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5 Abstract 

5-year-survival rate for pancreatic ductal adenocarcinoma (PDAC) is less than 9%, due to 

lack of diagnostic biomarker and poor therapeutic options. Recent evidence in PDAC has 

shown that oncogenic Kras-driven Nfκb2 activation mediates drives tumorigenesis. However, 

the role of Nfb2 on a genetic level for the pancreatic tumorigenesis is not well understood. 

One of the aims of this thesis was therefore to investigate the impact of Nfb2 signaling in 

PDAC tumor initiation and progression. It has been observed that Nfb2 is essential for the 

KrasG12D-driven carcinogenesis in the murine pancreas. Additionally, pre-neoplastic lesions in 

the corresponding mouse model showed a significant reduction in proliferation. Furthermore, 

a reduced expression of pro-proliferative genes in the Nfb2-deficient background was 

detected. In contrast, Nfb2 is dispensable for tumor formation and progression in 

aggressive PDAC models, relying on the simultaneous expression of the oncogenic Kras and 

the mutated tumor suppressor p53. This work, therefore, demonstrates the context-

dependent function of Nfb2 and its modulation by the tumor suppressor p53. 

Genetic deletion of the Mtor gene in the pancreas by using conventional GEMMs results in 

exocrine and endocrine insufficiency. Therefore, to conditionally manipulate the expression 

of Mtor at the genetic level as well as to generate a novel Mtor floxed cellular model, an 

inducible dual-recombinase system was established. Transcriptomic and metabolic analyses 

indicated that MTOR controls several metabolic pathways, partially through maintaining 

glucose uptake and growth. Despite a cytostatic growth response, a subpopulation of cancer 

cells survived Mtor inactivation giving rise to resistant clones. Importantly, blocking MTOR 

genetically as well as pharmacologically resulted in adaptive rewiring of oncogenic signaling 

with activation of canonical MEK/ERK as well as PI3K/AKT pathway. Combined inhibition of 

these pathways with MTOR showed synergistic effects in some of the tested PDAC models 

cell lines. Therefore, it provides evidence that a therapeutic strategy of optimized 

combination therapies is needed to combat resistance mechanisms in pancreatic cancer. 
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6 Zusammenfassung 

Die 5-Jahres-Überlebensrate für das duktale Adenokarzinom des Pankreas (PDAC) beträgt 

aufgrund fehlender diagnostischer Biomarker und therapeutischer Optionen weniger als 9%. 

Neuere Forschungsergebnisse haben gezeigt, dass die Aktivierung von Nfb2 durch 

onkogenes Kras die Karzinogenese im Pankreas antreibt. Die genaue Funktion von Nfb2 ist 

hierbei jedoch bisher nicht im Detail verstanden. Eines der Ziele war es daher, die Rolle von 

Nfb2 bezüglich der Wirkung auf die Tumorinitation und -progression im Pankreas zu 

untersuchen. Nfb2 ist essenziell für die KrasG12D-getriebene Karzinogenese im murinen 

Pankreas. Im Nfb2-defizienten Modell konnte eine signifikant verminderte Proliferation in 

Vorläuferläsionen gezeigt werden. Passend hierzu zeigte sich in dem Nfkb2-defizienten 

Modell eine geringere Expression von pro-proliferativen Genen. Im Gegensatz dazu ist 

Nfb2 entbehrlich für die Tumorentstehung und -progression in aggressiven PDAC Modellen, 

die auf der gleichzeitigen Expression von onkogenem Kras und dem mutierten 

Tumorsuppressor p53 basieren. Damit zeigt diese Arbeit die Kontextabhängigkeit der Nfb2 

Funktion und die Modulation der Rolle von Nfb2 durch den Tumorsuppressor p53. 

Genetische Deletion des Mtor Gens im Pankreas in konventionellen genetisch veränderten 

Mausmodellen führte zu endokriner und exokriner Pankreasinsuffizienz. Aus diesem Grund 

wurde ein neuartiges, duales Rekombinationsmodell etabliert, um konditional die Expression 

von Mtor auf genetischer Ebene zu manipulieren. Metabolische und transkriptomische 

Analysen zeigen, dass MTOR verschiedene metabolische Signalwege kontrolliert und 

insbesondere die Aufnahme von Glukose und das Zellwachstum reguliert. Trotz einer 

zytostatischen Wirkung der Mtor Inhibition, können Pankreaskarzinomzellen an die 

genetische Mtor Deletion adaptieren. Sowohl die genetische als auch die pharmakologische 

Inhibition von MTOR führt zu einer Neuverschaltung Onkogene Signalwege und Aktivierung 

des kanonischen MEK/ERK als auch des PI3K/AKT Signalweges. Die gemeinsame 

Hemmung von MTOR mit diesen Signalwegen ist in mehreren zellulären 

Pankreaskarzinommodellen synergistisch. Damit konnten Hinweise auf neue mechanistische 

Kombinationsbehandlungen als therapeutische Strategien erarbeitet werden.  
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7 Introduction 

7.1 Pancreatic Cancer  

Pancreatic cancer is one of the deadliest malignancies with a 5-year-survival rate of less 

than 9% (Siegel et al., 2019) and currently the fourth leading cause of cancer-related death 

in the United States (Siegel et al., 2018). In addition, the incidence rate is still increasing and 

pancreatic cancer is predicted to be the second leading cancer-related mortality in the United 

States (Rahib et al., 2014) as well as in Germany by 2030 (Quante et al., 2016). Therefore, 

more efforts to prevent or treat this disease should be undertaken. 

Multiple genetic syndrome as well as modifiable risk factors for development of the 

pancreatic cancer are described (Bhosale et al., 2018). About 5-10% of pancreatic cancer 

are inherited (Brand et al., 2007; Klein, 2012). Hereditary breast and ovarian cancer 

syndrome (Beger et al., 2004; Lucas et al., 2013), familial atypical multiple mole melanoma 

syndrome (FAMMM) (McWilliams et al., 2011), cystic fibrosis (Maisonneuve et al., 2007), 

familial pancreatic cancer history (Capurso et al., 2013), as well as hereditary pancreatitis 

(Becker et al., 2014; Raimondi et al., 2010) are linked with a variable increased risk of 

developing pancreatic cancer. Non-hereditary risk factors which include smoking (Yadav and 

Lowenfels, 2013), alcohol (Genkinger et al., 2009) or diet (Larsson and Wolk, 2012). In 

addition, obesity (Larsson et al., 2007), previous surgeries (Lin et al., 2012), different 

infections (Trikudanathan et al., 2011), chronic pancreatitis (Raimondi et al., 2010), age and 

gender (Li et al., 2009), type I (Stevens et al., 2007) and type II diabetes mellitus (Huxley et 

al., 2005) have also been shown to increase the risk of pancreatic cancer. However, no 

appropriate standard screening procedure for high risk patients is available till now. 

The main reasons for the high mortality of pancreatic cancer are late diagnosis and inefficient 

therapeutic strategies. Surgical resection is the only potential curative option available so far. 

However, only 15-20% of patients are eligible for surgical resection (Adamska et al., 2017). 

Most patients are usually diagnosed with locally advanced or disseminated carcinomas 

(Siegel et al., 2017), and are therefore not suitable candidates for surgery. 

For more than two decades, the nucleoside analogue gemcitabine has been the standard of 

care for locally advanced and metastatic pancreatic cancer (Burris et al., 1997). However, 

Gemcitabine provides a minimal survival benefit and a low response rates (Vincent et al., 

2011). Clinical success was achieved by the introduction of combination chemotherapies. 

Such as combination treatment of gemcitabine and nanoparticle-albumin bound(nab)-
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paclitaxel (Gem/NabP) in phase III study of metastatic pancreatic cancer patients showed a 

significant survival advantage of almost 2 months (Von Hoff et al., 2013) In addition, a 

significant survival advantage of almost 6 months has been documented by the use of the 

FOLFIRINOX (folinic acid, 5-Fluo-uracil (5-FU), irinotecan and oxaliplatin) regimen (Conroy 

et al., 2011) as compare to gemcitabine alone. Therefore, combination treatment of 

gemcitabine with NabP or FOLFIRNOX are currently the standard of care treatment 

regiments for primary and metastatic PDAC (Blomstrand et al., 2019; Chllamma et al., 2016).  

Based on the success of these combination therapies, adjuvant therapies were designed, 

and different trials were performed for testing such combinations after resection of primary 

pancreatic tumors. The largest improvement has been observed more recently in a phase III 

study with 493 patients treated with an adjuvant modified FOLFIRINOX regimen that shows 

improved survival of 54.4 months as compared to 35 months with gemcitabine monotherapy 

(Conroy et al., 2018). However, therapeutic approaches as a whole remain unsatisfactory 

with a response rate of approximately ≤ 30% to the current combination therapies (Hua et al., 

2018). So, there is a need to improve available therapies. 

7.2 Progression model of pancreatic cancer 

Among all pancreatic tumors, pancreatic ductal adenocarcinoma (PDAC) is an aggressive 

and predominant form of pancreatic cancer representing approximately 90% of the cases 

(Adamska et al., 2017). The rarer tumors types of the pancreas include neuroendocrine 

tumors or exocrine tumors such as acinar cell carcinoma (Khalili et al., 2006; Milan and Yeo, 

2012). 

Macroscopically, PDAC appears as a solid, white mass containing often a central necrotic 

part (Hruban and Klimstra, 2014; Hruban et al., 2007). Microscopically, according to the 

classical and extensively studied model, oncogenic KRAS induces trans-differentiation of 

acinar cells into duct like cells by a process known as acinar to ductal metaplasia (ADM). At 

least in mouse models, ADM precedes and give rise to pancreatic intraepithelial neoplastic 

lesions (PanINs) which progress to develop PDAC by accumulation of additional mutations. 

Moreover, ADM are known as a major characteristic of chronic pancreatitis and are often 

associated with PanINs in PDAC patients (Hruban et al., 2000; Kopp et al., 2012; Storz, 

2017).  

PanINs are present in 60% of chronic pancreatitis and 82% of invasive cancer patients, 

respectively. Therefore, their presence in close proximity to invasive cancer (Hisa et al., 
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2007; Sipos et al., 2009), as well as in patients with strong family history of pancreatic cancer 

further support that model (Crnogorac-Jurcevic et al., 2013). PanINs are classified into three 

grades according to morphological alterations. PanIN-1A are flat lesions, while PanIN-1B are 

micro-papillary lesions with abundant cytoplasmic mucin. PanIN-2 exhibits additional nuclear 

alterations, while PanIN-3 are advanced lesions with complete disturbance of the normal 

epithelial architecture, including multinucleated cells, luminal necrosis, epithelial cell budding 

into the ductal lumen (Hruban et al., 2004) as shown in Fig. 7.1. PanIN-3 are quite similar to 

carcinoma, however, still with an intact basement membrane (Sausen et al., 2015). Recently, 

it has been observed that in addition to acinar cells, pancreatic ductal cells can also give rise 

to pre-neoplastic lesions which progress to PDAC (Lee et al., 2018). 

 

Fig. 7:1 Initiation and progression model of Pancreatic Ductal Adenocarcinoma (PDAC) 

Genetically, normal cells passed through sequence of pancreatic intraepithelial lesions (PanIN-1A, -1B, -2 and -3) to develop 

PDAC. Morphological changes correlate with distinct molecular events. Early lesions already possess mutation of KRAS. 

Advance lesions accumulate inactivation of the tumor suppressors CDNK2A, TP53 or SMAD4. Adapted from (Bhosale et al., 

2018). 

In addition, PDAC can arise from alternative lesions such as intraductal papillary mucinous 

neoplasms (IPMNs) and mucinous cystic neoplasms (MCNs) (Yamaguchi et al., 2018). 

Furthermore, the trans-differentiation of pancreatic acinar cells to ductal cells can develop via 

atypical flat lesions (AFL), that may represent another type of precursor for pancreatic cancer 

development (Basturk et al., 2015). However, the relationship between these different PDAC 

precursors lesions with one another as well as their cellular origin remains to be fully 

explored (Hezel et al., 2006). 
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Simultaneously with the morphological progression of PanIN lesion, genomic changes occur 

(Lennerz and Stenzinger, 2015; Waddell et al., 2015), For PDAC, frequent genetic lesions 

include mutations in the KRAS oncogene or deletion of tumor suppressors such as TP53, 

CDKN2A and SMAD4 (Fotopoulos et al., 2016; Sidaway, 2017) as shown in Fig. 7.1. Beyond 

these four major genetic events, the tumor is genetically heterogeneous, and the frequency 

of events drop below 10% (Bailey et al., 2016; Biankin et al., 2012). 

7.3 Oncogenic KRAS 

The RAS (rat sarcoma viral oncogene homolog) comprises one of the most frequently 

mutated oncogene in the human cancer (Waters and Der, 2018). It has four different 

isoforms (HRAS, NRAS, KRAS4A, and KRAS4B), encoded by three genes: HRAS, NRAS, 

and KRAS (Tsai et al., 2015). Each has similar functional domains responsible for binding 

and hydrolyzing GTP, while having different C-terminal membrane targeting domains (Cox et 

al., 2015).  

RAS is one of the GTPase family member that function as a binary ON-OFF switch that cycle 

between an active guanosine triphosphate (GTP) and an inactive guanosine diphosphate 

(GDP)-bound state. The conversion from stable, inactive GDP-bound form to the active GTP-

bound form is regulated by guanine nucleotide exchange factors (GEFs), while, GTPase-

activating protein (GAPs) are responsible for RAS-mediated GTP hydrolysis that leads to 

inactivation of KRAS molecule (Cherfils and Zeghouf, 2013). GEFs and GAPs can make a 

variety of interactions with different extracellular stimuli such receptor tyrosine kinases 

(RTKs) or other cell-surface receptors that control the level of active and inactive RAS, which 

further regulate different signaling networks (Cox and Der 2010).  

Majority of cancers exhibit missense mutations at one of the three common hot spots regions 

at codon 12 (89%), 13 (9%) and 61 (1%), that impairs intrinsic and GAP mediated hydrolysis 

(Waters and Der, 2018). Moreover, the G12D mutation is presumably the most prevalent 

form among three frequent codon 12 mutations in PDAC: G12C (14%), G12D (36%) and 

G12V (23%) mutations. In addition, G13C (7%) and Q61H (0.6%) mutations are also 

observed (Lu et al., 2016). These mutations result into constitutive activation of KRAS and 

hence persistent stimulation of downstream pathways, including canonical mitogen-activated 

protein kinase kinase (MEK)/extracellular signal-regulated kinase (ERK) and non-canonical 

phosphoinositide 3-kinase (PI3K)/the Ser/Thr kinase mechanistic target of rapamycin 

(MTOR) pathways or the nuclear factor kappa light chain enhancer of activated B cells 

(NFB) that leads to cancer development (Jonckheere et al., 2017). Overall, oncogenic 
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KRAS activation is an initiating event in PDAC, as somatic mutations in KRAS are detected 

even in early PanINs (Kanda et al., 2012). KRAS is also required for maintenance and 

progression of PDAC tumorigenesis and the importance of the gene for PDAC is 

underscored by a mutation frequency of 95% (Choi et al., 2019; Raphael et al., 2017; 

Witkiewicz et al., 2015). 

7.3.1 KRAS-driven mouse models for pancreatic cancer 

Currently genetic engineered mouse models (GEMMs) of pancreatic cancer have been 

developed by the induction of the tissue-specific expression of initiating KrasG12D oncogene 

with or without the deletion of relevant tumor suppressor genes. The most commonly used 

mouse models use a Lox-Stop-Lox (LSL) cassette silenced oncogenic KrasG12D allele 

(Jackson et al., 2001). Excision of the LSL cassette by a Cre-recombinase under control of a 

pancreatic tissue-specific promoter such as the Pdx1 promoter or the Ptf1a promoter leads to 

expression of oncogenic Kras in the murine pancreas. Hereby expression of the oncogene is 

driven by the endogenous promoter, avoiding artificial overexpression of the oncogene 

(Hingorani et al., 2003; Veite-Schmahl et al., 2017). Pdx1 expression is initiated at embryonic 

day 8.5 (Gannon et al., 2000), while Ptf1a expression occurs later at embryonic day 9.5 

(Kawaguchi et al., 2002; Nakhai et al., 2007). Expression of KrasG12D alone in these mouse 

models (Pdx1-Cre; LSL-KrasG12D/+ and Ptf1aCre/+; LSL-KrasG12D/+) is sufficient to induce 

ADMs, low and high grade PanINs that gradually progress to PDAC and metastasize to lung 

and liver in 40% of cases (Eser et al., 2013; Hingorani et al., 2003; Schönhuber et al., 2014). 

However, progression to invasive cancer occurs gradually and slowly. Additional genetic 

events such as inactivation of tumor suppressors genes like p53 (Hingorani et al., 2005; 

Morton et al., 2010), Cdkn2a (Ink4a/arf) (Aguirre et al., 2003), Smad4 (Kojima et al., 2007) 

and Brca2 (Skoulidis et al., 2010) are needed to accelerate PDAC development. 

The TP53 gene is altered in almost 75% of human PDAC (Fotopoulos et al., 2016), 

predominantly through missense mutations. To study its role in PDAC development, a 

p53R172H mutation (the mouse ortholog of human TP53R175H) was inserted into the 

endogenous p53 locus, which was again silenced by a LSL cassette to allow tissue specific 

expression of the mutant (Olive et al., 2004). The p53-mutated mice (Pdx1-Cre, LSL-

KrasG12D/+, LSL-p53R172H/+) display accelerated PanIN formation and PDAC development 

(Hingorani et al., 2005) and survive only 4 to 5 months (You et al., 2016). Due to the 

inactivation of p53, cancers are characterized by extensive chromosomal instability in this 

model (Gopinathan et al., 2015; Hingorani et al., 2005).  
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In conclusion, these studies demonstrate that pancreas-specific expression of oncogenic 

Kras in mice is sufficient to initiate ADM, PanINs and metastatic PDAC. The described 

models also revealed some short comings, like the impossibility to study mutli-step 

carcinogenesis, like genetically targeting the established cancers or to genetically manipulate 

different compartment of the tumor. Such shortcomings were recently overcome by the 

development of a dual recombination-system (Schönhuber et al., 2014). 

 

Fig. 7:2 Schematic illustration of the dual recombination system 

A) Pancreas-specific Pdx1 promoter induces Flp recombinase expression. B) Excision of the FSF cassette by Flp-mediated 

recombination leads to KrasG12D activation and CreERT2 expression. C) Excision of the LSL cassette by the Tamoxifen (4-OHT) 

activated CreERT2 recombinase that results in deletion of mTomato (mT) and ultimately expression of eGFP (mG) as well as 

results into deletion of exon 3 of Mtor. Modified from (Hassan et al., 2018). 

To study the multistep carcinogenesis, a dual recombination system combining the Cre/Lox 

and the Flp/Frt recombinase was used. In the Flp/Frt model, the expression of the Flp 

recombinase is under the control of the Pdx1 promoter and expression of the oncogenic 

KrasG12D allele (FSF-KrasG12D/+) can be activated by deletion of the Frt-Stop-Frt (FSF) 

cassette. Pdx1-Flp;FSF-KrasG12D/+ mice develop PanIN lesions, which progress gradually to 

PDAC (Schonhuber et al., 2014), similar to the established Cre/lox-based KrasG12D-driven 

PDAC models (Hingorani et al., 2003). A tamoxifen inducible CreERT2 recombinase is 

expressed after Flp mediated recombination of a stop cassette as shown in Fig. 7.2. 

However, CreERT2 remains sequestered in the cytoplasm by binding to Hsp90. This inducible 

CreERT2 recombinase is under the control of the CAG promoter that is present in the Rosa26 

locus and is silenced by an FSF cassette (FSF-R26CAG-CreERT2). Moreover, upon 

administration of tamoxifen (estrogen analogue), CreERT2 can dissociate from Hsp90 and 
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translocate to the nucleus where it catalyzes the recombination of floxed genes such as the 

reporter gene R26mT/mG (Schönhuber et al., 2014) or potential therapeutic targets, like the 

Mtor gene (Hassan et al., 2018). This model is illustrated in Fig. 7.2. 

7.3.2 KRAS downstream effector pathways 

Oncogenic KRAS is a key therapeutic target and preclinical research is focused on targeting 

its membrane localization as well as inhibiting the formation of the RAS-GTP complex (Scott 

et al., 2016). Although, the first KRAS (G12C) inhibitor AMG 510 entered into the clinical 

phase I/II studies based on precise selectivity and potency towards tumor cells in non-small 

cell lung cancer (NSCLC) (Canon et al., 2019), direct targeting of KRAS has not yet been 

clinically successful till now (Coxet al., 2014).  

The most promising therapeutic option so far is therefore still indirect targeting of the 

oncogene by inhibition essential downstream effectors. The most intensively studied 

classical KRAS downstream targets are RAF/MEK/ERK and PI3K/AKT/MTOR (Awasthi et 

al., 2018; Murthy et al., 2018). In addition, many other pathways such as NFB and JNK 

pathways are regulated by oncogenic KRAS (Davies et al., 2014; Karandish and Mallik, 

2016; Ling et al., 2012). 

7.4 NFB 

The NFB signaling pathway is a central hub for the regulation of more than 1500 genes 

(Yang Yang, 2016), which are involved in the regulation of the immune response, cellular 

stress responses, the cell cycle, or apoptosis (Pires et al., 2018). 

In mammalian cells, the NFB family of transcription factors consist of five subunits termed 

RelA (p65), c-Rel, RelB, NFB1/p105 and NFB2/p100 (Fig. 7.3), which are defined by the 

presence of an approximately 300 amino acid-long conserved Rel homology domain (RHD), 

that is responsible for binding to DNA, dimerization and interaction with inhibitory IB 

proteins (Kaltschmidt et al., 2018; Xia et al., 2018). RelA, RelB and cRel have trans-

activation domains (TAD) in their C terminal regions that enable them to interact with 

transcriptional co-regulators and activate transcription of target genes. In normal conditions, 

ankyrin repeats domains (ARD) that are also known as inhibitory domains mask nuclear 

localization signals (NLS) and sequester NFB in the cytoplasm. IBα, IBβ; IBε and BCL3 

as well as unprocessed NFB1 and NFB2 molecules contain ARDs (Pires et al., 2018). 

NFB family members can form homo and heterodimers with each other with different 
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affinities and can act as both transcriptional repressor as well as activator. Among them, the 

p65/p50 heterodimer is the most common and stable NFB dimer (Hayden and Ghosh, 

2012). 

 

Fig. 7:3 Schematic diagram for the NFB family members 

NFB family consist on five members such as RelA, cRel, RelB, p100 (NFB2) giving rise to p52 and p105 (NFB1) giving rise 

to p50. p50 and p52 are generated by proteasomal processing which is symbolized by scissors. RHD: Rel homology domain, 

TAD: Transcriptional activation domain, LZ: Leucine Zipper while ARD: Ankyrin repeats domain (modified from Hayden & 

Ghosh, 2012).  

7.4.1 Canonical NFB pathway 

Activation of the tumor necrosis factor receptor (TNFR), IL1β receptor (IL1βR), toll like 

receptor (TLR), T cell receptor (TCR) and B cell receptor (BCR) by their corresponding 

ligands activates adaptor proteins such as tumor necrosis factor receptor associated factors 

(TRAFs) or receptor interacting kinases (RIPs). These adaptor proteins activate the IB 

Kinases (IKK) complex which is consisting on catalytic subunits IKKα (CHUK) and IKKβ as 

well as the regulatory subunit IKKγ (NEMO) (Hayden and Ghosh, 2012; Taniguchi and Karin, 

2018). The activated IKK complex phosphorylate the inhibitory IB domain at conserved 

serine residues (DSGXXS), followed by K48-ubiquitination and 26S based proteasomal 

degradation of inhibitor proteins such as inhibitor of IBα or IBβ (Chen and Chen, 2013), 

which initiates the classical NFB pathway. Consequently, different NFB dimers like 
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p65/p50 and cREL/p50 can translocate to the nucleus to induce the transcription of target 

genes (Pires et al., 2018). 

7.4.2 Non-canonical NFB pathway 

A subset of the TNF receptor superfamily such as BAFF receptor (BAFFR) (Claudio et al., 

2002), cluster of differentiation 40 (CD40) (Coope et al., 2002), lymphotoxin β receptor 

(LTβR) (Dejardin et al., 2002), fibroblast growth factor inducible 14 (Fn14) (Saitoh et al., 

2003), and receptor activator of nuclear factor kappa-B (RANK) (Novack et al., 2003) can 

induce the non-canonical NFB pathway as shown in Fig. 7.4. 

 

Fig. 7:4 Illustration of the non-canonical NFB signaling pathway 

A) Under unstimulated conditions, the multiprotein ubiquitination complex consisting out of TRAF2, TRAF3, cIAP1 and cIAP2 

contributes to the continuous ubiquitination and consequent proteasomal degradation of NIK. B) Receptor activation occur in 

response to certain stimuli such as Lymphotoxin, receptor activator of nuclear factor kappa-B ligand (RANKL), cluster of 

differentiation 40 ligand (CD40L) that result into degradation of TRAF3 and NIK stabilization, IKKα phosphorylation and 

activation of p100 which is phosphorylated by IKKα becomes ubiquitination and proteasomal processes to p52. Afterwards the 

resulting RelB-p52 dimer translocate into the nucleus and activate transcription. 

The activation of these receptor molecules leads to the degradation of the adaptor molecules 

such as TRAF3 and the stabilization of NFкB- inducing kinase (NIK), which phosphorylates 



Introduction 

12 

and activates the IKKα subunit (Maubach et al., 2019). Consequently, IKKα phosphorylates 

p100 at Serine 866 and 870 (Xiao et al., 2004), leading to the recruitment of the β-TrCP 

(SCF) ubiquitin ligase (Liang et al., 2006), the ubiquitination of p100 and the subsequent 

proteasomal processing of p100 to generate active p52 (Polley et al., 2016). Newly 

generated p52 dimerizes with RelB and translocate into the nucleus to activate transcription 

of specific target genes of the non-canonical NFB pathway (Gray et al., 2014). 

7.4.3 Role of NFB in Cancer 

NF-κB has been extensively studied in the past decades as an important cancer relevant 

pathway and potential therapeutic target. The role of NFB in cancer was initially described 

in chicken lymphomas almost four decades ago (Beug et al., 1981). Both solid and 

hematopoietic malignancies such as gastric cancer (Yamei Shen, 2019), PDAC (Li et al., 

2018; Weichert et al., 2007), glioma (Lee et al., 2013) and multiple myeloma (MM) (Keats et 

al., 2007; Roy et al., 2018) show dysregulation of NFB. Moreover, constitutive activation of 

NF-κB in multiple cancers is linked with poor survival, like in acute myeloid leukemia (AML), 

breast cancer, glioblastoma and ovarian cancer (Annunziata et al., 2010; Brown and Law, 

2006; Darwish et al., 2019; Rojo et al., 2016). 

In addition to high expression, certain mutations are also linked with aberrant NFB signaling 

in cancers. About 20% of MM patients show aberrant NFB pathway linked mutations in NIK, 

TRAF2, TRAF3, NFB1 and NFB2 (Annunziata et al., 2007; Keats et al., 2007; Lohr et al., 

2014; Roy et al., 2018). Among them, TRAF3 inactivation is the most frequent alteration 

(Keats et al., 2007). Solid tumors, however, rarely show mutations in the NFB genes 

(DiDonato et al., 2012). 

Regulation of multiple pathways like proliferation, apoptosis, metabolism, metastasis, 

inflammation and therapy resistance underscore the relevance of the NFB pathway in 

cancer (Colombo et al., 2018; Pramanik et al., 2018; Riedlinger et al., 2018; Saxon et al., 

2018). Like, NFB controls the expression of several pro-inflammatory genes, which are 

important risk factors for cancer development. Elevated NFB activity in patients with 

inflammatory bowel disease (IBD) leads to increased expression of pro tumorigenic cytokines 

TNF-α, IL-1, and IL-17,which increased the risk of developing colon cancer (Lakatos and 

Lakatos, 2008; Terzić et al., 2010). Likewise, activation of the non-canonical NFB pathway 

in lung and breast cancer leads to increased proliferation and cell survival (Rojo et al., 2016; 

Saxon et al., 2018), as well as stabilize tumor initiating cells (TICs) for the development of 

metastasis in breast cancer (Kendellen et al., 2014; Lawrence and Baldwin, 2016). 
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Furthermore, non-canonical NFB pathway driven transcriptional reactivation of TERT in 

glioblastoma (Li et al., 2015b), as well as upregulation of DNA editing enzymes APOBECs 

enhanced cancer mutagenesis (Leonard et al., 2015). Most importantly, NFB is involved in 

the adaptive resistance to many standard clinical used drugs such as gemcitabine and 

FOLFIRONOX regime, further supporting the notion of NFB as an important therapeutic 

target (Mezencev et al., 2016; Pramanik et al., 2018; Yu et al., 2018). 

7.4.4 NFB pathway in PDAC 

NFB signaling contributes to the pathobiology of PDAC development and maintenance 

(Prabhu et al., 2014; Storz, 2013). For example, constitutive activation of the canonical NFB 

pathway via RELA marked PDAC patients with poor survival (Weichert et al., 2007). 

Stabilization of p65 by higher expression of IL-1α (Ling et al., 2012) or by TRIM31 marked 

worse prognosis in PDAC patients (Yu et al., 2018). Moreover, constitutive activation of all 

members of the NFB pathway has also been detected in patient derived human PDAC cell 

lines (Chandler et al., 2004). 

Consistent with survival data, genetic evidences in mouse models demonstrated the 

important role of NFB pathway as an oncogene in tumor initiation (Liou et al., 2016; Maier et 

al., 2013). For example, oncogenic KRAS upregulate NFB mediated EGFR activity, which 

facilitates de-differentiation of acinar cells and PanIN formation (Liou et al., 2016). In line with 

this observation, KrasG12D-driven PDAC GEMMs demonstrated that constitutive activation of 

NFB via NEMO/IKKγ is responsible for the enhanced expression of cytokines such as 

TNFα, IL1α and IL1β as well as NOTCH pathways which impact on propagation of PanIN 

lesions (Maier et al., 2013). In line with this finding, there are many GEMMs studies available 

which depict the pro-tumorigenic role of NFB in PDAC progression. For example, it has 

been observed that crosstalk of NFB via IKKβ with NOTCH signaling promote PDAC 

progression (Maniati et al., 2011). 

In contrast, there are some NFB family members which play dual role in pancreatic 

carcinogenesis, depending on certain mutational burden. Like, RelA truncation results into 

reduced CXCL1 production which impairs CXCR2 activity (Lesina et al., 2016). As a result, 

senescence associated secretory phenotype (SASP) composition is changed (Tchkonia et 

al., 2013), which allows cells to bypass the oncogene-induced senescence (OIS) barrier and 

accelerate PanINs formation (Lesina et al., 2016). While, by accumulation of genetic 

mutations such as p53 or Ink4a deletion, which enables cells to bypass senescence and OIS 
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barrier, NFB support tumor progression as RelA truncation gives survival benefit (Lesina et 

al., 2016; Morton et al., 2010; Serrano et al., 1997). 

In addition to the canonical NFB pathway, non-canonical NFB pathway is also 

constitutively active and functional in PDAC (Doppler et al., 2013; Nishina et al., 2009; 

Wharry et al., 2009). Moreover, high activity of RELB marked PDAC patients with bad 

survival (Hamidi et al., 2012). 

Functionally, the non-canonical NFB (p100/p52) activity is connected in PDAC with 

proliferation (Bang et al., 2013; Doppler et al., 2013; Schneider et al., 2006), as well as 

(RelB) with apoptosis and stress (Hamidi et al., 2012). Like, ablation of Relb in a KrasG12D-

driven mouse model of PDAC blocked PanINs development (Hamidi et al., 2012). 

Mechanistically, nutrient deprivation leads to co-activation of Nuclear Protein 1 (Nupr1) and 

RelB activation which protects cells from apoptosis (Hamidi et al., 2012). In addition, 

oncogenic KRAS dependent upregulation of glycogen synthase kinase 3α (GSK-3α) 

contributes to PDAC cell proliferation and growth by promoting TGFβ activated kinase 1 

(TAK1)/TAK1 binding partners (TAB) complex formation, which facilitates processing of p100 

and activation of p52 (Bang et al., 2013). Other study showed that non-canonical NFB 

pathway activity is mediated by proteasomal degradation of TRAF2 and NIK stabilization that 

enhanced cell proliferation (Doppler et al., 2013). The importance of the non-canonical NFB 

signaling pathways is furthermore underscored by a recent study where Nfb2 gene 

amplification was demonstrated in KrasG12D-driven murine PDAC cell lines (Mueller et al., 

2018). However, still lacks genetic studies for the non-canonical NFB (p100/p52).  

So, in order to get a clearer picture, there is a need to study in detail the function of the non-

canonical NFB pathway genetically in PDAC  

7.5 MTOR 

The mammalian target of rapamycin (MTOR) is an important kinase responsible for the 

regulation of proliferation, apoptosis, autophagy and metabolism (Paquette et al., 2018; 

Saxton and Sabatini, 2017). 

MTOR is a 289 kDa protein with multiple domains. The N-terminus of MTOR consists of 

multiple huntingtin elongation factor 3 protein phosphatase 2A TOR1 (HEAT) repeats, 

responsible for interaction with other proteins. MTOR belongs to the phosphoinositide 3 

kinase family due to the presence of the FKBP-Rapamycin binding (FRB) domain and the C-
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terminal evolutionarily conserved serine/threonine kinase domain. Furthermore, due to the 

interaction of different binding partners, MTOR is included in two distinct large protein 

complexes termed MTOR complex 1 and 2 (abbreviated as MTORC1 and MTORC2) 

(Jhanwar-Uniyal et al., 2019). 

The MTORC1 complex is mainly responsible for inducing protein synthesis and contains 

RAPTOR (regulatory associated protein of MTOR) (Hara et al., 2002) and PRAS40 (proline 

rich AKT substrate 40kDa), in addition to DEPTOR (DEP domain containing mTOR-

interacting protein) and mLST8 (mammalian lethal with Sec13 protein 8 interaction). 

Mechanistically, MTORC1 enhances translation of mRNAs, such as ribosomal proteins, 

elongation factors and insulin growth factors by mediating phosphorylation of p70S6K (p70 

ribosomal S6 kinase) and 4EBP1 (eukaryotic initiation factor 4E binding protein 1) (Saxton 

and Sabatini, 2017)  

The MTORC2 complex interacts with RICTOR (Rapamycin-insensitive companion of mTOR), 

mSIN1 (stress-activated protein kinase interaction protein) and PROTOR 1/2 (protein 

observed with RICTOR 1 & 2), in addition to DEPTOR and mLST8. Mechanistically, little is 

known about MTORC2. There are hints that MTORC2 is involved in the regulation of 

cytoskeletal organization as well as AKT(S473) dependent proliferation and survival of cells 

(Fuhler et al., 2009; Saxton and Sabatini, 2017). 

7.5.1 Activation of MTOR 

Receptor tyrosine kinases (RTK) can be activated in response to growth factors like insulin 

that can activate phosphoinositide 3-kinase pathway (PI3K) via insulin receptor substrate 

(IRS) molecules (Tanti and Jager, 2009). This activation is counteracted by the tumor 

suppressor phosphatase and tensin homolog (PTEN) that blocks that pathway. However, 

activated PI3K converts phosphatidylinositol-3,4,5-biphosphate (PIP2) into the active 

phosphatidylinositol-3,4,5-trisphosphate (PIP3) form that further leads to activation of 

downstream molecules such as serum and glucocorticoid induced protein kinase (SGK), 

phosphoinositide-dependent protein kinase 1 (PDK1) and Serine and Threonine kinase 

(AKT) (Mayer and Arteaga, 2016). AKT is also known as protein kinase B (PKB) and exists in 

three isoforms called AKT1 (PKBα), AKT2 (PKBβ) and AKT3 (PKBγ). However, AKT1 is the 

most important and commonly expressed isoform having two important phosphorylation sites 

at T308 and S473 (Manning and Toker, 2017). Due to the presence of a pleckstrin homology 

(PH) domain at its N-terminus, AKT1 can be activated by phosphorylation at T308 by 
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interacting with PIP3 via PDK1 (Alessi et al., 1997), or by phosphorylation at S473 by 

MTORC2 complex (Moore et al., 2007) as shown in Fig. 7.5. 

 

Fig. 7:5 Schematic representation of the MTORC1/2 complexes and MTORC1/2 signaling 

The signaling pathways upstream and downstream of MTORC1 signaling in orange and MTORC2 signaling in blue. Positive 

regulations are shown by red arrows, while negative alleles are indicated by black lines.  Negative feedback loops are shown by 

dotted red lines. Contribution of MTOR through different targets in tumor is shown by black arrows. 

MTORC1 signaling is influenced by intracellular and extracellular stresses such as low food 

supply, hypoxia and DNA damage that activate AMPK and ultimately block MTORC1 

signaling, by activating either heterotrimeric complex Tuberous sclerosis complex 1 and 2 

(TSC1/2) by inhibiting RAPTOR binding (Herzig and Shaw, 2018), or by regulating the 
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formation of RAG and RHEB complexes (Saxton and Sabatini, 2017). Moreover, different 

growth factors can also enhance activity of RHEB GTPases by inhibiting TSCH1/2 to 

regulate MTORC1 complex (Inoki et al., 2003; Tee et al., 2003). AKT, ERK1/2 and p70S6K 

are some of the effector kinases that are involved in direct interaction with TSC1/TSC2 

complex in order to activate MTORC1 activity (Jhanwar-Uniyal et al., 2019) as shown in Fig. 

7.5. By contrast, little is known about MTORC2 regulation. However, there are hints of 

MTORC2 and AKT interaction that leads to regulation of many important pathways such as 

cell growth, metabolism and survival. Other downstream effector molecules for MTORC2 

include many members of AGC kinases such as protein kinase C (PKC) or serum and SGK1 

contributing to cell survival as well as cytoskeleton regulation (Linke et al., 2017). 

Interestingly both complexes can influence each other by a negative feedback loop. AKT, for 

example can interact with PRAS40 to modulate MTORC1 activity, while S6K interaction with 

SIN1 can regulate MTORC2 activity (Jhanwar-Uniyal et al., 2019) as shown in Fig. 7.5. 

Furthermore, hyperphosphorylated retinoblastoma molecule (RB) can act as a negative 

regulator of the MTORC2 complex by altering the AKT signaling pathway (Zhang et al., 

2016). This negative feedback loop of PI3K and MTOR signaling is very important for the 

pharmacological targeting of MTOR and the development of various drugs (Rozengurt et al., 

2014). 

7.5.2 MTOR in cancer 

The MTOR kinase plays an important role in the regulation of many pathways that promote 

tumor initiation and progression, as it is crucial for cell proliferation, survival, autophagy and 

metabolism (Tian et al., 2019). Aberrant MTOR pathway activity characterized by molecular 

alterations (mutation, amplification, overexpression of positive regulators or loss of negative 

regulators at protein or RNA level) in MTOR itself or in different components of the MTOR 

complex as well as in upstream signaling cascade is observed in many cancers (Grabiner et 

al., 2014; Tian et al., 2019; Zhang et al., 2017). For example, oncogenic KRAS promotes 

overall MTOR signaling in lung cancer (Liang et al., 2019). RICTOR, a component of 

MTORC2, has been found to be amplified in breast, non-small lung cancer (NSLC) and in 

squamous cell lung carcinoma (SQCLC)(Balko et al., 2014; Cheng et al., 2015; Morrison Joly 

et al., 2016). While overexpression has been observed in glioma and breast cancer (Masri et 

al., 2007; Morrison Joly et al., 2016), which is linked with a worse prognosis and shortened 

survival (Cheng et al., 2015). Likewise, inactivation of TSC1 and TSC2, which leads to 

hyperactivation of MTOR pathway, has been demonstrated in urothelial carcinoma, bladder 

cancer, renal carcinoma and pancreatic neuroendocrine tumors (Jiao et al., 2011; Platt et al., 

2009; Sjodahl et al., 2011). Moreover, loss of function mutations in PTEN promote MTOR 
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activity in prostate cancer, breast cancer and endometrium cancer (DeGraffenried et al., 

2004; Guertin et al., 2009; Milam et al., 2007). 

7.5.3 Role of MTOR in PDAC 

Although PI3K mutations are only found in 5% of PDAC cases, PI3K/AKT signaling has been 

shown to be deregulated in almost 60% of PDAC patients (Murthy et al., 2018; Schild et al., 

2009; Schlieman et al., 2003). Moreover, around 20% of human PDAC show hyperactivation 

of MTOR, which relates to poor survival (Kong et al., 2016; Morran et al., 2014; Utomo et al., 

2014). In addition, human PDAC tissues with high RICTOR expression marked patients with 

poor survival (Schmidt et al., 2017). 

Consistent with survival data, genetic evidence also demonstrated the importance of PI3K 

pathway for tumor development in the pancreas. In the classical KC mouse model, 

oncogenic activation of the PI3K pathway (Payne et al., 2015) or genetic deletion of Pten 

(Ying et al., 2011) have been demonstrated to be sufficient to drive ADM, PanIN and PDAC 

formation as well as in metastasis development. In addition, KrasG12D/+ driven PDAC 

carcinogenesis is blocked or delayed by genetic deletion of p100α (Pik3ca) (Wu et al., 2014), 

Pdk1 (Eser et al., 2013; Schonhuber et al., 2014), or Rictor (Driscoll et al., 2016).  

Moreover, it has been demonstrated pharmacologically that inhibition of the PI3K pathway 

can block tumor growth in PDAC GEMMs as well as in patient derived orthotopic xeno-

transplant models (Cao et al., 2009; Eser et al., 2013; Payne et al., 2015). Therefore, 

blocking MTOR signalling has become an attractive target in PDAC. 

7.5.4 MTOR mediated tumor metabolism  

PDAC tumors which are highly desmoplastic and hypoxic in nature, reprogram their cellular 

metabolism to fulfill their energy demands. In normal cells, glucose is catabolized aerobically 

to generate pyruvate, which fuels the tricarboxylic acid (TCA) cycle and the electron transport 

chain (ETC) to produce energy. However, tumor cells produce lactate by anaerobic 

glycolysis known as Warburg effect (Warburg, 1956). These metabolic alterations that range 

from increased glycolysis to changes in the activity of the oxidative phosphorylation are one 

of the hallmarks of cancer (Son et al., 2013; Vazquez et al., 2016). According to metabolic 

profiling, human PDAC tumors can be classified into glycolytic, lipogenic and slow 

proliferative subtypes with different clinical outcome and therapeutic responses (Collisson et 

al., 2011; Daemen et al., 2015).  
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Oncogenic KRAS fundamentally alters the metabolic pathways by upregulating many 

important rate limiting enzymes involved in glycolysis like increased expression of the 

glucose transporter GLUT1 as well as upregulation of fatty acids and nucleotide metabolism 

(Pinho et al., 2016; Ying et al., 2012). It is known that KRAS engages various metabolic 

alterations by regulating PI3K/AKT/MTOR (Csibi et al., 2013) or MAPK (Ying et al., 2012) 

signalling.  

MTOR is a central metabolic hub that regulates cellular metabolism directly or indirectly 

mediating various cellular metabolic pathways (Hosein and Beg, 2018; Murthy et al., 2018). 

For example, the PI3K/AKT/MTOR pathway has been shown to regulate the metabolism of 

PDAC cells by increasing glycolysis and enhancing motility and invasiveness (Melstrom et 

al., 2008; Shukla et al., 2015). This PI3K/AKT/MTOR pathway dependent metabolic control is 

also achieved by upregulating stress driven HIF1α expression (Chaika et al., 2012; Kang et 

al., 2014; Kilic-Eren et al., 2013), or by enhancing AKT activation (Lee et al., 2014). In 

addition, MTOR also regulates an important crosstalk between Insulin/Insulin like growth 

factor-1 (IGF) receptors and G protein-coupled receptor (GPCR) in pancreatic cancer, which 

is responsible for regulating metabolism, DNA synthesis and cell proliferation (Rozengurt et 

al., 2010).  

Collectively, these studies imply that PI3K/MTOR promotes metabolic reprograming and 

raise the possibility that PI3K/MTOR associated metabolic inhibition could be a therapeutic 

option for PDAC treatment. 

7.5.5 Resistance towards MTOR inhibition 

Like other targeted therapies in PDAC (Chung et al., 2017a), targeting PI3K in the clinic has 

not been successful so far (Javle et al., 2010). First generation MTOR inhibitors like 

Rapalogues (Sirolimus) and its derivatives (Temsirolimus, Everolimus, and Ridaforolimus) 

that bind to the intracellular rapamycin binding domain (FKBP-12) fails in the clinical trials as 

monotherapy, raising questions about its therapeutic significance in PDAC (Babiker et al., 

2019; Javle et al., 2010). One of the reasons might be adaptive rewiring of upstream receptor 

tyrosine kinases such as insulin-like growth factors-1 receptor (IGF-1R) that leads to 

reactivation of AKT phosphorylation by MTORC2 and attenuates cellular response (Javle et 

al., 2010; O'Reilly et al., 2006; Pópulo et al., 2012).  

In order to block the MTOR pathway completely, second generation MTORi such as 

AZD8055, INK-128, and AZD2014 were developed, which target both MTORC1 and 

MTORC2 subunits and specifically block the catalytic domain in an ATP-competitive manner. 
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These inhibitors have shown relatively effective results in PDAC pre-clinical trials both in vitro 

and in vivo (Driscoll et al., 2016; Lou et al., 2014; Rodrik-Outmezguine et al., 2011; Sun, 

2013), due to downregulation of the AKT pathway (Chresta et al., 2010; Li et al., 2015a), 

which argues that dual MTOR inhibitors might be a therapeutic option in PDAC. However, 

tumor growth resumed after a certain time period due to adaptive rewiring as demonstrated 

by a marked increase in the activation of receptor tyrosine kinase (RTK) signaling, which 

induced PI3K pathway activity by reactivating AKT (T308) and subsequently AKT substrates 

(Rodrik-Outmezguine et al., 2011) or via non-canonical IB-related kinase (IKBKE) mediated 

AKT (S473) activation in PDAC (Rajurkar et al., 2017). These above-mentioned studies 

underscore the need to design synthetic lethality-based combinations therapies to target 

MTOR efficiently (Golan et al., 2019; Hua et al., 2019; Zhou et al., 2018). As a proof of 

principle, synergistic effects due to cell cycle associated inhibition of adaptive rewiring 

mechanisms have been observed by combining MTOR (AZD8055) and AKT (MK2206) 

inhibitors in different cancer cell lines (Phyu and Smith, 2019). In line with that finding, it has 

recently been described that combined inhibition of TORC1/2 and PI3K in vivo inhibits the 

progression of pancreatic cancer (Driscoll et al., 2016). However, mechanistic effects of 

MTOR linked dual combination of drugs needs further clarification. 

7.6      Outlook 

The aim of this work was to study the role of NFB2 and MTOR in PDAC  

Hyperactivation of NFB2 as well as its connection to proliferation is described in various 

cellular PDAC models. However, the precise molecular and mechanistic role of NFB2 in the 

KRAS-driven carcinogenesis in the pancreas is unknown so far. Therefore, in this work, I 

analyzed the role of NFB2 signaling in tumor initiation and PDAC development by genetic 

deletion of Nfb2 gene in the oncogenic KrasG12D-driven mouse model. Furthermore, its 

modulation was also studied in the presence of variable aggressiveness by addition of 

p53R172H mutation. 

Although data demonstrating the importance of the PI3K/AKT/MTOR kinase for PDAC 

development and maintenance are available, no studies addressing the role of MTOR at the 

genetic level. Therefore, I used a conditional Mtor allele to analyze the function of the MTOR 

in the KRAS-driven carcinogenesis. In addition, I developed a complex genetic model 

allowing to target MTOR in established murine PDAC models. Genetic data were substituted 

with pharmacological data. Furthermore, knowledge of the molecular alterations occurring 

after the inactivation of MTOR were used to develop new mechanistic combination therapies. 
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8 Materials 

8.1 Technical equipment 

Table 8:1 Technical Equipment 

Devices Source 

96-well magnetic ring-stand Applied Biosystems, Inc., Carlsbad, CA, USA 

Analytical balance A 120 S Sartorius AG, Göttingen 

Analytical balance BP 610 Sartorius AG, Göttingen 

Autoclave 2540 EL Tuttnauer Europe B.V., Breda, The Netherlands 

AxioCam HRc Carl Zeiss AG, Oberkochen 

AxioCam MRc Carl Zeiss AG, Oberkochen 

Bag sealer Folio FS 3602 Severin Elektrogeräte GmbH, Sundern 

Centrifuge Rotina 46R Andreas Hettich GmbH & Co. KG, Tuttlingen 

CO2 incubator HERAcell®  Heraeus Holding GmbH, Hanau 

CO2 incubator MCO-5AC 17AI Sanyo Sales & Marketing Europe GmbH, Munich 

Dewar carrying flask, type B KGW-Isotherm, Karlsruhe 

Electrophoresis power supply Power Pac 200 Bio-Rad Laboratories GmbH, Munich 

Gel Doc™ XR+ system Bio-Rad Laboratories GmbH, Munich 

Glass ware, Schott Duran® Schott AG, Mainz 

Heated paraffin embedding module EG1150 H Leica Microsystems GmbH, Wetzlar 

HERAsafe® biological safety cabinet Thermo Fisher Scientific, Inc., Waltham, MA, USA 

Hiseq2000 platform Illumina, San Diego, CA; USA 

Hiseq2500 platform Illumina, San Diego, CA; USA 

Homogenizer SilentCrusher M with tool 6F Heidolph Instruments GmbH & Co. KG, Schwabach 

Horizontal gel electrophoresis system Biozym Scientific GmbH, Hessisch Oldenburg 

Horizontal shaker Titertek Instruments, Inc., Huntsville, AL, USA 

Laminar flow HERAsafe Heraeus Holding GmbH, Hanau 

Magnetic stirrer, Ikamag® RCT IKA® Werke GmbH & Co. KG, Staufen 

Microcentrifuge 5415 D Eppendorf AG, Hamburg 

Microcentrifuge 5417 R Eppendorf AG, Hamburg 

Multiskan RC Microplate reader Thermo Labsystem 

Microscope Axio Imager.A1 Carl Zeiss AG, Oberkochen 

Microscope Axiovert 25 Carl Zeiss AG, Oberkochen 

Microscope DM LB Leica Microsystems GmbH, Wetzlar 

Microtome Microm HM355S Thermo Fisher Scientific, Inc., Waltham, MA, USA 

Microwave Siemens AG, Munich 

Mini centrifuge MCF-2360 LMS Consult GmbH & Co. KG, Brigachtal 

Multipette® stream Eppendorf AG, Hamburg 
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Neubauer hemocytometer, improved LO-Laboroptik GmbH, Bad Homburg 

Odyssey® infrared imaging system Licor,Biosciences Bad Homburg, Germany 

Paraffin tissue floating bath Microm SB80 Thermo Fisher Scientific, Inc., Waltham, MA, USA 

pH meter 521 
WTW Wissenschaftlich-Technische Werkstätten 
GmbH, Weilheim 

Pipettes Reference®, Research® Eppendorf AG, Hamburg 

Pipetus® Hirschmann Laborgeräte GmbH & Co. KG, Eberstadt 

Power supplies E844, E822, EV243 Peqlab Biotechnologie GmbH, Erlangen 

Spectrophotometer NanoDrop 1000 Peqlab Biotechnologie GmbH, Erlangen 

Stereomicroscope Stemi SV 11 Carl Zeiss AG, Oberkochen 

Surgical instruments Thermo Fisher Scientific, Inc., Waltham, MA, USA 

Thermocycler T1 Biometra GmbH, Göttingen 

Thermocycler Tpersonal Biometra GmbH, Göttingen 

Thermocycler UNO-Thermoblock Biometra GmbH, Göttingen 

Thermomixer compact Eppendorf AG, Hamburg 

Tissue processor ASP300 Leica Microsystems GmbH, Wetzlar 

Vortex Genius 3 IKA® Werke GmbH & Co. KG, Staufen 

Water bath 1003 GFL Gesellschaft für Labortechnik mbH, Burgwedel 

Western blot system SE 260 Mighty Small II Hoefer Inc, Hollisten, MA; USA 

Glucometer Abbott Laboratories, Wiesbaden, Germany 

Aperio Image Scanner Leica Biosystem, Nußloch, Germany 

TaqMan, PE StepOnePlus™ Real time PCR System Applied Biosystems Inc., Carland, CA; USA 

UV transilluminator Gel DocTM XR+ system. 

Gamma Counter 1480 Wizard, Wallac 

Gallios flow cytometer  Beckman Coulter, Krefeld, Germany 

Luminescence microplate reader (FLUOstar 
OPTIMA.) 

BMG Labtech Germany 

8.2 Disposables 

Table 8:2 Disposables 

Disposable Source 

Cell culture plastics 

Becton Dickinson GmbH, Franklin Lakes, NJ, 
USA; Greiner Bio-One GmbH, Frickenhausen; 
TPP Techno Plastic Products AG, Trasadingen, 
Switzerland 

Cell scrapers Sarstedt AG & Co., Nümbrecht 

Cell strainer, 100 µm, yellow BD Biosciences, Franklin Lakes, NJ, USA 

Chromatography paper, 3 mm GE Healthcare Europe GmbH, Munich 

Falcon 15mL Conical Centrifuge Tubes Sarstedt AG & Co., Nümbrecht 

Falcon 50mL Conical Centrifuge Tubes Sarstedt AG & Co., Nümbrecht 
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Combitips BioPur® Eppendorf AG, Hamburg 

Cover slips 
Gerhard Menzel, Glasbearbeitungswerk GmbH 
& Co. KG, Braunschweig 

CryoPure tubes Sarstedt AG & Co., Nümbrecht 

Disposable scalpels Feather Safety Razor Co., Ltd., Osaka, Japan 

Filtropur S 0.2 Sarstedt AG & Co., Nümbrecht 

Filtropur S 0.45 Sarstedt AG & Co., Nümbrecht 

Glass slides Superfrost® Plus 
Gerhard Menzel, Glasbearbeitungswerk GmbH 
& Co. KG, Braunschweig 

MicroAmp® optical 96-well reaction plate  Applied Biosystems, Inc., Carlsbad, CA, USA 

Microtome blades S35 and C35 Feather Safety Razor Co., Ltd., Osaka, Japan 

Pasteur pipettes 
Hirschmann Laborgeräte GmbH & Co. KG, 
Eberstadt 

PCR reaction tubes 
Brand GmbH + Co. KG, Wertheim; Eppendorf 
AG, Hamburg 

Petri dishes Sarstedt AG & Co., Nümbrecht 

Pipette tips  Sarstedt AG & Co., Nümbrecht 

Reaction tubes, 0.5 ml, 1.5 ml and 2 ml Eppendorf AG, Hamburg 

Safe seal pipette tips, professional Biozym Scientific GmbH, Hessisch Oldenburg 

Safe-lock reaction tubes BioPur® Eppendorf AG, Hamburg 

Serological pipettes Sarstedt AG & Co., Nümbrecht 

Single use needles Sterican® 27 gauge B. Braun Melsungen AG, Melsungen 

Single use syringes Omnifix® B. Braun Melsungen AG, Melsungen 

Tissue embedding cassette system Medite GmbH, Burgdorf 

Silver nitrate applicator Graham Field 

Transfer membrane Immobilon-P Millipore GmbH, Schwalbach am Taunus 

Nitrocellulose membranes Millipore GmbH, Schwalbach am Taunus 

8.3 Reagents and enzymes 

Table 8:3 Reagents and Enzymes 

General Reagent and Enzymes Source 

1 kb DNA extension ladder Invitrogen GmbH, Karlsruhe 

1,4-Dithiothreitol (DTT) Carl Roth GmbH + Co. KG, Karlsruhe 

2-Log DNA ladder (0.1–10.0 kb) New England Biolabs GmbH, Frankfurt am Main 

2-Mercaptoethanol, 98% Sigma-Aldrich Chemie GmbH, Munich 

2-Propanol (isopropanol) Carl Roth GmbH, Karlsruhe 

Agarose Sigma-Aldrich Chemie GmbH, Munich 

Ammonium persulfate Sigma-Aldrich Chemie GmbH, Munich 

Blotting grade blocker non-fat dry milk Bio-Rad Laboratories GmbH, Munich 
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Bovine serum albumin, fraction V Sigma-Aldrich Chemie GmbH, Munich 

4% formaldehyde Carl Roth, Karlsruhe, Germany 

Bromphenol blue Sigma-Aldrich Chemie GmbH, Munich 

Complete, EDTA-free, protease inhibitor cocktail 
Tablets 

Roche Deutschland Holding GmbH, Grenzach-
Wyhlen 

Dimethylsulfoxide (DMSO) Carl Roth GmbH + Co. KG, Karlsruhe 

dNTP mix, 10mM each Fermentas GmbH, St. Leon-Rot 

Dodecylsulfate Na-salt in pellets (SDS) Serva Electrophoresis GmbH, Heidelberg 

Dulbecco's phosphate buffered saline, powder Biochrom AG, Berlin 

Ethanol (100%)  Merck KGaA, Darmstadt 

Ethidium bromide Sigma-Aldrich Chemie GmbH, Munich 

Ethylenediaminetetraacetic acid (EDTA) Invitrogen GmbH, Karlsruhe 

Gel loading dye, blue (6x) New England Biolabs GmbH, Frankfurt am Main 

GeneRuler™ 100bp DNA ladder Fermentas GmbH, St. Leon-Rot 

Glycerol Sigma-Aldrich Chemie GmbH, Munich 

HEPES Pufferan® Carl Roth GmbH + Co. KG, Karlsruhe 

Roti® Histofix (4%) Carl Roth GmbH + Co. KG, Karlsruhe 

Hydrochloric acid (HCl) Merck KGaA, Darmstadt 

Magnesium chloride Carl Roth GmbH + Co. KG, Karlsruhe 

Methanol Carl Roth GmbH + Co. KG, Karlsruhe 

Nonidet NP-40 
Roche Deutschland Holding GmbH, Grenzach-
Wyhlen 

Orange G Carl Roth GmbH + Co. KG, Karlsruhe 

Phosphatase inhibitor mix I Serva Electrophoresis GmbH, Heidelberg 

Precision Plus Protein™ all blue standard Bio-Rad Laboratories GmbH, Munich 

Proteinase K, recombinant, PCR grade 
Roche Deutschland Holding GmbH, Grenzach-
Wyhlen 

QuantiFast® SYBR® green PCR master mix Applied Biosystems/ThermoFisher) 

REDTaq®ReadyMix™ PCR reaction mix Sigma-Aldrich Chemie GmbH, Munich 

RNase-free DNase set Qiagen GmbH, Hilden 

RNaseA Fermentas GmbH, St. Leon-Rot 

Rotiphorese® gel 30 Carl Roth GmbH + Co. KG, Karlsruhe 

Sodium chloride (NaCl) Merck KGaA, Darmstadt 

Sodium hydroxide solution (NaOH) Merck KGaA, Darmstadt 

4-hydroxytamoxifen (≥70% Z isomer) Sigma-Aldrich Chemie GmbH, Munich 

TE buffer, pH 8.0 AppliChem GmbH, Darmstadt 

TEMED Carl Roth GmbH + Co. KG, Karlsruhe 

Tris hydrochloride (TrisHCl) J.T.Baker® Chemicals, Phillipsburg, NJ, USA 

Tris Pufferan® Carl Roth GmbH + Co. KG, Karlsruhe 

Triton® X-100 Sigma-Aldrich Chemie GmbH, Munich 

Tween® 20  Carl Roth GmbH + Co. KG, Karlsruhe 
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RLT Buffer Qiagen GmbH, Hilden 

Pancrex-vet Ssniff Speziadiaten GmBH, Soest 

MK-2206 Selleckchem (Selleckchem, Eching, Germany) 

PD-325901 Sigma (Sigma, Munich, Germany) 

GDC-0941 LC Laboratories (Woburn, MA, USA) 

INK-128 LC Laboratories (Woburn, MA, USA) 

Forene® isoflurane Abbott GmbH & Co, Ludwigshafen, Germany 

Reagent / Kits for Cell Culture 

Collagenase type 2 
Worthington Biochemical Corporation, Lakewood, NJ, 
USA  

Dulbecco's modified eagle medium (DMEM) #41966-
029 Sigma by Life Technologies TM, Darmstadt 

HEPES Invitrogen GmbH, Karlsruhe 

Glutamax Invitrogen GmbH, Karlsruhe 

Primocin Invitrogen GmbH, Karlsruhe 

N-acetyl-L-cysteine Sigma-Aldrich Chemie GmbH, Munich 

Animal-Free Recombinant Human EGF Peprotech 

Recombinant Human FGF-10 Peprotech 

Gastrin Sigma-Aldrich Chemie GmbH, Munich 

Nicotinamide Sigma-Aldrich Chemie GmbH, Munich 

A 83-01 Supplier | CAS 909910-43-6  Tocris Bioscience 

RPMI #1640 (1x) Ref 31870-025 Sigma by Life Technologies TM, Darmstadt 

Dulbecco's phosphate buffered saline (PBS) Invitrogen GmbH, Karlsruhe 

Fetal calf serum (FCS) Merck Millipore/Biochrom, Berlin, Germany 

GFR Matrigel Corning, Weisbaden, Germany 

Fungizone® antimycotic Invitrogen GmbH, Karlsruhe 

G418, Geneticin® Invitrogen GmbH, Karlsruhe 

Giemsa solution Sigma-Aldrich Chemie GmbH, Munich 

CellTiter-Glo 3D Cell Viability Assay Promega, Mannheim, Germany 

(3-(4,5-Dimethylthiazol-2-yl)-2,5 diphenyltetrazolium 
bromide) MTT Reagent 

Sigma-Aldrich Chemie GmbH, Munich 

Penicillin (10000 units/ml) / Streptomycin (10000 
µg/ml) solution 

Invitrogen GmbH, Karlsruhe 

Trypsin, 0.05% with 0.53 mM EDTA 4Na Invitrogen GmbH, Karlsruhe  

Trypsin-EDTA solution 10x Sigma-Aldrich Chemie GmbH, Munich 

Bradford reagent, 5x Serva Electrophoresis GmbH, Heidelberg 

Prestained protein ladder PageRulerTM Thermo Fisher Scientific by Life Technologies TM, 
Germany 

Reagents for Histochemistry Analysis 

Acetic acid (glacial) Merck KGaA, Darmstadt 

Alcian blue 8GX Sigma-Aldrich Chemie GmbH, Munich 

Aluminium sulfate 
Honeywell Specialty Chemicals Seelze GmbH, 
Seelze 

https://www.peprotech.com/en-GB/Pages/Product/Recombinant_Human_FGF-10/100-26
https://www.tocris.com/dispprod.php?ItemId=5414
https://www.tocris.com/dispprod.php?ItemId=5414
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Antigen unmasking solution, citric acid based Vector Laboratories, Inc., Burlingame, CA, USA 

Certistain® Nuclear fast red Merck KGaA, Darmstadt 

Eosine Waldeck GmbH & Co KG, Münster 

Goat serum G9023 Sigma-Aldrich Chemie GmbH, Munich 

Hematoxylin Merck KGaA, Darmstadt 

Hydrogen peroxide 30% Merck KGaA, Darmstadt 

Pertex mounting medium Leica Biosystems, Wetzlar, Germany 

Rabbit serum R9133 Sigma-Aldrich Chemie GmbH, Munich 

Roti® Histofix 4% Carl Roth GmbH + Co. KG, Karlsruhe 

Sirius Red Solution (Direct Red 80) Sigma-Aldrich 

8.4 Kits 

Table 8:4 Kits 

Kits for molecular biology 

Kit Source 

QIAshredder Qiagen GmbH, Hilden 

QuantiFast SYBR green PCR kit Qiagen GmbH, Hilden 

RNeasy mini kit (74106) Qiagen GmbH, Hilden 

Maxwell® LEV simplyRNA Purification Kit Promega 

Kits for Histochemistry Analysis 

Avidin/biotin blocking kit Vector Laboratories, Inc., Burlingame, CA, USA 

Vectastain® elite ABC kit Vector Laboratories, Inc., Burlingame, CA, USA 

DAB peroxidase substrate kit, 3,3’-diaminobenzidine Vector Laboratories, Inc., Burlingame, CA, USA 

8.5 Cell culture Media 

Table 8:5 Cell culture media and their components 

Medium Components 

Tumor cell medium (Murine & Human) 

DMEM or RPMI 

10% FCS 

1% Penicillin/Streptomycin 

Freezing medium 

70% DMEM 

20% FCS 

10% DMSO 

Tumor cell medium (Primary human PDAC) 

AdDMEM/F12 suppliment with HEPES 

HEPES 

Glutamax 

B27 

Primocin (1mg/ml) 

N-acetyl-L-cysteine (1 mM) 
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Wnt3a-conditioned medium (50% v/v) 

RSPO1-conditioned medium (10% v/v) 

Noggin (100ng/ml) 

EGF (50ng/ml) 

Gastrin (10nM) 

Fibroblast Growth Factor 10 (100ng/ml) 

Nicotinamide (10nM) 

A83-01 (0.5µM) 

Tumor cell medium (Human) 

RPMI 

10% FCS 

1% Penicillin/Streptomycin 

8.5.1 Cell Lines 

Table 8:6 Cell lines 

Cell Lines Source 

PaTu8889T ATCC; Manassas, VA, USA 

PSN1 ATCC; Manassas, VA, USA 

HuPT4 DSMZ, Leibniz, Germany 

IMIM-PC1 Provided by Prof.Schmid 

BxPc3 ATCC; Manassas, VA, USA 

HPAC ATCC; Manassas, VA, USA 

MiaPaCa2 ATCC; Manassas, VA, USA 

Patu8889S Provided by Prof. Ellenrieder 

HPAF-II ATCC; Manassas, VA, USA 

Dan-G DSMZ, Leibniz, Germany 

8.5.2 Antibodies 

Table 8:7 Antibodies 

Primary antibodies for histological analysis 

Antibody Source 

CK19 (TROMAIII) (1:100) Developmental Studies Hybridoma Bank, Iowa City 

alpha-amylase (#3796) (1:2000) Cell Signaling Technology, Inc., Danvers, MA, USA 

Phospho-4E-BP1 (Thr37/46 (236B4) #2855 (1:100) Cell Signaling Technology, Inc., Danvers, MA, USA 

Insulin C27C9 (#3014S) (1:500) Cell Signaling Technology, Inc., Danvers, MA, USA 

Nfκb2 (1:250) (c-5, sc-7386) (1:100) Santa Cruz Biotechnology, Dallas, TX, USA  

Cyclin D1 (1:250) (Sp4; #RM9104-S) (1:100) Lab vision, Fremont, CA (USA), 

Ki-67 (1:50) (Sp6; # KI681C01) (1:500) DCS Innovative Diagnostic System, Hamburg) 

Secondary antibodies for histological analysis. 

Biotinylated anti-mouse IgG (H+L) Vector Laboratories, Inc., Burlingame, CA, USA 

Biotinylated anti-rabbit IgG (H+L) Vector Laboratories, Inc., Burlingame, CA, USA 

Biotinylated anti-rat IgG (H+L) Vector Laboratories, Inc., Burlingame, CA, USA 
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Antibodies for Western Blot 

Cyclin D1 (1:250), sc-450 (72-13G) (1:250) Santa Cruz Biotechnology, Inc., Dallas, TX, USA 

RelB, sc-226 (C-19) (1:250) Santa Cruz Biotechnology, Inc., Dallas, TX, USA 

phospho-MEK1/2 (S217/221) (# 9154) (1:1000) Cell Signaling Technology, Inc., Danvers, MA, USA 

pan-MEK1/2 (#4694) (1:1000) Cell Signaling Technology, Inc., Danvers, MA, USA 

Hsp90 alpha/beta (F8), sc-13119 (#H1704) (1:500) Santa Cruz Biotechnology, Inc., Dallas, TX, USA 

Nfκb2 100/p52 #4882 (1:1000) Cell Signaling Technology, Inc., Danvers, MA, USA 

pan-Akt (#9272) (1:1000) Cell Signaling Technology, Inc., Danvers, MA, USA 

p44/42 MAPK (Erk1/2) (L34F12), #4696 (1:2000) Cell Signaling Technology, Inc., Danvers, MA, USA 

4EBP1 (#9452) (1:1000) Cell Signaling Technology, Inc., Danvers, MA, USA 

Phospho-Akt (Ser473), (D9e) (#4060) (1:1000) Cell Signaling Technology, Inc., Danvers, MA, USA 

phospho-AKT (T308) (c31e5e) (#2965) (1:1000) Cell Signaling Technology, Inc., Danvers, MA, USA 

Phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204) 

(D13.14.4E) XP™, #4370 (1:2000) 
Cell Signaling Technology, Inc., Danvers, MA, USA 

Phospho-4E-BP1 (Thr37/46 (236B4) #2855 (1:1000) Cell Signaling Technology, Inc., Danvers, MA, USA 

Phospho-S6 Ribosomal Protein (Ser235/236) 
(D57.2.2E) XP® (#4858) (1:1000) 

Cell Signaling Technology, Inc., Danvers, MA, USA 

MTOR (# 2972s) (1:1000) Cell Signaling Technology, Inc., Danvers, MA, USA 

α-tubulin, T6199 (1:5000) Sigma-Aldrich Chemie GmbH, Munich 

anti-β-Actin #A5316 (1:5000) Sigma-Aldrich Chemie GmbH, Munich 

Novocastra Anti-p53 CM5 (Rabbit) (1:2000) Leica Byosystems, UK 

Caspase 3 (#9662) (1:1000) Cell Signaling Technology, Inc., Danvers, MA, USA 

Anti GAPDH (1:10000) (ACR001PT) (1:10000) Acris GmbH, Herford, Germany 

Cleaved PARP (Asp214) (#51-90000017) (1:1000) BD Pharmingen 

Secondary antibodies for Western blot 

Anti-mouse IgG (H+L) (1:10000) (DyLight® 680 
Conjugate), #5470 

Cell Signaling Technology, Inc., Danvers, MA, USA 

Anti-mouse IgG (H+L) (1:10000) (DyLight® 800 
Conjugate), #5257 

Cell Signaling Technology, Inc., Danvers, MA, USA 

Anti-rabbit IgG (H+L) (1:10000) (DyLight® 680 
Conjugate), #5366 

Cell Signaling Technology, Inc., Danvers, MA, USA 

Anti-rabbit IgG (H+L) (1:10000) (DyLight® 800 
Conjugate), #5151 

Cell Signaling Technology, Inc., Danvers, MA, USA 

8.6 Buffers 

All buffers were prepared with distilled H2O. 

Table 8:8 Buffers 

Buffers and solutions for molecular biology. 

Buffer Component 

RIPA Buffer 50 mM Tris-Hcl 
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150 mM NaCl 

2 mM EDTA 

1% Triton X100 

1% Sodium deoxycholate 

0.1% SDS 

Stacking gel buffer 0.5 M Tris adjusted to pH 6.8 with HCl 

Separating gel buffer 1.5 M Tris adjusted to pH 8.8 with HCl 

Running buffer, 10x 

25Mm Tris 

192Mm Glycine 

0.1% SDS 

Transfer buffer, pH 8.3 

25 mM Tris 

192 mM Glycine 

20% Methanol 

5% Protein loading buffer (Laemmli), pH 6.8 

10% SDS 

50% Glycerol 

228 mM Tris hydrochloride 

0.75 mM Bromophenol blue 

5% 2-Mercaptoethanol 

6x Loading buffer orange G 

60% Glycerol 

60mM EDTA 

0.24% Orange G 

10x Gitschier’s buffer 

 

670 mM Tris, pH 8.8 

166 mM (NH4)2SO4 

67 mM MgCl2 

Soriano lysis buffer 

 

0.5% Triton® X-100 

1% 2-Mercaptoethanol 

1x Gitschier’s buffer 

400 μg/ml Proteinase K (add prior to use) 

SucRot solution (for PCR) 

1.5mg/Ml Cresol red 

100mM Tris; pH 9.0 

30% Saccharose 

Blocking Buffer 

5% skim milk powder 

0.1% Tween 

In PBS 

50x Tris acetate EDTA (TAE) buffer, pH 8.5 

2 M Tris 

50 mM EDTA 

5.71 % Acetic acid 

Buffers for histological analysis 

Buffers Source 

Alcian blue, pH 2.5 1% Alcian blue 

3% Acetic acid 

Nuclear fast red 0.1% Nuclear fast red 

2.5% Aluminum sulphate 

8.7 Primers used for genotyping 
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Oligonucleotides were synthesized by Eurofins MWG GmbH (Ebersberg) and diluted in H2O 

to a concentration of 10 µM. 

Table 8:9 Genotyping Primers 

Primers used for genotyping 

PCR name Primer name Sequence (5´ → 3´) 

Pdx1-Flp 
 (pdx5utr-scUP) AGA GAG AAA ATT GAA ACA AGT GCA GGT 

 (Flpopt-scLP) CGT TGT AAG GGA TGA TGG TGA ACT 

Gabra Gabra Forw (Ctrl) AAC ACA CAC TGG AGG ACT GGC TAGG 

Gabra Rev (Ctrl) CAA TGG TAG GCT CACT CTGG GAGA TGATA 

FSF-KrasG12D 

 (Kras-WT-UP1) CAC CAG CTT CGG CTT CCT ATT 

 (Kras-URP-LP1) AGC TAA TGG CTC TCA AAG GAA TGTA 

 (R26-Tva-SA-mut-LP) GCG AAG AGT TTG TCC TCA ACC 

R26-FSF-CAG 

 (R26-Tva-GT-UP)  AAA GTC GCT CTG AGT TGT TAT 

 (R26-Tva-GT-WT-LP) GGA GCG GGA GAA ATG GAT ATG 

 (R26-td-E-mutLP) TCA ATG GGC GGG GGT CGTT 

R26-td-EG 

CAG-sc-LP GTAC TTG GCA TATG ATAC ACTT GATG TAC 

(R26-Tva-GT-UP) AAA GTC GCT CTG AGT TGT TAT 

(R26-Tva-GT-WT-LP) GGA GCG GGA GAA ATG GAT ATG 

LSL-KrasG12D 

Kras-UP1-WT CAC CAG CTT CGG CTT CCT ATT 

Kras-URP- LP1 AGC TAA TGG CTC TCA AAG GAA TGTA 

KrasG12Dmut-UP CCA TGG CTT GAG TAA GTC TGC 

R26CreERT2 
 (Cre-ER-T2-sc-UP3) GAA TGT GCC TGG CTA GAG ATC 

 (Cre-ER-T2-sc-LP1) GCA GAT TCA TCA TGC GGA 

mtor 
FRAP1_608_ Forw CAG CCC CTT GGT TCT CTG TC 

FRAP1_608_ Rev ACA AGG CTC ATG CCC ATT TC 

Pdx1 Cre 
Cre-neu-UP CCT GGA AAA TGC TTC TGT CCG 

Cre-neu-LP CAG GGT GTT ATA AGC AAT CCC 

Ptf1aCre 

Ptf1a-Cre-GT-LP-URP CCTC GAAG GCGT CGTT GATGG ACTGCA 

Ptf1a-Cre-GT-wt-UP CCA CGG ATC ACT CAC AAA GCGT 

Ptf1a-Cre-GT-mut-UP-neu GCC ACC AGC CAG CTA TCAA 

wildtype Nfb2 
P52 _In1 Up GTC CTC CAC GCT GGC TGA AA 

P52_Exon2 LP AGA TCC GGT GGA GGT CGA GAT 

Nfb2 knock-out 
NeoT2 CCA CGA CGG CGT TCC TGG 

Neo Rev 2 CCC ATT CGC CAA GCT CTT CAG 

LSL-p53R172H 

p53R172H-WT-UP2 AGC CTT AGA CAT AAC ACA CGA ACT 

p53R172H-mut UP4 GCC ACC ATG GCT TGA GTAA 

p53R172H-URP-LP  CTT GGA GAC ATA GCC ACA CTG 

8.7.1 Mycoplasma test primers 
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Oligonucleotides were synthesized by Eurofins MWG GmbH (Ebersberg) and diluted in H2O 

to a concentration of 10 µM. 

Table 8:10 Mycoplasma test primers 

Primer for Mycoplasm test 

PCR name Primer name Sequence (5´ → 3´) 

Mycoplasm test 
primers 

5´primer 1 CGC CTG AGT AGT ACG TTC GC 

5´primer 2 CGC CTG AGT AGT ACG TAC GC 

5´primer 3 TGC CTG GGT AGT ACA TTC GC 

5´primer 4 TGC CTG AGT AGT ACA TTC GC 

5´primer 5 CGC CTG AGT AGT ATG CTC GC 

5´primer 6 CAC CTG AGT AGT ATG CTC GC 

5´primer 7 CGC CTG GGT AGT ACA TTC GC 

3´primer 1 GCG GTG TGT ACA AGA CCC GA 

3´primer 2 GCG GTG TGT ACA AAA CCC GA 

3´primer 3 GCG GTG TGT ACA AAC CCC GA 

8.7.2 Recombination PCR primers 

Oligonucleotides were synthesized by Eurofins MWG GmbH (Ebersberg) and diluted in H2O 

to a concentration of 10 µM. 

Table 8:11 Recombination PCR primers 

Primer for recombination analysis 

PCR name Primer name Sequence (5´ → 3´) 

FSF-Cre stop del 
CAGS-sc-UP4 CGC CTG AGT AGT ACG TTC GC 

Cre-Stop-del-LP2 GTT CGG CTT CTG GCG TGT 

FSF-KrasG12D del 
Kras-FSF-UP4 AGA ATA CCG CAA GGG TAG GTG TTG 

Kras-FSF-LP2 TGT AGC AGC TAA TGG CTC TCA AA 

Mtor recombination 
FRAP1_608_F CAG CCC CTT GGT TCT CTG TC 

Mtor_lox_del_RV TGA AAA GCT GGC TTTT AGT CTC AC 

8.7.3 Quantitative real time PCR primers 

Oligonucleotides were synthesized by Eurofins MWG GmbH (Ebersberg) and diluted in H2O 

to a concentration of 10 µM. 
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Table 8:12 Quantitative real time PCR primers 

Primers for quantitative real time PCR 

PCR name Primer name Sequence (5´ → 3´) 

mNfb2 
Nfb2 forward TGG AAC AGC CCA AAC AGC 

Nfb2 reverse CAC CTG GCA AAC CTC CAT 

mPCNA 
mPcna-TM-for1 GCA AGT GGA GAG CTT GGC A 

mPcna-TM-rev1 AGG CTC ATT CAT CTC TAT GGT TAC 

mMtor 
 Mtor forward TCT ACT CGC TTC TAT GAC 

 Mtor reverse TCC TCA TTG GAT CTG 

mLdha 
Ldha forward CTG CTT CTC CTC GCC AGTC 

Ldha reverse TGA GGG TTG CCA TCT TGG AC 

mβ-Actin 
β-Actin forward GTC GAG TCG CGT CCA CC 

β-Actin reverse GTC ATC CAT GGC GAA CTG GT 

mPfkl 
Pfkl forward GAC CGG CAT GGA AAG CCT A 

Pfkl reverse ACA TGA CCC AGC ACA GTC AC 

mGapdh 
mGapdh-FW-qPCR GGG TTC CTA TAA ATA CGG ACTGC 

mGapdh-RV-qPCR TAC GGC CAA ATC CGT TCA CA 

8.8 Softwares 

Different software used during this study are listed below in table 8.13 

Table 8:13 Softwares 

Software Source 

AxioVision 4.3 Carl Zeiss AG, Oberkochen 

Excel Microsoft Corporation, Redmont, WA, USA 

GraphPad Prism 5 La Jolla, CA, USA 

StepOne™ Software Applied Biosystems, Inc., Carlsbad, CA, USA 

Flowjo software FlowJo, LLC, Ashland, OR, USA 

Aperio ImageScope (Leica Biosystem, Nußloch, Germany) 
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9 Methods 

9.1 Mouse experiments 

Animal studies were conducted in compliance with European guidelines for the care and use 

of laboratory animals and were approved by the Institutional Animal Care and Use 

Committees (IACUC) of the Technical University of Munich Technical University of Munich 

and Regierung von Oberbayern.  

9.1.1 Mouse strains 

All animals were on a mixed C57Bl/6; 129S6/SvEv genetic background. For specific tissue 

expression of targeted mutations, the conditional Cre/lox (Feil et al., 1997) and Flp/Frt 

recombination system (Zhu and Sadowski, 1995) were used.  

This was done by interbreeding mice carrying Cre or Flp recombinase under control of a 

tissue-specific promotor with mouse lines carrying mutated alleles that are flanked by a Lox-

Stop-Lox/Flp-Stop-Flp (LSL/FSF) cassette. Due to the Cre/Flp activity, Lox/Frt sites are 

recognized and recombined, thus allowing expression or deletion of the gene of interest. 

Additionally, the Flp-Frt;CreERT2-Lox system was used for time-dependent expression of 

mutated alleles. 

Pdx1-Cre  

This mouse line was kindly provided by Prof Andrew Lowy (UC San Diego Health, San 

Diego, USA) where pancreas specific Pdx1 promoter controls expression of the Cre 

recombinase. Pdx1 is mainly expressed in the pancreas during the embryonal development 

starting from the embryonic day E8.5. The Pdx1-Cre mouse line has no obvious phenotype 

(Hingorani et al., 2003).  

Ptf1aCre 

This knock-in mouse strain was kindly provided by Prof. Roland Schmid and Dr. Hassan 

Nakhai (Klinikum rechts der Isar, Technical University Munich), where a pancreas-specific 

Ptf1a promoter controls the expression of Cre recombinase. Ptf1a is specifically expressed in 

the pancreas during the embryonal development starting from embryo day E9.5 (Nakhai et 

al., 2007). 
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LSL-KrasG12D 

This knock-in mouse strain was kindly provided by Prof. Tyler Jacks (Massachusetts Institute 

of Technology, Cambridge, MA, USA). LSL-KrasG12D mice carry a point mutation in codon 12 

leading to an amino acid substitution of glycine by aspartate, which corresponds to the 

mutation frequently found in human PDAC. Cre-mediated deletion of the LSL cassette leads 

to the expression of the oncogenic KRAS, driven by the endogenous promoter (Hingorani et 

al., 2003; Jackson et al., 2001). 

LSL-p53R172H 

This knock-in mouse strain was kindly provided by Prof. Tyler Jacks (Massachusetts Institute 

of Technology, Cambridge, MA, USA). LSL-p53R172H mice carry a missense mutation in 

codon 172 of endogenous p53, leading to an amino acid substitution of arginine by histidine, 

which corresponds to the human TP53R175H hot-spot mutation. LSL-cassette excision leads to 

dominant-negative oncogenic p53R172H expression (de Vries et al., 2002; Muller and 

Vousden, 2014). 

Nfb2  

This knockout mouse was generated by excising a 2.5-kb fragment spanning exon 1b to 

exon 9 that contains the translation start site and part of the Rel homology domain (Paxian et 

al., 1999; Paxian et al., 2002). Cre-mediated excision leads to the Nfb2 deletion. 

Pdx1-Flp 

This transgenic mouse line was generated in the laboratory of Prof. Dieter Saur (Klinikum 

rechts der Isar, Technical University of Munich). The codon-optimized Flp-o recombinase is 

expressed under the control of the Pdx1 promotor. The Pdx1-Flp mouse line has no 

phenotype (Schonhuber et al., 2014). 

FSF-KrasG12D 

This knock-in mouse line was generated in the laboratory of Prof. Dieter Saur (Klinikum 

rechts der Isar, Technical University of Munich). An oncogenic point mutation was introduced 

in the second exon of the Kras gene. The expression of the oncogene is blocked by Frt-

flanked stop cassette (Frt-Stop-Frt) (Schonhuber et al., 2014).  

FSF-R26CAG-CreERT 
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This knock-in mouse strain was generated in the laboratory of Prof. Dieter Saur (Klinikum 

rechts der Isar, Technical University of Munich). This inducible CreERT2 recombinase is under 

the control of the CAG promoter that is knocked-in into Rosa26 locus. Expression is silenced 

by an FSF cassette (FSF-R26CAG-CreERT2). Upon Flp activation, Frt sites are recombined and 

CreERT2 is expressed and sequestered in the cytoplasm. Upon administration of tamoxifen 

(estrogen analogue), CreERT2 can dissociate from HSP90 and translocate to the nucleus 

where it catalyzes the recombination of floxed genes (Schonhuber et al., 2014). 

Mtortm1a (EUCOMM) Wtsi 

This mutant mouse strain was generated by European Conditional Mouse Mutagenesis 

program (EUCOMM) and obtained via European Mouse Mutant Archive (EMMA), having 

Exon 3 floxed (Beirowski et al., 2014). In our system, upon tamoxifen administration, CreERT2 

excised Exon 3 and results into MtorΔE3 deletion (Hassan et al., 2018).  

R26mT-mG 

This double fluorescent reporter mouse line harbors td-Tomato and enhanced green 

fluorescent protein (EGFP) under the control of the CAG promoter that is present in the 

Rosa26 locus. The td-Tomato gene is flanked by two Lox sites. Cre recombination can be 

visualized by EGFP expression (Muzumdar et al., 2007).  

9.1.2 Genotyping 

Around 2-3 weeks after birth, a 1 mm long tail biopsy was taken from the anesthetized 

mouse with a sterile scalpel. The wound was disinfected with a silver nitrate applicator. Each 

mouse got explicit earmarks representing a number code. DNA was extracted from the tails 

as described in section 9.4.1. 

9.1.3 Blood Glucose measurement 

Blood glucose monitoring was performed each week on a regular basis until 3 months of age 

with a glucometer (Abbott Laboratories, Wiesbaden, Germany) by standard procedures 

under normal feeding conditions 

9.1.4 Mouse dissection 
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Instruments and general conditions were kept as sterile as possible. Mice were euthanatized 

with Forene® isoflurane, fixed and disinfected with 70% ethanol. The abdomen was cut open 

and samples were taken. Pancreatic tissue samples for RNA and protein isolation were 

homogenized in 1 mL RLT buffer supplemented with 10 µL of 2-mercaptoethanol or 600 µL 

IP buffer containing phosphatase and proteinase inhibitors using Silent-Crusher M, 

respectively. A small piece of tissue was removed for subsequent DNA isolation. All samples 

were snap-frozen and stored at -80°C until use. The weight of the pancreas, spleen and liver 

tissue was determined. In case of PDAC formation, tumor size and weight were determined, 

and a piece of the tumor tissue was taken for tumor cell line isolation (9.4.1). 

9.2 Histological analysis 

9.2.1 Tissue fixation and paraffin sections 

For histopathological analysis, tissue was fixed overnight in 4 % Roti® Histofix (Carl Roth, 

Karlsruhe, Germany) washed with PBS, dehydrated by use of tissue processor ASP300 

(Leica Microsystems GmbH, Wetzlar), embedded in paraffin and stored at RT until further 

use. Series of 1.5 µm sections were cut with a microtome (Microm HM355S). 

9.2.2 Hematoxylin and eosin (H&E) staining of tissue sections 

Paraffin-embedded sections were dewaxed in Roti® Histol (2 x 5 min), subsequently, 

rehydrated in a decreasing alcohol series for 3 min each (2 times in 99%, 2 times in 96% and 

2 times in 80%), and washed with distilled water for 2 min. Afterwards sections were stained 

with hematoxylin for 10 to 15 seconds followed by bathing slides in running tap water for 

approximately 10 min. Slides were then stained in eosin for 15 seconds, washed again for 2 

to 3 times in distilled water and applied for 15 seconds to an ascending ethanol series each 

(2 times in 80%, 2 times in 96% and 2 times in 99%) for dehydration. Afterwards slides were 

again incubated in Roti® Histol (2 x 5 min) and covered with pertex mounting medium (Leica 

Biosystems, Wetzlar, Germany). 

9.2.3 Quantification and counting of ADM and PanINs lesions 

For quantification of ADM and PanINs lesions, at least four animals per genotype were 

analyzed for each time point. Three individual H&E stained slides per pancreas (at intervals 

of 100 µm) were quantified. Whole sections were counted for the presence of ADM and 
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PanINs lesions at a 100-fold magnification. Mean number of lesions per field for each animal 

is shown. Quantification of ADMs and PanINs lesions was performed according to 

established grading for PanIN lesions in mice (Hruban et al., 2000). 

9.2.4 Alcian blue staining 

Paraffin-embedded sections were dewaxed and rehydrated as described in 9.2.2. 

Afterwards, slides were stained with 1% aqueous alcian blue solution (pH 2.5) for 5 min, 

washed, counterstained for 5 min with nuclear fast red, followed by dehydration, Roti® Histol 

incubation and mounting as described in the section 9.2.2. 

9.2.4.1 Quantification of Alcian Blue stained ADM and PanINs lesions 

For quantification of Alcian blue staining, pancreas sections of three animals per genotype 

were investigated. Three stained whole section slides (at intervals of 100 µm) were analyzed 

using a 100-fold magnification. Mean number of lesions (ADM and PanINs) per field for each 

animal is shown. 

9.2.5 Picro sirius staining 

Formalin-fixed paraffin-embedded tissue sections were dewaxed, rehydrated, incubated for 

one hour(hr) with the Sirius Red Solution (Direct Red 80, Sigma-Aldrich) and washed three 

times in acidified water (0.5% Acetic Acid) solution as described (Junqueira et al., 1979), 

followed by dehydration, Roti® Histol incubation and mounting as described in the section 

9.2.2. 

9.2.6 Immunohistochemistry (IHC) 

For IHC, formalin-fixed, paraffin-embedded tissue sections were dewaxed, rehydrated and 

subsequently placed in a microwave (2 min, 800W and 9min/ 360 W) to recover antigens in 

citric acid-based antigen unmasking solution (Vector Laboratories, Inc., Burlingame, CA, 

USA). Slides were left at room temperature (RT) for at least 20 min to cool down and washed 

with H2O. To block endogenous peroxidase activity slides were incubated with 3 % H2O2 for 

10 min at RT. Subsequently to avoid unspecific antibody binding sections were blocked at 

RT with 5 % serum in PBST (0.1% Tween in PBS) for 1 hr after washing the slides (3 times 

PBS). For additional blocking the Avidin/Biotin blocking kit (Vector laboratories) was used 
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according to the manufacturer protocol. Primary antibodies were incubated on sections 

overnight in 5 % serum in PBS at 4 °C in blocking solutions in ranges 1:50 to 1:500. Primary 

antibodies were followed by incubation for 1 hr at RT with secondary antibodies conjugated 

to biotin (1:500, Vector Laboratories, Burlingame, CA). Slides were washed again with PBS. 

Detection was performed by using Vectastain Elite ABC kit followed by application of 

Peroxidase-conjugated streptavidin with 3,3′-diaminobenzidine tetrahydrochloride (DAB 

peroxidase substrate kit; Sigma-Aldrich) as chromogen for visualization. After counterstaining 

the sections with hematoxylin for 2-3 seconds, slides were dehydrated, incubated in Roti® 

Histol and mounted with Pertex mounting medium as described in section 9.2.2. 

9.2.6.1 Quantification of Ki-67 and Ccnd1 expression in ADM and PanIN 

lesions 

For quantification of Ki-67 and Ccnd1 expression in ADM and PanINs lesions of age 

matched pancreatic tissues, 3 animals per genotype were used. For Ki-67 quantification, 

three slides per animal were used, while for Ccnd1 one slide was analyzed. Depicted is the 

percentual fraction of Ki-67-/Ccnd1 positive ADM or PanINs cells to all ADM or PanINs cells. 

9.2.7 Analysis of staining  

High resolution images were captured by using the microscope Axio Imager.A1 with Axio 

Cam HRc and analyzed using AxioVision 4.8 software (Carl Zeiss, Jena, Germany). Slides 

were scanned with Aperio Image Scanner and images were captured by Aperio Image-

Scope #12.3.0.5056 (Leica Biosystem, Nußloch, Germany). Representative images were 

shown in the results part. 

9.3 Cell culture 

Primary murine pancreatic cancer cells were established from tumor mice and were 

maintained in appropriate tumor cell medium (Table 8. 5) at 37 °C, 5 % CO2 and 100 % 

humidity in a CO2-incubator under sterile conditions. 

9.3.1 Generation, culturing and cryopreservation of primary murine 

PDAC cells 



Methods 

39 

 

Establishment of murine pancreatic cancer cell lines was performed from genetically 

engineered KrasG12D-driven mouse models. During mouse dissection, a piece of the tumor 

was taken into sterile PBS under a biological safety cabinet and cut into small pieces with a 

scalpel. Tissue pieces were incubated in 5 mL cancer cell medium supplemented with 

200U/mL collagenase type 2 (Worthington, Worthington Biochemical Corporation, Lakewood, 

NJ, USA) at 37°C for 24-48 hrs for collagen digestion. Afterwards, the cell suspension was 

centrifuged for 5 min at 1.200 rpm and the pellet was resolved in 5 mL cancer cell medium 

for further culturing in a 25-cm2 cell culture flask. These isolated primary pancreatic tumor 

cell lines were regularly supplied with fresh pre-warmed media in table 8.5. Identity of the 

murine pancreatic cancer cell lines was verified using genotyping PCR in table 8.9. Cell lines 

were routinely tested for Mycoplasma contamination by a PCR-based method (Ossewaarde 

et al., 1996) with primers in table 8.10. 

For passaging of cells, the medium was aspirated when they were around 80-90% confluent, 

washed with PBS and detached from the culture dish by incubation with trypsin/EDTA at 

37°C for an appropriate time period. Trypsinization was stopped by addition of medium. 

Thereafter, the cell suspension was seeded into new flask at varying dilutions depending on 

the experimental conditions. Cell number was determined by a Neubauer hemacytometer. 

For cryopreservation, cells were frozen in liquid nitrogen. Therefore, upon trypsinization, cells 

were resuspended in fresh medium and centrifuged at 1.200 rpm for 5 min. Supernatant was 

discarded, pellet was resuspended in ice-cold freezing medium, transferred to CryoPure 

tubes and immediately stored at -80 °C for 24 hr and then transferred to liquid nitrogen. 

9.3.2 Tamoxifen treatment of isolated PDAC cell lines 

To activate CreERT2 in cell culture experiments, PDAC cells were treated with vehicle 

(ethanol) or 600 nM 4-hydroxytamoxifen (4-OHT) for 8 days to activate nuclear translocation 

of CreERT2 and to excise lox-flanked sequences. Afterwards, cells were used for individual 

assays. 

9.3.3 MTT assay 

MTT assay was used to determine cell viability (Mosmann, 1983), based on colorimetric 

reaction in which the MTT substance is reduced to a purple formazan molecule by 

mitochondrial reductase. 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) 
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was purchased from Sigma-Aldrich (5 mg/ml in PBS). For the assay, 2.000 cells were 

seeded in 100 µL of cell culture medium into each well of a 96 well plate in triplicates. On the 

next day, cells were treated with different inhibitors listed in table 8.3 for 72 hrs and cell 

viability was measured by addition of 10 μL of MTT dye per well followed by an incubation for 

4 hrs at 37°C. The medium was removed carefully and the formazan crystals were dissolved 

in 200µL DMSO:EtOH (1:1). After incubation at RT on the shaker for 10 min, the optical 

density (OD) of the samples at a wavelength of 595 nm by the microplate reader (Thermo 

Lab systems Multiskan RC) was determined. OD of vehicle treated controls was arbitrarily 

set to 1 and the therapeutic effect is depicted as relative growth values. Analysis of at least 

three technical replicates in three independent experiments were performed. 

9.3.4 Clonogenic assay 

2.000 dispersed cells were plated in 6-well plates and cultured until vehicle treated cells 

(EtOH) showed evenly spread visible colonies (about 2 weeks after seeding). Cell culture 

medium was aspirated, and cells were fixed with ice cold methanol. Afterwards, colonies 

were stained with Giemsa solution (diluted 1:20 in distilled water) on an orbital shaker 

overnight. The next day, Giemsa solution was removed, and plates were washed with 

distilled water, air dried and scanned for visualization. For drug treatments, the same number 

of cells was plated in 24 well plates and cultured. 

9.3.5 F-18-FDG uptake assay 

1x105 murine PDAC cells were used for quantification of F-18-FDG uptake. Cells were 

seeded into 24-well plates in quadruples (vehicle treated and 4-hydroxytamoxifen treated 

cells). Normal cell culture medium was removed after 24 hrs, cells were washed twice with 

glucose-free medium and incubated in glucose-free cell culture medium containing F-18-

FDG (0.185 MBq/mL). After 1, 1.5 and 2 hrs, plates were put on ice, washed twice with ice 

cold PBS, detached with 1M NaOH and harvested for glucose uptake measurements with a 

gamma counter. Glucose uptake of vehicle treated (ETOH) control cells was set as the 

F18-FDG standard and displayed as percent of the standard (uptake in %). 

9.3.6 Cell cycle flow cytometry 

For cell-cycle flow cytometry analysis, PDAC cells were treated with MTOR inhibitor (INK-

128) and control for the indicated time point were detached by trypsinization and washed two 
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times in PBS followed by fixation in 1 ml cold 70% EtOH. After 24 hrs, EtOH was removed 

and cells were washed in PBS. RNA was digested by adding RNAse (Sigma) (final 

concentration 0.5 μg ml−1) for 1 hr. Cells were stained with propidium iodide (PI) (50 μg ml−1) 

(Sigma) and analyzed on a Gallios flow cytometer (Beckman Coulter, Krefeld, Germany). 

The proportion of the cells in each cell cycle phase was determined by using flow cytometer 

assessment of DNA content. Analysis of data were performed by using FlowJo software 

(FlowJo, LLC, Ashland, OR, USA). Same procedure was performed with PDAC vehicle 

(ETOH) as well as tamoxifen (4-OHT) treated cells.  

9.3.7 Generation and 3D culturing of primary human PDAC  

PDAC tissues were obtained from patients undergoing surgical resection at the department 

of surgery of the Technical University of Munich. Experiments, in accordance with the 

declaration of Helsinki, were approved by the ethical committee of the TUM and written 

informed consent from the patients for research use of the cancer tissue was obtained prior 

to the investigation of the specimens. All tissues were confirmed to be PDAC by pathological 

examination. Generation and expansion of primary PDAC 3D cultures was performed as 

described (Boj et al., 2015). In brief, tumor tissue was minced and digested with collagenase 

II (5 mg/ml, GIBCO) in primary human PDAC medium without growth factors at 37°C for a 

maximum of 6 hr. The material was further digested with Trypsin LE (GIBCO) for maximum 

of 15 min at 37°C, embedded in GFR (Growth Factor Reduced) Matrigel (Corning, 

Wiesbaden, Germany), and cultured in primary human PDAC complete medium as 

described in table 8.5.  

9.3.8 CellTiter-Glo 3D cell viability assay  

For drug treatments 1.000 cells from primary PDAC 3D cultures B20 and B25 were plated in 

each well of a 96 well plate in Matrigel. After 24 hrs, the cells were treated with different 

concentrations of each drug. The cell viability for human primary 3D models was measured 5 

days after drug addition via CellTiter-Glo 3D Cell Viability Assay (Promega, Mannheim, 

Germany) using a luminescence microplate reader (FLUOstar OPTIMA). 

9.3.9 GI50 calculation, Synergy Score 

The growth inhibitory 50% (GI50) concentration of the inhibitors was calculated with 

GraphPad Prism5 using a non-linear regression model (log inhibitor versus response (three 
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parameters). The synergy score (SC) was calculated according to SC= log 

10(GI50control/GI50combination). 

9.4 Molecular techniques 

9.4.1 Isolation of genomic DNA 

Genomic DNA for subsequent genotyping and recombination PCR analysis was isolated 

from to a small piece of tissue or a cell pellet. by adding 60µL of Soriano lysis buffer depicted 

in table 8.8. Thereafter, Lysis was performed by incubation in a thermocycler at 55°C for 90 

min. Furthermore, to inactivate proteinase K samples were incubated at 95°C for 15 min. 

After vortexing the sample, the DNA-containing supernatant was carefully separated from the 

debris by centrifugation at 14.000 rpm 4°C for 15 min, transferred into PCR tubes and stored 

at -20°C for further use. 

9.4.2 Polymerase chain reaction 

Standard genotyping or recombination PCR (Mullis et al., 1986) was performed with REDTaq 

ReadyMix buffer. Composition of REDTaq ReadyMix is shown in table 9.1.  

Table 9:1 Composition of REDTaq ReadyMix for PCR 

Solution Volume for one reaction 

ddH2O 4.375 µL 

10x buffer S 2.5 µL 

30% Sucrose 2.5 µL 

SucRot 2.5 µL 

PeqTaq 0.125 µL 

dNTP (10 µM each) 0.5 µL 

The standard PCR reaction setup and conditions are shown in table 9.2. For each reaction, 

1µL of isolated DNA was used and amplification was done for 40 cycles. PCR products were 

visualized directly performing agarose gel electrophoresis (9.4.3) or stored at 4°C until 

usage. Primer concentrations were optimized depending on the PCR product. If necessary, 

DMSO was added to improve PCR. For each allele, specific primers set mentioned in table 

8.9. Wild type and mutated products were distinguished from each other according to their 

respective molecular sizes mentioned in table 9.3, by running PCR products on a 1.5% 
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agarose gel described in section 9.4.3. Annealing temperatures were adjusted according to 

the melting temperatures of the primers indicated in table 9.3.  

Table 9:2 Reaction mix and conditions for standard PCR 

Reaction Mix Conditions 

12.5 μL REDTaq ReadyMix 94°C 3 min  

0.25 - 2 μL forward primer (10 μM) 95°C 45 s 

40x 0.25 - 2 μL reverse primer (10 μM) 55°C – 65°C 1 min 

1 µL DNA 72°C 1 min, 30sec 

ad 25 µL H2O 72°C 5min  

As, murine PDAC cell were isolated from genetically engineered KrasG12D-driven mouse 

models, recombination-PCRs were designed to test for Cre or Flp mediated recombination 

events listed in table 8.11. 

Table 9:3 Annealing temperatures and PCR products of genotyping and recombination 

PCRs 

Name of PCR Annealing temperature PCR products (bp) 

Pdx1-Flp 55°C 620 (mut) / 300 (internal control) 

FSF-KrasG12D 55°C 351 (mut) / 270 (WT) 

R26-FSF-CAG 62°C 450 (mut) / 650 (WT) 

MTorlox 58°C 169 (WT)/ 455 (lox) 

R26CreERT2 55°C 190 (mut)/ 300 (internal control) 

R26-td-EG 62 °C 450 (mut) / 650 (WT) 

Pdx1 Cre 58 °C 390 bp (mut)/290 bp (internal control) 

Ptf1aCre 60°C 400 (mut) / 600 (WT) 

LSL-KrasG12D 55°C 170 (mut) / 270 (WT) 

p52wt 60°C 287(WT) 

P52del 60°C 500bp (del) 

LSL-p53R172H 60°C 270 (mut) / 570 (WT) 

Mycoplasma 60°C 550bp 

Recombination PCRs 

FSF-Cre stop del 60 °C 490 bp (rec) 

FSF‐KrasG12D del 60 °C 196 bp (rec) 

Mtor recombination 60 °C 358 bp (lox)/ 850bp (WT)/950bp (del) 

mut = mutated allele; WT = wild type allele; rec = mutated allele without translational stop element 

after recombination 
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All human cell lines were authenticated by Single Nucleotide Polymorphism (SNP)-Profiling 

conducted by Multiplexion (Multiplexion GmbH, Heidelberg, Germany).  

All cell lines used in this study were tested for Mycoplasma contamination by a PCR-based 

method. Mycoplasma primers are listed in table 8.10, while reaction mixture and PCR 

program are listed below in table 9.4. 

Table 9:4 Reaction mix and conditions for mycoplasma check PCR 

Reaction Mix Conditions 

15 µL REDTaq ReadyMix 95°C 15 min  

2 µL 
7x primers combination 

forward primer (10 μM) 
94°C  1 min 

40x 
2 µL 

3x primers combination 

reverse primer (10 μM) 
60°C 1 min 

2 µL DNA 74°C 1 min 

ad 25 µL H2O 72°C 10min  

9.4.3 Agarose gel electrophoresis 

To visualize PCR products as well as to test for RNA integrity, agarose gel electrophoresis 

was performed. 1.5 –2 % agarose gels (in 1 x TAE) containing ethidium bromide were loaded 

with 12.5 µL of each PCR sample in horizontal electrophoresis chambers and run for 1.5 hrs 

at 100 V. Separated bands were detected with the UV transilluminator Gel DocTM XR+ 

system. 

9.5 Protein biochemistry 

9.5.1 Isolation of the whole cell protein extract 

To prepare whole-cell extracts (WCE), cells were washed with ice cold PBS and lysed by 

using RIPA buffer (50 mM HEPES, 150mM NaCl, 1 mM EDTA, 2.5 mM EGTA, 20 mM NEM, 

and 0.1 % Tween) with additional protease and phosphatase inhibitors as listed in table 8.3. 

Homogenized samples were immediately shock frozen in liquid nitrogen and stored at -80°C 

until further use. Prior to use, protein lysates were thawed on ice and centrifuged in a 

precooled centrifuge at 13.200 rpm for 20 min at 4°C. Supernatant containing protein extract 

was transferred to new tubes and stored at -80°C or further processed. 

9.5.2 Measuring protein concentration 



Methods 

45 

 

Protein concentration of cell lysate was measured by colorimetric reaction established by 

Bradford (Bradford, 1976). Therefore in 300 μl of 1x Bradford reagent, 1 μl of protein lysate 

was added. As a standard curve, defined dilutions of BSA were made. Measurement was 

performed in triplicates and OD values were measured with a Multiskan RC Microplate 

reader at a wavelength of 600 nm. Values were extrapolated from the standard curve. 

Samples were adjusted to equal concentrations with RIPA buffer and protein loading buffer 

(5x Laemmle) (Table 8. 8) (Laemmli, 1970), followed with boiling for 5 min at 95 °C. Samples 

were stored at -20 °C until further use. 

9.5.3 Western blot 

Proteins were separated according to Molecular Weight by using sodium dodecyl sulphate-

polyacrylamide gel electrophoresis (SDS-PAGE) (Burnette, 1981). For this purpose, 7.5%, 

10% and 12% SDS-polyacrylamide gels were used. Separation gel mix was poured into gel 

caster and covered with 1 ml of isopropanol. After polymerization, isopropanol was carefully 

removed and stacking gel was poured over the separating gel.  

Table 9:5 SDS polyacrylamide gel preparation 

Stacking gel 

Composition Amounts 

H2O 1500 µL 

Stacking gel buffer 650 µL 

Rotiphorese® gel 30 375 µL 

10% SDS 25 µL 

10% APS 12.5 µL 

TEMED 7.5 µL 

Running gel 

Composition 7.5% 10% 12% 15% 

H2O 2450 2050 1700 1250 

Trenngel buffer 1300 1300 1300 1300 

30% Acrylamid 1250 1650 2000 2500 

10%SDS 50 50 50 50 

10% APS 25 25 25 25 

TEMED 7.5 7.5 7.5 7.5 

After polymerization 80 to 120µg of protein per well was loaded onto the gel alongside 

Prestained protein ladder PageRulerTM for molecular weight estimation of separated proteins. 

Electrophoresis was performed for 2 hrs in running buffer at 80 to 120V depending on 
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molecular weight of protein of interest. Composition of both gels is listed below in the table 

9.5. 

9.5.4 Immunoblotting 

After separation by SDS-PAGE, proteins were transferred to Immobilon-FL or nitrocellulose 

membrane (Merck-Millipore). For the transfer, wet blot transfer was carried out for 2hrs at 

350 mA or overnight at 90 mA at 4 °C (Towbin et al., 1979). Afterwards, membrane was 

incubated with blocking buffer (5% skim milk or 5 % BSA with 0.1% Tween®) for 1 hr at RT 

to avoid unspecific binding. Subsequently, the membrane was incubated overnight in primary 

antibody mentioned in table 8.7 with gentle shaking at 4°C. The next day, membranes were 

washed 3 times with PBST (0.1% Tween in PBS) and incubated with DyLightTM 680 or 800 

conjugated secondary antibodies (dilution 1:10.000) for 1hr at room temperature in the dark 

with gentle shaking. Afterwards, membranes were washed again 3x for 5 min with PBST and 

imaged with the Odyssey® infrared imaging system (Licor, Bad Homburg, Germany). 

9.6 RNA analysis 

9.6.1 RNA Isolation and Reverse Transcription 

For RNA isolation, PDAC cells and tissues were washed with PBS and lysed in RLT buffer 

supplemented with 2-mercaptoethanol. Lysates were collected with a scraper from petri 

plates (for 10 cm dish) and stored at -80°C until further processing. Total RNA isolation from 

cell lines was carried out with QIA-shredder columns and the RNeasy mini kit (Qiagen) 

according to the manufacturer´s instructions. For murine tissue total RNA was isolated by 

using the Maxwell®16 Total RNA Purification Kit (Promega, Mannheim, Germany), following 

the manufacturer`s instructions. RNA concentration was determined with the 

spectrophotometer Nanodrop 1000 and samples were stored at -80°C or directly used for 

further process. cDNA synthesis was performed using the TaqMan® reverse transcription 

reagents following the manufacturer´s instructions. Generally, 2 µg of RNA were used for 

generation of 100 µL of cDNA. Samples were stored at -80°C until further use. 

9.6.2 Quantitative reverse-transcriptase PCR 

To obtain suitable primers for quantitative real time PCR (qRT-PCR), primers were 

generated using the Primer-Blast tool from the NCBI. 100 nM of each primer listed in table 
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8.12 was used for Real-time PCR. Quantitative mRNA analysis was performed using real-

time PCR analysis system (TaqMan, PE StepOnePlus™, Real time PCR System, Applied 

Biosystems Inc., Carland, CA, USA) and SYBR Green Master Mix (Thermo Fisher Scientific, 

Darmstadt, Germany) as fluorescent DNA binding dye.  

All samples were normalized to housekeeping gene, β-actin as a reference. A melt curve 

analysis was always performed with every qPCR run to confirm that specific products were 

obtained. Data analysis was carried out with Stepone™ software (Applied Biosystem, Inc., 

Carland, CA, USA) according to the 2-ΔΔCt method (Livak and Schmittgen, 2001). Equations 

are shown below. 

ΔCt = Ct (target gene) – Ct (endogenous control)  [calculated for every sample] 

ΔΔCt = ΔCt (treated sample) – ΔCt (reference sample) 

Relative expression = 2–ΔΔCt  

PCR conditions can be found here in table 9.6. All experiments were performed in technical 

triplicates in at least three independent experiments. 

Table 9:6 Conditions for quantitative real-time PCR 

Temperature Time Number of cycles 

50 °C 2 min 1x 

95 °C 10min 1x 

95 °C 15 sec 
40x 

60 °C 1 min 

9.6.3 RNAseq analysis, visualization, GSEA, GO-term and KEGG 

analysis 

To compare gene signatures and underlying signaling pathways, whole transcriptome 

expression analysis was performed.  

RNA is extremely sensitive to degradation due to the ubiquitous presence of the RNases. 

Before any downstream analysis, RNA integrity and quality were investigated by separating 

around 500 ng of RNA on a 1% agarose gel at 80V in horizontal electrophoresis chambers. 

In case of intact samples, two intensive bands were observed representing the 28S and 18S 

rRNA. The 28S rRNA band should be approximately 1.5-2.5 times as intense as the 18S 
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rRNA band. Further RNA quality control and sequencing were done by the genomics and 

proteomics (NGS) core facility of the DKFZ Heidelberg (Illumina HiSeq 2000, single-end). 

This Bioinformatical analysis of RNA sequencing data was performed by Dr. Matthias Wirth 

RNA-Seq Data for Mtor was deposited in the NCBI Gene Expression Omnibus database with 

the Accession ID: GSE98860, while for Nfb2 RNA-Seq Data were deposited in the 

European Nucleotide Archive (ENA) with the accession number: PRJEB30882. TrimGalore! 

(Galaxy Version 0.4.2) was used to remove adapters from FASTQ files. Resulting FASTQ 

files (approximately 25M reads/sample (single-end reads) were processed and further 

analyzed by Galaxy Project platform (Galaxy platform 0.4.2) (Afgan et al., 2016; Goecks et 

al., 2013). Resulting sequencing reads were mapped to the mouse reference genome 

(mm10) using bowtie2 (Langmead and Salzberg, 2012). Aligned reads which overlap to 

features in the mm10 GTF annotation file, obtained from the UCSC genome browser 

database (Kent et al., 2002). Differential expression of count data using htseq-count 

0.6.1galaxy3 (Anders et al., 2015). was determined by DESeq2 (Love et al., 2014).  

To assess altered biological pathways and processes in the vehicle treated and 4-OTH 

treated MTOR samples, Gene set Enrichment Analysis was performed by using GSEA tool 

(gene set matrix composed files: h.all.v6.0.symbols.gmt) (Subramanian et al., 2005). 

Statistical values like the FDR (false discovery rate) q-values, nominal p-values and FWER 

(family-wise error rate) are depicted in the respected figures. Gene ontology (GO) Term and 

KEGG analysis of genes down-regulated (log2FC≤-0.58) upon deletion of Mtor was 

conducted by using the Molecular Signature Database for Annotation, Visualization and 

Integrated Discovery (DAVID) (Huang da et al., 2009), while genes altered by Nfb2 deletion 

(log2FC ≥+/-1) were analyzed by using Hallmark gene sets of the Molecular Signature 

Database (MSigDB) with adjusted Benjamini p value <0.05. Heat maps were generated by 

Heatmapper (Babicki et al., 2016) or ClustVis (Metsalu and Vilo, 2015). 

In addition, normalized human PDAC RNA-seq data (nature16965-s2) and class assignment 

(NMF_class_assignment sheet: ADEX; Squamous; Pancreatic Progenitor; Immunogenic) 

were obtained from Bailey and colleagues (Bailey et al., 2016). In this data set, ClustVis  was 

used to clustered the expression of MTOR-connected glycolytic enzymes (Metsalu and Vilo, 

2015). Following settings are used for analysis: centered-rows, unit variance scaling is 

applied to rows. Columns are clustered using Euclidean distance and McQuitty linkage 

method. Moreover, TCGA PDAC transcriptome data sets as well as clinical data of the TCGA 

PDAC dataset were accessed via the UCSC cancer genomics browser (https://genome-

cancer.ucsc.edu). Survival data was extracted and assigned to the (lactose dehydrogenase 

https://genome-cancer.ucsc.edu/
https://genome-cancer.ucsc.edu/
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A) LDHA mRNA expression profile. Low LDHA mRNA expression was defined as expression 

<25th percentile; high LDHA mRNA expression was defined as expression >75th percentile; 

intermediate expression: remaining PDACs. 

In addition, clinical data as well as DNA and mRNA sequencing data were obtained from The 

Cancer Genome Atlas (TCGA) database (24071849). Normalized mRNA data from n = 183 

PDAC patients were divided into quartiles according to their NFB2 expression. In addition, 

the mutation status of TP53 was determined from the DNA sequencing set of n = 127 

patients. The available clinical data from PDAC patients were then included in the analysis to 

compare NFB2 expression in patients with different p53 status. 

9.7 Statistical methods 

ANOVA or two-sided Student`s t-test was used to investigate statistical significance. Kaplan-

Meier survival curve were analyzed by Log-rank test. GraphPad Prism6 was used to 

calculate p-values and corrected according to Bonferroni for multiple testing unless otherwise 

indicated. P-values are indicated or marked by with a * in the figures that shows p < 0.05. All 

data were analyzed from at least three independent experiments, otherwise mentioned. 

Results are presented as mean and standard deviation (SD), otherwise depicted. 
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10 Results 

10.1 Role of NFB2 in pancreatic cancer 

10.1.1 Role of Nfb2 for PanIN progression and PDAC 

development in a KrasG12D-driven mouse model 

Nfb2 amplifications were recently described in human and murine PDAC (Mueller et al., 

2018). To further elaborate the role of NFB2 in the carcinogenesis in the pancreas, a 

general knockout mouse line (Nfb2-/-) (Paxian et al., 1999; Paxian et al., 2002) was crossed 

with Pdx1-Cre,LSL-KrasG12D/+ and Ptf1aCre/+,LSL-KrasG12D/+ mice (Fig. 10.1A). 

 

Fig. 10:1 Nfκb2 expression and genotyping 

A) Scheme of mouse lines used to analyze the role of the Nfb2 in the carcinogenesis in the pancreas. B) Example of the 

genotyping PCR analysis from the tail DNA of the depicted alleles. C) Relative mRNA expression of Nfb2 in wild type (green 

dots), Ptf1aCre/+,LSL-KrasG12D/+(black dots), and Ptf1aCre/+,LSL-KrasG12D/+,Nfb2-/- (blue dots) mice at six months of age. Shown is 

the mean +/- SD. ** p value of a one-way ANOVA <0.01. D) Representative immunohistochemical staining of Nfb2 in one six 

months old wildtype control, Ptf1aCre/+,LSL-KrasG12D/+,Nfb2+/+ and Ptf1aCre/+,LSL-KrasG12D/+,Nfb2-/ mouse. (Scale bar: 50 m). 
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Compared to wildtype pancreata, increased Nfb2 mRNA and protein expression was 

observed in the pancreata of six months old Ptf1aCre/+,LSL-KrasG12D/+ mice as shown by 

qPCR and IHC (Fig. 10.1C & 10.1D). 

 

Fig. 10:2 PanIN progression is mediated by Nfb2 expression in Pdx1-Cre,LSL-KrasG12D/+ mice 

A) Representative H & E staining for sections of three, six, nine and twelve months old Pdx1-Cre,LSL-KrasG12D/+,Nfb2+/+and 

Pdx1-Cre,LSL-KrasG12D/+,Nfb2-/- mice (Scale bar: 400 m). B) Number of PanINs i.e. ADM, low-grade lesions (PanIN-1A and 

PanIN-1B), and high-grade lesions (PanIN-2/3) was counted per 200x field in three, six, nine and twelve months old Pdx1-

Cre,LSL-KrasG12D/+, Nfb2+/+(black dots) and Pdx1-Cre,LSL-KrasG12D/+,Nfb2-/- (blue dots) mice. Number of analysed animals is 

indicated. Shown is the mean +/- SD. p value of a two-tailed unpaired t-test *<0.05, **<0.01. 

Hereafter, the resulting mouse models are referred to as Pdx1-Cre,LSL-KrasG12D/+,Nfb2-/- or 

Ptf1aCre/+,LSL-KrasG12D/+,Nfb2-/- respectively. Nfb2 deletion was verified by PCR from 

mouse tail DNA (Fig. 10.1B), followed by qPCR (Fig. 10.1C) and IHC (Fig. 10.1D).  

ADM are neoplastic lesions which can subsequently develop in low and high grade PanINs 

and can gradually progress into PDAC (Hingorani et al., 2003). Histological analysis in this 

study clearly shows that development of ADM as well as PanIN lesions of all grades were  
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Fig. 10:3 Nfb2 accelerates PanIN progression in Ptf1aCre/+,LSL-KrasG12D/+mice 

A) Representative H & E staining for sections of three six months old Ptf1aCre/+,LSL-KrasG12D/+,Nfb2+/+; Ptf1aCre/+,LSL-

KrasG12D/+,Nfb2+/- and Ptf1aCre/+,LSL-KrasG12D/+,Nfb2-/- mice (Scale bar: 1 mm). B) Number of PanINs i.e. quantification of ADM, 

low-grade lesions (PanIN-1A and PanIN-1B), and high-grade lesions (PanIN-2/3) in six Ptf1aCre/+,LSL-KrasG12D/+,Nfb2+/+(black 
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dots), and six Ptf1aCre/+,LSL-KrasG12D/+,Nfb2-/- (blue dots) mice. Number of analyzed animals is indicated. Shown is the mean +/- 

SD. p value of a two-tailed unpaired t-test **<0.05. C) Relative pancreas weight/body weight of six months old WT (green dots), 

Ptf1aCre/+,LSL-KrasG12D/+ (green dots) and Ptf1aCre/+,LSL-KrasG12D/+,Nfb2-/- (blue dots) mice. Shown is the mean +/- SD. One-way 

ANOVA ***p<0.05. D) Alcian Blue stained pancreatic tissue of six months old Ptf1aCre/+,LSL-KrasG12D/+ Nfb2+/+ mice compared 

to same aged Ptf1aCre/+,LSL-KrasG12D/+,Nfb2-/- mice (Scale bar: 1 mm). E) Numbers of Alcian Blue positive lesion per field of 

three Ptf1aCre/+,LSL-KrasG12D/+, Nfb2+/+ and three Ptf1aCre/+,LSL-KrasG12D/+,Nfb2-/- mice. Shown is the mean +/- SD. p value of a 

two-tailed unpaired t- test **<0.01. 

significantly reduced in Pdx1-Cre,LSL-KrasG12D/+,Nfb2-/- mice compared to Pdx1-Cre,LSL- 

KrasG12D/+ mice (Fig. 8.2A). 

These results are further supported by quantification of neoplastic lesions. Three, six and 

nine months old mice show that Nfb2 deletion blocks ADM development and PanIN 

progression in Pdx1-Cre;LSL-KrasG12D/+;Nfb2-/- mice (Fig. 10.2B). 

 

Fig. 10:4 Impaired disease progression in Nfb2-deficient aged KC mice 

A) Representative H & E, and alcian blue staining for sections of 14 months Ptf1aCre/+,LSL-KrasG12D/+,Nfb2+/+ ; Ptf1aCre/+,LSL-

KrasG12D Nfb2+/- and Ptf1aCre/+,LSL-KrasG12D/+,Nfb2-/- mice (Scale bar: 1 mM). B) Kaplan-Meier survival curve of Ptf1aCre/+,LSL-

KrasG12D/+,Nfb2+/- mice having medium survival of 468 days (n=7) versus Ptf1aCre/+,LSL-KrasG12D/+,Nfb2+/+ mice (n=130), with 

median survival of 466 days. 

Consistently, histological analysis in the Ptf1aCre/+,LSL-KrasG12D/+,Nfb2-/- mouse model also 

shows a profound effect of Nfb2 deletion on ADM and PanIN development. Heterozygous 

Nfb2+/- mice demonstrated normal ADM and PanIN development (Fig. 10.3A). Quantification 

of these neoplastic lesions in aged-matched Ptf1aCre/+,LSL-KrasG12D/+,Nfb2+/+ mice versus 
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Ptf1aCre/+,LSL-KrasG12D/+,Nfb2-/- mice at six months of age also confirmed that Nfb2 deletion 

results in a significant reduction of ADM and PanIN formation (Fig.10.3B). It is well known 

that KrasG12D expression in the pancreas result in growth and weight gain (Eser et al., 2013), 

an effect not observed in Ptf1aCre/+,LSL-KrasG12D/+,Nfb2-/- mice (Fig.10.3C). 

The important contribution of Nfb2-/- to the carcinogenesis in the pancreas is further 

confirmed by alcian blue staining, a marker used to identify low-grade pre-neoplastic lesion 

due to the high acidic mucin content. The quantification of the staining shows a clear 

reduction of upper mentioned lesions in age-matched pancreata of Ptf1aCre/+,LSL-

KrasG12D/+,Nfb2-/- mice (Fig. 10.3D & Fig. 10.3E). 

 

Fig. 10:5 Nfκb2 deletion impairs proliferation in vivo 

A) Ki67 staining of pancreatic tissue from six old month proficient Ptf1aCre/+,LSL-KrasG12D/+,Nfb2+/+: heterozygous Ptf1aCre/+,LSL-

KrasG12D/+,Nfb2+/- as well as for homozygous deleted Ptf1aCre/+,LSL-KrasG12D/+,Nfb2-/- mice. Scale bar indicates 50 m. B) 

Proliferation index of neoplastic lesions of six months old Ptf1aCre/+,LSL-KrasG12D/+,Nfb2+/+ mice in comparison with 

Ptf1aCre/+,LSL-KrasG12D/+,Nfb2 -/- mice. Number of mice analyzed in each genotype is indicated. Shown is the mean +/- SD. p 

value of a two-tailed unpaired t-test *<0.05, **<0.01. C) Proliferation index of neoplastic lesions of six months old Pdx1-Cre,LSL-

KrasG12D/+, and Pdx1-Cre,LSL-KrasG12D/+,Nfb2+/- mice in comparison with Pdx1-Cre,LSL-KrasG12D/+,Nfb2-/- mice. Number of 

analyzed animals is indicated. Shown is the mean +/- SD. p value of a two-tailed unpaired t-test *<0. 05.  

To test the role of Nfb2 in cancer development at later stages of the disease, aged mice 

were analyzed. Only PanIN lesions were detected in 14 months aged Ptf1aCre/+,LSL-

KrasG12D/+,Nfb2-/- mice (Fig. 10.4A), while Ptf1aCre/+,LSL-KrasG12D/+,Nfb2+/+ and 

Ptf1aCre/+,LSL-KrasG12D/+,Nfb2+/- mice showed invasive carcinomas (Fig. 10.4A & 10.4B). 

Furthermore, no PDAC-related death was detected in Ptf1aCre/+,LSL-KrasG12D/+,Nfb2-/- mice 

investigated between 300 and 525 days of age (data not shown). Heterozygous 
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Ptf1aCre/+,LSL-KrasG12D/+,Nfb2+/- mice, however, showed macroscopic signs of PDAC 

development (Fig. 10.4A), and had a median survival of 468 days (Fig. 10.4B). Which 

matches with the median survival (466 days) of the Ptf1aCre/+,LSL-KrasG12D/+,Nfb2+/+ control 

cohort (Fig. 10.4B), suggesting that one Nfb2  allele is sufficient for PDAC development. 

In summary, this data shows that Nfb2 is involved in ADM development and PanIN 

progression. In addition, these data provide evidence that also PDAC development is 

delayed in the investigated models. 

10.1.2 Nfb2 contributes to KrasG12D-induced Proliferation and 

Cell Cycle Control 

It has been shown that con-canonical NFB signaling is linked to proliferation and cell cycle 

control (Doppler et al., 2013; Saxon et al., 2018; Schumm et al., 2006). To elaborate the pro-

proliferative role of Nfb2 in vivo, IHC staining for the proliferation marker Ki67 was 

performed and the fraction of Ki67-positive ADM and PanIN cells in both mouse models was 

quantified. A significantly decreased Ki67 proliferation index in Ptf1aCre/+,LSL-

KrasG12D/+,Nfb2-/- mice (Fig. 10.5A & 10.5B) as well as in ADM cells of Pdx1-Cre,LSL-

KrasG12D/+,Nfb2-/- mice was found (Fig. 10.5C). 

Moreover, qPCR for the proliferative marker gene, Pcna showed reduced expression in the 

pancreata of Pdx1-Cre,LSL-KrasG12D/+,Nfb2-/- mice (Fig. 10.6A) as compared to Pdx1-

Cre,LSL-KrasG12D/+ mice.  

In addition, a decreased fraction of Cyclin D1 positive ADM and PanIN cells was detected by 

IHC in Ptf1aCre/+,LSL-KrasG12D/+,Nfb2-/- mice (Fig. 10.6B & 10.6C). Subsequently, decreased 

expression of Cyclin D1 was detected by western blotting of pancreatic tissue lysates (Fig. 

10.6D & 10.6E), thus underscoring the important contribution of Nfb2 to the LSL-KrasG12D-

driven proliferation. 

10.1.3 Molecular processes linked with NFB2 signaling 

To find pathways and molecular processes linked to NFB2 signaling, RNA from one-month 

old mice was extracted and analyzed by RNA seq. Due to the fundamentally different 

disease progression in Ptf1aCre/+,LSL-KrasG12D/+,Nfb2+/+ and Ptf1aCre/+,LSL-KrasG12D/+,Nfb2-/-  
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Fig. 10:6 Nfb2 deletion downregulate Cyclin D1 expression 

A). Quantitative mRNA expression analysis of Pcna in Pdx1-Cre,LSL-KrasG12D/+(black dots) and Pdx1-Cre,LSL-KrasG12D/+,Nfb2-

/- mice (blue dots). Number of animals analyzed at 9 months of age are  indicated. Shown is the mean +/- SD. * p value of a two-

tailed unpaired t-test *<0.05. mRNA expression levels were normalized to β actin. B) Immunohistochemical Cyclin D1 staining of 

pancreatic tissue from six months old Ptf1aCre/+,LSL-KrasG12D/+,Nfb2+/+ (black dots) mice in comparison to Ptf1aCre/+,LSL-

KrasG12D/+,Nfb2-/- mice (blue dots) (Scale bar: 50 m). C) Quantification of Cyclin D1 positive immunohistochemical cells of 

neoplastic lesions of six months old Ptf1aCre/+,LSL-KrasG12D/+,Nfb2+/+ mice in comparison with Ptf1aCre/+,LSL-KrasG12D/+,Nfb2 -/- 

mice. Number of mice analyzed in each genotype is indicated. Shown is the mean +/- SD. *p value of a two-tailed unpaired t-

test is indicated. D) Western blot analysis of Cyclin D1 expression in pancreatic tissue of three age matched (3months) 

Ptf1aCre/+,LSL-KrasG12D/+,Nfb2+/+ mice in comparison to Ptf1aCre/+,LSL-KrasG12D/+,Nfb2-/-  mice tissue. Murine PDAC cell lines 

PPT4-ZH-363 served as a control. GAPDH: loading control. E) Relative expression of Cyclin D1 for D), where the ratio of the 

Cyclin D1 to GAPDH was arbitrarily set to one for one of Ptf1aCre/+,LSL-KrasG12D/+,Nfb2+/+ mouse tissue. And murine PDAC cell 

line PPT4-ZH-363 served (black dot) as a positive control for Nfκb2 expression. Shown is the relative expression. *p-value of a 

paired Student’s t-test<0.05. 

mice and to avoid a potentially biased output, an early time point of the disease was chosen 

for RNA seq, which was strengthen by the fact that microscopically most of the pancreatic 
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part of Ptf1aCre/+,LSL-KrasG12D/+,Nfb2+/+ and Ptf1aCre/+,LSL-KrasG12D/+,Nfb2-/- mice at one 

month of age appeared to be normal with few pre-neoplastic lesions (Fig. 10.7A). 

 

Fig. 10:7 Nfb2-associated pathways and genes 

A) Representative H & E sections of two four-weeks-old Ptf1aCre/+,LSL-KrasG12D/+,Nfb2+/+ in comparison to two Ptf1aCre/+,LSL-

KrasG12D/+,Nfb2-/- mice (scale bar: 60 m and 600 m), that were further analyzed by RNA-seq. B) RNA-Seq coverage of mRNA 

of tissue A) for the Nfκb2 locus is displayed in reads per million mapped reads (RPM). No reads are detected covering the 

exons one to nine in the Nfb2-/- line. C) Heatmap of the top 50 differential regulated genes for the respective phenotypes of A). 

D) Genes up- or down-regulated (log FC +/- 1; adj. p value < 0.05) for the respective phenotypes of A) were analyzed using the 

Hallmark Signatures of the Molecular Signature Database. The FDR q value is depicted. E) Heatmap of genes belonging to the 

top two up- or down-regulated Hallmark signatures corresponding to D) sorted by the q value. The association to the pathways 

is color coded. 
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RNA seq reconfirmed Nfb2 deletion in the mouse model, as specific deletion of exons 1-9 of 

the Nfb2 gene (Paxian et al., 1999) was observed (Fig. 10.7B). The top 50 differentially 

expressed genes between Ptf1aCre/+,LSL-KrasG12D/+,Nfb2+/+ and Ptf1aCre/+,LSL-

KrasG12D/+,Nfb2-/- mice are displayed (Fig. 10.7C). Analysis of differential expressed gene 

with the Molecular Signature Database (MSigDB; Hallmark gene sets) showed loss of 

signatures connected to the E2F transcription factor and the control of the G2/M phase of the  

 

Fig. 10:8 Role of Nfb2 in the presence of p53R172H for PDAC progression 

A) Illustration of the mouse models used to cross the Nfκb2 gene in the pancreas. B) Representative H&E staining of paraffin 

sections of Pdx1-Cre,LSL-KrasG12D/+,LSL-p53R172H/R172H,Nfκb2+/- mice in comparison to Pdx1-Cre,LSL-KrasG12D/+,LSL-

p53R172H/R172H,Nfκb2-/- mice as well as Pdx1-Cre,LSL-KrasG12D/+,LSL-p53R172H/+,Nfκb2+/- mice in comparison to Pdx1-Cre,LSL-

KrasG12D/+,LSL-p53R172H/+,Nfκb2-/- mice (Scale bar: 2 mm and  100 m). C) Kaplan Meier survival curves of Pdx1-Cre,LSL-

KrasG12D/+,LSL-p53R172H/R172H,Nfκb2+/- (n=5; median survival 48 days) in comparison to Pdx1-Cre,LSL-KrasG12D/+,LSL-

p53R172H/R172H,Nfκb2-/-(n=9; median survival 53 days) mice. D) Kaplan Meier survival curves of Pdx1-Cre,LSL-KrasG12D/+,LSL-

p53R172H/+,Nfκb2+/- (n=17; median survival 133 days) in comparison to Pdx1-Cre,LSL-KrasG12D/+,LSL-p53R172H/+,Nfκb2-/- (n=13; 

median survival 142 days) mice.  
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cell cycle in the pancreas of Ptf1aCre/+,LSL-KrasG12D/+,Nfb2-/- mice tissues. In addition, loss of 

signature specific of adipogenesis, pancreatic beta cells and angiogenesis were also 

detected (Fig. 10.7D). While, signatures for many pathways such as MTORC1, p53, unfolded 

protein response, the estrogen response, and STAT signaling are enriched in the pancreas 

of Ptf1aCre/+,LSL-KrasG12D/+,Nfb2-/- mice tissue as compared to Ptf1aCre/+,LSL-

KrasG12D/+,Nfb2+/+ mice tissue (Fig. 10.7D). Therefore, RNA-seq data are reconfirming the 

pro-proliferative role of Nfb2 in PDAC. To further emphasize the significance of the MSigDB 

results, genes linked with the top two scored hallmarks in each genotype are displayed in 

detail (Fig. 10.7E). 

10.1.4 Nfb2 is dispensable in the presence of p53R172H in PDAC 

GEMMs 

In addition to the cell cycle signatures, p53 signatures were upregulated in the pancreata of 

Ptf1aCre/+,LSL-KrasG12D/+,Nfb2-/- mice compared to Ptf1aCre/+,LSL-KrasG12D/+,Nfb2+/+ mice 

(Fig. 10.7D). To elaborate this crosstalk genetically, an aggressive GEMM of PDAC, that 

relies on simultaneous expression of KrasG12D and the mutated p53R172H (Hingorani et al., 

2005) (Fig. 10.8A) was used. Pdx1-Cre,LSL-KrasG12D/+,LSL-p53R172H/R172H,Nfb2+/- as well as 

Pdx1-Cre,LSL-KrasG12D/+,LSL-p53R172H/R172H,Nfb2-/- mice showed the same histological 

features and developed PDAC at the same rate with an almost equal median survival of 48 

and 53 days respectively (Fig. 10.8B & 10.8C). 

Surprisingly, Pdx1-Cre,LSL-KrasG12D/+,LSL-p53R172H/+,Nfb2-/- mice developed PDAC at the 

same rate and with a similar median survival as Pdx1-Cre,LSL-KrasG12D/+,LSL-

p53R172H/+,Nfb2+/- mice (Fig. 10.8B & 10.8D). Therefore, this data argues that Nfb2 is 

dispensable for PDAC development in p53-driven PDAC  In addition to this, no difference in 

growth between Pdx1-Cre,LSL-KrasG12D/+,LSL-p53R172H/+,Nfb2-/- PDAC cell lines (n=3) and 

Pdx1-Cre,LSL-KrasG12D/+,LSL- p53R172H/+,Nfb2+/+ PDAC cell lines (n=3) was observed (Fig. 

10.9C). Taken together, Nfb2 models. deletion does not block p53R172H driven KrasG12D 

PDAC formation in vivo nor does it impede cell proliferation in vitro.  

To find human relevance, analysis of a clinical human PDAC data set obtained from the 

Cancer genome atlas database available was performed (Fig. 10.10). The expression 

analysis supports the cross signaling between mutated tumor suppressor TP53 and NFB2. 
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Fig. 10:9 Nfb2 deletion does not block growth of PDAC cells in vitro 

A) qPCR analysis of Nfκb2 mRNA expression in PDAC cell lines isolated from cancers of Pdx1-Cre,LSL-KrasG12D/+,LSL-

p53R172H/+ (n=4) mice (black dots) in comparison to PDAC cell lines from Pdx1-Cre,LSL-KrasG12D/+,LSL-p53R172H/+,Nfb2-/-mice 

(n=2) (blue dots). B) Protein expression analysis of total p100/p52, p53, RelB and Cyclin D1 by western blot in PDAC cell lines 

isolated from Pdx1-Cre,LSL-KrasG12D/+,LSL-p53R172H/+ (n=2) mice as compare to three lines isolated from Pdx1-Cre,LSL-

KrasG12D/+,LSL-p53R172H/+,Nfb2-/- (n=3) mice. Same extracts were blotted to different membranes and loading was controlled by 

β-actin or GAPDH C) Cell viability was measured after seeding equal number of PDAC cells isolated from Pdx1-Cre,LSL-

KrasG12D/+,LSL-p53R172H/+ (n=3) (black dots) mice as compare to cell lines isolated from Pdx1-Cre,LSL-KrasG12D/+,LSL-

p53R172H/+,Nfb2-/- (blue dots) mice, over the time interval of 24, 48 and 72hrs The relative growth of the cells was measured and 

growth of the cells after 24 hrs of seeding was arbitrarily set for comparison. Three independent biological replicates were 

performed. 

Whereas, in PDACs analysis (n=183) with known status of TP53 (Fig. 10.10A), no effect of 

NFB2 mRNA expression to the survival of patient was detected: This was further supported 

by the analysis of TP53 mutant PDAC, where no effect of NFB2 mRNA expression to the 

survival of patient was detected (Fig. 10.10B). While; high NFB2 expression marked patient 

with worse survival in PDACs with TP53 wild type status (Fig. 10.10C).  



Results 

61 

 

 

Fig. 10:10 Comparison of clinically available TCGA PDAC data set for NFB2 mRNA expression 

level 

A) The mRNA expression of NFB2 from n = 183 PDAC patients from the TCGA dataset was separated by quartiles and 

trichotomized after the 1st quartile, after the 2nd-3rd. quartile and the 4th quartile. A) All patients with known TP53 status (n = 

127) were plotted in a Kaplan-Meier curve according to NFB2 expression. B) Survival of TP53 mutant (n = 72) and C) survival 

of TP53 wild-type PDAC patients (n = 55). 

In summary from human data, we conclude that the role of NFB2 is highly context 

dependent and influenced by the TP53 mutational status. 

10.2 Role of MTOR in pancreatic cancer 

10.2.1 Deletion of Mtor in the pancreas 

To investigate the role of MTOR in the pancreatic carcinogenesis, a floxed Mtorf/f mouse line 

was crossed with the Ptf1aCre/+,LSL-KrasG12D+/- (abbreviated as KC) mouse model (Fig. 

10.11A) (Hingorani et al., 2003). In that mouse model (abbreviated as KC;Mtorlox/lox), floxed 
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exon 3 of Mtor is deleted specifically in pancreatic tissue but not in other organs such as 

intestine, liver or heart (Fig. 10.11B). 

 

Fig. 10:11 Genetic Strategy and Validation of Mtor knockout in KC mouse model 

A) Genetic strategy to delete Mtor alleles in the pancreas. B) Genotyping PCR of the indicated tissues of KC;Mtorlox/lox mice. 

ΔE3: exon three deleted Mtor allele; lox: Mtor exon 3 floxed allele. 

The heterozygous mouse cohort Ptf1aCre/+,LSL-KrasG12D/+,Mtorlox/+ (abbreviated as 

KC;Mtorlox/+) (Fig. 10.12A) showed a median survival of around 499 days that matches with 

the median survival of the KC mice (Diersch et al., 2013). However, homozygous 

KC;Mtorlox/lox mice showed a reduced survival of around 75 days (Fig. 10.12A). 

Macroscopically, KC;Mtorlox/lox mice were smaller in size compared to KC;Mtorlox/+ mice (Fig. 

10.12B), and showed an atrophic pancreas (Fig. 10.12B). The body weight of these mice 

was reduced (Fig. 10.12C). 

Microscopically, the acinar apparatus of KC;Mtorlox/lox mice was disorganized and showed 

decreased eosin staining (Fig. 10.13A). Picrosirius staining demonstrated increased collagen 

deposition in the pancreata of KC;Mtorlox/lox mice (Fig. 10.13B). Although acinar structures 

were disturbed, alpha-amylase 1 (Amy1) was still expressed to some extent (Fig. 10.13B). 

Islets of Langerhans were reduced in number and showed lower intensity of insulin staining 

(Fig. 10.13B). KC;Mtorlox/lox mice were able to gain weight (Fig. 10.13C), when the standard 

diet was substituted with a pancrex-vet diet containing additional pancreatic enzymes. 

Nevertheless, KC;Mtorlox/lox mice developed Diabetes mellitus as documented by high blood 

glucose levels at around 11th week of age (Fig. 10.13D).  
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In sum, this data shows that pancreas-specific deletion of the Mtor gene results in exocrine 

and endocrine insufficiency of the pancreas.  

 

Fig. 10:12 Pancreas-specific Mtor knock-out impairs survival 

A) Kaplan-Meier survival curves of KC;Mtorlox/lox (n=5) and KC;Mtorlox/+ mice (n=5). B) Photographic documentation of 

appearance of 10-days-old mice as well as macroscopic picture of the pancreas of KC;Mtorlox/lox and KC;Mtorlox/+ mice (10x 

magnification). C) Body weight of WT (black dots) (n=8), KC;Mtorlox/lox(n=5), and KC;Mtorlox/+ (blue dots) (n=8) mice at birth and 

body weight of KC;Mtorlox/lox(n=3) (blue dots), and KC;Mtorlox/+ (yellow dots) (n=4) mice at four weeks of age. * p value of an 

unpaired Student`s t-test < 0.05.  

Despite the pancreas insufficiency, KC;Mtorlox/lox mice developed acinar to ductal metaplasia 

(ADM) and low-grade pancreatic intraepithelial neoplasia (PanINs) (Fig. 10.13A), confirmed 

by the positive CK19 staining (Fig. 10.13B). In addition, desmoplastic changes could be also 

visualized (Fig. 10.13B).  

To investigate whether the described phenotype is solely due to the Mtor deletion or due to 

the simultaneous expression of the oncogenic Kras with Mtor deletion, Ptf1aCre;Mtorlox/lox mice 

were analyzed. At 11 weeks of age, H&E staining revealed an atrophic pancreas embedded 

in adipose tissue (Fig. 10.14A). Ptf1aCre;Mtorlox/lox mice showed impaired weight gain even 

under substitution with pancreatic enzymes in the chow (Fig. 10.14B). Islets of Langerhans 

were present in the pancreas of the Ptf1aCre;Mtorlox/lox mouse (Fig. 10.14A), but blood glucose 

was distinctly increased (Fig. 10.14C). Therefore, it can be concluded that Mtor is essential 

to maintain the endocrine and exocrine function of the pancreas. 

To demonstrate the inactivation of the Mtor signaling cascade and to exclude that the 

developed lesion stem from unrecombined escaper cells, IHC staining was performed.  
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Fig. 10:13 Disturbed pancreatic architecture and homeostasis in KC;Mtorlox/lox mice 

A) H&E stainings of KC, KC;Mtorlox/+ and KC;Mtorlox/lox mice at one and three months of age. Scale bare 400 μM. B) IHC of 

alpha-amylase, CK19 (KRT19), insulin and picrosirius red staining. Scale bare 50 μM. C) Weight gain of KC;Mtorlox/+ (n=4) (blue 

lines) and KC;Mtorlox/lox mice.(n=3) (yellow lines) D) Blood glucose of KC;Mtorlox/+ (n=8) (blue dots) and KC;Mtorlox/lox (n=3) 

(yellow dots) mice at eight and eleven weeks of age. * p value of an unpaired Student`s t-test < 0.05. 

Staining of phospho-4E-BP1 (Thr37/46) (Fig. 10.15A) and the phospho-S6 (Ser235/236) 

(Fig. 10.15B) was clearly reduced in KC;Mtorlox/lox mice, thus further corroborating the 

efficient Mtor deletion and its functional role in pancreatic insufficiency 
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Fig. 10:14 Mtor kinase and the homeostasis of the pancreas 

A) H&E staining of Ptf1aCre;Mtorlox/lox and Ptf1aCre;Mtorlox/+ mice at eleven weeks of age. Scale bare 50 μM. B) Weight gain of one 

Ptf1aCre;Mtorlox/lox (black lines) and two Ptf1aCre;Mtorlox/+ mice (red lines) C) Blood glucose of KC;Mtorlox/+ (n=8) (black dots) and 

one Ptf1aCre;Mtorlox/lox (n=1)(red dot) mice at eleven weeks of age. 

10.2.2 Generation of an inducible model system for Mtor 
deletion 

Due to the crucial role of Mtor in the development and homeostasis of the pancreas, 

generation of Mtor-deficient PDAC cell lines was not possible in the conventional PDAC 

GEMM. 

 

Fig. 10:15 Impaired Mtor signalling is inactivated in KC;Mtorlox/lox mice 

A) IHC of phospho-4E-BP1 (Thr37/46) in KC, KC;Mtorlox/+ and KC;Mtorlox/lox mice. Scale bare 50 μM. B) IHC of phospho-S6 

(Ser235/236) in KC;Mtorlox/+ and KC;Mtorlox/lox mice. Scale bare 50 μM. 
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Fig. 10:16 Establishment of a genetic inducible time specific model to inactivate Mtor 

A) Genetic strategy to delete the Mtor gene in KrasG12D-driven murine PDAC cells. (B) Microscopical visualization of 4-OHT-

induced recombination events with a double fluorescent floxed tdTomato-EGFP reporter line (R26mT/mG). Scale bar, 10 μM. C) 

Genotyping PCR of the indicated PDAC cells treated with 4-OHT (600 nM, 8 days). wt: wild type allele; ΔE3: exon 3 deleted 

Mtor allele; lox: Mtor exon 3 floxed allele. D) qRT-PCR analysis of Mtor mRNA expression in PPT4-ZH363-MtorΔE3/lox and PPT-

c1674 cells after 8 days of 4-OHT treatment (n=1). Data are shown as fold change versus EtOH-treated controls. E) Immunoblot 

analysis of Mtor expression in PPT4-ZH363-MtorΔE3/lox and PPT-c1674 cells after 8 days of 4-OHT treatment. Hsp90 served as 

loading control (n=2). F) RNA-Seq profiles of PPT4-ZH363-MtorΔE3/lox cell line after 8 days of 4-OHT (600 nM) or vehicle 

treatment. The Exon 3 of the gene is marked with an arrow. Two independent biological replicates are depicted. 

To study the role of MTOR as a therapeutic target, the dual-recombinase mouse system  

(Schonhuber et al., 2014) was used to generate murine PDAC cell lines. This system allows 

the deletion of the MTOR kinase by activating CreERT2 through 4-OHT treatment (Fig. 

10.16B).  
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To perform efficient genetic deletion and to minimize the probability of incomplete Mtor 

deletion, a murine PDAC cell line was established with already one deleted Mtor allele: Pdx1-

Flp;FSF-KrasG12D/+,FSF-R26CAG-CreERT2,MtorΔE3/lox,R26mT-mG (abbreviated as PPT4-ZH363-

MtorΔE3/lox cells). The double fluorescent floxed tdTomato-EGFP reporter line (R26mT/mG) 

enables monitoring of 4-OHT induced recombination by fluorescence microscopy (Fig. 

10.16B). Recombination-PCR further demonstrated that exon 3 of the Mtor allele was 

excised after 8 days of 4-OHT treatment (Fig. 10.16C). Deletion of Mtor was confirmed at the 

mRNA level by qPCR (Fig. 10.16D) and at the protein level by immunoblot (Fig. 10.16E). 

Consistently, RNA-Sequencing (RNA Seq) data also showed deletion of Mtor exon 3 after 8 

days of 4-OHT treatment (Fig. 10.16F). 

To control for 4-OHT and Cre toxicity, a murine PDAC cell line without floxed Mtor alleles 

(Pdx1-Flp;FSF-KrasG12D/+,FSF-R26CAG-CreERT2), abbreviated as PPT-c1674, was used. Unlike, 

PPT4-ZH363-MtorΔE3/lox cells, no significant reduction in MTOR kinase expression was 

detected after the same interval of 4-OHT treatment (Fig. 10.16D & 10.16E). 

In conclusion, Hassan et al could show that generation of an inducible genetic model for Mtor 

deletion based on the dual-recombination system makes it possible to study the role of Mtor 

kinase as a therapeutic target (Hassan et al., 2018). 

10.2.3 Mtor deletion inactivates downstream signaling 

To find out whether the Mtor-downstream signaling is inactivated upon deletion of the kinase, 

PPT4-ZH363-MtorΔE3/lox cells were treated with 4-OHT for 8 days and analyzed for 

phosphorylation of S6 (Ser235/236) and for phosphorylation of 4E-BP1 (Thr37/46). As 

expected, loss of Mtor impaired phosphorylation of these specific proteins (Fig. 10.17A). 

Hypo-phosphorylated 4E-BP1, another marker for MTOR pathway blockage appeared in a 

different conformational form in 4-OHT treated ZH363-MtorΔE3/lox cells, which additionally 

confirming Mtor deletion (Fig. 10.17A). Inactivation of the MTOR kinase pathway significantly 

impaired growth (Fig. 10.17B), while the control cell line PPT-c1647 remained unaffected by 

4-OHT treatment (Fig. 10.17B). Moreover, colony formation was significantly reduced upon 

Mtor deletion in ZH363-MtorΔE3/lox cells. Again, 4-OHT had no effect towards the clonogenic 

growth of control cells (Fig. 10.17C & Fig. 10.17D), thus demonstrating a specific Mtor effect. 

To determine the mechanism of the impaired growth upon Mtor deletion, cell cycle analysis 

was performed by flow cytometry. 4-OHT treated PPT4-ZH363-MtorΔE3/lox cells showed an 
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Fig. 10:17 Deletion of Mtor impairs cell growth in primary PDAC cells in vitro 

A) Western blot of phospho-4E-BP1(Thr37/46), pan-4E-BP1, and phospho-S6 (Ser235/236) from vehicle or 4-OHT (600 nM) 

treated cells after 8 days of treatment. Same extracts were blotted to different membranes and loading was controlled by actin 

or HSP90 (n=3). (B) MTT assays for 8 days vehicle or 4-OHT (600 nM) treated cells. *P- value of an analysis of variance 

(ANOVA) test <0.05. (C) Clonogenic assays of PPT4-ZH363-MtorΔE3/lox cells and the control cells treated with EtOH and 4-OHT. 

Three independent biological replicates are shown. D) Quantification of C). * p value of a paired Student`s t-test <0.05 is shown. 

increase in the number of cells in the G1-phase of the cell cycle (Fig. 10.18A), while no overt 

changes in the sub-G1 fraction were observed (Fig. 10.18A), indicating that Mtor deletion 

does not induce apoptosis in PDAC cells, but rather a cytostatic response due to an G1-

phase arrest. In the control cell line, cell cycle distribution was unaffected by 4-OHT 

treatment (Fig. 10.18B). 

To compare the genetic Mtor inhibition with pharmacological inhibition, the dual 

MTORC1/TORC2 inhibitor INK-128 (Hsieh et al., 2012), that is currently tested in clinical 

trials, was used. Treatment of PPT4-ZH363-MtorΔE3/lox cells with varying doses of INK-128 

blocked phosphorylation of downstream targets such as AKT(Ser473), S6 (Ser235/236) and 

4E-BP1(Thr37/46) (Fig. 10.18B).  

To investigate on-target activity of INK-128, dose response curves in Mtor-proficient and 

Mtor-deficient cells were determined. INK-128 is more potent in Mtor-proficient cells (Fig. 

10.18C), arguing for the on-target specificity of INK-128. Similar to the effects seen upon 

genetic Mtor deletion, G1 cell cycle arrest was also observed in INK-128 treated PPT4-
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ZH363-MtorΔE3/lox cells (Fig. 10.18D). Whereas the proteasomal inhibitor bortezomib 

increased the number of cells in the sub-G1 fraction (Fig. 10.18D), no increase was observed 

upon INK-128 treatment. In addition, Bortezomib and the chemotherapeutic drug 

Camptothecin induced cleavage of Caspase-3 and PARP (Fig. 10.18E), an effect not 

observed after treatment with INK-128. 

 

Fig. 10:18 MTOR kinase inhibition induces an G1-phase arrest 

A) Cell cycle flow cytometry analysis was done with propidium iodide (PI) stained vehicle or 4-OHT (600 nM, 8 days) treated 

PPT4-ZH363-MtorΔE3/lox and PPT-c1674 cell lines. The p value of the student t-test is indicated. B) Western blot of phospho-4E-

BP1 (Thre37/46), phospho-AKT (Ser473) and phospho-S6 (Ser235/236) of PPT4-ZH363-MtorΔE3/lox cells treated with vehicle or 

increasing doses of INK-128 for 24 hrs as indicated. Actin was used as loading control. C) MTT assay of vehicle or 4-OHT (600 

nM) treated PPT4-ZH363-MtorΔE3/lox cells with INK-128 treatment for 72 hrs as indicated. Viability of vehicle treated controls was 

arbitrarily set to 1. * p value of ANOVA < 0.05. D) Cell cycle flow cytometry analysis was done with PI stained PPT4-ZH363-

MtorΔE3/lox cells treated for 24 hrs with 2 different concentrations of INK-128. * p value of an ANOVA test <0.05 (n=3). E) Western 

blot of caspase 3, cleaved PARP, and phospho-S6 (Ser235/236) for 24hrs treated PPT4-ZH363-MtorΔE3/lox cells either with 

vehicle, Ink-128, Camptothecin (20 M) and Bortezomib (100 nM) or 4-OHT (600 nM) for 8 days. Actin: loading control. Same 

lysates were blotted to different membranes (n=3).  
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In conclusion, Hassan et al could show that genetic as well as pharmacologic inhibition of 

MTOR kinase results in a cytostatic cellular response (Hassan et al., 2018). 

10.2.4 Importance of MTOR associated metabolic pathway in 

PDAC cells 

To identify molecular pathways and processes connected to MTOR in PDAC, global RNA 

expression changes upon genetic deletion of mtor were analyzed by RNA Seq. 

Obtained reads were mapped to the mouse genome and analyzed by gene set enrichment 

analysis (GSEA), gene ontology (GO) and KEGG pathway analysis. One of the top 

downregulated hallmark gene signatures in PPT4-ZH363-MtorΔE3/lox cells upon 4-OHT 

treatment was the MTORC1 signature itself, again validating the Mtor deletion (Fig. 10.19A). 

In addition to MTOR pathway, metabolic pathways such as cholesterol biosynthesis, amino 

acid metabolism and glycolysis were among the top regulated signatures (Fig. 10.19A & 

10.19B). 

Moreover, a more in-depth analysis of the glycolytic pathway genes revealed that expression 

of important rate limiting glycolytic enzymes such as phosphofructokinase (PfkI), lactate 

dehydrogenase (Ldha) and glucose 6 phosphatase (G6pd2) was downregulated after Mtor 

deletion in PPT4-ZH363-MtorΔE3/lox cells (Fig. 10.19C).  

This connection of Mtor expression with glycolysis was additionally verified by qRT-PCR. 

Again, Mtor deletion results in a significant downregulation of glycolytic enzymes such as 

Ldha, as well as PfkI expression (Fig. 10.20A). 

To validate the effect of Mtor deletion on glucose metabolism, a glucose uptake assay was 

performed. Glucose uptake was significantly decreased upon Mtor deletion in PPT4-ZH363-

MtorΔE3/lox cells (Fig. 10.20B), while PPT-c1674 cells showed no difference in glucose uptake 

which implies that the observed effect is specifically due to Mtor deletion (Fig. 10.20B). 

To determine whether the connection of the MTOR pathway with glycolytic enzymes can also 

be found in human PDAC, a publicly available human PDAC mRNA expression data set was 

accessed (Bailey et al., 2016). 

Based on cluster analysis of glycolytic enzyme expression, 12.5% of PDAC showed higher 

expression of the MTOR-connected glycolytic enzymes (Fig. 10.21A). This glycolytic 
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subgroup not only showed upregulation of glycolytic signatures but also enrichment of 

MTORC1, hypoxia and epithelial to mesenchymal transition signatures (Fig. 10.21B), 

underscoring the strong connection of the MTOR pathway to glycolysis also in the context of 

human PDAC. The clinical relevance of the MTOR-linked glycolytic enzymes in PDAC is 

further emphasized by an analysis of the TCGA PDAC data set, which showed that high 

expression of LDHA is connected to worse PDAC patient survival (Fig. 10.21C). 

 

Fig. 10:19 Mtor controls metabolic pathways 

A) RNA Seq was performed with 8 days vehicle or 4-OHT (600 nM) treated PPT4-ZH363-MtorΔE3/lox and analyzed by GSEA 

(n=2). The normalized enrichment score (NES), nominal p value, FDR q value and FWER p values are indicated. B) GO-term 

and KEGG pathway analysis was performed with down-regulated genes (log2FC≤-0.58) upon Mtor deletion 4-OHT (600 nM, 8 

days). Terms and pathways with a Benjamini corrected p-value <0.05 are depicted. C) Heat map of glycolytic enzymes 

expression generated from RNA Seq data of 8 days vehicle or 4-OHT (600 nM) treated PPT4-ZH363-MtorΔE3/lox cells. 
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Fig. 10:20 Mtor controls expression of glycolytic enzymes and glucose uptake 

A) mRNA expression of Ldha and PfkI was determined by qPCR using β-actin mRNA expression as reference for vehicle or 4-

OHT (600 nM) treated PPT4-ZH363-MtorΔE3/lox or control PPT-c1674 cells over the period of 8 days (n=2). B) ZH363-MtorΔE3/lox 

or control PPT-c1674 cell lines treated with vehicle or 4-OHT (600 nM) over 8 days before were analyzed for glucose uptake 

over 60, 90 and 120 min by F-18-FDG uptake assay. * p value of analysis of variance (ANOVA) test <0.05 (n=4). 

10.2.5 Adaptive re-wiring of signaling pathways upon Mtor 
deletion 

In order to identify adaptive rewiring processes that might compensate Mtor deletion and 

lead to a cytostatic response, the important driver pathways in PDAC such as PI3K and ERK 

pathways were analyzed (Fig. 10.22A). 

 An increased phosphorylation of AKT (Thr308 and Ser473) as well as an increased 

phosphorylation of ERK (Thr202/Tyr204) was observed upon Mtor deletion. While vehicle 

and 4-OHT treated PPT-c1674 control cells showed no significant difference in AKT (Thr308 

and Ser473) and ERK (Thr202/Tyr204) phosphorylation (Fig. 10.22A & 10.22B). In addition,  
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Fig. 10:21 Relevance of MTOR-connected glycolytic enzymes in human PDAC 

A) Clustering of human PDAC mRNA expression data based on the expression pattern of the MTOR-connected glycolytic 

enzymes (n=96) (Bailey et al., 2016). Two main clusters (a & b) were obtained and cluster a was subdivided into a1 and a2. 

Subtypes are depicted in a color code according to the classification of Bailey and colleagues. B) Upregulated genes in the a1 

cluster (a1 cluster versus rest) (log2FC≥0.58) were analyzed using the MSigDB to compute the overlap of upregulated genes 

with hallmark gene sets. Top ten hallmark signatures which are ranked according to FDR are depicted. C) TCGA PDAC survival 

data was assigned to the expression of LDHA (<25th percentile: low expression, >75th percentile: high expression, remaining: 

intermediate expression). Survival curves of PDAC with low and high LDHA expression were analyzed by a log-rank test and 

the p value is indicated. 
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Fig. 10:22 Adaptive re-wiring upon Mtor deletion in murine PDAC cells 

A) Western blot for phospho-AKT (Thr308 & Ser473) and phosphor-ERK (Thr202/Tyr204) of PPT4-ZH363-MtorΔE3/lox cells after 8 

days of vehicle and 4-OHT treatment. Equal loading was controlled by blotting pan-AKT or pan-ERK on different membranes. B) 

Quantification of independent replicates for (A). The ration of phosphorylated to total-protein in the vehicle-treated control PPT-

c1674 cell line was arbitrarily set to 1. The number of replicates is depicted. * p-value of a paired Student`s t-test < 0.05. C) 

Western blot for phosphor Mek1/2 (Ser217/221) and pan-MEK1/2 for PPT4-ZH363-MtorΔE3/lox cells and control PPT-c1674 cell 

line after 8 days of vehicle or 4-OHT treatment. Equal loading was controlled by blotting of MEK1/2 on different membranes. β-

Actin was also used as loading control (n=3). The ration of phosphorylated to total-protein in the vehicle-treated control PPT-

c1674 cell line was arbitrarily set to 1 and the relative MEK1/2 phosphorylation is depicted. D & E) Western blot of independent 

biological replicates for PPT4-ZH363-MtorΔE3/lox cells after 4-days of INK-128 (0.5µM) and AZD-2014 (0.5µM) treatment were 

performed. Equal loading was controlled by blotting pan-AKT or pan-ERK on different membranes. HSP90 and actin were used 

as loading control (n=4). For D) and E) cells were treated with fresh inhibitors or vehicle control each day. 
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phosphorylation of MEK1/2 (Ser217/221) was also increased upon Mtor deletion in PPT4-

ZH363-MtorΔE3/lox cells (Fig. 10.22C). 

To recapitulate the results obtained in the genetic model at the pharmacological level, the 

TOR inhibitor INK-128 was used. Cells were treated for a period of 4 days with a low dosage 

of INK-128 (0.5µM). MTOR inhibition was verified by analyzing downstream targets such as 

4E-BP1 and S6 (Ser235/236) by immunoblot (Fig. 10.22D). Consistent with previously 

published data (Driscoll et al., 2016), phosphorylation of S6 (Ser235/236) and AKT (Thr308 & 

Ser473) was decreased after 24hrs (Fig. 10.22D). However, after three to four days, slightly 

increased AKT phosphorylation (Thr308 and Ser473) was observed in comparison to the 

24hrs time point (Fig. 10.22D). Interestingly, the increase in phosphorylated ERK 

(Thr202/Tyr204) occurred much quicker and earlier, compared to the upregulation in 

phosphorylation in AKT (Thr308 & Ser473) level over the time course of INK-128 treatment 

(Fig. 10.22D). 

To further validate these findings, another dual MTORi (AZD-2014) was used (Conway et al., 

2018; Pike et al., 2013). Consistent with the results obtained with INK-128, after 24 hrs of 

AZD-2014 (0.5µM) treatment, phosphorylation of S6(Ser235/236), 4E-BP1(Thr37/46), and 

AKT (Ser473) was decreased (Fig. 10.22E). Phosphorylation of AKT (Ser473) and ERK 

(Thr202/Tyr204) was again increased after three to four days of treatment (Fig. 10.22E). 

Over the whole-time course of treatment, Mtor signaling was blocked as shown by the 

downregulation of phospho-4E-BP1(Thr37/46) and phospho-S6(Ser235/236) expression 

(Fig. 10.22E), demonstrating potent Mtor kinase inhibition in PPT4-ZH363-MtorΔE3/lox cells by 

AZD-2014 inhibitor. 

To identify the critical molecular processes that might be responsible for the observed 

adaptive rewiring, combinatorial treatment was performed by using various inhibitors of PI3K 

(GDC-0941), AKT (MK-2206) and MEK (PD-325901) in addition to INK-128 in vehicle and 4-

OHT treated PPT4-ZH363-MtorΔE3/lox cells. However, there was neither influence of the MEK 

inhibitor towards phosphorylation of AKT (Ser473) in Mtor-proficient nor in Mtor-deleted cells, 

although ERK (Thr202/Tyr204) phosphorylation was completely absent (Fig. 10.23A). 

Similarly, no influence on ERK (Thr202/Tyr204) phosphorylation by different PI3K and AKT 

inhibitors was observed regardless of the MTOR status of the cells. Although downstream 

targets of PI3K such as phosphorylation of AKT (Ser473) and S6 (Ser235/236) were still 

blocked to different extents (Fig. 10.23A). Therefore, it can be concluded that the adaptive 

signaling rewiring upon Mtor deletion occurs upstream of MEK and AKT pathway. 
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Fig. 10:23 MRT67307 blocks AKT phosphorylation upon Mtor deletion 

A) Western blot of phospho-AKT (Ser473) and pan-AKT, phospho-S6 (Ser235/Ser236), phospho-ERK (Thr202/Tyr204) and 

pan-ERK. PPT4-ZH363-MtorΔE3/lox cells were treated over 8 days with vehicle control or 4-OHT, followed by 6 hrs treatment with 

INK-128 (2 μM), PD-325901 (2 μM), GDC-0941 (4 μM), or MK-2206 (4 μM) (n=2). B) Western blot of phospho-AKT (Ser473), 

pan-AKT and phospho-4EB-P1 (Thr37/46) in Vehicle-control and 4-OHT (8 days) treated PPT4-ZH363-MtorΔE3/lox cells for 24 hrs 

with MRT67307 (4μM). HSP90 expression was used as loading control. Quantification of B). The ratio of the phosphorylated to 

the total protein in untreated control cells was arbitrarily set to one. * p-value of a paired Student`s t-test < 0.05 (n=3). 

It has been previously described that the non-canonical IκB-related kinase IKBKE 

phosphorylates AKT (Ser473) upon dual MTOR inhibition in PDAC (Rajurkar et al., 2017) 

and in other cancers (Leonardi et al., 2019). To test the contribution of IKBKE kinase to this 

adaptive rewiring mechanism in 4-OHT treated PPT4-ZH363-MtorΔE3/lox cells, IKBKE specific 

inhibitor MRT67307 was used (Zhu et al., 2014). Interestingly, MRT67307 inhibitor was able 

to partially block the rewiring by downregulation of phospho-AKT (Ser473) in 4-OHT treated 

PPT4-ZH363-MtorΔE3/lox cells (Fig. 10.23B), while in vehicle treated PPT4-ZH363-MtorΔE3/lox 

cells, the level of phospho-AKT (Ser473) was unchanged (Fig. 10.23B). Therefore, this data 

hints to a possible role of IKBKE in the regulation of adaptive rewiring upon MTOR inhibition. 

In conclusion, Hassan et al could show that the genetic deletion of Mtor as well as 

pharmacological inhibition of MTOR leads to an upregulation of AKT and ERK signaling 

(Hassan et al., 2018). The IKBKE pathway might be one of the candidates that play a role in 

the adaptive rewiring mechanism upon Mtor deletion. 
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10.2.6 Generation of MTOR-Kinase independent clones 

To study MTOR kinase adaptive rewiring mechanism in more detail, PPT4-ZH363-MtorΔE3/lox 

cells were treated with 4-OHT for 8 days and single cells were seeded in 96-well plates to 

generate monoclonal cell populations. Out of 150 clones generated from the PPT4-ZH363-

MtorΔE3/lox cell line, 36 clones were randomly chosen and analyzed for activity of the 

PI3K/MTOR signaling pathway (Fig. 10.24).  

 

Fig. 10:24 Generation of Mtor-deficient clones 

Western blot of pan-mTOR, phospho-AKT (Thr308 & Ser473), pan-AKT, phospho-S6 (Ser235/Ser236), pan-4E-BP1, phospho-

4-E-BP1 (Thre37/46), phospho-ERK (Thr202/Tyr204) and pan-ERK from clones which were selected after 4.OHT treatment of 

PPT4-ZH363-MtorΔE3/lox cells. HSP90 and β-actin were used as loading control. Same lysates were blotted to different 

membranes. 

By this approach, it was possible to generate five Mtor-deficient clones (approximately 14% 

of the analyzed clones), while the other clones had functional MTOR signaling pathway (Fig. 

10.24).  

The Mtor-deficient clones showed robust downregulation of phospho-S6 (Ser235/Ser236) 

and phospho-4E-BP1 (Thr37/46), while phospho-ERK (Thr202/Tyr204) and phospho-AKT 

(Thr308 and Ser473) were upregulated (Fig. 10.24). 

In conclusion, although Mtor deletion impedes cell proliferation, PDAC cells can escape from 

Mtor dependency and grow in an Mtor-deficient manner, possibly by adaptive rewiring of 

ERK and AKT signaling pathways. 

 



Results 

78 

 

10.2.7 Development of dual MTOR inhibitor-based combination 

therapies 

To design MTOR inhibitor-based combination therapies, inhibitors of PI3K (GDC-0941), AKT 

(MK-2206) and MEK (PD-325901) were tested in conjunction with the MTOR-inhibitor (INK-

128) in a panel (n=10) of human PDAC cell lines (Fig. 10.25A & Fig. 10.26B) as well as in 

four of murine cell lines including PPT4-ZH363-MtorΔE3/lox (Fig. 10.25B & Fig. 10.26B). 

 

Fig. 10:25 Dual MTOR inhibitor-INK-128 in combination therapies  

A) Cell viability was measured in human cell lines (PSN1 cells is shown) by MTT after 72 hrs of treatment with INK-128, MK-

2206, GDC-0941, PD-325901 alone or in combination as indicated. Viability of vehicle-treated control cells was arbitrarily set to 

1 (n=3). B) Cell viability of murine cells such as (PPT4-ZH363-MtorΔE3/lox cell line is shown) was measured by MTT after 72 hrs of 

treatment with INK-128, MK-2206, GDC-0941, PD-325901 alone or in combination as indicated. Viability of vehicle-treated 

control cells was arbitrarily set to 1 (n=3). C) PPT4-ZH363-MtorΔE3/lox cells were seeded and treated with INK-128, MK-2206, 

GDC-0941, and PD-325901 alone or in combination. One week later, the formed colonies in 12 well plates were stained with 

Giemsa solution. One representative experiment out of three independent biological replicates is shown (n=3). 

The dose response of INK-128 alone as well as in the combination with the above-mentioned 

inhibitors was measured. All human and murine cells lines showed sensitivity to the dual 

MTORi INK-128 over a wide dose range, although to different extents. Moreover, the efficacy 

of INK-128 was increased by the combination therapy with the different inhibitors (Fig. 
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10.25B & Fig. 10.26B). These results were further validated by long-term clonogenic growth 

assays, which also demonstrated that the efficiency of INK-128 was increased by the 

different combinations (Fig. 10.25C). 

 

Fig. 10:26 Correlation of synergy scores in PDAC cell lines 

A) Primary human PDAC 3D cultures (B20 is shown) were treated with INK-128, MK-2206, GDC-0941, PD-325901 or in 

combinations with the respective inhibitors as indicated. After five days of treatment, viability was measured by Cell Titer-Glo 

assay to determine the dose response. Metabolic activity of untreated cells was arbitrarily set to 1. B) Synergy score was 

calculated in 10 human, 4 murine PDAC cell lines as well as in 2 primary human PDAC 3D cultures for the combination 

treatment of the mTORi (INK-128) with the AKTi (MK-2206), PI3Ki (GDC-0941) and MEKi (PD-325901). C) Comparison of the 

synergy scores of above PDAC cell lines mentioned in B). * p of ANOVA test <0.05.  

To test whether the observed combinatorial benefits also hold true in a more clinically 

relevant setting, a primary human PDAC 3D organoid culture model system was employed, 

which mimics important aspects of the in vivo disease situation and serves as a useful 

technology to investigate therapeutic approaches (Baker et al., 2016). 
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Consistently, isolated human primary PDAC 3D cell lines B20 and B25 showed sensitivity to 

INK-128 inhibitor to a similar extent as 2D human and mouse cell lines. Additionally, the 

sensitivity was significantly increased by combined treatment with AKT, PI3K, or MEK 

inhibitors (Fig. 10.26A & Fig. 10.26B). To quantify the results obtained from these 

combinations across species and models, the synergy scores for all tested cell lines and 

combinations were calculated (Fig. 10.26B). As distinct heterogeneity in the synergy score 

was observed (Fig. 10.26C). The synergy score for the combinations of MTOR with the MEKi 

was highest (mean score 1.34) (Fig. 10.26C), followed by the combination of the MTORi with 

the PI3Ki (mean score 1.09) (Fig. 10.26C). The combination of the MTORi with the AKTi 

(mean score 0.71) showed the lowest mean synergy score (Fig. 10.26C). 
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11 Discussion 

11.1 Role of NFB2 in PDAC 

Due to involvement of NFB pathway in the variety of pathways such as proliferation, 

apoptosis, metabolism, metastasis, inflammation and therapy resistance, NFB is a cancer 

relevant pathway (Colombo et al., 2018; Pires et al., 2018; Riedlinger et al., 2018; Xia et al., 

2014; Yu et al., 2018). With respect to pancreatic cancer, both canonical and non-canonical 

NFB pathway are constitutively active (Chandler et al., 2004; Nishina et al., 2009; Wharry et 

al., 2009; Xia et al., 2014) and linked with poor PDAC survival (Weichert et al., 2007). For 

example, constitutive activation of NIK which is an important mediator of non-canonical NFB 

pathway has been observed in human PDAC cells, that leads to processing and nuclear 

localization of p52/RelB (Wharry et al., 2009). Furthermore, high activity of RelB marked 

PDAC patients with poor survival (Hamidi et al., 2012).  

Consistent with survival data, genetic evidences in mouse models demonstrated that the 

NFB pathway is important for KrasG12D-driven transformation of pancreatic cells and drives 

initiation and progression of PDAC, as well as metastasis formation (Pramanik et al., 2018). 

For example, NEMO/IKKγ deletion in KrasG12D-driven PDAC mouse model blocked the 

propagation of PanIN lesions, by depleting cytokines expression, such as TNFα, IL1α and 

IL1β as well as by downregulating the MAPK kinase and NOTCH signaling pathway (Maier et 

al., 2013). Moreover, crosstalk of IKKβ with NOTCH signaling is known to promote PDAC 

progression (Maniati et al., 2011). However, the role of Nfb2 (p100/p52) in KrasG12D-driven 

PDAC in genetic mouse model is unclear so far. 

In order to elucidate the role of Nfb2 (p100/p52) in PDAC genetically, an Nfb2-deficient 

mouse line was studied (Paxian et al., 1999; Paxian et al., 2002). It has been observed that 

Nfb2-deficient mice are fertile and developed into adulthood without any obvious 

macroscopic phenotypic abnormalities. While, it has already been also described that whole-

body Nfb2-null mice showed abnormalities in the development of lymphoid organs and B 

cells (Caamaño et al., 1998). Homozygous deletion of Nfb2 in KC mouse model (Pdx1-

Cre,LSL-KrasG12D/+,Nfb2-/- and Ptf1aCre/+,LSL-KrasG12D/+,Nfb2-/-), impairs PanIN formation 

and progression, irrespective of the pancreas-specific Cre recombinase. While mice with 

heterozygous deleted Nfb2 (Pdx1-Cre,LSL-KrasG12D/+,Nfb2+/- and Ptf1aCre/+,LSL-
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KrasG12D/+,Nfb2+/-) had a comparable survival time as KC control mice. This is consistent 

with published work, which shows that inhibition of the non-canonical NFB pathway in the 

KrasG12D lineage through inactivation of RelB significantly impaired PanIN progression 

(Hamidi et al., 2012). These observations are further strengthen by recently published work 

that identifies Nfb2 amplifications to be relevant in KrasG12D/+-driven murine PDAC 

tumorigenesis (Mueller et al., 2018), supporting the pro-oncogenic function of NFB2 in 

PDAC.  

Taken together, the present work clearly demonstrates at the genetic level that Nfb2 is 

needed for KrasG12D-driven carcinogenesis in the murine pancreas. However, the exact role 

of each NFB family member is highly context dependent and both tumor promoting as well 

as tumor suppressive functions of individual members have been described. For example, 

inhibition of the NFB family member RelA enhanced PanIN progression and tumor 

development by inhibiting OIS via the CXCL1/CXCR2 axis (Lesina et al., 2016). This effect is 

further supported by a study where RelA deleted MEFs were able to bypass senescence by 

increased genomic instability and defective DNA repair mechanisms (Wang et al., 2009). In 

contrast, by the presence of further genetic mutations such as p53 or Ink4a deletion, this 

tumor suppressor function of RelA is switched into an oncogenic mode that promote tumor 

progression by enhancing proliferation (Lesina et al., 2016; Serrano et al., 1997).  

The association of non-canonical NFB signaling with proliferation and cell cycle in the 

context of pancreatic cancer has already been shown (Bang et al., 2013; Doppler et al., 

2013; Schneider et al., 2006). TRAF3, TRAF2 and cIAP1/2 complex plays a decisive role for 

NIK activity, as proteasomal degradation of TRAF2 and binding of TRAF3 results into 

stabilization of NIK molecule in PDAC. This stabilization leads to enhance activation of non-

canonical NFB pathway which induce cell proliferation and anchorage-independent growth 

(Doppler et al., 2013; Nishina et al., 2009). In line with this, in vivo data in the present work 

demonstrates that NFB2 signaling is important for the proliferative capacity of KrasG12D-

driven tumor initiation. The reduced number of Ki67-positive cells in Nfb2 deleted ADM and 

PanIN lesions suggest a decrease in cell proliferation. This proliferative advantage might be 

the outcome of activation of the glycogen synthase kinase 3α (GSK-3α) pathway. GSK-3α 

promotes TGFβ activated kinase 1 (TAK1) stabilization and TAK1 binding partners (TAB) 

interaction and subsequently, TAK/TAB complex formation facilitates processing of p100 and 

activation of p52. This process takes place independently of glycogen synthase kinase 3β 
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(GSK-3β) activation (Bang et al., 2013). However, this upstream target interaction needs 

attention in further studies. 

Furthermore, this proliferative defect might at least in part be due to cell cycle regulation, as 

mRNA level for Ccnd1a and other cell cycle regulators were downregulated in Nfb2 deleted 

tissue. This is in line with a growing number of evidence, which shows that Nfb2 can 

function as a regulator of cell proliferation and survival by enhancing the expression of 

various cyclins including cyclin D1 and cyclin D2 (Ijichi, 2011; Rocha et al., 2003; Taniguchi 

and Karin, 2018). The exact pathway has to be explored in future studies. Another known 

connection of Nfb2 with the cell cycle is through Skp2 regulation, and has been described 

already by our group before (Schneider et al., 2006). However no significant changes were 

observed in the expression level of Skp2 between Nfb2-proficient versus Nfb2-deficient 

cells in the RNA-sequencing or at the translational level. This leads to the conclusion that 

Nfb2 deletion somehow bypassed Skp2 interaction and this discrepancy needs further 

clarification.  

Interestingly, a significant reduction in RelB expression is also observed in Nfb2 deleted 

pancreas tissue and cell lines as compared to Nfb2-proficient models, indicating that RelB 

might be unstable in the absence of Nfb2 and no longer available for its function. This fits 

with the observation that both subunits, p100 as well as p52 mediate RelB stabilization and 

play an important role in non-canonical NFB signaling (Fusco et al., 2008). Experiments 

conducted using floxed RelB in pancreatic carcinogenesis showed a cell-intrinsic function of 

RelB for cell survival upon stress through the transcriptional regulation of IER3 expression 

(Hamidi et al., 2012). It might therefore be possible that the observed proliferative and cell 

cycle defects became much more pronounced in the Nfb2 deleted models due to the 

decreased RelB expression. 

In PDAC, the interaction of epithelial cells with the microenvironment such as B cells 

(Pylayeva-Gupta et al., 2016) and CAFs (Sun et al., 2018) is important for tumor initiation as 

well as progression (Zhang et al., 2018). NFB is described to be one of the important 

regulators in the stromal compartment that can influence tumor growth (Pramanik et al., 

2018) by regulating proliferation and cell cycle (Bang et al., 2013; Doppler et al., 2013; 

Nishina et al., 2009). Therefore, the possible contribution of the non-epithelial compartment 

to the observed phenotype cannot be excluded in the current study, since a complete Nfκb2 

knock-out was analyzed. Therefore, to elaborate the molecular function of NFB2 in the 
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pancreatic epithelial compartment more precisely, these findings need to be validated by the 

use of conditional Nfκb2 mouse line (De Silva et al., 2016) or advanced pancreatic cancer 

mouse models (Schonhuber et al., 2014).  

NFB signalling is involved in a crosstalk with numerous signalling pathways, which adds 

further layers to its complex regulation. One of the most prominent cross-talks of NFB is 

with p53 signalling pathway (Schneider and Kramer, 2011). Tumor protein p53 (Trp 53, 

commonly known as p53) is a transcription factor, initially identified as an oncogene (DeLeo 

et al., 1979) and later on classified as a tumor suppressor (Finlay et al., 1989). It has an N-

terminal transactivation domain and C-terminal DNA binding domain flanked by some 

intrinsically disordered regions (Freed-Pastor and Prives, 2012). Cellular stresses such as 

DNA damage (Kastan et al., 1991) or oncogene expression, such as upregulation of Mdm2 

expression by NFB activation, in particular by enhanced RelA expression (Tergaonkar et al., 

2002), result in post-translational modification of p53, stabilization and activation 

(Toufektchan and Toledo, 2018). This activated form of wild-type p53 (p53wt) is responsible 

for controlling a plethora of signaling pathways including cell cycle, senescence, apoptosis 

and DNA damage. This mechanism controls G1 cell cycle arrest by regulating binding of p21 

to Cyclin E/CDK2 and Cyclin D/CDK4 complexes (el-Deiry et al., 1993; Harper et al., 1993) 

and G2/M checkpoint arrest by association with Mir34a (Martin-Caballero et al., 2001; 

Tarasov et al., 2007). It can also control genomic stability (Toufektchan and Toledo, 2018) by 

regulating DNA damage response by Gadd45a upregulation (Zhan, 2005) and by 

phosphorylating ATM, ATR or by stabilization of CHK1 and CHK2 molecules (Bieging et al., 

2014). In certain cell types under mild stress conditions, activated p53 can modulate 

senescence through continuous expression of NFB2 (Iannetti et al., 2014) or regulation of 

p21 and phospho-Rb (Chien et al., 2011). Under chronic stress conditions, stabilized p53-

mediated apoptosis is a way for elimination of harmful cells by regulation of pro-apoptotic 

proteins such as PUMA, NOXA or anti-apoptotic proteins such as BCL2 and MCL1 (Chen, 

2016). Moreover, it also has some “non-canonical” functions such as modulation of cellular 

plasticity, autophagy and metabolism. Due to these diverse anti-carcinogenic properties, it is 

the first line of defense against accumulation of mutations and commonly known as “the 

guardian of the genome” (Engeland, 2018; Kastenhuber and Lowe, 2017; Lane, 1992). 

Consistently with published data, higher expression of p53 was noted by GSEA analysis in 

Nfb2-deficient mouse model potentially explaining the impairment in cell cycle and reduced 

proliferation. Moreover, in human TCGA data analyzed in this study, the same trend is 
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observed, where patients having lower expression of NFB2 showed longer survival with 

normal expression of TP53 status. More than half of the human cancers have genetic or 

structural aberrations in p53 protein, although mutational burden varies between different 

tumor types (Kastenhuber and Lowe, 2017). In human PDAC; TP53 is mutated 

approximately in 75% of cases and unlike other tumor suppressor genes, it is generally 

mutated by missense mutations (also known as hot spot mutations) (Vijayakumaran et al., 

2015). Common missense mutations occurring in DNA binding domains are p53R172H (Mus 

musculus) / TP53R175H (Homo sapiens) (Hingorani et al., 2005; Polireddy et al., 2019) or 

p53R270H (Mus musculus) / TP53R273H (Homo sapiens) (Schofield et al., 2018). Consequently, 

these mutations result in a loss of tumor suppressive capabilities and a gain of some novel 

oncogenic properties (Kim and Lozano, 2018; Perri et al., 2016). Several molecular 

mechanisms have been suggested for these gain-of-functions (GOF) properties such as 

cellular transformation by HSP70 stabilization (Polireddy et al., 2019) or increased 

expression of NFB targets genes (Schneider and Kramer, 2011). This GOF property of 

p53mut can lead to an altered chemotherapeutic response in cancer, especially in PDAC 

(Fiorini et al., 2015) and promote PDAC initiation, development and invasion (Schofield et al., 

2018). Based on the above-mentioned observations, Nfb2-deficient GEMMs were crossed 

with p53R172H mice. However, Nfb2 was dispensable for PanINs and PDAC formation in 

heterozygous as well as homozygous p53R172H mutated KrasG12D/+-driven PDAC mouse 

models. Moreover, Nfb2-deficient PDAC cells showed the same growth as Nfb2-proficient 

cells. Inactivation of p53 thus allows for escape from the Nfb2 dependency in pancreatic 

carcinogenesis, which further confirms the context dependency of the NFB2 pathway. In 

breast cancer, Snail has been shown to be important for tumor initiation and progression in a 

p53 wild type, but not in a p53 mutant context (Ni et al., 2016). Even in PDAC, the escape 

from signaling dependency upon p53 inactivation has been observed before for various 

signaling factors and pathways such as ZEB1 (Krebs et al., 2017), EGFR signaling (Ardito et 

al., 2012; Navas et al., 2012) and RelA signaling. RelA, for example, impairs tumor growth by 

upregulation of OIC formation. However, when the senescence failsafe is disabled by 

inactivation of p53, RelA switches to a tumor-promoting function (Lesina et al., 2016). This 

shows that NFB is a double-edged sword and that both the timing of its induction as well as 

the genetic background determined its context specific functions (Nakshatri, 2019). 

Interestingly, analysis of a TCGA data set of human PDAC patients showed a modest 

survival benefit for patients with low NFκB2 expression, when the status of TP53 is not taken 

into account. However, when stratified according to TP53 status, patients with low NFB2 
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expression show a significant survival benefit in presence of WT TP53, while negligible with 

mutant TP53. One possible reason of the dispensable effect described here might be 

differences in the activation and interaction of cofactors with Nfb and p53 in a stimulus-

dependent or cell-type specific manner (Becker et al., 2014; Hayden and Ghosh, 2012). The 

complex cross talk and competitive relation between Nfb and p53 for binding to a limited 

pool of cofactors such as CBP (CREB-binding protein) or p300 (Dhar et al., 2010) to decide 

between apoptotic or survival programs is well documented and might partially explain the 

strongly different phenotypes in the mouse models depending on the p53 background. Which 

cofactors are involved in the interaction between Nfb2 and p53 and under which conditions 

this occurs must be further clarified in future, in order to understand their exact regulation. 

Collectively, this work provides the first genetic evidence for the functional involvement of 

NFB2 signaling in PDAC initiation and PDAC cell proliferation. However, it also highlights 

the context and mutational function of Nfb2. Considering this, more work is needed to 

characterize the molecular role of NFB2 signaling in PDAC development and cell 

proliferation. In the future, a conditional Nfb2 knockout will provide us the opportunity to 

study tumor cell-autonomous signaling, in order to rule out stromal effects. 

11.2 Role of MTOR in PDAC 

The important role of MTOR in the regulation of tissue homeostasis is well known, as MTOR 

integrates signals to mediate cell growth and cell cycle. In addition, embryonic MTOR 

signaling is known to regulate organogenesis, epithelial to mesenchymal differentiation as 

well as tissue differentiation (Hwang et al., 2008). Moreover, Mtor deletion results in severe 

developmental defects that cause embryonic lethality in mouse models (Murakami et al., 

2004). The data shown in this thesis strongly support these findings, proposing an essential 

role of MTOR in the development of the exocrine and endocrine compartment of the 

pancreas by limiting the production of essential pancreatic digestive enzymes leading to 

reduced growth. The exocrine insufficiency was rescued to some extent by the provision of 

pancrex-vet, a special food containing pancreatic enzymes like lipase, which lead to a 

significant weight gain of the mice. Also in the KC;Mtorlox/lox mice, pre-mature death within 

eight weeks after birth due to endocrine and exocrine pancreatic insufficiency was observed. 

Heterozygous Mtor deleted mice developed normally with no signs of abnormal growth 

(Hassan et al., 2018). The connection of MTOR with pathways related to pancreatic 

development has already been shown in a mouse model, where deletion of Mtor in 
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progenitor cells caused an atrophic pancreas that led to hyperglycemia (Elghazi et al., 2017). 

However, in the classical Cre/lox-based mouse model models, activation or deletion of genes 

occurs at the same time due to the single Cre-recombination step, which makes it quite 

challenging to genetically validate the role of genes such as Mtor that have a critical function 

during organogenesis in established PDAC. 

Genomic analyses of PDAC revealed complex mutational patterns and various subtypes that 

are believed to be important reason for therapeutic resistance and the heterogeneous drug 

responses (Bailey et al., 2016; Orth et al., 2019; Waddell et al., 2015). Like other targeted 

therapies in PDAC, inhibiting PI3K-signaling in the clinic has not been successful so far. 

Combined inhibition of MEK/ERK and PI3K/AKT pathways performed worse than standard 

chemotherapy in a group of unstratified PDAC patients (Chung et al., 2017a). This highlights 

the urgent need to develop stratification concepts and novel therapeutic combination 

strategies.  

To investigate the potential role of MTOR as a therapeutic target in PDAC, a dual-

recombinase mouse system combining the established Cre/lox with the Flp/frt recombination 

system was used (Schonhuber et al., 2014). That model allows to delete Mtor genetically in a 

time dependent manner by addition of 4-OHT that leads to impaired cell growth and colony 

formation. Genetic as well as pharmacological inhibition of the MTOR pathway blocked the 

progression of cells from G1 to S phase of the cell cycle and resulted in G1 phase arrest 

(Hassan et al., 2018). In line with these findings, MTOR is known to be a central regulator of 

cell growth and proliferation (Kim and Guan, 2019) by regulating G1/S cell cycle transition in 

cancer (Gao et al., 2004). Interestingly, no markers of apoptosis were detected by flow 

cytometry or western blot, indicating that Mtor deletion results in cytostatic state instead of 

cell death. This cytostatic effect after MTOR deletion/inhibition may explain why PI3K/MTOR 

inhibitors are able to block tumor formation, but rarely cause tumor regression (Eser et al., 

2013).  

In normal conditions, even in the presence of enough oxygen, aerobic glycolysis is the main 

source of energy for PDAC cells, which is known as Warburg effect. In pancreatic tumor 

cells, activation of oncogenic KRAS leads to enhanced DNA and RNA biosynthesis by using 

glycolysis and the oxidative phosphorylation machinery as energy source through increased 

expression of glycolytic enzymes such as hexokinase 1 and 2 (HK1/2), phosphofructokinase 

(PFK) and lactate dehydrogenase (LDH) (Cameron et al., 2018; Ying et al., 2012). 

Interestingly, in agreement with the data described above, RNA sequencing in this study 
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revealed that Mtor deletion impaired metabolic pathways by downregulating glycolysis, 

oxidative phosphorylation and cholesterol metabolism. In line with that observation, an 

MTOR-linked aggressive subgroup of human PDAC also showed higher expression of 

glycolytic enzymes. Moreover, downregulation of glycolytic enzymes such as Ldha and Pfk1 

was observed after Mtor deletion (Hassan et al., 2018). LDH play an important role in the 

metabolic switch as shown in breast cancer cells, which ultimately makes tumor cells 

resistant to chemotherapy (Manerba et al., 2018). Moreover, high mRNA expression of LDH 

is found to be linked with poor survival in a TCGA PDAC extracted data set (https://genome-

cancer.ucsc.edu), highlighting the clinical relevance. Altogether, these data suggest that 

MTOR is linked with glucose metabolism by regulating many important metabolic enzymes.  

Moreover, PDAC cells use alternative pathways such as oxidative phosphorylation, 

glutamine metabolism and gluconeogenesis as energy sources. This biosynthetic machinery 

is also associated and tightly regulated by MTOR signaling (Son et al., 2013; Tee, 2018). 

Furthermore, PDAC cells also utilize available glucose by shuttling it to pentose phosphate 

pathway for nucleotide biogenesis (Ying et al., 2012), so one possibility for impaired growth 

of Mtor deleted cells is reduced availability of nucleotides due to impaired glucose 

metabolism. Therefore, an important point for future studies that should be addressed in 

more detail is whether and how metabolic pathways are important in promoting PDAC growth 

and how this relates to MTOR expression. Metabolomic and proteomic analysis will be 

helpful in the future. 

Treatment with the first generation MTOR inhibitor (MTORi) Rapamycin, which is known to 

regulate S6 function, reduced pancreatic tumor growth in the KC mouse model, while no 

survival difference was observed in KPC mice (Eser et al., 2013; Morran et al., 2014). In 

another preclinical study, MTOR inhibition by Rapamycin showed a slight survival advantage 

in xenografts which showed mutation in PI3K/MTOR pathway (Garrido-Laguna et al., 2010). 

In most of the cases, the tumors relapsed and continued to grow after MTOR inhibition by 

first generation drugs. This limited effectiveness has been attributed to the extensive 

crosstalk of the MTOR pathway with other pathways, such as AKT (Pópulo et al., 2012) and 

ERK (Rozengurt et al., 2014), which attenuates therapeutic efficacy (Iriana et al., 2016). 

Second generation MTORi, which target both MTORC1 and MTORC2 complexes, not only 

suppressed growth and survival in human PDAC cells (Lou et al., 2014), but also showed 

mild survival benefits in PDAC GEMMs (Driscoll et al., 2016) by blocking the negative 

feedback activation of AKT that has limited the clinical efficacy of first generation MTORi in 

PDAC (Sun, 2013). This demonstrates the clinical potential of MTORC1/MTORC2 dual 

https://genome-cancer.ucsc.edu/
https://genome-cancer.ucsc.edu/
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inhibitors. However, considering the high cost for clinical trials as well as the extensive 

crosstalk associated with the MTOR pathway, a greater understanding of the molecular 

mechanisms responsible for the regulation of MTORC1 and MTORC2 as well as the 

feedback mechanisms that lead to adaptive resistance in pancreatic cancer is needed. One 

of the main challenges in the MTOR field is to identify the critical feedback loops that are 

induced as cellular escape mechanisms after treatment and how to cope with them. It has 

been previously described that PI3K/MTOR inhibition results in a compensatory MEK/ERK 

pathway activation (Soares et al., 2015). Moreover, the use of the dual MTORC1/2 inhibitor 

Torin-1 resulted in increased of phospho-AKT (Ser473) as a secondary resistance 

mechanism in PDAC (Rajurkar et al., 2017). In contrast, reduced tumor growth due to 

blockage of phospho-AKT (Ser473) signaling was observed in MTORi (ADZ2014) treated 

mice as compared to vehicle treated mice (Driscoll et al., 2016). Such discrepant results 

might be due to different drug dosage ranges, variations in threshold values for different 

techniques, as well as different time point analysis used in in vivo and in vitro studies. 

Acute Mtor deletion in 4-OHT treated MtorΔE3/lox PDAC cells showed a striking growth-

inhibitory response. In agreement with the published data, however, a small fraction of Mtor 

deleted cells was able to give rise to colonies through feedback activation of AKT (Thr308 

and Ser473) as well as marked enhancement in the MEK/ERK pathway in comparison to 

control clones. The same trend was observed after acute genetic deletion of Mtor in these 

cells as in a large panel of murine and human PDAC cell lines after pharmacological 

inhibition of MTOR in a time and concentration dependent manner (Hassan et al., 2018). In 

the future, detailed analysis of the Mtor-deficient clones should be performed by different 

techniques such as whole-exome sequencing, transcriptomics and phospho-proteomics. This 

might help in understanding the compensatory signaling pathways that ensure the persistent 

activation of AKT and ERK pathway and enable PDAC cells to survive and proliferate even in 

the absence of MTOR. 

Pathway rewiring via RTK upon targeted therapies has been shown, for example for 

resistance to the BRAF inhibitor vemurafenib in melanoma (Wilson et al., 2012) or acquired 

MEK inhibitor resistance in KRAS-mutant lung and pancreatic cancers (Lu et al., 2019). 

Activation of RTKs has also been observed as adaptive response upon inhibition of MTOR. 

For example, various RTKs such as EGFR, VEGFR2 and IGFR1 are activated by treatment 

with dual TORC1/TORC2 inhibitors in endothelial cells (Zeng et al., 2019; Zhuang et al., 

2013). Reactivation of EGFR after MTORi (AZD8055) has also been demonstrated in PDAC 

cells (Wei et al., 2015). Besides RTK activation, members of the NFB family such as IKKβ 
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(Reid et al., 2016) or non-canonical IĸB-related kinase (IKBKE or IKKϵ), a downstream 

effector of tumor necrosis factor (TNF), have been described as regulators of the AKT, 

independent of the PI3K/MTOR pathway in PDAC (Rajurkar et al., 2017) and in breast 

cancer (Guo et al., 2011). Treatment with the IKBKE inhibitor MRT67307 (Clark et al., 2011) 

in this study, could partially block the rewired increased phospho-AKT (Ser437) upon Mtor 

deletion (Hassan et al., 2018), thus pointing to a possible role of IKKϵ in the adaptive rewiring 

of signaling networks in the case of genetic ablation of Mtor. 

To address the adaptive rewiring upon MTOR inhibition, inhibitors targeting the upregulated 

pathways such as MEKi (PD-325901), the PI3Ki (GDC-0941) or the AKTi (MK-2206) were 

tested in Mtor deleted cells as well as in multiple human and murine cell lines in combination 

with dual TORC1/TORC2 inhibitor treatment in both 2D or 3D culture conditions. Both MEKi 

and the PI3Ki showed synergistic effect in the combined treatment with INK-128. However, in 

comparison, the combination treatment of INK-128 and the MEKi (PD-325901) showed the 

highest mean synergy score (Hassan et al., 2018). These results are supported by an 

important study, which demonstrates that pancreatic cancer cells undergo BIM/MCL1 

associated apoptosis after combined treatment with MTORi (PF5212384) and a MEKi 

(PD235901) (Burmi et al., 2019). Furthermore, findings from preclinical and clinical studies in 

many other tumor entities such as angiosarcoma diseases (Chadwick et al., 2018) and 

neurofibromatosis type 2 (NF-2) mutated tumors also underscore the effectiveness of 

MTOR/MEK combination therapies (Li et al., 2019). Interestingly, some cell lines showed an 

around 350-fold increased sensitivity in the combined treatment compared to individual 

MTORi or MEKi treatment, while others showed little to no synergism, thus underscoring the 

great heterogeneity in PDAC and the need to identify the traits that render the cells sensitive 

and accordingly develop suitable stratification strategies. 

The combined inhibition of MTOR and the PI3K pathway also showed a synergistic response 

in this study (Hassan et al., 2018), which is consistent with recently published findings that 

the combination treatment of AZD2014 (MTORC1/MTORC2) with AZD8186 (PI3Ki) showed 

meaningful response in a mouse model of PDAC (Driscoll et al., 2016). Additionally, studies 

in lung cancer also showed significant synergism between PI3K and MTOR inhibitors 

(Shukuya et al., 2019). The possible explanation for this synergistic effect might be inhibition 

of PI3K-linked AKT activation upon MTOR deletion (Shukuya et al., 2019). 

Combination treatments of MTORi with AKTi were the least effective of the tested 

combinations, although slight synergistic effects were still observed (Hassan et al., 2018). 
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This contrasts with studies in cholangiocarcinoma that showed quite good synergistic effects 

after combined treatment of MTORi (Rad001) and AKTi (MK-2206) (Ewald et al., 2013). 

These discrepant results might be explained, however, by the different time points analyzed 

or differences between the tumor entities. Moreover, detailed future studies are needed both 

in vitro and in vivo that combine broad range RTK inhibitors with MTORi to interfere with the 

likely upstream processes that activate the MEK/ERK and PI3K/AKT signaling pathways 

upon MTOR inhibition. However, the toxicity associated with combinatorial treatment 

regimens, which is still one of the major concerns in the clinic (Kordes et al., 2013), has to be 

taken into consideration. How the toxic effects of such combination treatments can be 

controlled by, for example, alternative dosing and scheduling regimens needs to be 

addressed in future studies in order to make combinatorial treatments safe for the clinic. 

The comparison of synergy scores across different species and different models for 

combination treatments of MEKi, PI3Ki or AKTi with MTORi points to a noticeable 

heterogeneity of the cellular response between different cell lines, models as well as for 

individual inhibitors. AKT phosphorylation in Mtor-deleted cells was sensitive to PI3Ki. In a 

similar manner, ERK phosphorylation was sensitive to MEKi. However, inhibiting one 

pathway had no effect on the signaling of the other pathway in that study (Hassan et al., 

2018). This might partly explain the heterogenous response of the above-mentioned 

inhibitors upon a complete block of MTOR pathway. Perhaps most importantly from a clinical 

viewpoint, the heterogeneous sensitivity of the different cell lines to the tested inhibitors 

strongly points out the need to stratify PDAC into different therapeutically relevant subgroups 

to improve cancer treatment. The therapeutic relevance of stratification is nicely 

demonstrated by a study in Kras mutant GEMMs, which showed that therapy-resistant PDAC 

tumors were enriched for Kras amplification after combined treatment with MAPK and ERK 

inhibitors, while those from non-small cell lung carcinoma driven by identical oncogenic 

mutant KRAS showed no such changes in KRAS allele frequency (Chung et al., 2017b). This 

shows that selective pressure leads to heterogenous outcomes depending on the tissue of 

origin and the underlying genetic and epigenetic diversity (Chung et al., 2017b). Treatment of 

advanced disease with either a MEK (GDC-0973) or PI3K inhibitor (GDC-0941) alone 

showed modest tumor growth inhibition and did not significantly enhance overall survival. 

However, combination of the two agents resulted in a significant survival advantage as 

compared with control tumor-bearing mice but failed to show any dramatic response 

compared to standard regimen (Junttila et al., 2015). This is consistent with another PDAC 

study done in KrasG12D,p53-/- tumors, where combination treatment of MEKi (PD0325901 with 
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GSK1120212) or PI3Ki (BEZ235 and GDC0941) fared better than single agent treatment but 

overall only showed limited efficacy (Ischenko et al., 2015). In line with these findings, a 

combination therapy of MEKi (AZD-6244) and PI3Ki (BKM-120 or GDC-0941) delayed tumor 

growth and extended survival in a KrasG12D-driven PDAC mouse model, but did not provide 

durable responses (Alagesan et al., 2015). Furthermore, another study in a Kras-driven 

TSC1-haploinsufficient PDAC mouse model that is strongly dependent on MTOR activity, 

showed that only dual inhibition of MEK and PI3K was able to reduce MTOR activity and 

result in increased apoptosis (Kong et al., 2016). In agreement with the data published in 

PDAC, the importance of patient stratification when designing combinatorial treatments is 

also evident in other tumor entities such as colorectal cancer, where the efficacy of the 

combined inhibition of the MEK and MTOR pathways depends on the mutational status of 

TP53 (Garcia-Garcia et al., 2015), or PTEN (Milella et al., 2017). The lack of proper 

stratification therefore might also partly explain, why combinatorial treatments with 

MEK/ERKi (Selumetinib) and PI3Ki (MK2206) performed worse than standard chemotherapy 

in a recent PDAC clinical trial (Chung et al., 2017a). 

Considering this, more work is needed to characterize PDAC heterogeneity, especially as it 

relates to the complex feedback activation and signaling network engaged by targeted 

inhibition of MTOR. Innovative approaches such as combining single-cell 

immunohistochemical and phospho-proteomic analysis in conjunction with bioinformatics to 

monitor signaling rewiring and adaptive resistance upon MTOR inhibition (Wei et al., 2016) 

might provide an invaluable tool to predict personalized therapies, stratify patients and help 

in the search for novel combination therapies with more specific phenotype-based targets. In 

addition, future work might consider triple therapies for MTOR that might better interfere with 

the adaptive rewiring and therapy resistance as has been shown for the combined inhibition 

of MEK/ERK/HDAC in PDAC (Ischenko et al., 2015) or MEK/PI3K/BCL2 (Clarke et al., 2019) 

in colorectal cancer cells. 
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