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1 ZUSAMMENFASSUNG 
In der vorliegenden Studie wollten wir die Funktion des NF-κB-Transkriptionsfaktors 

c-Rel im Pankreaskarzinom untersuchen. Zunächst wurde analysiert, ob c-Rel in 

Proben humaner Pankreaskarzinome exprimiert wird. Die Ergebnisse zeigten keinen 

Zusammenhang zwischen den REL mRNA/ CNV Level und dem Überleben der 

Patienten. Jedoch fand sich mehr REL mRNA Expression in  Tumorproben als in 

gesundem Pankreasgewebe. Am wichtigsten hierbei ist, dass Tumore im Spätstadium 

(lokal fortgeschritten und invasiv) mehr REL mRNA exprimieren als in früheren 

Stadien. Außerdem konnten wir eine ubiquitäre Produktion von c-Rel sowohl in 

humanen als auch in murinen Pankreaskrebsproben feststellen.  

Ermutigt durch diese Ergebnisse und um die Funktion von c-Rel in Pankreaskrebs zu 

entschlüsseln, nutzten wir ein CKP-Mausmodel mit pankreas-spezifischer Expression 

von KrasG12D und Knockout von p53. Durch genetische Manipulation von Rel 

überexprimierten sowie deletierten wir c-Rel in CKP-Mäusen. In diesem autochthonen 

Model reduzierte eine Überexpression von c-Rel (GCKP) das Überleben, wohingegen 

der Knockout (CCKP) dieses verlängerte. Histopathologische Analysen zeigten, dass 

von CCKP über CKP zu GCKP-Mäusen die Inzidenz undifferenzierter Tumore 

zunahm. In Übereinstimmung damit wurde beobachtet, dass das REL-Level verstärkt 

in Bailey’s molekularem Plattenepithelsubtyp exprimiert wird.  

Außerdem konnten wir sowohl in Tumorgewebe als auch in isolierten Krebszellen 

zeigen, dass steigende c-Rel Level mit einer Verschiebung der zellulären Plastizität 

zu einem mesenchymalen Phänotyp einhergehen. 

Basierend auf unseren vorherigen Ergebnissen, dass die REL mRNA-Expression in 

Krebs-Stammzellen (CSC)-angereicherten humanen Zelllinien erhöht ist, analysierten 

wir CSC-bezogene Eigenschaften in isolierten murinen Pankreaskrebszellen. GCKP-

Zellen bildeten im Vergleich zu CKP-Kontrollzellen größere Sphäroide, während 

CCKP-Zellen eine höhere Anzahl von Sphäroiden hervorbrachten. Außerdem erhöhte 

sich die Oberflächenexpression von CSC-Markern von GCKP über CKP zu CCKP-

Zellen. Im Gegensatz dazu waren bei GCKP-Zellen mehr Zellen einer zuvor 

identifizierten Subpopulation (CD44+; Sca1-; CD133-) mit hoher 

Tumorinitiationskapazität zu beobachten. Des Weiteren zeigten GCKP-Tumoren eine 

erhöhte Fibronektin-Integrin-Signalübertragung. Diese ist bekannt dafür, dass sie 

unter verschiedenen Bedingungen Stammzellen induziert.  



 3 

Für eine weitere Charakterisierung der Konsequenzen einer c-Rel-Manipulation in 

EMT-und CSC-assoziierten Metastasen in vivo wurden Zellen intravenös 

transplantiert. Sowohl CCKP- als auch GKCP-Zellen zeigten ein höheres 

metastatisches Potential als die CKP-Kontrollen. RNAseq-Analysen ergaben, dass 

CCKP- und GCKP-Zellen eine Anreicherung von Transkription in entsprechenden 

Sets zeigten, welche mit ihren hier dargestellten Phänotypen assoziiert sind. Wie 

experimentell mittels RNAseq und Zytokin-Array gezeigt, ist die Expression von pro-

inflammatorischen Zytokinen in CCKP- und GCKP-Zellen erhöht. Abschließend liefern 

wir Beweise dafür, dass die Funktion von c-Rel durch das Vorhandenseins eines 

einzelnen Tp53-Allels umgekehrt werden kann.  

Alles in allem deuten die gesammelten Ergebnisse darauf hin, dass die c-Rel-

Expression als Biomarker für die Klassifizierung des Tumortyps verwendet werden 

kann. Die pharmakologische Hemmung von c-Rel ist möglich, der Kontext in welchem 

eine therapeutische Intervention stattfinden kann, muss jedoch noch geklärt werden.  
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3 INTRODUCTION 

3.1 Pancreatic Cancer 
The pancreas is a part of the gastrointestinal system with both endocrine and exocrine 

functions 1. It is responsible for the secretion of digestive enzymes into the intestines 

within its exocrine function. On the other hand, within the endocrine function, it can 

release hormones to regulate blood sugar levels. In parallel to its relevant operations, 

the pancreas is histologically divided into two compartments; exocrine and endocrine. 

Up to 95% of the pancreatic mass is the exocrine pancreas composed of acinar and 

ductal cells and associated nerves, vessels, and connective tissues. The endocrine 

pancreas holding 1-2% of the pancreatic mass, comprises islet cells secreting 

hormones insulin, glucagon, somatostatin, and pancreatic polypeptides.  

The 5-year survival rate for pancreatic cancer (the lowest among many other cancer 

types) accounts for only 9% within the United States 2. In the United States, within 

2020, 57.600 new pancreatic cancer cases are diagnosed, of which 47.050 died 2 as 

the fourth leading cause of cancer-related deaths. Global Cancer Observatory-Cancer 

Tomorrow projections predict a two-fold increase in pancreatic cancer incidence by 

2040 (https://gco.iarc.fr/tomorrow/home). 

The poor prognosis can be attributed to several characteristics of pancreatic cancer 3. 

The diagnosed tumors are mostly at a late stage, of which only 10% is locally 

resectable, 29% already developed into a  locally advanced tumor with 52% metastatic 

incidence while the remainder couldn’t be staged 4. The lack of pancreatic cancer-

specific markers makes it hard to diagnose the disease in the early stages. Due to its 

aggressiveness, the metastatic and invasive tumor becomes hard to resect. 

Pancreatic cancer is resistant to most conventional therapeutic options like 

chemotherapy, radiotherapy, targeted therapy, and immunotherapy. The dense 

desmoplastic stroma with a highly immunosuppressive tumor microenvironment and 

the genetic and epigenetic alterations in cancer cells are attributed to therapy 

resistance in pancreatic cancer. Although remarkable progress has been achieved to 

understand the disease pathophysiology, the prognostic impact of developed 

therapeutic strategies remained marginal. For example, small drug inhibitors 

developed against prominent oncogenic signaling pathways showed either none (i.e., 

MEK and PI3K) or mild benefits (e.g., EGFR) in the overall survival of pancreatic 

cancer patients 5–10. Recent advances in combinatorial chemotherapeutics may 
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provide an advantage for survival; yet, it will not be enough to reduce mortality rates 
11–13. The revolution of immunotherapy led to considerable advantage for many solid 

and hematological malignancies 14. However, the impact is minor for pancreatic 

cancer, which highlights the requirement of a deeper understanding of molecular 

pathophysiology of therapy resistance in pancreatic cancer 14 

Risk factors for pancreatic cancer involve age since the incidence rate increases from 

1.5 to 55 cases in 100.000/year for patients 15-44 to >65 years old, respectively 15. 

The second is tobacco smoking, which increases the incidence at least two-fold 

although it is preventable 16. And thirdly, obesity 17 and dietary factors 18–20 are also 

associated risk factors for higher pancreatic cancer formation. Other chronic diseases 

like chronic pancreatitis 21 and diabetes mellitus 22 are also associated with a higher 

risk. Family history is an important factor in the likelihood of pancreatic cancer 

development. For example, oncogenic mutations in BRCA1, BRCA2, or PALB2 genes 

are also associated with increased risk 23–25. And finally, mutations in DNA mismatch 

repair genes MLH1, MSH2, MSH6, and PMS2 are identified as hereditary factors 

increasing microsatellite instability (MSI high) 26. 

On the other hand, hereditary factors may also provide a vulnerability for therapeutics. 

For example, olaparib (Poly-ADP Ribose Polymerase-PARP inhibitor) treatment for 

BRCA1-2 mutant familial pancreatic cancer patients almost doubled progression-free 

survival in a phase-3 clinical trial 27. Additionally, pembrolizumab (PD-1 inhibitor) is 

approved for MSI high tumors, including pancreatic cancer, due to tumors’ high 

potential to express neoantigens to evoke an antitumor immune response 14,28. 

The malignant transformation of the pancreas in the majority of cases forms 

adenocarcinomas (~85%) 29. Neuroendocrine tumors, acinar carcinomas, colloid 

carcinomas, pancreatoblastomas, and solid-pseudopapillary neoplasms are other 

histological types with less incidence. Pancreatic ductal adenocarcinoma (PDAC) is 

the most common pancreatic cancer type with a dismal prognosis. Histopathological 

classification of pancreatic cancer based on microscopic observation may provide 

benefit for prognosis determination. However, this has not been adequate for the 

selection of treatment regimen 30. Therefore, an extensive understanding of the 

molecular drivers for the disease pathology may provide better classification and 

associated treatment options in the era of personalized medicine. 

It is widely accepted that PDAC formation follows a stepwise carcinogenic process 

involving metaplastic ductal cell formation to neoplastic transformation. In the 
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conventional model, oncogenic driver mutations on KRAS, CDKN2A, TP53, and 

SMAD4 in parallel with a highly inflammatory microenvironment supports carcinogenic 

transformation. At least 50% of the patients possess separate but mostly overlapping 

mutations on these genes 31–35. With bigger patient cohorts, additional mutations on 

KDM6A, BCORL1, RBM10, KMT2C, ARID1A, and TGFBR2 with lower prevalence 

have also been identified 36. 

KRAS encodes a RAS family member protein activating multiple cellular pathways 

influencing proliferation, survival, cytoskeletal remodeling, and inflammation among 

many 37. Most of the KRAS mutations (more than 95% of the patients have somatic 

mutation 34,38) are gain of function mutations through which KRAS becomes 

constitutively active. Recent data suggest that mutant KRAS gene dosage is also 

increased from carcinogenic progression to metastasis in two-thirds of the tumors. 

Interestingly, in cases without KRAS gene amplification, alternative oncogenes (Myc, 

Yap1, Nfkb2) are amplified 39.  

CDKN2A is a tumor suppressor gene encoding two different mRNAs (not isoforms) as 

products of alternative splicing, namely p16INK4A and p19ARF. Their first exons are 

encoded from different sequences, while they share the location of encoded exon-2 

and 3. Interestingly though, the preference of open reading frames in exon-2 are 

different, creating distinct products 40. In pancreatic cancer, their loss of function 

mutations (alone or together, more than 90% of the patients have somatic mutation 41) 

are associated with abnormal cell cycle control, genomic instability, and apoptosis 42. 

TP53 is a tumor suppressor gene encoding a transcription factor getting activated 

upon DNA damage or cellular stress 43. Its activity regulates cell cycle, DNA repair, 

metabolism, and apoptosis. Its mutations (85% of patients have somatic mutation 38) 

cause loss of tumor suppressor function or oncogenic gain of function. Of note, it is 

noted that in late-stage pancreatic tumors, up to 50% of the TP53 mutations create 

null alleles (highlighting the clinical significance of both mutant and knockout TP53 

disease models 38.  

SMAD4 is a downstream mediator of canonical TGFb signaling, and its loss of function 

mutations are existent in 55% of the tumors 44. TGFb signaling acts as a tumor 

suppressor in the early carcinogenesis, unlike its oncogenic function in late-neoplastic 

and invasive cancer stages when SMAD4 is mutated 45,46. Interestingly, 10% of the 
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tumors without SMAD4 inactivation bypass canonical TGFb signaling via mutations on 

other protein components (TGFBR1/2, ACVR1B, SMAD3) 34,35. 

There are multiple levels in which these mutations can interact with each other. 

SMAD4 inactivation with p53 gain-of-function or intact SMAD4 with p53 loss-of-

function mutations has more likelihood to co-exist 38. A gain-of-function mutation of 

KRAS can suppress TGFb signaling either through inhibition of SMADs 47,48; or by p53 

activation, which is important for downstream TGFb signaling transcriptional activation 
49,50. Identification of such interactions at the functional level may provide information 

about in-depth tumor vulnerabilities and therapeutic opportunities. 

Pancreatic intraepithelial neoplasia (PanIN) is considered as the precursor form of 

carcinogenic cells in the progressive model 51. Throughout the spectrum of progressive 

PanIN grades, the morphological alterations along with higher cellular proliferation 

reflect the severity of the lesions 52. Studies indicate that these neoplastic lesions 

already possess specific genetic mutations (e.g., mutations on CDKN2A, TP53, 

SMAD4, and KRAS) before carcinogenic transformation 53–56. Interestingly, from lower 

PanIN stages to higher, the frequency of cells with mutant Kras increases, reflecting 

the clonal expansion of the advantageous cells 54. 

Based on these results, it has been generally accepted that PDAC arises from ductal 

cells and their lesions. However, the development of various mouse models suggested 

that metaplastic conversion of acinar cells can also give rise to PanIN lesions 57. The 

presence of ADM structures in human samples also supports this theory 58, although 

in vitro studies indicate the requirement of alternative pathways in human vs. mouse 

ADM formation 59. 

Recent advances in sequencing technologies with bioinformatics revealed an 

alternative model in which instantaneous genomic rearrangements can circumvent the 

need for stepwise accumulation of carcinogenic mutations 60. In this model, a general 

punctuated equilibrium of evolution is reflected into pancreatic carcinogenesis. 

Accordingly, instant bottleneck events lead to sudden divergences in the evolutionary 

trajectories 61. In the renewed carcinogenesis model, break-fusion-bridge (BFB) or 

chromothripsis genomic rearrangements act as the bottlenecks for the cellular 

adaptation. Unlike the progressive model of mutation accumulation, a single mitotic 

crisis with BFB and chromothripsis can delete CDKN2A, TP53, and SMAD4 alleles 

concurrently. Another study performed with samples from a cohort of 100 patients 
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show traces of BFB for nine or chromothripsis for fifteen patients 25. Overall, it is 

predicted that although the punctuated evolution of cancer may contribute, it may not 

be the dominating magic shortcut for transformation, unlike the progressive model 42. 

3.1.1 Molecular subtypes of pancreatic cancer 
Multiple studies identified some-what overlapping subtypes of pancreatic cancer with 

the transcriptomics analysis of pancreatic tumors dissected from patients 36. Collisson 

et al. micro-dissected epithelial tissue (separately from tumor stroma) from 27 

untreated-resected primary pancreatic tumors and performed a hybridization-based 

microarray analysis 62. They identified three subtypes of pancreatic cancer, which are: 

1) Classical (KRAS-dependent, high GATA6 expression); 2) Quasi-mesenchymal 

(high tumor grade, short survival, QM-PDA); and 3) Exocrine-like (signature overlaps 

with terminally differentiated pancreas). 

Moffitt et al. 63 performed microarray analysis on bulk resected tumors from both 

primary (n=145) and metastatic sites (n=61) along with healthy tissues from the 

pancreas (n=46) and adjacent-metastatic area (n=88). In parallel, additional primary 

tumors, patient-derived xenografts (PDX), cancer cell lines, and cancer-associated 

fibroblasts (CAF) are used for RNAseq to be compared with microarray results. They 

excluded the transcripts, which are considered to be part of TME and healthy tissue. 

Eventually, they identified two subtypes: 1) Classical; and 2) Basal-like, along with a 

stromal characterization: normal and activated stroma. 

Bailey et al. 64 performed RNAseq analysis on 96 bulk tumor samples, which possess 

high epithelial cellularity (>40%), and identified four subtypes based on unsupervised 

clustering. The subtypes are also validated with a bigger patient cohort (n=232) 

microarray transcriptome, which has a broader cellularity interval. Accordingly, they 

identified: 1) squamous; 2) pancreatic progenitor; 3) immunogenic; and 4) aberrantly 

differentiated endocrine exocrine (ADEX) subtypes. The subtypes were highly 

superimposing with previously defined subtypes of Collisson et al. except 

immunogenic subtype, likely because Collisson et al. used micro-dissected epithelial 

cells without stroma. The squamous subtype is parallel to QM-PDA and basal-like 

subtypes of the pancreas and other squamous tumors of various organs with an 

increased DNp63 transcription factor expression. ADEX subtype reflects the exocrine-

like class of Collisson classification with terminal differentiation. Nevertheless, another 
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analysis proposed that the subtypes of immunogenic and ADEX are actually a 

byproduct of the cellularity problem from surrounding healthy tissue and TME 65  

The potential benefits of patient stratification based on molecular characteristics are 

shown by a COMPASS trial 66. They performed RNAseq and Whole-genome-seq to 

the biopsy samples followed by various chemotherapy regimens for 50~ patients. 

Accordingly, classical subtype treated with modified FOLFIRINOX had more likelihood 

to have more prolonged survival and tumor shrinkage. Although not significant, basal-

subtype had a trend to have more prolonged survival to Gemcitabine/nab-Paclitaxel 

treatment. Additionally, in their samples, GATA6 in-situ hybridization correlates with 

transcriptomics subtyping, which might be a pathologic tool to stratify patients before 

treatment. 

These results suggest the urgent necessity for the identification of molecular subtypes 

in intra and inter-heterogenous pancreatic tumors. Not only the identification of specific 

markers but their feasibility of use in hospitals in a cost-effective manner are significant 

bottlenecks for bench-to-bedside scientific translation. Subtyping is especially 

important for clinical trial settings, as, without stratification, statistics can be blunted. 

Not only marker identification but mechanistic details making types different may also 

pave the way for the re-purposing and identification of novel therapeutics. 

3.1.2  Mouse models of pancreatic cancer 
In order to study pancreatic cancer pathophysiology, genetically engineered mouse 

models (GEMMs) are highly utilized. Instead predicted to follow the conventional 

progressive model, pancreas-specific gain-of-function KrasG12D expression can mimic 

the sequential formation of ADM-PanIN-cancer (Figure 1) 67,68. Reflecting human 

disease, the model possesses a very dense desmoplastic stroma along with an 

immunosuppressive tumor microenvironment starting from pre-neoplastic stages to 

cancer, and also form metastasis 69,70. 

 

Figure 1: Stages of pancreatic cancer formation in mice from intact acini to acinar-to-ductal 

metaplasia (ADM), Pancreatic Intraepithelial neoplasia (PanIN) and Cancer. 
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Pancreas specific expression of KrasG12D is achieved by the spatiotemporal control of 

Cre expression. Pdx1-Cre 67 and Ptf1a-Cre 71 are the most used models since both 

transcription factors are important for embryonic pancreatic development. Pdx1 is 

important for pancreatic epithelium and endocrine cell differentiation 72,73. Whereas 

Ptf1a is important for exocrine cell formation, and the absence of Ptf1a causes 

duodenal differentiation of pancreatic progenitors 71,74,75. A vector harboring a mutation 

for the 12th amino acid of Kras converting G to D, under the control of a lox-stop-lox 

(LSL) cassette is introduced into the endogenous Kras locus 76. Upon Cre expression, 

the stop cassette gets floxed, allowing the expression of KrasG12D 67. 

Our group highly utilizes another Ptf1a-Cre model (Ptf1atm1(cre)Hnak) in which exon-1 of 

Ptf1a locus is replaced with Cre coding sequence, allowing regulation by endogenous 

transcription regulatory elements 77. KrasG12D expression under the control of 

Ptf1atm1(cre)Hnak can recapitulate the disease progression from ADM-PanIN to cancer, 

along with invasive tumor formation and metastasis 68. The median survival of this 

model is at least one year, while tumor initiation takes ~8 months with low frequency. 

Therefore, the CK model is preferably used to study carcinogenesis since it allows a 

broad spectrum of neoplastic lesion formation from low-grade to high-grade PanINs. 

In order to study tumors, CK is crossed with a conditional p53 knockout model 

(Trp53tm1Br) 78. Homozygous deletion of Trp53 permits accelerated tumor formation 

with median survival age of ~60 days. Although this model is perfect for studying 

tumors with 100% penetrance, it has no autochthonous metastasis formation. 

3.1.3 Tumor microenvironment in pancreatic cancer 
In parallel to carcinogenesis, pancreatic tissue stroma undergoes alterations involving 

a response resembling wound healing: desmoplasia formation, vasculature 

remodeling, or immune cell recruitment associated with inflammation. Cancer acquires 

an ability to hijack such responses for its own benefit, forming a favorable tumor 

microenvironment (TME). 

The desmoplastic reaction is a hallmark of pancreatic cancer, forming in both primary 

tumors and metastatic sites 79. Fibroblast like pancreatic stellate cells (PSCs) gets 

activated by cancer cells to produce fibrotic extracellular matrix 80. The desmoplastic 

reaction is considered a mechanical barrier of drug delivery since it limits 

vascularization around the tumor cells 81. Initially, the desmoplastic reaction is 

described as being fully tumor-promoting. However, accumulating evidence suggests 
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that such a simplistic view is flawed.  Therefore, elucidation of the molecular properties 

of stroma down to its particular components are essential. 

ECM is a complex of proteins, e.g., collagen, fibronectin, hyaluronic acid. Hyaluronan 

is a glycosainoglycan, and its expression negatively correlates with patient survival 
79,82. A recombinant human hyaluronidase was shown to increase vascular 

permeability and associated chemotherapy drug delivery in a preclinical mouse model 
82. However, these results were not replicated in human clinical trials in which the drug 

is used together with standard care chemotherapy on patients 83–85. Collagen has 

multiple subtypes, but I, II, and IV are the main ones constituting ECM 86. Type IV 

levels in serum correlated negatively with survival for patients after surgery 87. 

Fibronectin is a glycoprotein binding to the membrane-spanning cellular integrins. Bulk 

fibronectin expression is shown not to be correlated with overall survival 88,89, but its 

expression together with specific integrins is prognostically unfavorable 90 for 

pancreatic cancer patients. 

While direct targeting of ECM components is conceivable, an approach instead 

targeting their source has been employed more. Fibroblasts are bystanders in every 

organ for supportive purposes, including homeostatic expression of soluble factors 

and ECM components 91. Pancreatic stellate cells (PSCs) are pancreatic fibroblasts 

located in the peri-acinar/ductal and vascular area in healthy organs 92. Within the 

disease context, PSCs form cancer-associated fibroblasts (CAFs), which are initially 

considered solely as tumorigenic 93. However, subsequent research outdated the view 

describing CAFs pure evil 94,95. Additionally, therapeutic targeting of cancer cell-CAF 

paracrine signaling is a double-edged sword, as shown by the SHH-inhibition studies. 

Initially, drug or antibody-mediated SHH inhibition was shown to reduce desmoplasia 

while increasing survival 96,97, but clinical trials with PDAC patients were terminated 

early since the chemo-combination accelerated disease progression 98.  

Recently, multiple studies confirmed the expected heterogeneity of CAFs. Once PSCs 

are co-cultured with mouse pancreatic cancer organoids in vitro, they induce a 

myofibroblast gene expression signature along with the production of a-smooth 

muscle actin (aSMA- a marker for CAF staining) 99. On the other hand, when a physical 

barrier is put between co-cultured cells allowing diffusion of soluble factors, PSCs 

rather upregulated some inflammatory cytokines, including IL-6 but not aSMA. The 

groups of CAFs are named as myCAFs and iCAFs, respectively. Supporting these 
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findings, aSMA+ fibroblasts were positioned in the perimeter of cancer cells, whereas 

IL-6+ fibroblasts were positioned in the distant peri-tumoral area. These results are 

also validated by single-cell RNA sequencing (scRNAseq) experiments 100–102.  

Inflammation with its many immune cell players constitutes a significant portion of the 

TME pie. Starting from the pre-neoplastic cells, inflammatory immune cell deposition 

in the microenvironment with its complex interaction networks still holds a puzzle to 

solve. Inflammation is a natural response to wound healing, but during carcinogenesis, 

the process is exploited for the benefit of carcinogenic transformation. According to 

the Triple E hypothesis, three steps of carcinogenesis occur 1) elimination, 2) 

equilibrium, and 3) escape 103,104. During the elimination phase, the immune system 

surveys the body for any unnatural transformation to terminate them 

(immunosurveillance). With the pressure of immunosurveillance, some transforming 

clones manage to escape immunosurveillance through a Darwinian-like selection. And 

finally, in the escape phase surviving clones expand to form tumor mass. Next to 

intrinsic factors, cancer cells also employ specific characteristics to modify their 

inflammatory microenvironment for their benefit during this micro-evolutionary 

process. 

GEMMs are perfect tools to analyze the steps of inflammation during carcinogenesis. 

CD45+ leukocytes already start to accumulate around neoplastic regions in young age 

CK model 69. Around the PanIN lesions, a significant portion of CD4+ T cells is Foxp3+ 

Treg  (regulatory T cell marker with immunosuppressive functions), while cytotoxic 

CD8+ T cells were scarce. The myeloid compartment is composed of plenty of tumor-

associated macrophages (TAMs) and myeloid-derived suppressor cells (MDSCs). 

Physiologically, macrophages can be activated either classically (M1) by IFNg and 

bacteria associated products or alternatively (M2) by IL-4, IL-10, IL-13, and 

glucocorticoids 105. M1 activation acts antitumorigenic with high IL-12 and low IL-10 

expression, whereas M2 activation is tumorigenic due to elevated IL-10 and low IL-12 

expression. TAMs in TME instead act like M2 macrophages mediating angiogenesis, 

tumor cell invasion, and metastasis 106,107. Additionally, IL-10 production skews helper 

T cell (Th) differentiation to type 2 (Th2), blocking cytotoxic T cell (CTL) activity 108. IL-

4 production by Th2 further increases M2 differentiation in a positive feedback loop. 

TAMs can also secrete PD-L1, which is a direct inhibitor of immune checkpoint 

proteins on active T cells 109. Metabolically, the production of arginase by TAMs breaks 
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down available L-arginine stocks, which is required for tumoricidal T cell activity 110. 

IL-10 and CCL22 produced by TAMs can enhance immunosuppressive Treg activity 
111,112. 

Neutrophils are the most abundant granulocytes in the body. Both anti- and pro-

tumorigenic properties of neutrophils are reported as in macrophages 113. Accordingly, 

TGFb mediated recruitment of N2 neutrophil (high arginase expression with low CCL3, 

TNF and ICAM1) is pro-tumorigenic since it blocks CTL activity, while TGF-b inhibition 

increases antitumor N1 subtype occupancy 114. In PDAC, tumor-associated 

neutrophils (TANs) are also reported in the PanIN stage, with negative prognostic 

impact 115,116. 

Carcinogenesis also involves a macroenvironment in which soluble factors released 

can influence distant organs, which in turn can create a feedback response to the 

primary site. Among many, immature myeloid cells localized in bone-marrow can form 

immunosuppressive cells, namely myeloid-derived suppressor cells (MDSCs). Under 

normal conditions, immature myeloid cells in bone marrow differentiate their terminal 

types, e.g., dendritic cells, macrophages, neutrophils 105. However, in cancer, they 

divert this differentiation, eventually forming CD11b+, GR1+ MDSCs 117. Broadly, 

MDSCs are divided into two: monocytic (M-MDSCs) and granulocytic 

(polymorphonuclear, PMN-MDSCs). M-MDSCs block CTL function via arginase 118 

and iNOS production, which increases reactive nitrogen species (RNS) 119. PMN-

MDSCs block CTL function mainly by ROS production of myeloperoxidase 120. MDSCs 

can also block antitumor lymphocyte recruitment and survival while increasing Treg 

expansion 105 

Interestingly, in the absence of tumor-derived conditioning, MDSCs can terminally 

differentiate into mature cells, while tumor cell conditioning increases their 

immunosuppressive character 121,122. These results imply extensive crosstalk between 

tumor cells and immature myeloid cells. GM-CSF, G-CSF, M-CSF are some growth 

factors regulating myelopoiesis of immature myeloid cells in the bone marrow. In 

cancer, inflammation associated production of such factors provides a suitable 

environment to keep myeloid cells immature. Additionally, pro-inflammatory factors 

like IL-1b, IL-6, S100A8, S100A9, CCL2, CCL12, TGFb and  CXCL5 secreted from 

tumor cells and, IFNg, IL-4, IL-10 and IL-13 from T cells form a complex network, which 

is increasing inflammation associated recruitment and maintenance of MDSC cells 123. 
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T cells are lymphocytes, which possess the ability to recognize specific antigens to 

create an immune response 124. The antigens are presented to them via specialized 

myeloid antigen-presenting cells (APCs), e.g., dendritic cells (DC). DC antigen 

presentation happens through major histocompatibility complexes (MHCs), which 

starts the process called “T cell priming” 125. MHC-class determines the type of naïve 

T cell differentiation. While MHC-II priming of CD4+ T cell differentiation into helper T 

cell subtypes (Th1, Th2) and Tregs, MHC-I priming of CD8+ T cell differentiation into 

CTL with direct cytotoxic ability. Broadly speaking, Th1 and CTL differentiation are 

antitumorigenic, whereas the Th2 and Treg are pro-tumorigenic. Th1 cells are 

characterized by IFNγ production, which increases APC-MHC expression 126 and 

antitumor T cell and myeloid cell activity 127. Th2 cells produce IL-4 and IL-13, which 

causes T cell exhaustion, a process in which previously activated T cells become 

resistant to continual activation 128. Tregs produce TGFβ and IL-10, which can block 

T cell effector function 129. 

T cell activation by MHC engagement is under the tight control of co-regulatory 

checkpoint proteins. Under physiological conditions, there is a balance between 

activatory and inhibitory regulation of checkpoint proteins to create an immune 

response to eliminate foreign substances but not to harm self. However, tumor cells 

bypass this regulation by somewhat shifting the balance to inhibitory checkpoints 

leading to T cell anergy and exhaustion. CTLA-4 and PD-1 are the most famous of 

these checkpoint inhibitors 14. 

All of these results brought up a rather preferable therapeutic approach in which TME 

is not depleted but remodeled. Elucidation of critical components of the TME is the 

goal for the development of precision medicine. Identification of serum markers to 

classify tumor stroma and associated high response drugs will hold promise for 

strategic therapy selection. NF-kB signaling at the crossroads of inflammation and 

cancer is “not” a novel signaling pathway. However, even with the contribution of 35 

years’ significant work, there are a plethora of mysteries to be revealed about how it 

works and how it can be targeted therapeutically. 

3.2 NF-κB signaling and c-Rel 
The κB-DNA binding sequence was discovered by Ranjan Sen and David Baltimore 

in 1986 130. NF-κB pathway activates transcription factors, which bind to various κB-
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DNA binding sequences to regulate target transcription. NF-κB is predicted to evolve 

as a stress response pathway, with high conservation within eukaryotic species 131. 

There are 5 NF-κB transcription factors: RelA (p65), RelB, c-Rel, p105-50 (NFKB1), 

and p100-52 (NFKB2). All of these transcription factors possess an RHD domain (Rel 

homology domain), which is important for their homo/hetero-dimerization, inhibitory κB 

protein (IκB) binding, and binding to κB DNA sequences 132. The five proteins are 

divided into two groups. p50 and p52 proteins are products of p105 and p100 

proteolytic cleavage, respectively 133–140. With their cleavable C-terminal ankyrin 

repeats p105 and p100 act as IκB proteins. RelA, RelB, and c-Rel additionally contain 

transcriptional transactivation domain (TAD). In resting conditions, they are held in the 

cytoplasm by IκB proteins 141–144. IκBs contain ankyrin repeats, which bind to TADs of 

transcription factors, thereby blocking their DNA binding activity and masking nuclear 

localization signals (NLS), which is important for transcription factors’ nuclear 

translocation 145. Of note, p105 and p100 proteins cleave their ankyrin repeats to 

become p50 and p52, respectively. Homo-heterodimers of p50 and p52 are 

transcription repressors since they do not possess TAD 146. However, if they dimerize 

with other NF-κB transcription factors harboring TAD, they become transcriptional 

activators. Bcl-3 is an atypical member of the IκB family, containing both ankyrin 

repeats and TAD 147,148. It can be both activator and inhibitor by its regulation on p50 

and p52 dimers 148–154. 

Broadly, NF-κB signaling is divided into two: canonical and non-canonical pathways 

(Figure 2). Canonical pathway gets activated by cytokine (TNFa, IL-1) receptors, 

pattern recognition receptors, T-cell receptor or B-cell receptor 155. Downstream, 

ligand binding to the receptor initiates a signaling cascade involving multiple 

phosphorylation/ubiquitination modifications. Although first downstream effectors of 

the aforementioned receptors are different, they converge at activation of a complex 

of IκB kinases (IKKs). The IKK complex has three subunits: IKKa (IKK1, CHUK) and 

IKKβ (IKK2) with kinase activity, and IKKγ (NEMO) with regulatory function 156–162. IKK 

complex phosphorylates IκB proteins to be ubiquitinated and degraded by 

proteasomes. This releases dimers of NF-κB transcription factors,e.g., RelA:p50, c-

Rel:p50, to translocate into the nucleus and regulate transcriptional activation. Of note, 

other than external ligand stimulation, internal cell stress associated products like ROS 

or damaged DNA can also activate NF-κB 155.  
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The non-canonical NF-κB pathway is different from the canonical pathway due to the 

difference in the processing of p105 and p100 proteins. While canonical p105 protein 

is truncated into p50 in a translation coupled manner 163, p100 requires pathway 

activation 164. This difference also reflects the reasons why canonical pathway 

response is robust and quick, while non-canonical pathway is generally late-trailing 

and persistent. BAFF,  CD40, lymphotoxinb and RANK are some of the ligands 

inducing the non-canonical signaling 165–168. Subsequently, NF-κB inducing kinase 

(NIK) together with IKKα phosphorylate p100 to be ubiquitinated on C’ terminus and 

truncated by βTrCP 164,169,170. Free p52:RelB dimers then can translocate to the 

nucleus to initiate transcriptional regulation 167,171. 

IKK proteins hold a pivotal position since a variety of NF-κB inducers converge on 

them. Still, the responses to stimuli diverge a lot at the downstream 155. The output of 

NF-κB activity can vary based on the type of transcription factor dimer-pairs and their 

post-translational modifications, the crosstalk with parallel signaling pathways, 

epigenetic status of the target gene, and the binding partners of NF-κB dimers.  

 

 
Figure 2: Schematic overview of NF-κB signaling, with canonical and noncanonical pathway 

components. c-Rel dimers act at the downstream of the canonical pathway. 
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NF-κB as the matchmaker of inflammation and cancer holds a unique position for 

therapeutics 172. Cumulative evidence supports that it would be a mistake to classify 

NF-κB as per se oncogenic or tumor suppressor. Rather an imbalance in the 

cumulative output of the signaling pathway along with a crosstalk with the others 

defines its cancer association, highlighting the importance of “properness” of the 

pathway. Unlike hematological malignancies, mutations in NF-κB proteins are not 

observed in pancreatic cancer. However, there is still an NF-κB addiction in pancreatic 

tumors, likely due to its highly inflammatory nature 172.  

Up to date, most of the research of NF-κB in solid tumors relied on the GEMMs of IKK 

proteins. While some studies classified NF-κB signaling as an oncogene, others did 

as a tumor suppressor, again reflecting the importance of the pathway balance 173–180. 

Of note, a hepatocarcinogenesis model revealed that triple Rela;Relb;Rel knockout 

model couldn’t phenocopy Ikbkg knockout (NEMO) phenotype, while overexpression 

of constitutively active kinase mutant Ikbkb (IKKβ) can rescue it 180. The result is 

actually expected considering the NF-κB independent functions of IKK proteins 181. 

Therefore, studies instead focusing on the very downstream transcription factors of 

NF-κB signaling can provide a relatively clear understanding. 

Previously, research from our group and others revealed the role of RelA and RelB in 

pancreatic carcinogenesis 182,183. However, c-Rel in pancreatic cancer GEMMs are not 

studied. 

3.2.1 RelA and RelB 
Oncogenic Ras is accepted to induce NF-κB signaling, while its necessity for Ras-

mediated carcinogenic transformation is disputed 184–187. In pancreatic cancer, NF-κB 

signaling is assumed to be active constitutively based on high RelA nuclear 

localization and DNA binding in both isolated cancer cells and patient histology 

specimens 175,188. An of note study identified IL-1α as a mutant Kras induced cytokine, 

which activates constitutive NF-κB signaling in a feed-forward positive feedback loop 

in PDAC GEMMs 175. The same study also showed a correlation between IL-1α 

expression and RelA nuclear localization in human patient samples. In parallel, 

inflammation generated by mutant Kras is also shown to constitutively activate NF-κB, 

further sustaining pathologic Ras-GTP levels again in a positive feedback loop 189. 

Kras effector signaling pathways involving PI3K and GSK-3 kinases are also shown 

to be in positive feedback loops with canonical NF-κB pathway involving RelA 190–192. 
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A study from our group 182 revealed the dual nature of RelA function in pancreatic 

cancer in which RelA acts as a tumor suppressor during carcinogenesis. Once the 

senescence barrier is bypassed by mutations on Trp53 or Cdkn2a, the oncogenicity 

of RelA overcomes tumor suppressor function. Constitutive activation of the non-

canonical NF-κB pathway in pancreatic cancer has been reported based on NIK and 

phosphorylated p100 levels 193. In a pancreatic carcinogenesis GEMM, RelB is 

identified as an oncogene during carcinogenesis since its knockout reduces PanIN 

formation and increases survival 183. 

The relevance of RelA and RelB in pancreatic cancer and other solid tumors are, of 

course, not only limited to these results. Additional associated remarks were already 

compiled in a review article we wrote 194. Canonical NF-κB signaling, in general, 

focused on RelA in cancer studies, which is evident by simple literature research. It 

may create a bias towards the function of c-Rel in solid tumors, disregarding its 

potential relevance in the disease. Therefore, further studies revealing c-Rel function 

in pancreatic cancer are required. 

3.2.2 c-Rel 
c-Rel is a homolog of avian reticuloendotheliosis virus strain T protein (v-Rel) 195,196. 

v-Rel is identified as a retroviral protein, which can cause the oncogenic transformation 

of avian lymphoid cells 197,198. Interestingly, compared to other NF-κB transcription 

factors RelA, RelB, p50, and p52, v-Rel and c-Rel have better ability to cause 

carcinogenic transformation in chicken splenocytes 199. Although alone not enough, 

along with additional driver events, c-Rel overexpression in mouse mammary can 

cause spontaneous carcinogenesis  200,201. c-Rel is mostly studied in hematological 

malignancies. However, recent research highlights its importance in solid tumors. 
Table 1: List of literature delineating c-Rel function in various solid tumors 

Tumor Pancreas Ovarian Colorectal Liver Lung Squamous Breast 

Reference 202–204 205,206 207,208 180,209 186,204,210,211 212–219 200,204 

 
Ras-induced carcinogenic transformation of MEF cells doesn’t necessarily require c-

Rel, but it is enhanced by it. In parallel, in a Ras-induced lung cancer mouse model, 

c-Rel nuclear localization is increased in transformed cells compared to healthy cells 
186. Another study revealed Tank binding kinase-1 (TBK1):c-Rel axis as a synthetic 

lethality partner for mutant Kras in multiple cancer cell lines (no pancreatic cancer cell 

included) 220. In their screen, they tested multiple mutant Kras downstream pathways, 
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including PI3K, Raf, and RalGEFs. While RNAi knockdown of PI3K and Raf didn’t 

show synthetic lethality with mutant Kras, RalB did. Previously, it is already established 

that RalB complexes are critical components of Kras induced TBK1 activation 221. 

Interestingly, TBK1-IKKe induces c-Rel nuclear localization by increasing its 

phosphorylation 222. In their RNAi screen, both TBK1 and c-Rel knockdown are 

identified as synthetic lethality partners of mutant Kras next to RalB. c-Rel can activate 

both pro-survival and antiapoptotic genes 223. Antiapoptotic Bcl-xL production could 

rescue the synthetic lethality upon TBK1 knockdown. 

Another work identified c-Rel as a critical component for resistance to EGFR inhibition 

on multiple cancer cell lines, this time including pancreatic cancer 204. Stemness of 

cancer cells is a proposed mechanism for therapy resistance. αVβ3 integrin induced 

Kras-RalB signaling increases c-Rel activation, which is associated with stemness 

involved in erlotinib resistance. However, further studies put the controversy to the 

importance of TBK1 function in Kras mutant cancer 224,225. In pancreatic cancer cells, 

for TBK1 activity readout, researchers used IRF3, not c-Rel 224. Therefore, more 

research is required to delineate possible therapeutic implications for Kras-TBK 

synthetic lethality. 

c-Rel is also identified as a checkpoint for immunotherapy by multiple groups because 

of its importance in Treg and MDSC function 226,227. Both studies used melanoma cell 

lines and their transplantation models to elaborate c-Rel function in tumor-associated 

inflammation. Genetic and pharmacological c-Rel inhibition synergized with immune 

checkpoint inhibitors (anti-PD-1), reducing tumor growth with higher CTL function. 

Another recent study classified c-Rel as a positive regulator of fibrogenesis by 

mediating paracrine crosstalk between epithelial, mesenchymal, and myeloid cells 228. 

With the use of genetic and pharmacologic tools, c-Rel inhibition was shown to have 

a therapeutic benefit to reduce fibrosis. 

These studies highlight a potential benefit of targeting c-Rel in solid tumors, 

matchmaking not only inflammation and cancer but also fibrosis. In simple words, by 

targeting c-Rel, one can kill “multiple birds with one stone”. Additionally, unlike RelA, 

the c-Rel knockout mouse is not embryonically lethal but has functional defects later 

in humoral immune response 229,230. Therefore, c-Rel is a preferable therapeutic target 

for the canonical NF-κB signaling pathway. 
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3.3 Epithelial to Mesenchymal Transition (EMT) and 
Metastasis 

EMT is a reversible cellular process in which epithelial characteristics involving basal-

apical cell polarity, high cell-cell adhesion, and cell-basal membrane interaction and 

associated cytoskeletal architecture are reduced to achieve a more invasive 

phenotype associated with mesenchymal characteristics 231. 

Cell-cell adhesion is achieved by tight junctions, adherens junctions, desmosomes, 

and gap junctions. Tight junctions are formed of membrane-spanning occludins, 

claudins, and junction adhesion molecules 232. These molecules are connected to actin 

filaments in cells, thereby connecting cytoskeletons of neighbor cells. Tight junctions 

are important for epithelial cell polarity maintenance and paracellular barrier function. 

Adherens junctions are composed of cadherin and catenin proteins interacting with 

actin filaments forming adhesion plaques 233. Adhesion plaques are like continuous 

cellular belts maintaining polarity across tough epithelia.  Desmosomes are composed 

of membrane-spanning desmosomal cadherins, desmoglein, and desmocollin 

proteins connecting cell-cell adhesion to intermediate filaments such as keratins 234. 

Gap junctions are cellular gates allowing passage of ions and molecules between 

contacting cells 235. Epithelial cells are attached to the basal membrane via 

hemidesmosomes, which are composed of α6β4 integrin complexes connecting 

cytokeratin intermediate filaments to the basal membrane. 

Within the EMT process, epithelial products are transcriptionally or post-

transcriptionally repressed. Mesenchymal phenotype is reflected in fibroblast-like cells 

in which cell-cell junctions are not functional, while cellular polarity is instead seen as 

front-rear with actin stress fibers. Vimentins compose intermediate filaments forming 

invasion-migration associated focal adhesions attaching to ECM 231. Integrin-b1, 

integrin-b3, N-cadherin, and fibronectin are some mesenchymal cell-associated 

proteins, which are expressed more in EMT cells 236.Three types of EMTs are defined, 

which are happening in 1) embryonic development, 2) wound healing and tissue 

fibrosis and 3) cancer pathogenesis 237. 

Multiple transcription factors (EMT-TFs) are identified, enhancing EMT in cancer. 

Among these factors are Snail 238,239, Slug 240, Zeb1 241, Zeb2 242 and Twist 243. In 

cancer, primarily E-cadherin expression is tightly regulated by EMT-TFs. EMT-TFs’ 
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activation can be achieved by their transcriptional activation or post-translational 

modifications, increasing their stability 244.  

The complete EMT is a rare event in vivo, as observed in human tumor samples with 

the exception of carcinosarcomas 244. Nonetheless, recent evidence suggests instead 

an intermediate EMT phenotype in which cancer cells adopt “epithelial-mesenchymal 

plasticity (EMP)” 231. EMP favors cells to gain mixed epithelial (E) and mesenchymal 

(M) properties allowing rapid transition between E/M states. EMP is considered to 

provide an advantage to fulfill the requirements of the multistep metastasis cascade. 

The metastatic cascade in cancer is broadly divided into five steps: 1) invasion, 2) 

intravasation, 3) survival in circulation, 4) extravasation, and 5) colonization in 

secondary organs 245. Initially, cells detach from the basal membrane, break cell-cell 

junctions to increase motility, and remodel ECM to physical breakdown barriers, which 

block their entry into circulation. These processes are highly associated with EMT. 

During intravasation, cells penetrate leaky endothelial cells to translocate into vascular 

or lymphatic lamina, joining systemic circulation. Not all cells, but some survive the 

mechanical shears of circulation, anoikis, and immune surveillance. These cells are 

called circulating tumor cells (CTCs). CTCs then extravasate into secondary organs 

where again, a limited number of cells can establish micro-metastasis and colonize. 

Interestingly, EMT and metastatic dissemination start before bulk tumor formation in 

pancreatic cancer during premalignant stage 246. 

E-cadherin loss (in parallel to EMT) has been considered as an important step for the 

initial invasion of cancer cells preceding metastasis. However, E-cadherin expression 

is shown to be retained in invasive primary tumors and metastatic colonies 247. An of 

note study revealed that E-cadherin loss, in fact, increased invasion but reduced their 

proliferation, survival, dissemination to circulation, and forming metastatic colonies in 

distant organs 248. 

Two independent groups challenged the requirement of EMT with the use of in vivo 

mouse models. Fischer et al. used a linage tracing breast cancer model in which cells 

were expressing EMT associated S100A4 (Fsp1), and vimentin were marked 249. Most 

of the cells in metastatic lung colonies were composed of unmarked cells indicating 

they have not passed through EMT. Zheng et al. proposed that EMT is important for 

chemoresistance but not required for metastasis by using Snail and Twist knockout 

PDAC model 250. Firstly, since EMP cells might not pass through a mesenchymal stage 

where vimentin or S100A4 are robustly expressed, metastatic cells might be activating 
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EMT partially but not entirely during metastasis. Secondly, many EMT-TFs have highly 

overlapping functions. Hence, the absence of one TF might be compensated by the 

other 244. Krebs et al. demonstrated Zeb1 is a key protein for invasion and metastasis 

in PDAC. Accordingly, evaluating “a whole EMT process as dispensable” based on 

the phenotype of two transcription factors (Snail and Twist) should be taken with 

caution. 

Overall, these results highlight the importance of evaluating EMT based not on the 

expression of single transcription factors. In a recent EMT consensus statement, it is 

highly recommended for a researcher to assess EMT in many aspects, not only by 

checking few EMT protein markers at the molecular level but also their broad 

functional/characteristic evaluation at the cellular level 231.  

Mesenchymal to epithelial transformation (MET) is the reverse process of EMT. 

However, the exact mechanisms for this transition remain unknown 251. Currently, 

simplistic models suggest that the repression of EMT-TFs’ activity causes a reverse 

EMT program: MET. Until now, it is widely accepted that MET is important, especially 

for the final step of metastatic cascade, colonization. Interestingly though, E-cadherin 

expression has been shown to important also for CTCs and extravasation for breast 

cancer 248. A combination of cellular genetic/epigenetic alterations along with the 

absence of primary TME might contribute to the reversal of EMT in the metastatic 

sites. Of note, EMT mostly is not a cell-autonomous process but instead in crosstalk 

with TME 251. 

3.4 Cancer Stem Cells 
Cancer is initially proposed to form from stochastic genetic/epigenetic alterations of 

neoplastic cells, and with a Darwinian-like pressure surviving clones form big tumors 

with heterogeneity 252. However, recent evidence suggests an alternative hierarchy 

model: some but not all cells have the capacity to form tumors, which are called cancer 

stem cells (CSCs) 253. Tumor initiating cells (TICs) can form tumors in secondary 

recipients, which doesn’t necessarily mean that they are CSCs. However, CSCs have 

more TIC capacity 254. And finally, an alternative theory combines both stochastic and 

hierarchy model; cancer cells have the plasticity to interchange between CSC and 

non-CSC phenotypes, defining stemness as a “state” but not an “entity” 255.  

Cancer stem cells have the potential to self-renew with unlimited proliferative capacity 

and differentiate into various progenies, like normal stem cells. Implanted CSCs can 
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form tumors with cellular heterogeneity of the primary tumor 255. Next to metastasis 

and therapeutic resistance, EMT is also associated with CSC state 256,257. However, 

the mechanistic links delineating the underlying interaction between CSC and EMT 

are yet not clear. It is determined that there is also a CSC heterogeneity, each 

mediating different aspects of cancer like tumorigenesis, tumor persistency, therapy 

resistance, and metastasis 258. Additionally, how CSC subtypes are linked to EMT 

plasticity mechanistically and phenotypically are not clear 258  

Pancreatic CSCs are identified to have several markers, including CD24, CD133, 

CD44, EpCAM, CXCR4, ABCG2, ALDH-1, nestin, and c-Met 259–268. There is a 

controversy regarding which markers are expressed alone or together in pancreatic 

CSCs 269. The origin of pancreatic CSCs is not clarified, although they are 

hypothesized to derive from stem cells resident in healthy pancreatic tissue or bone 

marrow or de-differentiation of pancreatic cells via mutation 267. Multiple techniques 

are employed to assess CSCness: detecting surface expression of CSC associated 

markers, sphere formation capacity, and tumor-initiating capacity. The sphere 

formation capacity of CSCs represents their self-renewal ability in non-adherent 

culturing conditions. Cultured to form spheres, human pancreatic cancer cells increase 

their expression of previously mentioned CSC surface markers 270–272 

Initially, pancreatic CSCs are isolated as triple-positiveCD44+, CD24+, EpCAM+ (0.2-

0.8% ofthe  whole population) population, which is showing 100 fold more tumor 

initiating capacity than triple negative counterpart 267 . CD133+ CSCs has been 

reported by multiple studies to possess pancreatic CSC properties 264,273,274. 

Interestingly, 10- 40% of CD133+ subpopulation was also positive for aforementioned 

CD44+,CD24+, EpCAM+ triple positive population 264. Within the same study, 

subpopulation CD133+,CXCR4+ is identified to possess high metastatic capacity. 

An of note study is performed to check CSC marker expression in a cohort of 105 

patients 275. The surface expression of CD44, CD24, CXCR4, EpCAM, and nestin was 

shown to increase as the pancreatic carcinogenic transformation progressed from low-

grade PanIN to cancer. CXCR4 and EpCAM expression showed a correlation with the 

differentiation grade of cancer. 

Beyond the surface expression of CSC markers, there is additional heterogeneity 

linking EMT plasticity to CSC subtypes and eventual functional phenotype. Such a link 

is significant for the clear-cut understanding of the conclusion of this thesis work. 
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Therefore, we find it rather useful to discuss the EMT plasticity – CSC subtype link in 

detail after the presentation of the data we have. 

3.5 Aim 
Here in this work, we aim to understand the role of c-Rel in pancreatic cancer by using 

both in vivo and in vitro techniques. For this purpose, pancreas-specific c-Rel 

overexpression and knockout are achieved in preclinical pancreatic cancer mouse 

models. In comparison with Rel wild-type mice, pancreata of mice are analyzed 

histologically. Histopathological characterization of the tissues is performed with IHC 

stainings. Cancer cells from primary tumors are isolated to perform detailed in vitro 

analysis. Their EMT status, functional and descriptive CSC phenotype and, 

transcriptomics analysis delineated the mechanistic details of c-Rel impact. 

Furthermore, isolated cancer cells are used to model metastasis via intravenous 

injection.  
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4 MATERIALS AND METHODS 

4.1 Mice 
4.1.1 Mouse models 

• Ptf1atm1(Cre)Hnak: Cre recombinase is knocked-in to exon-1 of Ptf1a. Ptf1a protein 

production is diminished, and Cre is expressed under the control of Ptf1a 

promoter/enhancer elements. It produces Cre specifically in the pancreas and 

additionally in the cerebellum, retina, partial duodenum, and neural tube. As 

part of this project, we also showed paternal transmission of germline 

recombination with the model. Therefore, in breedings, Ptf1a-Cre is transmitted 

to progeny always by mothers 77,276. 

• Krastm4Tyj: This knock-in model possesses a KrasG12D mutant allele in 

endogenous Kras locus, under the control of lox-stop-lox (LSL). Upon 

recombination, the stop cassette is deleted, allowing oncogenic KrasG12D 

production 76. 

• Trp53tm1Brn: Exon-2 to 10 of the Trp53 gene are flanked by lox sequences. Upon 

Cre recombination, the null allele is generated 78. 

• Reltm1Ukl: Exon-1 of Rel is flanked by lox. Additionally, a promoterless eGFP 

gene is placed upstream of exon-1. Upon Cre recombination, the null allele is 

generated for Rel, and a PGK promoter meets with eGFP allowing reporter 

eGFP production in recombined cells 277. 

• GFP-Rel: In this transgenic model, an N-terminus eGFP-tagged mouse Rel is 

randomly integrated into the genome with the use of a BAC clone. The locus 

contains an LSL downstream of the CAG promoter and upstream eGFP. Upon 

recombination, CAG induces overexpression of GFP-Rel protein. On C-

terminus, the construct possesses a FLAG tag, followed by an IRES-

Hygromycin resistance cassette 278. The model was kindly provided by Prof. Dr. 

Marc Schmidt-Supprian. 

• Multiple combinations are generated with the use of these models. The list of 

compound mutant mice and their abbreviations are shown in Table 2. 
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Table 2: List of mouse models used in this study along with their description and abbreviations 
 Mouse Models Description 

CK C: Ptf1atm1(cre)Hnak; K: Krastm4Tyj 
Pancreas specific Ptf1a driven Cre expression causes oncogenic 

KrasG12D expression. 

CCK C: Reltm1Ukl; CK Pancreas specific knockout of c-Rel in CK. 

GCK G: GFP-Rel; CK 
Pancreas specific overexpression of N‘ GFP-Tagged mouse c-

Rel in CK. 

CKP P: Trp53tm1Brn; CK 
Pancreas specific Ptf1a driven Cre expression causes oncogenic 

KrasG12D expression along with knocking out Trp53. 

CCKP C: Reltm1Ukl; CKP Pancreas specific knockout of c-Rel in CKP. 

GCKP G: GFP-Rel; CKP 
Pancreas specific overexpression of N‘ GFP-Tagged mouse c-

Rel in CKP. 

 

All mice are kept under specific pathogen-free conditions with access to water and 

food ad-libitum in accordance with the European Directive 2010/63/EU. All animal 

experiments were reviewed by Zentrum für  Präklinische Forschung of the Technische 

Universität München, which adheres to the rules of federal German guidelines for 

ethical animal treatment, Regierung von Oberbayern. 

4.1.2 Intravenous injection of cells 
Littermates without the Ptf1a-Cre allele are used for tail-vein injection. 106 cells are 

collected and washed two times and resuspended in Mg/Ca++-free PBS (200µL per 

injection), and injected with a 26G needle. Mice are sacrificed 28 days post-injection 

unless they show symptoms of burden. Pancreas, surrounding lymph nodes, liver, 

lung, duodenum, diaphragm, peritoneum, spleen, kidney, heart, and thymus are 

collected to analyze metastatic colonization histologically. Lung colonization is used 

as the primary output to assess differences in metastatic potential. 

4.2 Molecular biology 
4.2.1 Mouse genotyping 
Ear clips and tail tips are used as the template for weekly genotyping and post-

genotyping, respectively. Samples are lysed in tail lysis buffer (200uL DirectPCR lysis 

reagent-Viagen and 10µL Proteinase K-Roche) at 55°C shaker until dissolved. 

Proteinase K is inactivated by 85°C 1-hour incubation. For genotyping, 2µL from lysate 

is directly used as the template. GoTaq® Green Master Mix (Promega) is used for 

PCR reaction as follows: 7.5µL 2X GoTaq master mix, 0.6µL primer mix (10µM each), 
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4.9µL nuclease-free water and 2µL DNA template. The cycling protocol is as follows: 

95°C-1 min, 40 cycles X (95°C-30 sec; 58°C 30 sec, 72°C 1.5 min), 72°C-10 min final 

elongation. All mice are genotyped for the respective floxed allele but also for their 

recombined product since paternally transmitted Ptf1a-Cre can cause germline 

recombination. Each mouse is validated to be germline recombination free also by 

post-genotyping. Primer sequences for genotyping are provided in Table 3. 
Table 3: List of genotyping primers and theire respected band sizes 
Name Sequence Expected sizes 

Generic Cre 

01 ACC AGC CAG CTA TCA ACT CG 

wt: 350bp 
Cre/+: 200bp 

02 TTA CAT TGG TCC AGC CAC C 

03 CTA GGC CAC AGA ATT GAA AGA TCT 

04 GTA GGT GGA AAT TCT AGC ATC ATC C 

Kras 

 

 

01 
02 

03 

TGT CTT TCC CCA GCA CAG T 
CTG CAT AGT ACG CTA TAC CCT GT 

GCA GGT CGA GGG ACC TAA TA 

wt: 250bp 
flox: 100bp 

recombined: 300bp 

01 GTC TTT CCC CAG CAC AGT G wt: 622bp 

flox: 500bp 

recombined: 650bp 

02 CTC TTG CCT ACG CCA CCA GCT C 

03 AGC TAG CCA CCA TGG CTT GAG TAA GTC TGC A  

Relb 

01 AGG TTG ATG GTA ACT TTG GAT G wt: 230bp 
flox: 270bp 

recombined: 186bp 

02 TCC AAA AAA ACC AAA CCA ACA AC 

03 GTT TTC CCT GCT TGG TTC TGC 

Rel 

01 CCA GCC AGG GTA AGT CTT CA 
wt: 400bp 

flox: 266bp 
02 GCT AGG GGA AGG TGT CAC TGT 

03 TCC AAA CTC ATC GAA GTT CCT 

A CAGGATGTTGCCGTCCTCCTTG  
A+B recombined: 470bp 
A+C unrecombined: 470bp 

B CCTGCAGCCAATAAGCTTATAAC 

C TATCATGTCTGGATCAATTCATAAC 

GFP-Rel 

01 CTG CTG CAA GAT TGT GGT AAG A wt: 290bp 

flox: 358bp 02 AAT AGT GAG AGT GTG CGG GA 

A TGG GCA ACG TGC TGG TTA TT 
flox: 385bp 

recombined: 584bp 
B TTC TTC TGC TTG TCG GCC AT 

C TGC CTG CTT GCC GAA TAT CA 

Trp53 

01 CAC AAA AAC AGG TTA AAC CCA G wt: 288bp 

flox: 370bp 02 AGC ACA TAG GAG GCA GAG AC 

A CAC AAA AAC AGG TTA AAC CCA G 
recombined: 612bp 

B GAA GAC AGA AAA GGG GAG GG 
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4.2.2 RNA isolation and RT-qPCR 
For RNA extraction, pancreatic tissues are freshly collected, homogenized and snap-

frozen in 900µL RLT lysis buffer (1015762 Qiagen, Hilden, Germany) containing 1% 

b-mercaptoethanol (M6250 Sigma). For cells, the homogenization step is omitted. 

200-300µL of lysates are used for RNA extraction via Maxwell® 16 LEV simplyRNA 

Purification Kit (Promega) for tissues and processed in Maxwell® 16 instrument 

(AS2000). RNA integrity and concentration are checked via NanoDrop 2000 

spectrophotometer (Peqlab, Erlangen, Germany) and 1% agarose gel electrophoresis. 

600ng RNA is used for cDNA synthesis by GoScript™ Reverse Transcriptase kit 

(Promega) with OligodT primer with manufacturer’s recommended protocol. The 20µL 

cDNA final mix is diluted with 80µL nuclease-free water. 3µL of diluted cDNA mix is 

used per reaction for RT-qPCR. RT-qPCR is performed with LightCycler 480 machine 

(Roche) using Sybr Green Master Mix 1 (Roche) according to the recommended 

protocol of the manufacturer. A list of the primer sequences can be found in Table 4. 
Table 4: Primer sequences used for mouse RT-qPCR 

Gene primer Sequence 5’-3’ 

Rel F AGA CTG CG ACCT CAA TGT GG 

R GCA CGG TTG TCA TAA ATT GGG TT 

Cdh1 

 

F AGG TTT TCG GGC ACC ACT TA 

R TGA TGT TGC TCT CCC CAA GT 

Zeb1 F CCA CTG TGG AGG ACC AGA AT 

R CTC GTG AGG CCT CTT ACC TG 

Zeb2 F TAG CCG GTC CAG AAG AAA TG 

R GGC CAT CTC TTT CCT CCA GT 

Snai1 F GGT CCC CAA CTA CGG GAA AC 

R CTG TAG GGG CTC ACT GGG ATT 

Snai2 F TGG TCA AGA AAC ATT TCA ACG CC 

R GGT GAG GAT CTC TGG TTT TGG TA 

 

4.2.3 RNAseq analysis 
Total RNA is isolated, and quality is assessed as described in section 4.2.2. RNAs are 

then sent to Novogene Europe Company Limited (Cambridge, United Kingdom). 

Further RNA sample quality check, mRNA library preparation with polyA enrichment, 
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sequencing with NovaSeq 6000 PE150 platform, and quality control of RNAseq are 

performed by the company. The results are further analyzed in collaboration with Dr. 

Mehmet Gönen for gene enrichment sets (Koc University, Istanbul, Turkey).  

4.2.4 Protein extraction, SDS-Page, and Western blot 

4.2.4.1 Protein extraction and Quantification 

Collected tissues are homogenized and lysed in pre-chilled RIPA buffer (150mM NaCl, 

1% NP-40, 0.5% Sodium deoxycholate, 50mM Tris pH:8.0) supplemented with fresh 

protease and phosphatase inhibitors (SERVA, Heidelberg, Germany). Cell pellets are 

only lysed without homogenization. Lysates are incubated on ice for 20 min, sonicated, 

and centrifuged at 13.200 rpm, 20min, 4°C. Supernatants are collected, and protein 

quantification is performed with Bradford Assay (Bio-Rad, Munich, Germany). 

Basically, Bradford stock solution is diluted 1:5 in water and aliquoted as 250µL per 

well/sample to the clear-bottomed micro-well plate. 2µL of each protein lysate is put to 

wells as triplicates and mixed. BSA (1mg/mL, Sigma) with 2uL RIPA buffer is used for 

standard curve generation. Optical-Density (OD) values are measured by Multiskan™ 

FC Microplate Photometer at 595nM. Based on the standard curve, protein 

concentrations are quantified and diluted accordingly. Lysates are also supplemented 

with 6X Laemmi Buffer and boiled for 5 min at 95°C, cooled down immediately on ice, 

centrifuged at room temperature (RT) for 5 min at maximum speed, and stored at -

20°C for further use. 

4.2.4.2 SDS-PAGE Gel 

SDS-Polyacrylamide gel preparation and electrophoresis is performed with Mini-

Protean® 3 Cell System (Bio-Rad). Depending on the target protein molecular weight, 

separating gel concentration is arranged. Per well, 30-50µg of each protein lysate is 

loaded to gel with 5µL reference protein ladder (26619, PageRuler™ Plus Prestained 

Protein Ladder, 10 to 250 kDa, ThermoFisher Scientific). The gel is run at 90V and 

145V in stacking and separating gels, respectively. The recipe for 2x 1.5mm varying 

concentrations of separating and stacking gels are given below in Tables 5 and 6. 
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Table 5: Recipe for two separating gel for given concentrations. 

Table 6: Recipe for two stacking gel for given concentrations.  
Stacking Gel  

dH2O (mL) 4.5 

Tris-Cl 0.5M, pH:6.8 (mL) 2 

30/0.8% Acrylamid/Bis solution 1.1 

10% SDS (µL) 75 

10% APS (µL) 38 

TEMED (µL) 15 

 

4.2.4.3 Western Blot 

The proteins are transferred to either PVDF or nitrocellulose membranes (0.2-0.45µm, 

Merck-Millipore) by Mini Trans-Blot Cell™ System (Bio-Rad). PVDF membrane is 

incubated in methanol for 1.5 min before transfer. Blotting is performed with prechilled 

transfer buffer (3.025gr Tris, 14.4gr Glycine, 200mL Methanol, up to 1L dH2O), 100V 

for 90-120 min on ice. Membranes are blocked 1 hour at RT with either 5% milk or 

BSA in TBS-t (2.4gr Tris, 8.3gr NaCl, up to 1L dH2O, pH:7.6, 1mL Tween-20). 

Membranes were then incubated with primary antibody solutions (Table 7) over night 

at four °C, on a shaker. The next day membranes are washed 3 x 15 min with TBS-t 

at RT on the shaker. Then membranes are incubated with HRP-conjugated secondary 

antibody solutions for 1 hour at RT and washed again. Signal development is 

performed with Amersham ECL™ or ECL™-prime reagent, Amersham Hyperfilm™, 

and Amersham Hyperprocessor™ (GE Healthcare, Buckinghamshire, UK). Exposure 

times are set according to the target protein. 

 

 

 

 

Separating Gel Concentration 7.5% 10% 12% 15% 
dH2O (mL) 7.4 6.2 5.1 3.8 

Tris-Cl 1.5M, pH:8.8 (mL) (Sigma) 3.9 

30/0.8% Acrylamid/Bis solution 

(Roth, Karlsruhe, Germany) 

3.8 5 6 7.5 

10% SDS (µL) (Sigma) 150 

10% APS (µL) (Sigma) 75 

TEMED (µL) (Fluka, Buchs, Schweiz) 23 
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Table 7: List of antibodies used for western blot. 
Antibody Catalog # Company 
c-Rel Sc-71 Santa Cruz Biotechnology 

AF-2699-SP R&D Biotechnology 

b-Actin A2228 Sigma Aldrich 

ERK-1/2 Sc-514302 Santa Cruz Biotechnology 

RelA Sc-372 Santa Cruz Biotechnology 

RelB Sc-226 Santa Cruz Biotechnology 

Zeb1 A301-922A Bethyl Laboratories 

E-cadherin 610181 BD-Biosciences 

b-Catenin 9562 Cell Signaling 

HSP90 Sc-7947 Santa Cruz Biotechnology 

N-cadherin 610921 BD-Biosciences 

Vimentin Ab8978 Abcam 

Slug 9585 Cell signaling 

 

4.2.5 Co-immunoprecipitation assay 
Cultured cells (~50x106cells) are washed twice with ice-cold PBS in 10cm cell culture 

dishes, and 1 mL Co-IP lysis buffer (1% Triton-X, 150mM NaCl, 2mM EDTA, 50mM 

Tris-Cl pH:8, fresh protease/phosphatase inhibitors, fresh 0.5mM DTT, Fresh 100µM 

PMSF) is added and incubated on ice for 30 minutes to allow lysis. The lysed sample 

is scraped and collected in a 1.5mL Eppendorf tube, and sonicated for 3x3 pulse after 

cooling down the sonication probe, and passed through a syringe for few times until 

smooth. The lysate is centrifuged for 15min at max speed, 4°C. Now on all centrifuge 

steps are performed at 2500g, 4°C, 3 min unless indicated. The lysate is pre-cleared 

for unspecific binding to protein A/G microbeads (20241, Pierce Protein A/G Agarose, 

Thermo Scientific) with the addition of pre-washed 20µL bead (bead solution has 50-

50% bead and slurry). Finally, the volume is adjusted to 1mL mL. 10% of the whole 

lysate is separated as input. Protein concentration is calculated with Bradford assay. 

The remaining lysate is split into 4 parts to be incubated with primary antibodies at 4°C 

on a rotator. 1-2mg of protein per cell lysate is incubated 2 hours at 4°C rotator with 

2µg antibody.  The antibodies are anti-c-Rel sc-71, anti p65 sc-372, anti-RelB sc-226, 

Rabbit IgG. Meanwhile, the beads are equilibrated with wash buffer and blocked with 

1% BSA in lysis buffer for 1hr. The lysate-antibody mix then put-on blocked beads for 

incubation on rotator at 4°C. The next day, the bead-lysate-antibody mixture is 
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centrifuged, and the supernatant is collected as flow-through for quality check of IP. 

The beads are washed 2x with 500µL lysis buffer and 2x with 1mL PBS-TritonX 0.1%. 

The beads are then resuspended in 100µL lysis buffer + 20µL Laemmi Buffer mix, 

boiled and centrifuged for further use in western blot.  

4.3 Histology 
4.3.1 Tissue sectioning 
Collected tissue samples are fixed in 4% PFA (Merck, Darmstadt, Germany) in PBS 

for 48h, dehydrated, and embedded in paraffin. The tissues are sectioned as 2µm 

slices with a microtome (HM 355 S, MICROM, Walldorf, Germany) and collected to 

adhesive-coated slides (SuperFrost® Plus, Menzel, Braunschweig, Germany). Slides 

then dried at RT and stored for further use. For cryosectioning, fresh tissue samples 

are snap-frozen in O.C.T. Compound (Tissue-Tek, Weckert Labortechnik, Kitzingen, 

Germany) and stored at -80°C. They are sliced with cryotome with 10µm thickness, 

mounted, and stored in -20°C for further use. 

4.3.2 Haematoxylin and Eosin Staining (H&E) 
Paraffin sections are deparaffinized with two changes of ROTI®Histol 5 min each (Carl 

ROTH), rehydrated by 2X 3 min incubation in 100%-96%-70% ethanol, and dH2O in 

order. The slides are incubated in hematoxylin solution (Merck Millipore, Billerica, MA) 

for 3.5 min, washed under running tap water for 10 min. Then slides are incubated in 

eosin solution (Merck) for 3.5 min and dehydrated by 25 seconds incubation in 96% 

ethanol and isopropanol. Slides then passed through two changes of ROTI®Histol and 

mounted with Pertex (Medite GmbH) with coverslips. Microscopic histological analysis 

is performed with Axiostar Plus (Carl Zeiss, Göttingen, Germany). 

4.3.3 Immunohistochemistry staining 
Tissue sections are deparaffinized and rehydrated, as explained in 4.3.2. Heat-

induced antigen retrieval (HIAR) is performed either by microwave (3 min 900W, 3 min 

120w, 14min 360W) or water bath incubation (96°C). Depending on the antibody, a 

different antigen retrieval solution is used. Slides are cooled down 20 min to RT 

washed twice for 5 min in dH2O and incubated in 3% hydrogen peroxide to block 

endogenous peroxidase activity. The slides were then washed with water and 

specified washing buffer two times at RT. Blocking is performed with diluted (5% in 

selected washing buffer) serum of species, which secondary antibody is raised in and 

avidin drops (4 drops in 1mL, SP-2001 Vector Laboratories, CA), at RT for 1 hour. 
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After 5 min X 3 wash, primary antibody solution (diluted in blocking solution with biotin) 

is added and incubated overnight at 4°C. The next day, slides are washed with wash 

buffer and incubated for 1 hour at RT with respective biotinylated secondary antibody. 

Meanwhile, the avidin-biotin complex is prepared according to the manufacturer's 

protocol (PK6200, VECTASTAIN elite ABC-HRP kit, VECTOR Laboratories). Slides 

are washed 3X with wash buffer and incubated for 30 minutes with ABC solution at 

RT. Finally, slides are washed 3X with dH2O, and the signal is developed with DAB 

reagent (Vector Laboratories, CA), counterstained with hematoxylin, dehydrated, and 

mounted as explained in section 4.3.2. The list of antibodies, their respective HIAR 

protocol, and washing buffers can be obtained in Table 8. 
Table 8: List of antibodies and their respective HIAR protocols for IHC. 

Antibody 
target 

Company 
Catalog number 

Dilution 
factor 

HIAR Wash buffer 

c-Rel R&D AF-2699 1:25 Citrate buffer pH:6 BondRxm (Leica, 

Wetzlar, Germany) GFP 0R-GRO11 1:2500 EDTA pH:9 

Integrin b3 Novus NBP2-67416 1:200 Tris-EDTA pH:9  

 

 

TBS-t 

 

Gata-6 CST 5851 1:200 Vector antigen unm. 

solution (H-3300) CD44 SantaCruz sc18849 1:100 

Vimentin Abcamab8978 1:200 Tris-EDTA pH:8 

b- Catenin CST 9562 1:200  
 

Citrate buffer pH:6 
P-ERK 1/2 CST 4376 1:100 

E-cadherin BD 610181 1:100 0.3% Triton-X & TBS-t 

BrdU Bio-Rad MCA2483T 1:1000 PBS 

CK-19 Troma III 1:300 PBS 

Fibronectin Abcam ab199056 1:250 TBS 

4.3.4 Sirius Red Staining 
Slides are deparaffinized and rehydrated as described previously. Nuclei are stained 

with Weigert’s Haematoxylin for 8 minutes and washed under running tap water for 10 

minutes. Slides are then stained with the pico-Sirius red solution (0.5gr Sirius Red F3B 

(C.I. 35782), 0.5L saturated aqueous solution of picric acid) for one hour at RT. Slides 

are then washed twice with acidified water (0.5% glacial acetic acid in water), 

dehydrated by multiple changes of ethanol and histoclear, and mounted with Pertex. 

4.3.5 Histological quantification and statistics 
The stained slides are scanned by the pathology department, and histological 

quantifications are performed by either Aperio ImageScope (Leica), QuPath, or 
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ImageJ (NIH) software. Representative images are either taken from scanned slides 

or by microscope Axiostar Plus (Carl Zeiss, Göttingen, Germany). 

4.4 In vitro cell culture experiments 
4.4.1 Isolation of tumor cells from mice and their cultivation 
Mouse primary pancreatic tumor cells are isolated from fresh tumor tissues. Small 

pieces of tumor tissues from different locations are minced and incubated in cell 

culture medium (Dulbecco’s modified Eagle medium (DMEM) supplemented with 

10%FBS (#10082147; Gibco), 1% PenStrep (#1500-063; Gibco), 1% Non-Essential-

Amino-Acids (NEAA #11140050; Gibco) and incubated in humidified 37°C incubators 

with 5% CO2 supply. GCKP cells are passed through Hygromycin selection to 

eliminate cells without GFP-Rel recombination. The cell lines are validated to have c-

Rel overexpression and knockout in GKCP and CKCP, respectively. These cells are 

also validated to possess an eGFP signal by flow cytometry. 

4.4.2 Sphere formation assay 
Adherent cells are trypsinized as single cells and counted as usual. Cells are then 

diluted in sphere culture medium as 2000 cells/mL and seeded in 2mL medium on 

Corning ULTRA low Cell culture 6-well plates (Corning, 3471). Cells are fed every 2-3 

days with a fresh medium. 7-10 days after seeding, cells form 1st generation of spheres 

to be quantified. Pictures of the whole well area are taken. Their size and numbers are 

quantified by ImageJ software. Sphere culture medium is prepared as given: 500mL 

cDMEM/F12 (1:1) (Gibco, 21331-020), 5mL Pen/Strep (Gibco, 1500-063), 2mL 

fungizone (Gibco, 15290-018), 5mL L-Glutamine (Gibco, 25030-024), 10mL B-27 

supplement (Gibco, 17504-044), 10µg FGF-b (BioLegend, 579602). 

4.4.3 Extreme limiting dilution assay (ELDA) 
For the extreme limiting dilution assay (ELDA), tumor cells were seeded in a density 

of 0.75, 3, 10, and 20 cells in 20µL of matrigel per well with seven replicates in a 96-

well plate. After solidification, 80µL of media was added to each well, and cells were 

kept for seven days in the incubator. Thereafter, each well was evaluated regarding 

spheroid formation (yes or no), and the free online ELDA software was used for 

detailed analysis 279. The experiment is performed by Katja Peschke in collaboration 

with the laboratory of Prof. Dr. med. Maximilian Reichert in Klinikum rechts der Isar. 
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4.4.4 Flow cytometry 
Cultured cells are collected as single-cell suspension after washing and trypsinization 

as usual. All centrifugation steps are performed at 4°C, 300rcf, 5 min unless indicated. 

All steps are performed on ice. After multiple PBS wash, cells are re-suspended in 

250µL FACS buffer (PBS,0.1%FBS, 0.5mM EDTA) and blocked with Fc-block (14-

0161-85 eBioscience) with 1:200 dilution for 20 min. After 3x wash with 1mL FACS 

buffer, cells are incubated with antibodies with the manufacturer’s recommended 

dilution (Table 9). Single and multi stains of each antibody are performed for proper 

compensation. Stained cells are washed 1x wash with 250µL FACS buffer and 2x with 

PBS to remove remaining FBS. Cells are finally resuspended in 300µL PBS. Zombie 

RedTM (423110, BioLegend) is added to appropriate samples with 1:500 dilution 15 

minutes before analysis. Each sample is passed through 20µm cell strainer before 

analysis with Gallios Flow Cytometer (Beckman Coulter). Further analysis is 

performed with FlowJo software. 
Table 9: List of antibodies used for flow cytometry experiment 

Antibody Conjugate Catalog # Company 
CD133 AlexaFluor 647 141216 BioLegend 

CD44 Pacific Blue 103019 BioLegend 

Sca-1 AlexaFluor 700 108142 BioLegend 

CXCR4 PE 130-118-682 MiltenyiBiotec 

 

4.4.5 Image-stream flow cytometry 
For the intracellular staining of cells eBioscience™ Foxp3 / Transcription Factor 

Staining Buffer Set (00-5523-00, ThermoFisher Scientific) is used. Each centrifugation 

step is performed at 300rcf, 5 min unless indicated. Collected single cells are fixed at 

RT in the dark for 1 hour on a rotator, then washed with 500µL permeabilization buffer 

for two times and finally resuspended in 50µL permeabilization buffer. Antibodies are 

added to be incubated overnight at 4°C (RelA, sc-372 1:800 dilution; RelB sc-226 

1:100 dilution; c-Rel sc-71 1:200 dilution). The next day, cells are washed twice with 

permeabilization buffer and incubated with 1:500 diluted secondary antibody (Anti-

Rabbit AlexaFluor 488 conjugated, Invitrogen) for 30min at 4°C in the dark. After 

washing three times, cells are resuspended in 25µL permeabilization buffer with or 

without DAPI. Further analysis is performed with ImageStream MKII (Luminex Corp.) 
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and analyzed with IDEAS software having an integrated module scoring nuclear 

translocation 280 

4.4.6 Nuclear fractionation 
Sub-confluent adherent cells on a 10cm dish are washed twice with ice-cold PBS, 

lysed with pre-chilled 1mL hypotonic buffer on ice for 30 minutes, and collected to a 

1.5mL tube after scraping. The lysate is centrifuged at 13200rpm for 15 min at 4°C. 

The supernatant is saved as cytoplasmic fraction. The pellet is washed 5x with 300µL 

hypotonic buffer, and each time, the supernatant is discarded. Finally, the nuclear 

pellet is dissolved in 200µL nuclear buffer to concentrate the nuclear fraction. The 

fraction is passed through a 31G syringe multiple times to break down the nuclear 

envelope and incubated with 0.5µL benzonase (9025-65-4, Sigma) for 20 min on ice 

to cut DNA and release bound proteins. Finally, the fraction is centrifuged at max for 

15 min, and the supernatant is denatured with boiling with laemmi buffer. Hypotonic 

buffer contains 10mM HEPES, 1.5mM MgCl2, 10mM KCl, 0.5mM DTT, 0.1% NP40 

and freshly added protease/phosphatase inhibitors. Nuclear buffer contains 20mM 

HEPES, 100mM KCl, 100mM NaCl, 0.1% NP40, 0.5mM DTT and freshly added 

protease/phosphatase inhibitors. 

4.4.7 Immunocytochemistry 
Cells are seeded on 8-well chambers (94.6140.802, x-well, Sarstedt) in the full culture 

medium. After the proper treatment, cells are washed with Hank’s Balanced Salt 

Solution (HBSS) supplemented with Ca/Mg++, fixed with 4% PFA diluted in HBSS at 

37°C for 10 min, and washed 3x with HBSS at RT. For cell permeabilization, fixed cells 

are washed one time with PBS/Triton-X 0.1% for 5-7 minutes at room temperature and 

washed again. Each staining is blocked with 2% BSA (pre-filtrated to remove speckles) 

for 1 hour at RT. Cells are incubated overnight at 4°C with diluted primary antibody 

solution (c-Rel antibody R&D AF2699, 1:100 dilution in blocking solution). The next 

day after three washes, cells are incubated with Alexa-Fluor 568 conjugated anti-goat 

antibody (1:1000 dilution in 2% BSA, Thermo Fisher Scientific) for 1 hour at RT. After 

three washes, cells are mounted with DAPI medium (H-1200, Vector Laboratories). 

Slides are analyzed by fluorescence microscopy (Axiostar Plus FL, Carl Zeiss). 

4.4.8 Collagen contraction assay 
Rattail collagen type 1 (9007-34-5, Corning) is diluted in 0.1% sterile acetic acid as 

3mg/mL. for Collagen solidification, a NaOH titration assay is performed. 76µL 0.036N 
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NaOH is selected to solidify 1.5mL collagen/cell culture solution. Per well, 200.000 

cells in 1mL full culture medium, 0.5mL collagen mix, and NaOH are mixed 

immediately and put on each well of 24 well plates (3524, Corning). For each cell, 

technical triplicates are prepared. After polymerization (20 min at RT), each well is 

humidified with 0.6mL full culture medium. Each gel is dissociated from well gently by 

running a 10µL tip around. Contraction of gels is observed 2-5 days after seeding. 

Plates are then scanned, and the surface area of each gel is quantified with ImageJ 

software. 

4.4.9 Viability Assay 
Cells are seeded to black-flat bottomed 96w well-plates (3916, Corning) as 5000 

cells/well, 100µL, as technical triplicates. For each day, one plate is prepared. At every 

time point, culture media is discarded, and the plate is stored at -80°C. After each plate 

is collected, DNA quantification is performed. Frozen plates are thawed, and 100µL 

AT extraction buffer supplemented with 5µM Nuclear Green™ DCS1 (AAT Bioquest) 

is put to each well. The plates are covered in dark and incubated 15min at 37°C. Then, 

150µL AT dilution buffer is put into each well and mixed. Fluorescence reads are taken 

by a microplate reader (BMG LabTech). The fluorescent AU of each day is normalized 

to the first plate, which is taken one day after seeding to quantify relative viability 

change. AT extraction buffer: 1N NH4OH, 0.2% Triton-X 100. AT dilution buffer: 

100mM NaCl, 10mM EDTA, 10mM Tris pH:7. 

4.4.10 Fibronectin coating 

Human fibronectin (1918-FN-02M, R&D Systems) is stored as 2µg/µL in at -80°C and 

thawed before use. Fibronectin (FN) is diluted as 2µg/mL in PBS (supplemented with 

0.5mM Mg++ and 0.9mM Ca++) and aliquoted as 100µL per well onto black/flat bottom 

plates (3916, Corning) under sterile conditions. The plates are then incubated 

overnight at 4°C. The next day, FN media is removed and dried in a running hood for 

1 min. Each well is blocked 30 min at RT with 200µL 1% Fraction V BSA 

(10735078001, Merck) in PBS. The coated plates are used either for FN adhesion 

assay or immunofluorescence staining. 

4.4.11 Fibronectin adhesion assay 
Adherent cells are prepared as a single cell suspension in PBS with Mg/Ca++ with a 

concentration of 106/mL. 100µL of cell suspension is aliquoted onto each well, and the 

plate is spun down for 2 min at 411g with a slow brake. After 3-5 hours incubation in 
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cell culture incubator, unattached cells are discarded by 2x wash with PBS. Cell 

number in each well is quantified by a slightly modified viability assay protocol (section 

4.4.8). A plate without wash is used as seeding control. Wells with BSA blocking 

without FN coating is also used as a negative control. 

4.4.12 Cytokine array 
2x 106 cells are seeded to 10cm dishes in the full culture medium. The next day, the 

plates are washed twice with PBS and refed with 6mL full culture medium. After two 

days of conditioning, mediums are collected and centrifuged at 1000rcf for 5 minutes 

to remove cell debris. For each plate, the cell number is re-quantified for normalization 

of difference in proliferation. Cytokine array is performed with Proteome Profiler Mouse 

Cytokine Array Kit, Panel A (ARY0006, R&D Systems) as manufacturer’s protocol. 

The integrated density of each dot is quantified by ImageJ software and normalized to 

cell number. 

4.4.13 Viral packaging and lentiviral transduction 
For lentiviral packaging, psPAX2 (Addgene: 12260), pMD2.G (Addgene: 12259), and 

shRNA expressing pLKO vectors purchased from Sigma Aldrich. Mouse Rel, 

TRCN:0000218674 (catalog number: SHCLNG), and negative control non-targeting 

MISSION shRNAs (catalog number: SHC016-1EA) are used. 4922ng psPAX2, 

2760ng pMD2.G, and 3220ng shRNA-pLKO1-puro are co-transfected to HEK-293T 

cells via Jet-PRIME transfection reagent (Polyplus) per manufacturer’s protocol. 

Medium is changed twice 4-18 hours post-transfection. Post-18h, 30% FBS containing 

full supplemented medium is put for viral production. After 48 hours, the medium is 

collected, and the virus is concentrated via Lenti-X-Concentrator (631232, TAKARA) 

as the manufacturer’s protocol. Virus amount is titrated, and 200.000 cells per well in 

6-well plates are transduced with a selected volume of the virus along with 2µL 

polybrene (TR-1003-G, Sigma Aldrich) in 500µL full supplement medium. After two 

days, cells are washed and put in selection with puromycin (concentration is pre-

determined for each CKP cell). Selected cells are expanded and validated for 

knockdown with western blot. 

4.5 Statistics 
Prism 5 software (GraphPad Software, Inc) is used for statistical analysis. All statistics 

are performed with One-way analysis of variance ANOVA test and Tukey’s multiple 
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comparison test (p<0.05 *, p<0.01 **, p<0.001***) unless indicated. The data are 

displayed as mean ± standard error means (SEM). 

5 RESULTS 

5.1 c-Rel in human pancreatic cancer 
An oncogenic function of c-Rel in multiple human solid tumors has already been 

studied. We stratified patients based on REL mRNA expression and copy-number-

variation (CNV) in the human TCGA (The Cancer Genome Atlas Program) dataset 

with the help of an exploration tool UCSC-Xena 281. Results indicate no statistically 

significant difference in overall survival (Figure 3A). Additional patient stratification 

based on the mutational status of KRAS and TP53 also has no significant difference 

(Figure 3A). With the use of the GEPIA exploration tool compiling TCGA and GTEx 

data, we analyzed REL levels 282. Data indicates that REL expression increases in 

tumor samples compared to healthy tissues (Figure 3B). Importantly, REL level is 

significantly higher in the last stage tissues of patient tumors (Figure 3C). Moreover, 

we compiled other transcriptomics datasets using various patient cohorts with the help 

of ONCOMINE tool 283 (Table 10). In two of the datasets (marked in grey), REL 

expression is significantly higher in tumor cells than healthy counterparts. We 

validated the ubiquitous protein expression of c-REL in vitro human pancreatic cancer 

cell lines (Figure 3D) and in vivo human PDAC patient samples (Figure 3E). c-REL 

protein is not only localized into premalignant/malignant cells but also in tumor 

microenvironment cells (arrows). 
Table 10: List of pancreatic cancer datasets analyzing REL mRNA expression 

 
Analysis 

 
Reference 

# of Pancreatic Samples Statistics 
Cancer Normal Fold change p-value 

Logsdon 284 10 5 -1.186 0.698 

Pei 285 36 16 1.456 0.005 

Iacobuzio-

Donahue 

286 12 5 1.379 0.125 

Grutzmann 287 11 11 1.407 0.151 
 

Buchholz 288 8 6 1.035 0.312 

Segara 289 11 6 1.094 0.29 

Badea 290 39 39 1.434 0.002 

Ishikawa 291 24 25 1.044 0.328 
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Figure 3: c-REL in human pancreatic cancer. A) TCGA dataset Kaplan-Meier survival curve 

analysis for REL mRNA and CNV in unstratified and stratified patient cohorts. B) REL mRNA 

expression in tumor vs normal pancreatic tissue within TCGA and GTEx dataset. C) REL mRNA 

expression level in different stages of human pancreatic cancer in TCGA dataset. D) Expression 

of c-REL in isolated human pancreatic cancer cell lines. E) c-REL IHC staining in human 

pancreatic cancer tissue. 
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5.2 c-Rel in mouse pancreatic cancer 
5.2.1 c-Rel expression in mouse PDAC samples 
In order to study c-Rel in murine pancreatic cancer, we utilized the highly used PDAC 

mouse models CK and CKP. CK model harbors a Ptf1a-Cre; KrasG12D alleles allowing 

pancreas-specific expression of oncogenic-mutant KrasG12D. This model recapitulates 

PDAC progression from ADM structures to cancer. Additional Trp53floxflox allele (CKP) 

allows pancreas-specific knockout of Trp53, which generates a rather aggressive 

tumor with a swift tumorigenesis process. c-Rel is expressed in both cancer cells 

isolated from tumors and tissue samples, as shown by western blot analysis (Figure 

4A). Additionally, IHC results indicate that c-Rel is expressed in both premalignant 

lesions (CK 18w) and cancer cells (CK tumor), along with cells in tumor 

microenvironment (Figure 4B).  

 

 
 

 

 

 

Figure 4: c-Rel is expressed in Mouse pancreatic cancer. A) western blot analysis for c-Rel 

expression in isolated CK and CKP cancer cells (top panel), and c-Rel expression in pancreata 
of wt, 13w old mice containing premalignant lesions, and tumor. B) c-Rel IHC stainings in 18w 

old and end-point sacrificed mouse pancreata from CK. IHC qualitity is assessed by a 

pathologist. 
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5.2.2 Activation of c-Rel in NF-κB signaling pathway 
c-Rel nuclear localization has been reported to be very dynamic 292,293, which can be 

used as an indication for its transcription factor activity in NF-κB signaling. Hence, we 

used leptomycin-B, a nuclear export inhibitor, to check c-Rel nuclear localization in 

basal conditions. With both TNFα and leptomycin-B treatment, c-Rel nuclear 

localization is increased in KPC cells (Figure 5A). We validated these results with 

imaging flow cytometry in which nuclear localization can be quantified. Eight hours of 

TNFα treatment increased both RelA and c-Rel nuclear localization, unlike RelB 

(Figure 5B). Additionally, a co-immunoprecipitation experiment identified RelA as a c-

Rel binding partner in basal conditions in different CKP cell lines, in accordance with 

the previous reports (Figure 5C). 

 
 

 
 

 

Figure 5: Activation of c-Rel within NF-κB signaling. A) Immunofluorescence staining of c-Rel in mouse 

CKP cells with TNFa and leptomycin-b treatment. B) Image stream analysis of c-Rel, RelA and RelB 

nuclear translocation upon 8 hours TNFa treatment. C) Co-immunoprecipitation analysis of c-Rel, 

RelA and RelB, with two CKP cells cultured under standard conditions. 
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5.2.3 Genetic Manipulation of Rel in PDAC mouse models 
To elaborate c-Rel function in murine pancreatic cancer, we knocked-out and 

overexpressed Rel in the CKP model. Now on, Rel knockout and overexpression 

models will be named CCKP and GCKP, respectively. A depiction of both models can 

be found in (Figure 6A). Due to the possibility of paternal germline recombination 

observed in the Ptf1a-Cre model, we post-genotyped all of the mice accordingly 

(Figure 6B-C). The models are additionally validated by eGFP and c-Rel IHC stainings 

(Figure 6D). In CCK tissues, robust c-Rel expression as observed only in the cells of 

TME as also validated by a pathologist (Figure 6D). In western blot, eGFP tagged c-

Rel gave an expected shift of ~33kDa in c-Rel blots of bulk pancreatic tissue (Figure 

6E). In parallel, reduction of c-Rel expression is also validated in bulk pancreatic tissue 

(Figure 6F).  

5.2.4 c-Rel level regulates pancreatic histopathology 
The survival graph of CKP, CKP, and GCKP indicates that c-Rel broadly acts as an 

oncogene in pancreatic cancer. With the overexpression of c-Rel, survival gets 

significantly shorter, whereas with c-Rel knockout, survival gets significantly longer 

(Figure 7A). There was no difference in the pancreatic weight/ body weight ratio 

(Figure 7B). However, histological morphology showed a remarkable difference, 

especially in c-Rel overexpression mice (Figure 7C). Classification of the tumor types 

revealed a higher incidence of undifferentiated tumor formation as c-Rel level 

increases (Figure 7D). Additionally, the proliferation rate of cells is increasing in 

parallel to the c-Rel level (Figure 7E). 
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Figure 6: A) Schematics for both Rel knockout and overexpression models. In overexpression model 

(GFP-Rel) After recombination N-terminus eGFP tagged c-Rel meets with CAG promoter driving 

overexpression (Top). In knockout model, a promoterless eGFP gene meets with PGK promoter after 

recombination of Rel’s exon-1. Arrows indicate locations of primers, which are designed to test 

recombination. B-C) Representative genotyping PCR results for overexpression model recognizing 

wt/flox and recombined/unrecombined flox alleles and for knockout model recognizing wt/flox and 

recombined/unrecombined flox alleles. D) IHC staining for eGFP in GCK (overexpression), CK (c-Rel 
wildtype control) and CCK (knockout) tissues. E-F) c-Rel western blot results of pancreata with c-Rel 

overexpression and knockout. 
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Figure 7: c-Rel acts as an oncogene in CKP model. A) Kaplan-Meier survival analysis for CCKP, CKP 

and GCKP mice. Statistical analysis is performed with log-rank (Mantel-Cox) test. B) Pancreas/body 
weight ratio for CCKP, CKP and GCKP tumors. C) Representative macroscopic and microscopic H&E 

images are given. D) Quantification of histological tumor types are given. CCKP n=18, CKP n=27, 

GCKP n=17. E) Proliferation analysis based on BrdU+ IHC staining. 
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5.2.5 c-Rel level regulates EMT in pancreatic cancer 
Undifferentiated tumor formation is coupled with EMT. Therefore, we analyzed 

markers associated with EMT in CCKP, CKP, and GCKP tissues. As various IHC 

stainings indicate (Figure 8A), increased c-Rel expression from CCKP, CKP to GCKP 

tissues showed a negative correlation with epithelial markers’ level (CK-19, E-

cadherin, membrane b-Catenin expression). In parallel, increasing c-Rel level 

positively correlated with mesenchymal marker expression (Vimentin). The results 

obtained from IHC stainings are further validated by western blot of bulk pancreatic 

tumor tissues from CCKP, CKP, and GCKP mice (Figure 8B). E-cadherin and b-

Catenin expression decreases along with an increase in Zeb1 levels in especially 

GCKP tissues. Of note, c-Rel protein level was not absent in CCKP tissues, likely due 

to high c-Rel expression in TME cells, since cancer cells isolated from these cells have 

no c-Rel expression in vitro. RT-qPCR analysis performed with RNA isolated from bulk 

tumor tissue validated gradual increase of Rel mRNA levels in CCKP-CKP-GCKP 

samples (Figure 8C). In parallel, epithelial marker cdh1 is decreased while 

mesenchymal markers Zeb1, Zeb2, Snai2 are increased. Of note, Snai1 showed a 

significant decrease, unlike other mesenchymal markers. Additionally, Rel mRNA level 

is significantly higher in squamous subtype (~QM-PDA) compared to progenitor group 

in Bailey dataset (Figure 8D). Multiple studies associated GATA-6 decrease along with 

ΔNp63 increase with poorly differentiated squamous/ QM-PDA/ Basal-like molecular 

subtype of human pancreatic cancer as explained in introduction section 3.1.1. Gata-

6 levels was significantly less in GCKP tumors (Figure 8E). Total p63 level in nucleus 

showed a trend to be higher in GCKP tumors (Figure 8E). 
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Figure 8: EMT is regulated by c-Rel level in CKP model in vivo. A) an IHC panel for EMT markers in 

CCKP, CKP and GCKP tissues. 6 samples from each genotype are stained and quantified. B) Western 

blot analysis for EMT markers in bulk tumor tissues of CCKP, CKP and GCKP. C) RT-qPCR results 

of EMT markers from RNA isolated from bulk tumor tissues of CCKP, CKP and GCKP mice. n=6 for 

each genotype. D) REL mRNA expression in Bailey molecular subtypes of human pancreatic cancer. 

E) GATA-6 and p63 IHC staining in CCKP, CKP and GCKP tissues. Quantification is made based on 
nuclear localization. For p63 student’s t-test is applied. 
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We analyzed EMT also in vitro with the use of cancer cells isolated from murine 

tumors. Morphologically, GCKP cells showed a rather mesenchymal structure, 

whereas both CCKP and CKP cells are mostly epithelial (Figure 9A). Expression levels 

of EMT markers are analyzed in isolated cancer cells (Figure 9B). In parallel with the 

in vivo results, E-cadherin level decreased, and Vimentin level increased gradually 

from c-Rel knockout to overexpression cells. Mesenchymal N-cadherin levels didn’t 

show any difference, but an additional smaller band in GCKP cells is observed. To 

further elaborate these results, we knockdown Rel in six different CKP cells (Figure 

9C). While 4/6 of these cells showed reduced Zeb1 and Slug expression, there was 

no notable change in the expression of other markers. Analysis of cellular proliferation 

showed no significant difference except day 3 (Figure 9D). However, there is a trend 

for a higher rate in CCKP and GCKP cells compared to CKP. Additionally, Rel 

knockdown didn’t impact CKP cell proliferation significantly (Figure 9E). 
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Figure 9: EMT is regulated by c-Rel level in vitro. A) Representative bright-field images of isolated 

CCKP, CKP and GCKP cells in 2D cell culture. B) Western blot analysis for c-Rel and various EMT 

markers in isolated cancer cells. C) CKP cells transduced with shRel and shNt (non-targeting control) 
with lentivirus and are analyzed by western blot for c-Rel and EMT markers’ expression. D) 

Proliferation assay for CCKP n=6, CKP n=5 and GCKP n=5 cells with technical triplicates. E) 

Proliferation assay for RNAi transduced CKP cells n=6 for each group with technical triplicates. 
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With the use of an online exploration tool EMTome 294, we checked REL mRNA level 

correlation with EMT signature in human pancreatic cancer samples (Figure 10). REL 

expression significantly correlated with both Aiello EMT signature and expression of 

top-50 genes associated with EMT 295.  

 
 

 

 

5.2.6 c-Rel regulates CSC phenotype 
EMT and CSC phenotypes are considered to be associated, as elaborated in the 

introduction part. Our preliminary data indicated a decrease in NF-κB signaling 

signature in CSCs isolated from various human tissues (Figure 11A). Basically, 

RNAseq analysis was performed in these cells, which are maintained in vitro either via 

conventional 2D cell culture or in an unattached spheroid culture medium (enriched 

for CSCs). Interestingly, unlike other NF-κB transcription factors, REL mRNA level is 

increased in CSCs (Figure 11A). Encouraged by these results, we performed a 

spheroid formation assay in CCKP, CKP, and GCKP cells. To our surprise, while 

CCKP cells had higher spheroid number compared to CKP and GCKP cells, GCKP 

cells had a bigger spheroid size compared to CCKP and CKP cells (Figure 11B). 

Additionally, we performed flow cytometry analysis to check the surface expression 

levels of CSC markers. Overall, the trend indicated a gradual decrease in individual 

CSC markers CD133, Sca-1, CD44, and CXCR4 from c-Rel knockout out to 

overexpression cells (Figure 11C). Co-expression analysis indicated a similar 

decrease in Sca1+CD133+ double-positive and CD44+Sca1+CD133+ triple positive 

(TP) population (Figure 11D). Interestingly, amount of CD44+Sca1-CD133- 

Figure 10: Correlation of REL mRNA expression with Aiello et al. EMT signature within human 

samples. Graph is adapted from EMTome database. On the right, REL correlation with TOP-50 

mesenchymal genes is displayed. 
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population, which was previously identified to have higher tumor-initiating capacity 

than TP, was getting higher in parallel to increasing c-Rel expression (Figure 11E) 296. 
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Additionally, we functionally tested the colony-forming capacity of CCKP, CKP, and 

GCKP cells by extreme limiting dilution assay (ELDA). Basically, each cell line is 

seeded in small numbers to be tested for their colony-forming capacity, which is 

associated with stemness. GCKP cells had higher stem cell frequency than both 

CCKP and CKP cells (Figure 12A-B). There was no significant difference for CCKP 

cells compared to CKP. 

 
 

 

 

5.2.7 c-Rel regulates CSC subtypes 
As mentioned in the introduction part, there are previous studies reporting c-Rel as a 

downstream transcription factor of integrin-b3-Kras-TBK1 signaling axis. Basically, c-

Rel activation by this pathway had been associated with EGFRi resistance with an 

Figure 11: c-Rel regulates CSCness in pancreatic cancer. A) RNAseq analysis is shown as heat-map 

for various NF-κB components along with NF-κB enrichment score. Cells are isolated from human 

tissues and enriched for CSCs under spheroid culture. B) Spheroid formation assay for CCKP n=5, 

CKP n=5 and GCKP n=6 cells, with technical duplicates of each cell line. C) Flow cytometry analysis 

of surface expression for previously identified CSC markers. D) Flow cytometry analysis for co-
expression of CSC markers. E) A previously identified CSC subtype showing high tumor initiating 

capacity. For figures C-E, CCKP n=4, CKP n=4 and GCKP n=3 except CXCR4 in which n=6 for each 

group. 

Figure 12: c-Rel regulates stem cell numbers in vitro. A) Extreme limiting dilution analysis graph for 

stem cell frequency in CCKP, CKP and GCKP cells. N=4 for each group. B) Stem cell frequency 

displayed in chart graph for statistical analysis. 
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increased CSC phenotype. Based on these reports and our results, we analyzed this 

axis in CCKP, CKP, and GCKP tissues. IHC analysis revealed that in GCKP tumors, 

integrin-b3 expression is more (Figure 13). The staining also showed a pattern for 

integrin-b3 expression in invasive cancer cells dissociated from basal lamina in CKP 

and CCKP tissues along with stromal cells. Interestingly, collagen deposition 

decreased with more c-Rel implying a stromal remodeling (Figure 13). These results 

may indicate that cancer cells with high c-Rel expression may maintain their CSC 

phenotype by FN-integrin-b3 axis although they express less CSC markers 

individually. 

 
 

 
Figure 13: Analysis of c-Rel function in fibronectin-integrin-b3 signaling axis in vivo. IHC stainings 

indicate fibronectin and integrin-b3 expression in especially around/in invasive cells detached from 

basal lamina. Colagen deposition and integrin-b3 is also quantified as in the graphs. 
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We analyzed the signaling axis also by in vitro assays. CKP cells are seeded on 

fibronectin to analyze c-Rel nuclear translocation/activation (Figure 14A). In the cells 

seeded on the fibronectin coated wells, there was significantly higher c-Rel nuclear 

localization along with RelA. Additionally, cells with high c-Rel expression had faster 

ability to bind fibronectin (Figure 14B). Moreover, cells with high c-Rel expression had 

more contractility (Figure 14C). 
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5.2.8 c-Rel level regulates metastatic capacity 
Up to now, cumulative evidence suggests that c-Rel regulates EMT and CSC 

subtypes. To understand its functional relevance in vivo, we tested these cells’ ability 

to metastasize through intravenous injection of CCKP, CKP, and GCKP cells into 

wildtype littermates. From each CCKP, CKP, and GCKP genotype, 5-6 different cells 

are injected into two different mice each. Results indicate that the lung/body weight 

ratio was higher for CCKP cells compared to CKP and GCKP cells (Figure 15B). Next 

to macroscopic observation (Figure 15A), we performed metastatic colony area 

quantification in histology slides. Results indicate that both CCKP and GCKP cells 

metastasize higher compared to CKP cells (Figure 15C). We also performed 

intravenous injection of 6 different CKP cells with either Rel and non-targeting shRNA 

knockdown, each to 2-3 different mice. However, there was no significant difference 

in the metastatic capacity of these cells (Figure 15D). These results indicate that both 

absence and overexpression of c-Rel increases the metastatic capacity of mouse 

pancreatic cancer cells. Although, the low but present c-Rel level may still be efficient 

enough to rescue knockout cells’ metastatic phenotype. 

 

Figure 14: Analysis of c-Rel function in fibronectin-integrin-b3 signaling axis in vitro. A) 

Immunofluorescence staining for c-Rel and RelA for cells seeded on fibronectin or BSA coated wells. 

Quantification results are indicated on the graphs, right side. B) Fibronectin adhesion assay 

quantifications for CCKP, CKP and GCKP cells each seeded as technical triplicates. C) Contractility 

of cells are compared based on surface area of collagen gels. CCKP n=3, CKP n=4 and GCKP n=3 

cells are seeded as technical triplicates. A representative image is put on right side.  
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Figure 15: c-Rel regulates metastatic potential of CKP cells. A) Representative H&E microscopic and 

macroscopic images of lungs from littermate mice, which are injected with indicated cells lines. B) 

lung/body weight ratio is compared between groups. C)  Percent metastatic colony area is estimated 

by average area quantification of both metastasis and whole lung with 2 different lung sections for 

each mouse. For A-C 6, 5 and 5 different CCKP, CKP and GCKP cell lines respectively are injected 
to individual mice (2-3 mice per cell lines). D) lung/body weight ratio and E) % metastatic area 

quantification for wildtype mice, which are tail-vein injected with RNAi CKP cells. 6 different CKP cells 

transduced either with shRel or shNt are injected 3-4 mice. 
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To dissect the mechanistic details about how c-Rel regulates EMT, CSC, and 

metastatic capacity, we performed RNAseq analysis with five different cells from each 

CCKP, CKP, and GCKP groups with technical duplicates. The analysis revealed that 

GCKP cells had 562 upregulated and 192 downregulated transcripts compared to CKP 

cells. On the other hand, CCKP cells had 405 upregulated and 199 downregulated 

transcripts. Among these, we analyzed the number of common products (Figure 16A). 

To our surprise, there were 165 upregulated and 38 downregulated common 

transcripts in both GCKP and CCKP cells compared to CKP cells. 26 common 

transcripts were downregulated in CCKP and upregulated in GCKP, while 14 

transcripts were upregulated in CCKP and downregulated in GCKP compared to CKP 

control. Of note, Rel was upregulated in GCKP and downregulated in CCKP 

significantly. Gene set enrichment analysis in the KEGG pathway database showed 

multiple outputs consistent with the phenotypes observed (Figure 16B). 

Focal adhesion and TGF-beta signaling pathway are commonly enriched in both 

GCKP and CCKP up. However, there is a clear difference in the statistical significance 

level of enrichment based on the difference in their -log10FDR values. Basically, these 

pathways are enriched more significantly in GCKP cells compared to CCKP cells. 

These enrichments can be reasoned with the differences in EMT, contractility, and 

metastatic capacity level in GCKP vs. CCKP cells. Some genes within these sets are 

common, while some are not. Although the enrichment is common, their phenotypic 

output might be different in combination with other factors. For example, in CCKP 

samples, cell-cell adhesion-related- Rap1 signaling pathway, cell adhesion molecules, 

and Gap junction- are enriched. These pathways are associated with a rather epithelial 

morphology. This may explain why CCKP cells show high metastatic capacity despite 

that they are not as contractile as GCKP cells.  

In parallel to the observation we had, e.g., high undifferentiated pathology of GCKP 

tumor and high REL expression in Bailey’s squamous molecular subtype in PDAC, 

basal cell carcinoma pathway is enriched in GCKP up. In parallel to the high 

fibronectin-integrinb3 expressions in GCKP, there is an enrichment for ECM-receptor 

interaction in GCKP up. 

In CCKP down, signaling pathways regulating pluripotency of stem cells are enriched. 

This result is in parallel to the high surface expression of common CSC markers in 

CCKP cells compared to CKP cells. PI3K-Akt signaling pathway and melanogenesis 
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pathways are enriched in GCKP up and CCKP down, indicating a positive correlation 

between c-Rel and PI3K signaling pathway. 

Commonly enriched chemokine signaling pathway and cytokine-cytokine receptor 

activation sets in GCKP and CCKP up are further supported by a cytokine array 

experiment we performed (Figure 17). Interestingly, in both GCKP and CCKP cells, 

the levels of multiple inflammatory cytokines/chemokines are increased compared to 

CKP control. 
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Figure 16: RNAseq analysis of CCKP, CKP and GCKP cells. A) Wenn-diagrams show number 

of commonly upregulated and downregulated genes in GCKP and CCKP cells compared CKP 

controls. B) The KEGG pathway-enrichment sets are displayed in order based on each 

enrichment’s FDR values. UP-DOWN enrichments are calculated based on upregulated and 

downregulated genes respectively, in GCKP and CCKP cells compared to CKP controls. The 

commonly upregulated pathways in GCKP and CCKP cells are marked in black bow, while 
upregulated in GCKP and downregulated in CCKP are marked in red color. 



 64 

 
  

 

 

 

 

 

 

Figure 17: Cytokine array blot of CCKP and GCKP cells using CKP cells as control. 2 individual 

experiments are performed each with 4 membranes. In each experiment, two cell lines from 
each genotype are used. The dot blots are quantified with ImageJ software for integrated density 

values. As CKP controls, same cell lines are used in each experiment. 
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5.2.9 p53 status regulates c-Rel function 
The CKP model is great for modeling spontaneous primary tumor formation in the 

pancreas. However, these mice die too early (8-10 weeks) before detecting metastasis 

in distant organs. To circumvent this obstacle, the CKPlox/+ model (trp53 is deleted 

heterozygously) is highly utilized. Therefore, we generated Rel knockout and 

overexpression in CKPlox/+ background. To our surprise, CCKPlox/+   mice showed 

significantly shorter survival compared to both CKPlox/+   and GCKPlox/+ mice (Figure 

18A). There was no difference between the survival days of CKPlox/+ and G CKPlox/+   

mice (Figure 18A). There was also no difference between the pancreas/body weight 

ratio between the models (Figure 18B). While both CCKPlox/+ and CKPlox/+ mice had 

full penetrance in tumor formation, tumor incidence was lower in GCKPlox/+ (Figure 

18C). On the contrary to the CKP model, both c-Rel knockout and overexpression 

models showed higher metastatic incidence (Figure 18D). However, diaphragm 

invasion incidence was higher with increasing c-Rel levels in CKPlox/+ mice (Figure 

18E). All of these results indicate that the c-Rel function is context-dependent, as 

shown with the p53 case. 
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Figure 18: c-Rel function is regulated by p53 status. A) Kaplan-Meier survival analysis for CCKPlox/+ , 

CKPlox/+  and GCKPlox/+  mice. Statistical analysis is performed with log-rank (Mantel-Cox) test. B) 

pancreas/body weight ratio. C) Tumor incidence in CCKPlox/+ n=12 CKPlox/+ n=25 GCKPlox/+ n=18 mice. 

D-E) Metastatic (to liver, lung and distant lymph node) and duodenal invasion incidence calculation is 

made only with tumor bearing mice with CCKPlox/+ n=12 CKPlox/+ n=25 GCKPlox/+ n=14 mice 
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6 DISCUSSION 
NF-κB signaling components have been shown to be both oncogenic and tumor 

suppressors in pancreatic cancer 194. There is a significant number of studies 

delineating the function of RelA and RelB in pancreatic cancer, both in vitro and in 

vivo. However, the role of c-Rel in solids tumors as the least studied component of 

NF-κB has not been well elaborated in pancreatic cancer. Still, existing data, as 

compiled in the introduction part, mostly in vitro, already defined an anticipated 

oncogenic function of c-Rel in pancreatic cancer. 

Herein, we analyzed the impact of c-Rel knockout and overexpression in various 

pancreatic cancer in vivo and in vitro mouse models. In parallel to the existing 

literature, our in vivo mouse models in which c-Rel is genetically manipulated reveals 

a broadly oncogenic function of c-Rel. In pancreatic cancer as reflected in the Kaplan-

Meier survival curve of the CKP mouse model high c-Rel expression decreases 

survival, while its knockout increases it. From absence to overexpression of c-Rel, 

undifferentiated tumor formation frequency increased, while the differentiated type 

was reduced. Additionally, we provided evidence for which EMT is positively regulated 

by c-Rel expression. Based on the results from existing literature correlating c-Rel 

function with CSCness and, RNAseq results from CSC enriched human pancreatic 

cancer cells, we analyzed CSC characteristics in isolated mouse pancreatic cancer 

cells. To our surprise, both c-Rel knockout and overexpression cells showed enhanced 

CSC characteristics, but with different phenotypic outputs. Molecularly, CCKP cells 

showed increased surface expression of conventional CSC markers. On the other 

hand, GCKP cells had higher fibronectin-integrin-b3 expression. These results imply 

that the heterogeneity in CSC molecular subtypes may be reflected in heterogeneity 

in CSC phenotype. Particularly, c-Rel might be involved in the pivotal point of CSC 

subtype selection. Associated with the EMT and CSC phenotype, we checked the 

impact of c-Rel in the metastatic potential of cancer cells. In both CCKP and GCKP 

cells, metastasis degree was increased compared to control CKP cells. However, 

these results were not reflected in the results obtained from Rel RNAi knockdown CKP 

cells. To dissect the mechanistic details of the aforementioned phenotypes, we 

performed RNAseq analysis on CCKP, CKP, and GCKP cells. The enriched datasets 

actually supported most of the phenotypes we already observed. There were some 

unanticipated enrichment results, such as PI3K-Akt signaling and melanogenesis in 
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GCKP up and CCKP down, which might be the core signaling pathways involved in 

the phenotype formation. Additionally, cytokine array results surprisingly showed quite 

an increase in most of the inflammatory cytokines and chemokines in both GCKP and 

CCKP cells. This result is also in line with the RNAseq results. 

And finally, we provided evidence that p53 status can impact the role of c-Rel in 

pancreatic cancer. When mice possess one intact Trp53 allele, c-Rel knockout mouse 

survival got shorter. Additionally, in both c-Rel overexpression and knockout mice, the 

metastatic incidence was lower compared to control mice. Overall, these results imply 

that c-Rel has the potential to be used as a marker for patient stratification and targeted 

therapeutically in a context specific manner. 

6.1 c-Rel impacts histopathology of primary pancreatic 
cancer 

Adenosquamous carcinoma of the pancreas in humans is characterized by 30% of the 

tumor being with squamous differentiation 297. In parallel, undifferentiated tumor type 

has more anaplastic differentiated morphology. Both tumor types are associated with 

reduced survival in human patient cohorts 298,299. These subtypes are defined based 

on the morphological properties of the tumors. 

In anaplastic-undifferentiated tumors of humans, tumor cells grow in dispersal with a 

polymorphous structure (like multinucleated giant cells), express a high amount of 

vimentin, and lack E-cadherin expression 298. These properties are associated with 

EMT as observed in epithelial tumors. These tumors are generally diagnosed in the 

late stages when the tumor is already locally advanced and invaded the local 

environment. Although the incidence is low (2-7%), there is an urgent need for the 

identification of therapeutic options, especially for this aggressive form of tumor 300. 

Additionally, REL mRNA expression is higher in the last stage of tumors (Figure 3C), 

which is locally advanced and spread to nearby tissues. 

In mouse tumors with c-Rel overexpression, we observed increased incidence for 

undifferentiated tumor formation. Of note, none of the tumors in GCKP mice formed 

the classical type of PDAC. On the other hand, CCKP tumors developed more the 

classical type of tumors compared to both CKP control and GCKP. 

Next to morphological classification, we also checked c-Rel association with molecular 

subtypes of pancreatic cancer. As expected, Bailey squamous subtype (named QM-

PDA, basal-like subtypes by other groups) showed high REL expression compared to 
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the progenitor subtype (called classical subtype by other groups) (Figure 7). To test 

these results in mouse models, we checked the expression levels of Gata-6 and p63 

levels in CCKP, CKP, and GCKP tumors (Figure 7). Squamous subtype is defined with 

low Gata-6 and high ΔNp63 expression. IHC results confirmed a statistically significant 

decrease of Gata-6 expression in GCKP tissues compared to CKP. Interestingly, 

Gata-6 also showed lower expression in CCKP tissues, although not significant. As a 

preliminary result, the trend indicates a higher total p63 expression in GCKP compared 

to CKP. For a clear-cut understanding of p63 correlation, an IHC staining testing not 

total p63 but only for ΔNp63 levels in CCKP, CKP, and GCKP tissues is required. 

Existing literature already suggests the involvement of c-Rel regulation in p63 

isoforms’ function in head and neck squamous cell carcinoma (HNSCC) 216,301. In their 

model, TAp73 is a tumor suppressor occupying p63/p53 transcription factor binding 

sites on target genes, especially in p53 mutant HNSCC. After TNFα induction, c-Rel 

translocate to the nucleus to bind ΔNp63, and the dimer replaces tumor suppressor 

TAp73 from AP-1 promoter to rather activate it. Overall, c-Rel activation results in 

redistribution of p63-p73 isoforms on target genes, eventually increasing inflammation. 

In parallel, RNAseq analysis showed increased basal carcinoma signature in GCKP 

cells along with a high cytokine-chemokine signaling signature. Increased cytokine-

chemokine expression was further validated by cytokine array supporting increased 

inflammation, which is possibly mediated by c-Rel&ΔNp63 co-activity. Their results 

suggest a similar pattern for c-Rel involvement in squamous differentiation of 

pancreatic cancer. 

6.2 c-Rel expression regulates EMT plasticity 
Previous studies suggested c-Rel involvement in EMT regulation in multiple cell types 
302–305. Among these, especially the study done by Liu et al. highlighted the importance 

of c-Rel in human pancreatic cancer cells’ EMT and CSCness in vitro. Additionally, 

REL expression showed a very high correlation with EMT signature in human 

pancreatic cancer samples. 

In parallel to the observed histopathological properties, we also observed a gradual 

decrease in E-cadherin expression from c-Rel knockout to overexpression samples 

both in vivo and in vitro. However, as mentioned in the introduction part, EMT is a 

dynamic process and can’t be defined only by an increase or decrease of single 

components 231. As highly recommended by the EMT consensus community, it is 
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essential to characterize the panel of EMT-associated proteins along with its 

associated phenotypes. Accordingly, we analyzed the expression of multiple EMT 

transcription factors. Zeb1 and Zeb2 expression showed a positive correlation with c-

Rel level as shown in western blot and RT-qPCR results. Unlike Snai2, the Snai1 level 

decreased as the c-Rel level increased. Most of the studies focusing on Snai 

transcription factors define their joint function. On the other hand, a recent study 

determined their opposite roles during dynamic EMT progress of breast cancer cells 
306. In early EMT with a less invasive phenotype, Snail suppresses PLD2 levels. As 

the EMT progresses to a more invasive phenotype, increased Slug expression induces 

PLD2 transcription, which in turn can inhibit Snail expression. This implies possible 

positive/negative feedback loops between Snail-Slug transcription factors depending 

on the EMT stage. Vimentin expression is also increased with increasing c-Rel levels 

in both tissues and cells. Interestingly, unlike in vivo, levels of b-catenin, Zeb1, and 

Slug didn’t show a consistent expression change in isolated CCKP cancer cells. The 

E-cadherin and vimentin levels were consistent with in vivo results. 

Of note, total N-cadherin level didn’t change in cancer cells, but in GCKP cells, there 

was an additional low molecular weight N-cadherin band observed in western blots 

(Figure 9B). this might be a result of different Cdh2 mRNA isoform or truncation of 

existent N-cadherin protein. Unfortunately, the literature search didn’t come up with an 

explanation for the observed bands. Further analysis is required to understand this 

difference. Rt-qPCR expression analysis for mRNA isoforms or isolation of the low 

molecular weight band for mass spectrometry analysis is the future option to 

characterize the function of this product. 
Microscopically, isolated cancer cells in 2D cell culture demonstrated that GCKP cells 

show a rather mesenchymal phenotype. These cells are not fully mesenchymal, as 

western blot analysis also shows co-expression of epithelial E-cadherin expression. 

Such cells showing both mesenchymal and epithelial characteristics are named quasi-

mesenchymal (QM) cells with partial differentiation. Cells in these hybrid state can 

lower but not diminish epithelial characteristics either transcriptionally or post-

translationally 231. In a noted study 295, Aiello et al. showed that cancer cells with partial 

EMT programs disseminate collectively and harbor a special endosome recycling 

program by which they reduce surface E-cadherin occupancy. On the other hand, they 
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experimentally show that cells with a full EMT program disseminate as single cells 

diminishing cell-cell adhesion with the absence of E-cadherin. 

A partial EMT program is not only important for metastatic potential but also it can 

create a difference in therapy response. For example, FOLFIRINOX treatment in 

epithelial or base QM tumor cells results in more QM cells, whereas Vitamin D 

treatment increases epithelial and base QM states 307. These results suggest that 

therapy selection according to the initial status of the tumor may impact not only 

primary tumor growth but also their metastatic potential with the EMT plasticity. 

Unlike knock out cancer cells, Rel knockdown in CKP cells didn’t show a very 

consistent phenotype regarding EMT change. Strikingly, Slug and Zeb1 expression is 

decreased in 5 and 4 out of 6 cell lines upon c-Rel knockdown, respectively. However, 

these changes were not reflected in the total expression of E-cadherin, N-cadherin, b-

catenin, and Vimentin levels. These results can be explained by two reasons. Firstly, 

although c-Rel levels are reduced after RNAi administration, remaining might still be 

adequate to execute its activity for epithelial phenotype maintenance. Secondly, c-Rel 

knockout cells are isolated from primary tumors in which cells underwent a Darwinian-

like selection in vivo, which may not be reflected in RNAi knockdown in vitro. 

Additionally, in isolated CCKP, CKP, and GCKP cells in vitro, although the EMT 

characteristics were mostly maintained, the phenotype observed was more prominent 

in vivo. This may imply that possible crosstalk with the TME in vivo may augment cell-

autonomous c-Rel mediated EMT phenotype in cancer cells. 

6.3 c-Rel expression level regulates CSC subtypes 
Our group identified Bcl3 as a negative regulator for CSCness in pancreatic cancer 

(manuscript under revision), which was a hit in the RNAseq experiment performed with 

human cell lines in vitro. In the same experiment, REL was another hit but this time as 

a positive regulator with the stemness. Basically, spheroid cells (assumed ot be 

enriched for CSCs) had more REL expression compared to their 2D cultured 

counterparts. Since the validity of the RNAseq experiment was elaborated and 

validated in deep for the case of Bcl3, we were encouraged to check the same for c-

Rel. 

Each of the CSC experiment is performed with 4-6 different cell lines per genotype, 

each isolated from an individual mouse. In terms of statistics, the high number of 

biological replicates increases the reliability of the results. The spheroid formation 
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experiment revealed that CCKP cells form a higher number of spheroids compared to 

CKP, while GCKP didn’t show a difference. In contrast, GCKP cells formed bigger 

spheroids than CKP control, while CCKP showed no difference. For such a difference, 

multiple reasons can be speculated. Big spheroids can maintain the diffusion of 

material from outside to the inside of the spheroids 308. Such an ability would require 

a leaky cell-cell contract between cells of a spheroid. In GCKP cells, epithelial 

characteristics are reduced (not diminished), which would provide the optimal 

conditions for spheroid growth. On the other hand, CCKP cells have high cell-cell 

contact limiting paracellular material transfer, as experimentally shown by both protein 

expression and RNAseq. Due to this fact, the formation of bigger spheroids is likely 

not favored in these cells. 

Secondly, GCKP cells produce a high amount of ECM constituents like fibronectin and 

collagen-I in vitro as quantified by RNAseq experiment. Such scaffolding proteins can 

generate interconnected micropores for nutrient and oxygen transfer towards the 

inside of the spheroid, additionally providing support for optimal cell attachment and 

proliferation 308. Of note, fibronectin overexpression of GCKP cells was evident also 

by IHC, unlike collagen in vivo. It is likely that despite that GCKP tumors have high 

collagen production; their remodeling may reduce bulk collagen deposition in vivo. 

Nevertheless, in vitro, functional assays proposed a positive feedback loop between 

fibronectin-induced c-Rel activation additionally, as the c-Rel level increased 

contractility of cancer cells increased on collagen suggesting a possible method for 

collagen fiber remodeling in vivo.  

And finally, the proliferation rate was higher in GCKP CKP and CCKP in order in vivo, 

as assessed by BrdU+ incorporation. However, when these cells are cultured in 2D 

system, the proliferative capacity of CCKP cells increased as much as GCKP cells. 

These results indicate that c-Rel regulated proliferation is influenced by the 3D 

microenvironment. Accordingly, with the high rate of proliferation in GCKP cells, 

spheroids can get bigger in a period of time. 

While we proposed multiple mechanisms explaining how GCKP cells can form bigger 

spheroids, explaining how CCKP cells creating a higher number of spheroids is more 

challenging. Flow cytometry analysis revealed that CCKP cells express conventional 

CSC markers (alone or in combination) on cell surfaces more than CKP and GCKP 

cells. These results can entirely explain why CCKP can form more spheroids. QM 

phenotype of GCKP cells along with high ECM constituent expression may 
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compensate for low surface expression of common CSC markers for spheroid 

formation capacity. Although surface expression of CSC markers decreases as the c-

Rel level increases, number of cell in a subpopulation with CD44+;Sca1-;CD133- 

increases. This subpopulation is identified for its high tumor-initiating capacity in 

mouse pancreatic tumor model 296. 

Previously, integrin-β3 is identified to promote cell survival and CSCness in 

anchorage-independent cultures without ECM engagement 204,309. We provided 

evidence that in vivo, GCKP cells possess more fibronectin and integrin-β3 

expression. Additionally, in vitro GCKP cells can respond faster to fibronectin presence 

as assessed by adhesion assay. In the spheroid culture medium (anchorage-

independent) of GCKP cells, high integrin-β3 activity may explain large spheroid 

formation despite these cells possess less surface expression of common CSC 

markers. Additionally, in vitro, ELDA revealed higher CSC frequency in GCKP cells 

compared to CKP and CCKP cells. In vitro, ELDA has Matrigel as an ECM constituent, 

which may activate integrin-β3 signaling in an anchorage-dependent manner. These 

results imply that in c-Rel overexpressing cells, integrin-β3 signaling can increase 

CSCness anchorage dependently or independently. 

Further rescue experiments with genetic manipulation of integrin-β3 in GCKP cells will 

help us understand the functional importance of this pathway in CSCness. Since in 

vivo tumors have a lot of fibronectin deposition, unlike in vitro cultures, it is of the 

question whether the CSC phenotype observed in vitro will also be retained in vivo. 

For this, flow cytometry analysis for CSC markers with the use of freshly dissected 

tumors of CCKP, CKP, and GCKP mice are ongoing. Additionally, in vivo, ELDA assay 

with the use of immunocompromised mice is required to functionally validate the 

current information. 

Compiling evidence suggests that the bridge between EMT and CSC is not 

established in a straightforward way. In order to elaborate on this controversy, we will 

compile the evidence from how healthy epithelial cells are connected to various CSC 

states 258. Epithelial lining can be divided into two groups: simple epithelia (in colon, 

pancreas, etc.) or stratified epithelia (in mammary and prostate glands). Simple 

epithelia are composed of a single lining of epithelial cells, as such observed in 

pancreatic ducts. Whereas in stratified epithelia, the epithelial lining is multilayered 

with luminal cells and additional basal-type cells.  
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In stratified epithelia, basal type cells are known to express EMT-TFs, of which the 

most prominent one is Slug 310,311. Mammary stem cells (MaSC) are formed within 

Slug expressing mammary cells 256. Evidently, re-introduction of high Slug expression 

to epithelia can increase MaSC frequency while its knockout reduces MaSC numbers 
312. Slug has been shown to maintain a basal-type state rather than luminal 

differentiation in the stratified epithelial lining 313. Interestingly, basal MaSCs are 

multipotent, which can give rise to luminal epithelia through a hybrid EMT program. 

Next to hybrid EMT acquisition (involving Slug), these cells also rely on the activity of 

basal-type transcription factor ΔNp63. Still, how Slug and ΔNp63 networks are 

connected is not clear for maintenance of MaSC multipotency 314. Additionally, basal 

type stem cells are predicted to rely on ECM-integrin signaling, maintaining a partial 

EMT phenotype 258. In simple epithelia, stem cells seem to demonstrate no EMT 

signature, broadly 315. However, some studies demonstrated Snail expression in 

mouse intestinal stem cells 316,317. These results suggest a dual preference for 

subtypes of stem cells towards the necessity of EMT acquisition. Tissues composed 

of both epithelia ad basal-type cells possess stem cell subtypes, which rely on the 

acquisition of ΔNp63 and Slug mediated EMT signature. Whereas stem cells in simple 

epithelial tissues don’t rely on broad EMT plasticity, but maybe snail. 

Mentioned stem cell heterogeneity may also reflect heterogeneity in CSCs, which we 

will name as basal-CSC and epithelial-CSC from now on. GCKP cells with high p63-

Slug and low Snail expression may possess a rather basal-CSC phenotype. On the 

other hand, CCKP cells may maintain their epithelial-CSC phenotype through an EMT-

independent fashion. Of note, Zeb1 ablation in epithelial mouse pancreatic cancer 

cells is reported to reduce CSCness while the surface expression of CSC markers is 

not changed 318. These results suggest that different EMT-TFs might still be involved 

in the stemness of epithelial-CSCs.  

Cumulatively, these results propose that there is heterogeneity in CSCness associated 

phenotypes, especially in spheroid forming modalities. Although not studied deeply in 

pancreatic cancer, CSC subtypes and their different phenotypic outcomes are briefly 

defined in other entities 319–321 c-Rel might be holding, if not pivotal, at least a defining 

position for the CSC subtype determination in association with EMT in pancreatic 

cancer. 
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6.4 Pathological c-Rel levels increase metastatic potential 
Tail-vein injection of both CCKP and GCKP cells showed higher colonization in 

littermate mice. These results again re-question a previously widely accepted 

hypothesis in which more EMT means more metastasis. As recently started to be 

widely accepted, rather than a full EMT program, the partial transition to mesenchymal 

phenotype is accepted to be more aggressive in terms of metastasis 231. QM 

phenotype observed in GCKP cells can explain their high metastatic potential. 

The real surprising result is observed with CCKP cells as they also show quite high 

metastatic incidence. Although these cells are more epithelial, they also possess high 

CSC numbers. Additionally, CCKP cells produce a lot of inflammatory cytokines, which 

are also enriched in RNAseq data. Paracrine crosstalk with metastatic niche 

microenvironment might be increasing metastatic colonization ability in cancer cells. 

This hypothesis will be further tested by intravenous injection of the cancer cells to 

immunocompromised mice. In case that cytokine network is important, we expect to 

see less change of metastatic colonization in immunocompromised mice. 

Interestingly, CCKP mice survive significantly longer than GCKP and CKP mice, 

although they have more metastatic potential. The difference here lies in the functional 

heterogeneity of c-Rel in primary vs. metastatic cells. CKP model is not good to 

quantify spontaneous metastasis formation for the reasons described in the 

introduction part. Of note, one of the CCKP mice developed liver metastasis, which is 

an infrequent event to see in this model. 

After RNAi knockdown of c-Rel, no change in the metastatic capacity of CKP cells was 

observed. This is not surprising since no remarkable difference was also observed in 

EMT markers. Nevertheless, the change in cytokine/chemokine expression is to be 

tested. The lack of phenotype in RNAi cells can be due to similar reasons, as explained 

in section 6.2. 

6.5 c-Rel as an NF-κB signaling component 
RNAseq results revealed many common genes upregulated in both CCKP and GCKP 

cells. NF-κB transcription factors are known to compensate for each other’s absence, 

as described in the introduction part. While one would expect high NF-κB activation 

due to high c-Rel expression, it is also customary to observe more RelA or p50 

activation due to c-Rel absence. The absence of c-Rel may release more RelA and 
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p50 proteins free to dimerize and translocate to the nucleus as active transcription 

complexes. 

Further investigation is required to understand such crosstalk with other components. 

For this, molecular assays like ChIP-seq together with in vivo models combining RelA, 

with c-Rel mouse models are necessary. 

6.6 The c-Rel function is dependent on p53 status 
Unlike CKP, in the CKPlox/+ model, c-Rel knockout reduces survival while 

overexpression has no impact on it. On the other hand, c-Rel overexpression reduces 

tumor formation incidence. Strikingly, in both CCKPlox/+ and GCKPlox/+ mice, the 

metastatic incidence in tumor mice was lower than in control CKPlox/+. Basically, there 

is a complete reversal of the phenotype in the model where one allele of Trp53 is wild 

type. This result is actually not surprising considering the previous study from our 

group delineating RelA function in pancreatic cancer 182. In this study, RelA was shown 

to act as a tumor suppressor during tumorigenesis, where p53 can still induce 

senescence. RelA was shown to activate a senescence induced secretory phenotype 

(SASP) in premalignant lesions supporting senescence. Therefore, RelA knockout in 

the CK model caused a significantly shorter survival compared to the CK model. On 

the other hand, RelA knockout in the CKP model resulted in prolonged survival since, 

due to the absence of the p53 senescence barrier is exceeded, leaving no room for 

the tumor suppressor function of RelA. Such a phenotype is also possibly expected in 

c-Rel function considering the high cooperation between RelA and c-Rel. In the RelA 

study, JSH-023 treatment of HPDE cells (human pancreatic ductal epithelial cells) 

resulted in reduced SASP components, as shown by cytokine array analysis. JSH023 

in pancreatic cancer cells inhibits not only RelA nuclear localization but also c-Rel 

(Data not shown). Therefore, c-Rel action in canonical NF-κB signaling regulating 

senescence is highly probable. 

6.7 c-Rel as a therapeutic target 
c-Rel is therapeutically targetable with the use of pentoxifylline and IT-901 (IT-603) 

drugs, as shown by multiple studies mentioned in the introduction part. In solid tumors, 

c-Rel function in Treg and MDSCs was rather targeted for therapeutics. However, 

targeting c-Rel in solids tumors pharmacologically was not tested for its impact on 

cancer cells per se. 
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Our results show that stratification based on p53 status will be important for patient 

selection. Firstly, this will inform us whether inhibiting c-Rel will be favorable for 

primary tumor targeting. In the case of p53 full inactivation, we show that c-Rel is an 

oncogene for primary tumor formation and both an oncogene and tumor-suppressor 

for metastasis. But importantly, in c-Rel RNAi knockdown cells, there was no increase 

in CKP cells metastatic potential. These cells already have high c-Rel expression, and 

further knockdown to a certain level didn’t increase their metastatic potential. 

Therefore, c-Rel inhibition in patients with high c-Rel expression and p53 inactivation 

might hold promise for primary tumor therapy. Nevertheless, for metastatic tumors with 

high c-Rel expression, c-Rel inhibition to a steady-state level might also be beneficial 

for anti-metastatic treatment. 

A critical approach to delineate context-specific c-Rel targeting would be to perform 

rescue experiments in CCKP and GCKP cells by overexpressing and knocking down 

c-Rel, respectively. We would anticipate a reduction in the metastatic potential of both 

groups of cells upon c-Rel rescue. The results would help us define a better strategy 

for patient stratification together with c-Rel targeting. 

We will also test the importance of c-Rel in other compartments in pancreatic cancer 

metastasis by using the c-Rel whole-body knockout mouse model to transplant c-Rel 

wild type cells both orthotopically and intravenously. We are in the process of 

generating a c-Rel whole-body knockout model with the use of a pancreas-specific 

Ptf1a-Cre model, which transfers germline recombination paternally. 
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7 SUMMARY 
In the present study, we aimed to analyze the function of NF-κB transcription factor c-

Rel in pancreatic cancer. Firstly, we investigated whether c-Rel is expressed in human 

pancreatic cancer samples. Results indicated no correlation between REL mRNA/ 

CNV levels and survival in human pancreatic cancer. Still, tumor samples expressed 

more REL mRNA than healthy tissue in the pancreas. Most importantly, late-stage 

(locally advanced and invasive) tumors express more REL mRNA than earlier stages. 

Additionally, we observed ubiquitous c-Rel production in both human and mouse 

pancreatic cancer samples. 

Encouraged by these results, we decided to use the CKP mouse model, harboring 

pancreas-specific expression of KrasG12D and knockout of p53, to dissect the function 

c-Rel in pancreatic cancer. We both overexpressed and knocked out c-Rel in CKP 

mice by genetic manipulation of Rel. In this autochthonous model, pancreas-specific 

overexpression of c-Rel (GCKP) reduced survival, while knockout (CCKP) prolonged 

it. Histopathological analysis demonstrated that from CCKP to CKP to GCKP mice, 

the incidence of undifferentiated tumor formation increased. Following that, REL was 

expressed more in Bailey’s molecular squamous subtype than the progenitor. In 

support of these results, EMT plasticity was shifted towards a mesenchymal type with 

increasing c-Rel level in vivo tumors and in vitro isolated cancer cells. 

Based on our preliminary results in which REL mRNA expression is increased in CSC 

enriched human cell lines, we analyzed CSC related characteristics in isolated murine 

pancreatic cancer cells. GCKP cells formed bigger spheroids, while CCKP cells 

formed a higher number of spheroids compared to CKP control cells. Furthermore, the 

surface expression of CSC markers increased from GCKP to CKP to CCKP cells. 

However, GCKP cells had more cells of a previously identified subpopulation 

(CD44+;Sca1-;CD133-) with high tumor-initiating capacity. Furthermore, GCKP 

tumors showed more elevated fibronectin-integrin signaling, which is known to induce 

stemness in various settings. 

To further characterize the consequences of c-Rel manipulation in EMT and CSC 

associated metastasis in vivo, we performed intravenous injection of the cells. Both 

CCKP and GKCP cells showed higher metastatic potential than CKP control cells. 

RNAseq analysis revealed that both CCKP and GCKP cells possess transcription 

enrichment sets associated with their elaborated phenotypes. Inflammatory cytokine 
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expression is increased in both CCKP and GCKP cells experimentally shown by 

RNAseq and cytokine array experiments. Finally, we provide evidence that the 

function of c-Rel gets reversed by the presence of a single Trp53 allele. 

Overall, cumulative results suggest that c-Rel expression can be used as a biomarker 

for tumor type classification. While pharmacological inhibition of c-Rel is possible, it is 

crucial to identify the context to utilize such therapeutic intervention. 
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9 ABBREVIATIONS 
PDAC Pancreatic ductal adenocarcinoma 

KRAS Kirsten Rat Sarcoma 2 Viral Oncogene Homolog 

CDKN2A Cyclin Dependent Kinase Inhibitor 2A 

TP53/Trp53 Tumor protein 53 

SMAD4 SMAD Family Member 4 

NF-κB Nuclear Factor Kappa B  

TGFβ Transforming Growth Factor Beta 

PanIN Pancreatic intra-epithelial neoplasms 

ADM Acinar to ductal metaplasia 

GATA6 GATA Binding Protein 6 

QM-PDA Quasi-mesenchymal pancreatic ductal adenocarcinoma 

PDX Patient derived xenograft 

ADEX Aberrantly differentiated endocrine exocrine subtype 

TME Tumor microenvironment 

PI3K Phosphatidylinositol-4,5-Bisphosphate 3-Kinase 

GEMM Genetically engineered mouse model 

PSC Pancreatic stellate cell 

ECM Extracellular matrix 

CAF Cancer associated fibroblast 

TAM Tumor associated macrophage 

MDSC Myledoid derived suppressor cell 

CTL Cytotoxic T lymphocyte 

TAN Tumor associated neutrophils 

RelA V-Rel Avian Reticuloendotheliosis Viral Oncogene Homolog A 

RelB V-Rel Avian Reticuloendotheliosis Viral Oncogene Homolog B 

c-Rel V-Rel Avian Reticuloendotheliosis Viral Oncogene Homolog C 

IKK Inhibitor of Nuclear Factor Kappa B Kinase  

IKB Inhibitor of Nuclear Factor Kappa B 

TBK1 TANK Binding Kinase 1 

EMT Epithelial to mesenchymal transition 

CTC Circulating tumor cells 

CSC Cancer stem cell 
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TIC Tumor initiating cell 

TCGA The Cancer Genome Atlas  

IHC Immunohistochemistry 

TNFα Tumor Necrosis Factor 

eGFP Enhanced green fluorescent protein 

BrdU Bromodeoxyuridine 

Zeb1-2 Zinc Finger E-Box Binding Homeobox 1-2 

Snai1-2 Snail Family Transcriptional Repressor 1-2 

RT-qPCR Real time quantitative PCR 

RNAi RNA interference 

Sca1 Stem cells antigen-1 

CXCR4 C-X-C Motif Chemokine Receptor 4 

CD44 Hematopoietic Cell E- And L-Selectin Ligand  

CD133 Prominin 1 

ELDA Extreme limiting dilution assay 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 105 

10 ACKNOWLEDGEMENTS 
Firstly, I would like to express my gratitude to Prof. Hana Algül for giving me this 

opportunity to work in his research group. Being a molecular biologist made me miss 

the chance to see when the hard work on the bench side gets translated into the 

bedside. Being privileged to be in Prof. Algül’s research group, I experienced the 

excitement to work on scientific projects, which can actually matter in the patient life. 

Being both a medical doctor and scientist, Prof. Hana Algül taught me to see the 

connection between basic science and translational oncology. Additionally, I am very 

grateful to PD. Dr. Marina Lesina for her constant guidance during my studies relating 

to both professional and private matters. I would like to thank my thesis advisory 

committee members, Prof. Dr. med. Roland Schmid, Prof. Dr. Martin Klingenspor, and 

Prof. Dr. med. Florian Bassermann for their guidance with my studies. I am especially 

grateful to IMPRS-LS graduate office members Ingrid, Maxi, and Hans for their 

constant help during my studies. It has been my great pleasure to work with my dear 

colleagues and friends, including Kıvanç, Nina, Jiaoyu, Katrin, Dietrich, Nan, 

Alexandra, Marlena, Fränze, Larissa, Ezgi, Angelica, and Yuhui. I want to offer my 

sincere thanks to them since they all made the time in the laboratory not only fruitful 

but also fun. I want to thank Fränze, especially for her exceptional assistance and 

friendship during the last year of this study. 

I am really grateful to my friends Eylem, Uğur, Haroon, Nico, Einari, Tuçem, Beytullah, 

Merve, Aylin, Cafer, Hilal, Ali, Olaf, Zinnur, Zeynep, Fatma, and Dora the Cat for their 

companionship. I can’t imagine my six years in Munich without their constant support. 

I praise my dear friend Arzu, whom I discovered very late to be such a great person. 

Her friendship made me not only “stand still” but actually really enjoy the lock-down 

times of COVID-19.  

There are no words to express my gratefulness, especially to Alex, Kıvanç, Hande, 

Dietrich, Jiaoyu, and Nan for being not only my friends but far beyond. As Dr. Neil 

deGrasse Tyson puts it, “Our imagination is nothing, compared with nature’s awesome 

reality”. Their support helped me dream, endure, laugh, love, prosper and always 

remember how “cool” science is. I dedicate this work to their constant companionship. 

I feel privileged to have them as my friend and be their friend. 

Lastly and most importantly, I am deeply indebted to my mother Ayşe Kabacaoğlu, my 

father Enver Kabacaoğlu, and my sister Eda Kabacaoğlu Paakkanen. Their 



 106 

unconditional love and support, no matter where and how I am, has given me the 

strength to celebrate life no matter what. 

 

 

 


