA-MB-435 and M14 differ in respect to their STR

profile only in one locus namely D16S539 (Fang et al., 2001; Rae et al., 2007) we amplified this locus

by PCR (primers: 5’-tatgggagcaaacaaaggcagat-3’ rev: 5‘-cagcctacagagtgattccatt-3’)) and sequenced

the product. Thereby, we could confirm that the parental M14 as well as the 4 clones carry the two

different alleles as indicated by double peaks showing up from a distinct position for M14 and the

M14 single cell clones while the MDA-MB-435 sequence is clean until the end of the amplicon. This

is in line with MDA-MB-435 carrying only one allele with 13 4-bp repeats while M14 has two alleles

with either 13 or 9 repeats leading to a 16 nucleotide difference between the two alleles (Fang et al.,

2001; Rae et al., 2007).
Fang R, et al. (2001) STR Profiling of Human Cell Lines: Challenges and Possible Solutions to the Growing Problem. J 

Forensic Res S2:005. 

Ikediobi ON et al. (2006) Mutation analysis of 24 known cancer genes in the NCI-60 cell line set. Molecular cancer 

therapeutics 5:2606-12. 

Rae JM, Cet al. (2007) MDA-MB-435 cells are derived from M14 melanoma cells--a loss for breast cancer, but a boon for 

melanoma research. Breast cancer research and treatment 104:13-9. 
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Supplementary Table 1: Table of primary antibodies used in this study.

Supplementary Materials and Methods

Target Company ID 

Bak1 BD Pharmingen #556382 

Bax eBioscience #14-6996 

Bcl-2 Dako Clone 124 

BCL-X(L) BD Pharmingen #556361 

BIK/NBK Santa Cruz sc-1710 

BIM Sigma Aldrich B7929 

Caspase9 Cell Signaling #9502 

Cleaved Caspase3 Cell Signaling #9661 

Mcl-1 Santa Cruz #sc-12756 

Phospho-p44/42 MAPK (Erk1/2) Cell Signaling #9106 

PUMA Santa Cruz sc-374223 

ß-Tubulin Sigma Aldrich T4026 
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