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Abstract 

Pancreatic ductal adenocarcinoma carcinoma (PDAC) is one of the most lethal cancers in 

existence. In the last decades the survival of patients with PDAC did not improve. Therefore, 

it is vital to achieve a better understanding of how the disease influences and is influenced 

by the immune system. The tumor microenvironment (TME) of PDAC remodels the immune 

system to escape its immunosurveillance and to proliferate. Natural Killer cells (NK cells) 

contribute crucially in the recognition of cancer cells. The receptor NKG2D plays an 

important role in the activation of NK cells. By impairing the NKG2D axis, PDAC 

downregulates the NK cell activity and escapes from the immune response. Epigenetic 

modulators like histone deacetylase inhibitors (HDACi) have been shown to overcome this 

obstacle. In this context, the role of the oncoprotein SKI in cancer immunosurveillance is 

not known yet. In this work, the role of the oncoprotein SKI on the NK cell 

immunosurveillance and the benefit of HDACi treatment on PDAC cell lines was examined. 

Therefore, two PDAC cell lines were treated with the pan-HDACi LBH589. The LBH589 

treatment led to an increase in cell death in PDAC cell lines. It was found as well that LBH589 

treatment of PDAC results in an upregulation of the NKG2D ligands (NKG2D-L) MICA and 

ULBP2 and thus the NK cell conveyed killing was improved. The SKI protein level and NKG2D-

L expression did not correlate with each other. Further examination of the role of SKI on NK 

cell immunosurveillance was performed by knockdown (KD) of SKI in PDAC by transfection 

with siRNA. The KD resulted into a strongly improved cancer cell killing suggesting that SKI 

acts as a major regulator in PDACs immune escape from NK cells. SKI does not solely 

mediate the immune escape through NKG2D-L suppression but rather by a not yet defined 

mechanism. Additionally, SKI suppresses the LBH589 mediated NKG2D-L upregulation and 

NK cell killing, indicating that SKI could act as a negative predictor for the outcome of HDACi 

treatment in PDAC. In conclusion, SKI acts as a major regulator of PDACs escape of NK cell 

conveyed immunosurveillance. The underlying mechanisms still need to be defined. The 

treatment of PDAC with HDACi seems to be promising and should be further investigated 

in in vivo studies. Additional NK cell-based immunotherapy or targeted therapies could 

further improve the patient´s outcome.  
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Zusammenfassung 

Das duktale Pankreaskarzinom (PDAC) ist eine der tödlichsten Krankheiten. In den letzten 

Jahrzenten ergaben sich keine Verbesserungen des Patientenüberlebens bei PDAC. Deshalb 

ist es essentiell ein besseres Verständnis darüber zu erlangen, wie die Krankheit das 

Immunsystem und das Immunsystem die Krankheit beeinflusst. Die Tumor-Mikroumgebung 

von PDACs moduliert das Immunsystem, um einer anti-Tumor Immunantwort zu umgehen 

und weiter zu wachsen. Natürliche Killerzellen (NK-Zellen) tragen wesentlich zur Erkennung 

von Tumorzellen bei. Hierbei spielt der aktivierende NKG2D-Rezeptor eine wichtige Rolle. 

Durch Beeinträchtigung der NKG2D-Axe wird die Aktivität von NK-Zellen eingeschränkt. 

Epigenetische Modulatoren wie Histon-Deacytelase-Hemmer (HDACi) haben gezeigt, dass 

sie diese Hemmung überwinden können. In diesem Zusammenhang ist die Rolle des 

Onkoproteins SKI in der Immunüberwachung bei PDAC unbekannt.  

In dieser Arbeit wurde die Rolle des Onkoproteins SKI auf die Immunüberwachung durch 

NK-Zellen und der Nutzen von HDACi-Behandlung bei PDAC Zelllinien untersucht. Dafür 

wurden zwei PDAC Zelllinien mit dem pan-HDACi LBH589 behandelt. Die Untersuchungen 

haben gezeigt, dass die LBH589 Behandlung von PDAC zu einer Hochregulation von den 

NKG2D-Liganden (NKG2D-L) MICA und ULBP2 führt, was wiederum zu einer erhöhten 

Tötung der Krebszellen durch NK-Zellen führte. Das SKI-Protein-Level und die NKG2D-L-

Expression korrelierten dabei nicht miteinander. Zur weiteren Untersuchung von SKIs Rolle 

in der Immunüberwachung von NK-Zellen wurde ein SKI-Knock-Down (KD) mittels 

Transfektion mit siRNAs durchgeführt. Der SKI-KD ergab eine deutlich verbesserte Tötung 

von Krebszellen. Dies suggeriert das SKI ein wichtiger Regulator der Immunevasion von 

PDACs ist. Diese Regulation erfolgt aber nicht alleine durch die Suppression von NKG2D-L, 

sondern eher durch noch nicht erkannte Mechanismen. Zusätzlich unterdrückt SKI die durch 

LBH589 bewirkte Hochregulation von NKG2D-L und die durch LBH589 vermittelte Tötung 

der Krebszellen durch NK-Zellen. Dies lässt vermuten, dass SKI ein negativer Prädiktor für 

das Ergebnis einer HDACi-Therapie in PDAC sein könnte. 

Zusammenfassend zeigt sich, dass SKI ein wichtiger Regulator für die Umgehung von PDAC 

vor der von NK-Zellen bewirkten Immunüberwachung ist. Die zu Grunde liegenden 
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Mechanismen müssen jedoch noch weiter erforscht werden. Außerdem scheint die 

Behandlung von PDAC mittels HDACi erfolgsversprechend und sollte in in vivo Experimenten 

bestätigt werden. Zusätzlich könnten weitere NK-Zellen-basierte Immuntherapien oder 

gezielte Therapien zu einem besseren Ergebnis führen.  
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1 Introduction 

1.1 Pancreatic ductal adenocarcinoma: Epidemiology, genetic 

characterization, and treatment 
 

Pancreatic cancer is the seventh leading cause of global cancer death in industrialized 

countries and it is the 11th most common cancer type worldwide. It accounts for 458,918 

new cases and 432,242 cancer-related deaths in the year 2018 (Bray et al., 2018). In 

Germany, it is the 4th most common cancer and stands with a 5-year survival rate of 9 % as 

one of the most lethal cancer types of all (Robert Koch-Intitut, 2019). The survival rate 

mostly depends on the type of pancreatic cancer and its stage at the time of diagnosis 

(Rawla et al., 2019).  

Pancreatic cancer is mainly divided into pancreatic ductal adenocarcinomas (PDAC), which 

arise out of the exocrine pancreatic glands, and pancreatic neuroendocrine tumors (Pan-

NET), which arise from the endocrine pancreatic glands. PDAC is the most common 

pancreatic cancer type with 90 % of all pancreatic cancers (Hidalgo et al., 2015) and will be 

the focus of this thesis. The majority of PDAC cases present late with locally advanced or 

metastatic disease. This is caused by its lack of symptoms and its fast growth in the 

proximity of  large blood vessels (McGuigan et al., 2018). Due to the lack of symptoms and 

late diagnosis, 80-85 % of PDACs are not resectable anymore at the time of presentation 

(Vincent et al., 2011). 

To date, the causes of pancreatic carcinoma are still insufficiently known, although certain 

risk factors have been identified, such as tobacco smoking, diabetes mellitus, obesity, 

dietary factors, alcohol abuse, age, ethnicity, family history, genetic factors, Helicobacter 

pylori infection, non-O blood group, and chronic pancreatitis (Rawla et al., 2019). 

The four most common genetic alterations for PDAC are oncogenic KRAS activation and the 

inactivation of the tumor suppressors CDKN2A, TP53, and Smad4 (Grant et al., 2016). These 

genomic alterations guide the tumor cells from precursor lesions (PanIN) to a fully 

uncontrollable tumor cell the more they occur. Other mutations occur less frequently but 
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mostly converge to influence a relatively small number of pathways e.g. KRAS, TGF-β, WNT, 

NOTCH, and hedgehog signaling (Bailey et al., 2016).  

The only potential cure for pancreatic cancer is surgical resection. However, just 20 % of all 

pancreatic cancer is resectable at the time of diagnosis (McGuigan et al., 2018). 

Resectability depends on the cancer stage after full diagnosis and the comorbidities of the 

patient. The type of operation depends on the locus of the cancer. Cancer in the pancreas 

head is treated with a Whipple´s procedure or pylorus-sparing-Whipple, whereas cancer in 

the pancreas tail is treated with a distal pancreatectomy. The goal of surgery is the 

achievement of a R0-Resection. After R0-Resection, adjuvant chemotherapy is performed. 

The protocol for patients in a good general condition is FOLFIRINOX (5-Fluorouracil, folinic 

acid, Oxaliplatin and Irinotecan) and for patients in a poor general condition a therapy with 

Gemcitabine or 5-Fluorouracil/Folic acid is indicated (Deutsche Gesellschaft fuer 

Haematologie und medizinische Onkologie, 2018).  

Further, 15-20% of pancreatic cancer cases are in a locally advanced stage. Here the 

resection is still the primary goal of therapy. The resectability is supposed to be achieved by 

neoadjuvant chemotherapy mostly with FOLFIRINOX or nab-Paclitaxel/Gemcitabine. 

Resectability is checked every two months (Deutsche Gesellschaft fuer Haematologie und 

medizinische Onkologie, 2018). 

Non-resectable advanced cancer or already metastatic cancer is treated with palliative 

chemotherapy which improves survival and quality of life (Glimelius et al., 1996). For 

palliative chemotherapy, FOLFIRINOX or nab-Paclitaxel/Gemcitabine are as well options of 

therapy. Though, novel therapies for pancreatic cancer are being investigated. Some 

examples of new approaches are gene therapy, small non-coding RNA, or immunotherapy 

(Aroldi and Zaniboni, 2017; Rouanet et al., 2017).  
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1.2 The oncoprotein SKI: Definition and function 
 

The oncoprotein SKI was first identified as the transforming protein v-Ski in avian Sloan-

Kettering viruses that induces transformation of chicken embryo fibroblasts (Li et al., 1986). 

V-SKI was then shown to be a shortened version of the coding exon of the chicken homolog 

c-SKI (Grimes et al., 1993). C-SKI has also been described in humans and several other 

species (Bonnon and Atanasoski, 2012). 

The SKI gene is located on Chromosome 1 on band 36 and has a size of around 81.5 kb. The 

SKI protein itself contains 728 amino acids and has a molecular mass of 95 kDa (Jehn, 2017). 

SKI comprises several structural domains, which ensure protein-protein interactions. On the 

N-terminal side, there is the domain called Dachshund homology domain (DHD), which is 

highly conserved in the SKI-family. The DHD contains an α/β structure suggesting to mediate 

intermolecular interactions. It was found that especially not DNA but protein was able to 

bind to the DHD differing it to the Dachshund protein (Wilson et al., 2004). The second 

conserved region is the SAND (Sp100, AIRE-1, NucP41/75 and DEAF-1)-domain, known to 

be involved in chromatin-dependent transcriptional regulation. The SAND-Domain is, e.g., 

necessary to bind to Smad4 (Wu et al., 2002). The C-terminal region of SKI is less conserved 

but may allow SKI to homo- or hetero-dimerize through a coiled-coil motif located in this 

region (Deheuninck and Luo, 2009). The primary function of SKI is the transcriptional 

regulation, despite not being able to bind to the DNA itself. It can interact with a various 

number of transcriptional factors such as HDACs, Smads, or RARα but as well with 

transcriptional coregulators as N-Cor or mSin3A (Deheuninck and Luo, 2009). SKI plays a 

role in nuclear hormone receptor signaling via its direct binding to N-CoR/SMRT and mSin3A 

and by its association with HDAC1 (Nomura et al., 1999). Associated with this, SKI is 

necessary for the transcriptional repression of thyroid hormone receptor and Mad (Nomura 

et al., 1999) as well as in RAR and VDR (Dahl et al. 1998).  

The best-investigated function of SKI is as a transcriptional co-repressor via repressing the 

Transforming Growth Factor β (TGF β) signaling through binding to Smads (Akiyoshi et al., 

1999). As depicted in Figure 1, TGF-β-signaling functions through phosphorylation of 



  Introduction 

7 
 

Smad2/3, which is followed by binding to the co-Smad (Smad4). The complex then shifts 

into the nucleus and activates transcription of target genes (Figure 1A)(Shi and Massagué, 

2003). There are several ways described how SKI influences the TGF-β signaling. One way is 

via binding to the Smad2/3/4 complex and repressing its ability to activate target genes 

through recruiting mSin3A, MeCP2, and histone deacetylase (Figure 1B)(Ueki and Hayman, 

2003; Xu et al., 2000). Subsequently, the stabilization of this complex on the DNA  results in 

competitive inhibition about DNA-binding places with other activated Smad2/3/4 

complexes (Suzuki et al., 2004). Figure 1C shows that SKI as well competes with other 

transcriptional co-activators about Smad-3 binding places, such as CBP and p300, which act 

as histone acetyltransferases and so are counterparts to the HDAC recruiting SKI (Chen et 

al., 2007). Through its ability to impede the TGF-β pathway, SKI has been found to attenuate 

the tumor-suppressive effect of TGF-β and thus emphasizes its prooncogenic effect (Taguchi 

et al., 2019). In early cancer stages, the TGF-β signaling is known to function as a tumor 

suppressor by inducing differentiation and apoptosis and by suppressing pro-tumorigenic 

inflammation. However, in late cancer stages TGF-β suppresses the antitumor immune 

response (Flavell et al., 2010). So, the role of SKI might also play a dual role in cancer 

progression. 
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Figure 1 TGF-β pathway and two possible ways of SMAD inhibition by SKI. Displayed is the TGF-β 
pathway and its signaling via Smad proteins. (A) The physiological transcription by Smad proteins 
and its possible transcription of NKG2D-L. (B) Inhibition of transcription by Smad proteins via SKI 
which recruits a complex of HDACs and other proteins. (C) Inhibition of transcription by Smad 
proteins via SKI competing to the binding of Smad 3 with the histone acetyltransferases (HAT) 
CBP/p300. 

 

1.2.1 The role of the oncoprotein SKI in PDAC 

 

The SKI oncoprotein has been found to promote tumor growth in various tumor entities, 

such as leukemia, colorectal cancer, or melanoma (Bonnon and Atanasoski, 2012). But also 

in pancreatic cancer, it was found to be pro-oncogenic. In the context of pancreatic cancer 

SKI was found to be a repressor of the TGF-β-pathway. The knockdown (KD) of SKI triggers 

TGF-β signaling and in the end to a reduction of tumor growth in vitro and in vivo  (Heider 
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et al., 2007; Wang et al., 2009). SKI was found to be an important factor in the stemness of 

pancreatic cancer stem cells through modulating the sonic hedgehog signaling (Song et al., 

2016). It was also found that patients with a SKI-positive pancreatic cancer have a 

significantly worse survival after surgery than pancreatic cancer patients without SKI (Wang 

et al., 2009). In contrast to this, SKI seems to inhibit cell migration in vitro and metastasis in 

vivo (Wang et al., 2009).  Due to its influence on tumor growth and its influence on the TGF-

β signaling which leads to anti-apoptotic effects, SKI would be an interesting target for 

therapies in pancreatic cancer.  

 

1.3  The tumor immunosurveillance 
 

Tumor immunosurveillance is a theory already proposed more than 50 years ago that says 

that the immune system acts as a sentinel in recognizing and eliminating nascent 

transformed cells (Mittal et al., 2014). The immune system does not just surveil cancer but 

also shapes the cancers immune escaping character which is called cancer immunoediting. 

Immunoediting contains three phases of cancer development which are elimination, 

equilibrium, and escape (Schreiber et al., 2011). Elimination means the termination of new 

arising transformed cells. Equilibrium is the state of cancer in that the transformed cells 

coexist with the immune system but continues to proliferate and mutate against the 

immune pressure until it finally evolves into a less antigenic cancer. Escape means the final 

escape from the control of the immune system and so the uncontrollable growth (Olivera J. 

Finn, 2018).  

 

1.3.1 The importance of NK Cells in the tumor immunosurveillance 

 

NK cells play a crucial role in the immunosurveillance of tumor cells. This was first 

discovered in the 1980s when a lack of NK cells led to a higher incidence of cancer in patients 
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and mouse models (Morvan and Lanier, 2016). Now the impact of NK cells has been further 

investigated. 

NK cells belong to the innate immune system of the body. They are characterized as CD3-

CD56+ lymphocytes which make up to 5-20 % of all peripheral blood lymphocytes 

(Waldhauer and Steinle, 2008). NK cells can be further divided into two subsets identified 

as CD16+CD56dim, which account for the majority of all NK cells in the peripheral blood, and 

CD16-CD56bright, which are the less mature population and are mostly located in the lymph 

nodes (Poli et al., 2009).  

NK cells are able to directly attack damaged or stressed cells without prior sensitization. 

This way NK cells are in the first line of the body’s immune response towards intruders of 

all kind but also towards transforming cells from inside the body e.g. cancer cells. NK cells 

can kill a malignant cell directly in two ways. The first one is by lysing the cell with perforin 

and granzymes which both are stored inside the NK cell (Voskoboinik et al., 2015). The 

second way is by expressing death-inducing ligands, such as FAS and other TNF-related 

ligands, which bind to the corresponding receptor on the target cells and induce apoptosis 

(Smyth et al., 2005). However, NK cells do not only directly harm malignant cells but also 

interact with the rest of the immune system. After activation, NK cells secrete cytokines and 

chemokines to recruit other immune cells to the inflammation site and to induce the 

activation and proliferation of these cells. Among those cytokines are IFNγ, IL-10, TNF-α, 

GM-CSF, and others (Morvan and Lanier, 2016).  

 

1.3.2 NK Cells are activated and inhibited through their environment 

 

The NK cell activation is a balance between activation and inhibiting signals from the 

environment around the NK cell. NK cells have to integrate signals received from multiple, 

germ-line-encoded receptors in order to sense their environment and respond 

appropriately (Long et al., 2013). One major part of the inhibitory signals is generated by 

the major histocompatibility complex class I (MHC-I) molecules. MHC-I is expressed on 

almost every healthy body cell and is not expressed on tumorous, stressed, or infected cells. 
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Thus, NK cells tolerate healthy cells. NK cells have numerous receptors to respond to MHC-

I molecules like the killer cell immunoglobulin-like receptors (KIRs) or the leukocyte 

immunoglobulin-like receptors (LIRs). When a cell lacks MHC-I, the inhibitory signals are 

diminished and the activation signals prevail. This concept of activation in order of a missing 

inhibitory MHC-I signal is called “missing self” (Martinet and Smyth, 2015). But NK cells are 

also able to adapt to a lower MHC-I level in their environment. Consequently, a missing 

MHC-I does not necessarily resolve into  NK cells being activated (Long et al., 2013).  

NK cells may also be activated through an overweighing of activation signals. Stressed, 

infected, or transformed cells express various ligands for receptors located on the NK cells 

to signal activation. Best described are the receptors NKG2D (also known as CD314 and 

KLRK1), the natural cytotoxicity receptors (NCRs), DNAM1 (also known as CD226) and CD16 

(Morvan and Lanier, 2016). In this study, the focus will lie on the NK cell activation receptor 

NKG2D and its ligands.  

The NKG2D receptor and its activation by its ligands is depicted in figure 2. The NKG2D 

receptor is a homodimer containing two type II transmembrane glycoproteins with a C-type 

lectin-like structure outside the cell membrane. There are two subtypes of NKG2D 

receptors, the short NKG2D-S isotype and the long NKG2D-L isotype. Humans only express 

the NKG2D-L isotype which binds intracellularly to DAP10 to form the NKG2D complex 

(Duan et al., 2019). DAP10 recruits PI3K and GRB2 which activate the Rac1/PAK/c-

RAF/MEK/ERK and GrB2/VAV-1 pathways. These pathways induce NK cells to perform their 

cytotoxic effects via releasing cytokines and killing tumor cells via perforin/granzymes, TNF-

α/TNF-R1, and Fas/FasL (Duan et al., 2019).  

The NKG2D receptor binds to cell surface molecules that are distinctly related to MHC-I 

proteins. In humans there are two families of NKG2D ligands (NKG2D-L), the MHC class I 

chain-related (MIC) family consisting of MICA and MICB and the UL16 binding protein 

(ULBP) family consisting of 6 members (ULBP1-6) (Lazarova and Steinle, 2019b). In general, 

healthy adult tissue does not express NKG2D-Ls on the cell surface. These ligands can be 

induced and expressed by cells when hyperproliferation, transformation or infection by 
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pathogens occurs. In contrast to the NKG2D receptor, the NKG2D-Ls possess extensive 

allelic polymorphism (Lanier, 2015).  

 

Figure 2 Activation of NK cells by the NKG2D receptor. Shown is a transformed or infected cell that 
activates a NK cell via the expression of the NKG2D-Ls MICA/B and ULBPs. The activation of the NK 
cell via NKG2D is carried out through the activation of DAP10 which then activates pathways for the 
cytotoxic activation.  

 

1.3.3 The NKG2D axis is used for tumor immune escape 

 

The escape from the immune system is one of the hallmarks of cancer. This cancer immune 

escape is also performed by impairing the NKG2D axis. Either the NKG2D receptors on the 

NK cells themselves are affected or the NKG2D-L normally expressed by malignant cells are 

downregulated or otherwise impaired. 

There are various soluble factors in the tumor microenvironment (TME) which are able to 

reduce the NKG2D receptors on NK cells, such as podocalyxin-like protein 1 (PCLP1), activin-

a, indoleamine-pyrrole 2,3-dioxygenase (IDO), PGE2, TGF-β, and macrophage migration 

inhibitory factor (MIF) (Duan et al., 2019). Hypoxia plays a crucial role in the TME because 

of its ability to promote the secretion of these factors (Balsamo et al., 2013). Besides, tumor 

cells themselves are also able to express NKG2D receptors on their cell surface to bind to 
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NKG2D-Ls on other tumor cells and thus protecting each other from tumor 

immunosurveillance by NK cells (El-Gazzar et al., 2014). 

The NKG2D-L mediated immune escape can be regulated on different levels of NKG2D-L 

expression: the transcription-level, the translational-level, and the post-translational-level. 

The transcription of the NKG2D-Ls is regulated e.g. by the transcription factors p53, E2F-1, 

HSF-1, and NFκB and can be modulated by influencing those. But also cytokines as IFN-γ or 

TGF-β downregulate the NKG2D-L transcription (Duan et al., 2019). The translational level 

may be influenced by microRNAs (miRNAs). These miRNAs bind to the NKG2D-L promoter 

to inhibit translation or damage mRNA stability (Codo et al., 2014). Posttranslational, 

NKG2D-Ls may be stored inside the cell and not be expressed on the cell surface or get 

internalized again after expressing (Schmiedel and Mandelboim, 2018).  

Shedding is another way of immune escape utilizing the NKG2D-Ls. Shedding means 

releasing soluble NKG2D-Ls or releasing them on exosomes. This way the shedded ligands 

bind to NKG2D receptors on the NK cells and distract them from the transformed cell. The 

NKG2D receptors then will be internalized and not expressed any more on the cell surface 

impairing the NK cell activity (Lundholm et al., 2014; Song et al., 2006).  

 

1.3.4 PDAC´s tumor microenvironment impedes immunosurveillance 

 

PDAC impairs the tumor immunosurveillance as well. One important aspect for the immune 

escape by PDAC seems to be its TME and its capability to promote tumor growth and to 

impair immunosurveillance and drug delivery (Feig et al., 2012). PDAC establishes the 

immunosuppressive TME by secreting various anti-inflammatory cytokines like IL-10, TGF-

β, and IL-23 as well as angiogenic chemokines which  facilitate tumor growth and metastasis 

(Banerjee et al., 2018). Cells of mesenchymal origin such called cancer-associated 

fibroblasts (CAF) are an important part of the TME to promote tumorigenesis and resistance 

to therapy (Sideras et al., 2014). The TME also includes crosstalk between cancer cells and 

various myeloid and lymphoid subsets such as tumor-associated macrophages or myeloid-
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derived suppressor cells. These cells express reactive oxygen species and immuno-inhibitory 

ligands to inhibit activation and infiltration of T and NK cells (Sideras et al., 2014). 

Consequently, the immunosurveillance by NK cells is also impeded by the TME. PDAC uses 

the NKG2D axis to escape from immunosurveillance. It was found that the NK cell activity is 

diminished in patients with PDAC (Aparicio-Pagés et al., 1991). Emphasizing this finding it 

was observed that the percentage of NK cells with NKG2D, NKp30, NKp46, and perforin is 

reduced in patients with pancreatic cancer (Peng et al., 2013). This could be explained by 

PDAC-derived extracellular vesicles which attenuate the expression of NK-cell receptors 

such as NKG2D (Zhao et al., 2019). PDAC also uses shedding of soluble NKG2D-Ls as an 

immune escape which was correlated with poor overall survival and lower NK cell 

cytotoxicity (Märten et al., 2006).    

 

1.3.5 SKI might impair the tumor immunosurveillance 

 

The oncoprotein SKI might play a role in the immune evasion of tumors as well even though 

there has not been proposed a direct impact of SKI on the immunosurveillance yet. It is 

known that SKI plays a role in the regulation of the TGF-β pathway, as shown in figure 1, by 

inhibiting it (Akiyoshi et al., 1999). TGF-β has been proposed to have a dual role in 

tumorigenesis. In the early stages, TGF-β acts as a growth inhibitor and apoptosis inducer 

but in the late stages of cancer, it promotes angiogenesis and immunosuppression (Yang et 

al., 2010).  Amongst others, TGF-β in its immunosuppressive role has an influence on the 

NK cell activation by downregulation of the activating receptors NKG2D, NKp44, or NKp30 

(Flavell et al., 2010). Other studies suggest that TGF-β could also upregulate the NKG2D-Ls 

MICA/B and ULBP 1-3 (López-Soto et al., 2013)(Figure 1A). Chen et al. showed in prostate 

and hepatoma cancer cell lines that the treatment with TGF-β induced the NKG2D-L 

expression (Chen et al., 2017). These different findings might be due to cancer 

heterogeneity and different tumor environments but also to different cancer stages (Flavell 

et al., 2010; Lazarova and Steinle, 2019a). Given the ambiguous role of the TGF-β pathway, 

the role of SKI in the immunosurveillance as well remains elusive.  
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The second way in which SKI could influence the NK cell activation is through its competition 

with the coactivators CBP/p300 for the binding of Smad proteins (Chen et al., 2007)(Figure 

1C). In addition, SKI and CBP/p300 act as counterparts in the acetylation and deacetylation 

of histones. Concerning the influence on NK cells, CBP/p300 is known to play a crucial role 

in the regulation of NKG2D-Ls (Sauer et al., 2017). Therefore, CBP/p300 and SKI may also 

compete for the regulation of NKG2D-Ls and thus SKI might have an NKG2D-L suppressive 

character.  

 

1.4 Histone deacetylases inhibitors – promising anti-cancer drugs 
 

The DNA is wrapped and tied around proteins called histones to form the chromatin. The 

histones contain a lot of the amino acids arginine and lysine and thus are positively charged. 

The positively charged histones bind to the negatively charged phosphate group of the DNA 

and so the DNA is wrapped tightly around the histones. The histone-DNA binding can and 

must be modified to turn the needed genes on and off. This can be done through different 

mechanisms such as methylation, phosphorylation, or acetylation. Particularly acetylation 

of the lysine side arms of the histones loosens the DNA from the histones and the 

transcription of the DNA can be performed (figure 3). This acetylation is executed by 

enzymes called histone acetyltransferases (HATs). The acetylation of the histones can be 

withdrawn by histone deacetylases (HDACs) which results in a tighter histone-DNA binding 

and a lower transcription rate (Rassow, 2012).  

The activity of HDACs can be impaired by a medicament group called histone deacetylases 

Inhibitors (HDACi). HDAC inhibitors have been already used for a long time as antiepileptic 

drugs, for migraine prophylaxis or the treatment of bipolar disorders (Bialer and Yagen, 

2007). In the newer research, HDACis have been shown to have an effect in treating further 

neurological diseases, immune disorders, or several cancer types. They even have been 

approved for the treatment of certain hematological malignancies such as relapsed and 
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refractory cutaneous T cell lymphoma and peripheral T cell lymphoma (Falkenberg and 

Johnstone, 2014).  

 

Figure 3 Acetylation and deacetylation of histones. Shown is the acetylation and deacetylation of 
histones by histone acetyltransferases (HAT) and histone deacetylases (HDAC). The acetylation (Ac) 
makes the transcription of genes possible. 

 

HDACis can be divided into specific HDAC inhibitors, which just inhibit one class of HDACs, 

and pan-HDAC inhibitors, which inhibit the classes I, II, and IV of HDACs. The pan-HDAC 

inhibitors are defined by containing a zinc molecule as an important cofactor (Banik et al., 

2019).  

HDAC inhibitors are promising anti-cancer agents. There are different approaches described 

in which HDAC inhibitors influence cancer. HDAC inhibitors induce cell cycle arrest, e.g., by 

inhibiting the deacetylation of p53 and thus sustaining its tumor-suppressive activity (Ryu 

et al., 2017). Furthermore, HDAC inhibitors may downregulate angiogenesis, induce 

apoptosis and autophagy and modulate the immune response towards cancer cells (Banik 

et al., 2019). There are several ways in which HDAC inhibitors may modulate the immune 

system and its recognition of tumor cells. HDAC inhibitors have on the one hand effects on 
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immune cells but on the other hand on cancer cells as well. For instance, it was shown that 

HDAC inhibitors can upregulate PD-1 ligands in melanoma cells which lead to a longer 

survival under combination with PD-1 blockade (Woods et al., 2015).  

Considering the immunosurveillance of tumor cells by NK cells, HDAC inhibitors have effects 

on NK cells and their target cells as well. For instance, the HDAC inhibitor Entinostat 

enhances the expression of the NKG2D receptors on NK cells and consequently upregulates 

the recognition of tumor cells by NK cells (Zhu et al., 2015). Although, there is evidence that 

valproic acid (VPA), another HDAC inhibitor, suppresses the NKG2D receptor expression on 

NK cells (Ni et al., 2017). HDAC inhibition has also an effect on the expression of NKG2D-Ls 

on cancer cells. VPA for example induces the expression of MICA/B on hepatoma cells which 

then are more susceptible to the lysis by NK cells. This effect could not be found on healthy 

primary human hepatocytes (Armeanu et al., 2005). The potential to upregulate NKG2D-Ls 

by HDAC inhibition has also been shown in acute myeloid leukemia cells (Diermayr et al., 

2008), renal carcinoma cells (Yang et al., 2013), and even in pancreatic cancer (Shi et al., 

2014).   

In this work solely the HDAC inhibitor Panobinostat (LBH589) was used. LBH589 is a pan-

HDAC inhibitor which has been intensively researched in connection with multiple myeloma 

(Greig, 2016). There it has been proven to augment the effect of the already established 

antibody daratumumab (García-Guerrero et al., 2017). It has also been shown that LBH589 

induces the expression of CD20 and CD33 and hence enhances the effect of monoclonal 

antibody immunotherapy in B cell lymphoma and acute myeloid leukemia (Laszlo et al., 

2014; Shimizu et al., 2010).  In pancreatic cancer, LBH589 was indicated to decrease cell 

growth, promote apoptosis, and block the AKT/mTOR pathway (Chien et al., 2014).  

Nevertheless, LBH589 has also been shown to influence the NK cell activation. It was 

indicated that LBH589 induces the expression of the NKG2D-Ls MICA/B in several cell lines. 

In HEK-293, a human embryonic kidney cell line, LBH589 induced the expression of the 

NKG2D-Ls ULBP1-3 as well. In previous studies LBH589 also upregulated the NKG2D-Ls at a 

much lower concentration than other pan-HDAC inhibitors, which is the reason why it is 

used in this thesis (Sauer et al., 2017).  
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HDACis might as well influence the function of the SKI oncoprotein. One of the functions of 

SKI is to build a complex with an HDAC and by this to influence oncogenesis(Nomura et al., 

1999). This means that HDAC inhibition could lead to a lower oncogenetic impact by SKI. 

Frech et al. (Frech et al., 2018) observed that HDAC inhibition via VPA and LBH589 

downregulated the expression of the SKI protein in acute myeloid leukemia (AML) cells. This 

was confirmed by Jehn (Jehn, 2017)who used Sorafenib resistant AML cell lines and treated 

them with the HDAC inhibitors Sorafenib, VPA, Vorinostat and Trichostatin A. He observed 

a SKI downregulation and lower cell viability. SKI has also been discussed as a predictive 

biomarker for HDACi use. In order, a high SKI level was meant to correlate to a better 

response to HDACis (Dejligbjerg et al., 2008). 

The treatment of PDAC with HDACis is a novel and not well-investigated procedure. There 

is some evidence that HDACis could bring a benefit. For example, Belinostat, a pan-HDAC 

inhibitor, inhibited  the growth of pancreatic cancer in vitro and in vivo (Dovzhanskiy et al., 

2012). This was confirmed in other studies as well which suggest that Belinostat might be a 

promising anti-cancer drug when used in combination with other drugs such as gemcitabine 

(Chien et al., 2014). There have been some clinical studies with a mono therapy of PDAC 

with HDACis which received rather disappointing results (Hessmann et al., 2017). 

Interestingly, some studies propose that HDACi provoke a rather tumor-supportive 

phenotype of PDAC associated fibroblasts, which are characterized by increased secretion 

of pro-inflammatory tumor-supportive cytokines and chemokines (Nguyen et al., 2017). In 

opposite, Shi et al.(Shi et al., 2014) demonstrated that VPA upregulates the NKG2D-L 

MICA/B in PDAC cancer cell lines and thus the cancer cells were more susceptible to NK cell-

mediated cytotoxicity. Supporting this finding, the upregulation of NKG2D-Ls was also 

confirmed by another study (Bhat et al., 2019).  
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1.5 Aim of the thesis 
 

Pancreatic cancer is one of the deadliest diseases that exist. Thus, there is a high medical 

need for novel therapies. It has been shown that HDAC inhibitors might be promising anti-

cancer drugs. In previous studies, it was confirmed that HDAC inhibitors upregulate NKG2D-

Ls and thus make cancer cells more susceptible to NK cell-mediated tumor killing (Sauer et 

al., 2017). This has also been shown for pancreatic cancer cells which were treated with VPA 

(Shi et al., 2014). The oncoprotein SKI is known to have a major influence on the TGF-β-

pathway and it competes with the acetyltransferases CBP/p300 (Chen et al., 2007; Lazarova 

and Steinle, 2019a). Both influence the activation of NK cells and their tumor 

immunosurveillance via regulation of NKG2D-L expression. In previous studies, it has also 

been shown that HDAC inhibitors downregulate the SKI protein level in AML cell lines (Frech 

et al., 2018; Jehn, 2017). Taking this information together, it seems possible that SKI could 

have an influence on the NK cell immunosurveillance and that SKI furthermore could be 

affected by the treatment with HDAC inhibitors. The aim of this study was to detect the 

effect of SKI on the NK cell immunosurveillance and how this impact can be affected by the 

pan-HDAC inhibitor LBH589.  

This was investigated about by researching the following question: 

1. Which effect has LBH589 on pancreatic cancer cell lines concerning the viability, the 

SKI protein levels, the NKG2D-L mRNA levels and the cytotoxic activity of NK cells? 

2. Which influence has SKI on the cell viability, NKG2D-L expression and NK cell-

mediated killing? 

3. Is there any impact of the SKI expression level on HDACi mediated effects on PDAC 

cell lines concerning cell viability, NKG2D-L expression, and NK cell dependent 

killing? 
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2 Material and Methods 

2.1 Material 

2.1.1 Devices 

 

Table 1 Devices 

Device Type/Name Supplier 

Analog tube roller RS-TR 5 Phoenix Instrument; Garbsen, 
Germany 

Biological safety cabinet  MSC-Advantage Thermo Fischer Scientific; 
Braunschweig, Germany 

Blotting system Mini Trans-Blot® Cell Bio-Rad Laboratories, Inc., 
Hercules, USA 

Cell freezing container CoolCell BioCision, Larkspur, USA 

Centrifuge  Megafuge 40R Thermo Fischer Scientific; 
Braunschweig, Germany 

Counting chamber  Neubauer Improved CE ( 0.1 
mm depth, 0.0025 mm2) 

Paul Marienfeld GmbH & 
Co.KG, Lauda-Königshof, 
Germany 

Electrophoresis chamber Mini-Protea Tetra System Bio-Rad Laboratories, Inc., 
Hercules, USA 

Flow cytometer BD FACSCanto™ II Becton Dickinson, Franklin 
Lakes, USA 

Fluid aspiration system  BVC control VACUUBRAND GMBH + CO KG, 
Wertheim 

Freezer -20°C Series Liebherr premium Liebherr, Bulle, Switzerland 

Freezer -80°C Herafreeze™ HFU T Thermo Fisher; Darmstadt, 
Germany 

Heating block uniTHERMIX 2 LLG Labware, Meckenheim, 
Germany 

Incubator  Heracell240i Thermo Fischer Scientific; 
Braunschweig, Germany 

Magnet stirrer IKAMAG RET IKA; Staufen, Germany 

Microscope  Leica DMIL LED Leica, Nussloch, Germany 

NK cell sorter AutoMACS Pro Miltenyi biotec; Bergisch 
Gladbach, Germany 

Pipetboy  Integra Pipetboy Acu2 Integra, Austria 
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Power Supply  EV3020 Carl Roth GmbH + Co. KG, 
Karlsruhe, Germany 

Real-Time PCR Mx3000P Agilent Technologies, Santa 
Clara, USA 

Refrigerator 4°C Series Liebherr premium Liebherr, Bulle, Switzerland 

Safety Cabinet PCR Workstation Pro Peqlab; Erlangen, Germany 

Shaker Shaker DRS-12 neoLab Migge GmbH, 
Heidelberg, Germany 

Spectrometer SpectraMax 340 Molecular Devices, San José, 
USA 

Spectrophotometer Nano Drop2000 Thermo Fischer Scientific; 
Braunschweig, Germany 

Vortexer Vortex2 IKA, Staufen, Germany 

Waterbath Water bath Polyscience 10 
liter 

Heathrow Scientific; 
Nottingham, UK 

Western Blot Imaging System Chemidoc MP Image System Bio-Rad Laboratories, Inc., 
Hercules, USA 

 

2.1.2 Consumables, Chemicals, Solutions, and Kits 
 

Table 2 Commercial chemicals 

Chemicals and reagents Vendor; located in city, country 

CellTracker™ Violet BMQC Dye  Gibco by Thermo Fischer Scientific, 
Braunschweig, Germany 

7-AAD Viability Staining Solution BioLegend; San Diego, USA 

APS, Ammonium persulfate [(NH4)2S2O8] Aplichem GmbH, Darmstadt, Germany 

Automacs Pro Washing Buffer Miltenyi biotec; Bergisch Gladbach, Germany 

Automacs Running Buffer / Separation Buffer Miltenyi biotec; Bergisch Gladbach, Germany 

Benzonase Santa Cruz Biotechnology, Dallas, USA 

BSA standards in PierceTM BCA Protein Assay Thermo Fisher; Darmstadt, Germany 

Dimethyl sulfoxide (DMSO) Carl Roth; Karlsruhe, Germany 
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EDTA (Ethylenediaminetetra-acetic acid) Carl Roth; Karlsruhe, Germany 

Ethanol (>99.8 %) Carl Roth; Karlsruhe, Germany 

FACS (Clean solution; Flow; Rinse Solution; 
Shutdown solution) 

BD; Heidelberg, Germany 

Ficoll Paque (Lymphocyte Separation 
Medium) 

Capricorn; Ebsdorfergrund, Germany 

Immobilon Forte Western HRP substrate Sigma Life Science, USA 

Isopropanol, 2-propanol ROTIPURAN® Carl Roth; Karlsruhe, Germany 

LipofectamineTM 2000 Transfection Reagent Invitrogen by Thermo Fisher; Darmstadt, 
Germany 

Methanol ROTIPURAN Carl Roth; Karlsruhe, Germany 

Natrium-Deoxycholic acid Thermo Fisher; Darmstadt, Germany 

Natriumdodecylsulfat ultra pure Carl Roth; Karlsruhe, Germany 

NP-40 Sigma-Aldrich; Munich, Germany 

PageRuler, presateind Protein ladder Thermo Fisher; Darmstadt, Germany 

Proteinase inhibitor cocktail (1,000x) Sigma-Aldrich; Munich, Darmstadt 

Sodium chloride (NaCl) Carl Roth; Karlsruhe, Germany 

SYBR™ Green Mastermix Thermo Fischer Scientific, Waltham, USA 

TEMED (N N N' N' 
Tetramethylethylenediamine) 

Carl Roth; Karlsruhe, Germany 

Tris-HCl, Tris-(hydroxymethyl)-
aminomethanhydrochloride 

Carl Roth; Karlsruhe, Germany 

Trypan Blue Gibco by Thermo Fisher; Darmstadt, Germany 

Trypsin-EDTA Solution 10X Sigma-Aldrich; Munich, Germany 

Tween-20 Bio-Rad Laboratories GmbH; Munich, 
Germany 

Water, nuclease-free and autoclaved Carl Roth; Karlsruhe, Germany 

Western Blocking Reagent Roche; Basel, Switzerland 
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Table 3 Consumable materials 

Material Vendor; located in city, country 

Biosphere Filter-Tips 0.5-20µl, 2-200µl, 100-
1000µl 

Sarstedt; Nürnbrecht, Germany 

Cell culture flask: T25, T75, T175 Sarstedt; Nümbrecht, Germany 

Cell culture flasks Sarstedt; Nürnbrecht, Germany 

Cell culture plates: 6-Well, 12-Well, 96-(U-
shape)Well 

Sarstedt; Nümbrecht, Germany 

CryoTube Thermo Fischer Scientific; Braunschweig, 
Germany 

Desinfectant spray: Terralin® liquid, 1L Schülke & Mayr GmbH; Norderstedt, Germany 

FACS-Tube, 5 ml Sarstedt; Nürnbrecht, Germany 

Falcon 15 / 50 ml Sarstedt; Nürnbrecht, Germany 

Micro-Tube 1.5 ml Sarstedt; Nürnbrecht, Germany 

Nitrocellulose Blotting Membrane GE Healthcare Life Sciences; Marlborough, 
USA 

Pipets, 0.5-10 µl, 10-100 µl, 100-1000 µl Eppendorf AG; Hamburg, Germany 

Pre Separation Filters, 20µm Miltenyi biotec; Bergisch Gladbach, Germany 

Serological Pipets 5, 10, 20 ml Sarstedt; Nürnbrecht, Germany 

Whatman Paper GE Healthcare Life Sciences; Marlborough, 
USA 

 

 

Table 4 Lab made buffers and solutions 

Buffer Composition 

10x Blotting buffer 0.25 M Tris 
1.92 M glycine 
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10x PBS (phosphate buffered saline) 1.37 M NaCl 
0.027 M KCl 
0.1 M Na2HPO4 
0.02 M KH2PO4 

10x SDS running buffer 0.25 M Tris 
1.92 M glycine 
1 % (g/v) SDS 

10x TBST pH 7.5 0.5 M Tris 
1.5 M NaCl 
1 % (v/v) Tween20 

5x Laemmli sample buffer, pH 6.8 0.5 M Tris/HCl (pH 7) 
50 % (v/v) glycerin 
5 % (w/v) SDS 
0.25 M DTT 
0.05 % (w/v) bromphenol blue 

FACS buffer 1x PBS with 
0.2 % (g/v) BSA 
0.2 % (g/v) sodium azide 

Red Blood  Cell-Lysispuffer pH 7.2 – 7.4 0.1 mM EDTA 
10 mM KHCO3 
155 mM NH4Cl 

RIPA-Buffer 50 mM Tris-HCl 
1 % NP-40 
0.25 % Na-Doc 
150 mM NaCl 
1 mM EDTA 

Separation gel (20 %) 67 % (v/v) Rotiphorese Gel 30 AA/BA 
1.5 M Tris/HCl pH 8.9 
10 % (g/v) SDS 

Stacking gel (4 %) 13 % (v/v) Rotiphorese Gel 30 AA/BA 
1.5 M Tris/HCl pH 6.8 
10 % (g/v) SDS 

Tris/HCl buffer for SDS gels, pH 8.9 1.5 M Tris/HCl 
10 % (g/v) SDS 
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Table 5 Commercial Kits 

Kit Vendor; located in city, country 

Lipofectamine ® 2000 Transfection Kit Invitrogen by Thermo Fisher; Darmstadt, 
Germany 

NK Cell Isolation Kit, human Miltenyi biotec; Bergisch Gladbach, Germany 

NucleoSpin® RNA Macherey-Nagel, Düren, Germany 

Pierce™ BCA Protein Assay Kit Thermo Fischer Scientific, Waltham, USA 

RevertAid First Strand cDNA Synthesis Kit Thermo Fischer Scientific, Braunschweig, 
Germany 

 

 

2.1.3 Medium and cell culture supplements 

 

Table 6 Medium and cell culture supplements 

Name Vendor; located in city, country 

Dulbecco’s Phosphate Buffered Saline (DPBS) Gibco by Thermo Scientific; Braunschweig. 
Germany 

Dulbecco's Modified Eagle Medium (DMEM) Gibco by Thermo Scientific; Braunschweig. 
Germany 

Fetal bovine serum (FBS) Gibco by Thermo Scientific; Braunschweig. 
Germany 

Iscove's Modified Dulbecco's Medium (IMDM) Thermo Fisher; Darmstadt, Germany 

Opti-MEM Gibco by Thermo Scientific; Braunschweig. 
Germany 

Penicillin-Streptomycin (PS) Gibco by Thermo Scientific; Braunschweig. 
Germany 

Trypsin-EDTA solution (10x) Sigma-Aldrich; Munich, Germany 
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2.1.4 Cytokines, Inhibitors, Primers, and siRNA 
 

Table 7 Supplementary Cytokines 

Stimulation Agent Application Vendor; located in city, 
country 

IL-2 1000 U/mL Immunotools; Friesoythe 
Germany 

IL-15 100 µg/mL Immunotools; Friesoythe, 
Germany 

 

 

Table 8 Inhibitors/Cytostatic agents 

Name Function Concentration used Supplier 

Panobinostat 
(LBH589) 

HDAC inhibition 100 nM SCBT 

 

 

Table 9 Primer 

Target  Sequence (5’  3’) Vendor 

MICA for CTGCAGGAACTACGGCGATA Invitrogen by Thermo 
Fisher (Darmstadt, 
Germany) 

 rev CCCTCTGAGGCCTCGCT  

ULBP2 for GCCGCTACCAAGATCCTTCT Invitrogen by Thermo 
Fisher (Darmstadt, 
Germany) 

 rev GCAAAGAGAGTGAGGGTCGG  

L27 for AAAGCTGTCATCGTGAAGAAC Sigma-Aldrich; 
Munich, Germany 

 rev GCTGTCACTTTGCGGGGGTAG  

SKI for TCTGCACCCCGTGATTCT Eurofins Scientific, 
Hamburg, Germany 

 rev ACGTTTGCCGAACTGAAAAG  
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GAPDH for CTCCTCCACCTTTGACGCTG Eurofins Scientific, 
Hamburg, Germany 

 rev ACCACCCTGTTGCTGTAGCC  

 

 

Table 10 siRNA 

siRNA Vendor 

siGENOME Human SKI(6497) siRNA - 
SMARTpool 

Dharmacon; Lafayette, USA 

Non-Targeting siRNA #5 Dharmacon; Lafayette, USA 

 

 

2.1.5 Antibodies 
 

Table 11 Primary Antibodies 

Antigen Label Host IgG Application Vendor, catalog 
nr. 

CD56 FITC mouse FACS: 1 μL Invitrogen, 11-
0566-41 

SKI -- mouse WB: 1:250 SCBT, sc-33693 

Actin HRP rabbit WB: 1:10,000 SCBT, sc-516102 
 

 

Table 12 Secondary Antibodies 

Antigen Label Host IgG Application Vendor, catalog 
nr. 

mouse HRP Goat WB: 1:10,000 Cell Signaling 
Technology, 
#7076 
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2.1.6 Cell lines 

 

The cell lines Panc-1 and Patu8988t were chosen as representatives for PDAC. Panc-1 are 

epithelial pancreatic ductal cells. The cell line was established from a 56-year-old, Caucasian 

male with ductal pancreatic adenocarcinoma in the pancreas head (DSMZ, 2020a). 

Patu8988t is an 1985 established cell line, which was gained from a liver metastasis of a 

primary pancreatic adenocarcinoma in a 64-year-old woman (DSMZ, 2020b). Both cell lines 

are cultivated in Dulbecco´s modified eagle medium (DMEM) to which 10% Fetal Cow Serum 

(FCS) and 1 % PenStrep (10,000 Units/ml Penicillin and Streptomycin 10 mg/ml) was added. 

The cell lines were incubated in an atmosphere with 5 % CO2 and a temperature of 37°C. 

 

2.1.7 Software and data analysis 

 

Flow Jo was used for the analysis of flow cytometry data. ImageLab was used to analyze 

Western Blots.  GraphPad Prism 7 was used to create graphs ±SEM with SEM of multiple 

independent experiments. The p-value was calculated using the Student´s t-test or 2-way-

Anova. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001, n.s.: not significant. Microsoft 

office was used for Excel, Word, and PowerPoint. 
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2.2 Methods 
 

2.2.1 Cell culture and cell counting 

 

To detach adherent cells from the flask, Trypsin-EDTA was used. The medium was aspirated 

and the cells were washed with PBS. Then trypsin was added and after approximately 5 

minutes the trypsinized cells were diluted in medium and centrifuged at 300 xg for 5 min. 

The supernatant was discarded and fresh medium was added to dissolve the cells again. 

The cells were either put into a cell culture flask or counted and seeded for experiments. To 

count the cells a hematocytometer was used adding 10 µl of cell suspension to it. The mean 

cell number per square was used referring to the following equation to determine the cell 

number per ml:  Mean value of counted cell x dilution factor x 104=cells/ml 

 

2.2.2 Cryoconservation of cells 

 

The cryo-conservation was carried out with FCS, which contained 10% DMSO. 

Approximately 1 x 106 cells/ml were transferred into each freezing tube and then frozen at 

-80° C in a CoolCell box. For storage, the cells remained at -80° C or were moved to the liquid 

nitrogen storage. To cultivate the cells again, the frozen cells were quickly diluted into warm 

medium and then cultivated again in cell culture flasks.  

 

2.2.3 Cell treatment  

 

The cells were seeded into a 6-well-plate at different densities depending on the time of 

treatment. The cells were treated for 16, 24, 48 or 72 h. The cells, which were treated for 

16 or 24 hours, had a density of 3x105/ Well and the ones treated for 48 or 72 h had a 

density of 2x105/well. The cells were treated with LBH589 at a concentration of 100 nM. 

The concentration was determined regarding the cell viability and NKG2D-L expression 

(Sauer et al., 2017).  



  Material and Methods 

30 
 

2.2.4 Protein isolation 

 

In order to isolate protein, the cells were harvested, washed with 1x PBS, and then put on 

ice for further preparation. The cells were lysed by adding 50 µl RIPA-Buffer. Beforehand, 

proteinase inhibitors in a dilution of 1:1000 were added to the RIPA-Buffer. 0.5 µl benzonase 

was appended to each sample. The samples then were incubated at 4° C for 30 min using a 

pivoting device. After that, the samples were centrifuged at 17,000 xg for 15 min and stored 

at -20° C. For long time storage the samples were stored at -80° C.  

 

2.2.5 Protein quantification via BCA-Assay 

 

For the protein quantification the Pierce BCA Protein Assay Kit from Thermo Scientific, 

Rockford, USA, was used. The given solution A and B were mixed according to the protocol. 

A 96-Well micro test plate was used. For control, a BSA standard curve was prepared. 5 µl 

of each sample or standard were put in a well. To get a reliable outcome for each sample or 

standard, triplicates were pipetted. The samples were mixed with 200 µl of the premixed 

solution from the kit. The micro test plate then was covered with Parafilm and incubated at 

37° C for 30 min. The protein concentration was measured via absorption at a wavelength 

of 562 nm. The mean of each sample was calculated and then compared to the albumin 

standard mean.  

 

2.2.6 Western Blot Analysis 

 

In order to analyze the prevalence of proteins, the Western Blot analysis was used. The cell 

lysates were analyzed using a 10 % SDS-PAGE. The gel used contained a SDS-Separating Gel 

(10 %) and a SDS-Separating-Gel (4 %). It was prepared right before the analysis and was 

poured into 1.5 mm thickness. The desired amount of protein was pipetted together with 

Lämmli-Buffer and water. The solution was quickly centrifuged down and then heated for 5 

minutes at 95° C. Afterwards the solution was centrifuged down shortly again. The prepared 
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SDS-gel was placed into the Bio-Rad chamber and the chamber was filled with 1x SDS 

running-buffer. The comb inside the Gel was extracted and 5 µl of PageRuler were put into 

one well to determine the protein mass. The wells were loaded with the prepared lysate 

and a current was attached. For collecting the protein, 25 mA were attached for each well 

lasting around 30 min. After collecting the protein, 50 mA per gel were attached for around 

60 min. For blotting the protein from the gel to a nitrocellulose membrane, a 1x blotting 

buffer was prepared. Then Whatman Paper and the nitrocellulose membrane were soaked 

in the 1x blotting buffer. The Whatman paper, nitrocellulose membrane and the gel were 

stacked over each other and put into a blotting chamber filled with 1x blotting buffer. The 

chamber was cooled by ice around it. A current of 350 mA for 1 h and 45 min was attached.  

To check the success of blotting, the nitrocellulose membrane got poured over with 

Ponceau-red which binds reversibly to positively charged amino acids. Using the Ponceau 

staining, the membrane was cut into 2 parts, SKI and β-ACTIN.  The membrane then was 

washed with 1xTBS-T 3 times. To block the membrane a 10 % Western Blocking Reagent 

(Roche, Basel, Switzerland) in 1xTBS-T was used. The membrane was blocked for 2 hours. 

The membrane for the detection of SKI on it was incubated with SKI antibody (G8, Santa 

Cruz Biotechnology, Dallas, USA) diluted 1:250 in 10 % Blocking Reagent overnight. The β-

ACTIN part stayed overnight in the blocking solution. The incubation was performed at a 

temperature of 4° C and using a pivoting device. The next day the membrane was washed 

3 times for 10 min with 1xTBS-T. The SKI-membrane was incubated with its second 

antibody, anti-mouse HRP 1:10000 in 10 % Blocking reagent. The ACTIN part was incubated 

with anti-actin-HRP 1:10,000 in 10 % Blocking reagent. The incubation lasted one hour and 

was performed under room temperature. Afterward, the membrane was washed again 3 

times for 10 min with 1xTBS-T. To detect the bands, the membrane was coated with 

Immobilon Forte Western HRP substrate (Sigma Life Science, USA). The Chemidoc MP Image 

system (Bio-Rad Laboratories, Inc., Hercules, USA) was used for detection and recording. 

The recorded images were edited and quantified using the program “Image Lab” (Bio-Rad 

Laboratories, Inc., Hercules, USA). The relative signal strength of SKI and β-ACTIN were 

measured. The relative SKI Expression was calculated by dividing the relative band strength 

of SKI by the relative band strength of β-ACTIN. 
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2.2.7 RNA Isolation 

 

In order to isolate mRNA, the cells were trypsinized, collected, and centrifuged at 300 xg for 

5 min. The supernatant was sucked and the cells were put on ice for a maximum of 20 min. 

For isolation, the NucleoSpin® RNA – Kit (Macherey-Nagel, Düren, Germany) was used. The 

isolation was performed according to the protocol of the producer. Subsequently, the RNA 

concentration was measured using the spectrophotometer NanoDrop2000 (Thermo Fischer 

Scientific, Braunschweig, Germany). 

 

2.2.8  cDNA-Synthesis 

 

To generate complementary DNA, the Revert Aid First Strand cDNA Synthesis Kit (Thermo 

Fischer) was used. The cDNA synthesis was performed with 500 ng RNA according to the 

manufacturer´s instructions. 

 

2.2.9 Quantitative Real-time PCR 

 

The quantitative real-time PCR (qRT-PCR) was performed using SYBR green Mastermix 

(Thermo Fischer Scientific, Waltham, USA) and the Mx3000P qPCR System (Agilent 

Technologies, Santa Clara, USA). The plates were pipetted under a safety cabinet into a 96 

Well-Plate to avoid contamination. For every sample triplicates were pipetted.  Before using 

the qRT-PCR machine, the plate was shortly centrifuged.  

 

2.2.10 Viability Assay 

 

To determine the viability of the cells a 7-AAD staining and FACS measurement was 

performed. The cells were trypsinized, collected with 5 ml of FCS containing medium and 

transferred into a FACS tube. The cells were centrifuged for 5 min at 300 xg and the 

supernatant was discarded. Subsequently, the cells were dissolved in 100 µl FACS-Buffer. 
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To each sample, 1µl 7-AAD Viability Staining Solution (BioLegend, San Diego, USA) was 

added. Afterward, the tubes were vortexed and incubated for 15 min in the dark. Before 

analyzing, 400µl 1x PBS was added to each sample and the solution was mixed well to avoid 

cell clumps. The tubes were analyzed via FACS (FACSCanto™ II, Becton Dickinson, Franklin 

Lakes, USA). Firstly, it was gated for the cell population to exclude cell debris. Then 10000 

events for each sample were recorded. Afterward, it was possible to gate the 7AAD-positive 

cells. The data was analyzed using FloJo_V10 software. 

 

2.2.11 SKI knockdown transfection  

 

In order to KD SKI, a transfection with Lipofectamine 2000 was performed. The day before 

transfection the cells were seeded into a 6 well plate.  FCS containing DMEM medium was 

used and the number of cells was chosen so that they would reach a confluence of 50% on 

the date of transfection. Before transfecting, the FCS containing Medium was changed to 

FCS free medium. For each sample two tubes were prepared containing 150µl OptiMem-

medium. To the first tube 4µl siRNA of a 20µM stock and to the second tube 5µl 

Lipofectamine 2000 were added. After incubating for 5 minutes at room temperature, the 

content of the Lipofectamine containing tube was pipetted into the siRNA containing tube. 

It followed an incubation for 20 minutes in room temperature again. The transfection 

solution was pipetted slowly in a circle onto the cells. The cells then were incubated at 37°C. 

After 4 hours the FCS free medium was changed again for FCS containing medium. The 

success of transfection was controlled after two days via Western Blot and qRT-PCR and a 

SKI KD was possible to be confirmed.  

 

2.2.12 NK cell purification 

 

The blood bank in Marburg (University Medical Center of Gießen and Marburg) provided 

peripheral blood of healthy donors in LRS-chambers for the use of scientific research. 
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In order to collect NK cells out of the peripheral blood, 15 ml of Ficoll PaqueTM were put 

into a Falcon. The blood was then gently added on top of the Ficoll so blood and Ficoll only 

mixed slightly. The Falcon then was centrifuged for 20 min at 1100 xg and without 

deceleration at room temperature. With a 5 ml pipette the interphase, a small white ring 

containing the peripheral blood mononuclear cells (PBMCs), was taken out carefully, 

washed once with 45 ml PBS and centrifuged for 5 min at 300 xg and full deceleration at 

room temperature. The supernatant was thrown away and the pellet got resuspended with 

40ml PBS, then centrifuged at 10 xg for 10 min. The supernatant which contains the 

lymphocytes was collected and centrifuged again for 5 min at 300 xg. The following 

supernatant was aspirated and the pellet resuspended in 3 ml red blood cell lysis buffer and 

incubated at room temperature for 10 min. The solution was then washed with 30 ml PBS 

and centrifuged for 5 min at 300 xg. The supernatant was discarded and the pellet was 

resuspended in 10 ml PBS. 

The lymphocytes then were counted and checked for its amount of NK cells in them. For 

that 100 µl FACS Buffer, 10 µl of the lymphocyte solution and 1 µl of FITC labeled anti-CD56 

antibody were mixed. Using FACS and gating for the CD56 positive cells the percentage of 

NK cells could be measured. The appropriate amount of lymphocytes was taken and 

centrifuged for 5 min at 300 xg. Then using the NK Cell Isolation Kit (Miltenyi Biotec; Bergisch 

Gladbach, Germany) all other cells but the NK cells were labeled firstly with a biotin-

conjugated and secondly with a magnetically labeled antibody by following the 

manufacturers´ protocol. Then the labeled cells were filtered with a 20 µm pre-separation 

filter. To keep enough NK cells, it was necessary to flush the filter with autoMACS Running 

Buffer afterward. By using the AutoMACS Pro all labeled cells were out sorted so only the 

NK cells remained.  

The NK cells were counted and tested again on their purity as described above. The purity 

was mostly in the range of 85 to 95 %. The NK cells were cultured on a 24 well plate in IMDM 

medium with a concentration of 1x 106 cells/ml. For the NK cell killing assay it was necessary 

to activate the NK cells with IL2 (200U/ml) and IL15 (10ng/ml). 
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2.2.13 NK Cell Cytotoxicity Assay 

 

With the aim of researching the effect of LBH589 and the KD of SKI on the cytotoxicity of 

NK cells, a NK cell killing assay was performed. Therefore, the NK cells, which were prepared 

the day before, were activated with IL-2 and IL-15 and incubated overnight. The targeted 

cells for the killing assay were already prepared either by LBH589 treatment or by 

transfection (KD of SKI) or by both. The cells were detached from the plate and washed 

twice with FCS-free DMEM medium. Before the second wash step, the cells were counted 

to seed them afterwards in the right concentration. After the washing, the cells were 

stained in FCS free medium with CellTracker™ Violet BMQC Dye. For PaTu8988t a 

concentration of 1:200 CellTracker to medium was necessary and for Panc-1 a 

concentration of 1:500. Thereon, the cells were incubated in a water bath for 45 min at 37° 

C. After incubation, the cells were solved in IMDM medium to get a concentration of 2x 104 

cells/ 50 µl of medium.  

The activated NK cells were collected, counted, and centrifuged. Then they were 

resuspended into IMDM medium. For a PaTu8988t killing assay a concentration of 10 x 104 

NK cells/ 50µl of medium was indicated (5 NK cells: 1 target cell) and for a Panc-1 killing 

assay a concentration of 20 x 104 NK cells/ 50 of µl medium (10 NK cells: 1 target cell) was 

required. Afterwards, a dilution series with 1:2 for two times was made. 

The target cells and the NK cells then were seeded and mixed well on a 96 U-well plate and 

centrifuged for 1 min at 100 xg. Then, the cells were incubated for 3 h at 37° C. The cells 

then were taken off the plate by thoroughly resuspending and by washing with 100µl FACS 

buffer. The cells were transferred into a FACS tube. To the cells, 2 µl of 7-AAD was added 

and then the cells were incubated for 15 minutes in the dark.  For the measuring at the 

FACS, firstly it was required to gate for the Violet- Cell tracker positive cells to only measure 

the target cells and to exclude the NK cells. 10000 violet positive events were recorded. 

Then it was possible to gate for the 7AAD positive cells. 

  



  Results 

36 
 

3 Results 

In this work, the influence of the oncoprotein SKI on the immunosurveillance of NK cells and 

the use of the HDACi LBH589 in pancreatic cancer cells were examined. In previous studies 

it was shown that LBH589 reduced the SKI protein level (Frech et al., 2018) and upregulated 

NKG2D-Ls (Sauer et al., 2017). In the following, it was asked how LBH589 influences the 

PDAC cell viability, the SKI protein level, NKG2D-L expression, and the NK cell mediated-

cytotoxicity. To further examine SKI´s impact on the NK cell immunosurveillance a SKI 

depletion via transfection with siRNA was performed to answer the on page 15 postulated 

questions. 

 

3.1 HDACi treatment promotes PDAC cell death 
 

To investigate the effect of LBH589 on the viability of the PDAC cell lines PaTu8988t and 

Panc-1, the cell lines were treated with the pan-HDACi LBH589 for 16, 24, 48, and 72 hours. 

LBH589 was used at a concentration of 100nM because this concentration has been found 

in previous studies to give a robust upregulation of NKG2D-Ls (Sauer et al., 2017). After 

treatment, the cells were harvested and washed. Then the cells were stained with 7-AAD 

Viability Staining Solution and cell viability was analyzed by flow cytometry. As expected, 

the PDAC cells died in a time-dependent manner (Figure 4). This was observed in both cell 

lines. The PaTu8988t cells already died after 16 hours of treatment. In contrast, cell death 

of Panc-1 cells was only observed distinctly after 48 hours of treatment. Thus, PaTu8988t 

cells were more sensitive to LBH589. After 72 hours of treatment, cell death occurred at a 

similar rate in both cell lines. This validates that LBH589 promotes cancer cell death. For the 

following results in chapter 3.2 and 3.3, it is to note that at the time point of 72 hours up to 

25 % of the cells were dead which should be considered in the further interpretation.  
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Figure 4 Cell death in PaTu8988t and Panc-1 cells after treatment with the HDACi LBH589. Analysis 

of the cell viability via 7AAD staining. The cells were either treated or not treated with 100nM 

LBH589 for the indicated amount of time. Then they were stained with 7AAD staining solution and 

analyzed by flow cytometry. The data were analyzed with FlowJo gating for 7AAD negative cells. 

Data are the mean of three independent experiments ±SEM. 

 

3.2 LBH589 has a dual effect on SKI expression 
 

A central question of this thesis was the effect of HDACi treatment on the SKI protein 

expression in PDAC cell lines. In previous studies, it was shown that the SKI protein level is 

downregulated by HDAC inhibition in AML cells. To investigate the effect of LBH589 on the 

PDAC cell lines, the cells were treated with 100nM LBH589 for 16, 24, 48, and 72 hours. 

Then the cells were lysed and a Western Blot was performed (Figure 5A). The Western Blot 

then was analyzed and quantified with ImageLab (Figure 5B).  

As displayed in the Western Blot quantification (Figure 5B), after 16 hours of treatment with 

LBH589 a significant upregulation of the SKI protein level was detected in both cell lines. 

The treatment with LBH589 for 24 hours did not result in significant changes of SKI 

expression in either cell line. In PaTu8988t a tendency towards upregulation could still be 

observed. 48 hours of treatment showed a significant downregulation of SKI in the 

PaTu8988t cell line. Panc-1 only displayed a tendency of a downregulated SKI protein. 72 

hours of LBH589 treatment resulted in a significant downregulation of SKI in both cell lines.  
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To confirm the SKI upregulation on RNA-level, a qRT-PCR for SKI was performed with both 

cell lines after 16 hours of LBH589 treatment (Figure 5C). In both cell lines, a significant 

upregulation of the relative SKI mRNA expression could be detected. The Panc-1 cells 

showed a much stronger upregulation than the PaTu8988t cells. 

In contrast to the findings in AML cells, the exclusive downregulation of SKI under HDACi 

treatment could not be confirmed in PDAC cell lines. The results showed a dual effect of 

HDACi treatment on the SKI protein level, which was time-dependent. At first HDACi 

treatment led to a SKI upregulation, a longer-lasting treatment led eventually to a SKI 

downregulation.  
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Figure 5 SKI protein and mRNA level after treatment with LBH589 in PaTu8988t and Panc-1 (A) 

Western Blot for SKI and ACTIN of PaTu8988t and Panc-1 cells after treatment with 100nM LBH589 

for the indicated time. (B) Quantification of the previous Western Blot, analyzed by ImageLab. (C) 

qRT-PCR for SKI after 16 hours of LBH589 treatment relative to GAPDH. Data are the mean of three 

independent experiments ±SEM. Statistical significance between treated and untreated samples of 

the individual time points was calculated using Student’s t-test (* p < 0.05, ** p < 0.01, *** p < 0.001, 

**** p < 0.0001, n.s.: not significant). 
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3.3 LBH589 induced NKG2D-ligand upregulation in PDAC cell lines 
 

To evaluate the effects of LBH589 on the expression of NKG2D-Ls, the two cell lines 

PaTu8988t and Panc-1 were treated for 16, 24, 48, and 72 hours with 100nM LBH589. Then, 

mRNA was isolated, complementary cDNA synthesized and a qRT-PCR with primers for the 

NKG2D-Ls MICA and ULBP2 performed. The findings are displayed in Figure 6. It can be 

observed that LBH589 treatment induced the expression of MICA and ULBP2 in both cell 

lines significantly.  

In PaTu8988t (figure 6A) the expression of MICA and ULBP2 were almost equally elevated. 

The induction of the MICA and ULBP2 expressions had their maxima at 16 hours of 

treatment and the expression declined over time. Significances were detected for the MICA 

expression after 16 and 24 hours of treatment. After 48 and 72 hours, the MICA expression 

was still elevated, but the increase did not reach significance. The ULBP2 expression was 

significantly enhanced until 48 hours of treatment. At 72 hours the ULBP2 expression was 

still elevated. 

In Panc-1 (figure 6B), the MICA induction was similar to its induction in PaTu8988t but a 

little restrained. The maximum induction was after 16 hours of treatment and the 

expression was up to 5 times higher than its control. As in PaTu8988t the MICA expression 

dropped over time, but significant induction was measured even after 72 hours of 

treatment. The ULBP2 expression in Panc-1 behaved differently than in PaTu8988t. Its 

expression was elevated up to 45 times higher than its control and remained at all measure 

points on a significant level. The maximum was at the time of 24 and not 16 hours after 

LBH589 treatment. This showed that LBH589 has a much stronger and longer-lasting effect 

on ULBP2 in Panc-1 than in PaTu8988t. Taking the data together, LBH589 treatment of PDAC 

cell lines led to a strong and long-lasting induction of the NKG2D-Ls MICA and ULBP2. 
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Figure 6 NKG2D-L expression in PaTu8988t and Panc-1 cells after treatment with 100nM LBH589.  

qRT-PCR of the two cell lines PaTu8988t (A) and Panc-1 (B) for the NKG2D-Ls MICA and ULBP2. The 

cells were treated for 16, 24, 48, and 72 hours with 100nM LBH589. Then RNA was isolated, cDNA 

was synthesized and the qRT-PCR was run. MICA and ULBP2 were analyzed relative to L27 as 

housekeeping gene and normalized to untreated cells. Data are the mean of three independent 

experiments ±SEM. Statistical significance between treated and untreated samples of the individual 

time points was calculated using Student’s t-test (* p < 0.05, ** p < 0.01, **** p < 0.0001). 

 

3.4 LBH589 induced the killing of PDAC cell lines by NK Cells 
 

After collecting the previous data (figure 6), it was necessary to investigate whether LBH589 

affects the killing of PDAC cells by NK cells. Therefore, a NK cell killing assay was performed 

and the induced killing was calculated. The induced killing is characterized as the percentage 

A B 
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of dead PDAC cells incubated with NK cells subtracted with the percentage of dead PDAC 

cells not incubated with NK cells. 

Figure 7 depicts that the killing was improved in both cell lines by LBH589 treatment. The 

induced killing of Patu8988t was, in general, higher than in Panc-1, starting at about 8% 

induced killing in the ratio 1,25:1 NK cells to cancer cells and raising up to 22% in the ratio 

of 5:1. A significant difference between untreated cells and LBH589 treated cells could only 

be measured for the Ratio 5:1. The lower ratios only displayed tendencies. To perform a 

killing assay with Panc-1 cells, a higher ratio of NK to target cells was necessary to detect an 

effect on the NK cell killing. The induced killing of Panc-1 was in general lower than that of 

Patu8988t cells. It started at about 3% at the ratio of 2,5:1 and raises up to 12% at the ratio 

of 10:1 for LBH589 treated cells. A significant outcome could as well only be measured in 

the highest ratio. Summing up, HDACi treatment with LBH589 triggered NK cell conveyed 

killing in PDAC cell lines. 
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Figure 7 NK cell killing assay of PaTu8988t and Panc-1 after treatment with LBH589 for 16 hours. 

The cell lines PaTu8988t and Panc-1 were treated or not treated with LBH589 for 16 hours. Then the 

cells were co-cultured for 3 hours with activated primary NK cells and analyzed via flow cytometry. 

The induced killing was calculated. Data are the mean of three independent experiments ±SEM. 

Statistical significance was calculated using 2-way ANOVA and Sidak´s multiple comparison test (* p 

< 0.05, ** p < 0.01). 
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3.5 Knockdown of SKI  
 

To further investigate whether SKI has an effect on the immune response of NK cells, a 

transfection via lipofectamine and siRNA was performed. For that, a siRNA pool containing 

four different siRNAs silencing SKI was used. As a control, a nonsense siRNA and a control 

without any lipofectamine were utilized. To verify the effectiveness of the downregulation 

a qPCR and a Western Blot were performed to detect SKI. For that, the cells were harvested 

48 hours after transfection. As shown in Figure 8A, the Western analysis confirmed the KD 

of SKI. The qRT-PCR affirmed the result as well (Figure 8B). Additionally, the cells were 

treated with 100nM LBH589 for 16 hours to investigate LBH589´s effect on SKI after its 

downregulation. After transfection and HDACi treatment, no upregulation of SKI was 

detectable, as seen in figure 8A. In contrast, in the control cells SKI was upregulated as 

stated before (Figure 5). The qRT-PCR data and Western Blot together give the impression 

that the depletion of SKI worked more effectively in PaTu8988t cells than in Panc-1. When 

comparing the WT control and the nonsense siRNA control in the Western Blot, it can be 

stated that the nonsense siRNA indeed did not downregulate SKI expression, as expected. 

In Panc-1, the transfection with nonsense siRNA slightly upregulated the SKI level compared 

to the WT control. That might be due to cellular stress caused by lipofectamine.  
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Figure 8 KD of SKI via transfection with Lipofectamine and siRNA. (A) The cell lines PaTu8988t and 

Panc-1 were transfected with a siRNA pool to knock down SKI and a nonsense siRNA via 

Lipofectamine. 48 hours after transfection the cells were either treated or not treated with 100nM 

LBH589 for 16 hours, cell lysate was produced and a Western Blot was performed. (B) 48 hours after 

transfection RNA was isolated, cDNA was synthesized and a qRT-PCR was performed. The SKI level 

was analyzed relative to GAPDH. Nonsense siRNA transfection acts as a control.  Data are the mean 

of three independent experiments ±SEM. Statistical significance between treated and untreated 

samples was calculated using Student’s t-test (**** p < 0.0001, WT: wild type, KD: knockdown). 

 

3.6 PDAC cell viability is protected by SKI 
 

In previous studies, it was shown in PDAC cell lines that SKI inhibits TGF-β signaling and thus 

promotes cell growth (Heider et al., 2007). To examine if SKI downregulation has an effect 

A 
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on cell growth and cell viability, a 7AAD assay was performed. As a control, a transfection 

with nonsense siRNA was used. The Patu8988t cell line showed significant cell death after 

SKI downregulation, whereas no significant effect was observed in Panc-1 cells (Figure 9A). 

But, a tendency for more cell death was visible as well. Hence, SKI might suppress cell death.   

Additionally, after SKI KD the cells were treated with 100nM LBH589 for 16 hours to 

investigate whether SKI influences the effect of HDACi treatment (Figure 9B). Patu8988t 

cells reacted with more cell death to SKI KD and LBH589 treatment compared to the cells 

only treated with LBH589. Panc-1 cells had the same tendency of more cell death but no 

significance. The data suggest that SKI acts protective against HDACi treatment. Besides, 

Patu8988t seemed to be more sensitive to SKI KD. 
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Figure 9 7AAD FACS assay of Patu8988t and Panc-1 after SKI KD with and without LBH589 

treatment. (A) SKI was knocked down in PaTu8988t and Panc-1 via transfection with siRNA. (B) 

Additional to the KD the cells were treated with 100nM LBH589 for 16 hours. Nonsense siRNA 

transfection acts as control. The cells were stained with 7AAD staining solution and analyzed by 

FACS. The percentage of 7AAD negative cells is given. Data are the mean of five independent 

experiments ±SEM. Statistical significance was calculated using Students t-test (* p < 0.05, *** p < 

0.001, n.s.: no significance, KD: knockdown). 
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3.7 SKI knockdown induced upregulation of NKG2D-ligands in PaTu8988t 
 

One of the questions addressed in this work was whether SKI has an influence on the 

expression of NKG2D-Ls. To answer this question, a SKI KD was performed, mRNA was 

isolated, cDNA was synthesized, and a qRT-PCR was performed. In Figure 10 the findings 

are displayed. In the cell line PaTu8988t, MICA and ULBP2 levels were significantly 

upregulated after SKI KD. MICA was upregulated almost 2-fold and ULBP2 1.4-fold 

compared to the controls, respectively. In the Panc-1 cell line, SKI KD did not have a 

significant impact on the NKG2D-L expression. The MICA expression seemed to be 

upregulated slightly, whereas the ULBP2 expression even had a tendency to be 

downregulated.  In conclusion, the repression of NKG2D-Ls by SKI seemed to vary in PDAC 

cell lines. 
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Figure 10 qRT-PCR of MICA and ULBP2 in PaTu8988t and Panc-1 after SKI KD. After a SKI KD was 

performed, RNA was isolated, cDNA synthesized and a qRT-PCR performed. MICA and ULBP2 were 

analyzed relative to L27. The normalization was performed towards nonsense siRNA as control. Data 

are the mean of four independent experiments ± SEM. Statistical significance was calculated using 

unpaired t-test (**p < 0.01, ***p < 0.001, n.s.: not significant). 
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3.8 SKI knockdown improves NK-cell killing significantly 
 

After SKI KD, a NK cell killing assay was carried out. The SKI KD down strongly enhanced the 

NK cell-mediated killing (Figure 11).  This was observed for both cell lines, PaTu8988t and 

Panc-1. In Patu8998t SKI KD already had a significant influence on the NK cell killing in a low 

ratio of 1,25:1 and the effect clarified with a higher ratio of NK to target cells. In Panc-1, a 

significance could only be detected in the highest ratio of NK to target cells but also here 

the impact of SKI KD is clear. Thus, SKI KD improved NK cell-mediated killing significantly. 
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Figure 11 NK cell killing assay after SKI KD of the cell lines PaTu8988t and Panc-1. A SKI KD in the 

cell lines PaTu8988t and Panc-1 was performed. 48 hours after transfection the cells were co-

cultured with activated primary NK cells and cell killing was measured via 7AAD FACS assay. The 

induced killing was calculated. Data are the mean of four independent experiments ± SEM. 

Statistical significance was calculated using 2-way ANOVA and Sidak´s multiple comparison test (* p 

< 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001). 
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3.9 SKI represses the LBH589-mediated ULBP2 expression 
 

To investigate whether SKI has an impact on the HDACi-mediated NKG2D-L upregulation, a 

qRT-PCR was performed after SKI KD and treatment with LBH589 for 16 (Figure 12) and 24 

hours (Figure S1). The data showed in both cell lines and in both time plots that no 

significant difference in the expression of MICA was detected. Nevertheless, an induction 

of MICA expression was detectable in control and SKI KD cells treated with LBH589 

compared to cells without treatment. However, the expression of ULBP2 in response to 

HDACi treatment was affected by the SKI KD in both cell lines and at both time points 

(Figures 12 and S1). A significant upregulation of ULBP2 after SKI KD followed by LBH589 

treatment was quantified. This showed that SKI acted as a repressor of HDACi-mediated 

ULBP2 regulation. The effect was stronger in the Panc-1 cell line, maybe because in this cell 

line the ULBP2 induction is in general higher.  
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Figure 12 qRT-PCR of the NKG2D-L in the cell lines PaTu8988t and Panc-1 after SKI KD and LBH589 

treatment. In the cell lines PaTu8988t and Panc-1 a SKI KD was performed and the cells were treated 

for 16 hours with 100nM LBH589. Afterward, RNA was isolated, cDNA synthesized and a qRT-PCR 

performed. MICA and ULBP2 were analyzed relative to L27 and normalized to nonsense siRNA as 

control. Data are the mean of four independent experiments ± SEM. Statistical significance was 

calculated using 2-way ANOVA and Sidak´s multiple comparison test (* p < 0.05, **p < 0.01, n.s.: not 

significant). 
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3.10 SKI knockdown improved LBH589-mediated NK cell killing 
 

The next step was to prove that SKI KD and LBH589 treatment together have an effect on 

the NK cell conveyed killing. Therefore, a SKI KD was performed and afterwards the cells 

were treated or not treated with 100nM LBH589 for 16 hours and a NK cell killing assay was 

performed. In Figure 13, the data show that the NK cell conveyed killing was improved in 

response to LBH589 treatment in SKI depleted cells.  The effect was detectable in both PDAC 

cell lines. A significant impact of SKI KD was observed in the highest NK to target cell ratios. 

In lower ratios, a tendency was measured.  
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Figure 13 NK cell killing assay after SKI KD and LBH589 treatment in PaTu8988t and Panc-1. A SKI 

KD in the cell lines PaTu8988t and Panc-1 was performed. 48 hours after transfection the cells were 

treated or not treated for 16 hours with 100nM LBH589. Then they were co-cultured with activated 

primary NK cells and cell killing was measured via 7AAD FACS assay. The induced killing was 

calculated. Data are the mean of four independent experiments ± SEM. Statistical significance was 

calculated using 2-way ANOVA and Sidak´s multiple comparison test (** p < 0.01, *** p < 0.001). 
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4 Discussion 

The escape from the immune system is one of the hallmarks of cancer. To overcome 

cancer´s escape from the immune system, it is necessary to achieve a better understanding 

of the way cancer interferes the immunosurveillance. One cell type known to play a crucial 

role in the immunosurveillance of cancer cells is the NK cell. In this context, the role of the 

oncoprotein SKI for the NK cell immunosurveillance in PDAC was investigated. Additionally, 

the HDACi LBH589 has been used to analyze its effect on the SKI protein level, the NK cell-

activating ligands MICA and ULBP2, and on the NK cell mediated killing.  

 

4.1 HDACi treatment promotes cancer cell death 
 

In order to examine the effect of LBH589 on the viability of PDAC cell lines, a 7AAD assay 

was performed after the treatment with 100nM LBH589. The results can be seen in figure 

4. It can be stated that LBH589 promotes tumor cell death. This is a similar observation as 

in other studies demonstrating that LBH589 enhances tumor cell death by inducing 

apoptosis (Haefner et al., 2008; Mehdi et al., 2012). The level of apoptotic activity was not 

measured in our studies. This could have been done by doing an Annexin/7AAD Assay. But, 

the general effect of LBH589 as a tumor cell death promoting drug was confirmed. The 

PaTu8988t cell line seems to be more affected by the LBH589 treatment than the Panc-1 

cell line. This might be due to the shorter doubling time of PaTu8988t. For the following 

discussion, it is to note that at the time point of 72 hours up to 25 % of the cells were dead 

which should be considered in the further interpretation.  
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4.2 Pan-HDAC inhibition has a time-dependent effect on SKI protein 

expression 
 

The role of SKI in the regulation of NKG2D-Ls by HDAC inhibitors was investigated in this 

thesis. The first way of doing so was by treating the PDAC cell lines with LBH589 and lysing 

them, running a Western Blot, and quantifying the SKI protein level. The SKI protein level 

was significantly upregulated in both cell lines after 16 hours of treatment with LBH589 as 

shown in figure 5B. In PaTu8988t after 48 hours and in Panc-1 after 72 hours, the SKI protein 

level was significantly downregulated by LBH589 treatment. Previous studies indicated that 

pan-HDAC inhibition downregulates the SKI level in acute myeloid leukemia (AML) cell lines  

(Frech et al., 2018; Jehn, 2017). In PDAC cell lines, the SKI downregulation by pan-HDAC 

inhibition was also determined but only after 48 or 72 hours, respectively. In the study by 

Frech et al. (2018), the SKI downregulation was observed after 48 hours of treatment with 

VPA and LBH589. This is the same point of time in which the downregulation of SKI is also 

observed in this study. Notably, at this point of time a large part of PDAC cells already died 

(figure 4). The study of Frech et al. lacks the early measure point of 16 hours after LBH589 

treatment and thus the upregulation of SKI was not detected. The missing observation of 

SKI upregulation after HDACi treatment might as well be due to the cancer heterogeneity 

which implicates that different cancer types behave differently to the same treatment. 

Therefore, it would be interesting to know whether AML cell lines as well show a SKI 

upregulation after 16 hours of HDACi treatment. Summing it up, SKI in PDACs reacted time-

dependently to the treatment of LBH589 with an upregulation in the early phase of 

treatment and a downregulation in the late phase of treatment. 

 

4.3 LBH589 induced NKG2D ligand upregulation without correlation to the 

SKI expression  
 

The upregulation of NKG2D-Ls by pan-HDAC inhibition has already been shown in several 

studies. For the treatment with LBH589 the effect has been shown in human embryonic 
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kidney cell lines (Sauer et al., 2017). For VPA, another pan-HDACi,  the NKG2D-L 

upregulation was shown in hepatoma (Armeanu et al., 2005),  acute myeloid leukemia 

(Diermayr et al., 2008) and renal cell carcinoma cell lines (Yang et al., 2013). Shi et al. (2014) 

showed that MICA/B are upregulated in pancreatic cancer by VPA as well, using the cell line 

Panc-1, which was used in this study, too. By treating the two PDAC cell lines with LBH589, 

isolating mRNA, synthesizing cDNA, and performing a qRT-PCR it was possible to confirm 

and verify the previous studies. In figure 6 one can notice an upregulation of the 

transcription of both NKG2D-Ls MICA and ULBP2 until after 72 hours of treatment. ULBP2 

in the Panc-1 cell line was notably stronger and longer-lasting upregulated than MICA or 

than the ULBP2 expression in Patu8988t. 

Comparing this study to the one of Shi et al. (Shi et al., 2014), it needs to be outlined that in 

this study it was shown that not VPA but LBH589 could upregulate NKG2D-Ls in PDAC cell 

lines. Additionally, not only the ligands MICA/B but also the ligand ULBP2 was upregulated 

by HDACi and had even a stronger and longer-lasting expression. Another mentionable 

difference to the study by Shi et al. is the way of measuring the NKG2D-L expression, since 

Shi et al. measured the NKG2D-L cell surface expression via FACS analysis.  In this work, 

NKG2D-Ls were measured via mRNA isolation and qRT-PCR which does not demonstrate 

the NKG2D-L expression on the cell surface. The FACS analysis, supporting the data in this 

study, has been performed in our group separately from this work and confirmed enhanced 

NKG2D-L expression on the cell surface (Ponath et al., 2020). In summary, LBH589 

upregulates the transcription and cell surface expression of NKG2D-Ls in PDAC and thus the 

PDAC cell lines are potentially more susceptible to the killing by NK cells. 

An interesting question when considering SKI´s possible contribution in the NKG2D-L 

expression (chapter 1.3.5) is whether SKI protein level and NKG2D-L expression correlate 

with each other after HDACi treatment. Comparing the data of the NKG2D-L expression 

(figure 6) and the SKI protein expression (figure 5) after LBH589 treatment, one cannot 

observe a correlation between NKG2D-L and SKI expression. SKI and NKG2D-Ls are both 

upregulated after 16 hours of LBH589 treatment, whereas after 72 hours of treatment SKI 

is significantly downregulated. The NKG2D-Ls are in Panc-1 still significantly and in 
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Patu8988t still lightly upregulated. On account of this, it is to state that the HDACi 

dependent upregulation of NKG2D-Ls does not correlate to the SKI protein level. 

 

4.4 LBH589 enhances PDAC cell killing by NK cells 
 

In order to prove the higher susceptibility of the PDAC cell lines after LBH589 treatment, a 

NK cell killing assay was performed. Figure 7 depicts that PDAC cell lines were more 

susceptible to NK cell-mediated killing after the treatment with 100nM of LBH589 for 16 

hours. The same findings of LBH589 enhancing the NK cell mediated killing has been shown 

before in human embryonic kidney cell lines (Sauer et al., 2017). For VPA the higher 

susceptibility has been demonstrated in hepatoma (Armeanu et al., 2005), acute myeloid 

leukemia (Diermayr et al., 2008) and renal carcinoma cell lines (Yang et al., 2013). Shi et al. 

(Shi et al., 2014) already showed the NK cell-activating effect of VPA for PDAC cell lines. 

Therefore, our findings are in line with these previous studies, emphasizing the potential of 

HDACis in cancer treatment. It is to accentuate that previously the enhanced NK cell activity 

has not been proven for LBH589 in PDAC, but only for VPA. 

Summarizing the data, it was shown that HDAC inhibition with LBH589 leads to NKG2D-L 

upregulation (figure 6) and subsequently to an enhanced PDAC cell killing by NK cells (figure 

7). This effect of HDAC inhibition seems not to correlate with the SKI protein level (figure 

5). The data indicates that LBH589 treatment (or in general HDACi treatment) is a promising 

approach for PDAC treatment. As so far, just a few clinical trials and non-randomized studies 

about the treatment of PDAC with HDACis have been performed. Unfortunately,  the 

monotherapy with HDACis did not seem to be beneficial (Hessmann et al., 2017). However, 

HDACi therapy has been shown in other studies and tumor entities such as multiple 

myeloma or B-cell lymphoma as effective. In those studies, LBH589 was used in a 

combination with specific targeted therapy leading to a better outcome (García-Guerrero 

et al., 2017; Laszlo et al., 2014). For a solid tumor such as the PDAC, it might be promising 

to use HDAC inhibition with a combination of PD-L1 inhibitor as proposed for melanoma 
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and lung adenocarcinoma (Woods et al., 2015; Zheng et al., 2016). Referring to NK cell-

based immunotherapy, it has been shown that ex vivo expansion of NK cells, which were 

stimulated with anti-CD3 and anti-CD52 antibodies, resulted in a higher NK cell anti-tumor 

activity towards PDAC cells ex and in vivo. A case report showed promising results for the 

use of this NK cell-based therapy in humans (Masuyama et al., 2016). Additional use of 

HDAC inhibition to the ex vivo expansion of NK cell could be even more advantageous. In a 

study performed by Steinbacher et al. (Steinbacher et al., 2015) a Fc-optimized NKG2D-

Antibody was constructed which can bind to all NKG2D-Ls and has a high affinity to the NK 

cells Fc Receptor. The treatment of primary AML cells with this antibody resulted in higher 

cell lysis. The combination of HDACi treatment, as NKG2D-L enhancing, and a specific 

NKG2D-L binding antibody seems to be promising and should be further investigated. To 

summarize, the monotherapy with HDACi seems not to be effective but the combination of 

HDACi with other specific targeted or NK cell-based treatments has already shown 

effectiveness in other tumor entities. 

 

4.5 The Viability of PDAC cells is sustained by SKI 
 

To research the effect of SKI on the NK cell immunosurveillance a SKI KD via transfection 

with siRNA has been performed. The impact of the SKI KD on the cell viability was measured 

via 7AAD FACS assay. It was possible to show in figure 9A that in PaTu8988t and Panc-1 the 

SKI KD resulted in an increase of cell death. This finding matches with other studies as well. 

In most of them, a SKI KD resulted in a restored TGF-β pathway which again resulted in a 

reduction of tumor growth (Bonnon and Atanasoski, 2012). Wang et al. (Wang et al., 2009) 

suggested that SKI acts as a tumor proliferation-promoting factor in pancreatic 

adenocarcinoma by its inhibiting role in the TGF-β pathway. This was confirmed in vitro and 

in vivo whereas the in vivo results showed a metastasis suppressive effect of SKI which in 

addition shows the dual effect of the TGF-β pathway as tumor protective but metastasis 

proliferative. The tumor growth-promoting effect of SKI was confirmed in our study. This 

might be an effect of TGF-β signaling suppression but needs to be analyzed in more detail. 
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In lung and breast carcinoma it was shown that SKI has a negative effect on p53 activity 

which thus suggests an anti-apoptotic effect of SKI as well (Inoue et al., 2011). To gain a 

better understanding of the impact which SKI has on the apoptosis of PDAC cells, it would 

have been necessary to do an Annexin/7AAD FACS assay. In general, the cancer cell death 

inhibiting character of SKI can be confirmed by this study. 

Figure 9B displays that SKI KD and LBH589 treatment together increased in the PaTu8988t 

cell line, suggesting that SKI acts protective for the cancer cells towards HDACi treatment. 

The results might also be an indicator of HDACs being important for cell viability. In 

embryonic stem cells it was shown that the knockout of HDAC 1 and 2 resulted in a loss of 

the cell viability in these non-differentiated cells. Furthermore, more mitotic defects were 

found, suggesting HDAC 1/2 as necessary for accurate chromosome segregation 

(Jamaladdin et al., 2014).  Since SKI is known to recruit HDACs, a SKI KD and a HDACi 

treatment together might have a doubled effect on the cells viability and its ability to fulfill 

proper mitosis. However, in the Panc-1 cell line this effect was not reproduced significantly. 

This could be due to the longer doubling time of Panc-1 cells compared to PaTu8988t cells. 

It as well could be a sign of the heterogeneity of different pancreatic cancer cell lines and 

thus different effects towards HDAC inhibition. 

 

4.6 SKI has a major impact on NK cell-mediated cell death 
 

In figure 10 it can be observed that SKI KD upregulated the NKG2D-Ls MICA and ULBP2 

significantly in the cell line PaTu8988t. In the cell line Panc-1 SKI KD did not influence the 

NKG2D-L expression. This seems to be just a specific evidence that SKI acts as a suppressor 

of the NKG2D-L expression in pancreatic cancer since the upregulation of mRNA could only 

be measured in one of the two cell lines. Furthermore, it is necessary to measure the 

NKG2D-L expression on the cells surface via e.g. FACS analysis. Otherwise, it is just 

speculation to assume that the measured upregulation of mRNA translates into an 

upregulation of NKG2D-Ls on the cell surface as well and thus would be detectable by the 
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NK cells. Supporting the hypothesis that SKI suppresses NKG2D-Ls, Ponath et al. (Ponath et 

al., 2020) showed that in SKI ChIPseq analyses of the MICA genomic region in the AML cell 

line HL60 SKI binds to the promoter region of MICA. This is in line with the significant 

upregulation of the MICA expression in PaTu8988t and the tendency of MICA upregulation 

in Panc-1 (figure 10). Hence, ChIPseq analyses of SKI should also be done in the PDAC cell 

lines. 

As seen in figure 11, it was possible to demonstrate that SKI has a major impact on the NK 

cell-mediated tumor cell cytotoxicity. After SKI KD a cytotoxicity assay was performed and 

the NK cell killing was improved drastically towards the SKI deficient cells. This proves that 

SKI is a regulator of the tumor cells' immunological response towards NK cells. But, the 

improvement of cytotoxicity by the SKI KD is just poorly explainable with the upregulation 

of the NKG2D-Ls. Especially, since the NKG2D-L upregulation by SKI KD was solely detected 

in PaTu8988t and not in Panc-1 (figure 10). Though, in both cell lines a highly improved NK 

cell killing was detected (figure 11). Furthermore, when one compares the effect of LBH589 

on the NKG2D-L upregulation (figure 6) and on the NK cell cytotoxicity (figure 7) to the effect 

of SKI on the NKG2D-Ls (figure 10) and on the NK cell cytotoxicity (figure 11), it is to note 

that the much stronger upregulation of NKG2D-Ls by LBH589 did not lead to such an 

improvement of NK cell cytotoxicity as when SKI was depleted. Hence, the low upregulation 

of NKG2D-Ls by SKI KD probably does not lead to the highly improved NK cell killing 

measured. This suggests that the improvement in NK cell killing after SKI KD could be carried 

out through other mechanisms which SKI suppresses.  

Some possible mechanisms by which SKI could impair the NK cell cytotoxicity are displayed 

in figure 14. The measured cytotoxic effect could be explicable by SKI affecting other NK cell 

activation receptors. This could work through suppression of other NK cell-activating ligands 

than the NKG2D-Ls. Examples could be ligands for the receptors DNAM1 or NKp30. The 

other way around SKI could also promote the expression of inhibitory NK cell ligands such 

as MHC-I. No data in this regard has been published yet but it should be investigated.  

Another way of influencing the NK cell cytotoxicity by SKI is by enhancing the secretion of 

NK cell impairing cytokines. Whether SKI influences the cytokine secretion of cancer cells is 
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not analyzed yet. For example, the cytokine TGF-β is known to act as an immune suppressor 

for several kinds of immune cells (Flavell et al., 2010). In NK cells it is known that TGF-β 

inhibits the expression of the activation receptors NKG2D and NKp30, leading to a lower 

immune response by the NK cells (Castriconi et al., 2003). Besides, TGF-β reduces the 

secretion of IFNγ by the NK cells which suppresses a further immune activity (Laouar et al., 

2005). Thus, the role of SKI in the TGF-β secretion by cancer cells needs to be further 

researched. The interleukin 6 (IL-6) is secreted by some tumor entities (Pu et al., 2004; Wang 

et al., 2010) and is known to suppress the NK cell activation (Konjević et al., 2019). Thus, SKI 

could also promote IL-6 secretion by PDAC cells. It would also be imaginable that SKI 

enhances the secretion of other NK cell suppressive cytokines or interleukins such as IL-10 

or IL-23.  

 

Figure 14 Possible regulations of the NK cell immunosurveillance of tumor cells by SKI. Displayed 

are potential pathways of how SKI can influence NK cell immunosurveillance. SKI might impede NK 

cell activation by downregulation of NK cell-activating ligands, e.g. for DNAM1 or NKp30. SKI might 

enhance the secretion of cytokines or interleukins as TGF-β or IL-6, which then impair NK cell 

activation. SKI might influence the effect of cytokines secreted by NK cells such as TNF-α and so 

escapes apoptosis. 
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Supporting the notion of SKI having another way of influencing NK cell caused killing, Feld 

et al. (Feld et al., 2018) found that in AML cells SKI acts as a transcriptional repressor. SKI 

inhibits target genes associated with inflammatory response and immune cell 

differentiation. They also revealed that the TNFα signaling via NFκB was diminished by SKI. 

Therefore, SKI might downregulate the NK cell killing via its inhibition of the signaling of 

cytokines produced by NK cells e.g. TNFα. Subsequently, this results in a weaker 

inflammatory or apoptotic response of the tumor cells. Acknowledging SKI's big influence 

on the NK cells' activity towards cancer cells (figure 11), it seems to promising to target SKI 

expression itself.  

 

4.7 SKI could be a prognostic factor for HDACi treatment in PDAC 
 

The role of SKI as a suppressor of the NK cell-mediated killing of cancerous cells brings up 

the question of whether SKI interferes with the upregulation of NKG2D-Ls by HDACi 

treatment as well. In figure 12, the qRT-PCR results of mRNA, which was collected after SKI 

KD and LBH589 treatment, suggest that SKI suppresses the HDACi mediated upregulation 

of ULBP2. This could be explained by SKI being a necessary part of an HDAC recruiting 

complex (Nomura et al., 1999). The loss of this HDAC complex might then intensify the 

already existing effect of HDACi treatment. Interestingly, MICA expression is not affected 

even though the ChIP-seq analyses showed SKI to bind to MICAs promoter region in HL 60 

cells (Ponath et al., 2020). Considering SKI´s binding to MICA´s promoter region, a SKI KD 

and HDAC inhibition together should lead consequently to an enhancement of MICA 

expression. To confirm the effect of SKI KD and LBH589 treatment on the NK cells, a NK cell 

killing assay was performed. In figure 13 it is shown that SKI KD and additional HDACi 

treatment increased the NK cell-mediated killing. This suggests that SKI acts as a suppressor 

of the HDACi mediated improvement of NK cell killing via suppressing the enhancement of 

ULBP2 by HDACi. Here again, other mechanisms could be responsible for the enhancement 

of NK cell killing as well and should be further analyzed. It has been shown in dendritic cells 

that LBH589 treatment reduced the secretion of interleukins as IL-6, IL-10, or IL-23  and the 
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cytokine TNF-α (Song et al., 2011). This effect could also be possible in cancer cells. When, 

as proposed in 4.6, SKI as well has an impact on these cytokines, it could be imaginable that 

SKI KD and LBH589 treatment together enhanced each other’s effects and led to the higher 

NK cell killing.  

Considering a therapy with HDACi of PDACs in vivo, these results as well might be indicators 

for the outcome of treatment. Figure 13 shows that a higher SKI level led to a lower NK cell 

cytotoxicity under treatment with LBH589. Hence, the treatment of SKI deficient cancer 

cells may have a better outcome. Thinking further, SKI could be seen as a negative 

prognostic factor for the treatment of PDACs with HDACi. This hypothesis might as well be 

supported by the data in figure 9B, where it is shown that SKI deficient cells show higher 

cell death under HDACi therapy. Hence, the decision of the treatment of PDACs with HDACi 

could be influenced by the SKI protein level measured after pathological characterization. 

Subsequently, the selection of SKI deficient PDACs would be necessary to improve the 

outcome. 
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5 Conclusion 

The aim of this thesis was to investigate the role of the oncoprotein SKI and the influence 

of the HDACi LBH589 on the NK cell-mediated immunosurveillance in PDAC cell lines. In this 

regard, it was shown that LBH589 treatment leads to cell death in PDAC cell lines. Moreover, 

it has been shown that LBH589 has a time-dependent effect on the SKI expression. In the 

early phase of treatment, SKI was upregulated, in the late phase of treatment SKI was 

downregulated. LBH589 treatment clearly upregulated the NKG2D-L transcription and 

subsequently, the NK cell mediated killing of PDAC cell lines. This suggests that HDACi 

treatment of PDAC might be a promising therapeutic approach. The successful depletion of 

SKI resulted in a decline of cell viability, underlining SKI´s anti-apoptotic character in cancer 

cells. Further, SKI guards PDAC cells against HDACi´s cell death promoting effect. The KD 

showed that SKI has a major influence on the NK cells' immunosurveillance by suppressing 

the NK cell activity. The just poorly upregulated NKG2D-L expression after SKI KD does not 

explain the highly expressed NK cell-mediated cancer lysis entirely and suggest additional 

mechanisms in which SKI interacts in the NK cell-mediated tumor immunosurveillance. 

Additional treatment with LBH589 after SKI KD indicates that SKI suppresses HDACi 

mediated NKG2D-L upregulation which as well has an impact on NK cell killing.   

In summary, the HDACi treatment of PDACs seems to be a promising therapeutic approach 

and needs to be confirmed in in vivo experiments. Formerly performed studies point out 

that HDACi monotherapy does not seem beneficial but studies in which HDACis were used 

in combination with specific antibodies were successful. Thus, a combination of HDACi and 

NK cell-based immunotherapy could be favorable. The role of SKI in the NK cell 

immunosurveillance needs to be further investigated by, e.g., examining the secretion of 

cytokines or the expression of other NK cell influencing ligands. Furthermore, SKI could be 

seen as a negative prognostic factor for HDACi treatment in PDAC. Hence, SKI deficient 

cancer could benefit more from HDACi treatment.   
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Supplementary Figure 1 qRT-PCR of the NKG2D-L in the cell lines PaTu8988t and Panc-1 after SKI 

KD and LBH589 treatment. In the cell lines PaTU8988t and Panc-1 SKI KD was performed and the 

cells were treated for 16 hours with 100nM LBH589. Afterward, RNA was isolated, cDNA synthesized 

and a quantitative real-time PCR performed. MICA and ULBP2 were analyzed relative to L27 and 

normalized to nonsense siRNA as control. Date are the mean of four independent experiments ± 

SEM. Statistical significance was calculated using 2-way ANOVA and Sidak´s multiple comparison 

test (* p < 0.05, **p < 0.01, n.s.: not significant). 
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7-AAD   7-amino-actinomycin D 

A    Ampere 
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BCA   bicinchoninic acid assay 

C   Celsius 

CAF   cancer associated fibroblasts 

CBP   CREB binding protein 

CD   cluster of differentiation 

cDNA   complementary DNA 

DAP10   DNAX activating protein 10 

DHD   Dachshund homology domain 

DMEM   Dulbecco´s modfified eagle medium 

DMSO   dimethyl sulfoxide 

DNA   deoxyribonucleic acid 

DNAM1  DNAX accessory molecule-1 

EDTA   ethylenediaminetetraacetic acid 

FACS   Facial Action Coding System 

FCS   fetal cow serum 

FITC   fluorescin-isothiocyanate 

FOLFIRINOX  5-Fluoruracil, folinic acid, Oxaliplatin und Irinotecan 

GM-CSF   granulocyte-makrophage colony-stimulating factor 

h   hour 

HAT   histone acetyltransferases  

HDAC   histone deacetylase 

HDACi   histone deacetylase inhibitor 
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IDO   indoleamine-pyrrole 2,3-dioxygenase 

IFNγ   Interferon γ 

IL   Interleukin 

IMDM   Iscove´s modified Dulbecco´s Medium 

KD   knockdown  

kDa   kilo Dalton 

KIR   killer cell immunoglobulin-like receptor 

LBH589   Panobinostat 

LIR   leukocyte immunoglobulin-like receptor 

LRS-Chamber  leukoreduction system chamber 

MHC   major histocompatibility complex 

MIC   MHC class I chain-related 

MICA   MHC class I polypeptide-related sequence A 

MIF   macrophage migration inhibitory factor 

Min   minute 

miRNAs  microRNAs 

mRNA   messenger RNA 

NCR   natural cytotoxicity receptors 

NK cell   natural killer cell 

NKG2D   natural killer group 2D 

NKG2D-L  NKG2D ligands 

PBMC   peripheral blood mononuclear cell 

PBS   phosphate buffered saline 

PCLP1   podocalyxin-like protein 1 

PD-1   Programmed death receptor-1 

PDAC   pancreatic ductal adenocarcinoma 

PenStrep  Penicillin and Steptomycin 

PGE2   Prostaglandin E2 
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RIPA   radioimmuniprecipitation assay puffer 

RNA   Ribonucleic acid 

qRT-PCR  quantitative real-time PCR 

SAND   Sp100, AIRE-1, NucP41/75 and DEAF-1 

SDS   sodium dodecyl sulfate 

SDS-PAGE  sodium dodecyl sulfate polyacrylamide gel electrophoresis 

SEM   standard error of the mean 

siRNA   small interference RNA 

TBS-T   tris-buffered saline with Tween 

TGF-β   Transforming Growth factor β 

TME   tumor microenviroment 

TME   tumor microenvironment 

TNF   tumor necrosis factor 

ULBP   UL16 binding protein 

ULBP2   UL16 binding protein 2 

VPA   valproic acid 
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xg   times of gravity 
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