
 

  
 

 

 

 

 

Institute of Physiological Chemistry 

Director: Prof. Dr. Thomas Wirth 

 

 

 

 

The role of NEMO and NIK in the evolution of pancreatic 

ductal adenocarcinoma 

 

 
Dissertation submitted in partial fulfillment of the requirements for the 

degree of „Doctor of Philosophy” (Ph.D.) of the International Graduate 

School in Molecular Medicine Ulm 

 

 

 
Miltiadis Tsesmelis 

 
Born in Marousi, Greece 

 

 

 
2022 



Current Dean of the Medical Faculty:  

Prof. Dr. Thomas Wirth 

 

 

 

Current chairman of the International Graduate School in 
Molecular Medicine Ulm: 

       Prof. Dr. Bernd Knöll 
 

 
 

Thesis Advisory Committee: 
First supervisor: Prof. Dr. Thomas Wirth 

Second supervisor: Prof. Dr. Alexander Kleger 

Third supervisor: Prof. Dr. Volker Ellenrieder 

 

 

 
External reviewers: 

       Prof. Dr. Dieter Saur 
       Prof. Dr. Ingrid Herr 

 
 

 

Day doctorate awarded: 

        12.05.2022 

     



Adherence to copyright laws in dissertations 

 
Student’s name: Miltiadis Tsesmelis 

 
 

Herewith I indicate that parts of the text data, figures, pictures and graphs shown in my disser- 

tation were already published in the following journal: 

 

- Tsesmelis, M.; Tiwary, K.; Steiger, K.; Sperb, N.; Gerstenlauer, M.; Manfras, U.; Maier, HJ; 

Herman, PC; Chan LK; Wirth T Deletion of NEMO Inhibits EMT and Reduces Metastasis in 

KPC Mice. Cancers 2021, 13, 4541. https://doi.org/10.3390/cancers13184541 

© 2021 by the authors.  

Open access article distributed under the terms and conditions of the Creative Commons 

Attribution 4.0 International (CC BY 4.0) License, 

https://creativecommons.org/licenses/by/4.0/ )  

 

 
I confirm that I own the right to use all text, figures, pictures and graphs in my dissertation. 

Text and figures taken from other publications are correctly cited. 

 

Date: Ulm, 18.02.2022   



Acknowledgements 

 
Through my Ph.D. study at Ulm, I have received a great deal of support. First, I would like to 

thank Prof. Dr. Thomas Wirth for his support and excellent feedback during these four years of 

my study. His expertise in both theoretical but also methodological background was invaluable 

and pushed my thinking to a higher level. 

I would also like to thank Dr. Lap Kwan Chan. During my first years as a Ph.D. student, he 

assisted me and guided me excellent with very interesting ideas and suggestions. His support 

was invaluable and without him, the project would have not advanced to the current stage. 

In addition, I would like to express my gratitude to Dr. Harald Jacob Meier, since he 

participated in the conceptualization of the project and trusted me in carrying out the project. 

Moreover, I would like to thank Melanie Gerstenlauer and Uta Manfras for their excellent 

technical assistance and guidance. I would also like to thank Prof. Dr. Thomas Barth and Dr. 

Katja Steiger for their support in the analysis of the tumor tissue. 

Further, I would like to thank Dr. Nadine Sperb and Dr. Eva Rodriguez-Aznar for instructing 

me on how to isolate and culture pancreatic cancer cells. I would also like to thank Kanishka 

Tiwary and Dr. Patrick Hermann for performing the invasion and migration assays. 

In addition, I would also like to express my gratitude to the laser microdissection core facility 

of Ulm university and more specifically to Dr. Wiegreffe for authorizing me to use the laser 

microdissection microscope and for their excellent guidance on how to perform laser 

microdissection. 

Finally, I would like to thank all HEIST members for their excellent feedback on my project 

during these 4 years and the DFG for funding my Ph.D. studies. 

 

 

 

 



4  

 

 

 

 

 

 

Contents 

 
 

List of abbreviations   8 

 

Keywords                                                                                                                                     8 

1 Introduction 12 

1.1 Epidemiology ............................................................................................................. 12 

1.2 Risk factors ................................................................................................................. 13 

1.3 Pancreatitis ................................................................................................................. 14 

1.3.1 Acute pancreatitis .......................................................................................... 14 

1.3.2 Chronic pancreatitis ....................................................................................... 15 

1.3.3 Mouse models of pancreatitis ........................................................................ 15 

1.3.4 Cerulein-induced pancreatitis ........................................................................ 16 

1.4 Metaplastic/Neoplastic structures of the pancreas...................................................... 16 

1.4.1 Pancreatic intraepithelial neoplasias (PanINs) .............................................. 16 

1.4.2 Intraductal papillary mucinous neoplasms (IPMNs) ..................................... 18 

1.4.3 Mucinous cystic neoplasms (MCNs) ............................................................. 19 

1.4.4 Acinar-ductal metaplasia (ADM) .................................................................. 19 

1.5 Genetically-engineered mouse models (GEMMs) ..................................................... 21 

1.5.1 Pdx1-Cre;KRASG12D (KC) mice .................................................................... 21 

1.5.2 Pdx1-Cre;KRASG12D;p53fl/fl (KPC) mice ...................................................... 21 

1.5.3 Pdx1-Cre;KRASG12D;p16Ink4ap19Arf lox mice .................................................. 22 

1.5.4 Cerulein-injected KC mice ............................................................................ 22 

1.6 The NF-κB pathway ................................................................................................... 23 

1.6.1 The canonical NF-κB pathway ...................................................................... 24 

1.6.2 NEMO ............................................................................................................ 25 

1.6.3 The non-canonical NF-κB pathway ............................................................... 26 

1.6.4 NIK ................................................................................................................ 27 



5 
 

1.7 Hypothesis .................................................................................................................. 29 

1.7.1 Part 1: The role of NEMO in inflammation-driven establishment of pan- 

creatic cancer ................................................................................................. 29 

1.7.2 Part 2: The role of NEMO in pancreatic cancer growth, metastasis and 

survival .......................................................................................................... 29 

1.7.3 Part 3: The role of NIK in pancreatic cancer ................................................. 30 

2 Material and Methods 31 

2.1 Mice ............................................................................................................................ 31 

2.2 Cerulein injection protocol ......................................................................................... 31 

2.3 PCR ............................................................................................................................ 32 

2.4 RNA isolation ............................................................................................................. 32 

2.5 Protein isolation and western blot (WB) ..................................................................... 33 

2.6 Histology, immunohistochemistry, immunofluorescence ........................................... 34 

2.7 Gross anatomy, tumor staging and differentiation status ............................................ 35 

2.8 Heidenhain’s azocarmine aniline blue stain (AZAN) staining ................................... 36 

2.9 X-Gal staining ............................................................................................................ 36 

2.10 Sudan Black B (SBB) staining ................................................................................... 36 

2.11 Evaluation of ascites development ............................................................................. 37 

2.12 Quantification of AST and ALT levels ....................................................................... 37 

2.13 TNF-α treatment and nuclear extraction ..................................................................... 37 

2.14 Cell isolation from ascites and IF staining.................................................................. 37 

2.15 Evaluation of macro- and micro-metastasis ............................................................... 38 

2.16 Isolation of cancer cells and cell culture establishment .............................................. 38 

2.17 Cell migration and invasion assays ............................................................................ 39 

2.18 Laser capture microdissection (LCM) ........................................................................ 39 

2.19 RNA-Seq analysis ...................................................................................................... 39 

2.20 Gene set enrichment analysis (GSEA) ....................................................................... 40 

2.21 Heatmap ...................................................................................................................... 40 

2.22 Statistics ...................................................................................................................... 40 

3 Results 41 

3.1 Part 1:  The role of NEMO in inflammation-driven development of pancreatic  

cancer .......................................................................................................................... 41 

3.1.1 Generation of mouse models and establishment of cerulein injection pro- 

tocol ............................................................................................................... 41 



6 
 

3.1.2 Formation of precancerous lesions is insusceptible to NEMO ablation at 

8-week-old cerulein-injected KC mice .......................................................... 43 

3.1.3 NEMO ablation strongly reduces the immune response and fibrotic re-  

action at 8 week-old cerulein-injected KC mice ............................................ 45 

3.1.4 NEMO ablation drastically reduces the total number of PanINs in 10- month-

old cerulein-injected KC mice ....................................................................... 50 

3.1.5 Pancreas-specific NEMO ablation accelerates the progression of precan- 

cerous lesions to cancer ................................................................................. 53 

3.1.6 NEMO ablation in pancreas blocks the oncogene-induced senescence in 

precancerous neoplastic cells ......................................................................... 57 

3.1.7 NEMO ablation in pancreas accelerates proliferation and increases DNA 

damage in precancerous neoplastic cells ....................................................... 61 

3.2 Part 2: The role of NEMO in pancreatic cancer growth, metastasis and survival 63 

3.2.1 Generation of mouse models ......................................................................... 63 

3.2.2 NEMO ablation slightly delays the development of pancreatic cancer at 

8 week-old KPC mice .................................................................................... 64 

3.2.3 Pancreatic cancer development and growth is insusceptible to NEMO 

ablation in KPC mice at the timepoint of 12 weeks ....................................... 66 

3.2.4 Pancreas-specific NEMO ablation increases the lifespan of KPC mice 70 

3.2.5 Pancreas-specific NEMO ablation abrogates macro-metastasis in KPC 

mice and blocks EMT .................................................................................... 73 

3.2.6 NEMO ablation diminishes the migrating/invasive properties of KPC 

cells in ex-vivo conditions .............................................................................. 77 

3.3 Part 3: The role of NIK in pancreatic cancer .............................................................. 79 

3.3.1 Generation of mouse models ......................................................................... 79 

3.3.2 Pancreas-specific NIK ablation strongly reduces the survival rate of KPC 

mice ................................................................................................................ 80 

3.3.3 NIK ablation accelerates the development of pancreatic cancer in KPC 

mice ................................................................................................................ 82 

4 Discussion 84 

4.1 Part 1:  The role of NEMO in inflammation-driven development of pancreatic  

cancer .......................................................................................................................... 84 

4.1.1 Development of PanIN structures .................................................................. 84 

4.1.2 Progression of PanINs .................................................................................... 87 

4.1.3 Conclusion ..................................................................................................... 90 



7 
 

4.2 Part 2: The role of NEMO in pancreatic cancer growth, metastasis and survival 91 

4.2.1 Conclusion ..................................................................................................... 94 

4.3 Part 3: The role of NIK in pancreatic cancer growth and survival ............................. 94 

4.3.1 Conclusion ..................................................................................................... 96 

5 Abstract 97 

6 Bibliography 101 

Appendix                                                                                                                                 122 

Cirriculum Vitae                                                                                                                    123 

Decleration                                                                                                                              124 



8  

List of abbreviations 

 
ADM Acinar-ductal metaplasia 

AF9 ALL1-fused gene from chromosome 9 

AML Acute myeloid leukemia 

ANOVA One-way analysis of variance 

AP-1 Activator protein 1 

ARL13B ADP-ribosylation factor-like protein 13B 

AT Acetylated tubulin 

AZAN Heidenhain’s azocarmine aniline 

BAFFR B-cell activating factor 

BD Branch duct 

BMI Body mass index 

BSA Bovine serum albumin 

CA19-9 Carbohydrate antigen 19-9 

CCL2 Chemokine (C-C motif) ligand 2 

CCL5 Chemokine (C-C motif) ligand 5 

CDK 4/6 Cyclin-dependent kinase 4/6 

CDKN2A    Cyclin-dependent kinase inhibitor 2A 

cIAP Cellular inhibitor of apoptosis protein 

CK19          Cytokeratin 19 

CSC Cancer stem cell 

CT Computer tomography 

CXCR4 C-X-C chemokine receptor type 4 

CXCL12 C-X-C chemokine 12 

DEGs Differentially expressed genes 

E2F E2 transcription factor 

FDA Food and drug administration 

FFPE Formalin fixed paraffin embedded 

Fn1 Fibronectin 1 

FPKM Fragments per kilobase of transcript per million 

GAP GTPase activating proteins 

GAPDH Glyceraldehyde 3-phosphate dehydrogenase 

GDP Guanosine diphosphate 

GEF Guanine nucleotide exchange factors 



9  

GEMMs Genetically engineered mouse models 

GNAS Guanine nucleotide binding protein, alpha stimulating 1 

GSEA Gene set enrichment analysis 

GTP Guanosine triphosphate 

HE Hematoxylin and eosin 

HBSS Hank’s balanced salt solution 

HEP Humane endpoint 

HES1 Hairy and enhancer of split-1 

HEY1 Hes related family BHLH transcription factor with YRPW motif 1 

HPA Human protein atlas 

HRP Horseradish peroxidase 

HSPCs Hematopoietic stem progenitor cells 

ICAM1 Intercellular adhesion molecule 1 

IF Immunofluorescence 

IHC Immunohistochemistry 

IKBKG Inhibitor of kappa B kinase regulatory subunit gamma 

IL-1 Interleukin 1 

IL-6 Interleukin 6 

IL-8 Interleukin 8 

IL-18 Interleukin 18 

IP Incontinentia pigmenti 

IPMN Intraductal papillary mucinous neoplasms 

IκB-α Inhibitor of κBα 

KC Pdx1-Cre;KRASG12D
 

KNeC Pdx1-Cre;LSL-KRASG12D;NEMOfl/fl
 

KNiC Pdx1-Cre;LSL-KRASG12D;NIKfl/fl
 

KPC Pdx1-Cre;KRASG12D;p53fl/fl
 

KPNeC Pdx1-cre;KRASG12D;p53fl/fl;NEMOfl/fl
 

KPNiC Pdx1-cre;KRASG12D;p53fl/fl;NIKfl/fl
 

KRAS Kirsten rat sarcoma virus 

LCM Laser capture microdissection 

LTβR Lymphotoxin β receptor 

Ly6G Lymphocyte antigen 6 complex locus G6D 

MAP3K14 Mitogen-activated protein kinase kinase kinase 14 

MAPK Mitogen activated protein kinase 

MCN Mucinous cystic neoplasms 



10  

MD Main duct 

MIST1 Muscle, intestine and stomach expression 1 

MLL Mixed-lineage leukemia 

MMP7 Matrix metalloproteinase 7 

MRI Magnetic resonance imaging 

NBPD NEMO-binding domain peptide 

NeC Pdx1-cre;NEMOfl/fl
 

NEMO NF-κB essential modulator 

NFR Nuclear fast red 

NF-κB Nuclear factor kappa-light-chain-enhancer of activated B cells 

NiC Pdx1-cre;NIKfl/fl
 

NIK NF-κB inducing kinase 

NLS Nuclear localization signal 

NUPR1 Nuclear protein 1 

OIS Oncogene-induced senescence 

PanIN Pancreatic intraepithelial neoplasm 

PBS Phosphate-buffered saline 

PC Pdx1-Cre;p53fl/fl
 

PDAC Pancreatic ductal adenocarcinoma 

Pdx1 Pancreatic and duodenal homeobox 1 

PFA Paraformaldehyde 

PI3K phosphoinositide 3-kinase 

PKCι         Protein kinase C iota type 

PLM Promyelocytic leukemia 

PNeC Pdx1-cre;p53fl/fl;NEMOfl/fl
 

PNiC Pdx1-cre;p53fl/fl;NIKfl/fl
 

PPARγ Peroxisome proliferator-activated receptor gamma 

pRB Retinoblastoma protein 

Ptf1α Pancreas transcription factor 1 complex α 

RANK Receptor activator of nuclear factor κB 

RHD Rel homology domain 

RIP1 Receptor interacting protein-1 

RNAseq RNA sequencing 

RPL13 Ribosomal protein L13 

SASP Senescence-associated secretory phenotype 

SA-β-Gal Senescence-associated β-galactosidase 



11  

SBB Sudan black B 

SDS Sodium dodecyl sulfate 

SMAD        Mothers against decapentaplegic homolog 

SOX9          Sex determining region Y-box 9 

STAT3        Signal transducer and activator of transcription 3 

TBS Tris-buffered saline 

TGFβ          Transforming growth factor β 

Timp1         Tissue inhibitor of metalloproteinase 1 

TNFR          Tumor necrosis factor receptor 

TNF-α         Tumor necrosis factor α 

TRAF        TNFR associated factor 

WB Western blot 

WHO          World health organization 

WT Wild type 

YAP1          YES-associated protein 1 

Zeb1 Zinc finger E-box-binding homeobox 1 

Zeb2 Zinc finger E-box-binding homeobox 2 
 

 

 

 

 

 

 

Keywords: 
 

        PDAC, PanIN, KC, KPC, NEMO, NIK, Metastasis, Senescence



12  

 

 

 

 

 

 

1 Introduction 

 

1.1 Epidemiology 

In 2020 pancreatic cancer ranked as the 14th most common type of cancer worldwide (Sung 

et al. 2021). Each year, 450,000 new cases are expected, while approximately 1.6% of the 

population will be diagnosed with pancreatic cancer at some point during their lifetime (Rawla et 

al. 2019; Marcus 2019). Critically, pancreatic cancer remains one of the deadliest cancer types, 

ranked as the 7th leading cause of cancer-related deaths worldwide and is expected to be the 2nd 

leading cause of cancer-related deaths by 2030 (Sung et al. 2021; Ferlay et al. 2016). The 5 year-

survival rate of a pancreatic cancer patient strongly depends on the stage that the patient is 

diagnosed, but the mean 5 year-survival rate is generally very poor, approximately 9% (Zeng et 

al. 2019). 

While there are different types of pancreatic cancer, pancreatic ductal adenocarcinoma 

(PDAC) is the most common type and it accounts for almost 90% of all cases (Haeberle and 

Esposito 2019). As a result, pancreatic cancer and PDAC are often used interchangeably. Other 

types of pancreatic cancer are: pancreatic neuroendocrine tumor (5%), solid-pseudopapillary 

neoplasm (1–2 %), acinar cell carcinoma and pancreatoblastoma (<1%) (Hackeng et al. 2016). 

PDAC’s high mortality rate can be attributed to the lack of good biomarkers and to the lack of 

the development of early symptoms (Wolfgang et al. 2013). Carbohydrate antigen 19-9 (CA19- 

9) is the only approved Food and Drug Administration (FDA) biomarker but cannot be used as a 

screening tool due to its low sensitivity and specificity (Goonetilleke and Siriwardena 2007; Gui 

et al. 2014). Furthermore, chemotherapy and radiotherapy fail to prevent its progression due to 

PDAC’s prominent desmoplastic reaction (Ren et al. 2018). 

Current strategies for the detection of PDAC depend on abdominal ultrasonography, 

triphasic pancreatic protocol CT (which is the standard for diagnosis and staging), magnetic 

resonance imaging (MRI) and endoscopic ultrasound-guided fine-needle aspiration for 

cytological diagnosis (Rawla et al. 2019). In most cases, pancreatic cancer is identified when 

the tumor has grown beyond the confines of the pancreas invading surrounding vital structures
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or has metastasized and is unresectable (Soloff et al. 2018). Even if pancreatic cancer is diagnosed 

early and surgical resection is performed, nearly all PDAC patients develop local recurrence 

and/or metastases after surgery and eventually succumb to the effects of the metastatic growth 

(Li et al. 2004). Thus, it is of utmost importance to develop new therapeutic approaches as well 

as new screening methods for the detection of PDAC at earlier stages. 

 

1.2 Risk factors 

As in most cancer types, the development of pancreatic cancer can be associated with 

sporadic and familial factors (Wood et al. 2019). To date, the causes of sporadic pancreatic 

carcinoma, which represents the majority of the PDAC cases, are still insufficiently known, 

although certain risk factors have been identified. 

PDAC typically appears in the elderly population. 90% of PDAC cases appear in people after 

their 55th year of age, while the majority of them are after their 7th decade of their life (Midha et 

al. 2016; Wood et al. 2006). 

While PDAC exhibits a higher incidence in males than females, there has been no direct 

correlation of reproductive factors and PDAC. This suggests that environmental or other genetic 

factors associated with the sex lead to the predominance of PDAC in males (Wahi et al. 2009). 

Within the Unite States of America, there is 50%-90% increased risk of PDAC development 

in African Americans compared with Caucasians, and this risk gets even less in Pacific Islanders 

and Asian-Americans (Midha et al. 2016). While this could be partially understood by the 

difference in their lifestyle, genetic and environmental interactions have been identified that can 

explain some of these differences between the abovementioned populations (Arnold et al. 2009; 

Pernick et al. 2003). 

Multiple studies have shown that cigarette smoking is considered to be the most important 

modifiable risk factor as it can increase the chance of developing PDAC by 74%. While smoking 

cessation strongly reduces the chance of PDAC, an increased risk (approximately 20%) still 

remains for at least 10 years (McGuigan et al. 2018). 

Alcohol abuse is the second most important modifiable risk factor of PDAC. According to 

most recent meta-analyses, while low and moderate alcohol consumption is not associated with 

the development of PDAC, strong alcohol abuse increases the risk by 15% (Wang et al. 2016). 

Most importantly, excessive alcohol abuse is an important risk factor for the development of 

pancreatitis, which is strongly associated with the development of PDAC (Wang et al. 2016). 

According to the World Cancer Research Fund, recent studies revealed a strong correlation 

between the body mass index (BMI) and the chance of developing PDAC, while meta-analyses 
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of these data indicated a 10% increased risk of PDAC for every 5 additional BMI units. Taking 

into consideration the increasing incidence of obesity in the developed world, it is most likely 

that obesity will be a major factor for the increased incidence of PDAC in the future (McGuigan 

et al. 2018). 

The correlation between infections and the development of PDAC has also been 

investigated. Specifically, studies have shown that infections from Helicobacter pylori or 

hepatitis C-associated infections increase the risk of PDAC by 45%, but further studies are 

required to strengthen these findings (Guo et al. 2016b; El-Serag et al. 2009). 

Familial PDAC represents only a minority of all PDAC cases, between 5-10%. A case of 

PDAC is considered as familial when at least two first-degree relatives have developed pancreatic 

cancer in the past (Hruban et al. 2010). People with familial risk factors have nine times higher 

risk of developing pancreatic cancer while there is a thirty two-fold higher risk when there are 

three or more first-degree relatives that have developed PDAC (Becker et al. 2014). In most 

familial cases, patients are detected with mutations in genes associated with the DNA-damage 

response, such as BRCA2 and FANCN, or mutations that promote the development of hereditary 

pancreatitis, such as PRSS1 mutations (Chen et al. 2017). 

 

1.3 Pancreatitis 

Pancreatitis, an inflammatory and fibrotic disease of the pancreas, ranks among the most 

common gastrointestinal disorders and is correlated with an increased risk of pancreatic cancer 

(Kudo et al. 2011). Despite progress in its management, pancreatitis significantly affects the 

quality of life and life expectancy and is generally divided into two categories, acute and chronic 

pancreatitis (Chan et al. 2017). 

 
1.3.1 Acute pancreatitis 

Common causes for the development of acute pancreatitis include alcohol abuse, smoking, 

formation of gallstones as well as type II diabetes. These disorders can obstruct the pancreatic 

duct, block pancreatic secretion to the intestine and damage pancreatic tissue through activation 

of its zymogens (Lankisch et al. 2015). Under normal conditions, pancreatic zymogens are 

inactive and only get activated in the intestine to support digestion. When the pancreatic duct is 

blocked, zymogens, which are produced in the acinar compartment of the pancreas, cannot be 

transported through the pancreatic duct and remain in the pancreas. Consequently, zymogens are 

fused with the lysosomes of the acinar cells. The lysosomal enzyme cathepsin B then cleaves 
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and converts trypsinogen to trypsin, which will subsequently activate additional digestive 

enzymes, resulting in the auto-digestive injury of the pancreas (Lankisch et al. 2015; Steer et al. 

1984). Therefore, the cell death of the acinar cells triggers an inflammatory response through 

infiltration of neutrophils and macrophages and release of cytokines such as TNF-α, IL-1, IL-6 

and IL-8. In some cases (10-15%), there is severe reaction which results in multi-organ failure, 

sepsis and can even endanger the life of the patient but most cases of acute pancreatitis are mild 

and disappear without any permanent damage (Lankisch et al. 2015; Chatila et al. 2019). 

 
1.3.2 Chronic pancreatitis 

Chronic pancreatitis is a disease characterized by chronic pancreatic inflammation, fibrosis, 

and scarring of the tissue which results in loss of acinar cells, islets as well as ductal cells 

(Majumder and Chari 2016). While chronic pancreatitis appears with a smaller incidence in the 

general population than acute pancreatitis, it exhibits a stronger effect to the quality of patients’ 

life and can manifest in abdominal pain, malnutrition, as well as endocrine and exocrine 

insufficiency (Yadav and Lowenfels 2013; Pham and Forsmark 2018). More importantly, the 

risk of pancreatic cancer in patients with chronic pancreatitis is elevated up to 16-fold. Although 

this risk declines over time, there is still an 8-fold increased chance for pancreatitis patients to 

develop PDAC after the first 5 years of diagnosis (Kirkegård et al. 2017). 

The etiology of chronic pancreatitis is attributed to a plethora of risk factors, such as alcohol 

abuse, smoking, genetic factors (hereditary pancreatitis) and other obstructive etiologic factors. 

The most common hypothesis for the development of chronic pancreatitis is the two-hit 

hypothesis model. In this model, the first ”hit” leads to the development of acute pancreatitis, 

as mentioned above. From this point, the patient can either recover or proceed towards chronic 

pancreatitis after a ”hit” from a second stimuli (Pham and Forsmark 2018). 

 
1.3.3 Mouse models of pancreatitis 

To better understand the mechanisms of pancreatitis and discover potential treatment options, 

mouse models have been established which mimic the phenotype of pancreatitis. Although 

several animal models of experimental pancreatitis exhibit morphological and 

pathophysiological similarities with the human disorder, cerulein administration is the most 

reproducible and widely accepted experimental model (Su et al. 2006). 
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1.3.4 Cerulein-induced pancreatitis 

Cerulein (or caerulein) is an extremely potent cholecystokinin-pancreozymin analogue that 

can bind to acinar cells and promote the expression of zymogens (Sah et al. 2013). 

Supramaximal doses of cerulein in the abdominal cavity of the mouse cause the maximum 

pancreatic expression of zymogens including amylase and lipase (Zhang et al. 2014). Following 

a similar mechanism as in acute pancreatitis, these zymogens get cleaved by cathepsin B and 

subsequently get activated, resulting in the auto-digestive injury and inflammation of the 

pancreas. In cerulein-injected mouse models, an additional mechanism for the establishment of 

the immune response was discovered. More specifically, cerulein administration leads acinar cells 

to express intercellular adhesion molecule 1 (ICAM1) and attract neutrophils, further boosting 

the infiltration of inflammatory cells (Zaninovic et al. 2000). 

 

1.4 Metaplastic/Neoplastic structures of the pancreas 

The invasive PDAC is presumed to arise from non-invasive precancerous lesions which are 

formed in the pancreas during the lifetime. These precancerous lesions are divided into different 

categories: pancreatic intraepithelial neoplasms (PanINs), intraductal papillary mucinous 

neoplasms (IPMNs), mucinous cystic neoplasms (MCNs) and acinar-ductal metaplasias 

(ADMs) (Zamboni et al. 2013). 

 
1.4.1 Pancreatic intraepithelial neoplasias (PanINs) 

PanINs are the most common and well-studied precursors of PDAC, forming microscopic 

papillary or flat structures with the shape of small pancreatic ducts (Hruban et al. 2004; Koorstra 

et al. 2008). They are characterized by mucin accumulation (at different levels) in the cytoplasm 

and can have either cuboidal, simple columnar or pseudostratified columnar structures. These 

lesions are classified into four categories depending on the grade of neoplasia, including 

PanIN1A and PanIN1B (low-grade neoplasia), PanIN2 (intermediate-grade neoplasia) and 

PanIN3 (high-grade neoplasia) (Figure 1). Low-grade PanIN lesions can be flat (1A) or 

papillary/micropapillary (1B), are characterized by increased mucin accumulation in their 

cytoplasm and have their nuclei oriented perpendicular to the basement membrane (Koorstra et 

al. 2008). PanIN2 lesions are characterized by nuclear crowding, variation in nuclear size 

(pleomorphism), nuclear hyperchromasia, and nuclear pseudostratification (Koorstra et al. 

2008). PanIN3 lesions (known as “carcinoma-in-situ”) demonstrate widespread loss of polarity, 

nuclear atypia, cribriforming, or budding of cell clusters into the lumen (Hruban et al. 2001; 

Basturk et al. 2015). 
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Interestingly, PanINs harbor mutations that are also found in PDAC. It is generally suggested 

that PanIN1 lesions progress through PanIN2 and PanIN3 stages to PDAC and this procedure is 

characterized by the accumulation of additional mutations (Brockie et al. 1998; Hruban et al. 

2007). Each stage of PanIN is characterized by a variety of chromosomal abnormalities or 

mutations. Kirsten rat sarcoma virus (KRAS) gene appears mutated in over 95% of all PDAC 

cases (Caldas and Kern 1995). KRAS encodes a GTPase protein which belongs to the RAS family 

and activates downstream pathways that regulate important cellular functions including 

proliferation and cell survival (Hobbs et al. 2016). KRAS alternates between GDP-bound 

(inactive) state and GTP-bound (active) state through guanine nucleotide exchange factors 

(RasGEFs) that promote activation, and GTPase-activating proteins (RasGAPs) that inactivate 

RAS by supporting the GTP hydrolysis (Hobbs et al. 2016). Importantly, KRAS mutations appear 

already at the PanIN1 stage. The hotspot locations for substitution mutations include glycine-12 

(G12), glycine-13 (G13), or glutamine-61 (Q61). These mutations inhibit the GTPase activity 

of the RAS-GAP complex and thereby lead to a permanently GTP-bound state and consequently 

to a constitutively active form of KRAS. The constitutively active KRAS stimulates the 

proliferation and the survival of the cell independently of upstream effectors, ultimately 

promoting tumor development (Waters and Der 2018). Furthermore, telomere shortening is 

already occurring in PanIN1 stage, leading to the accumulation of additional chromosomal 

abnormalities (Hobbs et al. 2016; van Heek et al. 2002). 

PanIN2 lesions are characterized by homozygous deletions, mutations or epigenetic silencing 

of cyclin-dependent kinase inhibitor 2A (CDKN2A) locus which encodes p16 (appearing in 90% 

of all PDAC cases) (Hobbs et al. 2016). P16, also known as inhibitor of cyclin-dependent kinase 

4a, is a tumor suppressor that blocks the G1/S cell cycle progression by negatively regulating the 

retinoblastoma protein-E2 Transcription Factor (RB-E2F) pathway. Under normal conditions, 

when a cell proliferates, RB is phosphorylated by cyclin-dependent kinase 4/6 (CDK 4/6) and 

releases RB from E2F which can later interact with gene promoters necessary for the proliferation 

of the cell. Binding of p16 to CDK4 and CDK6 leads to hypophosphorylation of RB, blocks the 

release of E2F and subsequently stops the progression to S phase (Serra and Chetty 2018). 

Mutations on CDKN2A locus result in the loss of functional p16 (deletion, intragenic mutation, 

methylation) and can promote the proliferation of cells and tumor growth (Maitra and Hruban 

2008). 

PanIN3 lesions are characterized by inactivating mutations in p53 and SMAD4 (Maitra et al. 

2005). P53 is a tumor suppressor gene which encodes a protein that regulates the G1-S cell cycle 

checkpoint, G2/M arrest, senescence and apoptosis. Loss of functional p53, often resulting from 

intragenic mutation of the first allele and loss of the second allele, appears in 50-75% of all PDAC 
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cases and promotes precancerous lesions to escape senescence and proliferate, resulting in the 

accumulation of additional mutations and abnormalities (Conlin et al. 2005; Redston et al. 1994). 

Mothers against decapentaplegic homolog 4 (SMAD4) is a tumor suppressor that plays a critical 

role in the transforming growth factor β (TGFβ) pathway. TGFβ pathway is activated upon 

binding of TGFβ to cell surface receptors. This leads to nuclear localization of the SMAD2/3/4 

complex which negatively regulates the expression of growth-promoting genes. SMAD4 is in- 

activated in 55% of all PDAC cases by homozygous deletion or by intragenic mutations which 

further promotes the abnormal growth of the cells (Shen et al. 2017). 
 

Figure 1: Representative pictures of human PanINs and their different grades. A: PanIN1A. B: PanIN1B. 

C: PanIN2. D: PanIN3 (modified from Hingorani et al. 2003; Permission to use and adjust from Cell 

Press). 

 
1.4.2 Intraductal papillary mucinous neoplasms (IPMNs) 

Intraductal papillary mucinous neoplasms (IPMNs) arise from the pancreatic duct. 

Morphologically, IPMNs are subdivided into the main (MD-IPMN) and branch duct (BD-

IPMN) type according to their site of origin. When the main and branch ducts are both involved, 

the term “mixed duct type” is used (Nagai et al. 2008; Grützmann et al. 2011). The most 

common genetic alterations appear at the KRAS and guanine nucleotide binding protein (G 

protein), alpha stimulating activity polypeptide 1 (GNAS) (Fischer and Wood 2018). GNAS, a 

proto-oncogene,  encodes  for  the  Gsα subunit  of  heterotrimeric  G-proteins  which  transduce  
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signals via the G-stimulatory pathway and increase production of cyclic AMP (cAMP) 

(Ritterhouse et al. 2017). According to the world health organization (WHO), mucin secretion, 

cystic dilation and invasiveness can differ, depending on the grade of the IPMN. In IPMN 

adenoma (low-grade dysplasia), the epithelium is comprised of tall columnar mucin-containing 

cells that show slight or no dysplasia. IPMN borderline (intermediate-grade dysplasia) is 

characterized with moderate dysplasia, nuclear crowding, moderate loss of polarity, nuclear 

enlargement, pseudostratification, and nuclear hyperchromatism (Hruban et al. 2004). Rarely, 

pseudopapillary structures can be identified. Intraductal papillary mucinous carcinoma (high-

grade dysplasia) exhibits dysplastic epithelial change, cribriform growth and budding of small 

epithelial cell clusters into the lumen (carcinoma in situ) (Hruban et al. 2004). Other 

characteristics include loss of polarity, loss of differentiated cytoplasmic features including 

diminished mucin content, cellular and nuclear pleomorphism, nuclear enlargement, and the 

presence of mitoses. Finally, intraductal papillary mucinous carcinoma cells may lack mucin 

(Hruban et al. 2004). The 5-year survival of patients with non-invasive IPMNs is more than 90% 

compared to the survival of patients with invasive IPMNs, which is 50% (Matthaei et al. 2011). 

 
1.4.3 Mucinous cystic neoplasms (MCNs) 

MCNs are the least-probable precancerous lesions appearing in pancreas. MCN lesions are 

multi-cystic pancreatic neoplasms lined by mucin-secreting epithelial cells which show 

gastroenteropancreatic traits and are characterized by ovarian-type stroma (Yamao et al. 2011). 

They appear mostly in women in the head or the tail of the pancreas. Another characteristic trait 

of MCNs is that they do not communicate with any physiological larger pancreatic duct in 

contrast to PanINs and IPMNs (Distler et al. 2014). With respect to dysplasia, MCNs (as IPMNS 

and PanINs) display different grades, including low-grade, intermediate-grade and high grade 

dysplasia. Approximately, 1/3 of MCNs become invasive, exhibiting PDAC characteristics 

(Baker et al. 2012). Patients with non-invasive MCN show an almost perfect five-year survival 

rate (almost 100%), while patients with invasive MCN that undergo resection show a five-year 

survival rate of approximately 60% (Crippa et al. 2008; Maitra and Hruban 2008). Like PanINs, 

MCNs harbor mutations in the KRAS oncogene already at an early stage, while mutations in 

p53, p16, and SMAD4 appear at intermediate-grade or high-grade dysplasia (Distler et al. 2014). 

 
1.4.4 Acinar-ductal metaplasia (ADM) 

Acinar-ductal metaplasia characterizes the process in which acinar cells differentiate to 

ductal-like structures  with duct-cell traits. The  ADM is considered to be the first  step for the 
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development of pancreatic cancer and is presumed to be the precursor stage of PanINs. The 

transdifferentiation of the acinar cells towards ductal cells takes place under the effect of a 

stimuli, as the cells try to adapt to genetic or environmental pressure. In most cases, when the 

stimuli/pressure is removed, cells revert back to their original state. However, under the effect 

of oncogene activation, such as mutations in KRAS, the formed ADMs do not revert back to 

acinar cells but progress and differentiate to PanINs (Figure2) (Storz 2017). 

During the ADM process, the activation of Notch, Wnt, phosphoinositide 3-kinase 

(PI3K)/Akt and signal transducer and activator of transcription 3 (STAT3) pathways inhibit the 

expression of acinar cell-specific proteins, such as amylase and muscle, intestine and stomach 

expression 1 (MIST1) and promotes the expression of ductal proteins including cytokeratin 19 

(CK19) and sex determining region Y-box 9 (Sox9) (Wong et al. 2016; Fukuda et al. 2011). In 

addition, studies in mouse models revealed that disruption of the -essential for ADM 

establishment- STAT3 pathway through conditional deletion of yes-associated protein 1 (YAP1), 

Tafazzin or Protein kinase C iota (PKCι) strongly reduced the ADM and PanIN numbers through 

reduction of Matrix metalloproteinase 7 (MMP7) levels (Fukuda et al. 2011; Gruber et al. 2016; 

Scotti et al. 2012). 
 

 
Figure 2: Progression stages of pancreatic cancer from acinar cells to PDAC (modified from Choi et al. 

2020; Permission to use and adjust from Elsevier). 
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1.5 Genetically-engineered mouse models (GEMMs) 

In the past years, there have been different attempts in order to create mouse models that 

recapitulate the characteristics of pancreatic cancer. It was only 20 years ago though, when the 

first mouse model that mimics the characteristics of PDAC was established (Johnson et al. 2001). 

 
1.5.1 Pdx1-Cre;KRASG12D (KC) mice 

The KRASG12D mouse model was generated in 2001. In this mouse model, one allele of Kras 

contains a mutation where glycine at codon 12 (G12) is replaced by aspartic acid (D) (Johnson 

et al. 2001). This mutation leads to a permanently GTP-bound state and to a constitutively active 

form of KRAS (Waters and Der 2018). This allele also carries a transcriptional and translational 

silencing cassette (STOP) flanked by two loxP sites (LSL cassette), which resides upstream of 

exon1 from the KRASG12D gene (Johnson et al. 2001). 

While under normal conditions, the mutated Kras alelle remains inactive due to the STOP 

cassette, expression of the Cre recombinase excises the STOP cassette through the LoxP sites 

and promotes the expression of the mutated form of Kras (Van Duyne 2015). Combination of 

the KRASG12D with the Cre recombinase under a promoter active in pancreatic cells, such as 

pancreatic and duodenal homeobox 1 (Pdx1) or pancreas transcription factor 1 complex (Ptf1α), 

introduced a mouse model where mutated KRAS is expressed under the control of Pdx1 or Ptf1α 

(Hingorani et al. 2003). Pdx1 is expressed only in pancreatic islets and to the duodenum in adult 

mice but also in all pancreatic progenitor cells during the developmental stage. To generate the 

Pdx1-Cre mouse model, the Pdx1 genomic sequence sufficient for the expression of Pdx-1 was 

cloned upstream of the Cre recombinase to promote pancreas-specific deletion of floxed sites 

(Gannon et al. 2000). As a result, both Pdx1-Cre;KRASG12D and Ptf1α-Cre;KRASG12D mice 

express the mutated KRAS in all pancreatic cells (Hingorani et al. 2003). These mice induce low- 

grade PanINs, which resemble the structure of human PanINs (Figure 3), already by the time of 

2 months, while higher grade PanINs develop at later time points (t=9 months). However, only 

a minority of them develop full-blown DPAC and metastasis. 

 
1.5.2 Pdx1-Cre;KRASG12D;p53fl/fl (KPC) mice 

To accelerate the development of PDAC, KC mice were crossed with mice harboring 

homozygous floxed p53 alleles, resulting in pancreas-specific constitutively active KRAS and 

loss of p53 (Bardeesy et al. 2006). The floxed p53 allele was generated by inserting LoxP sites 

in intron 1 and intron 10 of the endogenous mouse p53 gene (Marino et al. 2000). As mentioned
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before, p53 plays an important role for the establishment of PDAC and mutated p53 is often 

encountered at high-grade PanINs (Conlin et al. 2005; Redston et al. 1994). Indeed, KPC mice 

rapidly develop highly aggressive PDAC with a 100% lethality already by the timepoint of 3 

months. These mice display clinical features of PDAC such as biliary obstruction and 

hemorrhagic ascites (Westphalen and Olive 2012). 

Another variant of KPC mice has been established where p53 is not conditionally deleted 

but a mutant variant of p53 is expressed (KPR172H/+C). Conditional mutant R172H p53 allele was 

generated by introducing the LSL cassette into intron 1 of the endogenous mouse p53 gene, while 

site-directed mutagenesis was used to introduce an arginine to histidine mutation at codon 172, 

resulting to the p53R172H/+ mutant allele (Olive et al. 2004). Previous studies suggested that this 

gain-of-function R172H mutation led KPR172H/+C mice to exhibit liver metastasis, while KPC 

mice did not show any liver metastasis (Morton et al. 2010). Contrarily, other studies identified 

liver micro-metastasis in KPC mice, opposed to the results of the previous study (Bardeesy et al. 

2006). 

 
1.5.3 Pdx1-Cre;KRASG12D;p16Ink4ap19Arf lox mice 

Following the same principle, a mouse model that harbors Kras mutation and conditional 

deletion of the p16 and p19 locus was established. The conditional Ink4a/Arf allele (Ink4a/Arflox) 

was engineered to excise exons 2 and 3, and eliminate both p16INK4A and p19ARF endogenous 

proteins (Aguirre et al. 2003). Similar to KPC, the Pdx1-Cre;KRASG12D;p16Ink4ap19Arf-lox mice 

exhibit metastasis and succumb at early timepoints (median survival = 18.3 weeks), but, opposed 

to KPC, develop sarcomatoid carcinoma rather than PDAC (Bardeesy et al. 2006). 

 
1.5.4 Cerulein-injected KC mice 

In humans, one of the most prominent PDAC risk factors is the chronic inflammation of the 

pancreas, pancreatitis (Wang et al. 2016). It is suggested that in response to a stimuli, immune 

cells are recruited to the pancreas and in combination with the secreted cytokines/chemokines, 

they activate pathways associated with the development of PDAC, such as the NF-κB pathway. 

Furthermore, it is hypothesized that chronic inflammation causes DNA damage and mutations to 

crucial genes due to oxidative stress, further promoting the establishment of PDAC (Martinez- 

Useros et al. 2017). 

In GEMMs, pancreatitis is used to accelerate the progression of low-grade to high-grade 

PanINs (Guerra et al. 2007). Mice harboring Kras mutation are subjected to repetitive episodes of 

cerulein injections, promoting the development of pancreatitis. Thus, depending on the injection 
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protocol performed, cerulein-injected KC mice develop full-blown PDAC between a period of 

6 to 12 months (Guerra et al. 2007). 
 

 

 
 

Figure 3: Comparison between mouse (A and B) and human (C and D) acinar cell and PanIN structure 

(modified from Krah et al. 2015; CC BY 4.0, https://creativecommons.org/licenses/by/4.0/). 

 

1.6 The NF-κB pathway 

The NF-κB pathway is associated with the regulation of many cellular processes, such as 

immune response, cell proliferation and cell survival mechanisms but most importantly has been 

linked with carcinogenesis in different types of cancer (Liu et al. 2017; Smith et al. 2014; Luo 

et al. 2005; Xia et al. 2014). NF-κB is a dimeric transcription factor with multiple potential 

combinations of RelA/p65, RelB, c-Rel, NFKB1/p105, and NFKB2/p100. All abovementioned 

monomers share a Rel homology domain (RHD) in their N-terminus, which is essential for their 

dimerization, nuclear translocation, as well as for the binding to κB DNA elements. There are 

two different pathways according to the NF-κB dimer combination: the canonical (conventional) 

and the non-canonical (non-conventional) NF-κB pathway (Prabhu et al. 2014). Although many 

different combinations of NF-κB dimers have been observed, two of the are the most well known 

and studied: the RelA:p50, which is activated through the canonical NF-κB pathway, and the 

RelB:p100, which is activated through the non-canonical NF-κB pathway (Figure 4) (Tegowski 

and Baldwin 2018). 
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1.6.1 The canonical NF-κB pathway 

The canonical NF-κB pathway is the most well studied of the two NF-κB pathways. 

Canonical NF-κΒ regulates positively many functions, such as pro-inflammatory signals, cell 

proliferation, anti-apoptotic mechanisms as well as the senescence program (Liu et al. 2017; 

Brantley et al. 2001; Luo et al. 2005; Rovillain et al. 2011). In its non-active state, the NF-κB 

dimer RelA:p50 is attached to its suppressor, inhibitor of κBα (IκBα), in the cytoplasm and 

remains inactive. Upon receiving signals such as DNA damage, oxidative stress, radiation, viral-

bacterial byproducts or cytokines/chemokines, a series of protein cascades leads to the activation 

of the IκB kinase (IKK) complex. IKK complex consists of the two catalytic kinases, IKKα and 

IKKβ, and the regulatory subunit NF-κB essential modulator (NEMO). The activated IKK 

complex then phosphorylates IκBα, which leads to its proteasomal degradation and unmasks the 

p65 nuclear localization signal (NLS). Thus, NF-κB can translocate to the nucleus and act as a 

transcription factor (Perkins 2012). 

While the role of NF-κB in PDAC is still not completely understood, it is known that 

canonical the NF-κB pathway is constitutively activated in 70% of human pancreatic cancers 

(Zhang and Rigas 2006). Analysis of pancreatic cancer samples has revealed that there is an 

increased RelA nuclear localization and DNA binding activity in cancer cells derived from 

human PDAC cells as well as in histological specimens of PDAC patients (Wang et al. 1999; 

Ling et al. 2012). Interestingly, a recent study has revealed a mechanistic connection between 

KRAS and NF-κB. Using a constitutively active KRAS mouse model, it was shown that KRAS 

activated the activator protein 1 (AP-1) complex, induced IL-1α expression, which in turn, 

activated NF-κB and its downstream effectors. Furthermore, knocking out IKKβ inhibited NF-

κB activation and blocked PDAC development (Ling et al. 2012). In another study, IKKβ 

knockout partially blocked the development of PanINs (PanIN-1 level reduction by 25%) and 

reduced the transcription level of hairy and enhancer of split-1 (HES1) and Hes related family 

BHLH transcription factor with YRPW motif 1 (HEY1) (Maniati et al. 2011). Additionally, 

PANC-1 cells that express a phosphorylation-defective IκBα have been developed. Using nude 

mice that were injected orthotopically with these IκBα-deficient cells, they could show that 

blocked NF-κB activity suppresses the tumorigenicity of the PANC-1 cells (Fujioka et al. 

2003b). 

Conversely, RelA knockout in KC mice exhibited contradictory results. More specifically, 

inactivation of RelA accelerated the progression towards pancreatic cancer by abrogating the 

senescence-associated secretory phenotype (SASP) gene transcription signature (Lesina et al. 

2016). The abovementioned studies highlight the need for further analysis of the canonical NF- 

κB pathway due to the complicated and multifunctional nature of NF-κB. 
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1.6.2 NEMO 

NEMO, the modulator of the IKK complex, is encoded by the IKBKG gene and resides at the 

chromosomal position Xq28 (Jin and Jeang 1999). Except for its essential role in the activation 

of the canonical NF-κB pathway, NEMO has an additional anti-apoptotic function that is NF-κB- 

independent. More specifically, under TNF-α stimulation, NEMO prevents receptor interacting 

protein-1 (RIP1) from interacting with Caspase-8, prior to the activation of the NF-κB anti- 

apoptotic mechanism. In cells lacking NEMO, TNF-α stimulation leads to association of RIP1 

with Caspase-8 and activation of the apoptotic pathway (Legarda-Addison et al. 2009). 

Generally, deregulation of NEMO has been associated with human disorders including 

different types of cancer (Legarda-Addison et al. 2009; McCool and Miyamoto 2012). Studies 

in mice revealed that NEMO is essential for their development and NEMO deletion 

(homozygous in female) is embryonically lethal. Analysis of their liver at E12.5 demonstrated 

degeneration of the liver due to massive apoptosis of the hepatocytes (Schmidt-Supprian et al. 

2000). 

Incontinentia pigmenti (IP) is a rare, inherited genodermatosis and is a consequence of 

mutations in the IKBKG gene that completely abolishes NEMO expression. IP is characterized 

by abnormality in skin integrity, skin lesions, hyperpigmented patches of the skin lesions, 

eosinophilic infiltration, and apoptotic cells (Nelson 2006). Mechanistically, NEMO deletion 

blocks the canonical NF-κB pathway, which leads to cell death through apoptosis. The apoptotic 

cells stimulate an infiltration of immune cells causing collateral damage to the tissue and the 

characteristic phenotype of the disease (Nelson 2006). 

As a part of the NF-κB pathway, NEMO plays an important role in different types of cancer. 

In a MYC-induced model of hepatocellular carcinoma, NEMO deletion accelerated the tumor 

development and reduced the survival of the mice, exhibiting a tumor-suppressive role. 

Interestingly, NEMO deletion upregulated the activation of mitogen activated protein kinase 

(MAPK) and STAT signaling, the proliferation of cancer cells as well as the immune response 

(He et al. 2019). In another study, NEMO was conditionally deleted in parenchymal liver cells 

of mice. These mice developed spontaneously hepatocellular carcinoma, while tumor 

development was preceded by development of nonalcoholic steatohepatitis. The hypothesis 

behind these intriguing results is that NEMO deletion caused spontaneous cell apoptosis, which 

led to proliferation of liver parenchymal cells, establishment of an inflammatory response and 

eventually the development hepatocellular carcinoma (Luedde et al. 2007). 

The effect of NEMO has also been studied in breast cancer. Using breast cancer cell lines 

(MCF7 and BT474), it was shown that NEMO activated the NF-κB pathway which led to 

increased IL-6 expression and activation of the STAT3 pathway. Activated STAT3 upregulated 

the expression of  the  tumor  suppressor  gene  promyelocytic  leukemia  (PLM).  Knockdown  of  
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NEMO strongly increased the invasive progression in xenografts, showcasing a tumor-suppressive 

function in breast cancer (Elsarraj et al. 2017). 

 

1.6.2.1 NEMO in pancreatic cancer 

The role of NEMO in pancreatic cancer has been previously examined in our lab (Maier et al. 

2013). Male mice expressing the Cre recombinase under the Pdx-1 promoter were crossed with 

mice bearing a floxed allele of NEMO, generating Pdx1-Cre;NEMOfl/fl (NeC) mice (Schmidt- 

Supprian et al. 2000). These mice, in turn, were crossed with KC mice, generating mice with 

constitutively active KRAS and NEMO ablation in their pancreatic cells. Analysis at the time-

point of 10 months showed that NEMO deletion caused a drastic decrease (>93%) in the 

prevalence of PanINs. Additionally, NEMO deletion virtually abolished the immune response as 

well as the fibrotic response associated with the KRAS activity, suggesting an oncogenic 

function of NEMO in pancreatic cancer (Maier et al. 2013). 

In another study performed in PDAC cell lines, administration of the NEMO-binding 

domain peptide (NBDP) inhibited NF-κB activation and promoted chemosensitivity to 

gemcitabine (Zhuang et al. 2017). Additionally, the NEMO-binding domain peptide (NBDP) 

increased the levels of peroxisome proliferator-activated receptor (PPAR) and caspase 3 

cleavage and subsequently increased apoptosis of PDAC cells in vitro. Finally, in an orthotopic 

xenograft mouse model, administration of NBDP in combination with gemcitabine strongly 

inhibited the growth rate of PDAC cells (Zhuang et al. 2017). 

 

1.6.2.2 NEMO in pancreatitis 

The role of NEMO in acute and chronic pancreatitis has also been examined in our lab. 

Wild-type (WT) and NeC mice were subjected to repeated episodes of cerulein-injection and 

developed pancreatitis (Chan et al. 2017). In acute pancreatitis, mice harboring the NEMO 

deletion exhibited sustained inflammation and fibrosis in the recovery phase. In chronic 

pancreatitis, NEMO deletion exacerbated the immune response and fibrosis and ameliorated the 

proliferation rate of acinar cells during the recovery phase. Furthermore, in chronic pancreatitis, 

NEMO deletion enhanced acinar-ductal metaplasia (ADM) and acinar atrophy (Chan et al. 

2017). 

 
1.6.3 The non-canonical NF-κB pathway 

The non-canonical NF-κB pathway plays an essential role in B-cell maturation, lymphoid 

organ development and innate and adaptive immunity (Willmann et al. 2014; Li et al. 2016; Hahn 

et al. 2016). Its activation requires the truncation of the p100 protein to p52 of the RelB:p100 

NF-κB dimer. While the canonical NF-κB pathway can be activated by a variety of stimuli, the 
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non-canonical NF-κB pathway requires the activation of specific receptors from the tumor necro- 

sis factor receptor (TNFR) superfamily such as receptor activator of nuclear factor κB (RANK), 

lymphotoxin β receptor (LTβR), B-cell activating factor receptor (BAFFR) or CD40 (Tegowski 

and Baldwin 2018; Ling et al. 1998; Claudio et al. 2002; Coope et al. 2002; Dejardin et al. 2002). 

In the absence of stimuli, the non-canonical pathway remains inactive due to the continual 

degradation of the NF-κB inducing kinase (NIK). In this non-active state, NIK is recruited to a 

regulatory complex consisting of TNFR associated factor (TRAF)3, TRAF2, cellular inhibitor of 

apoptosis protein (cIAP)1 and cIAP2, gets ubiquitinated by cIAP1/2 and proteasomally 

degraded, keeping NIK at low abundance (de Jong et al. 2013; Liao et al. 2004). Upon upstream 

activation, the complex gets degraded, allowing NIK to phosphorylate and activate IKKα (Sen- 

ftleben et al. 2001). Activated IKKα truncates p100 to p52, allowing RelB:p52 to translocate to 

the nucleus and act as a transcription factor (Bours et al. 1994). Interestingly, it has been shown 

that IΚΚα can negatively regulate the non-canonical pathway by phosphorylating NIK at S809, 

S812 and S815, leading to its destabilization (Razani et al. 2010). 

Although there have been many studies showcasing the importance of the canonical NF-κB 

pathway in the development of pancreatic cancer, recent evidence supports the idea that the non-

canonical NF-κB pathway is also playing an essential role (Prabhu et al. 2014). Using a panel of 

pancreatic cancer cell lines, it was revealed that the non-canonical NF-κB pathway is 

constitutively active, as shown by the nuclear localization of the RelB:p52 dimer. Further, 

downstream targets of the non-canonical NF-κB pathway including chemokine C-C motif ligand 

(CCL)19, CCL21, Chemokine (C-C motif) (CXCL)12, CXCL13 and B-cell activating factor 

(BAFF) were also upregulated. Finally, overexpression of dominant negative IKKα suppressed 

the expression of the downstream targets in BxPC-3 cells (Wharry et al. 2009). In another study, 

RelB was shown to be necessary for the survival of pancreatic cancer cells through nuclear 

protein 1 (NUPR1), a stress response regulator. In pancreatic cell cultures, nutrient deprivation 

increased the level of NUPR1 and protected the cancer cells from cell death by inhibiting 

apoptosis, while siRNA inhibition of RelB abrogated this effect. Furthermore, KC mice with 

ablated RelB in their pancreas (KrasG12D;RelBΔPanc) exhibited a strong reduction in the 

prevalence of PanIN lesions (Hamidi et al. 2012). 

 
1.6.4 NIK 

NIK, an essential kinase for the activation of the non-canonical NF-κB pathway, is encoded 

by the mitogen-activated protein kinase kinase kinase 14 (MAP3K14) gene and resides at the 

chromosomal position 17q21.31 (Jung et al. 2016). Deregulation of NIK has been associated 

with different types of cancer, including breast cancer, acute myeloid leukemia (AML) as well 
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as pancreatic cancer (Pflug and Sitcheran 2020). 

In a study performed using breast cancer cell lines with high proportion of cancer stem cells 

(CSCs), high level of NIK expression was detected. Inhibition of NIK expression through 

transfection of specific shRNAs reduced the expression of CSC markers as well as impaired the 

clonogenicity and tumorigenesis. Overexpression of NIK increased the breast cancer stem cell 

population and enhanced the breast cancer cell tumorigenicity, showcasing an oncogenic 

function of NIK in breast cancer (Vazquez-Santillan et al. 2016). 

Although activation of the non-canonical NF-κB pathway is necessary for the tumorigenicity 

of breast cancer, opposite results were observed in AML. In a study performed at a subtype of 

AML, called mixed-lineage leukemia (MLL) -ALL1-fused gene from chromosome 9 (AF9)- 

induced AML, NIK stabilization delayed the AML establishment (Xiu et al. 2018). Specifically, 

TRAF3 binding-deficient mutant of NIK (NIKDT3flSTOP) mice were used and hematopoietic 

stem progenitor cells (HSPCs) were isolated. These HSPCs express NIK which is protected 

from constant degradation since the binding site of TRAF3 is missing. As a result, the non- 

canonical NF-κB pathway is constitutively active. WT or NIKDT3flSTOP HSPCs were transduced 

with MLL-AF9 and transplanted into lethally irradiated mice. Although mice from both groups 

developed AML, there was a significant delay in the case of NIKDT3flSTOP HSPCs, indicating a 

potential tumor-suppressive role of NIK in AML (Xiu et al. 2018). 

 

1.6.4.1 NIK in pancreatic cancer 

The role of NIK in pancreatic cancer cell lines has been previously studied. Using Panc1 and 

MiaPaca2 cell lines, scientists observed that TRAF2 is proteasomally degraded, permitting the 

stabilization of NIK and the subsequent activation of the non-canonical NF-κB pathway. The 

stabilization of NIK was necessary for the proliferation and the tumorigenicity of the pancreatic 

cells, but no significant difference in cell migration or invasion was found in NIK-depleted cells 

(Döppler et al. 2013). Similar results were observed in another study, where siRNA-mediated 

silencing of NIK in PANC-1 cells reduced their proliferation rate (Nishina et al. 2009). 
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Figure 4: Activation of the canonical and the non-canonical NF-κB pathway. 

 

 

1.7 Hypothesis 

 
1.7.1 Part 1: The role of NEMO in inflammation-driven establishment of 

pancreatic cancer 

NEMO promotes inflammation, fibrosis, acinar-ductal metaplasia, and PanIN formation in 

the context of mutant KRAS. In contrast, NEMO suppresses inflammation, fibrosis, acinar-ductal 

metaplasia in the context of cerulein-induced pancreatitis. The project tries to answer the 

question which function of NEMO prevails in the context of mutant KRAS in combination with 

a cerulein-induced inflammatory stimulus. 

 
1.7.2 Part 2: The role of NEMO in pancreatic cancer growth, metastasis 

and survival 

The role of NEMO in pancreatic cancer growth, invasion, metastasis and survival in GEMMs 

has not been studied. Here, I used  mice with  floxed NEMO allele  (homozygous floxed  NEMO 
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in female) and bred them with mice carrying mutant KRAS in combination with deleted p53 

(KPC mouse model) to accelerate the establishment of PDAC and answer this question. 

 
1.7.3 Part 3: The role of NIK in pancreatic cancer 

Finally, the role of NIK in PDAC has only been studied in pancreatic cancer cell lines but 

not in vivo. Here I used KPC mice and combined them with mice carrying floxed Map3k14 

alleles (NIKfl/fl) to analyze the effect of NIK/non-canonical NF-κB signaling in pancreatic cancer 

growth, invasion, metastasis and survival. This study is not finalized, yet I present the results 

from the work up to now. 
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2 Material and Methods 

 

2.1 Mice 

The mouse models were generated by crossing mice expressing the Cre recombinase under 

the Pdx-1 promoter (Gannon et al. 2000) with mice carrying a floxed stopper cassette (LSL)  in 

front of an oncogenic Kras (LSL-KRASG12D) allele (Johnson et al. 2001), floxed p53 alleles 

(Marino et al. 2000), floxed Ikbkg allele (homozygous in female) (Schmidt-Supprian et al. 2000) 

and/or floxed Map3k14 alleles (Mair et al. 2015). The mice (on a C57BL/6 background) were 

kept at the animal facility of the University of Ulm. For the 1st part of the project, mice were 

analyzed at their 8th week of age, 10th month of age or when they reached their humane endpoint 

(HEP). For the 2nd part of the project, mice were analyzed at their 8th week of age, 12th  week  of 

age or when they reached their HEP. For the 3rd part of the project, mice were analyzed at their 

8th week of age or when they reached their HEP. Littermates carrying various genotypes but not 

expressing the Cre recombinase were used as controls and were designated as WT mice. 

Experiments were in accordance with the German animal welfare legislation and approved by 

the responsible government agency according to the approved license: 2018TVA 1328. 

 

2.2 Cerulein injection protocol 

 
5mg of cerulein powder (Bachem #H-3220.0005) were dissolved in 10ml of sterile ampuwa water 

(Fresenius Kabi #1080181) and diluted 1:50 with NaCl 0,9% (Fresenius Kabi#PZN06605514) for 

the working solution. Mice were injected intraperitoneally with an overdose of cerulein, that is 50 

μg cerulein/kg at hourly intervals, 8 times per day, for 2 days in total. The mice were injected for 

the first day when they reached their sixth week of age and injected a second day 3 days after the 

first injection day. Controls groups were injected with NaCl 0,9% solution. The efficacy of cerulein 

was tested by analyzing the amylase level of the blood one hour after the last injection. More 

specifically, blood was collected from the tail of the mouse, dilluted 1:20 in distilled water, placed in 

pancreatic amylase stripe (Roche #11126679) and the stripe was placed in Reflotron plus system.
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2.3 PCR 

For the verification of Map3k14 LoxP sites recombination, I performed PCR using the 

forward primer ”tatgaactgctcccgtttcg” and the reverse primer ”tcctgtgaactcaaacatctcc”. In short, 

DNA was isolated from pancreatic tissue using the commercially available kit QIAamp DNA 

Mini Kit (Qiagen #51304). Primers were dissolved in PCR-grade water to a concentration of 

10μM. A mix was prepared using 10μl of KAPA2G Genotyping Mix (MilliporeSigma 

#KK5621), 1μl of each primer, 7μl of PCR-grade water and 1μl of isolated DNA (40 ng/μl). 

The mix was incubated to a PCR machine. Denaturation temperature was set to 95oC. Annealing 

temperature was set at 60oC. Extension temperature was set to 7oC. Finally, the PCR cycle was 

repeated 35 times. 

 

2.4 RNA isolation 

Tissue was snap-frozen in liquid nitrogen and pulverized. mRNA was extracted from the 

pulverized pancreas with the RNeasy Mini Kit (Qiagen #74104). cDNA was synthesized with 

Transcriptor High Fidelity cDNA Synthesis Kit (Roche #5081955001). qRT-PCR was performed 

in Lightcylcer 480 (Roche). Ribosomal protein L13 (RPL13) was used as a reference gene for 

relative quantification. A list of primers is shown in Table 1. 
 

Table 1: Primers used for detection of the mentioned gene transcripts level. 
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2.5 Protein isolation and western blot (WB) 

Tissue was snap-frozen in liquid nitrogen and pulverized, while cell pellet from primary cell 

cultures was stored at -80oC. Pulverized pancreatic tissue or cell pellet were resuspended in buffer 

containing 4% sodium dodecyl sulfate (SDS), 100 mM Tris-HCl, protease and phosphatase 

inhibitors. 15μg of protein were mixed with laemli buffer, incubated at 95oC for 10 minutes and 

separated in 4-12% gradient gels (Invitrogen #WG1402BOX). Proteins were then blotted to 

nitrocellulose membranes with a semi-dry blotter (Bio-rad). Membranes were blocked in 

blocking material (5% non-fat dry milk/tris-buffered saline (TBS) 0.1% Tween-20) for 1 hour at 

room temperature and incubated with the primary antibody diluted in blocking material (dilution: 

1:1000) overnight at 4oC. Membranes were then washed, incubated with HRP-coupled 

secondary antibody diluted in TBS 0.1% Tween-20 (dilution 1:5000), washed, incubated in 

SuperSignal West Dura Chemiluminescent Substrate (Thermo Fisher Scientific #34075) and 

exposed either under x-ray films or under ChemiDoc MP Imaging System (Bio-rad). A list of 

antibodies can be found in Table 2. 
 

Table 2: Antibodies used for WB. 
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2.6 Histology, immunohistochemistry, immunofluorescence 

Tissue was preserved either with formalin fixation and paraffin embedding (FFPE) or was 

snap-frozen in liquid nitrogen, cut using a conventional cryotome with a thickness of 4μm and 

stored at -80oC for later staining. More specifically for the FFPE preservation, tissue was fixed in 

4% neutral buffered formalin at room temperature for 6 hours and then dehydrated and embedded 

into paraffin. Tissue was then cut, placed onto slides with a thickness of 3μm and slides were 

incubated at 60oC for 30 minutes, dewaxed with 2 serial incubations at xylene for 5 minutes, 

rehydrated with serials incubation to 100% ethanol, 100% ethanol, 90% ethanol, 70% ethanol 

and tap water and prepared for their staining. 

For hematoxylin and eosin (H&E) staining, FFPE preserved tissue was then incubated to 

hemalum (Merck #109249, diluted 1:3 in tap water) for 3 minutes, washed in warm tap water, 

incubated in eosin (Roth #31372) for 1 minute and serially incubated for 5 seconds to 70% 

ethanol, 90% ethanol, 1000% ethanol, 100% ethanol. Then the slides were incubated to xylene 

for 5 minutes and mounted with entellan mounting medium (Merck #1.07961.0100). 

For immunohistochemistry (IHC), heat-mediated antigen retrieval was performed by 

incubation with citrate buffer at pH=6 in pressure cooker for 10 minutes (only for FFPE tissue). 

Slides were then incubated with 3% hydrogen peroxide (Fischar #27500) for 5 minutes to block 

the endogenous peroxidase. Slides were washed in distilled water, blocked with 5% bovine 

serum albumin (BSA)/phosphate-buffered saline (PBS) solution for 1 hour and incubated with 

primary antibody overnight at 4oC. Next day, the slides were washed with PBS, incubated with 

biotinylated secondary antibody diluted in PBS (dilution: 1/500), washed, incubated with 

streptavidin (Dianova #016030084) diluted 1/1000 in PBS, washed, incubated with AEC+ High 

Sensitivity Substrate Chromogen (DAKO #K3461) for 4 minutes, washed, counterstained with 

Hematoxylin for 20 seconds, washed with warm water for 5 minutes and mounted with 

mounting medium Aquatex (Merck #108562). F4/80, lymphocyte antigen 6 complex locus G6D 

(Ly6G), B220 and CD3 stainings were performed using the Bond Leica RX staining machine 

while slides were scanned with Hamamatsu NanoZoomer 2.0HT. 

For immunofluorescence (IF), heat-mediated antigen retrieval was performed by incubation 

with citrate buffer at pH=6 in pressure cooker for 10 minutes (only for FFPE tissue). Slides were 

then blocked with 5% BSA/PBS solution for 1 hour and incubated with primary antibodies 

overnight at 4oC. Next day, the slides were washed with PBS, incubated with fluorophore-

coupled secondary antibody diluted in PBS (dilution: 1/500), washed with PBS, incubated in 

DAPI (Sigma-Aldrich #D9542, dissolved in PBS, c=300 nM) for 5 minutes, washed and mounted 

with mounting medium  proLong gold antifade reagent  (Invitrogen #P36934). A list of primary 
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and secondary antibodies, along with their concentration is shown in Table 3. For quantitative 

microscopy, either the whole section, or at least 6 random fields of the section were captured with 

the BZ-X810 microscope (Keyence) and analyzed. 
 

Table 3: Antibodies used for immunostaining. 

 

 

2.7 Gross anatomy, tumor staging and differentiation status 

For gross anatomical analysis of the liver, pictures were captured with a conventional camera. 

Tumor staging, as well as the differentiation status of the cancer, was evaluated by Prof. Dr. 

Thomas Barth for the first project and Dr. Katja Steiger for the second project using H&E slides. 



36  

2.8 Heidenhain’s azocarmine aniline blue stain (AZAN) stain- 

ing 

For the visualization of collagen, sections were stained with a kit for Heidenhain’s AZAN 

trichrome stain (Morphisto #12079) according to the manufacturer’s protocol. In short, FFPE 

slides were incubated at 60oC for 30 minutes, dewaxed with 2 serial incubations at xylene for 5 

minutes, incubated serially to 100% ethanol for 5 minutes, 100% ethanol for 5 minutes, aniline- 

alcohol for 5 minutes and rinsed in distilled water. Then stained in azocarmine G 0.1% for 45 

minutes at 60oC, rinsed in distilled water, incubated in aniline-alcohol for 5 minutes, acetic acid 

alcohol 1% for 1 minute, rinsed in distilled water, incubated in phosphotungstic acid 5% for 90 

minutes, rinsed in distilled water, stained in Aniline Blue-Orange G for 1 hour, rinsed in distilled 

water, incubated 2 times in 100% ethanol for 5 minutes, incubated 2 times in xylene for 5 minutes 

and mounted with entellan mounting medium. 

 

2.9 X-Gal staining 

Cryopreserved tissue was sectioned and stained with the Senescence β-Galactosidase 

Staining Kit (Cell signaling #9860S) according to the available protocol. Sections were 

counterstained with nuclear fast red, mounted with 70% glycerol (glycerol diluted in PBS 1X) 

and observed under the microscope. A precancerous lesion was scored as positive when at least 

10% of its cells were positively stained. For quantitative microscopy, 8 random fields of the 

section were captured with the BZ-X810 microscope (Keyence) and analyzed. 

 

2.10 Sudan Black B (SBB) staining 

SBB staining has already been described in the past (Georgakopoulou et al. 2013). In short, 

16mg/ml of SBB powder (Merck #199664) was dissolved in 70% ethanol and thoroughly stirred 

overnight at room temperature. Then, the solution was filtered through filter paper and then 

filtered again through frittered glass filter of medium porosity with suction. The paraffin section 

slides were incubated at 60oC for 30 minutes, dewaxed with 2 serial incubations at xylene for 5 

minutes and finally serial incubated to 100% ethanol, 100% ethanol, 90% ethanol and 70% 

ethanol. A drop of freshly prepared SBB was dropped on a clean slide. The slide with the tissue 

was placed facing down on the drop of SBB on the slide and incubated for 8 minutes. Then, the 

slide with the  tissue was  carefully  lifted and  embedded  into 50% ethanol,  transferred  and 
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washed in distilled water, counterstained with 0.1% Nuclear Fast Red (NFR) for 10 minutes, 

and mounted into 40% Glycerol/TBS mounting medium. Lipofuscin staining was considered 

positive when perinuclear and cytoplasmic aggregates of blue-black granules were observed. A 

precancerous lesion was scored as positive when at least 10% of its cells were scored as positive. 

For quantitative microscopy, 8 random fields of the section were captured with the BZ-X810 

microscope (Keyence) and analyzed. 

 

2.11 Evaluation of ascites development 

Mice were euthanized and their peritoneal cavity was evaluated. When the peritoneal cavity 

was swollen and filled with ascitic fluid, the mouse was scored as positive for ”ascites”. When 

blood was detected to the ascitic fluid, mice were scored as positive for ”hemorrhagic ascites”. 

When no swollen peritoneum and no ascitic fluid were detected, mice were scored as ”no ascites”. 

In some occasions, the peritoneum of the mouse was not swollen and no overt accumulation of 

ascites could be detected, but only few liquid in the peritoneal cavity could be observed. Mice 

belonging to this category were scored as positive for ”slight intraabdominal exudation”. 

 

2.12 Quantification of AST and ALT levels 

For the quantification of aspartate transaminase (AST) and alanine transaminase (ALT) 

levels, serum was isolated from the blood of the mice. 30 μl of serum were placed to tests strips 

for AST (Reflotron #10745120) or ALT (Reflotron #10745138) and the strips were then inserted 

to the Reflotron Plus system. 

 

2.13 TNF-α treatment and nuclear extraction 

Cells were treated with Tumor necrosis factor a (TNF-α) at a concentration of 40 ng/ml for 

one hour and harvested. Nuclear extracts from cells were obtained using the NE-PER Nuclear 

and Cytoplasmic Extraction Kit (ThermoFischer #78833) according to the standard protocol. 

 

2.14 Cell isolation from ascites and IF staining 

ascitic fluid was isolated from the peritoneal cavity of the mouse and diluted with hank’s 

balanced  salt  solution  (HBSS)  (ascitic fluid:HBSS 1:9). In  case  of  hemorrhagic  ascites,  the 
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sample was centrifuged and the pellet was incubated with 1ml of Red Blood Cell (RBC) lysis 

buffer for 5 minutes at room temperature for optimal lysis of erythrocytes. After centrifugation, 

the cell pellet was resuspended in HBSS while preserving the original volume and concentration. 

Cells from ascitic samples were cytospun onto slides, fixed in 4% neutral buffered formalin for 

10 minutes, permeabilized with 0.1% Triton-X/PBS for 10 minutes, dried and stored at -80oC. For 

immunofluorescence staining, slides were thawed, blocked with 5% BSA/PBS solution for 1 hour 

and incubated with primary antibodies overnight at 4oC, following the immunofluorescence 

protocol as described above. For detection of CK19+ cell clusters, staining against CK19 was 

performed in cytospun ascitic cells. A cell cluster was characterized as CK19+ when 3 or more 

CK19+ cells were detected to be in direct contact. 

 
2.15 Evaluation of macro- and micro-metastasis 

For the evaluation of macro-metastasis, livers from euthanized animals were removed and 

observed under the stereoscope for the detection of metastatic foci (minimum diameter=1mm). 

For the evaluation of micro-metastasis, whole livers were serially sectioned with a thickness of 

3μm and a distance of 40μm between the sections, placed onto slides and H&E stained. 

 

2.16 Isolation of cancer cells and cell culture establishment 

Pancreatic cancer tissue was dissected into small pieces with a scalper and incubated in 

collagenase D/HBSS (5mg/ml) (Roche #11088866001) for 30 minutes at 37oC. Collagenase D 

was deactivated after addition of culture medium DMEM (Gibco #41965-039) containing 10% 

fetal bovine serum (FBS) (Gibco #10270106). Cell suspension was applied successively to cell 

strainers of 100μm, 70μm and 40μm pores diameter. Cells were then centrifuged, resuspended 

to culture medium DMEM/F12, GlutaMAX (Gibco #31331028) containing 2% B-27 

supplement (Gibco #17504-044) and seeded on ultra-low attachment plate (MilliporeSigma 

#CLS3471- 24EA). After 3 days, cells were harvested and seeded to cell culture dish (Greiner 

#664160) with culture medium DMEM (GIBCΟ #41965-039) containing 10% FBS and 1% L-

glutamine (Gibco#25030-024), while FibrOut (VWR #10786-022) at a concentration of 0.2% 

was added to the culture media for 6 days. Cells were cultured for a maximum of 3 passages and 

then were either harvested for protein isolation or used for invasion and migration assays. 
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2.17 Cell migration and invasion assays 

Migration assays were performed using inserts of 8μm pore size and PET membranes 

(Corning #353097). 5x104 cells in serum-free medium were seeded to the inserts. Media 

containing 10% FBS was added to the bottom well. 24 hours later, cells that passed through the 

membrane were fixed with 4% paraformaldehyde (PFA) and stained with DAPI (MilliporeSigma 

#D9542- 5MG). For cell invasion assays, prior to seeding cells, 24-transwell inserts were coated 

with matrigel (Corning #356237) that was diluted (1:1) with DMEM and allowed to settle for 2 

hours at 37oC. For quantitative microscopy, 10 random power fields were captured and the 

quantification was performed in ImageJ. 

 

2.18 Laser capture microdissection (LCM) 

Cryopreserved tissue was sectioned and placed in poly-L-lysine-coated membrane slides and 

air-dried for 5 minutes. Then, slides were incubated serially in 70% ethanol for 3 minutes, 

distilled water for 30 seconds, hemalum (Merck #109249, diluted 1:3 in distilled water) for 1 

minute, distilled water for 30 seconds, 70% ethanol for 30 seconds, 90% ethanol for 30 seconds, 

100% ethanol for 30 seconds and air-dried. Precancerous lesions were then excised and captured 

using the PALM Microbeam Rel. 4.9 with RoboMover microscope (Zeiss) and the PALMRobo 

v 4.9 software. RNA from isolated precancerous lesions was extracted with RNeasy Micro Kit 

(QIAGEN). RNAse-free water was used in all steps (including dilution of ethanol) to avoid 

RNA degradation. Ethanol dilutions for the LCM preparation were stored at -20oC. RNAse-free 

water for the LCM preparation was stored at 4oC. 

 
2.19 RNA-Seq analysis 

The DNBseq platform (BGI) was selected for the analysis of the RNA isolated from 

microdissected precancerous lesions (n=3 for each group). The total reads for each sample were 

between 99.43 million to 127.44 million. Filtering of low quality reads was performed using the 

software SOAPnuke (v1.5.2). HISAT2 (v2.0.4) was used for the sequence alignment using the 

mouse Ensembl GRCm38 (mm10) as the reference genome (Merchant et al. 2016). The aligned 

reads were counted using the RSEM software. Differentially expressed genes (DEGs) between 

the 2 groups were detected using DEseq2 and visualized with gene set enrichment analysis 

(GSEA) and heatmap generation. 
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2.20 Gene set enrichment analysis (GSEA) 

To perform GSEA, the RNAseq datasets from the KNeC and KC groups were imported to 

GSEA v4.1.0 for Windows. The OI_SASP_FACTORS geneset was generated using 27 SASP 

genes upregulated in oncogene-induced senescence (OIS) (Coppé et al. 2010). Analysis of the 

results was performed using pre-ranked gene lists, which were generated according to the gene 

expression level (log2 fold change) of the KNeC to the KC group. 

 

2.21 Heatmap 

To generate heatmaps, Rstudio and the library ”gplots” were used. GOBP_DNA_Replication 

and GOBP_Recombinational_Repair genesets from the Gene Ontology (GO) database were 

used. The 30 most differentially expressed genes (DEGs) between KC and KNeC are visualized 

in the heatmaps for the abovementioned genesets. 

 

2.22 Statistics 

Statistical analyses were performed with Graphpad Prism v.8.4.3. Diagrams show arithmetic 

means and standard variations. Student’s t-test was used for the comparison of 2 groups while 

one-way analysis of variance (ANOVA) with Tukey’s multiple comparison test was used for the 

comparison of 3 or more groups (* p<0.05, ** p<0.01, *** p<0.001, ****, p<0.0001). In case 

outliers were spotted, Mann-Whitney test was used for the comparison of 2 groups, while 

ANOVA with Dunn’s multiple comparison test was used for the comparison of 3 or more groups 

(#p<.05, ##p<.01, ####p<.0001). For the survival analyses, each group was examined by 

Kaplan-Meier survival estimators, and the survival outcomes were compared using log-rank tests 

(* p<0.05, ** p<0.01, *** p<0.001, ****, p<0.0001). For the survival analysis of human patients 

specifically, human protein atlas (HPA) database was used to compare groups with respect to the 

transcription level of NEMO. Patients were classified to two groups (high and low expression) 

according to the FPKM (Fragments Per Kilobase of transcript per Million) values of RNAseq 

analysis for IKBKG (NEMO). According to HPA database, the selected expression cut-off for 

the two groups yielded the maximal difference between the two groups with respect to survival 

at the lowest log-rank P-value. 
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3 Results 

 

3.1 Part 1: The role of NEMO in inflammation-driven devel- 

opment of pancreatic cancer 

3.1.1 Generation of mouse models and establishment of cerulein injection 

protocol 

In order to analyze the role of NEMO in the development and progression of pancreatic 

precancerous lesions, I crossed mice expressing the Cre recombinase under the Pdx1 promoter, 

with mice carrying a KRASG12D allele and/or a floxed Ikbkg allele (homozygous floxed Ikbkg in 

female). The generated mouse models are depicted in Table 4. 
 

Table 4: Nomenclature of the mouse models used in part 1 of the project. 

 
Different protocols exist for the establishment of pancreatitis in mice. While in most cases, 

mice are subjected to starvation 8 hours prior to cerulein injections, there is recent evidence 

indicating that mice exhibit a stronger phenotype of pancreatitis when they are not fasted (Chan 

et al. 2017; Carrière et al. 2009; Guerra et al. 2011). To evaluate the potency of cerulein under 

fasted and non-fasted conditions, WT mice were either starved for 8 hours or fed ad libitum, and 

then subjected to 8 hourly cerulein injections. One hour after the last injection, their amylase level 

in the blood was measured. Under physiological conditions, amylase in the blood remains at low 

levels. However, in case of pancreatitis, there is a sudden increase since the damaged acinar cells 

release their amylase to the bloodstream. As illustrated in  Figure 5, non-fasted  mice exhibited 
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a higher release of amylase in the bloodstream after the cerulein injections, indicating increased 

damage and inflammation of the pancreas compared to the fasted animals. I, therefore, decided 

to use this protocol for the planned experiments. 

 

Figure 5: Amylase level in the blood of fasted and non-fasted animals prior and after cerulein administration. 

 
For the development of pancreatitis, non-fasted mice were injected intraperitoneally with 

50μg/kg of cerulein at hourly intervals, 8 times per day, for 2 days. The first injections were 

performed at the age of 6 weeks and were followed by the second set of injections three days 

later (Figure 6A). Mice injected with saline were used as controls for the respective cerulein-

injected mice. Pancreata of saline- and cerulein-injected mice were analyzed when they reached 

their 8th week of age (2 weeks after the first injection), 10th month of age, or when they reached 

their humane endpoint (HEP). For the verification of NEMO ablation, western blot analysis of 

protein extracts was performed using pancreata of 8-week-old saline-injected WT, NeC, KC and 

KNeC mice. As shown in Figure 6B, mice with floxed Ikbkg allele(s) exhibited virtually a 

complete ablation of NEMO expression. The fact that there is a weak band for NEMO detection 

in the KNeC mice is most likely due to infiltrating immune cells in the pancreata of this stage. 

In these immune cells, the Cre recombinase under the Pdx1 promoter is not active and thereby 

NEMO is normally expressed. 
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Figure 6: Analysis schedule and verification of NEMO deletion. (A) Injection schedule protocol and timepoint 

analysis of mice. (B) Western blot analysis of pancreatic protein extracts from wild-type (WT), Pdx1-Cre;NEMOfl/fl 

(NeC), Pdx1-Cre;LSL-KRASG12D (KC) and Pdx1-Cre;LSL-KRASG12D;NEMOfl/fl (KNeC) mice. Glyceraldehyde 

3-phosphate dehydrogenase (GAPDH) was used as a loading control. 

 

 

3.1.2 Formation of precancerous lesions is insusceptible to NEMO abla- 

tion at 8-week-old cerulein-injected KC mice 

To evaluate the role of NEMO in the context of pancreatitis-driven formation of 

precancerous lesions, I analyzed the mouse models at the timepoint of 8 weeks. Saline- and 

cerulein- injected WT and NeC mice did not develop any abnormal structures and their 

pancreata were histologically normal, indicating that in these mice, the acute pancreatitis was 

already resolved (Figure 7A). Pancreata from saline-injected KC and KNeC mice developed 

very few ADMs and low-grade PanINs with an average of less than one lesion per capture field, 

while no difference between those two groups was observed (Figure 7A and 7B). Conversely, 

pancreata from cerulein-injected KC and KNeC mice developed significantly more ADMs and 

low-grade PanINs compared to saline-injected KC and KNeC mice, but again no overt 

difference was observed between the cerulein-injected KC and KNeC pancreata (Figure 7A, 7B 

and 7C). Further, I evaluated the impact of the development of precancerous lesions on the 

weight of the pancreas. No difference was observed in the pancreatic weight to body weight 

ratio (pancreatic weight ratio) for all the abovementioned cases, with the exception of the 

pancreata  from cerulein-injected  KC and KNeC mice. The  pancreatic weight  ratio from  both  
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cerulein-injected KC and KNeC mice was approximately 40% higher compared to saline-

injected WT mice as a consequence of the developed precancerous lesions (Figure 7D). 

 

 

 

 

 

 
Figure 7: NEMO ablation does not alter the number of pancreatic precancerous lesions in cerulein-injected KC 

mice by the age of 8 weeks. (A) H&E staining on pancreatic sections of saline- or cerulein-injected WT, NeC, KC 

and KNeC mice. Scale bar: 100 μm. (B) Quantification of total precancerous lesions (ADMs and PanINs) on 

pancreatic sections of saline- or cerulein-injected KC and KNeC mice (saline-injected groups: N≥3 mice/group, 

cerulein-injected groups: N≥7 mice/group). (C) Quantification of ADMs and PanINs distinctively on pancreatic 

sections of saline- or cerulein-injected KC and KNeC mice (N≥7 mice/group). (D) Quantification of pancreatic 

weight to body weight ratio of saline- or cerulein-injected mice (cerulein-injected KC and KNeC groups: N≥7 

mice/group, rest of the groups: N≥3 mice/group). 
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3.1.3 NEMO ablation strongly reduces the immune response and fibrotic 

reaction at 8 week-old cerulein-injected KC mice 

Inflammation and fibrosis are crucial components for the development of precancerous 

lesions and the canonical NF-κB pathway is known to be a strong regulator of them. Thus, 

although I only observed no significant differences in the number of ADMs and PanINs between 

cerulein-injected KC and KNeC mice, I evaluated the immune response and the fibrotic reaction. 

To investigate the infiltration of immune cells specifically, I performed IF staining against CD45, 

a pan-leukocyte marker, to the pancreata of saline- and cerulein-injected mice and quantified the 

CD45+ cells. Pancreata from saline-injected WT, NeC, KC and KNeC mice as well as from 

cerulein-injected WT and NeC mice displayed very few positive cells, indicating that there was 

no sign of active inflammation. Next, I analyzed the pancreata of cerulein-injected KC and 

KNeC mice. I observed that KC pancreata exhibited very strong immune response, as visualized 

by the CD45 staining at Figure 8. In contrast, analysis of pancreata from cerulein-injected KNeC 

mice revealed a strong reduction in the number of infiltrating CD45+ cells, indicating that the 

immune reaction was seriously hampered in the absence of NEMO. 
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Figure 8: NEMO ablation reduces the infiltration of immune cells in cerulein-injected KC mice at the age of 8 

weeks. Top: Visualization of immune cell infiltration by staining against CD45 on pancreatic sections of saline- or 

cerulein-injected WT, NeC, KC and KNeC mice. Nuclear staining with DAPI, scale bar: 100 μm. Bottom: 

Quantification of the number of CD45+ cells on pancreatic sections (cerulein-injected KC and KNeC groups: N≥7 

mice/group, rest of the groups: N≥3 mice/group). 

 

I further investigated the distribution of immune cells among different immune cell 

populations. I performed F4/80, Ly6G, B220 and CD3 staining to identify macrophages, 

neutrophils, B cells and T cells, respectively and observed that the most prominent population 

detected in both KC and KNeC pancreata was macrophages, as illustrated by the F4/80 staining 

in Figure 9. The following most abundant populations for both groups were neutrophils (Ly6G+ 

cells) and T cells (CD3+ cells), while only few B (B220+) cells could be detected. Generally, 

although cerulein-injected KNeC mice exhibited a weaker immune response than KC mice, no 

overt difference was observed in the percentage of the abovementioned immune cell populations 

between the two groups. 
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Figure 9: Visualization of immune cell subpopulations on pancreatic sections of cerulein-injected KC and KNeC 

mice with antibodies against F4/80, Ly6G, B220 and CD3. 

 

I next investigated the fibrotic reaction in the mouse models. Quantitative RT-PCR analysis 

revealed that mRNA transcripts indicative of active fibrotic cells (Col1α1, Col3α1, Fn1) were 

upregulated in the pancreata from cerulein-injected KC mice. Notably, cerulein-injected KNeC 

mice also displayed elevated level of the abovementioned transcripts, although to a lesser extent 

than cerulein-injected KC mice, indicating that NEMO deletion reduced the fibrotic reaction 

(Figure 10A). Further, I performed AZAN staining to visualize fibrosis in the pancreata of 

cerulein-injected KC and KNeC mice. As illustrated in Figure 10B, KC pancreata demonstrated 

a stronger fibrotic reaction compared to KNeC pancreata. 



48  

 

 

Figure 10: NEMO ablation reduces the fibrosis in cerulein-injected KC mice at the age of 8 weeks. (A) Quantitative 

RT-PCR for the expression of the indicated transcripts in pancreatic tissue of saline- or cerulein-injected mice, given 

relative to saline-injected WT mice, which were set to 1 (cerulein-injected KC and KNeC groups: N≥7 mice/group, 

rest of the groups: N≥3 mice/group). (B) Visualization of fibrosis by Heidenhain’s azocarmine aniline blue stain 

(AZAN) staining on pancreatic sections of cerulein-injected KC and KNeC mice. 

 

The STAT3 pathway, which is regulated by NF-κB, is active during the development of 

PanINs and ADMs and blocking of its activation drastically reduces the number of precancerous 

lesions (Fukuda et al. 2011). Further, IL-6, which is regulated by NF-κB and secreted by 

inflammatory cells of myeloid origin, activates STAT3 in pancreatic cells (Lesina et al. 2011; 

Corcoran et al. 2011). To investigate the role of NEMO ablation in the regulation of IL6/STAT3 

axis, I quantified the transcript level of Il6 and the phosphorylated level of STAT3. Quantitative 

RT- PCR revealed a strong tendency of Il6 upregulation in KC compared to KNeC pancreata 

(Figure 11A). In a similar manner, WB analysis revealed increased level of phosphorylated 

STAT3 in KC compared to KNeC pancreata, indicating that NEMO deletion inhibited the 

activation of IL6/STAT3 pathway (Figure 11B). 

The RAS/MAPK pathway is one of the most crucial components in the establishment of 

PDAC. Multiple studies have shown that the downstream effectors of RAS, ERK1 and ERK2, 

play an essential role in the development and progression of PanINs (Ling et al. 2012; Maier et al. 

2013). Thus,  I questioned whether  constitutively active KRAS is  present at the same  level in 
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both groups as well as if ERK1 and ERK2 are active at the pancreata of cerulein-injected KC 

and KNeC mice. Western blot analysis revealed that KRASG12D was present in both groups with 

no overt difference. However, while ERK1/2 was strongly phosphorylated in the pancreata of 

KC mice, this was not the case in the absence of NEMO, where the phosphorylation of ERK1/2 

was partially blocked (Figure 11B). Interestingly, I observed that cerulein-injected NeC mice 

exhibited stronger phosphorylation of ERK1/2 compared to cerulein-injected WT mice (Figure 

11B). 

The RAS/MAPK and canonical NF-κB pathways are regulators of cell proliferation. Since 

both pathways were downregulated or blocked, respectively, in cerulein-injected KNeC mice, I 

examined whether the proliferation rate of lesion cells in the absence of NEMO was affected by 

staining against Ki67, a cell proliferation marker. Precancerous lesions from cerulein-injected KC 

mice demonstrated a proliferation rate of approximately 8%, while in the absence of NEMO the 

proliferation rate was reduced to 4.5% (Figure 11C). 
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Figure 11: NEMO ablation reduces the activation of ERK/MAP kinase and STAT3 pathways as well as the 

proliferation rate of neoplastic cells in cerulein-injected KC mice at the age of 8 weeks.  (A) Quantitative RT-PCR  

for the expression of Il6 in pancreatic tissue of saline- or cerulein-injected mice, given relative to saline-injected 

WT mice, which were set to 1 (cerulein-injected KC and KNeC groups: N≥7 mice/group, rest of the groups: N≥3 

mice/group). (B) Left: Western Blot analysis of pancreatic protein extracts of saline- or cerulein-injected WT, NeC, 

KC and KNeC mice. GAPDH was used as a loading control. Right: Quantification of Western Blot analysis for the 

cerulein-injected KC and KNeC mice. The diagrams show the quantification of the pERK1/GAPDH, 

pERK2/GAPDH and pSTAT3/GAPDH ratios, given relative to cerulein-injected KC mice, which were set to 1 

(N≥4/group). (C) Left: Immunohistochemical analysis of proliferating cells with antibody against Ki67 on 

pancreatic sections of cerulein-injected KC and KNeC mice. Right: Percentage of Ki67+/total cells of the 

precancerous lesions (N≥7 mice/group). 

 

 
3.1.4 NEMO ablation drastically reduces the total number of PanINs in 

10-month-old cerulein-injected KC mice 

Previous experiments performed in our lab revealed that 10-month-old KC mice lacking 

NEMO (non-injected) exhibited a drastic reduction in the prevalence of PanINs, but this effect 

was not present at young adult mice (t=7 weeks), indicating that NEMO ablation affected the 

development of PanINs only at later timepoints (Maier et al. 2013). Considering the differences I 

observed in the current study with respect to inflammation, fibrosis and proliferation of PanINs, 

I decided to analyze the mouse models at the timepoint of 10 months. Saline- and cerulein- 

injected WT and NeC mice did not develop any abnormal structures and their pancreata were 

histologically normal (Figure 12A). Pancreata from saline-injected KC mice developed PanINs, 

while the absence of NEMO diminished their number (Figure 12A). Finally, precancerous 

lesions of cerulein-injected KC mice replaced virtually the whole normal pancreatic 

parenchyma, covering in average 96% of the total pancreas. Notably, in the absence of NEMO, 

I observed a reduction in the field covered by abnormal structures by 32% and a reduction in 

the absolute number of precancerous lesions by 42% (Figure12B and 12C). Finally, I calculated 

the pancreatic weight to body weight ratio (pancreatic weight ratio). I observed that cerulein-

injected KC mice’s pancreatic ratio was higher than WT mice, while NEMO ablation reduced 

the pancreatic ratio to similar level of the WT mice (Figure 12D). 
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Figure 12: NEMO ablation reduces the development of PanINs by the age of 10 months. (A) H&E staining on 

pancreatic sections of 10-month-old saline- or cerulein-injected WT, NeC, KC and KNeC mice. Scale bar: 100 μm. 

(B) Quantification of the total precancerous lesions (ADMs and PanINs) on pancreatic sections of saline- or cerulein- 

injected KC and KNeC mice (saline-injected groups: N≥5 mice/group, cerulein-injected groups: N≥7 mice/group). 

(C) Percentage of the total abnormal field (precancerous lesions, cancer, fibrosis, inflammation) to the total field 

on pancreatic sections of cerulein-injected KC and KNeC mice (N≥7 mice/group). (D) Quantification of pancreatic 

weight to body weight ratio of saline- or cerulein-injected WT, NeC, KC and KNeC mice (cerulein-injected KC and 

KNeC groups: N≥7 mice/group, rest of the groups: N≥3 mice/group). 

 

Further, staining of tissue slides against α-amylase and quantification of the remaining exocrine 

compartment of the pancreas was performed. It is worth mentioning that while ADMs are 

shifting towards a ductal-like phenotype, occasionally they continue expressing α-amylase. 
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Thus, to exclude α-amylase+ ADMs, the tissue sections were co-stained against α-amylase and 

CK19, a marker expressed by pancreatic ductal cells (including ADMs and PanINs) (Zapata et 

al. 2007). To evaluate the number of acinar cells, I only accepted cells that were α-amylase+ and 

CK19-. Analysis of WT and NeC pancreata revealed that the biggest majority of the cells were 

stained positive for α-amylase and negative for CK19. Conversely, KC pancreata had only few 

remaining α-amylase+/CK19- cells, approximately 5%. Finally, KNeC pancreata had 

approximately 50% of the total pancreas covered by α-amylase+/CK19- cells, indicating that 

NEMO deletion supported the partial preservation of the exocrine compartment in KC pancreata 

(Figure 13). 

 

 
Figure 13: NEMO ablation supports the maintenance of the acinar cells in cerulein-injected KC mice by the age 

of 10 months. Left: Visualization of α-amylase+ and CK19+ cells on pancreatic sections of cerulein-injected WT, 

NeC, KC and KNeC mice. Nuclear staining with DAPI, scale bar: 100 μm. Right: Percentage of field covered by 

α-amylase+/CK19- cells to the field covered by the total number of cells on pancreatic sections (N≥7 mice/group).
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3.1.5 Pancreas-specific NEMO ablation accelerates the progression of pre-

cancerous lesions to cancer 

Next, I classified the grade of precancerous lesions of 10-month-old cerulein-injected KC 

and KNeC mice. Pancreata of KC mice were mostly covered by low-grade PanINs and some 

ADMs, while very few cases of high-grade PanINs were detected. In contrast, in the absence of 

NEMO, there was a drastic reduction in the number of low-grade PanINs, while interestingly, I 

detected more ADMs. Finally, to my biggest surprise, KNeC mice developed significantly more 

high-grade PanINs than KC mice (Figure 14A and 14B). 

Since KNeC pancreata developed more high-grade PanINs, I questioned whether KNeC 

mice developed PDAC faster than KC mice. Comprehensive examination of the pancreatic 

tissue revealed that no KC mouse developed PDAC by the age of 10 months. Conversely, in the 

absence of NEMO, 4 out of 10 mice developed PDAC, with 1 of them having moderately 

differentiated (G2) PDAC and 3 of them having poorly differentiated (G3) PDAC (Figure 14C). 

 

 

Figure 14: NEMO ablation accelerates the progression of precancerous lesions to cancer. (A) H&E staining on 

pancreatic sections of cerulein-injected KC and KNeC mice (t=10 months). Arrow: low-grade PanIN, arrowhead: 

high-grade PanIN. Scale bar: 100 μm. (B) Quantification of ADMs, low-grade and high-grade PanINs on pancreatic 

sections  of  cerulein-injected  KC and  KNeC  mice (t=10 months,  N≥7 mice/group). (C)  Percentage  of  cancer 
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development and grading of cancer for cerulein-injected KC and KNeC mice (t=10 months, N=10 mice/group). 

Cancer grading of the samples was performed by Prof. Dr. Thomas Barth. 

 

Summarizing the abovementioned results, I observed that pancreata from cerulein-injected 

KC mice exhibited virtually a complete replacement of their exocrine compartment by PanINs, 

while NEMO deletion partially blocked this replacement. Strikingly, at the same time, NEMO 

deletion promoted the development of pancreatic cancer. To evaluate whether the complete 

replacement of the normal pancreas or the establishment of pancreatic cancer is more lethal, I 

euthanized the mice when they reached their humane endpoint (HEP) and compared their 

survival rate (Figure 15A). Kaplan-Meier survival analysis revealed that cerulein-injected KC 

mice demonstrated a median survival of 465 days, while NEMO ablation significantly reduced 

their lifespan (median survival=334 days). These results led us to examine the effect of the 

differential NEMO expression on the survival of pancreatic cancer patients. Therefore, I used 

the available database from Human Protein Atlas (HPA) and categorized the pancreatic cancer 

patients according to their survival and their expression level of NEMO (high expression or low 

expression). Similar to the abovementioned results, pancreatic cancer patients with high-NEMO 

expression exhibited a 5-year survival of 37% after the diagnosis, while low-NEMO expression 

patients had a poor 5-year survival of 23% (Figure 15B). 
 

 

Figure 15: NEMO ablation reduces the survival of cerulein-injected KC mice. (A) Kaplan-Meier survival curve for 
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cerulein-injected KC (pink line) and KNeC (blue line) mice (N=12 mice/group). (B) Kaplan-Meier survival curve 

for high expression (pink line) and low expression (blue line) of NEMO in pancreatic cancer patients. 

 

Progression of precancerous lesions towards cancer is attributed to accumulation of 

mutations from PanINs which alter the function of essential processes, such as DNA damage 

and immune response (Koorstra et al. 2009; Kirkegård et al. 2017). Due to inconsistency in the 

number of cell populations (for instance inflammatory, neoplastic, acinar cells) between the 

cerulein-injected KC and KNeC mice, a potential biochemical analysis using extracts derived 

from the whole pancreas would not deliver a precise depiction of the differences between the 2 

mouse models. Thus, I performed laser capture microdissection to isolate precancerous lesions, 

extracted the RNA from the selected tissue and performed RNAseq analysis. To examine the 

consequences of NEMO deletion in cerulein-injected KC mice, I performed GSEA on the RNA-

seq results. Interestingly, I identified a signature associated with the neoplasm of the pancreas, 

which includes genes regulated in high-grade PanINs, that was highly enriched in KNeC 

compared to KC mice (NES=1.828) (Figure 16A). 

Primary cilia are non-motile organelles expressed in epithelial cells and are involved in many 

cellular processes due to their ability to receive and elaborate different signals (Sabanovic et al. 

2020). These structures are expressed in ducts of the pancreas and ADMs but are virtually absent 

in PanINs and PDAC (Seeley et al. 2009). Since I detected differences in the number of 

precancerous lesions (ADMs, PanINs) in KC and KNeC mice, I analyzed the RNAseq data for 

potential differences in the expression of cila-associated proteins. GSEA revealed that genesets 

associated with cilia assembly, organization and transport were highly enriched in KNeC 

compared to KC mice (Figure 16B). Next, I co-stained KC and KNeC pancreata against 

acetylated-tubulin (AT) and ARL13B, since positive staining for both antibodies is used as a 

marker for the presence of cilia. In addition, to distinguish between ADMs and PanINs of 

positively and negatively stained cells, I performed serial staining of AT and ARL13B with H&E. 

As illustrated in Figure 16C, I could indeed verify that KNeC pancreata consisted mostly of 

ADMs that were double positive AT and ARL13B, whereas high-grade PanINs of KNeC mice 

were negative for AT and ARL13B. Finally, KC pancreata were covered by low-grade PanINs 

that were also negative for the cilia markers, indicating that the observed difference in the cilia-

associated genesets was the result of the increased ADM numbers in KNeC pancreata. 
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Figure 16: NEMO ablation supports the expression of cilia-associated markers in precancerous lesions of cerulein- 

injected KC mice. (A) GSEA of cerulein-injected KC and KNeC mice for the geneset: neoplasm of the pancreas 

(t=10 months, N=3 mice/group). (B) GSEA of cerulein-injected KC and KNeC mice for cilia-associated genesets 

(t=10 months, N=3 mice/group). (C) Serial sections for acetylated tubulin (AT)+/ARL13B+ and H&E staining on 

pancreatic sections of cerulein-injected KC and KNeC mice. arrow: ADM, arrowhead: low-grade PanIN, asterisk: 

high-grade PanIN, nuclear staining with DAPI, scale bar: 100 μm.
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3.1.6 NEMO ablation in pancreas blocks the oncogene-induced senescence 

in precancerous neoplastic cells 

Next, I explored a mechanistic explanation where NEMO ablation could accelerate the 

progression of pancreatic cancer. It is known that oncogene-activating mutations, including 

mutations in the KRAS oncogene, promote the activation of oncogene-induced senescence (OIS) 

program. As a result, PanIN1 lesions do not progress to higher-grade PanINs (Caldwell et al. 

2012). Importantly, it has been shown that NF-κB pathway is necessary for the establishment of 

OIS and inhibition of that pathway releases the restrains of senescence and accelerates the 

development of cancer (Lesina et al. 2016; Wang et al. 2009). To investigate whether NEMO 

ablation affects the establishment of PDAC through inhibition of OIS, I stained pancreatic 

sections of cerulein-injected KC and KNeC mice with X-gal and investigated the activity of 

senescence associated β-galactosidase (SA-β-Gal), which is a commonly used marker of 

senescence. While in KC pancreata the majority of precancerous lesions was scored as positive 

for the activity of SA-β-Gal (approximately 59%), there was a dramatic reduction of SA-β-Gal 

activity in precancerous lesions in the absence of NEMO (approximately 17% positive 

precancerous lesions) (Figure 17A). 

Sudan Black B (SBB) lipophilic staining is well known to specifically react against 

lipofuscin, an aggregate of oxidized lipids, proteins and metals, which accumulates in aged post-

mitotic or senescent cells (Evangelou and Gorgoulis 2017; Katz et al. 1984). SBB+ lipofuscin 

aggregates are visualized as dark blue or black granules and can be normally detected 

perinuclearly to the cytoplasm of the cell (Georgakopoulou et al. 2013). To further evaluate if 

precancerous lesions of KC and KNeC pancreata are senescent, I performed SBB staining and 

quantified the positive precancerous lesions. I observed that 33% of the precancerous lesions 

from KC pancreata were positively stained by SBB, while in the absence of NEMO only 3% of 

the precancerous lesions were positively stained (Figure 17B), supporting the hypothesis that 

NEMO ablation inhibits the OIS. 
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Figure 17:(A) NEMO ablation removes the barrier of oncogene-induced senescence (OIS) in precancerous lesions 

of cerulein-injected KC mice. Left: X-gal staining of pancreatic tissue from cerulein-injected KC and KNeC mice 

(t=10 months). Scale bar: 100 μm. Right: Percentage of beta-galactosidase+ precancerous lesions to the total lesions 

( N≥10 mice/group). (B) Histochemical analysis of senescent cells by Sudan Black B (SBB) staining on pancreatic 

tissue from cerulein-injected KC and KNeC mice (t=10 months). Scale bar: 100 μm. Right: Percentage of SBB+ 

precancerous lesions to the total lesions (N≥7 mice/group). 

Senescence-associated secretory phenotype (SASP) genes are upregulated as a result of the 

cell being in a senescent state. They are secreted to the extracellular matrix and support the 

inflammation, a master regulator of PanIN development. Therefore, I examined the 

consequences of NEMO ablation in the transcription of SASP genes. I generated a geneset based 

on 23 SASP genes that are upregulated under OIS (Coppé et al. 2010) and detected that NEMO 

ablation strongly depleted the enrichment of the OI-SASP factors geneset (NES= –1.898) 

(Figure 18A). 

Since NEMO ablation strongly reduced the transcription of SASP genes, I questioned 

whether NEMO deletion affected the ability of precancerous lesions to promote an inflammatory 

response. At first, I observed that the GSEA signature associated with the inflammatory 

response was depleted in KNeC compared to KC precancerous lesions (Figure 18A). In addition, 

I investigated the immune reaction in 10-month-old cerulein-injected KC and KNeC mice and 

performed CD45 staining to quantify the number of CD45+ cells.  Similar to the observation of 

the  8-week-old  mice,  KC  pancreata  were  characterized  by strong  infiltration  of  immune



59  

cells, while mice lacking NEMO in their pancreata demonstrated a significantly weaker immune 

reaction (Figure 18B). 

Finally, I characterized the population of immune cells and performed F4/80, Ly6G, B220 

and CD3 staining in the pancreata from cerulein-injected KC and KNeC mice. As shown in Figure 

18C, the most prominent population in KC pancreata were macrophages (F4/80+), followed by 

T (CD3+) cells. The third most abundant population was neutrophils (Ly6G+ cells), while only 

few B (B220+) cells could be detected. Although cerulein-injected KNeC mice demonstrated a 

weaker immune reaction, no difference was observed in the percentages of the immune cell 

populations between the two groups. 
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Figure 18: NEMO ablation reduces the inflammatory response of cerulein-injected KC mice. (A) GSEA of cerulein- 

injected KC and KNeC mice for oncogene induced senescence associated secretory phenotype (OI SASP) factors- 

and inflammatory response-associated genesets (t=10 months, N=3 mice/group). (B) Left: Visualization of immune 

cell infiltration by staining against CD45 on pancreatic sections of 10-month-old cerulein-injected KC and KNeC 

mice. Nuclear staining with DAPI, scale bar: 100 μm. right: Quantification of the number of CD45+ cells (N≥7 

mice/group). (C) Visualization of immune cell subpopulations on pancreatic sections of 10-month-old cerulein- 

injected KC and KNeC mice with antibodies against F4/80, Ly6G, B220 and CD3. 

 

Oncogene-induced senescent cells have been associated with significant metabolic changes 

including alterations in the tricarboxylic acid cycle (TCA), oxidative phosphorylation as well as 

in lipid metabolism. These changes have been suggested to be necessary for stable senescence-

associated cell growth arrest, and overcoming these shifts could lead to tumorigenesis (Aird and 

Zhang 2014). I compared differences in the metabolism between cerulein-injected KC and 

KNeC mice using data from the RNA-seq analysis. GSEA revealed that genesets associated 

with the aforementioned characteristics were all depleted in the absence of NEMO (Figure 19). 
 

 

 

 
 

Figure 19: GSEA of cerulein-injected KC and KNeC mice for oxidative phosphorylation-, TCA cycle- and lipid 

metabolism-associated genesets (t=10 months, N=3 mice/group). 
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3.1.7 NEMO ablation in pancreas accelerates proliferation and increases 

DNA damage in precancerous neoplastic cells 

E2F is a family of transcription factors promoting the transcription of genes encoding cell 

cycle proteins and DNA replication factors that are necessary for proliferation and cell growth 

(Lanigan et al. 2011). During senescence, E2F factors are bound to retinoblastoma (RB) protein 

and remain inactive. GSEA analysis of the RNAseq data revealed that a signature associated with 

downstream targets of E2F was strongly enriched in NEMO-ablated precancerous lesions, 

indicating that in the absence of NEMO, precancerous lesions are not senescent and the 

machinery for proliferation and cell growth is active (Figure 20A). 

To validate that NEMO ablation is promoting the proliferation of precancerous lesions, I 

stained tissue sections of 10-month-old cerulein-injected KC and KNeC mice against Ki67. 

There, I observed an increased number of Ki67+ neoplastic cells in the absence of NEMO (Figure 

20B). Further, I examined the RNAseq data and identified that DNA-replication associated 

genesets were highly enriched in the absence of NEMO. 

DNA damage, and subsequent accumulation of mutations, is essential for the progression of 

low-grade to high-grade PanINs and is promoted by the increased cell proliferation. I 

investigated whether NEMO ablation is affecting the accumulation of DNA damage in 

precancerous lesions. To compare the DNA damage in cells of KC and KNeC pancreata, I 

analyzed the results from the RNAseq. I observed that genesets associated with recombinational 

repair, double stand break repair, abnormality of DNA repair and chromosomal breakage were 

highly enriched in KNeC mice compared to KC mice, indicating that NEMO ablation promoted 

the accumulation of DNA damage in neoplastic cells, thus supporting the development of 

pancreatic cancer. 
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Figure 20: NEMO ablation increases the proliferation and the accumulation of mutations of precancerous lesions 

of cerulein-injected KC mice. (A) GSEA of cerulein-injected KC and KNeC mice for E2F target-associated gene- 

sets (t=10 months, N=3 mice/group) (B) Left: Immunohistochemical analysis of proliferating cells with antibody 

against Ki67 on pancreatic sections of 10-month-old cerulein-injected KC and KNeC mice. Right: Percentage of 

Ki67+/total cells of the precancerous lesions (N≥7 mice/group). (C) Heatmaps and GSEA of cerulein-injected KC 

and KNeC mice for DNA replication-associated genesets (t=10 months, N=3 mice/group). (D) Heatmaps and GSEA 

of cerulein-injected KC and KNeC mice for DNA damage-associated genesets (t=10 months, N=3 mice/group). 
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3.2 Part 2: The role of NEMO in pancreatic cancer growth, 

metastasis and survival 

3.2.1 Generation of mouse models 

In order to analyze the role of NEMO in pancreatic cancer growth, invasiveness, metastasis 

and survival, I crossed mice expressing the cre recombinase under the Pdx1 promoter, with mice 

carrying a KRASG12D allele, floxed p53 alleles, and/or a floxed Ikbkg allele (homozygous floxed 

Ikbkg in female). The generated mouse models of this study are depicted in Table 5. 
 

Table 5: Nomenclature of the mouse models used in part 2 of the project. 

 
Pancreata of mice were analyzed at three different timepoints: 8 weeks, 12 weeks or when 

the mice were in a moribund state and have reached their humane endpoint (HEP) (Figure 21A). 

For the verification of NEMO ablation, I performed immunoblotting of protein extracts from 

pancreata of WT and Pdx1-cre;p53fl/fl;NEMOfl/fl (PNeC) mice. As illustrated in Figure 21B, 

NEMO expression was virtually absent in PNeC mice. I did not use KPC and Pdx1- 

cre;KRASG12D;p53fl/fl;NEMOfl/fl (KPNeC) pancreata to identify NEMO ablation due to potential 

development of neoplasia that is accompanied by infiltration of immune cells and proliferation 

of fibroblasts (Tsesmelis et al. 2021). These immune cells and fibroblasts do not express the Cre-

recombinase and there- fore are normally expressing NEMO, which renders the detection of 

NEMO ablation inaccurate. 
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Figure 21: Timepoint analysis schedule and verification of NEMO ablation. (A) Cohort timepoint analysis. 

(B) Western blot analysis of pancreatic protein extracts from WT and Pdx1-Cre;p53fl/fl;NEMOfl/fl (PNeC) mice. 

GAPDH was used as a loading control. Modified from Tsesmelis et al. 2021, CC BY 4.0, 

https://creativecommons.org/licenses/by/4.0/ 

 

 
3.2.2 NEMO ablation slightly delays the development of pancreatic cancer 

at 8 week-old KPC mice 

At the timepoint of 8 weeks, WT, NeC, Pdx1-cre;p53fl/fl (PC) and PNeC pancreata (all 

missing the oncogenic KRAS) displayed no signs of precancerous lesions, fibrosis or 

inflammation and were histologically normal (Figure 22A) (Tsesmelis et al. 2021). Pancreata 

from KC and KNeC mice developed at this early time-point very few precancerous lesions 

including acinar-ductal metaplasias (ADMs) and PanINs. In addition, low levels of 

inflammation and fibrosis were present in the periphery of the precancerous lesions, but 

generally NEMO deletion did not alter the development of precancerous lesions or the induction 

of inflammation and fibrosis at the age of 8 weeks (Figure 22A). 

Histological analysis of KPC and KPNeC pancreata, in which the tumor suppressor p53 is 

deleted to accelerate PDAC formation, revealed the development of neoplastic structures in both 

groups (Figure 22B) (Tsesmelis et al. 2021). To identify potential differences in the development 

of precancerous lesions, I quantified the number of ADMs, low-grade and high-grade PanINs 

as well as the total field covered by neoplasia. I did not observe any significant difference in the 

number of any subtype of pancreatic lesions between KPC and KPNeC mice (Figure 22C). In 

addition, KPC and KPNeC pancreata had approximately 26% and 31% of their normal pancreas 

replaced by neoplastic structures respectively, while the majority of the remaining field was still 

covered by normal acinar cells (Figure 22D). 

To investigate possible alterations in the exocrine compartment of the pancreas, sections of 

KPC and KPNeC pancreata were stained against α-amylase, a specific marker of acinar cells. I 

identified that the acinar field was covering on average 62% and 56% of the KPC and KPNeC 

pancreata respectively, thus no overt difference between the two groups was observed (Figure 

22E) (Tsesmelis et al. 2021). 

Further, KPC and KPNeC pancreata were examined to evaluate the development of 

pancreatic cancer. Each group developed pancreatic cancer in 25% of all cases. All KPC tumors 

were poorly differentiated (G3) while KPNeC tumors were moderately differentiated (G2) 

(Figure 22B and 22F) (Tsesmelis et al. 2021). In addition, there were some cases where early 

invasive cancer cells were detected. These cells had already crossed the basement membrane but 

they were still single cells, thus they did not fulfill  the criteria of full-blown pancreatic  cancer. 
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I detected 62.5% of KPC and 37.5% of KPNeC pancreata with early invasive cancer cells that 

had not yet developed full-blown PDAC (Figure 22F). These results indicate that KPC and 

KPNeC mice developed PDAC at the same rate at the timepoint of 8 weeks with minor 

diversities in the differentiation status. 
 

 

 
 

Figure 22: NEMO ablation is not affecting the development of precancerous lesions and PDAC of 8-week-old 
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KPC mice.  (A) H&E staining on pancreatic sections of 8-week-old WT,  NeC, Pdx1-cre;p53fl/fl  (PC), PNeC,   KC 

and KNeC mice. Scale bar: 100 μm. (B) H&E staining on pancreatic sections of 8-week-old Pdx1- 

cre;KRASG12D;p53fl/fl KPC and Pdx1-cre;KRASG12D;p53fl/fl;NEMOfl/fl KPNeC mice. Scale bar: 100 μm. (C) 

Percentage of the total abnormal field (precancerous lesions, cancer, fibrosis, inflammation) to the total field on 

pancreatic sections of 8-week-old KPC and KPNeC mice (N≥7 mice/group). (D) Quantification of ADMs, low- 

grade and high-grade PanINs on pancreatic sections of 8-week-old KPC and KPNeC mice (N=6 mice/group). (E) 

Left: Visualization of α-amylase+ cells on pancreatic sections of 8-week-old KPC and KPNeC mice. Nuclear staining 

with DAPI, scale bar: 100 μm. Right:  Percentage of field covered by α-amylase+ cells to the field covered by the 

total amount of cells on pancreatic sections (N≥6 mice/group). (F) Percentage of cancer development and grading 

of cancer of 8-week-old KPC and KPNeC mice (N=6 mice/group). Differentiation status was evaluated by Dr. 

Katja Steiger. Modified from Tsesmelis et al. 2021, CC BY 4.0, https://creativecommons.org/licenses/by/4.0/ 

Immune response is an essential regulator of pancreatic cancer development. Therefore, I 

examined the infiltration of immune cells to both KPC and KPNeC pancreata. Histological 

analysis revealed that approximately 83% of KPC and KPNeC pancreata were infiltrated by 

immune cells (Tsesmelis et al. 2021). To further evaluate the infiltration of immune cells, I 

performed CD45 staining to detect leukocytes in the pancreas. After quantification, I observed a 

slight tendency of more CD45+ cells in the absence of NEMO (Figure 23). 
 

Figure 23: Left: Visualization of immune cell infiltration by staining against CD45 on pancreatic sections of 8- 

week-old KPC and KPNeC mice. Scale bar: 100 μm. Right: Quantification of the number of CD45+ cells (N=6 

mice/group). 

 

 

3.2.3 Pancreatic cancer development and growth are insusceptible to 

NEMO ablation in KPC mice at the timepoint of 12 weeks 

To track the progression of pancreatic cancer and the fate of the remaining normal pancreas, 

I analyzed the mice at the timepoint of 12 weeks. Similar to 8 weeks, WT, NeC, PC and PNeC 

pancreata displayed no signs of abnormal structures. KC and KNeC pancreata displayed again
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very few ADMs and PanINs, while slight inflammation and fibrosis were present only in the 

periphery of precancerous lesions (Figure 24A) (Tsesmelis et al. 2021). In contrast, all KPC and 

KPNeC pancreata were virtually completely replaced by full blown-PDAC, infiltrating immune 

cells and a strong desmoplastic reaction at the time-point of 12 weeks (Figure 24B). In particular, 

neoplastic structures, including inflammation and fibrosis, were covering in average 93.6% of 

KPC and 87.6% of KPNeC pancreata (Figure 24C). 
 

 

 
Figure 24: NEMO is dispensable for the development of pancreatic cancer in KPC mice. (A) H&E staining on 

pancreatic sections of 12-week-old WT, NeC, PC, PNeC, KC and KNeC mice. Scale bar: 100 μm. (B) H&E staining 

on pancreatic sections of 12-week-old KPC and KPNeC mice. Scale bar: 100 μm. (C) Percentage of the total 

abnormal field to the total field on pancreatic sections of 8-week-old KPC and KPNeC mice (N=8 mice/group). 

Modified from Tsesmelis et al. 2021, CC BY 4.0, https://creativecommons.org/licenses/by/4.0/ 

To identify if NEMO deletion is regulating tumor growth, I compared the pancreatic weight 

of the mice in relation to their body weight. While the pancreatic weight of KPC and KPNeC 

mice was increased in comparison to WT, no significant difference was observed between KPC 

and KPNeC pancreata (Figure 25A) (Tsesmelis et al. 2021). Moreover, I compared the 

proliferation  rate   of   neoplastic   cells   by   performing   Ki67/CK19   staining. From   the   total 
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population of CK19+ cells, I detected 11.6% Ki67+ cells in KPC pancreata and 13.2% Ki67+ 

cells in KPNeC pancreata, indicating no overt difference in the proliferation of neoplastic cells 

(Figure 25B). Finally, analysis of the differentiation status revealed that most tumors were 

moderately differentiated (G2) in both groups (Figure 25C). 

Figure 25: NEMO is not regulating the tumor growth in KPC mice. (A) Quantification of pancreatic weight to body 

weight ratio of 12-week-old WT, NeC, KC, KNeC, KPC and KPNeC mice (KPC and KPNeC groups: N=8 

mice/group, rest of the groups: N≥3 mice/group) (B) Left: Visualization of Ki67+ and CK19+ cells on pancreatic 

sections of 12-week-old KPC and KPNeC mice. Nuclear staining with DAPI, scale bar: 100 μm. Right: Percentage 

of Ki67+/CK19+ cells to the total number of CK19+ cells on pancreas sections (N=6 mice/group). (C) Percentage 

of cancer development and grading of cancer of 12-week-old KPC and KPNeC mice (N=8 mice/group). 

Differentiation status was evaluated by Dr. Katja Steiger. Modified from Tsesmelis et al. 2021, CC BY 4.0, 

https://creativecommons.org/licenses/by/4.0/ 

Next, I compared the total remaining exocrine compartment between KPC and KPNeC 

pancreata at the time-point of 12 weeks. Immunofluorescence staining against α-amylase 

revealed that only few acinar cells were still present in both groups. Specifically, acinar cells 

were covering 10% of the KPC and 13% of the KPNeC pancreata, indicating that the exocrine 

properties of both KPC and KPNeC pancreata were seriously hampered (Figure 26A) (Tsesmelis 

et al. 2021). 

Immune reaction in PDAC patients is localized to the juxtatumoral stromal compartment (Ene-

Obong et al. 2013). While immune cells are attracted towards pancreatic cancer cells, the 

majority of them cannot infiltrate the tumor due to strong desmoplastic reaction and only few can 
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reach their target (Ene-Obong et al. 2013). To investigate the localization of the immune cells 

and  the extent of  desmoplasia in KPC and KPNeC pancreata, I stained  tissue slides against  the 

pan-leukocyte marker CD45 or performed AZAN Trichrome staining. As illustrated in Figure 

26B, most immune cells were concentrated in the periphery of the tumor in both groups while 

only few of the immune cells could actually invade and reach the core of the tumor. In addition, 

quantification of the fibrotic area by AZAN staining did not reveal any overt difference between 

the two groups (Figure 26C) (Tsesmelis et al. 2021). The abovementioned results indicate that all 

KPC and KPNeC mice developed PDAC with 100% penetrance at the age of 12 weeks with no 

significant differences in their immune and fibrotic reaction. 

Figure 26: NEMO is not affecting the total acinar field and inflammation in KPC mice. (A) Left: Visualization of 

α-amylase+ cells on pancreatic sections of 12-week-old KPC and KPNeC mice. Nuclear  staining with  DAPI,  scale
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bar: 100 μm. Right: Percentage of field covered by α-amylase+ cells to the total number of cells (N=6 mice/group). 

(B) Left: Visualization of immune cell infiltration by staining against CD45 on pancreatic sections of 12-week-old 

KPC and KPNeC mice. Scale bar: 100 μm. Right: Quantification of the number of CD45+ cells (N=6 mice/group). 

(C) Visualization of fibrosis by AZAN staining on pancreatic sections of KPC and KPNeC mice, scale bar: 100 μm. 

Right: Quantification of fibrotic area (N≥4 mice/group). Modified from Tsesmelis et al. 2021, CC BY 4.0, 

https://creativecommons.org/licenses/by/4.0/ 

 

 
3.2.4 Pancreas-specific NEMO ablation increases the lifespan of KPC mice 

Next, I evaluated the effect of NEMO ablation on the survival of the mice. Moribund mice 

from both groups were characterized by breathing difficulties, reduced vigilance, limited 

mobility while they occasionally developed jaundice. Analysis of the differentiation status of 

the tumors revealed minor diversities with most KPC tumors being moderately differentiated 

(G2), whereas most KPNeC tumors were poorly differentiated (G3) (Figure 27A and 27B) 

(Tsesmelis et al. 2021). Importantly, Kaplan-Meier survival analysis revealed that KPNeC mice 

displayed an expanded lifespan (median survival of KPNeC mice = 98.5 days) compared to KPC 

mice (median survival of KPC mice = 85 days) (Figure 27C). Therefore, I investigated possible 

causes that affected the survival of the mice. Notably, I observed that most KPC mice displayed 

a swollen belly, indicative of ascites development, much earlier than KPNeC mice. 
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Figure 27: NEMO deletion increases the lifespan of KPC mice. (A) Kaplan-Meier survival curve for KPC (pink 

line) and KPNeC (blue line) mice (N=12 mice/group). (B) H&E staining on pancreatic sections of HEP-analyzed 

KPC and KPNeC mice. Scale bar: 100 μm. (C) Grading of cancer of HEP-analyzed KPC and KPNeC mice (N=12 

mice/group). Differentiation status was evaluated by Dr. Katja Steiger. Modified from Tsesmelis et al. 2021, CC 

BY 4.0, https://creativecommons.org/licenses/by/4.0/ 

 

Malignant ascites, an accumulation of fluid with cancer cells in the abdominal cavity, is a 

common complication in human patients with pancreatic cancer (Hicks et al. 2016). Causes of 

malignant ascites development include spreading of cancer to the abdomen, lymphatic vessel 

obstruction and portal hypertension. In addition, malignant ascites regularly appears in cases 

where pancreatic cancer has already metastasized and is generally associated with very poor 

prognosis (Baretti et al. 2019). Most importantly, the KPC mouse model is able to recapitulate 

the development of ascites (Ariston Gabriel et al. 2020). In the study, 75% of the KPC mice 

developed ascites at the timepoint of 12 weeks, with 50% of these cases being hemorrhagic. 

Conversely, only 12.5% of the 12-week-old KPNeC mice developed ascites at the same 

timepoint, and all of them were non-hemorrhagic (Figure 28A) (Tsesmelis et al. 2021). 

Interestingly, 62.5% of KPNeC mice displayed slight intraabdominal exudation, indicating 

potential fluid accumulation and ascites development at a later timepoint. In contrast, analysis 

at the HEP revealed no overt difference between the two groups with 81.8% of the KPC and 

72.7% of the KPNeC mice having developed ascites while being at a moribund state (Figure 

28A). Ascites development was not likely a result of peritoneal carcinomatosis since no 

peritoneal metastasis was observed. However, elevated levels of aspartate transaminase (AST) 

and alanine transaminase (ALT) were detected in the serum of the mice, indicating that portal 

hypertension or liver injury could have been a cause of ascites (Figure 28B). 

To evaluate the malignancy of the formed ascites, I isolated cells from the accumulated fluid 

in the abdomen of HEP-analyzed mice and stained them against CK19 to identify pancreatic 

cancer cells. Strikingly, ascites deriving from KPC mice was considerably richer in CK19+ cells 

compared to KPNeC mice, indicating that the expression of NEMO is supporting the detachment 

of pancreatic tumor cells from the primary tumor (Figure 28C and 28D). I further noticed that 

ascitic CK19+ cells from KPC mice tended to cluster, a feature that has been associated with 

increased metastatic properties (Aiello et al. 2018). I detected CK19+ cell clusters in all cases of 

ascites deriving from KPC mice, whereas in the absence of NEMO, I did not observe any CK19+ 

cell clusters (Figure 28E). Staining of CD45 indicated that immune cells were abundant in 

ascites (Figure 28F). 
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Figure 28:  NEMO deletion reduces the likelihood of KPC mice developing ascites at the timepoint of 12 weeks. 

(A) Grading of ascites development in 12-week-old KPC and KPNeC mice (N=8 mice/group). (B) Quantification 

of aspartate transaminase (AST) and alanine transaminase (ALT) levels in the serum of the indicated groups. (U/L 

= Units / Liter; serum from KPC and KPNeC mice was extracted at their HEP; serum from WT mice was extracted 

at the age of 12 weeks; N≥7 mice/group. (C) Visualization of CK19+ ascitic cells isolated from HEP-analyzed KPC 

and KPNeC mice. Nuclear staining with DAPI, scale bar: 100 μm. (D) Percentage of CK19+ cells to the total 

number of ascitic cells (N=3 mice/group). (E) Percentage of CK19+ cell clusters per 100 ascitic cells (N=3 

mice/group). (F) Visualization of CK19+ and CD45+ ascitic cells isolated from HEP-analyzed KPC and KPNeC 

mice. Nuclear staining with DAPI, scale bar: 100 μm. Modified from Tsesmelis et al. 2021, CC BY 4.0, 

https://creativecommons.org/licenses/by/4.0/ 

 

 
3.2.5 Pancreas-specific NEMO ablation abrogates macro-metastasis in 

KPC mice and blocks EMT 

These findings indicated that whereas NEMO/NF-κB signaling is not crucial for primary 

tumor development in the KPC model, disease progress and most likely metastasis are altered. 

Therefore, I investigated whether NEMO ablation affects the metastatic properties of pancreatic 

cancer cells and analyzed the liver of KPC and KPNeC mice at their HEP. Examination of the 

liver revealed that 18.2% of the KPC mice developed liver macro-metastasis, while in the 

absence of NEMO, no mice were detected with liver macro-metastasis (Figure 29A) (Tsesmelis 

et al. 2021). Interestingly, I observed hepatocellular necrosis in the livers of KPC and KPNeC 

mice, possibly as a result of the pressure from the enlarged tumor towards the liver. 

To identify the presence of liver micro-metastasis, I cut the whole liver in sections. Ex- 

amination of the liver histology revealed established areas of metastatic tumor in 27% of KPC 

mice. Conversely, in the absence of NEMO, virtually all livers were free of cancer cells with the 

exception of one mouse, where a small area of cancer cells was detected (Figure 29A) (Tsesmelis 

et al. 2021). 

Since p53 deletion strongly shortens the lifespan of both KPC and KPNeC mice, there is only 

a limited period where cancer cells can escape from the primary site of the tumor and metastasize. 

Therefore, KPC mice are not ideal to study whether NEMO ablation affects the establishment of 

metastasis. To tackle this obstacle, I compared the metastatic potency of NEMO-expressing and 

NEMO-ablated cancer cells using the cerulein-injected KC and KNeC mice. While cerulein 

administration pushed the development of PanINs and progression towards pancreatic cancer, 

these mice still exhibited a longer lifespan than KPC and KPNeC mice. Similar to the results of 

KPC and KPNeC mice, while 45% of cerulein-injected KC mice developed liver metastasis and 

9%  developed  lung  metastasis,  NEMO  deletion  strongly  reduced  the  liver  metastasis  ratio  
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5-fold  reduction)  and  completely  abrogated  any  chance  of  lung  metastasis  (Figure 29B). 

A widely accepted theory how cancer cells metastasize to distant organs is the activation of 

the EMT program (Kumar et al. 2013). EMT involves an alteration of the gene expression 

program of the epithelial cells towards a program typical for mesenchymal cells. It changes the 

shape of cancer cells, the composition of their adhesion molecules as well as their 

migrating/invasive properties, which subsequently favors metastasis. Previous studies in the 

field showed that the NF-κB pathway is essential for the regulation of EMT in various types of 

cancer including PDAC (Kumar et al. 2013; Huber et al. 2004b;a; Maier et al. 2010). Therefore, 

I analyzed the transcription level of EMT-associated genes in KPC and KPNeC mice at their 

HEP. With respect to transcription factors associated with EMT, I observed that NEMO deletion 

strongly reduced the level of Twist1, Snai1 and Snai2 (Tsesmelis et al. 2021). In addition, Cdh2 

and Vimentin, two mesenchymal cell markers, were also strongly downregulated in KPNeC 

mice, indicating that NEMO deletion diminished the EMT signaling (Figure 29C). Interestingly, 

tissue inhibitor of metalloproteinase 1 (Timp1), which is necessary for the establishment of a 

premetastatic niche in the liver and favors the establishment of macro-metastasis, was also 

downregulated in the absence of NEMO (Grünwald et al. 2016). 
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Figure 29: NEMO ablation abrogates macro-metastasis in KPC mice and blocks epithelial-mesenchymal transition 

(EMT). (A) Left: Visualization of gross anatomy of the liver and H&E staining on liver sections of HEP-analyzed 

KPC and KPNeC mice. Arrow: macro-metastasis, arrowhead: micro-metastasis, asterisk: necrosis. Scale bar: 100 

μm. Right: Quantification of liver macro- and micro-metastasis of HEP-analyzed KPC and KPNeC mice. (N=11 

mice/group). (B) Quantification of liver and lung metastasis of HEP-analyzed cerulein-injected KC and KPNeC 

mice. (C) Quantitative RT-PCR for the expression of the indicated transcripts in pancreatic tissue of HEP-analyzed 

KPC and KPNeC mice, given relative to KPC mice, which were set to 1 (N≥6 mice/group). Modified from 

Tsesmelis et al. 2021, CC BY 4.0, https://creativecommons.org/licenses/by/4.0/ 

 

To further confirm the down-regulation of the EMT program, I performed immunostaining in 

sections of KPC and KPNeC pancreata and examined the protein expression and the localization 

of EMT-associated markers. With respect to the Snail (Snai1) and Slug (Snai2) transcription 

factors, NEMO deletion strongly reduced their expression as well as their translocation to the 

nucleus (Figure 30A) (Tsesmelis et al. 2021). In addition, I could detect CK19+/Vimentin+ cells 

in KPC pancreata as a result of the EMT process, while the absence of NEMO diminished the 

number of these cells (Figure 30B). Similar to the results of the transcriptional analysis, E-

cadherin expression was not regulated in the absence of NEMO (Figure 30C). 
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Figure 30: NEMO ablation inhibits the epithelial-mesenchymal transition (EMT) program. (A) Visualization of 

Snail+Slug staining on pancreatic sections of 12-week-old KPC and KPNeC mice. Scale bar: 100 μm. (B) 

Visualization of CK19+ and Vimentin+ cells on pancreatic sections of 12-week-old KPC and KPNeC mice. Nuclear 

staining with DAPI. Arrow: Indicative CK19+/Vimentin+ cells, scale bar: 100 μm. (C) Visualization of CK19+ and 

E-cadherin+ cells on pancreatic sections of 12-week-old KPC and KPNeC mice. Nuclear staining with DAPI, scale 

bar: 100 μm. Modified from Tsesmelis et al. 2021, CC BY 4.0, https://creativecommons.org/licenses/by/4.0/
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3.2.6 NEMO ablation diminishes the migrating/invasive properties of 

KPC cells in ex-vivo conditions 

NEMO deletion hampered the activation of the EMT program and substantially reduced the 

liver metastasis rate in KPC mice. To analyze whether these observed changes in gene 

expression alter the invasive properties of KPC and KPNeC cells ex vivo, I isolated cancer cells 

from their respective primary tumors and established primary cancer cell cultures. First, I 

verified that the process of clearing the primary cancer cell population of fibroblasts and immune 

cells is successful by immunobloting protein extracts of KPNeC primary cultures against NEMO 

(Tsesmelis et al. 2021). While pancreatic cancer cells deriving from KPNeC mice do not express 

NEMO, fibroblasts and immune cells lack the Cre-recombinase and are normally expressing 

NEMO. Immunobloting revealed the absence of NEMO (Figure 31A), thus I could verify that 

the cell culture populations were free of fibroblasts and immune cells. 

Next, I evaluated the inhibition of the NF-κB signaling in the absence of NEMO. I first 

stimulated primary cancer cells of KPC and KPNeC pancreata with TNF-α. I then performed 

nuclear protein extraction and examined the level of nuclear p65 by western blot. While there 

was a strong accumulation of p65 in the nuclear fraction of KPC cells after TNF-α stimulation, 

this translocation was severely reduced in KPNeC cells (Figure 31B) (Tsesmelis et al. 2021). 

I then performed immunoblot analysis using protein extracts from KPC and KPNeC primary 

cultures and compared the expression level of EMT-associated markers. Notably, ZEB1, N-

cadherin and Slug, all EMT-associated markers, were downregulated in the absence of NEMO 

(Figure 31A) (Tsesmelis et al. 2021). These results indicated that the downregulation of EMT-

associated markers in the absence of NEMO is preserved ex vivo. 

Finally, primary cancer cells were established from 2 different KPC and 2 different KPNeC 

mice and invasive and migrating assays were performed. Strikingly, NEMO deletion hampered 

the invasive and migrating properties of the primary PDAC cells. Specifically, KPNeC cancer 

cells exhibited a 4-fold reduction in the number of migrating cells in the cell-migration assays 

(Tsesmelis et al. 2021). In addition, a 3-fold reduction in the number of invasive cells in the cell-

invasion assays was observed in the absence of NEMO (Figure 31C). To verify that the 

proliferation rate of the primary cancer cells did not affect the outcome of the invasion and 

migration assays, I compared their doubling time but observed no significant difference between 

the groups (Figure 31D). These findings revealed that blocking of the NF-κB signaling inhibited 

the invasive/migrating properties of pancreatic cancer cells both in vivo and ex vivo. 
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Figure 31: NEMO ablation diminishes the migrating/invasive properties of KPC cells ex-vivo. (A) Left: Western 

Blot analysis of primary cancer cell extracts from KPC and KPNeC mice. GAPDH was used as a loading control. 

Right: Quantification of the western blot analysis. The diagrams show the quantification of the ZEB1/GAPDH, N-

cadherin/GAPDH, E-cadherin/GAPDH and Slug/GAPDH ratios, given relative to KPC cells, which were set to 1 

(N≥2/group). (B) Left: Western blot analysis of nuclear protein extracts isolated from TNFα-treated KPC and 

KPNeC primary cancer cells. Lamin A was used as a loading control. Right: Quantification of the western blot 

analysis. The diagram shows the quantification of the RelA/Lamin A given relative to KPC cells, which were set 

to 1 (N=2/group). (C) Top: Cell migration and invasion assays of cancer cells harvested from cell cultures deriving 

from 2 distinct KPC and 2 distinct KPNeC mice. Bottom: Quantification of migrated and invasive cells derived 

from KPC and KPNeC cancer cells after 24 hours. Kanishka Tiwary helped with the cell migration and invasion 

assays. (D) Average time required for the doubling/proliferation of cancer cells derived from 2 different KPC and 

2 different KPNeC mice. Modified from Tsesmelis et al. 2021, CC BY 4.0, 

https://creativecommons.org/licenses/by/4.0/ 

 

 

3.3 Part 3: The role of NIK in pancreatic cancer 

 
3.3.1 Generation of mouse models 

In order to analyze the role of NIK in pancreatic cancer, I crossed mice expressing the Cre 

recombinase under the Pdx1 promoter, with mice carrying a KRASG12D allele, floxed p53 alleles, 

and/or floxed Map3k14 alleles. The generated mouse models of this study are depicted in Table 

6. 

Table 6: Nomenclature of the mouse models used in part 3 of the project. 



80  

Mice were analyzed when they reached their 8th week of age or when they reached their HEP 

(Figure 32A). For the verification of NIK deletion, I performed PCR and used specific primers to 

detect an amplicon of 400 kDA that is generated only after the recombination of the loxP sites in 

the Map3k14 allele. As shown in Figure 32B, samples from pancreata without the expression of 

Cre in the pancreas were negative for the abovementioned amplicon. Conversely, samples from 

pancreata with Cre expression in the pancreas and carrying floxed Map3k14 alleles were 

positive for the 400kDA amplicon. 

 

Figure 32: Timepoint analysis schedule and verification of NIK ablation. (A) Cohort timepoint analysis. (B) PCR 

analysis of pancreatic DNA extracts from Pdx1-cre-/NIKwt/wt, Pdx1-cre-/NIKfl/fl and Pdx1-cre+/NIKfl/fl mice. 

 

 
3.3.2 Pancreas-specific NIK ablation strongly reduces the survival rate of 

KPC mice 

I first analyzed KPC and KPNiC mice at their HEP to determine whether NIK deletion has a 

beneficial or detrimental effect on the survival of KPC mice. To my surprise, Kaplan-Meier 

survival analysis revealed that KPNiC mice had a shortened lifespan (median survival of KPNeC 

mice = 73.5 days) compared to KPC mice (median survival of KPC mice = 85 days) (Figure 33A 

and 33B). Further analysis of the pancreatic tissue revealed that all KPNiC mice reached their 

HEP due to complications caused by the development of PDAC. 

I next investigated why NIK deletion reduced the survival of KPC mice. It has been previously 

described that NIK (and the non-canonical NF-κB pathway) crosstalks with the canonical NF-

κB pathway and more specifically, stabilization of NIK could prevent the activation of the 

canonical pathway (Xiu et al. 2018). In addition, in part 2 of the project, I described that blocking 

the canonical  pathway increases the lifespan  of KPC mice. Thus, I questioned whether  NIK 
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deletion reduces the lifespan of the KPC mice by activating the -detrimental for the survival- 

canonical NF-κB pathway. To analyze a potential crosstalk between the canonical and non-

canonical pathway in pancreatic cancer, I crossed mice expressing the Cre recombinase under 

the Pdx1 promoter, with mice carrying a KRASG12D allele, floxed p53 alleles, a floxed Ikbkg 

allele (homozygous floxed Ikbkg in female) and/or floxed Map3k14 alleles, thus generating the 

KPNeNiC mouse model. Kaplan-Meier survival analysis revealed that KPNeNiC mice had a 

median lifespan of 71 days and did not exhibit any significant differences in their survival 

compared to KPNiC mice (median lifespan of KPNiC mice = 71 days) (Figure 33A and 33B). 

These findings suggest that inhibition of the non-canonical pathway blocks the beneficial effect 

of NEMO deletion in the survival of the mice. 
 

 

 
Figure 33: NIK deletion reduces the lifespan of KPC mice. (A) H&E staining on pancreatic sections of HEP- 

analyzed KPC, KPNeC, KPNiC and KPNeNiC mice. Scale bar: 100 μm. (B) Kaplan-Meier survival curve for KPC 

(green line), KPNeC (purple line), KPNiC (red line) and KPNeNiC (blue line) mice (N=12 mice/group). 
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3.3.3 NIK ablation accelerates the development of pancreatic cancer in 

KPC mice 

KPNiC mice exhibited a shorter survival than KPC mice. I hypothesized that cancer 

establishment is accelerated in the absence of NIK, thus I compared KPC and KPNiC mice at 

the timepoint of 8 weeks. As mentioned already in the second part of the project, all 8-week- 

old KPC mice developed precancerous lesions. Further, 62.5% of the mice were detected with 

early invasive cancer cells in their pancreata, while another 25% of them developed PDAC. In 

contrast, with the exception of one mouse, all KPNiC mice developed full-blown PDAC by the 

age of 8 weeks, indicating that NIK deletion accelerated the development of PDAC in the 

context of KPC mice (Figure 34A and 34B). In addition, the percentage of the pancreas covered 

by abnormal structures in 8 week-old KPC mice was relatively low, approximately 26%, 

whereas the abnormal field was covering in average 77% of the total pancreas in KPNiC mice 

(Figure 34C). Finally, I compared the pancreatic weight ratio, where I observed that in the 

absence of NIK, it was virtually doubled, indicating accelerated development of PDAC 

accompanied by inflammation and fibrosis (Figure 34D). 
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Figure 34: NIK deletion accelerates the development of PDAC. (A) H&E staining on pancreatic sections of HEP- 

analyzed KPC and KPNiC mice. Scale bar: 100 μm. (B) Percentage of KPC and KPNiC mice with established 

pancreatic cancer at the age of 8 weeks. (C) Percentage of the total abnormal field (precancerous lesions, cancer, 

fibrosis, inflammation) to the total field on pancreatic sections of 8-week-old KPC and KPNiC mice (N≥6 

mice/group). (D) Quantification of pancreatic weight to body weight ratio of 8-week-old KPC and KPNiC mice 

(N≥6 mice/group, rest of the groups: N≥3 mice/group). 
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4 Discussion 

 

4.1 Part 1: The role of NEMO in inflammation-driven devel- 

opment of pancreatic cancer 

NF-κB signaling, which is regulating critical cellular functions, has been associated with the 

development of precancerous pancreatic lesions and progression of precancerous lesions towards 

PDAC (Zhuang et al. 2017; Zhang and Rigas 2006). In the first part of the study, I investigated the 

role of NF-κB in these two processes using genetically-modified mice with pancreas-specific 

expression of oncogenic KRAS (KC mouse model) that were injected with cerulein to accelerate 

the development of PDAC. Cerulein administration promotes the development of pancreatitis and 

massive inflammation, which accelerates the development of PanINs. To blunt the canonical NF-

κB pathway, KC mice were crossed to NEMO-floxed mice, allowing pancreas-specific deletion 

of NEMO (KNeC mouse model). I discovered that NEMO deletion at 8-week-old KC mice had 

little effect on the development of precancerous lesions but diminished the immune and the 

fibrotic reaction. In contrast, analysis of 10-month-old KC mice revealed that NEMO deletion 

strongly decreased the total number of precancerous lesions. However, NEMO ablation led to the 

development of significantly more high-grade PanINs, which was accompanied by increased 

probability of KNeC mice developing PDAC by the age of 10 months. Precancerous lesions of 

KNeC mice were characterized by increased proliferation and accumulation of DNA-damage 

while they escaped from the OIS that is defining low-grade PanINs. Finally, survival analysis 

revealed that KNeC mice displayed a shorter lifespan than KC mice as a result of the accelerated 

PDAC development. 

 
4.1.1 Development of PanIN structures 

The role of NF-κB in the development of cancer has been meticulously studied in the past. 

NF-κB regulates inflammation, one of the hallmarks of cancer, thus it was first thought that 

inhibition of this pathway could be used as a treatment against different types of cancer (Colotta 
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et al. 2009). However, although inhibition of NF-κB can potentially hinder the development of 

some types of cancer including PDAC, there have been studies underscoring that the role of NF-

κB can be highly context- and cell type-dependent and blocking of this pathway can result in 

opposing results (Xia et al. 2014; Maier et al. 2013; Czauderna et al. 2019). For instance, while 

constitutive activation of the NF-κB pathway supports hepatocellular carcinoma development 

and progression, absence of NF-κB signaling in liver cells also significantly promotes liver cancer 

development (Czauderna et al. 2019). Therefore, the role of NF-κB has to be analyzed 

depending on each cancer type specifically but also depending on the circumstances and 

conditions that supported the development of cancer. The study highlighted that NEMO is 

dispensable for the development of precancerous lesions at 8-week-old saline- or cerulein-

injected KC mice. Quantification of the number of ADMs and PanINs did not reveal any overt 

difference in the absence of NEMO. 

While it is known that the canonical NF-κB pathway regulates the development of PDAC, it 

is possible that this regulation does not occur during the early life of mice. (Maier et al. 2013; 

Ling et al. 2012; Lesina et al. 2016).  Importantly, NF-κB is not the first pathway proposed to 

regulate the development of PanINs depending on the time of activity. Analysis of the role of 

oncogenic KRAS has revealed a time-dependent behavior concerning PanIN development 

(Guerra et al. 2007). Specifically, expression of oncogenic KRAS during the embryonic life of 

the mice results in the development of PanINs and eventually invasive PDAC. In contrast, 

expression of oncogenic KRAS only during the adult life of the mice is insufficient to initiate 

the development of PanINs. However, when these adult mice expressing oncogenic KRAS are 

subjected to cerulein injections, they develop the full spectrum of PanINs and PDAC (Guerra et 

al. 2007). These results pinpoint that the sole expression of oncogenic KRAS is insufficient to 

initiate the development of PanINs and must be accompanied by additional regulators including 

the expression of embryonic factors or the infiltration of immune cells. 

In this study, I used saline- and cerulein-injected KC and KNeC mice which express the 

oncogenic KRAS (and in case of KNeC have deleted NEMO) already during the developmental 

stage. Since NEMO ablation did not inhibit the development of PanINs at 8-week-old mice, I 

suggest that NF-κB does not regulate these necessary embryonic factors for the development of 

precancerous lesions and thus, is dispensable for the development of PanINs at young adult 

mice. 

While NF-κB did not directly regulate the development of PanINs at young mice, I observed 

that inflammation and fibrosis, which are strongly associated with the development of PanINs 

and PDAC, were reduced in the absence of NEMO (Steele et al. 2016; Thomas and Rad- 

hakrishnan 2019). Specifically,  I detected that  NEMO ablation  ameliorated the  infiltration  of 
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immune cells at 8-week-old cerulein-injected KC mice. Further analysis of the immune 

subpopulations revealed that the downregulation of the infiltration of immune cells was applied 

equally to macrophages, monocytes, T cells and B cells. With respect to the fibrotic reaction, 

NEMO ablation strongly reduced the transcription of mRNA transcripts indicative of active 

fibrotic cells including Col1α1 and Col3α1. AZAN staining revealed that KNeC pancreata 

displayed a weaker fibrotic reaction than KC pancreata. Finally, differences in the regulation of 

inflammation and fibrosis between KC and KNeC mice were detectable only in cerulein-injected 

mice and not in saline-injected mice. Since saline-injected KC mice did not exhibit any strong 

signs of inflammation or fibrosis at the age of 8 weeks, it is understandable that no difference 

was observed in the absence of NEMO. 

Further, I analyzed the activity of the STAT3 and ERK/MAPK pathways which are 

regulators of multiple cellular functions including inflammation (Yu et al. 2009; Lu and 

Malemud 2019). These pathways have also been implicated with the establishment of PanINs 

and PDAC and blocking of these two pathways inhibits the development of precancerous lesions 

(Fukuda et al. 2011; Mollinedo and Gajate 2019; Yu et al. 2009; Furukawa 2015). In the study, 

NEMO deletion strongly inhibited the phosphorylation of STAT3, ERK1 and ERK2 in cerulein-

injected mice, resulting in the inhibition of the aforementioned pathways. 

Collectively, these findings indicated that NEMO deletion seriously hampered the 

inflammatory and fibrotic response as well as the activation of STAT3 and ERK/MAPK 

pathways. Since the abovementioned pathways/processes regulate the development of PanINs, 

it is possible that NEMO deletion could reduce the development of precancerous lesions at a 

later time-point. 

Previous studies in the field have illustrated similar but also opposing results with the study 

with respect to NF-κB inhibition and inflammation. The results are highly context-dependent 

since regulation of different pathways/processes strongly altered the outcome. For instance, in a 

mouse model where oncogenic KRAS was expressed in the lung, it was shown that expression 

of the oncogenic KRAS exerts pro-inflammatory properties by upregulating the infiltration of 

alveolar macrophages and neutrophils and promotes the establishment of lung carcinoma (Ji et al. 

2006). In another study and in line with my observations, Ling et al. using the KC mouse model, 

discovered that KRAS leads to the activation AP1 complex, which subsequently promotes the 

transcription of IL-1α, the activation of the canonical NF-κB pathway and the initiation of the 

immune response. In the same study, IKK2 deletion and subsequently blocking of the canonical 

NF-κB signaling strongly inhibited this immune response (Ling et al. 2012). Finally, two 

independent studies, again in line with my observations, described that constitutively active 

IKK2 expression in the pancreas promotes the development of immune reaction and is even 

sufficient to induce pancreatitis (Aleksic et al. 2007; Baumann et al. 2007). 



87  

While the results of the previously-mentioned studies are in agreement with my findings, 

there have been studies where blocking of the NF-κB pathway in the pancreas exhibited 

contradicting results from my study. For instance, Chan et. al, using a mouse model of 

pancreatitis, demonstrated that NEMO ablation in the pancreas sustains the inflammation for a 

longer period, while in WT mice the inflammation resolves faster (Chan et al. 2017). 

Mechanistically, NEMO ablation activates the CXCL12/CXCR4 axis which causes the 

exacerbation of pancreatitis. In another study, RelA truncation resulted in widespread necrosis 

and fibrosis during pancreatitis (Treiber et al. 2011). Finally, similar results were also observed 

when mice with pancreas-specific IκBα deletion were induced with cerulein. IκBα deletion in 

the pancreas resulted in activation of the canonical NF-κB pathway which reduced the immune 

reaction compared to WT mice (Neuhöfer et al. 2013). While these results describe an anti-

inflammatory role of NF-κB in the pancreas and thus different results from my project, I shall 

underline that these studies did not use the KRAS oncogene and thus, the regulation of the 

inflammatory and fibrotic response though NF-κB may be ultimately different. 

 
4.1.2 Progression of PanINs 

Since NEMO deletion downregulated the inflammation, fibrosis and activation of STAT3 

and ERK pathways at 8-week-old mice, I hypothesized that the canonical NF-κB pathway may 

regulate the development and progression of PanINs later in the life of the mice. Analysis of 10- 

month old cerulein-injected mice revealed that KC pancreata were virtually completely covered 

by neoplastic structures, while in the absence of NEMO, only 60% of the field from the pancreata 

was replaced by neoplasia. Further, quantification of the total number of precancerous lesions 

revealed that NEMO ablation reduced their absolute number by 42%. In addition, immune 

reaction was again strongly downregulated in the absence of NEMO, similar to the 8-week-old 

mice. These results indicate that blocking of the canonical NF-κB pathway did not regulate the 

number of precancerous lesions at 8-week-old mice presumably because acute pancreatitis was 

active only for 2 weeks and NF-κB inhibition required additional time to exert its effect. 

However, NEMO deletion reduced the development of precancerous lesions at 10-month-old 

mice because NF-κB inhibition and subsequently immune suppression were effective for a 

considerably longer period. Taken together, NEMO exerted oncogenic properties at 10-month-

old KC mice. 

In line with my results, previous studies have described that the NF-κB pathway supports 

the development of PanINs (Maier et al. 2013; Ling et al. 2012). In a study performed using KC 

mice, pancreas-specific IKK2 deletion strongly reduced the development of low-grade PanINs 

at 5-month-old and 10-month-old mice but no difference was observed at 2-month-old mice, 
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supporting my hypothesis that NF-κB regulates PanIN development in older mice. Similar to 

my study, the reduced PanIN development was attributed to weaker immune reaction in the 

pancreata of IKK2-deleted mice. IKK2 deletion strongly reduced the expression of the Notch 

target gene HES1 and subsequently increased the expression of the anti-inflammatory nuclear 

receptor PPAR-γ. This anti-inflammatory response resulted in the reduction of PanIN 

development (Maniati et al. 2011). In addition, previously in our lab, I studied the role of NEMO 

in the development of PanIN and PDAC using KC mice but these mice were not subjected to 

injections. There, I observed that NEMO deletion reduced the total number of PanINs at 10-

month-old mice but not at 7-week-old mice. The reduction in the number of PanINs was again 

attributed to downregulation in the expression of pro-inflammatory and fibrogenic 

cytokines/chemokines (Maier et al. 2013). 

Grading of the neoplastic structures revealed that pancreata from cerulein-injected KC mice 

were mostly covered by low-grade PanINs. Surprisingly, in the absence of NEMO, low-grade 

PanINs were the minority whereas the number of ADMs and high-grade PanINs was 

significantly higher. The increased number of high-grade PanINs was translated to accelerated 

development of PDAC by the age of 10 months and reduced overall lifespan. Mechanistically, 

I demonstrated that NEMO deletion supported PanIN cells to escape from the OIS. OIS is a 

protective mechanism against the development of cancer and can be activated by the expression 

of oncogenic genes including KRAS (Baek and Ryeom 2017). Importantly, the NF-κB pathway 

is a master regulator of OIS and controls the expression of multiple senescence-associated 

cytokines, collectively termed “senescence-associated secretory phenotype (SASP)“ (Jing and 

Lee 2014). 

In my study, expression of the oncogenic KRAS led PanINs from KC mice to enter the OIS 

state which inhibited them from progressing towards high-grade PanINs. In KC mice, OIS cells 

secreted SASPs that support the infiltration of immune cells which will finally lead to the 

development of more low-grade PanINs. Thus, a loop was generated where low-grade PanINs 

supported the development of additional low-grade PanINs through the secretion of SASPs. In 

contrast, in the absence of NEMO, low-grade PanINs escaped from the OIS and did not secrete 

SASPs. Therefore, only few immune cells were infiltrating which in turn could not support the 

development of new low-grade PanINs. However, since these low-grade PanINs escaped from 

the OIS, they displayed accumulation of DNA damage and increased proliferative properties 

which finally accelerated the development of PDAC. Taken together, NEMO exerted both 

oncogenic and tumor-suppressive properties at 10-month-old KC mice. 

Activation of the NF-κB pathway is known to support the proliferation of cells (Brantley et 

al. 2001). However, in my study, I identified that NEMO deletion accelerated the proliferation 



89  

of PanINs at 10-month-old mice. Nonetheless, this effect is most probably not deriving from the 

inhibition of the NF-κB pathway directly. While indeed these KNeC PanINs proliferated faster, 

they were also higher-grade PanINs having escaped from the OIS and carrying additional 

mutations which could support their proliferative properties. In addition, comparison of the 

proliferation rate between low-grade PanINs and ADMs at 8-week-old mice revealed that NEMO 

deletion inhibited the proliferation of these cells. These results indicate that NEMO deletion is 

blocking the proliferation of precancerous lesions when comparing precancerous lesions of the 

same grade but can lead to opposing results when comparing precancerous lesions of different 

grades. 

While the precise order of the events in the progression of KNeC PanINs is not yet clear, I 

can speculate that the first event in this sequence is the escape of low-grade PanINs from the OIS. 

These cells can then continue proliferating which results to the accumulation of additional DNA-

damage. Mutations in critical genes including p16INK4 and p53 promote the progression of low-

grade to high-grade PanINs and finally to the development of PDAC. Alternatively, DNA- 

damage may be in the first line of events. It was shown that after the induction of double-strand 

breaks, ATM can bind to nuclear-localized NEMO and promote the activation of the canonical 

NF-κB pathway (Wu et al. 2010). The activation of the canonical NF-κB pathway in turn leads 

to the activation of the OIS program. However, in the absence of NEMO, DNA-damage does 

not activate the NF-κB pathway and the OIS program. Therefore, the precancerous cells will 

continue proliferating, accumulating additional critical mutations and finally leading to the 

development of PDAC. 

These results come in agreement but at the same time also in partial contrast with previous 

studies in the field. For instance, a study performed by Maniati et al. demonstrated that IKK2 

deletion not only reduced the total number of PanINs by 25%, but also reduced the likelihood 

of developing PDAC by 60% (Maniati et al. 2011). In contrast, in my study, NEMO deletion 

reduced the total number of PanINs by 42% but increased the chance of developing PDAC. 

These differences may be attributed to the extent of NF-κB inhibition after NEMO versus IKK2 

deletion. Previously, it has been demonstrated that NEMO knockout virtually completely 

abrogated TNFα-induced NF-κB activity, whereas there was considerable activity left in the 

case of IKK2 knockout (Schmidt-Supprian et al. 2000; Nenci et al. 2007). Thus, the dynamics 

of PDAC development in the context of NEMO or IKK2 deletion could be different. Both 

NEMO and IKK2 knockouts reduced the total number of PanINs but NEMO deletion 

demonstrated a stronger effect due to its more robust NF-κB pathway inhibition. In addition, a 

weaker NF-κB pathway inhibition by IKK2 knockout could be translated to some residual active 

NF-κΒ signaling that can still activate the OIS. In contrast, NEMO knockout strongly inhibited  
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the NF-κB pathway, removed the OIS barrier of PanINs and accelerated the development of 

PDAC, while IKK2 knockout did not completely abrogate the NF-κB pathway and as a result, 

PanINs still remained in their low-grade senescent stage. 

In another study, Lesina et al. demonstrated that RelA knockout blocked the OIS of PanINs, 

and at the same time supported the development of additional low-grade PanINs. Similar to my 

results, RelA knockout inhibited the OIS which caused low-grade PanINs to advance towards 

high-grade PanINs and led to the development of PDAC (Lesina et al. 2016). In addition, again 

in line with my results, inhibition of the OIS program due to RelA knockout was accompanied 

by reduction of the expressed SASPs. However, in contrast to my study, reduction of SASPs and 

pro-inflammatory cytokines was accompanied by increase in the number of low-grade PanINs. 

While the inhibition of OIS from the RelA knockout is understandable, other results such as the 

increased development of low-grade PanINs in the context of SASP reduction are more difficult 

to be reconciled with my findings. 

During the last decade, there have been studies pinpointing that PDAC may not arise from 

the expected stepwise progression (ADM, PanIN1, PanIN2, PanIN3, PDAC), but it is possible 

for PDAC to evolve by skipping one or more steps from this chain of events (Makohon-Moore 

et al. 2018; Hassid et al. 2014). My results revealed that pancreata from cerulein-injected KNeC 

mice developed more ADMs than pancreata from cerulein-injected KC mice at the age of 10 

months. In particular, I detected 65% more ADMs in the absence of NEMO and these findings 

were supported by the RNAseq results, where I detected enrichment of cilia-associated 

signatures in KNeC PanINs. These findings could be explained by different approaches. First, I 

can hypothesize that in the absence of NEMO, acinar cells may differentiate towards ADMs, 

although NEMO deletion could be blocking the differentiation of ADMs towards low-grade 

PanINs. Since ADMs are not senescent (in contrast with low-grade PanINs), it is possible that 

the ADMs in the absence of NEMO could continue proliferating, accumulate mutations and skip 

the stage of low-grade PanINs to progress directly to the stage of high-grade PanINs and PDAC. 

Alternatively, the increased number of ADMs could be explained as a result of PDAC 

development. Since PDAC development is accelerated in the absence of NEMO, these cancer 

cells have a different gene expression and secretion program that could support the differentiation 

of acinar cells towards ADMs. 

 
4.1.3 Conclusion 

The development of PDAC requires the generation and progression of pancreatic 

precancerous lesions. In my study, I discovered that NEMO deletion reduced the immune 

response  and  the  number  of  PanINs.  However,  NEMO  deletion  stimulated  the  progression 
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of low-grade PanINs towards high-grade PanINs which resulted in acceleration of PDAC 

development and shortened lifespan. Mechanistically, NEMO deletion blocked the OIS program 

that is active in low-grade PanINs. Blocking of the OIS inhibited the secretion of SASPs, 

resulting in reduced inflammatory response and reduced development of low-grade PanINs. At 

the same time, PanINs lacking NEMO expression escaped from the OIS which accelerated their 

proliferation rate and increased the accumulation of mutations, resulting in the progression to 

high-grade PanINs. Collectively, my study underscores that NEMO exerts both oncogenic and 

tumor-suppressive properties and that blocking of the NF-κB signaling can act as a double-edged 

sword in the development of PanINs/PDAC. Therapeutic interventions against NEMO/NF-κB 

signaling should be considered with caution due to the complexities of this pathway. 

 

4.2 Part 2: The role of NEMO in pancreatic cancer growth, 

metastasis and survival 

NF-κB signaling has been associated with the development of carcinoma as well as with the 

establishment of metastasis (Xia et al. 2014; Tanaka et al. 2012). In the second part of the study, 

I investigated the role of NF-κB in these two processes using a genetic mouse model of pancreas-

specific expression of oncogenic KRAS combined with deletion of the tumor suppressor p53 

(KPC mouse model). This model is widely used and has been well-characterized although there 

have been described diversities in metastasis depending on the inactivation method of p53 (point 

mutation or deletion) (Morton et al. 2010). Nonetheless, this model generally results in rapid 

tumor development while 20-30% of these mice develop micro- or macro-metastasis at their 

HEP (Morton et al. 2010; Bardeesy et al. 2006). To blunt the conventional NF-κB pathway, KPC 

mice were crossed to NEMO-floxed mice, allowing pancreas-specific deletion of NEMO 

(KPNeC mice). Importantly, I discovered that NEMO deletion had little effect on the 

development of the primary tumor but led to extended survival of the mice accompanied by 

significant reduction of metastatic properties. 

In the previous part of study, I analyzed the role of NF-κB in the development and 

progression of PanINs and discovered that NEMO deletion can act both as an oncogene but also 

as a tumor-suppressor at the same time. However, since the progression level of KC and KNeC 

PanINs was asynchronous and KNeC mice developed high-grade PanINs faster, it was not 

possible to evaluate the effect of NEMO specifically at the progression of high-grade PanINs 

towards PDAC. Hence, I introduced the deletion of p53 in the pancreata of KPC mice to mimic 

the conditions of high-grade PanINs. My study highlighted that NEMO is dispensable for the 

development  of PDAC  in KPC mice.  Comparison  of the  proliferation rate of  neoplastic  cells 
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and the total pancreatic field covered by neoplastic structures did not reveal any difference 

between KPC and KPNeC mice. Most importantly, KPC and KPNeC mice developed PDAC at 

the same rate with only minor differences in the differentiation status of the tumor. 

While previous studies have reported that NF-κB is regulating the progression of pancreatic 

precancerous lesions towards PDAC, it is important to note that these studies used a different 

approach than mine by genetically manipulating the KC and not the KPC mouse model (Maier 

et al. 2013; Ling et al. 2012; Lesina et al. 2016). KC mice develop low-grade PanINs which 

must accumulate additional mutations to advance towards high-grade PanINs. The accumulation 

of the additional mutations is regulated by cellular responses that can be controlled by the 

conventional NF-κB pathway. For instance, I previously showed that NEMO deletion in KC 

mice reduced the expression of pro-inflammatory and fibrogenic chemokines that are regulated 

by NF-κB. Consequently, diminished inflammatory and fibrotic responses resulted in reduction 

of the total low-grade PanIN lesions (Maier et al. 2013). Comparably, deletion of IKK2 in KC 

mice strongly reduced the expression of the Notch target HES1 and subsequently increased the 

expression of the anti-inflammatory nuclear receptor PPAR-γ (Ling et al. 2012). These studies 

all indicate the importance of NF-κB activities in sustaining a tumor-promoting inflammatory 

microenvironment. In an opposite direction from the previous studies, RelA deletion in KC mice 

accelerates the progression of low-grade PanINs by inhibiting the oncogene-induced senescence 

program which is normally active in low-grade PanINs (Lesina et al. 2016). All of the 

aforementioned studies share the aspect of regulating the progression of low-grade to high-grade 

PanINs. In contrast, in my study, I used the KPC mouse model which rapidly develops PDAC. 

It is necessary to emphasize that KPC mice develop PanINs carrying a mutational background 

with constitutively active KRAS and no expression of p53, which already resembles the 

background of high-grade PanINs. The shorter latency of tumor development in the KPC mouse 

model may also diminish the importance of NF-κB in maintaining the tumor-promoting 

inflammatory microenvironment. Although deletion of IKK2 in another PDAC mouse model 

involving inactivation of Ink4a/Arf shows a complete rescue up to 12 months (Ling et al. 2012), 

NEMO deletion only slightly extends the lifespan of KPC mice. It also has little effect with respect 

to the development of early invasive cells and generally does not alter the development of 

PDAC. Inactivation of p16 (Ink4a/Arf) usually starts at an earlier stage of PanIN lesions (PanIN-

2) while, as mentioned, inactivation of p53 occurs in a more advanced stage (PanIN3) during 

PanIN progression and PDAC development (Vincent et al. 2011). Therefore, although 

inactivation of p16 or p53 both can lead to accelerated PDAC development, it is possible that 

p53 inactivation can drive the development of an advanced type of tumor within a shorter time 

and cannot be completely rescued by NF-κB inhibition. 
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Further, this study demonstrated that NEMO ablation prolonged the median survival of the 

mice. Importantly, examination of the livers revealed that NEMO deletion completely abrogated 

liver macro-metastasis, despite the fact that KPNeC mice had an extended period to develop 

metastasis due to their extended lifespan. In addition, NEMO deletion strongly reduced the 

invasive and migrating properties of KPC-derived cancer cells ex vivo, supporting the hypothesis 

that NF-κB is essential for metastasis in PDAC. 

NF-κB pathway has been shown in the past to be a critical regulator of EMT Huber et al. 

(2004a). Blocking of the NF-κB pathway diminishes the mesenchymal transition of cancer cells 

in different types of cancer including breast, hepatocellular and non-small cell lung carcinoma 

Kumar et al. (2013); Huber et al. (2004a); Qin et al. (2016); Huber et al. (2010). In line with the 

existing literature, I observed that NEMO deletion led to downregulation of EMT transcription 

factors and mesenchymal markers in pancreatic tumors as well as to reduction in the expression 

level of EMT markers ex vivo. 

These findings partially contrast with a previous study that reported EMT as dispensable for 

the establishment of metastasis in PDAC (Zheng et al. 2015). Through genetic manipulation, 

either Twist1 or Snai1 were knocked out in KPC mice (with gain-of-function p53 mutation), yet 

liver metastasis was still observed. However, these results mainly confirm that EMT is a 

complex multi-factorial procedure, hence deletion of an individual regulator may not block the 

whole procedure. Alternatively and consistent with my results, previous studies reported that 

NF-κB is crucial for the mesenchymal and metastatic properties of pancreatic cancer cells (Fu-

jioka et al. 2003a; Guo et al. 2016a; Cheng et al. 2011). For instance, expression of dominant 

negative IκBα in human PDAC cell lines abolished the development of liver metastasis when 

the cells were orthotopically-injected in nude mice (Fujioka et al. 2003a). In a similar manner, 

pharmacological inhibition of NF-κB strongly reduced the invasive and migrative properties of 

IL-18-over-expressing pancreatic cancer cells (Guo et al. 2016a). 

My study also revealed that NEMO deletion strongly reduced the expression of TIMP1 in the 

pancreata of KPC mice. TIMP1 is a matrix metalloprotease that has been implicated in different 

types of cancer and its expression is upregulated upon activation of the conventional NF-κB 

pathway Omar et al. (2018); Cheng et al. (2016); Bommarito et al. (2011). In addition, a recent 

study demonstrated that TIMP1 is secreted by premalignant pancreatic lesions, and through blood 

circulation, it activates hepatic stellate cells that subsequently promote the establishment of a 

premetastatic niche in the liver Grünwald et al. (2016). In my study, I observed liver macro-

metastasis only in KPC mice, whereas in the absence of NEMO, no macro-metastasis was 

observed. However, I detected one case of a KPNeC mouse where few cells were detected in a 

small  field  of  its  liver.  It  is  possible  that  these  cancer  cells  could  manage  to  migrate  to 
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the liver in the absence of NEMO, although they were not able to establish macro-metastasis due 

to the lack of the supporting premetastatic niche. Nevertheless, it is yet unclear to what extent the 

different consequences of reduced EMT and reduced TIMP1 expression affected the observed 

reduction of metastasis. 

Finally, I identified that NEMO deletion strongly reduced the number of mice developing 

ascites at the time-point of 12 weeks. Analysis of the cell composition in the ascitic fluid revealed 

less CK19+ cells in KPNeC mice, indicating that cancer cells are less likely to detach from the 

primary tumor when NEMO is absent. Of note, I discovered that ascitic cancer cells from KPC 

mice tended to detach from the primary tumor in clusters, while in KPNeC mice, cancer cells in 

ascites were single cells. In line with my results, it was previously described that cancer cell 

clusters in the blood of KPC mice are characteristic of enhanced metastatic potential. These cell 

clusters migrate through the bloodstream towards distinct organs protected from the hazardous 

environment while at the same time they support the establishment of metastasis Aiello et al. 

(2018). 

 
4.2.1 Conclusion 

The development of metastasis is a crucial factor determining the lifespan of pancreatic 

cancer patients. I found that NEMO deletion inhibited the development of liver macro-metastasis 

in KPC mice. Further, I detected that in the absence of NEMO, mice exhibited a prolonged 

lifespan by 16%. Interestingly, KPNeC mice were also characterized by reduced likelihood of 

developing ascites compared to KPC mice. My study also revealed that there was no difference 

in the establishment of pancreatic cancer between NEMO-expressing and NEMO-ablated KPC 

mice, suggesting that NF-κB pathway may be dispensable for the progression of high-grade 

PanINs towards pancreatic cancer on the background of ablated p53. Conclusively, this study 

provided evidence for a detrimental role of the conventional NF-κB pathway in the survival of 

KPC mice and a favorable role in the establishment of metastasis. These findings underscore that 

the role of ΝF-κΒ in PDAC is highly context- and stage-dependent, but therapeutic approaches 

against NF-κB should be considered for the treatment of metastasis of PDAC. 

 

4.3 Part 3: The role of NIK in pancreatic cancer growth and 

survival 

The non-canonical NF-κB signaling has been implicated in the growth of different types of 

cancer including PDAC (Döppler et al. 2013; Prabhu et al. 2014). In this last part of this study, 
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I investigated the role of NIK in the development of PDAC and survival using genetically- 

modified mice with pancreas-specific expression of oncogenic KRAS combined with deletion 

of the tumor suppressor p53 (KPC mouse model). To blunt the non-canonical NF-κB pathway, 

KPC mice were crossed to NIK-floxed mice, allowing pancreas-specific deletion of NIK (KPNiC 

mice). I discovered that NIK deletion accelerated the development of PDAC and reduced the 

overall survival of the mice. 

While most studies examine and underline the importance of the canonical NF-κB pathway 

in the development of PDAC, recent evidence supports the hypothesis that the non-canonical NF- 

κB pathway is also playing an essential role (Döppler et al. 2013). In this study, NIK deletion 

accelerated the development of PDAC. In particular, 25% of 8-week-old KPC mice developed 

PDAC while 83.3% of KPNiC mice developed PDAC at the same age. In addition, Kaplan- 

Meier survival analysis revealed that KPC mice exhibited a median survival of 85 days, while 

in the absence of NIK there was a reduction of the median survival by 13.5%. 

These results are in contrast with previous studies supporting an oncogenic function of the 

non-canonical NF-κB pathway in PDAC. Specifically, Doeppler et al. showed that stabilization 

of NIK increases the proliferation and tumorigenicity of the pancreatic cells (Döppler et al. 

2013). In another study, Hamidi et al. knocked down RelB in PDAC pancreatic cancer cells 

using a RelB-specific siRNA. The RelB-knockdown cells displayed a significant decrease in 

cell survival and enhanced caspase-3/7 activation (Hamidi et al. 2012).  While these results show 

a tumor-promoting role of the non-canonical NF-κB pathway, the experiments were performed 

in pancreatic cancer cells ex vivo and not in vivo, hence NIK may display different properties 

depending on the model it is getting studied. Alternatively and consistent with my results, Xiu 

et al. discovered that stabilization of NIK delays the establishment of AML at mice, showcasing 

that the non-canonical NF-κB pathway can also exert tumor-suppressive properties (Xiu et al. 

2018). Mechanistically, stabilization of NIK activates the non-canonical NF-κB signaling and 

represses the canonical NF-κB signaling. 

Since the non-canonical NF-κB pathway may exert its effect through the canonical signaling, 

I deleted NEMO in the pancreata of KPNiC mice (KPNeNiC mouse model) and examined a 

potential crosstalk that could affect the survival of the mice. Interestingly, the survival of the 

KPNeNiC mice did not differ significantly compared with the survival of the KPNiC mice. 

These results are quite intriguing if I consider that NEMO deletion significantly increased the 

survival in the context of KPC mice. It is possible that the non-canonical NF-κB pathway may 

exert its effect by regulating the canonical signaling downstream of NEMO, thus NEMO deletion 

cannot block the activation of the canonical NF-κB pathway and cannot increase the lifespan of 

the mice. In fact, it has been previously suggested that activation of the non-canonical NF-κB 
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pathway can increase the level of IκBα (which is downstream of NEMO) and block the activation 

of the canonical pathway (Xiu et al. 2018). 

 
4.3.1 Conclusion 

There is increasing evidence for the role of the non-canonical NF-κB signaling in the 

development of PDAC. I detected that NIK acts as a tumor-suppressor in KPC mice. Suppression 

of the non-canonical NF-κB signaling accelerated the development of PDAC and reduced the 

overall survival of the mice. Mechanistically, the non-canonical NF-κB pathway may control 

the activation of the canonical NF-κB pathway and regulate the survival of the mice, although 

additional experiments have to be performed for the thorough understanding of the mechanism. 

 

Limitations of the study 

This study has some limitations. First, I used C57BL/6 mice. These mice are inbred and carry a 

very specific background. Thus, the results and analysis ultimately reflect the role of NIK and 

NEMO in PDAC under the specific background and may differ in different mouse strains. 

Further, regarding the limitations in the first part of the study, I compared the transcriptome of 

PanINs from KC and KNeC mice. However, these PanINs were not in the same grade since 

KNeC PanINs had already progressed to higher grades. This difference did not allow me to 

compare the direct downstream effectors of NF-κB that regulate the establishment of 

senescence. Finally, I did not perform experiments on any human material in this study. 
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5 Abstract 

 
Pancreatic ductal adenocarcinoma (PDAC) remains one the deadliest types of cancer with a 

5-year survival rate of 9% and is expected to be the second leading cause of cancer-related deaths 

in the USA by 2030. The high mortality of PDAC is attributed to the lack of efficient biomarkers 

for early detection and importantly to its high metastatic properties. PDAC arises from 

precancerous lesions namely pancreatic intraepithelial neoplasias (PaNINs). PanINs are divided 

into individual grades which can be categorized into two groups: low-grade PanINs (PanIN1A, 

Pan- INB) and high-grade PanINs (PanIN2, PanIN3). Low-grade PanINs are characterized by 

point mutations of the KRAS oncogene while accumulation of additional mutations including 

inactivating mutations on p53 promotes the progression of low-grade PanINs to high-grade 

PanINs and eventually to PDAC. The NF-κB pathways (both canonical and non-canonical) are 

regulating critical cellular functions and have been associated with the development and 

progression of precancerous pancreatic lesions and PDAC as well as with the establishment of 

metastasis in different types of cancer. 

The current project was divided into 3 parts depending on the protein/pathway of interest as 

well as its role in different aspects of PDAC. In the first part of the project, I analyzed the role 

of NEMO, an essential protein for the activation of the canonical NF-κB pathway, in the 

development and progression of pancreatic precancerous lesions. To do so, I used genetically- 

modified mice with pancreas-specific expression of oncogenic KRAS (KC mouse model) that 

were injected with cerulein to promote the development of pancreatitis and accelerate the 

development of PDAC. To blunt the canonical NF-κB pathway, KC mice were crossed to 

NEMO- floxed mice, allowing the pancreas-specific deletion of NEMO (KNeC mouse model). 

Analysis of the pancreata of 10-month-old KC and KNeC mice revealed that NEMO deletion 

reduced the total amount of pancreatic precancerous lesions by 42%. However, although fewer 

in numbers, PanINs from KNeC mice progressed faster towards high-grade PanINs and finally 

accelerated the development of PDAC. Mechanistically, inhibition of the canonical NF-κB 

pathway blocked the oncogene-induced senescence (OIS) program that was active at low-grade 

PanINs. RNA-seq analysis revealed that the inhibition of the OIS in KNeC PanINs resulted in 

reduced expression of the senescence associated secretory phenotype (SASP), which was 

accompanied by reduction in the infiltration of immune cells. Thus, NEMO deletion reduced the
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immune reaction in the pancreas and strongly inhibited the development of new low-grade 

PanINs. However, since NEMO deletion blocked the OIS, KNeC PanINs continued 

proliferating and accumulating additional mutations which supported their progression to high-

grade PanINs and promoted the development of PDAC. Collectively, NEMO exerted both 

oncogenic and tumor-suppressive properties. NF-κB and subsequently OIS inhibition reduced 

the development of low-grade PanINs but accelerated their progression towards high-grade 

PanINs and PDAC. 

In the second part of the project, I studied the role of NEMO/canonical NF-κB signaling in the 

development of PDAC and its metastatic properties by using the KC mouse model in combination 

with the tumor suppressor p53 deletion (KPC mouse model). These mice develop tumors very 

fast and succumb to PDAC complications approximately 12 weeks after their birth. Again, to 

blunt the canonical NF-κB pathway, KPC mice were crossed to NEMO-floxed mice, allowing 

pancreas-specific deletion of NEMO (KPNeC mice). I observed that NEMO deletion did not 

have any significant effect in the PDAC development rate. However, NEMO deletion increased 

the lifespan of the mice and completely abrogated any chance of liver macro-metastasis. In the 

previous part of the project, I detected that NEMO is regulating the progression of PanINs. 

However, this is happening only when PanINs are low-grade and bound to OIS. In contrast, in 

this part of the project, I used the KPC mouse model where p53 is already inactivated. Thus, the 

generated PanINs are already at the high-grade state and NF-κB signaling has little effect in their 

progression to PDAC. In addition to the previous observations, I detected that the NEMO deletion 

reduced the liver metastasis ratio. Mechanistically, inhibition of the NF-κB pathway blocked the 

expression of the epithelial-mesenchymal transition (EMT)-associated transcription factors and 

strongly reduced the invasive and migrating properties of the cancer cells ex vivo. Conclusively, 

inhibition of the canonical NF-κB pathway did not affect the progression of PanINs with a 

mutational background of high-grade PanINs. However, NEMO deletion increased the survival 

of the mice and hampered the development of liver metastasis by blocking the EMT program. 

Finally, in the last part of the project, I studied the role of NIK, an essential protein for the 

activation of the non-canonical NF-κB pathway in the development of PDAC and the survival. 

KPC mice were used to accelerate the development of PDAC and were crossed to NIK-floxed 

mice, allowing pancreas-specific deletion of NIK (KPNiC mice). Analysis of the pancreata of 

8-week-old KPC and KPNiC mice revealed that NIK deletion strongly accelerated the 

development of PDAC. In addition, KPNiC mice exhibited a shortened median lifespan by 

13.5% compared to KPC mice. Previous studies in the field have demonstrated that the non-

canonical signaling can regulate the activation of the canonical pathway. To evaluate if the 

inhibition  of  the  non-canonical  NF-κB  signaling  accelerated  the  development  of  PDAC  by
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activating the canonical NF-κB pathway, I crossed KPNiC mice with NEMO-floxed mice, 

generating KPC mice with both NF-κB pathways blocked (KPNeNIiC mouse model). 

Interestingly, KPNeNiC mice demonstrated a similar lifespan to KPNiC mice. Since NEMO 

deletion failed to increase the survival of the mice, it is possible that the non-canonical signaling 

is activating the canonical pathway by regulating factors downstream of NEMO, thus NEMO 

deletion cannot block the activation of the canonical pathway. 

Conclusively, the canonical NF-κB pathway exerted tumor-promoting and tumor- 

suppressive properties, depending on the stage of PDAC development (precancerous vs cancer 

stage), thus pharmacological inhibition of the canonical NF-κB pathway for the PDAC 

development should be considered with caution. The non-canonical NF-κB pathway exerted 

tumor- suppressive properties in the development of PDAC but further analysis of the mechanism 

needs to be performed. 
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Appendix 

 

Analysis of the tumor differentiation (cancer grading) for the first part of the project (The 

role of NEMO in inflammation-driven establishment of pancreatic cancer) was performed by 

Prof. Dr. Thomas Barth and these results are mentioned in Figure 14. Analysis of the tumor 

differentiation (cancer grading) for the second part of the project (The role of NEMO in pancreatic 

cancer growth, metastasis and survival) was performed by Dr. Katja Steiger and these results are 

mentioned in Figure 22, Figure 25 and Figure 27. Uta Manfras helped in the execution of qRT-

PCRs and WBs as a technical assistant. Melanie Gerstenlauer helped in the execution of IF 

stainings as a technical assistant. Kanishka Tiwary helped in the execution of invasion and 

migration assays in Figure 31. 
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