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Abstract (German) 

Das Merkelzellkarzinom (MCC) ist ein aggressiver, metastasierender und neuroendokriner 

Tumor der Haut. Die Inzidenz von MCC beträgt 0,6/100.000 Personen und steigt jedes 

Jahr zwischen 5% und 10%. Die Sterblichkeitsrate beträgt 33% und übertrifft damit jene 

des Melanoms. Das Rezidivrisiko liegt zwischen 25% und 50%. Obwohl Immun-

Checkpoint-Inhibitor-Antikörper von der FDA zugelassen sind, ist diese Therapie in 50% 

der MCC-Fälle unwirksam. MCC wird hauptsächlich durch klonal integrierte Merkelzell-

Polyomaviren (MCPyV)-DNA und durch UV-vermittelte DNA-Schäden verursacht. 

Nahezu 80% aller MCC sind MCPyV-positiv und die viralen großen und kleinen 

Tumorantigene (LT bzw. sT) wurden als Onkogen nachgewiesen. Der Mechanismus der 

klonalen Integration und der anschließenden Transformation in MCC-Tumoren ist bisher 

nicht vollständig geklärt.  

Bioaktive Sphingolipide gehören zu einer Gruppe von Sphingolipiden, die die Bildung, 

das Überleben und die Proliferation von Krebszellen regulieren. Sphingosin-1-phosphat 

(S1P) und Ceramide (Cer) sind die am besten untersuchten bioaktiven Sphingolipide. S1P 

ist ein pro-proliferatives Molekül und Cer ist meist pro-apoptotisch. Die Aufrechterhaltung 

des Gleichgewichts zwischen S1P und Cer ist für die normale Zellfunktion unerlässlich. 

Krebszellen hingegen forcieren die S1P-Synthese und hemmen die Cer-Bildung, um somit 

ihr Überleben und ihre Vermehrung zu fördern. Enzyme, die für die Biosynthese dieser 

bioaktiven Lipide von Bedeutung sind, sind in Krebszellen oftmals dysreguliert. Die Serin-

Palmitoyltransferase (SPTLC1-3) ist ein Enzym, das den ersten Schritt des S1P-

Synthesewegs reguliert, und Sphingosinkinase 1 und 2 (SK1/2) sind jene Enzyme, die S1P 

durch Phosphorylierung des Vorläufermoleküls Sphingosin synthetisieren. Es ist bekannt, 

dass diese beiden Enzyme in verschiedenen Krebsarten hochreguliert werden. 

Wir stellten die Hypothese auf, dass das Eingreifen in das Sphingomyelin-Ceramid-S1P-

Gleichgewicht eine neue Strategie in der Therapie des Merkelzellkarzinoms darstellen 

könnte. 

Um unsere Hypothese zu testen, wurde von uns zuerst die Expression von SPTLC1-3 und 

SK1/2 in 21 MCC-Gewebeproben und 16 MCC-Zelllinien charakterisiert. Ferner konnten 

wir zeigen, dass die Transfektion von MCPyV-LTA isoliert aus MKL-1-, MKL-2- und 

MS1-MCC-Zellen in Fibroblasten zu einer erhöhten Transkription von SK1 und SK2 

führt. Dies wurde in einer erneuten Analyse bereits veröffentlichter RNA-

Sequenzierungsdaten bestätigt. In diesem Datensatz führte eine erzwungene MCPyV-sT-
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Expression in Lungenfibroblasten zu einer gesteigerten Expression von SPTLC1/2- und 

SK1/2. Darüber hinaus erbrachte die Analyse weiterer GEO-Datensätze eine gesteigerte 

Expression von SK1 in MCC im Vergleich zu normalem Hautgewebe.  

Für in-vitro-Studien eignen sich die gut charakterisierten MKL-1- und WaGa-MCC-

Zelllinien sowie nicht transformierte humane dermale Fibroblasten (NHDF) als 

Kontrollzellen. Um die Bedeutung der S1P-Synthese für das Überleben und die 

Proliferation von MCC zu testen, wurde die Aktivität der Serin-Palmitoyltransferase mit 

Myriocin, sowie die  SK1/2-Aktivität mit SKI-II und ABC294640 pharmakologisch 

inhibiert. Von diesen Inhibitoren hemmt SKI-II beide SK-Isoformen, während 

ABC294640 spezifisch für SK2 ist. Darüber hinaus setzten wir das von der FDA 

zugelassene Medikament FTY720/Fingolimod für MCC-Proliferationsversuche ein. 

Myriocin verringerte die zellulären Cer-, Sphingomyelin (SM)- und S1P-Konzentrationen 

in MKL-1- und WaGa-MCC-Zellen, während SKI-II die S1P- und SM-Konzentrationen 

verringerte, die  Cer-Konzentration jedoch erhöhte. Die Zellviabilität wurde von Myriocin, 

SKI-II, ABC294640 und FTY720 reduziert, Apoptose und Nekrose hingegen gesteigert. 

Von Bedeutung ist, dass die Viabilität von nicht-transformierten NHDF-Zellen durch die 

Behandlung mit Myriocin, SKI-II und ABC294640 nicht beeinträchtigt wurde, während 

FTY720 Apoptose induzierte. Mit S1P angereichertes „high density lipoprotein“ (HDL) 

erhöhte die Lebensfähigkeit von MKL1- und WaGa-Zellen im Vergleich zu nativem HDL. 

Darüber hinaus verringerte die Hemmung von SPTLC1-3 und SKI-II durch Myriocin bzw. 

SKI-II die Phosphorylierung von AKT und erhöhte die Caspase3- und PARP-Aktivität in 

MKL-1- und WaGa-Zellen. Präklinisch noch relevanter, reduzierten Myriocin und SKI-II 

das Wachstum und die Proliferation von MKL-1- und WaGa- Xenotransplantaten im ex-

ovo-Chorioallantoismembran-Tumormodell. 

Mit dieser Arbeit konnte gezeigt werden, dass der S1P-Signalweg für das Überleben von 

MCC-Zellen in-vitro und im ex-ovo-Modell essentiell ist, und dass ein Eingreifen in das 

SM-Cer-S1P-Gleichgewicht einen vielversprechenden Therapieansatz zur Behandlung von 

MCC-Tumoren darstellt. 
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Abstract (English) 

Merkel cell carcinoma (MCC) is an aggressive metastatic neuroendocrine tumor of the 

skin. The incidence of MCC is 0.6 in 100,000 persons and is rising 5%-10% every year. 

The mortality rate is 33% which exceeds melanoma. The recurrence risk ranges from 25%-

50%. Though immune checkpoint inhibitor antibodies are approved by the FDA, the drug 

is ineffective in 50% of MCC cases. MCC is mainly driven by clonally integrated Merkel 

cell polyomavirus (MCPyV) DNA, and UV mediated DNA damage. Nearly 80% of MCC 

cases are MCPyV
+,

 and the viral large and small tumor antigens (LT and sT, respectively) 

were shown to be oncogenic. The mechanism of clonal integration and subsequent 

transformation into MCC tumors is not fully understood. To be able to develop 

mechanism-based targeted therapies it is essential to gain detailed insight into pathways 

that drive MCC.  

Bioactive Sphingolipids are an indispensable class of sphingolipids that regulate cancer 

cell formation, survival, and proliferation. Sphingosine 1-phosphate (S1P) and ceramide 

(Cer) are the most studied bioactive sphingolipids. S1P is a pro-proliferative molecule, and 

Cer is mostly pro-apoptotic. Maintaining the rheostat between S1P and Cer is vital for 

normal cell function. In contrast, cancer cells upregulate S1P synthesis and inhibit Cer 

formation to survive and proliferate. Enzymes that synthesize these bioactive lipids are 

dysregulated in cancer cells. Serine palmitoyltransferase (SPTLC1-3) is an enzyme that 

regulates the first step of S1P synthesis pathway, and sphingosine kinase 1 and 2 (SK1/2) 

are the enzymes that synthesize S1P by phosphorylating its precursor sphingosine. Both of 

these enzymes where shown to be upregulated in various cancer entities.  

We hypothesized that targeting the sphingomyelin-ceramide-S1P rheostat could represent 

a novel anticancer strategy in MCC. 

To test our hypothesis, we first characterized the expression of SPTLC1-3 and SK1/2 in 21 

MCC tissue samples and 16 MCC cell lines. Further, transfection of MCPyV-LTA derived 

from MKL-1, MKL-2, and MS1 MCC cells into lung fibroblasts upregulated SK1 and 

SK2 transcription. Additionally, analysis of published microarray GEO datasets revealed 

upregulation of SK1 in MCC as compared to healthy skin tissue. Also, reanalysis of 

published RNA sequencing data showed that forced MCPyV-sT expression upregulates 

SPTLC1/2 and SK1/2 expression in lung fibroblasts. 
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For in-vitro studies, we used the well-characterized MKL-1 and WaGa MCC cell lines and 

non-transformed human dermal fibroblasts (NHDF) as control cells. To test the importance 

of S1P synthesis for MCC survival and proliferation, we pharmacologically targeted SPT 

with myriocin and SK1/2 activity with SKI-II and ABC294640. Of these, SKI-II inhibits 

both kinases, while ABC294640 is SK2 specific. In addition, we also used the FDA 

approved drug FTY720/fingolimod during MCC proliferation experiments. Myriocin 

treatment decreased cellular ceramide, sphingomyelin (SM), and S1P concentrations while 

SKI-II treatment decreased S1P and SM but increased ceramide in MKL-1 and WaGa 

MCC cells. Myriocin, SKI-II, ABC294640, and FTY720 reduced cell viability and 

increased apoptosis and necrosis. Of importance, non-transformed NHDF cell viability 

was not affected by myriocin, SKI-II, and ABC294640 treatment while FTY720 induced 

apoptosis. S1P-enriched high-density lipoprotein (HDL) increased the viability of MKL1 

and WaGa cells in comparison to native HDL. Furthermore, inhibition of SPTLC1-3 and 

SKI-II with myriocin and SKI-II decreased phosphorylation of AKT and increased 

caspase3 and PARP activity in MKL-1 and WaGa cells. In a pre-clinically more relevant 

setting we could demonstrate that myriocin and SKI-II treatment reduced MKL-1 and 

WaGa tumor xenograft growth and proliferation in the ex-ovo chorioallantoic membrane 

tumor model.  

In conclusion, we show that the S1P pathway is critical for MCC survival in in-vitro and 

ex-ovo condition and targeting the SM-Cer-S1P rheostat holds promise to interfere with 

MCC tumor growth and proliferation. 
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1. Introduction 

1.1 Merkel cell carcinoma 

Merkel cell (MC) carcinoma (MCC) is an aggressive, deadly metastatic non-melanoma 

skin cancer (Bhat et al., 2018a). This neuroendocrine tumor was identified by Cyril Toker 

in 1972 and was termed as „trabecular carcinoma of the skin‟ (Toker, 1972). Later, it was 

described as MCC due to its characteristic features resembling MC (Becker et al., 2017b) 

that are present in the basal layer of the epidermis. In the epidermis, they mainly present 

around the hair follicles and work as mechanoreceptors mediating the light touch 

sensation. (Figure 1) (Maricich et al., 2009). These cells express neuroendocrine markers 

such as cytokeratin 20, chromogranin-A and synaptophysin which are also the main 

characteristic features of MCC cells (Mauzo et al., 2016). Age >50 years, immune 

deficiency, clonally integrated Merkel cell polyomavirus (MCPyV) or chronic ultraviolet 

(UV) radiation are the known causes of MCC pathogenesis (Hughes et al., 2014). 

MCC is an aggressive cutaneous neoplasm. The fatality rate of MCC is higher (>30%) 

than that of melanoma (Lemos and Nghiem, 2007). More than one-third of affected 

patients die of this carcinoma (Schadendorf et al., 2017). MCC is not tractable to surgery 

and radiotherapy. The recent FDA approved immuno-modulating drugs have shown 

promising treatment outcome yet nearly 50% of the patients remain unresponsive for the 

current treatment regimen (Colunga et al., 2018). 

1.2 Epidemiology 

1.2.1 Incidence 

The incidence of MCC was 0.6 in 100,000 people per year (2009) in the United States of 

America (USA) (Hughes et al., 2014) and in Sweden, an incidence rate of 0.19 per 

100,000 people was reported for 2012 (Zaar et al., 2016). With 1.6 per 100,000 people, the 

incidence is much higher in Queensland, Australia (from 2006-2010) (Youlden et al., 

2014). The epidemiologic data of the European Union (EU) shows that there 2500 new 

MCC cases have been registered every year (Becker et al., 2018). During the observational 

period 2005 to 2008 the Netherlands, Sweden and USA showed an increased incidence 

rate whereas the incidence in Scandinavian countries like Denmark, Finland, Iceland, and 

Norway remained stable since 1995 (Becker et al., 2017b). Thus, one can say that though 

the mortality rate of MCC patients is higher than that of melanoma the incidence rate is 50 
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times lower. The average age of MCC diagnosis is 75-80 years. An analysis from the 

American joint committee on Cancer (AJCC) documented that only 12% of the patients 

were below 60 years and the remaining patients were at a median age of 76 years out of 

>9,000 patients (Harms et al., 2016a). The larger national database showed that the 5-year 

relative survival rate of patients was ~60% in the USA (1973-1999) and ~40% in Australia 

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

1.2.2 Risk factors 

The MCPyV was shown to be clonally integrated into 80% of MCC cases. The remaining 

20% are MCPyV negative (MCPyV
-
) MCC tumors showing signatures of UV associated 

mutations (Figure 1). The incidence of MCPyV
-
 MCC is 76% in Australia and 20% in 

USA/Europe (Colunga et al., 2018). The MCC occurrence was frequent in the elderly and 

white population, especially in sun-exposed regions. Notably, the risk is lower for Asians 

and Africans. Weak immune system could be one reason for the high rate of MCC in the 

older generation. Moreover, prolonged exposure to UV radiation could damage the 

immune cells in the skin, which may render the development of cancer cells (Becker et al., 

2017b). 

Immunodeficiency is also a significant risk factor for MCC tumor burden. Immune 

suppression due to UVA photochemotherapy has shown to increase the incidence of MCC. 

Further, HIV infection or immune suppression in organ transplanted patients have 

increased MCC pathogenesis (Schrama et al., 2012). MCC was shown to be associated 

with various other cancers such as melanoma, basal cell carcinoma, squamous cell 

carcinoma, leukemia and lymphoma (Suarez et al., 2015, Wang et al., 2011, Becker et al., 

2017b). It is also reported that MCC is associated with chronic inflammatory disorders 

e.g., rheumatoid arthritis (Engels et al., 2002, Sahi et al., 2017). 

1.2.3 Origin of MCC 

The origin of MCC is still ambiguous. MCC cells are thought to originate from dermal 

stem cells, pro/pre-B cells, or dermal fibroblasts (Figure 1) (Sunshine et al., 2018). In 

earlier years it was thought that MCs are the precursors of MCC due to the expressions of 

the same neuroendocrine markers. Conversely, MCs are terminally differentiating cells, 

and MCCs grow in a distantly MC-free micro-anatomic compartment of the skin 

suggesting MCs may not be the cell of origin of MCC. Dermal stem cells differentiating to 
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epidermal skin cells were thought to be the next candidate for the origin of MCC 

(Sunshine et al., 2018).  

MCCs also express paired box 5 (PAX-5), terminal deoxynucleotidyl transferase (TdT) 

and various immunoglobulins, including monoclonal IgH (Immunoglobulin gamma heavy 

chain) and Igk (Immunoglobulin kappa light chain) which are the characteristic features of 

pro/pre-B cells (Sauer et al., 2017). The expression of B cell markers strengthened the 

view that MCC could originate from early B cells. Till date, MCPyV expression failed to 

transform the cells mentioned above under in-vitro conditions (Becker et al., 2017b). 

Interestingly, dermal fibroblasts were shown to promote infection and normal viral life 

cycle of MCPyV (Liu et al., 2016b) and MCPyV-T antigens were shown to encourage the 

growth of human and mice embryonic fibroblast in-vitro (Cheng et al., 2013). It is 

essential to gain insight into the origin of MCC to understand the pathogenicity via 

MCPyV driven tumorigenesis and to locate potential susceptibility factors. 

 

Figure 1: Graphical representation of MCPyV
+
 and MCPyV

- 
MCC tumor cells, their markers, and the 

potential precursor cells. 

The graph depicts the epidermal and dermal region of the skin. MCC development in response to MCPyV 

infection or UV exposure is shown. Epidermal stem cell, pre/pro-B cells, keratinocytes, and dermal fibroblast 

are the primary candidates for the cell of origin of MCC. MCs functions as mechanoreceptor previously 

thought to be the origin of MCC. Markers used to characterize MCC cells are also shown. The figure 

displayed above is from Becker and colleagues (Becker et al., 2017b) and reproduced here with prior 

permission from Springer Nature (License number 4514370872208) 
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1.3 Pathophysiology 

UV radiation and MCPyV are the main drivers of MCC pathogenesis. Approximately 20% 

of the MCC cases are MCPyV
- 

mainly originated due to the UV related DNA damage. 

Apart from this, UV exposure can also play a role in local immune suppression. Chronic 

UV exposure can damage DNA directly by pyrimidine dimer formation or indirectly by 

reactive oxygen species (ROS) generation. This can then impact cytokine secretion and 

antigen-presenting dendritic cell function, which in turn results in impaired 

immunosurveillance. Immune suppression due to UV can also amplify the development of 

MCPyV mediated MCC tumorigenesis. 

1.3.1 Merkel cell polyomavirus  

MCPyV was discovered in 2008 by Feng and colleagues (Feng et al., 2008). This 

polyomavirus was initially identified in MCC samples hence named as MCPyV. Feng and 

colleagues used digital transcriptome subtraction (DTS) technique to identify the viral 

genome in MCC cells. The sequencing revealed a ≈5.4-kilobase circular double-stranded 

viral DNA (Figure 2). Initially using PCR, they found 8 out of 10 MCC tumor samples 

(80%) positive for MCPyV(Feng et al., 2008). Later, the presence of MCPyV in 80% of 

MCC patients was confirmed by several groups (Rodig et al., 2012, Kassem et al., 2008, 

Becker et al., 2009, Sastre-Garau et al., 2009). The MCPyV antibody titer was much 

higher even in MCPyV
-
 MCC patients in comparison to control patients. It was also shown 

that MCPyV is clonally integrated into the genome of MCC tumors. Interestingly, MCC-

derived metastases share the same integration pattern as the primary infected tumor. All 

the above evidence pointed towards a decisive role of MCPyV during tumor initiation. Out 

of the eleven known human polyomaviruses, MCPyV is the only family member known to 

be carcinogenic which is supported by robust scientific evidence (Spurgeon and Lambert, 

2013, Houben et al., 2009, Verhaegen et al., 2015). 

MCPyV belongs to the family of polyomaviridae. The MCPyV genome is identical to that 

of other human polyomaviruses, which mainly contain the non-coding regulatory region 

(NCRR) and bidirectional early and late gene regions. The NCRR of MCPyV codes for the 

origin of replication. Early region expresses tumor antigens also called T-antigens, that 

include large T antigen (LT), small T antigen (sT) and 57kT antigen (57kT). Finally, the 

late region expresses structural proteins, major capsid viral protein 1 (VP1) and the minor 

capsid proteins 2 and 3 (VP2 and VP3) (Figure 2) (Spurgeon and Lambert, 2013, Liu et 
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al., 2016b). MCPyV was shown to be a part of normal skin microbial flora. Furthermore, 

MCPyV is generally detected in the skin of children‟s and young population. Liu and 

colleagues showed that human dermal fibroblasts are the natural host for MCPyV and the 

virus actively replicates in fibroblasts and follows the normal viral life cycle (Liu et al., 

2016b). Currently, the reason for truncating mutation in the C-terminal region of LT-

antigen and subsequent clonal integration of the viral genome is unknown. Several groups 

have reported that both LT-antigen, as well as an sT antigen, play a crucial role in the 

transformation, proliferation, and survival of the MCC cells by regulating various 

pathways (Shuda et al., 2008, Shuda et al., 2011, Houben et al., 2010). 

 

Figure 2: Genome of Merkel cell polyomavirus. 

Schematic map of the 5.4-kilobase MCPyV genome. The image shows bidirectional replication of origin, 

early region coding LT-antigen (red), sT-antigen (yellow) and 57kT (orange), and late region viral capsid 

proteins VP1 (green), VP2 (blue), and VP3 (gray). The figure is from Spurgeon and colleagues (Spurgeon 

and Lambert, 2013) and reproduced here with prior permission from Elsevier (License number 

4514370607843) 

1.3.2 MCPyV tumor antigens 

The MCPyV T antigen expression is preserved in the primary as well as metastatic tumor 

cells but not in the normal surrounding tissues (Shuda et al., 2009). Houben and colleagues 

showed that knockdown of MCPyV T antigens (LT and sT) leads to the growth arrest and 
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ultimately to death of MCC cells in-vitro (Houben et al., 2010). In all the MCPyV positive 

(MCPyV
+
) tumor samples C-terminal truncating mutations have been reported, but these 

mutations were not observed in viral particles from the healthy population. This mutation 

renders the virus non-replicative, but it conserves the CR1, DnaJ, MUR, NLS, and pRB-

binding motifs (Figure 3) (Shuda et al., 2008). Hesbacher and colleagues showed that 

MCPyV-LT antigen binds to RB1 (Retinoblastoma Transcriptional Corepressor 1) and 

renders it inactive. This was necessary to abolish inhibition of E2F transcription factor 

mediated by RB1 which regulates G1 to S-phase transition thus supporting the growth of 

MCPyV
+ 

MCC cells (Hesbacher et al., 2016). It is reported that the expression of LT-

antigen alone is not sufficient to induce transformation in normal cells (Spurgeon and 

Lambert, 2013).  

MCPyV-sT was shown to collaborate with the truncated LT in the transformation of rat 

and human fibroblast cells. Furthermore, in some MCC cases, only MCPyV-sT expression 

was reported (Berrios et al., 2016).  In a very interesting study, Verhaegen and colleagues 

showed that genetically engineered embryonic mice expressing MCPyV-sT and Atoh1 (a 

transcription factor promoting ectopic MC development) in keratinocytes induce MCC-

like tumors. This transformation was independent of LT antigen (Verhaegen et al., 2017). 

This is the first study demonstrating MCC-like tumor cells in a genetically engineered 

mouse model. All this shows the importance of sT antigen in the transformation and 

survival of MCC. Hence, both of the antigens are referred to as oncogenic viral proteins in 

MCC (Houben et al., 2009). The MCPyV-sT antigen is expressed from a spliced intact 

mRNA and contains an N-terminal J domain, a PP2A (Protein phosphatase 2 phosphatase 

activator) binding region, and a unique region containing the LT stabilizing domain (LSD) 

(Figure 3). PP2A binding may not be required for viral-mediated transformation of cells, 

but LSD has been reported to bind CDC20 and E3 ubiquitin ligase FBXW7 and to 

stabilize LT expression (Shuda et al., 2015, Kwun et al., 2013). Furthermore, MCPyV-sT 

increases cap-dependent translation through hyperphosphorylation of 4E-BP1 (Eukaryotic 

translation initiation factor 4E-binding protein 1) (Shuda et al., 2011). Recently, sT-antigen 

was also linked to the expression of 15-lipoxygenase-1 (ALOX15) that is potentially 

linked to lymphatic vessel density (Fochtmann-Frana et al., 2018). Together, all these 

functions mostly contribute to sustaining oncogenesis in MCC.  
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How MCPyV-sT contributes to oncogenic transformation is not fully understood. An 

increase in aerobic respiration is a hallmark of cancer (the Warburg effect), and expression 

of MCPyV-sT was shown to increase glycolytic genes in fibroblast (Berrios et al., 2016). 

Cheng and colleagues showed that MCPyV-sT could particularly recruit MYC (Avian 

myelocytomatosis viral oncogene homolog) and MAX (MYC Associated Factor X) 

towards the EP400 complex and together this complex transactivates several gene 

expression and boost oncogenesis (Cheng et al., 2017). Due to these reasons the 

International Agency for Research on Cancer (IARC) of WHO has classified MCPyV as a 

group 2A carcinogen (Bouvard et al., 2012). 

 

Figure 3: Genome of Merkel cell polyomavirus early region and encoded T antigen. 

The early region of MCPyV encodes three spliced variants LT, sT, and 57kT antigens. LT-antigen is 

showing specific protein binding regions such as CR1 (in Black), DnaJ (pink), Vam6p (blue), pRb binding 

site (red), nuclear localization signal (orange), origin-binding domain (purple) and Helicase binding domain 

(green). LT also show MCPyV-unique region and microRNA binding site (MCPyV-mIR-M1-5p). Apart 

from CR1 and DnaJ, sT antigen also shows PP2A binding domain. 57kT identical to LT but without the 

origin of replication and helicase domain. The above showed figure is from Spurgeon and colleagues 

(Spurgeon and Lambert, 2013) and reproduced here with prior permission from Elsevier (License number 

4514370607843) 
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1.3.3 Mutational burden 

The mutational analysis of MCC by next-generation sequencing identified two MCC 

subtypes. One with clonally integrated MCPyV
+
, rare somatic and UV related mutations, 

and the second group of MCPyV
-
 UV associated DNA mutations in key pathways. 

Nevertheless, both subtypes ultimately followed two different mechanisms to regulate one 

similar pathway to maintain MCC pathogenesis (Becker et al., 2018). As shown above, in 

MCPyV
+ 

MCC cells the viral antigen directly inhibits active RB1 protein, whereas in 

MCPyV
-
 cells UV-induced mutations render RB1 inactive (Cimino et al., 2014). 

Similarly, in the case of P53, MCPyV
+ 

MCC‟s show less active P53 without any mutations 

but in MCPyV
-
 cases inactivating or deletion mutations were reported (Houben et al., 

2013). Thus, in both MCC subtypes inactivation and/or less active RB1 and P53 is 

observed (Gonzalez-Vela et al., 2017). The reason for partial P53 inactivation in MCPyV
+ 

MCC is not understood clearly, but Houben and colleagues showed that knockdown of T-

antigen did not activate P53 but inhibiting ubiquitin ligase HDM2 (human double minute 

2) resulting in an increase in P53 activation and ultimately induced P53 mediated apoptosis 

in MCPyV
+ 

MCC. This suggests that inactivation of P53 activity is independent of 

oncogenic viral antigens (Houben et al., 2013). 

In MCPyV
-
 MCC studies have reported a loss of function mutation in NOTCH1 and 

NOTCH2 thereby inhibiting the Notch pathway (Harms et al., 2015, Goh et al., 2016). 

Several studies have shown mutations that activate receptor tyrosine kinases (RTKs) and 

the PI3K/AKT/mTOR (phosphatidylinositol-3-kinase/protein kinase B/mammalian target 

of rapamycin) signaling pathway. Further, a gain of function was reported in HRAS 

(Harvey rat sarcoma viral oncogene homolog), PIK3CA, AKT1, and loss of function in 

PTEN (Phosphatase and tensin homolog), NF1 (neurofibromatosis type I), and TSC1 

(Tuberous Sclerosis Complex subunit 1) (Harms et al., 2015, Goh et al., 2016, Becker et 

al., 2017b). These mutations were observed both in MCPyV
+
 and MCPyV

- 
MCCs. 

1.3.4 Immune status 

High CD8
+ 

T cell response was reported to be associated with better prognosis in MCC. A 

100% recovery was reported in some MCC cases with high tumor-infiltrating CD8
+ 

T cell 
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counts (Paulson et al., 2011).  The CD8
+ 

T cells recognize and target the epitopes derived 

from viral antigens in MCPyV
+ 

MCC, or they target neoantigens produced due to UV 

associated high mutations (Schadendorf et al., 2017). Unfortunately, this type of MCC 

cases was observed in less than 20% of tumors (Paulson et al., 2011). Expression of 

programmed death-1 (PD-1) and programmed death-ligand 1 (PD-L1) were observed in 

CD8
+ 

T cells in MCCs suggesting tumor recognition by immune cells. Accordingly, tumor 

cells find different immune escape strategies either by PD-1/PD-L1 pathway or loss of 

expression of MHC class I chain-related protein (MIC) A and B (Becker et al., 2018). 

1.4 Prognostic factors  

1.4.1 Clinical features 

MCC is mostly observed in sun-exposed regions like the head and neck. In some cases, it 

was also observed in extremities and buttocks. MCC is cutaneous or subcutaneous, and 

tumors show rapid growth in the region (Schadendorf et al., 2017). The lesions are present 

in red to violet nodules which do not show any symptoms. This might be misdiagnosed as 

cysts or inflammatory lesions. Due to challenging clinical diagnosis, histopathological 

diagnosis is suggested to confirm the MCC cases (Heath et al., 2008). 

Sentinel lymph node biopsy (SLNB) meaning excision and examination of sentinel lymph 

nodes, is an important criterion to diagnose the stage of MCC in patients (Lemos et al., 

2010). The most recent AJCC system suggested four clinical stages of MCC prognosis. 

Stage 0 represents in-situ. Stage I represents localized disease and primary lesion ≤2 cm. 

Stage II represents localized disease, but primary lesion is >2 cm. Stage III represents the 

spread of the tumor to a regional lymph node. Stage IV represents distant metastasis 

beyond regional lymph nodes (Harms et al., 2016a). The survival rate decreases with late 

diagnosis. Depending on the stage of MCC tumor the five-year overall survival rate is 

62.8% for stage I MCC cases, 34.8% to 54.6% for stage II, 26.8% to 40.3% in stage III and 

13.5% in stage IV (Schadendorf et al., 2017). MCC tumors were found to metastasize into 

distant nodes, liver, lungs, bones, and brain. 

1.4.2 Histopathology of tumor 

Studying histopathology of MCC tumor biopsies are essential to confirm the disease. 

Histology sections showed three main types of MCCs, namely the small cell, trabecular 
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and intermediate cell type (Schadendorf et al., 2017).  Microscopic evaluation of 

hematoxylin-eosin (HE) stained MCC tumor sections revealed small blue round tumor 

cells present in dermal or subcutaneous nodules or sheets of monomorphic round to oval 

cells. The MCC cells show sparse cytoplasm, abundant mitotic activity with multiple 

nucleoli (Bichakjian et al., 2018). Isolated tumor cells, intralymphatic invasion, and 

epidermotropism are some observation in the histopathology of MCC tumors (Becker et 

al., 2017b, Calder and Smoller, 2010). HE stained MCC cells show a pattern similar to 

other tumors like neuroblastoma, small cell or amelanotic melanoma, small cell lung 

cancer [SCLC], and lymphomas to name a few (Bichakjian et al., 2018, Kolhe et al., 

2013). Diagnosis is reported to be most difficult between primary MCC and metastatic 

SCLC (Busam et al., 2009). 

1.4.3 Immunohistological markers 

Immunohistochemistry (IHC) has proven to be most beneficial in differentiating MCC 

from other small round cell tumors. MCC cells express several types of cytokeratins (CK). 

CK20 expression in IHC analysis of the biopsies are the main characteristic features of 

MCC diagnosis. Apart from this CK8, CK18 and CK19 expression were also observed 

during IHC analysis (Andres et al., 2011, Bechert et al., 2013). In the majority of cases, 

MCPyV
+ 

MCC express both the oncogenic viral antigens which can be used as a 

diagnostic marker. Staining for LT or sT antigen is also a characterizing feature of 

MCPyV
+ 

MCC. Further, MCC also express neuroendocrine markers such as 

chromogranin, synaptophysin, microtubule-associated protein-2, CD56, and neuron-

specific enolase (NSE) (Koljonen et al., 2005) (Figure 1). Along with CK20, 

chromogranin and synaptophysin expression were widely used to confirm diagnosis of 

MCC by IHC technique (Bichakjian et al., 2018) (Figure 1). Apart from this staining for 

tumor protein 63 (p63) has been observed in approximately 30% of the cases and 

associated with worse prognosis (Fleming et al., 2014). MCC also stained positive for 

huntingtin-interacting protein 1 (HIP1) in the majority of cases (Ames et al., 2011). Less 

than 10% of MCC cases were also reported to be negative for CK20. These CK20 negative 

MCC cases are generally MCPyV
-
 MCC and show high UV related mutations (Harms et 

al., 2016b). The majority of MCC cases stains negative for CK7 and thyroid transcription 

factor 1 (TTF1). Achaete-scute homolog 1 (ASH1), S100B, vimentin (Becker et al., 

2017b, Busam et al., 2009). CK20 (highly expressed) and TTF1 (no expression) in MCC 
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were used in differentiating MCC tumors form SCLC (Busam et al., 2009). Recently, Fan 

and colleagues proved that circulating miR-375 can be used as a surrogate marker for 

MCC tumor burden (Fan et al., 2018). 

Apart from histopathological diagnosis, MCC patients were also scanned for the presence 

of extracutaneous tumors by X-ray, CT, ultrasound, MRI and FDG-PET/CT (Bichakjian et 

al., 2018, Eftekhari et al., 1996, Kouzmina et al., 2017, Peloschek et al., 2010). FDG-

PET/CT was found to be more useful in the majority of cases for staging and management 

of MCC.  If the whole body FDG-PET/CT is not available then CT or MRI was used to 

identify the primary or metastatic MCC tumors (Peloschek et al., 2010, Bichakjian et al., 

2018). Ultrasound is commonly used to scan for lymph nodes in MCC patients (Llombart 

et al., 2017). 

1.5 Management of MCC 

1.5.1 Surgery 

Surgery is the first line of treatment for stage I/II MCC cases. Incision of primary tumor 

lesions up to 1-2 cm clinically free area is recommended in MCC patients (Schadendorf et 

al., 2017). In case of finding positive tumors even after surgery re-excision is followed. 

Mohs microsurgery is used in the case of surgery involved with risky areas of tissue to 

reduce further complications (Schadendorf et al., 2017, O'Connor et al., 1997). 

Further, SLNB is widely recommended in cases where the MCC has infected locoregional 

lymph nodes. Along with complete removal of the nodal region, adjuvant radiotherapy is 

also recommended in controlling disease (Schadendorf et al., 2017, Bichakjian et al., 

2018). In any case, histopathological studies are necessary to confirm that the region is 

clinically free of MCC. 

1.5.2 Radiotherapy 

Radiotherapy (RT) is found to be essential as adjuvant therapy in all stages of the disease. 

It was highly recommended in cases of stage I/II MCC or in-operable conditions like poor 

health or substantial tumor burden (Mortier et al., 2003, Veness et al., 2010). In several 

cases and one randomized clinical trial adjuvant RT reduced the recurrence risk MCC in 

comparison to surgery alone. In some trials, it was also shown that adjuvant RT was 

associated with better results than adjuvant chemotherapy (Schadendorf et al., 2017). 
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Surgery and RT may be beneficial in stage I/II cases but MCC recurrence is also possible. 

In advanced cases of MCC, even though not beneficial regarding overall survival, RT 

helps in reducing tumor burden and other symptoms such as pain, bleeding, secondary 

infection and ulceration (Schadendorf et al., 2017, Bichakjian et al., 2018). There are only 

a few data to support the notion that adjuvant RT is beneficial in a specific stage of MCC 

(Bichakjian et al., 2018). 

1.5.3 Chemotherapy 

The most common treatment for metastatic MCC was chemotherapy before the 

introduction of immunotherapies. Chemotherapy including various antineoplastic drugs 

alone or in combination was tried in advanced MCC cases. The drugs used in the trials are 

etoposide, cyclophosphamide, 5-FU (5-Fluorouracil), topotecan, gemcitabine, irinotecan 

and several other varieties (Becker et al., 2017a, Bichakjian et al., 2018). The overall 

outcome of these trials was not favorable towards MCC cases. The response rate of 

chemotherapy in MCC cases was temporary with a median range of 2-9 months, and 

toxicity related death was 3% to 10% (Fenig et al., 1997, Tai et al., 2000, Bichakjian et al., 

2018). The overall response rate in these studies ranged from 20% to 61%. The response 

rate was higher in the first line chemotherapy (53% to 61%) in comparison to the second 

line (23% to 45%). The overall median survival rate is 9.5 months (Bichakjian et al., 2018, 

Becker et al., 2017b). Currently, the mTOR kinase inhibitor MLN0128 is in Phase I/II 

(NCT02514824) clinical trial in recurrent/metastatic MCC. 

1.5.4 Immunotherapy 

In 2018 the Nobel‟s prize was awarded for the development of immune checkpoint 

therapies in cancer. These immunotherapies include antibodies targeting PD-1, PD-L1, or 

CTLA-4 (Cytotoxic T-lymphocyte–associated antigen 4) used alone or in combination 

(Seidel et al., 2018). MCC is mainly an immunogenic tumor entity. IHC study in 49 MCC 

patients revealed expression of PD-L1 in 49% of the cases, and it is found to be associated 

with viral positivity. This finding also suggested that an endogenous immune response also 

promotes PD-L1 expression in MCC (Lipson et al., 2013). PD-L1 expression was 

observed to be higher in MCPyV
+
 MCC in comparison to MCPyV

- 
MCC (Uchi, 2018). 

Till date, avelumab, nivolumab and pembrolizumab are the three therapeutic antibodies 

used to inhibit the PD-1/PD-L1 immune checkpoint pathway in MCC clinical trials. 
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Avelumab targets PD-L1 and, nivolumab and pembrolizumab target PD-1 (Bichakjian et 

al., 2018). Clinical trials of avelumab in chemotherapeutically treated advanced MCC 

cases showed a progression-free survival rate of 30% and an overall survival rate of 50% 

in one year follow up studies (Kaufman et al., 2018). This led to US FDA approval of 

avelumab for MCC. Avelumab (NCT02155647), pembrolizumab (NCT02267603), and 

nivolumab (NCT02978625) are currently in a Phase II trial and a new therapeutic 

monoclonal antibody, MGA012, targeting PD-1 is also in Phase II (NCT0251482) patient 

recruitment stage.  Previous trials involving avelumab, nivolumab, and pembrolizumab 

showed that treatment-related adverse events occurred in 68% to 77% MCC patients. 

Immune-related adverse events were observed in patients administered avelumab 

(Kaufman et al., 2016). Despite all these new developments, nearly 50% of the cases 

remain unresponsive to immune-checkpoint blockade (Colunga et al., 2018). 

Several clinical trials have reported that in MCC the recurrence rate is in the range of 25% 

to 50%. Apart from the newly invented immune checkpoint inhibitors, there is currently no 

other mechanism-based clinical therapy available. As stated earlier the durability of 

immune checkpoint inhibitors is 50%. Research in MCC has unraveled several pathways 

that may be useful in MCC pathogenesis. Nevertheless, viral or UV mediated MCC 

transformation, survival, and growth have not been understood completely. Further studies 

are necessary to understand the mechanisms used by the cancer cells for its oncogenicity. 

This will further enhance the development and translation of mechanism-based targeted 

therapy. 
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1.6 Sphingolipids 

Sphingolipids (SLs) are an important class of lipid molecules that play a crucial role in 

normal cell function. In the past decades, research in SLs has thrown a lot of light on the 

structure, function and overall mechanism of action in different cell types. Generally, 

sphingolipid structure constitutes a long chain 18 carbon amino-alcohol as sphingoid base 

attached to a fatty acid (Sedic et al., 2019, Futerman and Riezman, 2005). SLs are not only 

present inside cells but also circulating in the blood. SLs play a major role in plasma 

membrane integrity. Few important classes of SLs work as secondary messengers 

controlling basic cell functions like cell survival and proliferation, neuronal development, 

cardiovascular function and immunity hence also referred to as bioactive SLs (Hannun and 

Obeid, 2018). Recently, a wealth of studies have reported a significant role for bioactive 

SLs in diabetes, cardiovascular disease, inflammation, neurodegeneration, and cancer 

(Hannun and Obeid, 2018, Proia and Hla, 2015). 

1.7 Sphingolipid synthesis, metabolism, and compartmentalization  

Ceramide (Cer), an important class of SLs, form precursor molecules for various other 

classes of SLs such as glycosphingolipids, galactosylceramide, sphingomyelins, ceramide 

1-phosphate and sphingosine 1-phosphate (S1P) (Gault et al., 2010, Ogretmen, 2018) 

(Figure 4). Cer is synthesized by de-novo synthesis in the endoplasmic reticulum (ER) or 

via the salvage pathway in acidic compartments such as lysosomes (Kitatani et al., 2008). 

In the ER, condensation of serine and palmitoyl-CoA by serine palmitoyltransferase (SPT) 

leads to 3-ketosphinganine which is then converted to sphinganine, then to 

dihydroceramide ultimately leading to Cer formation by the enzymes 3­ketosphinganine 

reductase, ceramide synthases (CERS1–6), and dihydroceramide desaturase 

(DEGS1/DES1), respectively (Gault et al., 2010, Ogretmen, 2018). Cer is then converted 

to galactosylceramide in the ER (Sedic et al., 2019) (Figure 4 and 5). 

From the ER, Cer is transported to the Golgi complex by Cer transfer protein (CERT) 

(Hanada, 2010). In trans-Golgi, Cer is converted to ceramide-1-phosphate (C1P) and 

sphingomyelin (SM) by ceramide kinase or sphingomyelin synthase (SMS) respectively. 

In the cis-Golgi, glucosylceramide (GC) is formed from Cer by the action of 

glucosylceramide synthase (GCS) (Hanada, 2010). Glucosylceramide is then converted to 

glycosphingolipids (GSLs) in distal Golgi compartments (Ogretmen, 2018). Apart from 
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this, glucosylceramide, galactosylceramide, SM and C1P can also be converted back to 

Cer by the enzymes glucosylceramidase, galactosylceramidase, or sphingomyelinases 

(Bartke and Hannun, 2009) (Figure 4). SM, C1P, and GSLs form part of the plasma 

membrane and GSLs beside receptor function in the plasma membrane, also provides a 

basis for virus attachment and internalization (Taube et al., 2010) (Figure 5). 

Finally, Cer can be hydrolyzed by ceramidases (CDases) to form sphingosine and other 

free fatty acids in the lysosome from then it can enter the Salvage pathway (Kitatani et al., 

2008). In the Salvage pathway sphingosine and other free fatty acids are utilized by 

CERS1–6 to synthesize Cer. Sphingosine is then phosphorylated by sphingosine kinase 1 

or 2 (SK1 and SK2) to form bioactive S1P (Chi, 2011, Bhat et al., 2018a). In a backward 

reaction, S1P can be converted to sphingosine and then back to Cer by S1P phosphatases 

and CERS1–6 respectively (Bartke and Hannun, 2009).  S1P is synthesized in the plasma 

membrane by SK1 and in the nucleus and mitochondria by SK2. Further, S1P is 

irreversibly degraded by the enzyme S1P lyase to form hexadecenal and 

phosphoethanolamine (Bartke and Hannun, 2009) (Figure 4 and 5).  

Cer is a pro-apoptotic molecule, and S1P promotes cell survival and proliferation. Cer and 

S1P both have several intracellular targets, and extracellularly S1P also shows autocrine 

and paracrine function through its specific receptors (Figure 6). Maintaining sphingolipid 

homeostasis for normal functioning of cells is essential. Enzymes play a crucial role in 

keeping this rheostat in balance and dysregulation by various stimuli can lead to abnormal 

function of cells which can further lead to cancer (Sedic et al., 2019). 
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Figure 4: De-novo synthesis pathway of sphingolipids 

The graph shows de-novo synthesis pathways of Cer, S1P, SM, C1P, GSLs and galactosylceramide by the 

respective enzymes. The pathway initiates from the condensation of serine and palmitoyl-CoA by enzyme 

serine palmitoyltransferase and leads to the synthesis of bioactive SLs. The graph is from Ogretmen 

(Ogretmen, 2018) and reproduced here with prior permission from Springer Nature (License number 

4514441425255). 
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Figure 5: Compartmentalization of sphingolipid synthesis 

Graphical image showing synthesis and translocation of SLs in different cell organelles. Sphingosine 1-

phosphate (S1P), Ceramide (Cer), Sphingosine (Sph), Sphingomyelin (SM), Glycosphingolipids (GSLs). The 

figure is from Bartke and colleagues (Bartke and Hannun, 2009) and reproduced here with prior permission 

from the American Society for Biochemistry and Molecular Biology (License number 4516171152124). 

 

1.8 Bioactive sphingolipids and their role in cancer 

1.9 Sphingomyelins in cancer 

SM is an integral part of plasma membrane performing a distinct role in cell proliferation, 

migration, microdomain formation, membrane trafficking, cell signaling and apoptosis 

(Taniguchi and Okazaki, 2014). SM is the most abundant sphingolipid formed by the 

action of SM-synthases (SMS) (Sedic et al., 2019). SM is synthesized from its precursor 

Cer by two enzymes SMS1 and 2. SMS1 is present in the Golgi complex and SMS2 

present in the Golgi as well as plasma membrane (Taniguchi and Okazaki, 2014). SM is 

also hydrolyzed to Cer by sphingomyelinases (SMase). SM forms part of extracellular and 

intracellular vesicles, lipid rafts thereby regulating cellular signaling pathways. Along with 
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SM synthesis, SMSs also synthesize diacylglycerol (DAG) an activator of PKC (Villani et 

al., 2008). 

SM mainly promotes tumor cell growth, proliferation, migration, invasion, and 

angiogenesis (Taniguchi and Okazaki, 2014, Hannun and Obeid, 2018, Kim et al., 2002). 

Reduction in SM content was observed to reduce cell growth of HeLa cells after siRNA 

mediated knockdown of SMSs (Tafesse et al., 2007). Further, a decrease in SM content in 

microdomains was shown to reduce the proliferation rates of HEK293, Huh7, and CHO 

cell lines (Taniguchi and Okazaki, 2014). Induction of SM synthesis through SMS1 

expression promoted SM deficient-lymphoma cell proliferation. Besides, restoration of SM 

increased endocytosis of transferrin thereby promoting iron uptake and cell proliferation 

(Shakor et al., 2011). High SMS activity was observed in chemo-resistant HL-60 leukemia 

cells suppressing pro-apoptotic Cer level (Itoh et al., 2003). Studies have also shown that 

SM isolated from EMVTCs (extracellular membrane vesicles from tumor cells) promotes 

migration and angiogenesis in endothelial cells (Kim et al., 2002). In contrast to the studies 

described above, exogenous addition of dietary SM in addition to gemcitabine-induced cell 

death via Cer generation in pancreatic cancer cells (Ryland et al., 2011, Modrak et al., 

2004). In addition, it was shown that dietary SM decreases 1,2-dimethylhydrazine (DMH)-

induced colon cancer in CF1 mice (Ryland et al., 2011, Dillehay et al., 1994). These data 

indicate that SM can promote cancer cell proliferation, however, if degraded, the newly 

formed Cer species might promote apoptosis. 

1.10 Ceramide and its role in cell death 

Cer is a pro-apoptotic molecule and is composed of sphingosine long­chain base and 14 to 

26 carbons long amide­linked fatty acyl chain (Sedic et al., 2019). In de-novo pathway 

several species of Cer differing in fatty acid chain length are generated by CERS1-6 

enzymes. C14–16 Cer species are generated by CERS5 and CERS6, C18–20 Cer species 

are generated by CERS1 and CERS4, CERS2 selectively generates C22–24 ceramides, and 

CERS3 generated very long chain C28–32 Cer species (Ogretmen, 2018). These ceramides 

are then interacting with various intracellular targets ultimately determining cell fate. 

Ceramides can facilitate mitochondrial-mediated apoptosis, necroptosis, and autophagy. In 

lung cancer cells, it was shown that direct binding of Cer to PP2A inhibitor I2PP2A 

activates PP2A leading to RIPK1 (serine/threonine-protein kinase 1) mediated necroptosis 
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(Saddoughi et al., 2013). Cer-mediated activation of PP2A, a tumor suppressor gene, was 

shown to inhibit oncogenic protein AKT (Zhou et al., 1998).  Besides, PP2A catalytic 

subunit PP2Ac inhibit anti-apoptotic protein BCL-2 (B-cell lymphoma 2) and promotes 

P53/BCL2 complex leading to apoptosis (Deng et al., 2009).  Additionally, Cer-mediated 

activation of PKCζ regulates membrane potential, inhibits AKT, and activates the pro-

apoptotic pathway in stem cells. Similarly, ASK1 (apoptosis signal-regulating kinase 1) is 

activated by the action of Cer, which activates p38 and JNK signaling. JNK and p38 

activated mitochondrial pro-apoptotic protein BAX leads to activation of the intrinsic 

apoptotic pathway (Bourbon et al., 2002). In cancer cells, it was observed that 

chemotherapy-induced stress response could increase the concentrations of C18 Cer 

species. The activated C18 ceramides then translocate to the mitochondrial outer 

membrane and bind to LC3B-II (a lipidated form of microtubule-associated protein 1 light 

chain 3β) which then engage with autophagosomes to mediate lethal mitophagy (Sentelle 

et al., 2012). Radiation therapy induced Cer accumulation in mitochondria was also 

reported to induce caspase 3 activation and then apoptosis through BAX (Chipuk et al., 

2012).  

Conflicting to the findings described above, in HNSCC (head and neck squamous cell 

carcinoma) studies have shown that C16 Cer species produced by CERS6 promotes tumor 

cell proliferation (Saddoughi and Ogretmen, 2013). In addition, research in breast and 

colon cancer cells have shown that upregulation of CERS2 induced tumor cell 

proliferation but production of C16, C18, and C20 Cer species-induced apoptosis 

(Hartmann et al., 2012). This suggests that the majority of Cer species induce apoptosis, 

but in cancer cells, some Cer species also play an important pro-survival function. 

1.11 Sphingosine 1-phosphate signaling, transport, and receptors 

S1P is reported to regulate diverse cell function by intracellular and extracellular signaling 

circuits. S1P is a potent effector of proliferation, survival, differentiation, angiogenesis, 

and migration (Ksiazek et al., 2015) and is also associated with several diseases such as 

autoimmunity, myocardial infarction, osteoporosis, atherosclerosis, and cancer (Ksiazek et 

al., 2015, Maceyka et al., 2012).  S1P is synthesized by SK1 or SK2 through sphingosine 

phosphorylation.  Although both enzymes synthesize the same molecule, they display 

different subcellular distribution, catalytic properties and may possess unique function 

(Ksiazek et al., 2015). SK1 is mainly present in the cytoplasm but when activated 
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translocates to the plasma membrane for S1P synthesis. Interestingly, S1P was also 

identified in the extracellular microenvironment and extracellular vesicles. It was reported 

that approximately 8% of activated SK1 is released into the extracellular environment 

(Ancellin et al., 2002). In contrast, SK2 was found to synthesize S1P inside the cell 

nucleus and within mitochondria. Intracellularly, S1P act as secondary messenger and 

extracellularly it behaves as ligand molecule to its five specific G-protein coupled 

receptors, sphingosine 1-phosphate receptor 1 to 5 (S1PR 1-5). 

1.11.1 Intracellular S1P 

Intracellular S1P regulates the TNF-α/NF-kB signaling pathway, epigenetic mechanisms, 

and mitochondrial respiration (Nagahashi et al., 2014). Intracellular S1P binds and acts as 

a cofactor to E3 ubiquitin ligase activity of tumor necrosis factor receptor-associated factor 

2 (TRAF2) in the TNF-α/NF-kB signaling pathway and regulates various cell functions 

(Alvarez et al., 2010). SK2-derived S1P in the nucleus exclusively binds and inhibited 

HDAC1 and HDAC2 activity thereby epigenetically regulating expression of various 

genes (Hait et al., 2009). In cancer cells, S1P promotes telomerase activity and thus 

survival and proliferation. Nuclear S1P binds to hTERT (human telomerase reverse 

transcriptase) and allosterically mimics phosphorylation thereby maintaining telomerase 

stability and maintenance, and tumor growth and survival (Panneer Selvam et al., 2015).  

Furthermore, S1P produced by SK2 in mitochondria was reported to interact with 

prohibitin 2, a chaperone protein in mitochondria that plays a role in mitochondrial 

respiration (Strub et al., 2011). In Alzheimer‟s disease, it was observed that SK2 is 

upregulated in the brain of affected patients. In addition, S1P modulates the activity of 

BACE1 (β-site APP cleaving enzyme-1), the enzyme responsible for the generation of 

amyloid-beta peptides by binding and mimicking activating phosphorylation of the 

enzyme (Takasugi et al., 2011). 

1.11.2 S1P transporters 

In various cell types, several members of the ABC (ATP-binding cassette transporters) 

family and SPNS2 (spinster homolog 2) were identified as active transporters of S1P 

(Pyne and Pyne, 2010, Nagahashi et al., 2014). In SPNS2 null mice, plasma levels of S1P 

were unchanged, but in lymph, S1P content was significantly decreased (Mendoza et al., 

2012). In addition, in-vitro ABCA1, ABCG2, and ABCC1 which are the ATP dependent 

transporters were identified to facilitate cellular S1P efflux (Ksiazek et al., 2015). In 
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RBCs, ABCC1 was reported as an S1P efflux facilitator. However, Abcc1/Mrp1, Abca1, 

and Abca7 null mice did not show any changes in plasma S1P levels indicating that these 

ABC transporters are of minor importance in-vivo (Lee et al., 2007). 

1.11.3 Extracellular S1P and its receptors 

Red blood cells are the primary source of S1P in plasma. Additionally, non-hematopoietic 

cells such as vascular endothelial cells and activated macrophages, mast cells, platelets are 

also contributing to the S1P pool (Venkataraman et al., 2006, Hanel et al., 2007, Yatomi et 

al., 1997, Olivera et al., 2007). In the thymus, neural crest-derived pericytes are the sources 

of S1P, and for lymph, it is lymphatic endothelial cells (Pham et al., 2010, Zachariah and 

Cyster, 2010). The concentration of S1P in interstitial fluid and blood varies significantly. 

It was observed that in tissue, the S1P level ranges from 0.5 to 75 pmol/mg, in plasma, 

S1P concentrations are in the range of 0.2 to 0.9 μM and in serum, levels are ranging from 

0.4 to 1.1 μM (Takabe et al., 2008). In plasma, HDL (high density lipoprotein) is the 

primary physiological carrier of S1P (50% to 60%), and the remaining fraction is 

transported in association with albumin (≈30%) and other lipoproteins (≈10%) (Ksiazek et 

al., 2015). 

Extracellular S1P function as an autocrine and paracrine signaling ligand (Ogretmen, 

2018). S1P regulates biological and pathological functions of the cell through S1PR 1-5 

residing on the membrane (Figure 6). Each of these receptors can regulate a variety of 

functions such as angiogenesis, lymphocyte trafficking, and cancer hallmarks (Strub et al., 

2010).  Expression levels of these receptors vary between tissue types and are to the 

extracellular stimuli. Therefore, it is essential to study the expressions of the individual 

receptor isoforms in the context of specific cell types to understand the behavior of the 

cells in response to S1P stimulation (Young and Van Brocklyn, 2006, Blaho and Hla, 

2014). S1PR1-5 receptors function in combination with G-proteins. These receptors form 

complexes with Gi, Gq, G12 and G13 heterotrimeric G proteins (Young and Van Brocklyn, 

2006) (Figure 6). S1P stimulation leads to S1P receptor coupling to their G proteins and 

then regulates various downstream pathways such as PI3K/AKT pathway, 

p38/JNK/MAPK pathway, Rho-Rho kinase (ROCK) pathways, and Ras-mitogen-activated 

protein kinase pathway (Okamoto et al., 2011) (Figure 6). 
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Figure 6: Extracellular S1P signaling pathways mediated by S1PR1-5 

Graphical image representing extracellular S1P release from platelets, mast cells and monocytes and 

subsequent binding and activation of its specific G-protein coupled receptors. Activated S1PR1-5 stimulates 

downstream signaling and regulate various cell function. S1P receptors are also known as EDG (endothelial 

differentiation gene) receptors. The graph is from Spiegel and colleagues (Spiegel and Milstien, 2003) and 

reproduced here with prior permission from Springer Nature (License number 4514431386765). 

 

S1P receptors are known to be mediators of several physiological functions, for example, 

S1PR1 expression is essential for normal development of the mouse embryonic 

cardiovascular system. Further, both in-vitro and in-vivo studies have demonstrated the 

importance of S1PR1 expression in vascular endothelial cells morphogenesis, 

development, and maintenance of vascular barrier through adherence junction formation 

(Blaho and Hla, 2014, Young and Van Brocklyn, 2006). Further, S1PR1 expression in the 

lymphocyte has been shown to be a major factor in the S1P mediated lymphocyte egress 

from lymphoid organs to the blood. The FDA approved drug FTY720/fingolimod in the 

treatment of Multiple sclerosis (MS) has shown to decrease S1PR1 activity and 

lymphocyte egress in patients (Brinkmann et al., 2010). On the other hand, S1PR2 

mediates microvascular constriction leading to reduced blood flow to the cochlea 

(Maceyka et al., 2012). Further, S1PR2 has also been shown to regulate vascular activation 

and permeability, and lymph vessels contractility (Blaho and Hla, 2014). 
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In-vitro, S1PR3 was reported to be involved in the migration of B cells. Additionally, 

S1PR1 and S1PR3 promote migration of macrophages and dendritic cells (Blaho and Hla, 

2014). S1PR4 expression was reported to be profuse in immune cells and shown to 

promote rearrangement of cytoskeleton and cell shape (Olesch et al., 2017). On the other 

hand, S1PR5 expressed in brain endothelial cells promotes optimal barrier formation and 

reduces immune trafficking (van Doorn et al., 2012). Further, S1PR5 also regulates NK 

(natural killer) cell egress from bone marrow to blood (Olesch et al., 2017). 

1.12 Sphingosine 1-phosphate in cancer 

S1P is a pro-proliferative molecule. As mentioned above, it acts not only via intracellular 

targets but also via binding to extracellular specific receptors. Several studies in cancer 

biology revealed that S1P promotes cancer cell survival, proliferation, migration, 

metastasis, and angiogenesis (Kunkel et al., 2013). S1P can exert pro-tumorigenic 

functions in an S1PR-dependent or independent manner. Specific receptor exerts specific 

function depending on the cancer cell type and context (Kunkel et al., 2013, Ogretmen, 

2018). 

In lung cancer cells S1P promoted tumor cell survival and growth by binding hTERT and 

mimicking activating phosphorylation. This prevented the binding of hTERT to U3 

ubiquitin ligase MKRN1 (Makorin ring finger protein 1) and ultimately its degradation and 

increased pro-tumorigenic telomerase activity (Panneer Selvam et al., 2015). Recent study 

identified that S1PR1 is a key component in the persistent activation of STAT3 in tumor 

cells. STAT3 is a transcription factor for S1PR1 hence, activated STAT3 increased the 

expression of S1PR1. Thus, S1P binding to S1PR1 leads to an autocrine activation loop of 

STAT3 activation in in-vitro and in-vivo tumor studies. STAT3 activation was also 

essential to upregulate IL-6 expression which is crucial for the activation of STAT3 to 

induce tumor cell transformation and progression (Lee et al., 2010). This is one 

mechanism which cancer cells use persistently to maintain oncogenicity. Upregulated 

S1PR1 and S1PR3 is correlated with poor prognosis for estrogen receptor (ER)-positive 

breast cancer patients.  Further, S1PR4 expression is associated with ER-negative breast 

cancer (Mukhopadhyay et al., 2015). In breast cancer cells it was shown that S1P is 

exported through ABCC1 and ABCG2 to promote autocrine cell survival and proliferation 

(Takabe et al., 2010). SPNS2 is a transporter of S1P in mice. In SPNS2
-/-

 mice a reduction 

in lung metastasis and improved T cells and NK cell infiltration suggested a role of 
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SPNS2/S1P in tumor metastasis (van der Weyden et al., 2017). All the above studies 

indicate the importance of S1P and its receptors in tumorigenesis. 

1.12.1 Dysregulated S1P pathway in cancer 

S1P is synthesized by the condensation of serine and palmitoyl CoA as described above. 

Several reports are suggesting that this pathway is dysregulated in cancer cells (Hannun 

and Obeid, 2018, Ryland et al., 2011, Hisano and Hla, 2019).  Several enzymes are 

maintaining this pathway and are used by cancer cells to transform and proliferate. These 

enzymes can affect S1P-Cer homeostasis to promote pro-proliferative S1P synthesis and 

inhibit pro-apoptotic Cer formation (Ksiazek et al., 2015).  Out of several enzymes that 

regulate the sphingolipid pathway, SK1 and SK2 are the most intensely studied enzymes in 

cancer biology. In particular, SK1 has been shown to promote oncogenesis in skin, breast, 

lung, stomach, colon, ovarian, uterine, kidney, and brain (Shida et al., 2008). 

1.12.2 SK1 in cancer 

Sphingosine Kinase 1 (SK1) is mainly present in the cytosol and translocates to the plasma 

membrane when activated leading to S1P formation (Shida et al., 2008). Various growth 

factors and chemoattractants such as EGF (epidermal growth factor), IGF (insulin growth 

factor), PDGF (platelet derived growth factor), and TGFβ (transforming growth factor 

beta) have been shown to activate SK1 (Shida et al., 2008). A number of studies 

demonstrated that ERK1/2 (Extracellular signal-regulated kinase 1/2) activates SK1 by 

phosphorylation at Ser
225

 and promotes subsequent translocation to the plasma membrane 

(Pitson et al., 2003). Also, SK1 mRNA is upregulated by TGF-β, EGF, PMA, prolactin, 

1,25-dihydroxy vitamin D3, and histamine  (Shida et al., 2008, Yamanaka et al., 2004). 

Upregulation of SK1 increases S1P synthesis and thereby promotes cell proliferation. 

In NIH3T3 fibroblasts, overexpression of SK1 and subsequent increase in S1P levels 

demonstrated the transformation of these cells and when injected into immuno-

compromised mice gave rise to the formation of fibrosarcomas (Xia et al., 2000). This led 

to the classification of SphK1 as an oncogenic lipid kinase. Upregulation of SK1 

expression has been reported in many tumor entities such as melanoma, squamous cell 

carcinoma, advanced stage cervical cancer, bladder cancer, head and neck cancer, 

glioblastoma and leukemia (Pyne and Pyne, 2010, Shida et al., 2008). A meta-analysis 

study of various tumor tissues (n=4,673 patients) in comparison to its normal unaffected 

tissues showed upregulated SK1 on mRNA and protein level. Additionally, the high 
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expression of SPHK1 was correlated with poor prognosis and decreased survival (Zhang et 

al., 2014). In prostate cancer, it was shown that siRNA mediated knockdown of SK1 

increased the Cer/S1P ratio and promoted apoptosis. In contrast, SK1 overexpression 

induced resistance against chemotherapy and promoted oncogenesis in leukemia, prostate 

and pancreatic cells (Guillermet-Guibert et al., 2009, Pchejetski et al., 2005, Baran et al., 

2007, Sobue et al., 2008). These data suggest a predominant role of SK1 in oncogenesis 

and resistance to chemotherapy in tumor cells. Therefore, inhibiting activity of SK1 might 

be an attractive strategy to overcome carcinogenesis. 

1.12.3 SK2 in cancer 

SK2 is mainly present in the nucleus or ER (Pyne and Pyne, 2010). In response to 

phosphorylation by PKD (protein kinase D) SK2 translocates from the nucleus to the 

cytosol (Ding et al., 2007). Unlike SK1, various studies have shown dual roles for SK2. 

Contrary to SK1, nuclear localization of SK2 induce cell cycle arrest apparently leading to 

cell death in tumor cells (Liu et al., 2003). Unlike SK1, overexpression of SK2 in NIH3T3 

cells led to apoptosis (Maceyka et al., 2005). SK2 contains a BCL-xL BH3 binding 

domain, which inhibits anti-apoptotic BCL-xL and promotes apoptosis (Liu et al., 2003, 

Maceyka et al., 2005). 

Nevertheless, other studies also indicated a survival function for SK2. For example, the 

impact of SK2 knockdown on the reduction of glioblastoma proliferation was more 

pronounced when compared to SK1 knockdown (Van Brocklyn et al., 2005). In breast and 

colon cancer, SK2 knockdown in combination with doxorubicin treatment induced P53 

independent G2/M cell cycle arrest (Sankala et al., 2007). Moreover, in MDA‑MB‑453 

breast cancer cells, EGF-induced activation of SK2 (phosphorylation at Ser
351

 and Thr
578

) 

through ERK1 and promote tumor cell migration (Hait et al., 2007). Similar to SK1, high 

expression of SK2 in NSCLC tissue was observed. Furthermore, high expression of SK2 

in patients correlated with resistance to gefitinib and lower overall survival (Wang et al., 

2014). Thus, these studies underline anti-apoptotic and pro-proliferative activity of SK2 

and suggest that SK2 could be an important target to reduce tumor burden. 

1.12.4 S1P in cell migration, invasion, and metastasis 

The mechanism of cancer cell migration is mediated by Rho and Rac GTPase subfamilies 

and involves reorganization of actin cytoskeleton. Rho regulates stress fiber formation and 

focal adhesion while Ras promotes lamellipodia formation (Ridley, 2015). Additionally, 
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activation of plasminogen activators is essential for the degradation of the extracellular 

matrix. Plasminogen activators convert inactive plasminogen to plasmin (serine protease) 

which degrades several extracellular matrix constituents (Andreasen et al., 2000). 

Degradation of extracellular matrixes further promotes cancer cell migration subsequently 

inducing invasion and metastasis induced by various stimulus in cancer cells. 

S1P stimulated upregulated S1PR1 and S1PR3 expression and induced Rho and Rac 

dependent cell migration of B16 melanoma cells while overexpression of S1PR2 abrogated 

cell migration (Arikawa et al., 2003). Similarly, S1PR3 overexpression in MKN1 and 

HGC-27 human gastric cancer cells induced S1P dependent migration, but higher 

expression of S1PR2 in comparison to S1PR3 abrogated cell migration in AZ-521 and 

MK74 cell gastric cells (Hisano and Hla, 2019). In contrast, S1P binding to S1PR2 was 

shown to promote invasion and metastasis by activating matriptase (serine protease) 

(Hisano and Hla, 2019). Additionally, S1PR2 knockdown abolished plasminogen 

activation in glioblastoma cells (Hisano and Hla, 2019, Bryan et al., 2008). Through its 

receptors, S1P was shown to promote expression of the plasminogen activator system and 

MMP2 and MMP9 (Matrix metalloproteinase) (Bryan et al., 2008, Devine et al., 2008). 

This suggests the importance of S1PR2 during cancer cell invasion and metastasis. Taken 

together these data suggest an essential role for S1P/S1PR-mediated signaling events 

during cancer cell migration, invasion, and metastasis. 

1.12.5 S1P in angiogenesis 

For survival and metastasis cancer cells modify its tumor microenvironment and stimulate 

angiogenesis to sustain nutrient and oxygen supply (Martin et al., 2016). S1P is one of the 

key players in the development of the vasculature. One of the important findings in S1P 

signaling shows that S1PR1 null mice do not develop a well-defined vasculature and die at 

early stages of the development (Liu et al., 2000). Also, S1PR1-3 triple knockout mice 

showed more severe phenotype suggesting the importance of S1pr1-3 and S1P signaling 

during angiogenesis and development (Hisano and Hla, 2019). Importantly, S1PR1 

promotes barrier function and thereby increases vascular stability (Blaho and Hla, 2014). 

VEGF (vascular endothelial growth factor) is an important mediator of angiogenesis and 

vasculogenesis (Hisano and Hla, 2019). VEGF regulates functions in endothelial cells by 

binding to its receptor VEGFR receptor tyrosine kinases. Stimulation of VEGFR2 through 

VEGF plays a critical role in early development of angiogenesis in endothelial cells, and 
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later S1PR1/S1P signaling stabilizes the newly formed vasculature (Hisano and Hla, 

2019). Chae and colleagues demonstrated high expression of S1PR1 in the tumor 

vasculature and subsequent knockdown of S1PR1 by siRNA abrogated angiogenesis and 

tumor growth in a Lewis lung carcinoma cell xenograft nude mouse model (Chae et al., 

2004). Moreover, IL-8 is a chemokine known to be upregulated in many cancer types and 

to induce tumor angiogenesis (Shi and Wei, 2016). In breast cancer and ovarian cancer cell 

lines it was shown that S1P induces upregulation of pro-angiogenic IL-8 expression and 

secretion (Boucharaba et al., 2009, Schwartz et al., 2001). 

Angiogenesis in cancer is promoted by hypoxia and regulated by HIFs (hypoxia-inducible 

factors). In glioma cells, it was shown that HIF-2α directly bind to the promoter of SK1 

and induces upregulation of S1P synthesis (Anelli et al., 2008). Contrarily, in A549 

adenocarcinoma cells, SK2 induces S1P synthesis under hypoxic conditions (Schnitzer et 

al., 2009). This evidence indicates that the SK/S1P/S1PR signaling axis is vital in tumor-

induced angiogenesis. 

1.13 Role of sphingolipids in virus binding and endocytosis 

Recent studies have revealed the role of SLs in the lifecycle of pathogenic viruses. Apart 

from playing a critical role in the translocation, replication, and budding SLs also support 

viral attachment to the cell membrane and subsequent uptake into the cells (Schneider-

Schaulies and Schneider-Schaulies, 2015). 

GSLs present in the outer layer of the plasma membrane serve as receptors for viral 

attachment and subsequent initiation of viral endocytosis (Schneider-Schaulies and 

Schneider-Schaulies, 2015). As mentioned above, GSLs are synthesized in the de-novo 

sphingolipid synthesis pathway in distal Golgi complex. GSLs are synthesized from 

hydrophobic ceramides and hydrophilic carbohydrates molecules (Taube et al., 2010). 

Based on their net charge, GSLs are classified into neutral, basic or acidic GSLs and, 

based on main structures are classified into lacto-, neolacto-, ganglio- and globo-GSLs 

(Hakomori, 2003). It was reported that GSLs such as Gb3 and galactosylceramide mediate 

HIV entry into immune cells by binding to the V3 loop of HIV envelope protein gp120 

(Nehete et al., 2002). Apart from HIV, other pathogenic human viruses such as SV40 

(Simian Virus 40), Parvovirus B19, Rotavirus, and Norovirus were shown to interact with 

GSLs (Taube et al., 2010). Additionally, and of relevance for the present thesis project 
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Merkel cell polyoma viral capsid VP1 was shown to interact with the ganglioside GT1b 

carbohydrate chain (Erickson et al., 2009). Using a lung cancer cell line, it was shown that 

MCPyV needs glycosaminoglycans such as HS (heparan sulfate) for initial attachment to 

the cell membrane (Schowalter et al., 2011). Further, the virus capsid VP1 contains sialic 

acid binding site through which it binds to sialylated GT1b thereby facilitating the entry of 

its virions into the host cells. These data indicate that MCPyV uses glycosaminoglycans as 

a primary receptor for its attachment and sialylated GSL as a secondary receptor for the 

gene transduction (Neu et al., 2012, Schowalter et al., 2011). 

Further, Cer-enriched membranes are shown to be necessary for virus entry by endocytotic 

mechanisms.  Human rhinovirus (RV) was shown to promote Cer-enrichment at plasma 

membrane domains by activating ASMase (acid sphingomyelinase) (Grassme et al., 2005, 

Schneider-Schaulies and Schneider-Schaulies, 2015). All the above data suggests that SLs 

serve as critical structural platforms during virus uptake. 

1.13 Targeting the S1P pathway in cancer 

Cancer cells use S1P synthesis pathway to transform, survive and proliferate hence, 

targeting S1P signaling is a promising anticancer strategy. A pharmacological inhibitor of 

SPHK2 and DES1, ABC294640, is currently in clinical trials in several cancer entities. In 

hepatocellular carcinoma, it is under Phase Ⅱ clinical trial (NCT02939807), in Multiple 

Myeloma under Phase Ib and II (NCT02757326), in cholangiocarcinoma under Phase IIa 

(NCT03377179), and pancreatic cancer Phase I clinical trial is completed but results not 

disclosed (NCT01488513). ABC294640 inhibited lung tumors by inducing telomerase 

instability (Panneer Selvam et al., 2015). Further, in pancreatic cells inhibition of SK2 by 

ABC294640 resulted in a reduction of tumor growth via suppression of c-Myc and RRM2 

(ribonucleoside­diphosphate reductase subunit) (Lewis et al., 2016). 

FTY720 is an FDA approved drug for relapsing multiple sclerosis (MS). In glioma, 

FTY720 phase I clinical trial (NCT02490930) is completed, but results have not been 

disclosed. FTY720 is a sphingosine analog and was shown to inhibit S1PR1 in relapsing 

MS. FTY720 is phosphorylated by SK2, this step generates p-FTY720 that behaves as S1P 

analog and induces degradation of S1PR1. In-vitro and in-vivo studies in colon and lung 

cancer demonstrated that FTY720 inhibits tumor growth through S1PR1-dependent and -

independent pathways, respectively (Saddoughi et al., 2013, Liang et al., 2013). In patient-
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derived ovarian cancer xenografts, FTY720 enhanced antitumor activity in combination 

with carboplatin or tamoxifen and induced the formation of proapoptotic Cer species 

(Kreitzburg et al., 2018). 

Furthermore, SK1-I a specific inhibitor of SK1 was shown to suppress glioblastoma 

(Kapitonov et al., 2009) and melanoma (Madhunapantula et al., 2012) growth and 

proliferation in-vitro and in-vivo. Similarly, SKI-II an inhibitor of SK1 and DES1 activity 

was also shown to inhibit cancer cell growth in melanoma (Madhunapantula et al., 2012), 

acute myelogenous leukemia (Yang et al., 2015), and HNSCC (head and neck squamous 

cell cancer) (Sinha et al., 2011) in-vitro and in-vivo in mouse models. Furthermore, 

PF­543 a potent SK1 inhibitor is effective against triple-negative breast and colorectal 

cancer in-vitro and in-vivo (Ogretmen, 2018). Additionally, VPC03090, an inhibitor of 

S1PR1 and 3 (Kennedy et al., 2011) and AB1, an S1PR2 inhibitor (Li et al., 2015) will 

enter clinical trials as potential anticancer drugs. 
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2. Hypothesis and Objectives 

We hypothesize that the bioactive sphingolipid pathway regulates MCC survival and 

proliferation. We further propose that driving the SM-Cer-S1P rheostat towards a pro-

apoptotic phenotype might be a promising anti-cancer strategy in MCC 

To achieve the above hypothesis the following objectives were outlined: 

 To characterize the expression of serine palmitoyltransferase (SPTLC1-3) and 

sphingosine kinase 1 and 2 (SPHK1/2) in MCC cell lines and tissues. 

 To check the effect of MCPyV large T and small T antigens on mRNA level of 

SPTLC1-3 and SPHK1/2 in human lung fibroblasts. 

 To study the outcome of pharmacological inhibition of SPTLC1-3 by myriocin and 

SPHK1/2 by SKI-II on intracellular S1P, Cer and SM synthesis. 

 To elucidate the effect of SPTLC1-3 and SPHK1/2 inhibitors on MCC cell 

proliferation and survival. 

 To assess the effect of SPTLC1-3 and SPHK1/2 inhibitor on cell viability of non-

transformed normal dermal fibroblasts (NHDF). 

 To analyze the mechanism of cell death upon inhibitor treatment by Flow 

cytometry and Western blot analysis. 

 To study the effect of myriocin and SKI-II inhibition in MCC chicken 

chorioallantoic membrane model. 
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3. Materials and methods  

Most of the methods described here in this section are reproduced from my published 

paper (Bhat et al., 2018a). 

3.1 Tumor tissue samples from patients 

Formalin-fixed and paraffin-embedded (FFPE) tumor samples of MCC (n=21) and nine 

non-MCC [Basal cell carcinoma (n=5) and melanoma samples (n=4)] samples were used 

to identify mRNA expression of SPTLC1-3 and SPHK1/-2. The patient‟s tumor samples 

were collected at the University Hospital Essen (Germany). All details related to the 

patient cohorts are published (Fan et al., 2018, Bhat et al., 2018a). 

3.2 Cell lines and culture conditions 

The MCPyV
+
 MCC cell lines MKL-1, WaGa, MKL-2, LoKe, BroLi, MS-1, and PeTa 

were cultured in RPMI1640 media containing 10% fetal bovine serum (FBS) and 1% 

penicillin/streptomycin at 37°C and supplied with 5% CO2 as described (Houben et al., 

2013). Already established MCPyV
+
 MCC cell lines UM13, UM29, UM52, UM565, and 

the MCPyV
-
 MCC cell lines UM9, UM31, UM32, UM34, UM623, UM624 (Verhaegen et 

al., 2014) were cultured in neural crest stem cell self-renewal medium supplemented with 

15% chick embryo extract. Primary human skin fibroblasts were cultured in DMEM 

supplemented with 15% FBS at 37°C and 5% CO2. Normal human dermal fibroblasts 

(NHDF) were purchased from Lonza (Walkersville, MD, USA) and cultured in FGM™-2 

BulletKit™ supplemented with 2% FCS at 37°C and 5% CO2. MRC-5 cells (human lung 

fibroblasts) were cultured in MEM Eagle media containing 10% FBS at 37°C and 5% CO2 

(Bhat et al., 2018a). 

3.3 Lentiviral transduction of human lung fibroblasts (MRC-5 cells) 

MKL-1, MKL-2, and MS-1 derived truncated MCPyV-LT antigens were cloned into 

pLJM1-EGFP plasmids. HEK293T cells were used to produce lentiviral particles by co-

transfecting pLJM1-EGFP-LTAs or pLJM1-EGFP plasmids with helper plasmids 

(pHCMV-G, pRSV rev and pMDLg/pRRE). Post 48 h of transfection viral particles were 

harvested by filtering through 0.45 μm filters. For transduction, 200 μl of virus supernatant 

and 4 μg/ml polybrene were added to the MRC-5 fibroblasts and incubated overnight; then 
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cells were washed twice with culture medium Eagle's Minimum Essential Medium. 

Puromycin 1 μg/ml was added to establish stably transduced cells (Bhat et al., 2018a). 

3.4 RT-qPCR 

Total RNA was isolated utilizing the RNA Kit purchased from PeqGOLD. Two-hundred 

ng of isolated RNA was transcribed into cDNA using Transcriptor First Strand cDNA 

Synthesis Kit. LuminoCt SYBR Green qPCR ReadyMix (Sigma, St. Louis, MO) was 

added to the cDNA with primers. The qRT-PCR analysis was performed on a CFX384 

Touch™ Real-Time PCR machine. QuantiTect primers were purchased for SPTLC1-3 and 

SPHK1/2 (Qiagen, Hilden, Germany). The 60S acidic ribosomal protein-P0 (RPLP0) was 

used as housekeeping gene and detected with LuminoCt qPCR ReadyMix (Sigma, St. 

Louis, MO), Details of all the primers and probe used is given in Table 1 (Bhat et al., 

2018a). 

3.5 RT-qPCR of S1PR1-5 

Expression of S1PR1-5mRNA was measured in MKL-1, MKL-2, WaGa, BroLi, LoKe, 

and PeTa MCC cell lines; total RNA was extracted from the cell lines mentioned above 

using the RNeasy Plus Kit (Qiagen, Hilden, Germany). cDNA was synthesized using high-

capacity cDNA reverse transcription kit (Applied Biosystems, Applied Biosystems, Foster 

City, CA). RT-qPCR was performed in an Applied Biosystems 7900HT Fast Real-Time 

PCR machine using QuantiFast SYBR Green PCR kit (QIAGEN, Hilden, Germany) and 

QuantiTect primers S1PR1-5 (QIAGEN, Hilden, Germany). The obtained Ct values were 

then normalized to housekeeping gene HPRT. The expression was calculated using 2
-∆∆Ct

 

method relative to S1PR1. Information about the primers is given in Table 1 (Bhat et al., 

2018a). 

3.6 Re-analysis of GEO datasets 

Microarray data from the GEO database (GSE39612) was used to re-analyze mRNA 

expression of SPTLC1-3 and SPHK1/2 in renormalized 64 normal skin tissues and 30 

MCC tumor tissues (Harms et al., 2013). The data were re-analyzed using ExAtlas, an 

online gene expression meta-analysis tool (Sharov et al., 2015). RNA sequencing data 

(GSE79968) was downloaded from GEO datasets (Berrios et al., 2016). The FPKM 

(Fragments per kilobase of exon per million reads) values for SPTLC1-3 and SPHK1/-2 
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were obtained from datasets deposited for GFP transfected or MCPyV-sT transfected 

IMR90 cells (Bhat et al., 2018a). 

3.7 LC-MS/MS analysis 

Approximately 750,000 MKL-1 and WaGa MCC cells were seeded in 12 well plates 

supplemented with RPMI1640 media and 0.5% FBS (Fetal bovine serum) and left 

overnight. Then the cells were treated either with DMSO (Dimethyl sulfoxide 0.1% as a 

vehicle) or myriocin (10 mM in DMSO) or SKI-II (30 mM in DMSO). After 24 h of 

treatment, MKL-1 and WaGa cells were harvested in a 1ml tube and lysed by sonication in 

cold phosphate buffered saline (PBS; pH 7.4). The sonicated MKL-1 and WaGa samples 

were then mixed with three volumes of chloroform/methanol solution (2:1; v/v) and 

subsequently CerC17:0 and SMC17:0 was added as internal standards (ISTD) (Avanti 

Polar Lipids, Alabaster, USA). To analyze SLs, mild alkaline hydrolysis was done by 

adding 400 µl 1 M NaOH in methanol/CHCl3/H2O (16:16:5, v/v/v) to lipid extracts and 

incubated for 45 min at room temperature. The samples were then neutralized using 150 µl 

1 M acetic acid and 400 µl 0.5 M EDTA Then, 1 ml CHCl3 was added, samples were 

vortexed, centrifuged, and the upper aqueous layer was removed. Once again, the samples 

were washed with 700 µl H2O, vortexed, centrifuged and the aqueous phase was removed. 

The organic layer was dried under N2. Lipids were separated on a UPLC-column analyzed 

using a QTOF-MS system as described (Knittelfelder et al., 2014). Data analysis was 

performed using the Lipid Data Analyzer Software (Hartler et al., 2011). Data were 

normalized to recovery, extraction, and ionization efficacy by calculating analyte/ISTD 

ratio. Further, the ratio obtained was normalized to protein content (arbitrary units/mg 

protein) (Bhat et al., 2018a).  

3.8 S1P measurement 

Intracellular S1P in MCC cells was quantitated using the S1P ELISA kit from Echelon 

(Echelon Biosciences, UT, US). To analyze S1P concentration, MKL-1 and WaGa cells 

were seeded in 21 cm
2
 petri dishes and cultured in the absence or presence of DMSO 

(0.1% as a vehicle) or myriocin (10 mM in DMSO) or SKI-II (30 mM in DMSO). S1P-

ELISA assay was performed post 24 h of treatment as suggested in the manufacturer's 

protocol. A nonlinear regression model was used to quantitate S1P levels as suggested by 
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the manufacturer. Data obtained were normalized to cell protein content (Bhat et al., 

2018a). 

3.9 Inhibitor treatment and cell viability assay 

CellTiter-Glo 3D cell viability assay was used to measure cell viability in MKL1, WaGa, 

and NHDF cells. Briefly, MKL1 and WaGa cells (2x10
4
) were seeded in 96 well plates 

supplemented with RPMI1640 media and 0.5% FBS.  Then the cells were treated with 

myriocin, SKI-II, Triciribine, ABC294640 or FTY720 at increasing concentrations. 

DMSO was used as (0.1%) a vehicle. After 48 h of inhibitor treatment cell viability was 

measured using CellTiter-Glo 3D cell viability assay kit as described in the manufacturer‟s 

protocol. Untreated MKL-1 and WaGa cells were used as a control. To measure cell 

viability in NHDF cells, ≈ 2x10
3
 cells per well were seeded in 96 well plates containing 

media with 0.5% FCS and allowed to attain 80% confluence before inhibitor treatment was 

performed as mentioned above. Viability assay was carried out using CellTiter-Glo 3D cell 

viability assay kit (Bhat et al., 2018a). 

3.10 S1P enrichment of high-density lipoprotein (HDL)  

The HDL was isolated from healthy human volunteers as described (Sattler et al., 1994). 

S1P enrichment in HDL was achieved by incubating isolated HDL (4 mg protein/ml) with 

S1P (50 µg) on a rotating wheel for 4 h at 37
°
C. S1P-ELISA assay was performed to 

measure S1P concentration in native HDL, and S1P enriched HDL (HDL-S1P) as 

described (Bernhart et al., 2015, Bhat et al., 2018a). 

3.11 Native HDL, HDL-S1P, and S1P lyase treated HDL in MCC cell 

viability assay 

HDL and HDL-S1P were prepared as stated above. MKL-1 and WaGa cells were then 

treated with either HDL or HDL-S1P at increasing concentrations and left for 48 h. Cell 

viability was measured using CellTiter-Glo 3D cell viability assay kit.  

Native HDL (200µl of 4 mg protein/ml) was incubated with S1P lyase (3 µg) for one hour. 

Then MKL-1 and WaGa cells were treated with native HDL (20 µg/ml), or S1Plyase 

treated HDL (20 µg/ml). S1P lyase was used as a control. 48 h after treatment cell viability 

was measured using CellTiter-Glo 3D cell viability assay kit. 
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3.12 VPC23019 treatment and cell viability assay 

MKL-1 and WaGa cells were initially incubated with VPC23019 (1 µM or 5 µM) for one 

hour. Then native HDL (20 µg/ml) or HDL-S1P (20 µg/ml) was added for 48 h. Cell 

viability was measured using CellTiter-Glo 3D cell viability assay kit. 

3.13 Annexin V/propidium iodide staining 

MKL-1, WaGa and NHDF cells (3x10
5
) were seeded in 12 well plates supplemented with 

RPMI1640 media containing 0.5% FBS and treated with myriocin, SKI-II, Triciribine, 

ABC294640, or FTY720 as indicated. DMSO was used as a vehicle (0.1% v/v). After 48 h 

of inhibitor treatment MKL-1, WaGa and NHDF cells were harvested and stained using 

the FITC Annexin V Apoptosis Detection Kit 1 (BD Biosciences) according to the 

manufacturer‟s protocol. Flow cytometric analyses were performed using a Guava 

EasyCyte8 flow cytometry machine (Millipore, Billerica, MA, USA) and analyzed using 

software InCyte 3.1 (Millipore) (Bhat et al., 2018a). 

3.14 Caspase-3 activity assay 

MKL-1 and WaGa cells (7.5x10
5
) were seeded in 12 well plates supplemented with 

RPMI1640 media containing 0.5% FBS. The cells were then treated with myriocin (15 

µM) or SKI-II (15 µM) or DMSO (vehicle) or left untreated for 24 and 48 h. Later, cells 

were harvested, and the caspase-3 activity assay was performed using EnzChek Caspase-3 

Assay Kit #2 Invitrogen (Waltham, MA) as described by the manufacturer (Bhat et al., 

2018a). 

3.15 Western blot analysis 

For Western blotting, 1x10
6
 cells were seeded in 6-well plates supplemented with 

RPMI1640 media containing 0.5% FBS. The cells either were treated with myriocin (10 

µM and 15 µM) or SKI-II (10 µM and 15 µM) or DMSO (vehicle) or left untreated as 

indicated. After 36 h the cells were lysed in RIPA buffer (50 mM Tris-HCl pH 7.4, 1 % 

NP-40, 150 mM NaCl, 1 mM Na3VO4, 1 mM NaF, 1 mM EDTA) containing protease 

inhibitors and 10 μM PMSF. BCA kit was used to measure protein concentration of cell 

lysates as described by the manufacturer (Thermo Scientific).  Equal concentration of 

protein aliquots was loaded (50 µg/lane) into 10% SDS-PAGE gel, and then the protein 

was separated based on their size on SDS-PAGE under reducing conditions. After 
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separation, proteins were transferred to PVDF (polyvinylidene difluoride) membranes. 

Initially, membranes were blocked in 5% milk prepared in TBST (Tris-buffered saline 

containing Tween 20) buffer for 2 h to reduce non-specific binding of antibodies. Next,  

membranes were incubated with specific primary antibodies (dilution1:1000) for overnight 

at 4
0
C (list of all the antibodies given in Table 2). Then membranes were washed in TBST 

buffer and further incubated with corresponding HRP-conjugated secondary antibodies for 

2 h. Immunoreactive bands were visualized using ECL reagents. Membranes were stripped 

and re-probed for β-actin (1:5000) as a loading control. Densitometric analysis was done 

using ImageJ software, and immunoreactive bands were normalized to corresponding actin 

and control lanes. Each experiment was repeated at least three times. (Bhat et al., 2018a). 

3.16 MCC-CAM tumor xenograft model 

The MCC-CAM tumor xenograft model was implemented as reported (Bhat et al., 2018b). 

The ex-ovo CAM assay was performed as described (Deryugina and Quigley, 2008). 

Schematic workflow of MCC-CAM is shown (Figure 28). In brief, fertilized eggs of white 

leghorn chicken were from a local commercial hatchery. The fertilized egg was considered 

as day 0 of the embryo. The fertilized eggs were then incubated for 3 days (37.6°C, 50 % 

humidity) lying horizontally with continuous rotation. On day 3 of the embryo, before 

cracking the egg, the plastic dishes were sterilized by 70% ethanol and UV-radiation. The 

eggshells were then cracked by using a mechanical fret saw. Then egg content was placed 

carefully into the sterilized plastic container and incubated for additional 7 days. Next, on 

day 10 of the embryo, silicone rings (5 mm diameter) were placed on vascular branches of 

the CAM. MKL-1 and WaGa MCC cells were then mixed with Matrigel (BD MatrigelTM 

Basement Membrane Mix) in a 1:3 ratio and from the mixture 20 µl (containing 2x10
6
 

cells/onplant) was applied into the silicone rings and left a day to allow the cells to interact 

with CAM. On day 11 of the embryo, DMSO or myriocin (15 µM) or SKI-II (15 µM) 

treatment was started and continued for once in every 24 h. Progression of MKL-1 and 

WaGa tumor xenografts was monitored by photo-documentation using Olympus SZX16 

throughout the incubation period. On day 15 of the embryo, the tumors were photo-

documented, and tumor area was quantified using Image J software (Bhat et al., 2018b, 

Azoitei et al., 2011). The CAM with the attached xenografts of MKL-1 and WaGa was 

then removed by a square cut, and the host chick embryo was killed by decapitation. 
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Samples were then washed and fixed with 4 % (v/v) paraformaldehyde for 16 h at room 

temperature followed by FFPE-tissue embedding (Bhat et al., 2018a). 

3.17 Histology 

Sectioning of the paraffin-embedded MKL-1 and WaGa tumor xenografts was performed 

using microtome tissue sectioning machine. Five µm sections were prepared from the 

above samples. Then the sections were stained with Haematoxylin and eosin or analyzed 

immunohistochemically according to manufacturer‟s protocol (mouse and rabbit specific 

HRP/DAB Detection IHC Kit, Abcam). In brief, the sections were incubated with primary 

antibodies (list of all the antibodies given in Table 2) for 60 min at 37
0
C after de-

paraffinization, rehydration and blocking procedure. Then the sections were washed and 

subjected to incubation with polyclonal secondary antibodies. The detection of target 

antigens was performed via streptavidin-peroxidase-mediated reaction of AEC or DAB. 

Anti-cytokeratin-20 (CK-20; Dako, 1:200) staining was performed manually, Ki-67 

(Dako) antibody staining was performed on an automated staining system (Dako-

Autostainer). Ki-67 index was calculated by identifying Ki-67-positive tumor area using 

ImageJ as described (Peulen et al., 2013). Images were taken on an Olympus BX53 (Bhat 

et al., 2018a). 

3.18 Statistical analyses 

Data were presented here as mean ± SD. Unpaired Student`s t-test, Mann-Whitney U test 

or one-way ANOVA was used for analysis of statistical significance (using the Graph Pad 

Prism6 package). All values of p < 0.05 were considered significant (Bhat et al., 2018a). 
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4. Results 

4.1 Characterization of SPTLC1-3 and SPHK1/2 expressions in MCC 

skin tumor samples 

Initially, we characterized mRNA expression of SPTLC1-3 (coding for the three catalytic 

subunits of SPT) and SPHK1/2 (coding for SK1/2; the two enzymes that phosphorylate 

sphingosine to S1P) in nine non-MCC skin tumor samples (consisting of 5 basal cell 

carcinomas and 4 melanomas) and 21 MCC tumor samples by qRT-PCR. The comparison 

of non-MCC tumor samples to MCC tumor samples revealed significantly higher 

expression of SPTLC1 in MCC tumors (Figure 7A). SPTLC2/3 and SPHK1/2 showed a 

clear trend towards higher expression though the difference was statistically not significant 

(Figure 7A and 7B). 

 

Figure 7: SPTLC1-3 and SK1/2 mRNA expression in MCC tumor samples.  

RNA was isolated, and cDNA was prepared from nine non-MCC (5 basal cell carcinomas and 4 melanomas) 

and 21 MCC tumor samples. (A and B) The obtained Ct-values were normalized to RPLP0 and SPTLC1-3 

and SPHK1/2 expression was analyzed using the method 2
-ΔΔCt

 relative to skin fibroblasts. Statistical analysis 

was done between non-MCC and MCC tumor samples using the Mann-Whitney test (p-value < 0.05 was 

considered significant). The data shown above are from my published article (Bhat et al., 2018a) and 

reproduced here with the permission from Elsevier. 
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4.2 Characterization of SPTLC1-3 and SPHK 1/2 expression in MCPyV-

positive and MCPyV-negative MCC cell lines 

After investigating the expression in MCC tumor samples, we quantitated mRNA 

expression of SPTLC1-3 and SPHK1/2 in 10 MCPyV
+ and 6 MCPyV

-
 MCC cell lines. 

Non-transformed NHDF cells (normal human dermal fibroblast) were used as relative 

control. qRT-PCR results are shown relative to the expression in NHDF cells. The 

expression of SPTLC1 was higher in 13/16 cell lines. SPTLC2 expression was higher in 

16/16 cell lines, and SPTLC3 expression showed higher expression in 8/16 cell lines 

(Figure 8A). In SPHK’s, 3/16 MCC cells showed higher expression of SPHK1 and, 

SPHK2 expression was lower in all MCC cell lines when compared to NHDF (Figure 

8A). Further, we compared SPTLC1-3 and SPHK1/2 expressions between 10 MCPyV
+ 

and 6 MCPyV
-
 MCC cell lines. Interestingly, SPHK1 and 2 expression levels were 

significantly higher in MCPyV
+ 

in comparison to MCPyV
-
 cells, but there was no 

significant difference in SPTLC1-3 levels (Figure 8B). 
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Figure 8: SPTLC1-3 and SK1/2 mRNA expression in MCPyV
+
 and MCPyV

-
 MCC cell lines. 

(A) Normal human dermal fibroblast (NHDF) cells, 10 MCPyV
+
, and 6 MCPyV

-
 MCC cell lines were used 

to check the mRNA expression of SPTLC1-3 and SK1/2. The heat map was generated after mRNA 

expressions were calculated using the 2
-ΔΔCt 

method. Ct-values were normalized to RPLP0 and are shown 

relative to NHDF. The experiment was performed in triplicates. (B) mRNA expression of SPTLC1-3 and 

SK1/2 was analyzed in 10 MCPyV
+
 and 6 MCPyV

-
 MCC cell lines and statistical analysis was performed by 

Mann-Whitney test. (mean ± SD, *p ≤ 0.05, **p ≤ 0.01, ns., not significant, n.d., not detected). The data 

shown above are from my published article (Bhat et al., 2018a) and reproduced here with the permission 

from Elsevier. 
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4.3 MCPyV-LTA expression in fibroblasts upregulates SPTLC1-3 and 

SPHK1-2 mRNA 

To investigate whether MCPyV-LTA induction in the human lung fibroblast MRC-5 cell 

line affects SPTLC1-3 and SPHK1/2 mRNA levels, we transduced MCPyV-LTA in MRC-

5 cells. First, MCPyV-LTA was isolated from the MKL-1, MKL-2, and MS1 cell lines and 

cloned in a lentiviral expression vector and separately transduced in MRC-5 cells. EGFP 

expressing cells were used as negative control.  MCPyV-LTA expression was confirmed 

by qRT-PCR (Figure 9A). Surprisingly, MCPyV-LTA expression led to the formation of 

two kinds of cell populations one growing exclusively adhesive (a natural state in culture 

flask) and the other floating. SPTLC1-3 and SPHK1/2 mRNA expression were checked in 

both cell populations (Figure 9B and 9C). In comparison to EGFP (Enhanced green 

fluorescent protein)-expressing cells, SPHK1 showed a significant upregulation in the 

MKL-1_LTA, and MKL-2_LTA expressing adherent MRC-5 cell populations and in the 

MKL-1_LTA expressing floating cells (Figure 9C). SPHK2 was upregulated in 

nonadherent cells but not in the adherent cell population (Figure 9C). Conversely, 

SPTLC1 and 2 did not show any change in expression while SPTLC3 was consistently 

downregulated under all conditions (Figure 9B). 
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Figure 9: Forced expression of MCPyV-LTA in MRC-5 cells upregulates SPHK1 and SPHK2 mRNA.  

The MCPyV-LTA of MKL-1, MKL-2, or MS1 cells were cloned into a lentiviral expression system and 

transduced into the MRC-5 cell line. (A) The mRNA expression of MKL-1_LTA, MKL-2_LTA, and 

MS1_LTA was shown using MCPyV-LTA specific primers. Non-transduced and EGFP expressing clones 

were used as negative control. (B) Two different cell populations (adherent and non-adherent) were obtained 

after transduction. These cell populations were collected separately, and mRNA expression of SPTLC1-3 and 

SPHK1/2 were analyzed using the 2
-ΔΔCt 

method relative to EGFP expressed cells. Statistical analysis was 

done using one-way ANOVA (n=3, mean ± SD, *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001). The data shown above 

are from my published article (Bhat et al., 2018a) and reproduced here with permission from Elsevier. 
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4.4 Reanalysis of MCC data from published GEO data set GSE39612 

and GSE79968 

We next reanalyzed two GEO dataset (Edgar et al., 2002) from two different published 

articles. From the GSE39612 microarray dataset (Harms et al., 2013) I compared SPHK1/2 

mRNA expression in normal skin (n=64) and MCC tissues (n=30). The statistical analysis 

of the data revealed significantly higher expression of SPHK1 and 2 in MCC tumor 

samples in comparison to unaffected normal skin (Figure 10A). We did not observe 

differences in SPTLC1-3 expression (data not shown).  

The second data set GSE79968 (Berrios et al., 2016) was obtained by RNA-Seq of 

MCPyV-sT expressing human lung fibroblasts (the IMR90 cell line). The authors used 

GFP-overexpressing cells as controls. Cells were harvested at the time points indicated and 

subjected to whole transcriptome RNA sequencing. The obtained FPKM values of 

SPTLC1-3 and SPHK1/2 from RNA sequencing data were retrieved from the raw data set 

and are compared between MCPyV-sT- and GFP-expressing cells. The statistical analysis 

disclosed upregulation of both SPTLC1-3 and SPHK1/2 in response to MCPyV-sT 

transduction (Figure 10B). 
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Figure 10: Retrieval and re-analysis of GEO datasets GSE39612 and GSE79968 show upregulation of 

SPHK1 and 2 in MCC tumor samples and upregulation of SPTLC1/2 and SPHK1/2 in MCPyV-sT 

expressing IMR90 cells.  

The online meta gene-expression analysis tool ExAtlas (Sharov et al., 2015) was used to re-analyze the 

GSE39612 microarray data set (Harms et al., 2013). SPHK1/2 mRNA expressions were obtained and 

compared between normal skin (n=64) and MCC tissues (n=30). Mann-Whitney test was used to statistically 

evaluate the data (mean ±SD, *** p ≤ 0.001). (B) GSE79968 RNA sequencing data (Berrios et al., 2016) 

were obtained from the GEO database. FPKM values of SPTLC1/2 and SPHK1/2 were retrieved for GFP or 

MCPyV-sT expressing IMR90 cells. Doxycycline was used to induce the expression of GFP or MCPyV-sT 

at different time points as shown. The FPKM values were compared between GFP vs. MCPyV-sT expressed 

IMR90 cell lines. Unpaired Student`s t-test was used for statistical analysis of the data (n=3, mean ±SD, *p ≤ 

0.05, ** p ≤ 0.01, *** p ≤ 0.001). The data shown above are from my published article (Bhat et al., 2018a) 

and reproduced here with permission from Elsevier. 
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4.5 Myriocin and SKI-II affect intracellular ceramide, sphingomyelin, 

and S1P homeostasis 

Transcriptome analysis revealed that the MCPyV
+ 

MKL-1 and WaGa cell lines more 

closely resemble global MCC tumor samples in comparison to other MCC cell lines (Daily 

et al., 2015). Therefore, the two well-characterized MCPyV
+
 MCC cell lines MKL-1 and 

WaGa were used for our in-vitro studies.  

After verifying SPTLC1-3 and SK1/2 expression at mRNA level, SPTLC1-3 and SK1/2 

were targeted by their respective pharmacological inhibitors myriocin and SKI-II. In order 

to determine the impact of myriocin and SKI-II on intracellular Cer, SM, and S1P 

homeostasis LC-MS analysis and S1P-ELISA were performed (Figure 11 and 12). LC-MS 

analysis revealed that the total Cer and SM content is approximately 1.3 to 1.5-fold higher 

in MKL-1 in comparison to WaGa (Figure 11). The total SM concentration is 10-fold 

higher in both cell lines when compared to the total Cer content (Figure 11). Myriocin 

treatment significantly decreased the total Cer content in MKL-1 but not in Waga cells 

when compared to the corresponding vehicle controls (Figure 11A). Total SM content was 

only affected in WaGa cells (Figure 11D). Conversely, SKI-II treatment significantly 

increased Cer concentration (Figure 11E and 11G) and decreased SM content (Figure 

11F and 11H) in both the cell lines in comparison to vehicle (DMSO) treatment. 

In comparison to DMSO, myriocin treatment significantly decreased pro-apoptotic Cer 

species C18:0, 20:0, 22:0, 24:0, 24:1 in MKL-1 (Figure 12A) and C20:0, 22:0, 24:0 in 

WaGa cells (Figure 12D). Further, all the SM species (SMC16:0, 18:1, 20:0, 20:1, 22:0, 

22:1, 24:0, 24:1) were decreased in in MKL-1 and WaGa cells (Figure 12B and 12E). In 

addition, myriocin reduced intracellular S1P levels in both MCC cell lines (Figure 12C 

and 12F). In contrast, SKI-II treatment increased all Cer species except in C24:0, C24:1 in 

MKL-1 and C14:0 in WaGa (Figure 12G and 12J). For sphingomyelins, SMC16:0, C24:0 

and C24:1 was reduced in MKL-1 and SMC16:0, C20:1 species were reduced in WaGa 

cells (Figure 12H and 12K). Moreover, S1P-ELISA showed a significant decrease in S1P 

level in both cell lines in response to SKI-II treatment (Figure 12I and 12L). 
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Figure 11: Total ceramide and sphingomyelin concentration were altered by myriocin and SKI-II 

treatment of MCC cell lines.  

MKL-1 and WaGa cells were treated with either (A, B, C, and D) DMSO (vehicle, grey) and myriocin 

(15µM, red) or (E, F, G, and H) DMSO (0.1% v/v) and SKI-II (15µM, blue). The total Cer and total SM 

concentration were obtained by LC-MS analyses after 24 h of treatment. Statistical analysis was done 

between DMSO and inhibitor-treated samples using unpaired Student`s t-test (n=3, mean±SD, *p ≤ 0.05, **p 

≤ 0.01). The data shown above are from my published article (Bhat et al., 2018a) and reproduced here with 

permission from Elsevier. 
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Figure 12: Myriocin and SKI-II impact ceramide, sphingomyelin and S1P content and composition in 

MCPyV
+ 

MCC cells.  

(Figure 12: continued in the next page) 
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MKL-1 and WaGa MCC cells were treated with DMSO (vehicle, grey), myriocin (red) or SKI-II (blue; both 

15 µM) in RPMI1640 media containing 0.5% FCS. After 24 h lipids were extracted, then separated on a C-

18 UPLC-column, and Cer and SM species were identified by LC-MS. The data obtained were analyzed 

using Lipid Data Analyzer software. Ion intensities were then normalized to the ISTD and then to total 

cellular protein (arbitrary units (AU)/mg cell protein). S1P concentration was analyzed by S1P-ELISA.  

(A-C and D-F) Cer, SM, S1P profiles of myriocin treated MKL-1 and WaGa cells. (G-I and J-L) Cer, SM, 

S1P profiles of SKI-II treated MKL-1 and WaGa cells. Statistical analysis was performed using unpaired 

Student`s t-test (n=3, mean ± SD, *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001 in comparison to DMSO). The data 

shown above are from my published article (Bhat et al., 2018a) and reproduced here with permission from 

Elsevier. 

 

4.6 Myriocin and SKI-II abrogate proliferation, and extracellular S1P 

promote proliferation in MCC cells 

4.6.1 SPTLC1-3 and SK1/2 inhibitors abrogate MCC cell viability 

Having verified the impact of myriocin and SKI-II on SL homeostasis we wanted to 

analyze the inhibitors‟ impact on MCC cell viability. Upon myriocin treatment, we 

observed a dose-dependent decrease in MKL-1 and WaGa cell viability analyzed with the 

CellTiter-Glo 3D Cell viability assay (Figure 13A and 13B). Myriocin (15 µM) induced a 

reduction of cell viability (MKL-1 and WaGa) by approximately 50 % (Figure 13A and 

13B). Notably, the inhibitor did not show any effect on NHDF viability (Figure 13C). 

Under control conditions, MKL-1 cells grow in irregular spheroids. The microscopic 

images of MKL-1 cells show that myriocin decreases the spheroid size and increases the 

disintegrated cell population when compared to DMSO or untreated cells (Figure 13D). 

SKI-II was incubated with MKL-1 and WaGa MCC cells and, NHDF cells. SKI-II 

significantly decreased the cell viability in CellTiter-Glo 3D Cell viability assays in a 

dose-dependent manner in both MKL-1 and WaGa cells (Figure 13E and 13F). MKL-1 

and WaGa cell viability was reduced by more than 90% at SKI-II concentration of 15 µM 

(Figure 13E and 13F), indicating the importance of SPHK function in MCC cell survival. 

On the other hand, the viability of NHDF cells was unaffected by SKI-II treatment (Figure 

13G). The spheroid size was decreased, and cells were seen to be disintegrated in SKI-II-

treated MKL-1 cells (Figure 13H). 
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Figure 13: Pharmacological interference with SL homeostasis decreases cell viability of MCPyV
+ 

cells 

without affecting non-transformed NHDF cells. 

MKL-1, WaGa, and non-transformed NHDF cells were treated with DMSO (vehicle, grey), myriocin (red) 

and SKI-II (blue) at the indicated concentrations. After 48 h of treatment cell viability was analyzed using 

CellTiter-Glo 3D Cell viability assay. (A-C) Cell viability of untreated („C‟, control), vehicle (DMSO), and 

myriocin-treated MKL-1, WaGa and NHDF cells. (D) Light microscopic images of untreated, DMSO, and 

myriocin-treated MKL-1 cells (scale bar = 100µm). (E-G) Cell viability of untreated („C‟, control), DMSO 

and SKI-II treated MKL-1, WaGa, and NHDF cells. (H) Light microscopic images of untreated, DMSO and 

SKI-II treated MKL-1 cells (scale bar = 100µm). Results were normalized to untreated controls (100 %) and 

represent mean±SD from triplicate experiments. Statistical analysis was done using one-way ANOVA with 

Bonferroni's multiple comparison tests. ***p ≤ 0.001 compared to untreated controls.  

The data shown above are from my published article (Bhat et al., 2018a) and reproduced here with 

permission from Elsevier. 
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4.6.2 Extracellular S1P promotes MCC cell proliferation 

Extracellular S1P is known to regulate cell function via five specific receptors termed 

S1PR1-5 (Ogretmen, 2018). We first followed expression of S1PR1-5 at mRNA level in 6 

MCPyV
+
 cell lines by qRT-PCR. All receptors were expressed in 6 MCPyV

+
 cell lines 

(Figure 14). Relative to S1PR1 mRNA, the highest expression was observed for S1PR2 

and/or S1PR3 in all the cell lines (Figure 14). 

 

Figure 14: Characterizing the mRNA expression of S1P receptors in MCPyV
+ 

MCC cell lines.  

S1P receptor expression (S1PR 1-5) of 6 MCPyV
+
 cell lines was analyzed at mRNA level. The RNA was 

isolated, and cDNA was prepared. qRT-PCR was done to obtain the Ct-values. The 2
-ΔΔCt

 method was used 

to calculate RNA expression. The results were normalized to HPRT and are shown relative to S1PR1 (set to 

1). The experiment was done in triplicates, mean±SD was plotted. The data shown above are from my 

published article (Bhat et al., 2018a) and reproduced here with permission from Elsevier. 

 

Having shown expressions of all five S1P receptors, we then measured the impact of 

endogenously added S1P on MCC cell proliferation. We treated MKL-1 and WaGa cells 

with HDL (a major physiological carrier of S1P in the circulation; (Maceyka et al., 2012)) 

and S1P-enriched HDL (HDL-S1P). HDL-S1P showed significantly higher proliferation 

rates as compared to native HDL in both MCC cell lines (Figure 15A). To further confirm 

that the pro-proliferative effect is mediated by HDL-associated S1P (and not another 

constituent), we incubated HDL with S1P lyase. S1P lyase is an enzyme, which 

irreversibly degrades S1P to phosphoethanolamine and hexadecanol. After incubation, S1P 

lyase treated and untreated HDL was added to MKL-1 and WaGa cultures. Although S1P 

lyase treatment of HDL decreased cell proliferation the relevance of these findings is 
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currently unclear. This is because the addition of S1P lyase alone also induced a significant 

reduction in cell viability (Figure 15B).  

 

Figure 15: S1P-enriched HDL increases proliferation of MCPyV
+ 

MCC cells.  

(A) MKL-1 and WaGa cells were treated with native HDL and S1P-enriched HDL as indicated. Post 48 h of 

the treatment cell viability was analyzed using CellTiter-Glo 3D Cell viability assay. Untreated cells were 

taken as controls. Statistical comparison was performed between cells cultured in the presence of native HDL 

or S1P-enriched HDL. (B) Cells were incubated in the presence of S1P lyase (3 µg), native HDL (20ug/ml), 

and S1P lyase treated HDL (20ug/ml). Cell viability was assessed using the CellTiter-Glo 3D Cell viability 

assay. S1P lyase treated cells were compared to control and native HDL compared to S1P lyase treated HDL. 

Statistical analysis was done using unpaired Student`s t-test (n=3, mean ±SD, * p ≤ 0.05, **p ≤ 0.01, ***p 

≤0.001). The data shown above are from my published article (Bhat et al., 2018a) and reproduced here with 

permission from Elsevier. 

 

S1PR1 and 3 were reported to promote tumor cell survival and proliferation in several 

cancer entities (Ogretmen, 2018). To test this in MCC cells, we abrogated the activity of 

S1PR1 and 3 in MKL-1 and WaGa cells using its pharmacological inhibitor VPC23019.  

MKL-1 and WaGa cells were either left untreated or treated with VPC23019 (1 and 5 µM) 

for 1 hour and then both cell lines were incubated in the presence of HDL and HDL-S1P 

(Figure 16A and 16B). Cell viability was measured using the CellTiter-Glo 3D Cell 

viability assay. HDL and HDL-S1P treated MCC cells did show an increase in 
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proliferation in comparison to untreated cells. However, the presence of VPC23019 was 

without effect on chemiluminescence indicating that S1PR1/3 are not responsible for 

signal transmission (Figure 16A and 16B). 

 

Figure 16: VPC23019, an S1P1/3 antagonist, does not affect proliferation induced by native HDL and 

S1P enriched HDL of MCPyV
+ 

cells.  

(A and B) MKL-1 and WaGa cells were either untreated („C‟) or treated with DMSO (vehicle), VPC23019 

(1 µM or 5 µM), HDL (20 µg/ml) and S1P enriched HDL (20 µg/ml) alone or in combination with 

VPC23019. After 48 h of treatment cell viability was assessed by CellTiter-Glo 3D Cell viability assay. The 

results were analyzed between native HDL and in combination with VPC23019 and S1P enriched HDL 

alone with a combination of VPC23019 using one-way ANOVA with Bonferroni's multiple comparison tests 

(ns., non-significant). 

 

4.6.3 SPTLC1-3 and SK1/2 inhibitors induce apoptosis and/or necrosis in MCC cells 

Since myriocin and SKI-II decreased cell viability of MKL-1 and WaGa MCC cells we 

aimed to determine whether the antagonists induce apoptosis or necrosis. MCC cells were 

incubated with DMSO, myriocin, or SKI-II for the indicated time periods and stained with 

Annexin V-FITC and propidium iodide. Stained samples were then analyzed using flow 

cytometry. These analyses revealed a decrease in viable cells and an increase in apoptotic 

and necrotic cells in response to myriocin and SKI-II treatment at 24 h (Figure 17A and 

17B), 36 h (Figure 17C and 17D) and 48 h (Figure 17E and 17F). Statistical analysis of 

the different cell populations (viable, apoptotic and necrotic) revealed a significant 

increase of apoptotic and necrotic cells at 15 µM myriocin and SKI-II treated MKL-1 

(Figure 18A and 18B) and WaGa cells (Figure 19A and 19B). Forty-eight h post myriocin 

(15µM) incubation, MKL-1 cells show ≈ 25% cells in late apoptotic and ≈ 40% in necrotic 

stage and WaGa cells show ≈ 25% and ≈ 30% in late apoptotic and necrotic stage 

respectively. SKI-II treatment (48 h, 15 µM) resulted in ≈ 15% MKL-1 cells in late 
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apoptosis, and more than 80% cells were necrotic. In WaGa cells ≈ 20% and ≈ 75% were 

present as late apoptotic and necrotic cells respectively. Conversely, NHDF did not show 

an increase in apoptotic or necrotic cell counts in response to myriocin or SKI-II treatment 

(Figure 17G and 20). 

 

Figure 17: Myriocin and SKI-II treatment promote late apoptosis and necrosis in MKL-1 and WaGa 

cells.  

MCC and NHDF cells were treated with myriocin and SKI-II for 24 h (A-B), 36 h (C-D), and 48 h (E-G) at 

the concentrations indicated. The cells were then harvested and stained with Annexin V-FITC and propidium 

iodide and analyzed by flow cytometry. The percentage of living, early apoptotic, late apoptotic, and necrotic 

cells is displayed in the bar graph. The experiment was performed in triplicates and results are shown as 

mean±sd. Representative scatter plots, and statistical evaluation of the different cell populations are shown in 

Figures 12,13 and 14. The data shown above are from my published article (Bhat et al., 2018a) and 

reproduced here with permission from Elsevier. 
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Figure 18: Myriocin and SKI-II treatment increase apoptosis and necrosis in MKL-1 cells.  

(A) Scatter plots of annexin V-FITC (A) and propidium iodide (PI) stained untreated („C‟), DMSO, myriocin 

or SKI-II treated MKL-1 cells are shown after flow cytometry. In the scatter plots, the lower left quadrant 

represents living cells (A-/PI-). Cells present in the lower right quadrant signify early apoptotic (A+/PI-), 

those in the upper right quadrant show late apoptotic (A+/PI+) and the upper left necrotic cells (A-/PI+). (B) 

Bar graphs were plotted for a living, late apoptotic and necrotic cells separately. Mean±sd was plotted from 

the triplicate experiments, and statistical analysis was performed by comparing DMSO-treated to inhibitor-

treated cells (one-way ANOVA, *p ≤ 0.05, **p ≤ 0.01, ***p ≤0.001). The data shown above are from my 

published article (Bhat et al., 2018a) and reproduced here with permission from Elsevier. 
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Figure 19: Myriocin and SKI-II treatment elevates apoptosis and necrosis in WaGa cells.  

(A) Scatter plots of annexin V-FITC (A) and propidium iodide (PI) stained untreated („C‟), DMSO, myriocin 

or SKI-II treated WaGa cells are shown after flow cytometry. (B) Bar graphs were plotted for a living, late 

apoptotic and necrotic cells separately. Mean±sd was plotted from the triplicate experiments, and statistical 

analysis was performed by comparing DMSO-treated to inhibitor-treated cells (one-way ANOVA, *p ≤ 0.05, 

**p ≤ 0.01, ***p ≤0.001). The data shown above are from my published article (Bhat et al., 2018a) and 

reproduced here with permission from Elsevier. 
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Figure 20: NHDF cell viability was not affected by myriocin and SKI-II treatment.  

(A) Representative scattergrams of untreated control („C‟), DMSO and myriocin or SKI-II treated NHDF 

cells. (B) Bar graphs for untreated and treated cells were plotted separately for a living, late apoptotic and 

necrotic NHDF cells. Statistical analysis was performed by comparing inhibitor-treated to DMSO-treated 

cells (n=3, mean ± SD, one-way ANOVA, *p ≤ 0.05, **p ≤ 0.01, ***p ≤0.001). The data shown above are 

from my published article (Bhat et al., 2018a) and reproduced here with permission from Elsevier. 
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4.7 SPTLC1-3 and SK1/2 inhibitors induce caspase3 mediated apoptosis 

in MCC cell lines with a decrease in pAKT 

Flow cytometry revealed an increase in apoptotic and necrotic MKL-1 and WaGa cells 

after treatment with myriocin and SKI-II. This prompted us to investigate the mechanism 

of apoptotic cell death induced by pharmacological inhibition of SL homeostasis. Western 

blot experiments revealed prominent expression of SPT and SK1/2 protein in MKL-1 and 

WaGa cells (Figure 21A-D). The treatment with myriocin did not alter the expression of 

SPT but induced pro-caspase3 and PARP cleavage in both cell lines (Figure 21A and 

21B). Further, SKI-II treatment did not affect the expression of SK1 but reduced the 

expression of SK2 and promoted the cleavage of caspase3 and PARP in both cell lines 

(Figure 21C and 21D). Densitometric analysis of western blots revealed that myriocin and 

SKI-II induced significantly higher caspase3 and PARP activation in comparison to 

DMSO treated or untreated cells (Figure 22 and Figure 23). The immunoblotting 

experiments showed that myriocin and SKI-II induced apoptotic pathway is mediated by 

active caspase3 and PARP in MKL-1 and WaGa MCC cells. 

AKT is reported to be hyperphosphorylated in MCC cell lines and tumor tissues, and 

targeting the PI3K/AKT pathway with pharmacological inhibitors was shown to decrease 

cell viability (Lin et al., 2014, Hafner et al., 2012). Western blotting showed prominent 

expression of pAKT
S473

 in both cell lines (Figure 21A-D). Treatment with myriocin 

decreased AKT phosphorylation without affecting pan-AKT (Figure 21A and 21B). SKI-

II treatment reduced expression of pAKT
S473

 and showed a tendency towards a reduction 

in total AKT expression (Figure 21C and 21D) in both cell lines. In line with this 

observation, densitometric analysis of western blots showed a significant reduction in 

pAKT
S473

 without affecting total AKT in comparison to vehicle treatment (Figure 22 and 

Figure 23). 

Analysis of caspase3 activity (using the EnzChek Caspase-3 Assay) also showed caspase3 

activation in myriocin and SKI-II treated MKL-1 and WaGa cells (Figure 24A and 24B). 

Taken together, these data indicate that pharmacological interference with SPT and SK1/2 

activity downregulates AKT activation and promotes apoptosis and induces a necrotic 

phenotype. 
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Figure 21: Myriocin and SKI-II treatment reduces AKT phosphorylation and promotes procaspase-3 

and PARP cleavage.  

MKL-1 and WaGa cells (1x10
6
) were either untreated („C‟) or treated with DMSO (vehicle) and myriocin (A 

and B) or SKI-II (C and D) at the indicated concentrations. Cells were then harvested for western blotting 

post 36 h of the treatment. Respective primary and secondary antibodies were used to detect SPTLC1, SK1, 

SK2, pAKT
S473

, total AKT, as well as procaspase-3, and PARP and the respective cleavage products. β-Actin 

was used as a loading control. The data shown above are from my published article (Bhat et al., 2018a) and 

reproduced here with permission from Elsevier. 

 



67 

 

 

Figure 22: Densitometric immunoblot analysis of myriocin-treated cells 

Western blots displayed in Figure 15 were subjected to densitometric evaluation for statistical analysis. 

MKL-1 (A) and WaGa (B) cells were treated with myriocin as indicated in Figure 15, and cellular lysates 

were immunoblotted for SPT, pAKT and total AKT, cleaved procaspase-3 and PARP. Densitometric 

analysis of three experiments was done using ImageJ software. Immunoreactive bands were normalized to β-

actin and calculated relative to control. The bar graphs were plotted (mean ±SD) and analyzed using one-way 

ANOVA by comparing inhibitor-treated cells to control. (*p ≤ 0.05, **p ≤ 0.01, ***p ≤0.001). The data 

shown above are from my published article (Bhat et al., 2018a) and reproduced here with permission from 

Elsevier. 
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Figure 23: Densitometric immunoblot analysis of SKI-II-treated cells 

Western blots displayed in Figure 15 were subjected to densitometric evaluation for statistical analysis. 

MKL-1 (A) and WaGa (B) cells were treated with SKI-II as indicated in Figure 15, and cellular lysates were 

immunoblotted for SK1/2, pAKT and total AKT, cleaved procaspase-3 and PARP. Densitometric analysis of 

three experiments was done using ImageJ software. Immunoreactive bands were normalized to β-actin and 

calculated relative to control. The bar graphs were plotted (mean ±SD) and analyzed using one-way ANOVA 

by comparing inhibitor-treated cells to control. (*p ≤ 0.05, **p ≤ 0.01, ***p ≤0.001). The data shown above 

are from my published article (Bhat et al., 2018a) and reproduced here with permission from Elsevier. 
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Figure 24: Myriocin and SKI-II treatment increase the enzymatic activity of caspase-3.  

MKL-1 and WaGa cells were either left untreated (control) or treated with DMSO, myriocin (A) or SKI-II 

(B) for the indicated time period. Cells were then harvested, and caspase-3 activity was measured using a 

colorimetric kit. The results were plotted relative to untreated controls. Statistical analysis was done using 

unpaired t-test (n=3, mean ±SD, *p ≤ 0.05, **p ≤ 0.01, ***p≤ 0.001). The data shown above are from my 

published article (Bhat et al., 2018a) and reproduced here with permission from Elsevier. 

 

4.8 Triciribine a pAKT inhibitor decreases MCC cell viability and induce 

apoptosis 

Western blot experiments shown above revealed a significant decrease in the pAKT level 

and an increase in apoptosis. In order to identify the significance of AKT in MCC cell 

viability, MKL-1 and WaGa cells were targeted with triciribine (Figure 25), an inhibitor 

of AKT1-3 phosphorylation. CellTiter-Glo 3D Cell viability assay revealed that triciribine 

induced a dose-dependent decrease in MKL-1 and WaGa cell viability in comparison to 

vehicle control DMSO (Figure 25A). To verify the type of cell death, MKL-1 and WaGa 

cells were stained with Annexin V-FITC and propidium iodide and then flow cytometry 

was performed. FACS analysis showed that triciribine treatment significantly promotes 

apoptosis in both MCC cells in a dose-dependent manner with a decrease in viable cells 
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(Figure 25B). Triciribine impact at 15 µM was ≈4 fold higher in WaGa as compared to 

MKL-1 cells (Figure 25B). 

 

Figure 25: Triciribine treatment reduces cell viability and increases apoptosis in MKL-1 and WaGa 

cells.  

Untreated („C‟), DMSO (vehicle), or triciribine-treated MKL-1 and WaGa cells were analyzed by (A) 

CellTiter-Glo 3D Cell viability assay and, (B) Annexin V-FITC and propidium iodide (PI) flow cytometry. 

Experiments were done in triplicates, and results are plotted as mean ± SD. Inhibitor-treated cells were 

compared to DMSO treated cells and analyzed by one-way ANOVA (*p≤ 0.05, **p ≤ 0.01, ***p ≤0.001). In 

flow cytometry, living, late apoptotic and necrotic cells were compared to the corresponding cell population 

of vehicle-treated cells. The data shown above are from my published article (Bhat et al., 2018a) and 

reproduced here with permission from Elsevier.  

 

4.9 ABC294640 and FTY720 affect MCPyV
+ 

MCC cell proliferation 

4.9.1 ABC294640 reduces cell viability and induces apoptosis in MCPyV
+ 

MCC cells 

ABC294640 is a selective inhibitor of SK2 and currently in phase I/II clinical trial for 

myeloma (NCT02757326), cholangiocarcinoma (NCT03377179, NCT03414489), and 

hepatocellular carcinoma (NCT02939807). In order to study the efficacy of ABC294640 

and its effect of SK2 inhibition in MCC in-vitro, we treated MKL-1 and WaGa cells with 

ABC294640 for 48 h (Figure 26). NHDF cells were taken as non-transformed controls 

and treated similarly as MCC cells (Figure 26A). After treatment, the CellTiter-Glo 3D 
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assay was performed to analyse cell viability. The results showed a dose-dependent 

decrease in viability in both MCC lines in comparison to vehicle treatment (Figure 26A). 

Viability was reduced by ≈50% when cells were treated with 30 µM ABC294640. In 

contrast, ABC294640 had less deleterious effects in NHDF cells (≈50% reduction 

observed at 50 µM) (Figure 26A). 

Flow cytometry (Annexin V-FITC and propidium iodide staining) showed a significant 

decrease in viable cells and an increase in apoptotic and necrotic cells in ABC294640 

treated MKL-1 and WaGa in comparison to DMSO (Figure 26B). At 40µM ABC294640 

treatment, the percentage of apoptotic cells was higher in MKL-1 (≈70%) in comparison to 

WaGa which showed (Figure 26B) a surprisingly high number of necrotic cells (≈60%). 

 

Figure 26: ABC294640 treatment reduces cell viability and promotes apoptosis and necrosis in MKL-1 

and WaGa cells.  

(A) MKL-1, WaGa, and non-transformed NHDF cells were left untreated („C‟) or were treated with DMSO 

and ABC294640 at the indicated concentrations. After 48 h of treatment cell viability of MKL-1, WaGa and 

NHDF were determined with the CellTiter-Glo 3D assay. (B) Cells (untreated, „C‟; vehicle; DMSO; 

ABC294640-treated) were stained with Annexin and propidium iodide after 48 h and examined by flow 

cytometry (n=3, mean ± SD).  Results were analyzed using one-way ANOVA by comparing inhibitor-treated 

to DMSO treated cells (living, late apoptotic and necrotic cells; *p ≤ 0.05, **p ≤ 0.01, ***p ≤0.001; 

compared to the corresponding cell population in vehicle-treated cells). The data shown above are from my 

published article (Bhat et al., 2018a) and reproduced here with permission from Elsevier.  
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4.9.2 FTY720 reduce cell viability and induce apoptosis in MCPyV
+ 

MCC cells 

FTY720 (Fingolimod) is an FDA approved drug against multiple sclerosis (Kunkel et al., 

2013). In glioma, it has completed a Phase I (NCT02490930) study, but the results of the 

trial have not yet been reported. In-vitro and in-vivo studies in several cancer entities 

reported that FTY720 decrease SK1 and S1PR1 expression along with cell proliferation 

and migration (Kunkel et al., 2013). 

MKL-1 and WaGa cells were treated with FTY720 (dissolved in H2O) for 24 h to identify 

the effect on MCC cell viability in-vitro (Figure 27). FTY720-treatment of MKL-1 and 

WaGa cells showed a significant decrease in cell viability (Figure 27A). At 5µM, FTY720 

induced a rapid decrease in cell viability (≈90%) an effect observed in both cell lines 

(Figure 27A). 

Flow cytometry of FTY720 treated and Annexin V-FITC and propidium iodide stained 

MKL-1 and WaGa cells revealed a significant decrease in viable cells and an increase in 

apoptotic and necrotic cell populations in comparison to untreated conditions (Figure 

27B). However, FTY720 also severely impacted the number of viable NHDF and we 

observed a significant increase in apoptotic and necrotic cells in comparison to untreated 

cells (Figure 27B). 

 

Figure 27: FTY720 affects cell viability and promotes apoptosis in MCPyV
+
 cells.  

(Figure 27: continued in the next page) 
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MKL-1, WaGa, and NHDF cells were untreated or treated with FTY720 with an indicated concentration 

above. Post 24 h, cell viability was assessed by (A) CellTiter-Glo 3D assay and (B) flow cytometry. Results 

were analyzed using one-way ANOVA (n=3, mean ± SD) by comparing inhibitor-treated to untreated cells 

(living, late apoptotic and necrotic cells; n=3, *p ≤ 0.05, **p ≤ 0.01, ***p ≤0.001; compared to the 

corresponding cell population in untreated cells). 

 

4.10 MCC tumor chicken chorioallantoic membrane model 

The chorioallantoic membrane (CAM) model is an attractive alternative to animal models 

to study tumor growth, proliferation, and metastasis as well as drug target effects (Bhat et 

al., 2018b). During my thesis, we developed an MCC tumor xenograft CAM model 

(MCC-CAM) and characterized this model in terms of  MKL-1 and WaGa cell growth, 

angiogenesis, and proliferation (Bhat et al., 2018b).  

A graphical summary of the general workflow of MCC-CAM is displayed in Figure 28. 

Three days post-fertilization the eggs were cracked and allowed the embryo to grow, at 

day 10 cancer cells were transplanted onto the CAM to induce tumor growth. Usually, the 

embryo is allowed to grow until day 17 (Figure 28).  

Apart from MKL-1 and WaGa one more MCPyV
+
 MCC cell line PeTa was used in MCC-

CAM development experiment. MKL-1 (top panel), PeTa (middle panel) and WaGa 

(lower panel) cells formed solid tumors by day 15 of the embryo (Figure 29A). The 

development of the tumor xenografts was monitored on each day by photo documentation. 

There was a steady progression in tumor nodules, and a well-defined tumor vasculature 

was observed (Figure 29A and Figure 30A-C). On day 15 of the area of the tumor was 

calculated by Image J software (Bhat et al., 2018b). The macroscopic blood vessels 

surrounding the MCC xenograft were counted manually as described (Ribatti et al., 2006). 

We did not observe any significant differences between MKL-1, PeTa and WaGa 

xenografts concerning tumor area or a number of supplying blood vessels (Figure 29B and 

29C). 
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Figure 28: Schematic workflow of ex-ovo MCC -CAM establishment 

Fertilized eggs were incubated for 3 days at 37
0 

C; the eggshells were then cracked and incubated for 7 more 

days. MCC cells were applied on the CAM as shown above and incubated for 3-7 days. The CAM with the 

attached grafts was excised, followed by FFPE-tissue embedding and sectioning. The data shown above are 

from my published article Bhat KV et al. (Bhat et al., 2018b) and reproduced here with permission from 

Wiley publications. 

 

Figure 29: The CAM supports the growth of vascularized, three-dimensional MCC xenografts.  

(A) MKL-1, PeTa (middle panel) and WaGa cells (10
6
 cells/onplant) were monitored for 5 days upon 

engraftment. (scale bar = 1 mm). (B) Image J software was used to measure tumor area of xenografts. (C) 

Macroscopic blood vessels (MBV) were counted manually to measure angiogenesis. Results were plotted as 

mean±SD (N=6 tumors). One-way ANOVA was used for statistical analysis. The data shown above are from 

my published article (Bhat et al., 2018b) and reproduced here with permission from Wiley publications. 
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After photo documentation on day 15 of the CAM the MCC tumor xenografts were 

excised, fixed, paraffin embedded and stained with HE. The HE-stained samples showed 

robust interaction of MKL-1, PeTa and WaGa cells with the CAM mesenchyme and 

disruption of CAM epithelium by invading MCC tumor cells (Figure 30D-F). 

Histologically, the CAM tumor cell patterns were similar to that of MCC cells with chain-

like or grouped small round cells having marginal cytoplasm and round nuclei (Figure 

30G-I). 

 

Figure 30: Morphological and histological evaluation of grafted MCC tumors on the CAM.  

Solid tumors established with MKL-1 (A), PeTa (B) and WaGa (C) cells were seen upon 5 days of 

transplantation on the CAM surface, avian vessels developed radially towards onplants (indicated in arrows, 

scale bar = 1 mm).  HE stained sections of MKL-1 (D), PeTa (E) and WaGa (F) xenograft showing tumor 

cell outgrowth from the primary onplant site into the surrounding of CAM tissue by disrupting the CAM 

upper epithelium (arrows, 10x Magnification, scale bar = 100 µm). MCC tumors are detected in the nest- or 

strand-like morphologies depending on tumor-initiating cells MKL-1 (G), PeTa (H), WaGa (I) MCC cells in 

the xenograft. (40x magnification, scale bar = 20 µm). The data shown above are from my published article 

(Bhat et al., 2018b) and reproduced here with permission from Wiley publications. 

 

Furthermore, immunohistochemical analysis of MKL-1, PeTa, and WaGa xenografts 

confirmed the presence of cytokeratin 20 (Figure 31A-C) and MCPyV-LT antigen 

(Figure 31D-F). Ki-67 staining showed the presence of actively proliferating cells in the 

xenograft (Figure 31G-I). 
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Figure 31: Immunohistochemical characterization of MCC xenografts.  

(A-C) MKL-1, PeTa, and WaGa MCC xenografts were stained with antibodies specific to cytokeratin 20 and 

(D-F) MCPyV-LT. (G-I) Sections are showing proliferation marker Ki-67. (40x magnification, bars equal to 

20 μm). The data shown above are from my published article (Bhat et al., 2018b) and reproduced here with 

permission from Wiley publications. 

 

4.11 Myriocin and SKI-II abrogates tumor cell growth and proliferation 

in MCC-CAM ex-ovo tumor model 

To study the effect of myriocin and SKI-II the MKL-1 and WaGa MCC-CAM model was 

used. There was a solid growth of MCC tumor within the CAM with a well-defined avian 

vasculature developed towards the tumor (Figure 32A and 32C). Treatment with myriocin 

and SKI-II effectively inhibited MKL-1 xenograft size by ≈30% and ≈40% respectively in 

comparison to DMSO treated in CAM (Figure 32A). In WaGa-CAM the tumor size was 

reduced by ≈45% in response to myriocin and SKI-II treatment (Figure 32C). 

The DMSO and inhibitor-treated tumors were excised, formalin fixed, paraffin embedded 

and then sectioned and subjected to HE staining. Immunohistochemistry was done to 

identify the tumor by staining CK20. Proliferating tumor cells were identified by Ki-67 

staining. HE staining showed a robust interaction between MCC xenografts and the CAM 

which was partially ruptured by invading tumor cells that were incubated with the vehicle. 
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This was not less prominent in myriocin, and SKI-II treated tumors (Figure 32B and 32D). 

CK20 and Ki-67 staining were lower in inhibitor-treated tumors in comparison to DMSO 

treatment (Figure 32B and 32D). The Ki-67 index, a measure for tumor cell proliferation, 

was calculated with ImageJ. Statistical analysis of Ki-67 index showed a ≈50% reduction 

in myriocin-treated, and ≈40% reduction in SKI-II treated MKL-1 tumors in comparison to 

DMSO (Figure 32B). In WaGa xenografts, myriocin or SKI-II treatment reduced the Ki-

67 index by ≈43% and ≈50% (Figure 32D). 
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Figure 32: Myriocin and SKI-II inhibit tumor growth and proliferation in an MCC-CAM tumor 

model. 

(Figure 32: continued in the next page) 
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10
6
 cells/onplant in 1:3 mixture with Matrigel were applied within silicone rings placed on vascular branches 

of the CAM. The day after inhibitor treatment was started and continued every 24 h. 

Images depicted (top and bottom view) of DMSO-, myriocin-, or SKI-II-treated (A) MKL-1 and (C) WaGa 

tumors formed on the CAM (Scale bar = 2mm). The tumor area (as indicated by broken lines) was calculated 

using ImageJ software (n = 5-6 tumors each) and is presented in the bar graph in the right panel. 

Immunohistochemical analysis of (B) MKL-1 and (D) WaGa MCC-CAM tumors post-treatment with 

DMSO, myriocin or SKI-II. The tumor sections were stained with hematoxylin and eosin (HE, 10X 

magnification), cytokeratin 20 (CK20, 40X magnification) and Ki-67 proliferation marker (Ki-67, 40X 

magnification) as represented in the image (Scale bar = 100μm). Area of Ki-67 positive cells was calculated 

from 3 different tumor hotspots using ImageJ (mean ±SD, n=5 tumors each). Statistical analysis was 

performed using one-way ANOVA with Bonferroni's multiple comparison tests (**p ≤ 0.01, ***p ≤ 0.001). 

n = 5-6. The data shown above are from my published article (Bhat et al., 2018a) and reproduced here with 

permission from Elsevier. 
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5. Discussion 

Part of the discussion section may resemble discussion section from my PhD published 

work (Bhat et al., 2018a). 

Bioactive SLs have emerged as extremely potent regulators of several if not most of the 

cancer hallmarks including apoptosis/survival, tumorigenesis, tumor cell growth, 

proliferation, migration, metastasis, and resistance to chemotherapy and radiotherapy 

(Sedic et al., 2019, Ogretmen, 2018, Hannun and Obeid, 2018). S1P and SM promote 

tumor cell proliferation, survival, migration, and invasion whereas Cer species and 

sphingosine were shown to induce cell death, cell cycle arrest, and necrosis (Gault et al., 

2010, Hannun and Obeid, 2018). In addition to these unique species-specific biological 

properties GSLs (which are produced from its precursor Cer), in particular, gangliosides, 

are essential structural constituents of specialized plasma membrane domains termed 

„rafts‟ (Alves et al., 2018). Among other functions, these raft domains facilitate the 

invasion of bacteria, microbial toxins, and viruses (Suzuki et al., 2017). Examples for SL-

mediated virus entry include measles virus, HIV, hepatitis C virus, and polyomaviridae 

(Schneider-Schaulies and Schneider-Schaulies, 2015, Taube et al., 2010). In terms of 

MCPyV, the capsid protein VP1 interacts with sialic acid residues on both branches of the 

GT1b carbohydrate chain (Erickson et al., 2009). Whether or not MCPyV modulates the 

SL environment for own survival advantages as reported for influenza A virus that 

upregulates SK-1 activity or rhinovirus which enhances the formation of Cer-enriched 

membrane domains for endocytosis (Schneider-Schaulies and Schneider-Schaulies, 2015) 

is currently unclear. 

In MCC, clonally integrated MCPyV expresses the LT and sT antigens (Shuda et al., 

2009). A number of studies have reported proto-oncogenic properties of MCPyV-LT and 

sT antigen in MCC (Houben et al., 2010, Gonzalez-Vela et al., 2017, Shuda et al., 2011, 

Verhaegen et al., 2017). In line, expression of sT can transform normal cells into cancer-

like phenotype, yet the mechanism of LT and sT induced oncogenic transformation in 

MCC is not entirely understood (Berrios et al., 2016). However, sequestration and 

inactivation of RB1 by LT and inactivation of 4E-BP1 are thought to increase proliferation 

rates and confer transforming potential (Liu et al., 2016a). In terms of MCPyV infection, 

Moshiri and colleagues have demonstrated that MCPyV
-
 MCC patients have decreased 

progression-free survival, decreased MCC-specific survival and a non-significant trend for 
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poorer overall survival (Moshiri et al., 2017). Furthermore, the mortality rate and 

recurrence risk in MCC are very high, and the FDA approved immune checkpoint inhibitor 

avelumab is effective in only 50% of the MCC patients (Colunga et al., 2018). 

To further understand the mechanism that regulates MCC proliferation and survival, we 

pharmacologically targeted the SL synthesis pathway using myriocin and SKI-II. Myriocin 

is an inhibitor of SPTLC1-3 that governs the initial and rate-limiting step of de-novo 

sphingolipid synthesis pathway (Bernhart et al., 2015). SKI-II is an inhibitor of SK1 and 2 

the two enzymes that synthesize pro-tumorigenic S1P (French et al., 2006). Mammalian 

SPT consists of two large subunits (SPTLC1/2 and SPTLC1/3) and a small regulatory 

(activating) subunit (ssSPTA or ssSPTB). Subunit composition of SPT determines acyl-

CoA specificity (Kihara, 2016). SPTLC2 and -3 are pyridoxal-5‟-phosphate (PALP)-

dependent catalytic subunits and the actual myriocin targets: SPT inhibition by myriocin is 

a two-step process where the inhibitor first forms an aldimine with PALP and then 

undergoes retro-aldol-cleavage with the resulting aldehyde covalently modifying the 

essential lysine residue in the active center (Wadsworth et al., 2013). Further, SKI-II 

inhibits the activity of both SK1 and SK2 (Yang et al., 2015). It was reported that SKI-II 

shows a higher affinity towards SK2 (Madhunapantula et al., 2012). Additionally, 

inhibition of DES-1 (desaturase-1, the enzyme catalyzing Cer synthesis from the precursor 

dihydroceramide) was reported as a SKI-II off-target effect (Aurelio et al., 2016). Using 

these two inhibitors, we analyzed the impact of the pharmacological intervention on SL 

homeostasis in MCC in in-vitro and ex-ovo experimental approaches. 

Initially, we analyzed the expression of the SPTLC1-3 and SK1/2 at mRNA level in MCC 

tissue samples (n =21) and 16 (10 MCPyV
+ and 6 MCPyV

-
) MCC cell lines. In MCC 

tissues, SPTLC1 was significantly higher expressed as compared non-MCC tissues 

(Figure 7A), and in cell lines, SPTLC1 and 2 were highly expressed in most of them 

(Figure 8A). In line with our data, Carton and colleagues revealed high expression of 

SPTLC1 and SPTLC2 in seven different tumor types including thyroid carcinoma, 

pancreatic carcinoma, colon carcinoma, ovarian carcinoma, undifferentiated carcinoma, 

and two sarcomas. Additionally, intense expression was also observed in the three cancer 

cell lines Jurkat, HT-29, SH-SY 5Y during this immunohistochemical study (Carton et al., 

2003). 
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On the other hand, SK1/2 showed a clear (though statistically not significant) trend 

towards high expression in MCC tissues (Figure 7B), and comparable observations were 

made in a smaller number of cell lines (Figure 8A). However, during re-analysis of 

already published microarray data from the GEO database (Harms et al., 2013) we 

observed statistically significant upregulation of SK1 and 2 in MCC tissues as compared to 

normal skin (Figure 10A). SK1 and 2 are reported to be upregulated in various cancer 

entities and overexpression is associated with resistance to tyrosine kinase inhibitors and 

lower overall survival (Wang et al., 2014). Furthermore, SK1 serves as a biomarker in 

pancreatic cancer (Nunes et al., 2012).  

Importantly, we observed that SK1/2 expressions were higher in MCPyV
+
 cell lines in 

comparison to the MCPyV
-
 cell lines (Figure 8B). This prompted us to check the impact 

of MCPyV-LT antigen induction in the fibroblast cell line MRC5 on the expression of 

SPTLC1-3 and SK1/2. MCC cell line derived LT antigen-induced two morphologically 

distinct populations of this fibroblast cell line (growing adherent and non-adherent, free-

floating) with significant upregulation of SK1 and 2 (Figure 9C). A transcriptome study 

performed by Berrios and colleagues revealed that MCPyV-sT expression in IMR90 cells 

(another fibroblast cell line) increased glycolytic gene expression and lactate 

concentrations in the cellular supernatant (Berrios et al., 2016). These findings are 

indicative of an increase in aerobic glycolysis (the „Warburg effect‟), which is considered 

a hallmark of cancer. We utilized this transcriptome data set (GSE79968) to clarify 

whether MCPyV-sT overexpression induces any changes within the regulators of the SL 

synthesis pathway that were analyzed during my thesis (i.e., SPTLC1-3 and SK1/2). In 

line with our results obtained during LT transduction experiments, re-analysis of the 

Berrios dataset showed that MCPyV-sT induction in IMR90 cells leads to a significant 

induction of SPTLC1/2 and SK1/2 expression on mRNA level (Figure 10B). In line with 

these results previous studies have reported upregulation of SK1 upon influenza infection 

and increased activity of SK1 in human cytomegalovirus and respiratory syncytial virus 

infections (Carr et al., 2013). Also, SK2 was upregulated in immortalized endothelial cells 

in response to infection with Kaposi sarcoma-associated herpesvirus (Dai et al., 2017). 

Next, to study the effects of pharmacological inhibitors under in-vitro conditions two well-

characterized MCPyV
+
 cell lines, namely MKL-1 and WaGa, were used. Expression of 

SPT and SK1/2 enzymes were observed in both the cell lines. Treatment with myriocin 
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reduced pro-apoptotic Cer species, SM, and pro-proliferative S1P in both MCC cell lines 

(Figure 12A-F). In agreement with our data results from Yaguchi and colleagues also 

showed that inhibition of SPT with compound-2 reduced SM and Cer content in various 

cancer cell lines (Yaguchi et al., 2017). In addition, treatment with SKI-II reduced S1P and 

SM content and increased pro-apoptotic Cer concentrations (Figure 12G-L). 

Consequently, myriocin and SKI-II treatment decreased MCPyV
+ 

MCC cell viability and 

promoted apoptosis and necrosis in-vitro (Figure 13 and Figure 17-19). The fact that 

NHDF viability was unaffected by the treatment with myriocin, and SKI-II (confirmed by 

viability assay (Figure 13) and flow cytometry analysis (Figure17 and 20)) might be of 

potential importance for clinical translation of our data since the viability of non-

transformed cells is not affected by these inhibitors. 

S1P, Cer, and SM are synthesized during a condensation reaction of serine and palmitoyl 

CoA (Ogretmen, 2018). Pro-apoptotic Cer species are then subsequently converted to S1P 

and/or SM. SM forms an integral part of the lipid domains in the plasma membrane 

whereas Cer and S1P can interact with other intracellular proteins (Hannun and Obeid, 

2018). Cer regulates PP2A and PKCζ activity (Fox et al., 2007) whereas S1P synthesized 

by SK2 binds to and regulates HDAC1/2 activity and protects telomeres by enhancing the 

activity of hTERT in cancer cells (Panneer Selvam et al., 2015).  

Treatment with myriocin reduced S1P, ceramide, and SM content and SKI-II treatment 

induced ceramide accumulation and reduced S1P and SM concentration in MCPyV
+ 

MCC 

cells. It is possible that inhibition of the initial step of the SL synthesis pathway resulted in 

an overall reduction in the levels of Cer, S1P, and SM. Reduction in S1P might have 

affected the activity of hTERT leading it to proteasomal degradation thereby inducing a 

reduction in viable cells and an increase in apoptotic cells (Zhang et al., 1999). Further, 

SKI-II treatment inhibited S1P conversion from its precursor sphingosine which might 

induce a metabolic shift to increased ceramide synthesis. It is reasonable to assume that a 

higher ceramide content could increase the activity of tumor suppressor genes or 

contribute to caspase activation in a similar manner as reported for lymphoid cancer cell 

lines (Hetz, 2002).  

S1P present in the cytosol is thought to be predominantly synthesized by SK1. The 

cytosolic S1P is then subject to cellular efflux, a process facilitated by transporters such as 

SPNS2 (Hisano and Hla, 2019). One of the HDL associated apolipoproteins, apoM, is 
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reported to be the primary physiological carrier of extracellular S1P. ApoM is a member of 

the lipocalin family with a hydrophobic binding pocket where S1P is transported (Zhang et 

al., 2016). After binding of HDL particles to SR-BI (Scavenger receptor class B, type 1) 

S1P is in the necessary spatial proximity to be able to interact with its specific G-protein 

coupled S1P-receptors (Lee et al., 2017). Downstream signaling cascades regulate tumor 

cell proliferation, migration, invasion, and metastasis (Blaho and Hla, 2014). We here 

demonstrated that all of the five receptors are expressed in MCC cell lines (Figure 14). 

Furthermore, treatment with S1P-enriched HDL increased cell viability in comparison to 

native HDL (Figure 15A) revealing the ability of HDL-bound S1P to positively regulate 

MCPyV
+ 

MCC cell proliferation in-vitro. In a reverse approach, we tried to reduce S1P 

level in human HDL applying a hydrolysis step with recombinant S1P lyase, an enzyme 

that catalyzes the irreversible hydrolysis of S1P. Incubation of MKL-1 and WaGa cells in 

the presence of S1P-lyase-treated HDL resulted in significantly lower proliferation rates. 

However, the relevance of these findings is currently unclear as treatment with S1P lyase 

alone also significantly decreased cell viability (Figure 15B).  

The pro-oncogenic role of S1P receptors in cancer is accepted. In particular, S1PR1 and 3 

are reported to promote cancer cell survival, proliferation, and migration (Blaho and Hla, 

2014). To test such a possibility in MCC, we inhibited used S1PR1 and 3 using VPC23019 

(Kennedy et al., 2011). However, using this pharmacological approach, we did not see any 

reduction in HDL or HDL-S1P induced cell viability in VPC23019 treated MCPyV
+ 

MCC 

cells (Figure 16A and 16B). These results indicate that S1PR1 and 3 may not be essential 

for MCPyV
+ 

MCC cell viability. Altogether the results discussed above indicate a role of 

extracellular S1P in MCC cell viability under in-vitro conditions. However, further 

evidence is required to confirm these data as we did not see any difference in viability 

when we inhibited S1PR1 and 3.  

Western blot analysis of myriocin and SKI-II treated MCC samples showed reduced 

phospho-AKT
S473

 and increased pro-caspase3 and PARP cleavage (Figure 21). Binding of 

S1P to S1PR leads to upregulation of a number of signaling pathways, including the PI3K-

AKT pathway (Pchejetski et al., 2011). Dysregulation of the PI3K/Akt/mTOR pathway 

contributes to cancer cell survival, promotes resistance to chemotherapy and radiotherapy 

through the disruption of apoptosis, and initiates cell cycle progression, and cellular 

differentiation and growth (Ogretmen, 2018). During the present study, we observed 
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already basal AKT phosphorylation in MKL-1 and WaGa cells that was significantly 

diminished in response to myriocin and SKI-II treatment (Figure 21-23). Lin and 

colleagues reported phosphorylation of AKT at S473 in human MCC tissue where 19/22 

samples stained positive indicating basal activation of this pro-proliferative axis (Lin et al., 

2015). Since myriocin and SKI-II decreased the S1P content in MCC cells in-vitro (Figure 

12), it is reasonable to hypothesize that diminished extracellular S1P concentrations 

resulted in reduced basal AKT phosphorylation. Moreover, an increase in the levels of 

intracellular Cer (Fig. 2) in response to SKI-II may have activated protein phosphatase 2A, 

leading to de-phosphorylation of active AKT (Kim et al., 2010). Induction of necrosis is 

upregulated by Cer, PARP, and low ATP levels (Vanden Berghe et al., 2014) as observed 

during the present study. In order to understand the role of AKT alone in MCC survival, 

we targeted it with the AKT1-3 inhibitor triciribine. Treatment of triciribine on MKL-1 

and WaGa reduced cell viability and promoted apoptosis in-vitro (Figure 25) with a net 

effect that was comparable to that of SKI-II treatment (Figure 13E and 13F). Of note for 

the cancer field, triciribine is currently listed in 5 clinical trials. Two are in Phase I 

completed but results not declared that includes metastatic cancers (NCT00363454) and 

advanced hematologic cancers (NCT00642031). Three are in Phase I/II (recruitment stage) 

trail on ovarian cancer (NCT01690468), breast cancer (NCT01697293) and acute leukemia 

(NCT02930109). While to the best of my knowledge no AKT inhibitors are currently in 

clinical trials for MCC, a clinical phase I/II trial in MCC with the mTOR inhibitor 

MLN0128 is active (NCT02514824). 

Currently, ABC294640 a selective inhibitor of SK2 is in phase I/II clinical trial for 

myeloma (NCT02757326 and NCT01410981) and cholangiocarcinoma (NCT03377179). 

Additionally, the immunomodulatory drug FTY720 (fingolimod, FDA approved the drug 

for MS treatment) an inhibitor of S1P receptor function has completed a Phase I clinical 

trial (NCT02490930) in glioma patients but results have not been published (Bhat et al., 

2018a). We wanted to test the effect of these two FDA approved inhibitors in MKL-1 and 

WaGa MCC cells. Treatment with ABC294640 and FTY720 decreased cell viability and 

promoted apoptosis in both MCC cell lines (Figure 26 and Figure 27). ABC294640 had a 

less pronounced effect on NHDF cell viability as compared to FTY720 that drastically 

reduced the viability of NHDF. Further preclinical studies are required to assess the 

efficacy of these two inhibitors. In MCC, expression of CD4
+
 and CD8

+
 FOXP3

+
 

regulatory T cells were frequently observed (Dowlatshahi et al., 2013) and CD8
+
 FOXP3

+
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T regs were shown to promote tumorigenesis in melanoma, colorectal, and prostate 

cancers (Dowlatshahi et al., 2013, Kiniwa et al., 2007). An immunomodulating drug such 

as FTY720 targeting the S1P/S1PR axis in MCC could be a promising anticancer strategy 

in future to modulate the tumor microenvironment. 

We have recently developed a CAM model (Figure 29-31) that allows monitoring of 

grafted MCC tumors (Bhat et al., 2018b). Robust tumor growth was observed in the MKL-

1, PeTa and WaGa MCC-CAM model.  In the CAM model, all of the three MCC cell lines 

tested were equally effective in maintaining time-dependent xenograft growth and 

establishing of a functional tumor vasculature that originates from the chick embryo 

(Figure 29). Immunohistochemical analyses revealed that the tumor sections were positive 

for the CK20, MCPyV-LT antigen, and Ki-67, accepted markers in MCC histopathology. 

This model represents a valuable alternative to rodent tumor models to study growth, 

progression, tumor angiogenesis and invasion of MCC cells (Figure 29-31).  

Here we demonstrate for the first time the pharmacological usefulness of this xenograft 

model in MCC research. In grafted MKL-1 and WaGa tumors, myriocin and SKI-II 

reduced tumor area and the Ki-67 index (Figure 32), however, in contrast to our in-vitro 

experiments (Figure 13 and 17) SKI-II did not display superior potency in the CAM assay 

as compared to myriocin. The reasons for these observations are currently unclear. 

Whether or not this model can be translated into clinical MCC settings for drug screening 

purposes to establish patient-derived xenograft models remains to be seen.  
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Figure 33: Graphical summary of findings obtained during this study. 

De-novo sphingolipid (SL) synthesis starts from the condensation reaction of C16-CoA and serine catalyzed 

by serine-palmitoyltransferase (SPT) leading to the formation of bioactive ceramide (Cer) that can be 

converted to sphingomyelin (SM), ceramide-1-phosphate (C1P), and complex glycosphingolipids (GSL). In 

salvage pathway hydrolysis of SM, C1P, or GSL generates Cer. of Cer is converted to sphingosine by the de-

acylation reaction. Sphingosine is phosphorylated by sphingosine kinase-1 or -2 (SK1/2) to form S1P.  

Overexpression of MCPyV-LT or MCPyV-sT antigen (blue) increases gene expression of SK1/2. Inhibition 

of SPT by myriocin (red), SK1/2 by SKI-II (blue) induces changes in the cellular SL content and 

composition, decreases cell viability, induces apoptosis and necrosis, and decreases pAKT and xenograft 

growth in the CAM model. MCPyV+ MCC cells express all five S1P receptors and HDL-complexed S1P 

increases cell proliferation (orange).  

The SK1/S1PR inhibitor FTY720, SK2 inhibitor ABC294640 (blue) and the AKT inhibitor Triciribine 

(green) inhibit proliferation and induce apoptosis and necrosis. All together obtained results summarizes 

bioactive SLs play a critical regulatory role in MCC cell survival and proliferation. The data shown above 

are from my published article Bhat KV and colleagues (Bhat et al., 2018a) and reproduced here with 

permission from Elsevier. 

 

In conclusion, my thesis reports a critical role of SL homeostasis in MCC cell survival 

(Figure 33). We characterized the expression of SPTLC1-3 and SK1/2 in MCC tissues and 

cell lines. We demonstrated that SK1 and SK2 are upregulated in MCC tissues. In 
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addition, MCPyV LT and sT were shown to upregulate SK1/2 in transduced fibroblasts. 

Additionally, treatment of MKL-1 and WaGa cells (in-vitro or on the CAM) with myriocin 

or SKI-II resulted in subsequent disruption of SL homeostasis, significantly reduced MCC 

cell viability and tumor cell growth. Also, ABC294640, FTY720, and triciribine induced 

MCC cell death under in-vitro condition. Our findings indicate that exploration of 

inhibitors that interfere with SL metabolic/signaling pathways could provide a new 

approach for experimental drugs in MCC research. 
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7. Appendix 

Table 1. Primer list 

SPTLC1 Hs_SPTLC1_1_SG 
Qiagen, Hilden, 

Germany 

SPTLC2 Hs_SPTLC2_1_SG 
Qiagen, Hilden, 

Germany 

SPTLC3 Hs_SPTLC3_1_SG 
Qiagen, Hilden, 

Germany 

SPHK1 Hs_SPHK1_1_SG 
Qiagen, Hilden, 

Germany 

SPHK2 Hs_SPHK2_1_SG 
Qiagen, Hilden, 

Germany 

S1PR1 Hs_S1PR1_1_SG 
Qiagen, Hilden, 

Germany 

S1PR2 Hs_S1PR2_1_SG 
Qiagen, Hilden, 

Germany 

S1PR3 Hs_S1PR3_1_SG 
Qiagen, Hilden, 

Germany 

S1PR4 Hs_S1PR4_1_SG 
Qiagen, Hilden, 

Germany 

S1PR5 Hs_S1PR5_1_SG 
Qiagen, Hilden, 

Germany 

HPRT Hs_HPRT_1_SG 
Qiagen, Hilden, 

Germany 

RPLP0 

Forward 
5‟-CCATCAGCACCACAGCCTTA-3‟ 

IDT, Coralville, IA, 

USA 

RPLP0 

Reverse 
5‟-GGCGACCTGGAAGTCCAACT-3‟ 

IDT, Coralville, IA, 

USA 

RPLP0 

Probe 
5‟-ATCTGCTGCATCTGCTTGGAGCCCA-3‟ 

IDT, Coralville, IA, 

USA 
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Table 2. Antibodies used 

Antibody Company 

β-actin (mouse) Sigma Aldrich, St. Louis, MO, USA 

SPT (rabbit) Santa Cruz Biotechnology Dallas, TX, USA 

SK1 (SPHK1) (rabbit) Cell Signaling, Beverly, MA, USA 

SK2 (SPHK2) (goat) Santa Cruz Biotechnology Dallas, TX, USA 

phospho-Akt (Ser473) (rabbit) Cell Signaling, Beverly, MA, USA 

Akt (rabbit) Cell Signaling, Beverly, MA, USA 

Caspase-3 (rabbit) Santa Cruz Biotechnology Dallas, TX, USA 

PARP (rabbit) Cell Signaling, Beverly, MA, USA 

CK-20 (mouse) Agilent Technologies, Santa Clara, CA, USA 

Ki-67 (mouse)  Agilent Technologies, Santa Clara, CA, USA 

MCPyV-LT (mouse) Santa Cruz Biotechnology Dallas, TX, USA 

 

Table 3. List of reagents and Kits 

Reagents and Kits Company 

Accutase Sigma Aldrich, St. Louis, MO, USA 

ABC294640 Cayman, Ann Arbor, MI, USA 

Acrylamide Thermo Fisher Scientific, Waltham, USA 

Ammoniumpersulfate (APS) Sigma Aldrich, St. Louis, MO, USA 

Aprotinin Sigma Aldrich, St. Louis, MO, USA 

CellTiter-Glo 3D cell viability assay kit Promega, Madison, WI, USA 

Dimethyl sulfoxide (DMSO) Sigma Aldrich, St. Louis, MO, USA 

EnzChek Caspase-3 Assay Kit #2  Invitrogen, Waltham, MA, USA 

Ethylenediaminetetraacetic Acid (EDTA) Sigma Aldrich, St. Louis, MO, USA 

Fetal Calf Serum (FCS) Sigma Aldrich, St. Louis, MO, USA 

Fibroblast Cell Medium BulletKit  Lonza, Walkersville, MD, USA 

FITC Annexin V Apoptosis Detection Kit 1 BD Biosciences, San Jose, CA, USA 

FTY720 Sigma Aldrich, St. Louis, MO, USA 

KH2PO4 Sigma Aldrich, St. Louis, MO, USA 

Leupeptin Sigma Aldrich, St. Louis, MO, USA 

Mercaptoethanol Sigma Aldrich, St. Louis, MO, USA 
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Methanol New England Biolabs, Ipswich, USA 

Myriocin Sigma Aldrich, St. Louis, MO, USA 

Na2HPO4 Sigma Aldrich, St. Louis, MO, USA 

Pepstatin Sigma Aldrich, St. Louis, MO, USA 

PeqGOLD total RNA Kit  Peqlab, Erlangen, Germany 

Phenylmethylsulfonylfluoride (PMSF) Sigma Aldrich, St. Louis, MO, USA 

Phosphate Buffered Saline (PBS) Sigma Aldrich, St. Louis, MO, USA 

Pierce BCA Protein Assay Kit Thermo Fisher Scientific, Waltham, USA 

RPMI 1640 Cell Culture Medium Thermo Fisher Scientific, Waltham, USA 

S1P Santa Cruz, Dallas, TX, USA 

S1P ELISA kit  Echelon, Salt Lake City, UT, USA 

S1P lyase  Sigma Aldrich, St. Louis, MO, USA 

SKI-II Sigma Aldrich, St. Louis, MO, USA 

Sodium Chloride (NaCl) Sigma Aldrich, St. Louis, MO, USA 

Sodium Dodecyl Sulfate (SDS) Sigma Aldrich, St. Louis, MO, USA 

Sodium Fluoride (NaF) Sigma Aldrich, St. Louis, MO, USA 

Sodium Orthovanadate (Na3VO4) Sigma Aldrich, St. Louis, MO, USA 

SuperSignal Western blot detection kit  Pierce, Thermo Scientific, MA, USA 

Transcriptor First Strand cDNA Synthesis Kit Roche Life Science, IN, USA 

Triciribine Cayman, Ann Arbor, MI, USA 

Tris-HCl Sigma Aldrich, St. Louis, MO, USA 

TritonX Sigma Aldrich, St. Louis, MO, USA 

Tween 20 Sigma Aldrich, St. Louis, MO, USA 

 

 

 

 

 

 

 


