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ABSTRACT 

 

 

Pancreatic ductal adenocarcinoma (PDAC) is a very lethal type of exocrine pancreas 

cancer and constitutive activation of K-ras was suggested to initiate PDAC development. 

Furthermore, NF-κB signaling was shown to be involved in K-ras-driven PDAC progression. 

This pathway is essential for the regulation of immune and inflammatory responses, and 

involved in pathogenesis of chronic inflammatory and autoimmune diseases. The activation of 

NF-κB is orchestrated by IκB kinase, consisting of IKKα, IKKβ and IKKγ. Among them, IKKα 

is required for lymphoid organogenesis, adaptive immune responses and resolution of acute 

inflammation.  Thus, based on its importance, we investigated the role of IKKα in K-ras induced 

PDAC. To that end, Ikkα
F/F

-p48-Kras mouse model in which K-ras is constitutively activated 

and Ikkα deleted in pancreas was used. Importantly, loss of Ikkα resulted in accelerated 

pancreatic tumor progression in p48-Kras mice. Moreover, not only embryonic but also post-

natal Ikkα deletion accelerates the formation of K-ras induced premalignant lesions. 

Furthermore, exacerbated inflammation and fibrosis is observed in the pancreas of Ikkα
F/F

-p48-

Kras mice, suggesting that tumor microenvironment might have a role during fast PDAC 

progression. Importantly, expression of M2 polarized macrophage markers and cytokines by 

myeloid cells are increased, suggesting that IL4/IL13 signaling pathway is important during 

PDAC development. However, whole body Stat6 deletion did not reverse the phenotype of 

Ikkα
F/F

-p48-Kras mice showing that accelerated PDAC development is independent from Stat6 

signaling. In addition, IKKα ablation results in increased expression of glycolytic enzymes, 

decreased number and respiration rate of mitochondria in Ikkα
F/F

-p48-Kras mice, proposing that 

glycolytic switch might regulate accelerated tumor development. Thus, Ikkα
F/F

-p48-Kras mice 

were treated with 2-Deoxy Glucose (2-DG) to inhibit glycolysis. However, the treatment 

displays partial effects and although pancreas distortion is similar to untreated animals, tumor 

incidence is reduced in 2-DG treated mice. Besides, 2-DG treatment decreases expression of M2 

macrophage markers and increases expression of pro-inflammatory cytokines by CD11b
+
 cells. 

Moreover, expression of several genes involved in glycolysis and pentose phosphate pathway 

(PPP) is altered in pancreas derived CD11b
+ 

cells, suggesting that 2-DG treatment does not only 

affect macrophage polarization but also energy metabolism in Ikkα
F/F

-p48-Kras animals. 
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1. INTRODUCTION 

 

1.1. Epidemiology and Etiology of Pancreatic Cancer 

 

Pancreatic cancer (PC) is a sporadic type of cancer and composes 2.2 % of all cancer cases 

in 2008 (Ferlay et al., 2010). The frequency of pancreatic cancer is relatively low and changes 

according to different geographic regions. For instance, age-adjusted frequencies are about 6-

12/100.000 per year in Western countries and generally show elevated pattern in developed 

countries including North America, Europe and Japan (Zavoral et al., 2011). This might not only 

be due to racial differences but also to better health services and early detection possibilities. 

Although the number of pancreatic cancer patients is relatively lower than other cancer types, it 

is still one of the main causes of cancer lethality in developed countries (Maisonneuve and 

Lowenfels, 2010). The reason behind is the difficulty of its diagnosis, which is usually not 

possible before the advanced stages. Thus, survival time for patients is strictly based on its early 

diagnosis. In general, less than 5% of tumors are possible to be removed surgically when they 

are diagnosed, and average survival rate differs from 13 to 21 months. If surgery is not possible, 

median survival decreases drastically to 2.5-8 months (Genkinger et al., 2009).  Furthermore, 

incidence of pancreatic cancer is higher in men than women suggesting a possible link between 

female hormones and PC progression. Nevertheless, Wahi et al. reported that there is no 

connection between PC and female hormones (Wahi et al., 2009) proposing that the variety of 

risk between men and women might derive from various other reasons, such as smoking or 

different diet. 

 

The major risk factors for pancreatic cancer include smoking, increased age, family 

history, genetic predisposition, several diseases such as diabetes, glucose intolerance, overweight 

and obesity, and long-term chronic pancreatitis (CP). 

 

Cigarette smoking augments the risk of PC similar to the other types of cancer (Iodice et 

al., 2008; Boffetta et al., 2008). According to the International Pancreatic Cancer Cohort 

Consortium’s study in which 1481 pancreatic cancer cases and 1539 controls are evaluated, 

current smoking increases pancreatic cancer risk around 80 % (Lynch et al., 2009). Furthermore, 

a meta-analysis in which 82 different studies were analyzed to display the connection of smoking 

and pancreatic cancer showed that the predicted pancreatic cancer risk is 1.74 (95% CI, 1.61–
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1.87) for current smokers and 1.20 (95% CI, 1.11–1.29) for former smokers in comparison to 

non-smokers. Although the smoking is quitted, the risk is still higher during at least the next 10 

years. If the smoking is terminated more than 10 years ago, then the risk is lower than that for 

current smokers’ (Iodice et al., 2008). Additionally, consuming non-cigarette tobacco including 

cigar, pipes or smokeless tobacco have been shown to elevate pancreatic cancer risk as well 

(Baker et al., 2000; Henley et al., 2004; Boffetta et al., 2005; Shapiro et al, 2000; Alguacil et al., 

2004; Hassan et al., 2007). 

 

Similar to smoking, there is a known relationship between chronic inflammatory diseases 

and cancer development. As stated in several reports, especially long term inflammation in 

organs might underlie tumorigenesis. Consistently, chronic pancreatitis (CP) is shown to 

correlate with PC. However, it is not one of the essential risk factors since only 5% of PC 

patients had CP before detection and Lowenfels et al. showed that at least five years enduring CP 

increases PC risk. On the other hand, the major risk group consists of the patients who have 

hereditary pancreatitis and trophical pancreatitis that might enhance the risk of PC at least 50 

fold more (Lowenfels et al., 2001; Raimondi et al., 2010). If people with hereditary pancreatic 

cancer smoked, development of PC is accelerated and the detection might be possible up to 20 

years earlier than in non-smokers (Zavoral et al., 2011). 

 

Genetic background is an important factor for cancer development and some genetic 

abnormalities/diseases are established to increase the pancreatic cancer risk, including germline 

mutations of BRCA2 (breast-ovarian familial cancer), CDKN2A (familial atypical mole-multiple 

melanoma (FAMMM)), the mismatch repair genes (hereditary nonpolyposis colon cancer 

(HNPCC) or Lynch Syndrome), TP53 (Li-Fraumeni syndrome), APC (familial adenomatous 

polyposis (FAP)) (Murphy et al., 2002; Goggins et al., 1996; Klein et al., 2001; Lynch et al., 

2002; Giardiello et al., 2000; Lim et al., 2004; Cowgill et al., 2003; Giardiello et al., 1993). 

 

Overweight and obesity has been shown to constitute a major risk for PC development 

since a positive correlation between high BMI values (Body mass index: individual's body mass 

by square of his/her height (kg/m
2
)) and increased risk of pancreatic cancer has been established 

by several studies (Berrington de Gonzales et al., 2003; Larsson et al., 2007; Renehan et al., 

2008). However, the level of correlation changes according to the region. For instance, in Japan, 

being an obese does not increase the risk of cancer (Otsuki et al., 2007) whereas in Western 

countries there is a great correlation between obesity and cancer (Berrington de Gonzales et al., 
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2003; Giovanni and Michaud, 2007; Howe and Burch, 1996; Michaud and Fuchs, 2005). In this 

correlation, central obesity is suggested to be the key factor because it is related with glucose 

intolerance and insulin resistance, and high insulin levels are proposed to affect the incidence of 

pancreatic cancer (Jiao and Li, 2011). Gapstur et al. have reported that postload plasma glucose 

levels and BMI were positively correlated with PC mortality for men, but not for women.  Risk 

of PC mortality was 2.2 fold higher for people whose postload plasma glucose levels were ≥200 

mg/dl at baseline compared with those whose levels were ≤119 mg/dl. Furthermore, men with 

BMI; ≥ 26 kg/m
2
, had a 3-fold higher risk of PC mortality compared to men with lower BMI 

(Gapstur et al, 2000). In addition, type II diabetes and pancreatic cancer risk have been explored 

by several meta-analyses and it has been discovered that pancreatic cancer risk is higher for 

patients who have diabetes longer than 5 years. Moreover, patients with long term diabetes (≥5 

years) displayed 50% lesser risk of pancreatic cancer in comparison to patients who had recently 

detected diabetes (<4 years) (Everhart et al., 1995; Huxley et al., 2005). 

 

Increased age is another risk factor for PC. In general, the frequency of PC is very low in 

three first decades of life but afterwards the incidence strikingly heightens and diagnosis is the 

highest after the age of 50, with a mean value of 65-72 years (Zavoral et al., 2011; Jiao and Li, 

2010). In addition, Li et al. reported that only 10% of the patients are diagnosed before 50 years 

of age (Li et al., 2009).  

 

Apart from these major risk factors, there also several other factors, which might take part 

in enhancing PC progression including alcohol consumption, special diet, allergy, occupational 

risks such as being exposed to petrochemical products, use of non-steroidal anti-inflammatory 

drugs (NSAIDs), and viral infections.    

 

1.2. Histological, Genetic and Molecular Changes in Pancreatic Cancer 

Development 

 

There are several types of pancreatic cancer showing different histological features, 

consisting of adenosquamous carcinoma, colloid carcinoma, hepatoid carcinoma, medullary 

carcinoma, undifferentiated carcinoma with/without osteoclast-like giant cells, solid 

pseudopapillary carcinoma, and pancreatoblastoma (Xiong and Abbruzzese, 2002). The proper 

description of the neoplasm is important since they show different pathogenesis and prognosis. 
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On the other hand, it is also possible to classify pancreatic cancers into two groups; endocrine 

and exocrine type of pancreatic cancers. Exocrine pancreatic neoplasms include pancreatic 

intraepithelial neoplasias (PanINs), intraductal papillary mucinous neoplasms (IPMNs), 

mucinous cystic tumors and serous cystic tumors. They are frequent types of pancreatic cancers 

and although there are discussions, it is believed that they stem from pancreatic ducts and acinar 

cells. On the other hand, endocrine pancreas cancers including pancreatoblastoma, pancreatic 

acinar cell carcinoma and solid pseudopapillary tumor are the tumors of islet cells. In 

comparison to exocrine pancreatic cancers, their incidence is rare.  

 

Pancreatic cancer progression is a multistep process. Before tumor develops, several types 

of precursor lesions occur in pancreas such as pancreatic intraepithelial neoplasia (PanIN), the 

mucinous cystic neoplasm and the intraductal papillary mucinous neoplasm (IPMN). Among 

them, PanINs are the most common types that lead to invasive pancretic cancer; pancreatic 

ductal adenocarcinoma (PDAC). They are classified as PanIN-1, PanIN-2 and PanIN-3 

according to their histological differences and altered genetic/molecular structures. During tumor 

development, several accumulating genetic changes induce the differentiation of normal 

epithelial cells into malignant ones. Early genetic alterations include K-ras mutations and 

telomere shortening, whereas in intermediate stage loss of p16/CDKN2A is commonly seen. In 

the late stage, inactivation of other tumor suppressor genes including DPC4/SMAD4, TP53, and 

BRCA2 are observed. Instead of molecular changes, histological changes are also observed 

according to the stage of lesions. At the beginning, normal cuboidal epithelial cells differentiate 

into long- columnar epithelium, followed by loss of epithelial cell polarity, forming papillary 

folding and shedding into the lumen and finally forming precursor lesions.   
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Figure 1.1. Histological changes in the normal epithelium of pancreas during PanIN development 

(Taken from Hruban et al., 2000). These alterations are correlated with genetic changes which are seen 

specifically in the different stages of PanIN formation. 

 

PDAC is one of the lethal pancreatic cancer type and 95% of patients have activating 

mutation in K-ras (Caldas and Kern, 1995). K-ras proto-oncogene is a member of small GTPase 

protein family called RAS, which is required for cellular signal transduction regulating cell 

proliferation, differentiation and survival. Activating mutations delete the GTPase function of K-

ras protein, which results in constitutive activation of Ras pathway and intracellular signalling 

(Maitra and Hruban, 2008) that may lead to unlimited cell proliferation. The activating point 

mutations generally take place in codon 12 and 13, whereas other codons such as 59, 61, 63 

might rarely be mutated in PC (Deramaudt and Rustgi, 2005). In addition, K-ras mutations are 

not specific for PDAC since several mutations have already been shown in other types of 

pancreatic cancers, chronic pancreatitis, and even in the autopsy of normal pancreas tissues 

without any pancreatic disease history (Tabata et al., 1993; Hruban et al., 2000; Tada et al., 

1996). Furthermore, as the K-ras mutations have been established in PanINs, it is suggested that 

these mutations are necessary for the initiation of tumorigenesis but further changes such as loss 

of p16 are required for progression (Aguirre et al., 2003; Hingorini et al., 2003; Bardeesy et al., 

2006; Ijichi et al., 2006; Fleming et al., 2005).  Apart from K-ras mutations, some other proto-

oncogenes have been also established to play an important role for pancreatic cancer 

development including c-Myc, MYB, AIB1/NCOA3, and EGFR (Novak et al., 2005; Aguirre et 

al., 2004; Bashyam et al., 2005). 

 

Regulation of the expression of several tumor suppressor genes including p16/CDKN2 

(also known as INK4), TP53, Deleted in pancreatic carcinoma 4 (DPC4; also known as SMAD4) 

is also considerable for pancreatic cancer progression. p16/CDKN2 is a cyclin-dependent kinase 
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inhibitor, which orchestrates cell cycle through CDK-4 and-6. Similar to K-ras, p16 inactivation 

is found in 90% of PC patients. Another tumor suppressor, TP53, as its nickname ‘the guardian 

of the genome’ implies, has essential functions in the regulation of cell proliferation and 

apoptosis, and is lost in 50-75% of pancreatic cancers. Since it is important for the regulation of 

cell death, its disruption also results in the accumulation of abnormal genetic alterations (Maitra 

and Hruban, 2008). DPC4/SMAD4 loss generally occurs in PanIN-3 lesions and around 55% of 

PC cases show loss/inactivation of this tumor suppressor gene. It is involved in TGF-β pathway, 

which has inhibitory function on cell growth. Thus, when there is no functional SMAD4 in 

pancreatic cancer cells, TGF-β pathway can not keep on its suppressive function anymore, which 

in turn leads to the unlimited growth of pancreatic cancer cells (Siegel and Massague, 2003). 

Inactivation of all these tumor suppressor genes is not only achieved by mutations or 

chromosomal rearrangements, but also by epigenetic mechanisms. Epigenetic regulations in 

pancreatic cancer consist of hypermethylation of genes, which are essential in cell homeostasis 

including p16 (p16; cyclin-dependent kinase inhibitor), retinoic acid receptor β (RARβ; cell 

growth control), Cyclin D2 (Cyclin D2; cell cycle control), suppressor of cytokine signaling 1 

(SOCS1; inhibitor of JAK/STAT pathway), and dual specificity phosphatase 6 (DUSP6; negative 

regulator of MAPK pathway), and hypomethylation of several genes including 14-3-3ϭ (sigma) 

(also known as stratifin; p53 induced G2/M cell cycle arrest), Maspin (also known as 

SERPINB5; cell motility and cell death regulation), Claudin 4 (Cell adhesion and invasion), 

Mesothelin (Cell adhesion), and S100A4 (Cell motility and invasion) (Sato and Goggins, 2006). 

Furthermore, telomerase rearrangements and micro RNAs (miRNAs) have been established to be 

involved in several steps during pancreatic carcinogenesis. 

 

In addition to molecular changes affecting only one single gene, activation/reactivation of 

several signaling pathways contributes to pancreatic cancer development including Notch, 

Hedgehog, TGFβ signaling and Wnt/β-catenin pathway. Furthermore, these signaling pathways 

have been shown to cooperate with mutant K-ras during pancreatic cancer development. 

 

Notch signaling is an essential pathway for the development and differentiation of 

pancreas. Miyamoto et al. have reported that expression of Notch signaling pathway components 

are increased in PanIN lesions and invasive cancer both in human and mouse. Furthermore, EGF 

receptor (EGFR) activation results in activation of Notch signaling pathway in exocrine pancreas 

and is involved in differentiation process of epithelium by TGFα suggesting that Notch is 

required in TGFα-induced malignant epithelium formation (Miyamoto et al., 2003).  Other 
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reports also established the presence of correlation between Notch overexpression and pancreatic 

cancer (Hingorini et al., 2003). 

 

Hedgehog signaling is an important pathway for embryonic development and abnormal 

activation of the pathway has been shown to cause cancer such as breast, colon and prostate 

cancer (Maitra and Hruban, 2008). In this pathway, three secreted ligands, called Sonig (Shh), 

Desert (Dhh) and Indian (Ihh) hedgehog take part and activate the pathway by binding 12-

transmembrane Patched (PTCH) receptor. This leads to the activation of Smoothened (SMO) 

receptor, which in turn pushes the accumulation of hedgehog (Hh) transcription factors; glioma 

associated oncogene homolog I family members (GLI1, GLI2, and GLI3) and translocation of 

these factors into the nucleus for the expression of target genes. It has been already established 

that abnormalities in Hh signaling pathway are found in chronic pancreatitis, PanIN lesions and 

PC (Maitra and Hruban, 2008). Thayer and colleagues have reported that high expression of Hh 

components was observed in PanINs and invasive lesions, but not in normal ductal epithelium in 

human. Moreover, abnormal expression of Shh caused the formation of some structures in mice, 

which are similar to human PanINs (Thayer et al., 2003). In addition, Pasca di Magliano et al. 

have showed that epithelium-specific activation of the Hh pathway led to cancer in mice, which 

is unlike the human tumors, independent of PanIN lesions. When these mice were crossed to 

another model in which K-ras is mutated (K-ras
G12D

 mutation), PanIN formation was observed 

suggesting that only in the presence of mutated K-ras, abnormal Hh signaling can promote tumor 

development that is similar to those in humans (Pasca di Magliano et al., 2006).  

 

Inactivation of TGFβ signaling by mutation or loss of DPC4 has been detected in PDAC 

patients suggesting that TGFβ might play a tumor suppressor role. Consistently, in the presence 

of oncogenic K-ras, deficient TGFβ signaling based on the loss of SMAD4 accelerated PDAC 

development in a mouse model (Bardeesy et al., 2006; Ijichi et al., 2006). Moreover, TGFβ 

signaling is related with desmoplasia. Löhr et al. reported that overexpression of TGFβ1 in 

transfected pancreatic tumor cells enhanced not only the expression of matrix proteins and 

growth factors, but also the formation of a dense stroma after their transplantation into the 

pancreas of nude mouse (Löhr et al., 2001). 

 

Abnormal β-Catenin/Wnt Pathway signaling has been shown in PanINs and PDAC by 

several studies. Enhanced β-Catenin expression and accumulation in the nucleus of advanced 

PanIN lesions (mainly PanIN-2) and adenocarcinoma was detected in human (Al-Aynati et al, 
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2004). Consistently, another report established that total β-Catenin amount was intensified and 

Wnt/β-Catenin pathway was activated in 65% of human PDAC although most of them did not 

show β-Catenin mutations (Zeng et al., 2006). Recently, Morris et al. have explained the role of 

β-Catenin in oncogenically activated K-ras driven acinar to ductal metaplasia (ADM) and PanIN 

development. According to their study, β-Catenin is required for acinar cell regeneration and 

sustained β-Catenin expression inhibits ADM and PanIN formation induced by mutant K-ras 

expression. On the other hand, β-Catenin expression is increased when the precursor lesion 

numbers start to be dominant in the epithelium suggesting that the balance between β-Catenin 

and mutant K-ras signaling pathways is important for the determination of acinar cells’ fate 

(Morris IV et al., 2010). 

 

1.3. The Effect of Tumor Microenvironment in Cancer Progression 

 

Tumorigenesis is a multistep event in which presence of genetic/epigenetic modifications 

result in alterations of cell biology, giving extraordinary abilities to normal cells and pushing 

them to become malignant. According to Hanahan and Weinberg, there are six general 

characteristics that most of the cancer types share, the so-called ‘six hallmarks of cancer’. These 

hallmarks are: resistance to anti-growth signals, self-stimulation for cell growth, insensitivity to 

cell death inducing signals (apoptosis), limitless replication ability, continuous production of 

blood vessels (angiogenesis), and invading local tissue and spreading to other organs (metastasis) 

(Hanahan and Weinberg, 2000). Recently, a seventh hallmark is added to this list by Colotta and 

colleagues; that is cancer-related inflammation (CRI) (Colotta et al., 2009) (Figure 1.2). 

 



                                                                                                                             INTRODUCTION

      

 

9 

 

 

Figure 1.2. The hallmarks of cancer (Taken from Colotta et al., 2009). The six hallmarks of cancer are 

explained by Hanahan and Weinberg, and the seventh hallmark, inflammation, is added to this list by 

Mantovani. 

 

Carcinomas are the largest group of human cancers, which generally develop from the 

epithelial cell layers of organs. Instead of transformed epithelial cells, supportive connective 

tissue (stroma) of the organ is also involved during carcinoma progression. However, the exact 

mechanism explaining how cancer progress in the cooperation of tumor and stromal cells is not 

known. Two mechanisms have been suggested for it: first suggestion is that stromal changes 

might happen and push epithelial cell transformation and second suggestion is that stromal cells 

might be activated by transformed epithelia in a paracrine loop (R.A. Weinberg, 2007; Bissell 

and Radisky, 2001; Polyak and Weinberg, 2009). Supporting connective tissue (stroma) creates 

‘tumor microenvironment’ and based on its involvement in carcinogenesis, research on tumor 

microenvironment can be valuable to enlighten the molecular pathway of tumorigenesis. Tumor 

microenvironment consists of several cell types including endothelial and smooth muscle cells 

and pericytes, fibroblasts, and tumor infiltrating myeloid cells including dendritic cells, 

macrophages, neutrophils (Räsänen and Vaheri, 2010). Although it is not still completely known 

how tumor microenvironment supports tumor formation, it is suggested that the main function 

behind is the secretion of several cytokines, growth factors, angiogenic factors and matrix 

metalloproteases (MMPs) (Backwill et al., 2001; Coussens et al., 2002). 
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Figure 1.3. The components of tumor microenviroment (Taken from Pietras and Östman, 2010). 

The figure shows different representative pictures for the components of TME. Immunohistochemical 

staining was performed to display them and those markers are used specifically for each cell types: 

Malignant cells, cytokeratin 14; Cancer-associated fibroblasts, α-SMA; Pericytes, PDGF receptor-β; 

Extracellular matrix, collagen-1a1; Lymphocytes, CD45; Myeloid cells, CD11c; Endothelial cells, CD34.  

 

1.3.1. Fibroblasts 

 

Fibroblasts are the most prominent cells in connective tissues and they shape the stroma by 

producing extracellular matrix (ECM) components including fibronectin and collagens. Under 

normal conditions, fibroblasts are in an inactive quiescent phase. Upon an abnormal situation 

such as wound healing and fibrosis, they are activated and called as myofibroblasts, as first 

described by Giulio Gabbiani in 1971. Since cancer is evaluated as a wound that never heals, 

fibroblasts become activated too but they are not removed by a special type of cell death 

program, called nemosis, likewise the end of wound healing process (Eyden et al., 2009; 
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Räsänen and Vaheri, 2010). Activated fibroblasts, which are recruited into tumor stroma and 

affect tumorigenesis are named as cancer associated fibroblasts (CAFs) (Kalluri and Zeisberg, 

2006; Hanahan and Weinberg, 2011). A variety of markers are used to differentiate CAFs from 

other cell types including α-smooth muscle actin (α-SMA), fibroblast specific protein-1 (FSP-1; 

also known as S100A4), fibroblast activation protein (FAP; also known as seprase), and platelet-

derived factor receptor α/β (PDGFR α/β). Although the source of CAFs is not completely 

comprehended, they are supposed to stem from variable origins including local fibroblasts, bone 

marrow-derived mesenchymal stem cells (MSCs) and epithelial cells (Cirri and Chiarugi, 2011).  

 

CAFs are highly found in tumor stroma, especially in breast, prostate and pancreatic cancer 

(Kalluri and Zeisberg, 2006; Pietras and Ostman, 2010) and have a complex role in tumor 

progression. Like inflammatory immune cells, they show inhibitory effects at the early stages of 

tumor development, whereas in later stages, they stimulate tumor growth and progression. In 

later stages of tumorigenesis CAF subgroups might promote tumorigenesis in different ways 

depending on tissue localization and their specific functions. For instance, CAFs can enhance 

cancer cell proliferation by secreting several growth factors, cytokines and hormones including 

hepatocyte growth factor (HGF), some epidermal growth factor (EGF) family members, insulin-

like growth factor-1 (IGF-1), and stromal cell-derived factor-1 (SDF-1, also known as CXCL12) 

(Cirri and Chiarugi, 2011; Erez et al., 2010; Franco et al., 2010; Kalluri and Zeisberg, 2006; 

Orimo et al., 2005; Rosen and MacDougald, 2006; Spaeth et al., 2009). Activated fibroblasts can 

attract and recruit inflammatory immune cells into the tumor microenvironment by secreting a 

variety of pro-inflammatory molecules (Hanahan and Coussens, 2012; Erez et al., 2010), and 

enhance vascularization in several tumor types via producing pro-angiogenic signaling 

molecules, such as vascular endothelial growth factor (VEGF), FGF2, interleukin 8 (IL8; also 

known as CXCL8), and platelet derived growth factor-C (PDGF-C). In addition, CAFs facilitate 

storage and secretion of pro-angiogenic factors by producing ECM proteins and ECM-degrading 

enzymes, such as MMP-9, -13,-14 (Kalluri and Zeisberg, 2006; Pietras and Ostman, 2010; 

Räsänen and Vaheri, 2010). Production of MMPs does not only degrade ECM, but also aids 

cancer cell invasion. Lederle et al. showed that MMP-13 secretion by CAFs stimulates tumor 

angiogenesis by releasing VEGF from ECM, thereby causing elevated invasion of squamous cell 

carcinoma (Lederle et al, 2010). MMP-1 has also been reported to stimulate cancer cell 

invasiveness via PAR1-dependent Ca
+2

 signals (Boire et al., 2005) In addition, CAFs can also 

increase migratory capacity and invasion of cancer cells by orchestrating epithelial-to-

mesenchymal transition (EMT) via secretion of TGF-β (Chaffer and Weinberg, 2011). 
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A variety of studies have showed tumor growth and cancer cell apoptosis are restricted by 

CAFs (Kalluri and Zeisberg, 2006; Loeffler et al., 2006; Pietras and Ostman, 2010) via secreting 

diffusible paracrine survival factors such as IGF-1, IGF-2 and by producing ECM molecules and 

ECM-remodeling proteases that contribute to formation of a neoplastic ECM, distinctive from 

normal tissue stroma, that provides nondiffusible survival signals (e.g., ligands for antiapoptotic 

integrins). Lu et al. already exhibited that CAF-derived ECM take part in regulating cancer cell 

survival (Lu et al., 2011).  

 

1.3.2. Dendritic cells (DCs) 

 

Tumor microenvironment includes several types of immune cells, such as natural killer 

(NK) cells, gamma delta T and natural killer T (NKT) cells, dendritic cells (DCs), and adaptive 

immune system components B- and T-cells. Among them, DCs orchestrate activation of T, B, 

NK and NKT cells and their cytokine secretion (Gao et al., 2003; Borg et al., 2003; Smyth et al., 

2001; Hildner et al., 2008; Crowe et al., 2002; Shankaran et al., 2001; Banchereau et al., 1998; 

Shortman et al., 2002; Chaput et al., 2008). DCs are very important for initiation of adaptive 

responses. They are found in peripheral tissues where they pick up antigens and then migrate to 

the draining lymph nodes where they present processed antigens to naïve T cells via major 

histocompatibility complex (MHC) class I and II, and CD1d antigen presenting molecules 

(Shortman et al., 2002). As a result of activation, DCs enhance T cell proliferation and 

differentiation into helper and effector cells. Conversely, they also show inhibitory effects on T 

and NK cells via producing regulatory T cell development and/or enhancing immune tolerance 

by inactivating mature T cells and regulating deletion of self-reactive thymocytes (Chaput et al., 

2008). Thus, the effect of DCs on cancer progression is still puzzling. Moreover, although DCs 

take place in tumor microenvironment (TME), it is suggested that TME endanger their 

differentiation, maturation and survival. For instance, Ménétrier-Caux et al. showed that in renal 

carcinoma, precursor cells are induced to differentiate into macrophages rather than DCs 

(Ménétrier-Caux et al., 1999). Additionally, it is reported that DCs are obstructed in an immature 

stage, with a low antigen-presenting ability in breast, head, neck, and lung cancers (Almand et 

al., 2000; Coventry et al., 2002).  It is suggested that TME achieves this by secreting a variety of 

pro-inflammatory molecules including CXCL8, M-CSF/IL6, VEGF, TGFβ, indoleamine, 

extracellular adenosine, and 2, 3-deoxygenase, which principally and eventually activates the 

signal transduction and activator of transcription 3 (STAT3) (Gabrilovich et al., 1996; Zou, 

2005; Novitsky et al., 2008; Pardoll and Allison, 2004; Kortylewski et al., 2005; Cheng et al, 
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2003). Other reports have shown that tumor-infiltrating mature DCs have also been detected in 

many solid tumors such as gall bladder (Furihata et al., 2005), melanoma (Movassagh et al., 

2004; Vermi et al., 2003), breast (Bell et al., 1999), and colorectal carcinomas (Schwaab et al., 

2001).   

 

1.3.3. Neutrophils 

 

Another cell types, which are essential in immune system are neutrophils. They compose 

the biggest population of circulating leukocytes in human and have drastic functions in host 

defense including phagocytosis and killing the pathogens by producing several cytokines, toxic 

substances, reactive oxygen species (ROS), and proteases (Brinkmann and Zychlinsky, 2012; 

Fridlender and Albelda, 2012). Instead of their host protective roles, it is also shown that tumor-

associated neutrophils (TANs) and their precursors including granulocytic myeloid-derived 

suppressor cells (G-MDSCs) take part in cancer development. Based on their subtype and the 

tissue/tumor they infiltrate, they show variable effects during carcinogenesis. Neutrophils are 

induced to be polarized by several factors such as TGFβ and differentiate into N1 and N2 

neutrophils.  N1 neutrophils exhibit pro-inflammatory, anti-tumorigenic roles, whereas N2 

neutrophils behave for the benefit of cancer and can induce tumorigenesis via secreting 

angiogenic factors, suppressing immune response against tumors, pushing tumor cell invasion 

and metastasis (Schmielau et al., 2001; Shojaei et al., 2008; Huh et al., 2010; Fridlender et al., 

2009). 

 

MMP-9 secretion by neutrophils was shown to induce tumor growth. However, according 

to microarray analysis performed by Fridlender et al., expression of MMP-9 by TANs is lower 

than naïve neutrophils proposing that MMP-9 expression has essential roles during the early 

stages of tumor progression rather than late stages (Fridlender et al., 2012). Furthermore, similar 

to the macrophages, elevated accumulation of neutrophils promote vascularization through 

MMP-9 and there is a correlation between MMP-9 and VEGF (Nozawa et al., 2006; Kuang et 

al., 2011). Nozawa et al. reported that transient depletion of neutrophils stopped angiogenic 

switch in early stage of tumorigenesis by inhibiting VEGF binding to its receptor VEGFR in 

pancreatic islet carcinogenesis (Nozawa et al., 2006).  

 

Neutrophil elastase (NE) secreted by neutrophils also play important roles in angiogenesis, 

extravasation of tumor cells and metastasis. In human and mouse lung adenocarcinoma, it was 
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shown that NE degrades insulin substrate substrate-1 (IRS-1), which leads to enhanced activation 

of Akt/PI3K pathway toward tumor cell proliferation (Houghton et al., 2010). This enzyme is 

also reported to be involved in tumor invasion by breaking ECM structure (Sun et al., 2004). 

Moreover, Doi et al. showed that ischemia-reperfusion induced hepatic cell metastasis was 

lowered via use of NE inhibitor ONO-5046 Na in rat colon adenocarcinoma model (Doi et al., 

2002). 

 

1.3.4. Macrophages  

 

Tumor microenvironment orchestrates accumulation of macrophages around tumor area by 

secreting a variety of chemokines such as CCL2,-5,-7,-8, CXCL12 (also known as stromal-

derived factor-1; SDF-1), as well as cytokines including VEGF, PDGF, and M-CSF. These 

factors enhance gathering of blood monocytes at tumor microenvironment where they further 

differentiate into tissue resident macrophages. As a result of the functional plasticity, tumor type 

and its local microenvironment, tissue resident macrophages are converted into M1 and M2 

macrophages, which show functional differences (Ruffell et al., 2012). M1 macrophage 

polarization is induced by lipopolysaccharide (LPS), interferon gamma (IFNγ), and engagement 

of Toll-like receptors (TLRs). The classically activated M1 macrophages are required in the 

responses of type I helper T (Th1) cells against pathogens. This macrophage subgroup has 

immune-stimulatory Th1-orienting characteristics and shows high expression of major 

histocompatibility complex (MHC) class II, interleukin 12 (IL12), tumor necrosis factor α 

(TNFα). They are able to kill cells and pathogens, produce nitric oxide (NO) and reactive oxygen 

species (ROS) (Mantovani et al., 2005; Chomarat et al., 2000). On the other hand, alternatively 

activated M2 macrophages suppress Th1 adaptive immunity and take part in the responses of 

type II helper T (Th2) cells such as wound healing and humoral immunity (Gordon, 2003). M2 

polarization is induced mainly by interleukin 4 (IL4) and 13 (IL13) and this subgroup show 

elevated interleukin 10 (IL10) expression (Figure 1.4). 

 

Macrophages are shown to have multifaceted role during tumorigenesis. According to 

several studies, macrophages prevent cancer development, whereas some other studies establish 

that they promote tumor development. As reported by Kim et al., high macrophage numbers are 

correlated with augmented survival in pancreatic cancer patients (Kim et al., 2008). On the 

contrary, Bingle et al. established that more than 80% of studies reveal a correlation between 

macrophage density and poor patient prognosis (Bingle et al., 2002). 
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 Macrophages which are abundant in tumor microenvironment are referred as tumor-

associated macrophages (TAMs) and show M2 polarization features. They show pro-tumorigenic 

effects by affecting angiogenesis, tumor cell invasion, metastasis, and immune modulation. It is 

already established that TAM induces angiogenesis directly via production of VEGF-A or 

indirectly by producing MMP-9 and placental growth factor (PGF). MMP-9 can stimulate 

angiogenesis by releasing VEGF-A from extracellular storages and eventually increasing its 

bioavailability in some tumor models (Giraudo et al. 2004; Du et al., 2008). Rolyn et al. showed 

that a homolog of VEGF-A, PGF, enhances vascularization by binding VEGF receptor1 

(VEGFR1) (Rolyn et al., 2011). In lung cancer, TAM is shown to induce tumor growth via 

angiogenesis by secreting platelet derived growth factor (PDGF) (Ruffell et al, 2012). 

                          

 
 

Figure 1.4. Macrophage polarization and general features of M1 and M2 macrophages (Taken 

from Biswas and Mantovani, 2010).  

 

In TME, TAMs can modulate immune responses via suppressing CD8
+ 

T cells or inducing 

the recruitment of regulatory T cells (Tregs) by secretion of CCL22 (Curiel et al., 2004). The 

inhibition of CD8
+
 T cell proliferation by TAMs is partially dependent on L-arginine metabolism 
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via arginase-1 or iNOS (Doedens et al., 2010; Movahedi et al., 2010, Lu et al., 2011b; Molon et 

al., 2011) in mouse cancer models. On the other hand, L-arginine metabolism is not essential for 

the suppression of CD8
+
 T cells by TAMs in humans (Kryczek et al., 2006). 

 

One of the main mechanisms that macrophages use to promote malignancy is facilitating 

invasion and metastasis of cancer cells. It is shown that a paracrine loop signaling between 

macrophages and tumor cells is important for invasion of malignant cells into ectopic tissue. In 

this signaling loop, cancer cells secrete colony-stimulating factor 1 (CSF1; also known as 

macrophage colony-stimulating factor (MCSF)), which attracts macrophages into tissue. As a 

result of CSF1 binding to its receptor CSFR1 on resident macrophages and macrophage 

precursors (CSFR1 receptor is restricted to macrophages), some mechanisms including 

macrophage proliferation, survival and tissue recruitment is promoted (Pollard, 2009). 

Importantly, this interaction also induces EGF secretion by macrophages and binding of EGF to 

its receptor ErbB1 on tumor cells that in turn enhances tumor cell migration. Inhibition of either 

the EGF or CSF-1 signaling pathways leads to inhibition of migration and chemotaxis of both 

cell types (Condeelis et al., 2006; Wyckoff et al., 2004; Wyckoff et al., 2007). It is also reported 

that loss of CSF-1 sharply decreases accumulation of macrophage in tumors, weakens tumor 

malignancy, and prevents metastasis in the polyoma middle T (PyMT) oncoprotein mouse model 

of breast cancer (Lin et al., 2001), and in an osteosarcoma xenotransplant model (Kubota et al, 

2009). Moreover, deletion of the Est-2 transcription factor, a direct effector of the CSF-1 

pathway, in myeloid cells inhibits metastasis in both PyMT and orthotopic transplant breast 

cancer models (Zabuawala et al., 2010). CSF-1 is regulated by steroid hormone receptor 

coactivator-1 (SRC-1) in PyMT tumor model and loss of SRC-1 results in disrupted macrophage 

recruitment and tumor cell intravasation, and inhibition of metastasis (Wang et al, 2009). 

Furthermore, Cheng et al. reported that knockdown of osteopontin (also known as SPP1) leads to 

loss of motility in tumor cells, which can be compensated by macrophages (Cheng et al., 2007).  

 

Another way that macrophages use to enhance invasion and metastasis of cancer cells is to 

produce and secrete a variety of proteases, including serine proteases, matrix metalloproteinases, 

and cathepsins (Egeblad and Werb, 2002; van Kempen et al., 2002; Kessenbrock et al., 2010) in 

TME, which regulates proteolytic devastation of the matrix, tumor cell migration through the 

stroma and their invasion into ectopic tissue. This also results in production of ECM fragments 

with proinvasive signaling activities. For instance, MMP-2 produced by macrophages cleaves 

laminin-5 γ2 chains, which results in the release of cryptic ECM fragments that induce tumor 
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cell motility and invasion via mimicing EGF receptor (Giannelli et al., 1997; Pirilä et al., 2003). 

In addition, elevated invasiveness of the malignant cells by macrophages via TNFα dependent 

MMP induction was indicated in co-culture experiments (Pollard, 2004). In PyMT model, 

cathepsin B and S depletion from macrophages leads to deacresed tumor cell invasion and 

inhibition of metastasis (Goncheva et al., 2010; Vasilijeva et al., 2006). A kind of serine 

protease, Urokinase/Plasminogen activator (uPA), is also mostly produced by macrophages, and 

in the PyMT model its loss prevents metastasis (Almholt et al., 2005). Sangaletti et al. reported 

that macrophages synthesize SPARC (secreted protein, acidic rich in cysteine; also known as 

osteonectin), which is important for collagen IV removal, and invasion of tumor cells (Sangaletti 

et al., 2008). 

            

According to DNA microarray experiments, in which the transcriptome of the 

macrophages that promote tumor cell invasion were investigated, indicated that this invasive 

subgroup is not similar to general TAM or a reference population of splenic macrophages. It is 

discovered that the invasive macrophages show similar features to those found during 

embryogenesis and they are improved in developmental pathways, especially in the Wnt 

signaling pathway (Ojalvo et al., 2010). As already established, angiogenesis is promoted by 

macrophage derived Wnt signaling during development (Lobov et al., 2005). It is hypothesized 

these invasive macrophages correlate with angiogenesis and tumor invasion. 

 

1.3.5. Other inflammatory cells 

 

Instead of tumor associated macrophages (TAMs), Tie2-expressing monocytes (TEMs) 

and myeloid-derived suppressor cells (MDSCs) also have important roles in tumor promotion 

and metastasis. In hypoxic area of solid tumors, TEM infiltration is increased in response to 

Angiopoietin-2 (Ang-2) that is upregulated in hypoxic vascular cells of tumors. In addition, with 

the help of tumor microenvironment signals such as hypoxia, Ang-2 induces the angiogenic 

activity of TEMs (Murdoch et al., 2007).  

 

MDSCs are immature myeloid cells and can suppress T cell function.  Under normal 

conditions, these cells are found in bone marrow. However under pathological conditions, they 

can be found in high numbers in spleen, blood and lymph nodes. Some cytokines and growth 

factors like VEGF, GM-CSF, IL3, M-CSF, and IL6 are known to promote this recruitment 

process. Furthermore, MMP-9 enzyme is necessary for VEGF secretion by MDSCs and an 
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inhibitor of this enzyme can decrease VEGF concentrations and the number of circulating 

MDSCs in mice that have mammary tumors (Melani et al., 2007). In addition, the pro-

inflammatory cytokine IL1β also stimulates MDSC production (Ostrand-Rosenberg and Sinha, 

2009). 

 

1.4. Inflammation and Cancer Link 

 

 The link between inflammation and tumor development was first suggested by Virchow 

in 1863. He proposed that chronic inflammation might push cancer development based on the 

observation that tumors generally evolve at the chronic inflammation area in organs. Further 

studies confirmed this observation by reporting the obvious correlation of chronic inflammatory 

diseases and cancer progression, including chronic pancreatitis-pancreatic cancer, inflammatory 

bowel disease-colon cancer, and Helicobacter pylori infection-gastric cancer, proving that 

chronic inflammatory diseases enhance cancer development (Colotta et al., 2009). According to 

literature, this link is explained by two ways; extrinsic and intrinsic pathways. In extrinsic 

pathway, long term inflammation prepares the suitable conditions for tumor development, 

whereas in intrinsic pathway, genetic alterations such as proto-oncogene activation, tumor 

suppressor deactivation via mutagenesis are required. These two pathways cause the stimulation 

of several transcription factors in tumor cells, most importantly Nuclear Factor kappa B (NF-κB; 

nuclear factor kappa-light-chain-enhancer of activated B cells) and STAT3. These transcription 

factors enhance the production of inflammatory molecules including cytokines and chemokines, 

which in turn leads to the accumulation of inflammatory cells and eventually development of 

tumor microenvironment. In addition, these inflammatory mediators further enhance the 

activation of the same transcription factors in the cells that compose the tumor microenvironment 

including inflammatory cells, stromal cells and fibroblasts. To sum up cells, which are affected 

by intrinsic and extrinsic pathways activate distinct transcription factors, produce 

proinflammatory molecules to create an inflammatory microenvironment, which then facilitates 

tumorigenesis (Karin and Greten, 2005; Mantovani et al., 2008; Colotta et al., 2009). 

 

 1.4.1. Components and activation of the NF-κB Signaling Pathway 

  

NF-κB protein family is composed of ubiquitously expressed transcription factors, which 

are important for the regulation of several cellular processes; including development, immune 

responses, cell growth and apoptosis. Thus, it is not astonishing that these factors have been 
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established to function in different diseases, including inflammatory diseases, neoplastic 

disorders, Alzheimer’s disease, and cancer. NF-κB  family consists of five members; RelA 

(p65), RelB, c-Rel, NF-κB1 (p105), and NF-κB2 (p100), which can build variable homo-/ 

hetero- dimers to orchestrate the expression of multiple genes via binding to DNA. All NF-κB 

proteins have a highly conserved N-terminal REL homolog domain (RHD), consisting of 

approximately 300 amino acids, which is responsible for DNA binding and dimerization. Intead 

of RHD domain, RelA (p65), RelB, and c-Rel has a C-terminal transactivation domain. In the 

absence of an activation signal, these proteins are kept inactive in the cytoplasm by the inhibitors 

of NF-κB ptoteins (IκB proteins; IκBα, IκBβ, IκBε). Basically, IκB proteins bind to RHD 

domain of these proteins to hide the nuclear localization signal (NLS) and prevent their transfer 

to nucleus. On the other hand, in the presence of an activation stimulus, IκB proteins are 

phosphorylated by IκB kinase (IKK) complex, and then ubiquitinylated for the proteosomal 

degradation, which in turn leads to nuclear localization of NF-κB homo- and heterodimers. IKK 

complex includes three different subunits; IKKα (IKK1), IKKβ (IKK2) and IKKγ (also known as 

NF-κB essential mediator; NEMO). In the complex, IKKα and IKKβ functions as catalytic 

kinase subunits, whereas IKKγ regulates the function of complex by detecting the activator 

signal and integrating it for the activation of IKKα and IKKβ.  Other two members of NF-κB 

family, NF-κB1 (p105) and NF-κB2 (p100), are produced as precursor proteins, which have C-

terminal ankyrin repeat sequences. For the activation, repetitive sequences are removed to 

generate p50 and p52, respectively. These active forms, both p50 and p52 homodimers, can bind 

to another IκB family member, Bcl3, which behaves as a transcriptional co-activator in the 

nucleus (Perkins, 2007; Wong and Tergaonkar, 2009; Perkins, 2012). 

 

There are two activation pathways of NF-κB: canonical (or classical) and non-canonical 

(or alternative) pathway. Canonical pathway is induced by several factors including the pro-

inflammatory cytokines (TNFα and IL1β), bacterial products (LPS) or T-cell receptor (TCR) 

engagement. Upon the detection of activating stimuli, Ser32 and Ser36 residues of IκBα are 

phosphorylated by IKKβ for its further ubiquitination and degradation by 26S proteosome 

(Hayden and Ghosh, 2004).  Canonical NF-κB pathway is essential for innate immunity, immune 

responses, development and maturation of innate and adaptive immune cells. On the other hand, 

non-canonical (or alternative) NF-κB pathway is activated by different effectors; cytokines 

belong to TNF family such as B-cell activating factor (BAFF), CD40, lymphotoxin-β receptor, 

and receptor activator of NF-κB ligand (RANKL) (Wong and Tergaonkar, 2009). In the presence 

of an activation signal, the inhibitory protein TRAF3, c-IAP1 and c-IAP2 are degraded, NF-κB 
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inducing kinase (NIK) is stabilized and it directly activates IKKα via phosphorylation. After 

activation, IKKα homodimer phosphorylates the C-terminal region of p100 for its proteolytic 

cleavage to generate p52, which in turn creates the active p52-RelB complex. Active p52-RelB 

dimmer translocates into the nucleus to induce gene expression. Activation of non-canonical NF-

κB pathway is important for growth of secondary lymphoid organs including spleen, Peyer’s 

patches, mucosa-associated lymphoid tissue (MALT), the lymph nodes, B-lymphocyte 

development, as well as formation of bone matrix (osteoclastogenesis) (Nabel and Verma, 1993; 

Gilmore, 2006; Perkins, 2007; Wong and Tergaonkar, 2009). 

 

Figure 1.5. NF-κB Pathway (http://www.biobest.com.au/sab/products_al98dc.html?id=45).  

 

1.4.2. The NF-κB Pathway in Cancer Development 

 

Aberrant activation of NF-κB pathway is known to be considerable in cancer development 

and is already noticed in several types of solid tumors including breast and PDAC, and 

haematological malignancies including T- and B-cell lymphomas. For instance, increased levels 

of nuclear RelB and p52 were detected both in vivo (breast cancer, prostate cancer, oral cancers) 
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and in vitro (breast, pancreatic and prostate cancer cell lines) (Chandler et al., 2004; Dejardin et 

al., 1995; Dejardin et al., 1999; Lessard et al., 2005; Lessard et al., 2007; Mishra et al., 2006). 

Abnormal activation of NF-κB signaling might occur due to the genetic alterations in the 

upstream elements of NF-κB pathway, or less frequently in NF-κB components (Intrinsic 

pathway). In multiple myeloma cell lines and patients, activating/deactivating mutations in 

several genes containing TRAF3, CYLD, CD40, NIK, NF-κB1, and NF-κB2 have been reported 

to cause abnormal activation of NF-κB pathway (Annunziata et al., 2007; Keats et al., 2007). 

Another study detected that a mutant form of TLR adaptor protein MyD88 (L265P MyD88) led 

to the spontaneous activation of NF-κB via IRAK1/IRAK4 protein complex, which in turn 

activated the STAT3 transcription factor by Jak kinase and IL6, IL10 and IFN-β secretion at 

activated B-cell-like subtype of diffuse large B-cell lymphoma (DLBCL) (Ngo et al., 2011). As 

this study implies, several other factors might be involved in NF-κB induced oncogenesis, such 

as STAT3. As being a transcription factor, STAT3 was reported by several studies that it took 

part in NF-κB enhanced tumorigenesis (Bollrath et al., 2009; Griennikov et al., 2010; Iliopoulas 

et al., 2009).  

 

Since NF-κB transcription factor family orchestrates the expression of a wide range of 

genes, it is not surprising that abnormal NF-κB activation might enhance tumorigenesis via 

affecting crucial cellular processes, such as cell proliferation, cell growth, cell survival, 

apoptosis, angiogenesis, invasion and metastasis. Some of NF-κB targets have already  been 

established to be related with cancer, including the genes encoding cytokines and chemokines 

(IL1β, IL2, IL6, IL8, TNFα, GM-CSF, Rantes, MCP-1, MIP-1α), vascularization factors 

(VEGF), matrix metalloproteases (MMP-9), cell adhesion molecules (ICAM-I, VCAM-I, E-

selectin), and anti-apoptotic genes (Bcl-xl, Bcl-2, c-FLIP, c-IAP, AI) (Wong and Tergaonkar, 

2009).  

 

 NF-κB has been shown to promote tumor development by orchestrating macrophage 

polarization in tumor microenvironment. It is published that TAM responses to NF-κB inhibition 

by changing the M2 pro-tumorigenic type to the M1 anti-tumorigenic type (Hagemann et al., 

2008). According to literature, p50 is very important for M2 promoted inflammatory reactions. 

In chemically induced murine fibrosarcoma model, M2 polarized TAMs were found to be related 

with defective NF-κB activation (Biswas et al., 2006), and overexpression of p50 was shown to 

silence TAM against M1 inflammatory responses in a murine fibrosarcoma and human ovarian 

carcinoma (Saccani et al., 2006). Consistently, p50 suppressed M1 polarization of TAM, and 
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mice lacking p50 had intensified M1-driven inflammation and showed impaired M2-driven 

inflammatory responses (Porta et al., 2009). Furthermore, Hagemann and colleagues have 

discovered that IKKβ is fundamental for IL1R and MyD88 enhanced immunosuppressive M2 

phenotype, and IKKβ blockage pushed TAMs to convert their phenotype from M2 to anti-

tumorigenic M1 in ovarian cancer (Hagemann et al., 2008). Instead of TAMs, another 

component of tumor microenvironment; CAFs can be also modified by NF-κB in order to 

increase pro-inflammatory gene expression, angiogenesis, macrophage recruitment and 

eventually tumor growth (Erez et al., 2010). 

 

NF-κB signaling pathway is also correlated with the tumor suppressor p53. NF-κB and p53 

can regulate the expression of several genes in a co-operate manner since genes such as SKP2, 

KILLER/DR5 have binding sites for these two transcription factors. Weisz et al. showed that in 

the presence of mutant p53, NF-κB activation was enhanced via the secretion of TNFα in human 

non-small cell lung carcinoma cell line; H1299 and cancer cells became sensitive to cell death 

after mutant p53 down-regulation (Weisz et al., 2007). In another study, high expression of 

mutant p53 was shown to cause NF-κB activation via transactivation of NF-κB2 in H1299 cell 

line and the overexpression of NF-κB2 resulted in chemoresistance suggesting that mutant p53-

induced NF-κB pathway activation might be related to drug insensitivity in tumor cells (Scian et 

al., 2005). In addition, a common polymorphism of p53 at codon 72 increases the binding of this 

form of p53 to RelA and enhances the expression of p53 target genes, which also have NF-κB 

binding domain. For instance, caspase 4/11 is among these genes and it is required for DNA 

damage proposing that NF-κB signaling is correlated with DNA damage responses (Frank et al., 

2011). Although there is no abnormal NF-κB activation, DNA damage was reported to promote 

IKK activation in tumors (Wu and Miyato, 2007; Wu et al., 2010; Stilmann et al., 2009).  

 

1.4.3. The NF-κB Pathway in Pancreatic Cancer 

 

Mutations in ras genes are generally found in many types of human tumors and NF-κB has 

been shown to be required for ras mediated oncogenesis (Finco et al., 1997; Mayo et al., 1997). 

Finco et al. showed that H-ras activates NF-κB pathway via increasing the transcriptional 

activation of p65/RelA (Finco et al., 1997). Consistently, Wang et al. reported that RelA was 

constitutively activated in 67% of pancreatic adenocarcinomas, and dominant negative mutants 

of IκBα, raf kinase and MAPK were able to suppress NF-κB activation in pancreatic tumor cell 

lines (Wang et al., 1999). Since oncogenic K-ras is activated in approximately 80-95% of 
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pancreatic carcinomas (Sclabas et al., 2003), NF-κB pathway might be important for K-ras 

driven pancreatic cancer development. Supporting this hypothesis, Ling and colleagues 

investigated the role of IKK2/IKKβ in K-ras promoted PDAC and found out that mutant K-ras 

activated NF-κB activation via increasing IL1α expression. Furthermore, IKKβ inactivation 

decreased pre-neoplastic lesion and chronic pancreatitis development and mice did not show 

PDAC progression over 12 months proposing that IKKβ might be essential in mutant K-ras 

driven PDAC development (Ling et al., 2012).  

 

Although the number of studies, which explored the link between NF-κB pathway and 

oncogenic K-ras driven PDAC is limited, there are several reports, which focus on the role of 

canonical NF-κB pathway in pancreatic cancer development. Chandler et al. detected the 

elevated levels of NF-κB localization in both cytoplasm (IkBα, p50, p52, p65) and nucleus (p50, 

p52, p65, c-Rel) in PANC-1 and BxPC-3 pancreatic cancer cell lines (Chandler et al., 2004). 

Fujioka et al. showed that inhibition of constitutive NF-κB  activity via using a mutant form of 

IκBα resulted in suppression of tumorigenicity and liver metastasis of pancreatic cell lines in 

orthotopic nude mouse model, however the responses of the pancreatic cancer cell lines were 

different. Furthermore, suppression of NF-κB activation attenuated angiogenesis in pancreatic 

cancer via decreasing the expression of VEGF in vivo and in vitro (Fujioka et al., 2003a; Fujioka 

et al., 2003b).  

 

In comparison to the number of literature about canonical NF-κB pathway, research on 

non-canonical pathway are not very extensive, however the interest is growing.  One of the 

important studies to enlighten the role of non-canonical pathway was done by Wharry and 

colleguages. According to their report, expression of non-canonical pathway target genes 

including CXCL12, CXCL13, CCL19, CCL21 and BAFF were enhanced in human pancreatic 

cancer cell lines Capan-1, MiaPACA-2, BxPC-3, Panc-1, Hs-766T, PCA-2 and ASPC1. 

Furthermore, expression of CXCL12, CXCL13 and BAFF was decreased in BXPC-3 cell line by 

using a dominant negative IKKα form suggesting that these genes were over-expressed as a 

result of non-canonical pathway activation. Consistently, immuno-precipitation experiments 

using nuclear extracts from BXPC3 and Hs-766T cells resulted in detection of p52-RelB 

heterodimers confirming that in several human pancreatic cancer cell lines, non-canonical NF-

κB is activated (Wharry et al., 2009). In addition, RelB-p52 co-localization was detected on the 

promoter of the S-phase kinase associated protein 2 (skp2) in MiaPACA-2 cells and inhibition of 

IKKα suppressed their nuclear accumulation (Schneider et al., 2006), suggesting that IKKα 
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might be crucial for PDAC development. However, further in vivo data is necessary to confirm 

this hypothesis. Thus, the role of IKKα in PDAC progression is worth of investigation. 

 

1.4.4. The Role of IKKα in Inflammation and Cancer 

 

IKKs are essential components for NF-κB activation. Nevertheless, as the numbers of 

studies are growing on this topic, it is understood that IKKs are not just involved in degradation 

of IκB and eventual activation of NF-κB, but also in the regulation of cellular responses to the 

initial activating stimulus. Previously, research was more focused on the function of IKKβ, but 

since several NF-κB independent targets of IKKα have been identified, IKKα has gained more 

interest (Perkins, 2007). 

 

IKKα is an essential mediator during the lymphoid organ development and B cell 

maturation through classical and nonclassical NF-κB pathways (Senftleben et al., 2001; 

Lawrence et al., 2005). In addition, NF-κB independent IKKα targets have recently been 

explored. It is found out that IKKα can regulate cell proliferation by orchestrating the expression 

of cyclin D1 via several NF-κB-independent mechanisms. It can activate cyclin D1 expression 

by phosphorylating and stabilizing the transcription factor β-catenin (Albanese et al., 2003) or 

activating the estrogen receptor α (ERα) transcription factor and its co-activator protein SRC3 

(Park et al., 2005). Moreover, it can directly phosphorylate cyclin D1 to promote its degradation 

(Kwak et al., 2005). However, Cyclin D1 is not the only target of IKKα to regulate cell cycle 

progression because IKKα was also shown to activate the E2F1 transcription factor in order to 

orchestrate estrogen induced cell-cycle progression in breast cancer (Tu et al., 2006). 

Furthermore, IKKα has been found to be necessary for the SMRT phosphorylation and 

depression, which results in the activation of NF-κB target gene expression and enhanced cell 

survival in several cancer cell lines including HEK293T, DU145 and HT29 (Hoberg et al., 

2006). In addition, Hoshino et al. has established that IKKα is involved in TLR7/9 signaling for 

interferon α (IFNα) production (Hoshino et al., 2006).  
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 Figure 1.6. IKKα and its NF-κB independent functions (Taken from Perkins, 2007). 

 

Furthermore, Lawrence et al. showed that IKKα decreases macrophage activation via 

controlling the activation of NF-κB subunits; RelA and c-Rel. By using Ikkα
AA/AA

 mouse model 

in which the kinase activity of IKKα is inactivated, the group showed that upon the Gram 

positive human pathogen group B Streptococcus (GBS) challenge, Ikkα
AA/AA 

mice had increased 

immune response with faster bacterial clearance but also showed higher tendency to septic 

shock. Macrophages from these animals were found out to display low activity against GBS and 

the expression of NF-κB target genes was decreased in the alveolar and peritoneal macrophages. 

In addition, RelA and c-Rel turnover was accelerated by IKKα suggesting that IKKα can control 

immune response and activity of macrophages by regulating the activity of NF-κB subunits 

(Lawrence et al., 2005). 

 

IKKα is important for development. It is found out that IKKα deficient mice die perinatally 

and Ikkα
-/-

 fetuses have defective limb and skin development. The mice displayed hyperplastic 

epidermal cell structure with aberrant epidermal differentiation suggesting that IKKα is essential 

for epidermis formation during embryonic development in mice (Takeda et al., 1999; Park et al., 

2011). Furthermore, nuclear IKKα homodimers were shown to orchestrate epidermal 

development, keratinocyte maturation and differentiation (Sil et al., 2004; Liu et al., 2006; 

Descargues et al., 2008). The importance of IKKα was further verified by another study in which 
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IKKα reduction and Ikkα mutations were detected in poorly differentiated human squamous cell 

carcinomas (SCCs) (Liu et al, 2006). Increased expression of IKKα in the epidermis suppressed 

skin cancer development and metastasis in mice, proposing that IKKα is a considerable inhibitor 

for the development of SCC (Liu et al, 2006). Lack of IKKα has been observed to increase the 

susceptibility to chemical carcinogen induced skin cancer in mice by enhancing the proliferation 

of keratinocytes and papilloma formation in a Ras cooperation manner (Park et al., 2007). The 

importance of IKKα in skin cancer is further supported by another study in which keratinocyte 

specific deletion of IKKα in mice was displayed to activate EGFR pathway and inactivation of 

this pathway blocks the development of epidermal hyperplasia and tumors (Liu et al., 2008). 

Moreover, Zhu et al. established that IKKα takes part in epigenetic regulation and orchestrates 

G2/M cell cycle arrest by preventing the hypermethylation of 14-3-3σ of CpG islands in 

keratinocytes. 14-3-3σ is involved in cell cycle arrest upon DNA damage, however it is not 

targeted by IKKα directly in the IKKα-mediated terminal differentiation process (Zhu et al., 

2007).  Additionally, Kwak and colleagues have confirmed that lack of IKKα results in nuclear 

accumulation of Cyclin D1 in MEFs and discovered that Ikkα
-/- 

cells displayed a neoplastic 

phenotype by forming colonies in soft agar and promoting tumor development in nude mice.  

Moreover, IKKα deletion led to an increased expression of anti-apoptotic genes and decreased 

tumor suppressor genes. Lower IKKα expression was detected in several mouse and human lung 

cancer cells suggesting that IKKα might inhibit tumor progression by functioning as a tumor 

suppressor (Kwak et al., 2011). However, the mechanism that IKKα uses to suppress cancer is 

still unknown and further studies are required to explore its roles in different types of tumor 

development. 

 

1.5. Energy Metabolism and Its Alterations in Cancer Cells 

 

1.5.1. Metabolic Pathways in the Cells 

 

1.5.1.1. Glycolysis 

 

Glycolysis is one of the main energy production pathways in living organisms in which 

glucose is metabolized to produce energy. Instead of glucose, other monosaccharides including 

fructose and galactose can be also processed by glycolysis.  In eukaryotes, glycolytic reactions 

progress in the cytoplasm. Glycolysis consists of two main steps. In the first step, the aim is not 

to produce energy, but to take and keep the glucose molecule in the cytoplasm. First of all, 
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glucose molecule is carried through the cell membrane via glucose transporter molecules 

(GLUTs). After transport, it is phosphorylated and converted into Glucose 6-Phosphate (G6P) by 

hexokinases in the cytoplasm. Hexokinases are one of the main catalyzers of the reaction since 

the reaction they catalyze is irreversible. Due to its chemical structure, G6P can not go out of the 

cytoplasm through the cell membrane, thus it is trapped in the cell. Moreover phosphorylation of 

glucose facilitates its metabolism in further steps since the addition of phosphoryl group on 

carbon 6 makes the structure of glucose more destabilized. Afterwards G6P, an aldose, is 

converted into Fructose 6-Phosphate (F6P), a ketose, via an isomerization reaction catalyzed by 

phosphoglucose isomerase (also known as glucose-6-phosphate isomerase (Gpi). Then, F6P is 

phosphorylated by phosphofructokinase (PFK) and transformed into Fructose 1,6-bisphosphate 

(F-1,6-BP). Afterwards, F-1,6-BP is splitted by aldolase in a reversible reaction to generate 

Glyceraldehyde 3-Phosphate (GAP) and Dihydroxyacetone phosphate (DHAP). At this point, 

GAP is used for further reactions whereas DHAP not and the loss of DHAP molecule would lead 

to the loss of ATP that will be produced. Thus, DHAP is further converted to GAP by an 

isomerization reaction catalyzed by triose phosphate isomerase (TPI). This reaction is the last 

step of the first part of glycolysis. In the second part, GAP is transformed into 1,3-

Bisphosphoglycerate (1,3-BPG) by glyceraldehyde 3-phosphate dehydrogenase. 1,3-BPG is a 

great energy source since it has high phosphoryl transfer potential. As the next step, phosphoryl 

groups of 1,3-BPG are transferred to adenosine diphosphate (ADP) by phosphoglycerate kinase 

(PGK), which leads to the formation of 3-phosphoglycerate and ATP. At this point, since 2 GAP 

molecules are formed as a result of the activation of aldolase and TPI in the first stage of 

glycolysis, 2 ATP molecules are formed. However, these 2 ATP molecules only compensate the 

investment of 2 ATP molecules in the first part of glycolysis. Afterwards, the phosphoryl group 

of 3-phosphoglycerate is rearranged by phosphoglycerade mutase leading to firstly 2,3-

bisphosphoglycerate (2,3-BPG) and following 2-phosphoglycerate formation. Afterwards, 2-

phosphoglycerate is dehydrated and converted into phosphoenolpyruvate (PEP), by Enolase. As 

the final step, phosphoryl group of PEP is transferred to ADP and PEP is converted into a more 

stabile keton structure, pyruvate, by pyruvate kinase. Since 2 molecules of pyruvate are formed, 

2 ATP molecules are also generated concomitantly (Berg et al., 2012-Chapter 16) (Figure 1.7). 

 

Glycolysis can be summarized by this formula: 

 

 

Glucose + 2 Pi + 2 ADP + 2 NAD
+
 → 2 Pyruvate + 2 ATP + 2 NADH + 2 H

+ 
+ 2 H2O 
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The end product of glycolysis, pyruvate, can be transformed into ethanol and lactate by 

fermentation in the absence of oxygen. In the presence of oxygen, pyruvate can be directed to 

Tricarboxylic acid (TCA) cycle and electron transport chain (Berg et al., 2012- Chapter 16).  

 

 
Figure 1.7. Gycolysis (Berg et al., 2012- Chapter 16). 

 

 

1.5.1.2. Gluconeogenesis 

 

Gluconeogenesis is the process in which glucose is synthesized from noncarbohydrate 

precursors including lactate, amino acids and glycerol. These precursors are either firstly 
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transformed into pyruvate or used lately in the form of oxaloacetate (OAA) or dihydroxyacetone 

phosphate for further glucose production. During the long term of starvation or fasting, 

gluconeogenesis is very essential for providing glucose (Berg et al., 2012-Chapter 16).  

 

As the first step, pyruvate is carboxylated by pyruvate carboxylase and converted into 

OAA in the mitochondria. Among the enzymes involved in gluconeogenesis, only pyruvate 

carboxylase is mitochondrial whereas the other enzymes are cytoplasmic. Thus, OAA has to be 

transported to the cytoplasm for further reactions. Since it can be transported in the form of 

malate, it is reduced by NADH-linked malate dehydrogenase. Upon arrival to the cytoplasm, 

NAD
+
- linked malate dehydrogenase reoxidizes malate to OAA. Afterwards, OAA is 

decarboxylated and phosphorylated by phosphoenolpyruvate carboxykinase (PEPCK) to form 

PEP in the cytoplasm. PEP is then metabolized by the same enzymes, which are involved in 

glycolysis. However, when Fructose 1,6-bisphosphate (F-1,6-BP) is formed, then fructose 1,6-

bisphosphatase (FBPase1; also known as fructose bisphosphatase 1) metabolizes it to F6P, which 

is further transformed into G6P. Generally, gluconeogenesis stops at this point and G6P is not 

converted to free glucose. However, when free glucose is necessary, G6P is transferred to 

endoplasmic reticulum (ER). In ER, G6P is converted into glucose by the membrane-bound 

enzyme glucose 6-phosphatase resulting in the formation of glucose and Pi. For the transport of 

these molecules to the cytoplasm, transporters are also necessary (Berg et al., 2012-Chapter 16). 

 

Glycolysis and gluconeogenesis are strictly regulated pathways and they are organized 

mutually.  

 
1.5.1.3. Tricarboxylic acid (TCA) Cycle 

 

Tricarboxylic acid (TCA) cycle (also known as Krebs cycle or Citric acid cycle) is an 

important metabolic pathway for supplying the fuel molecules for energy production or 

intermediate molecules, which are used to synthesize essential biomolecules including 

nucleotides and proteins. In eukaryotes, TCA cycle reactions takes place inside of the 

mitochondria.  

 

In the presence of oxygen, the end product of glycolysis, pyruvate, is converted into 

Acetyl Coenzyme A (Acetyl CoA) by oxidative decarboxylation. Acetyl CoA is the substrate of 

TCA cycle. During TCA cycle, acetyl group of Acetyl CoA is oxidized by oxidation-reduction 
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reactions, and eventually leads to the removal of electrons from Acetyl CoA. During these 

reactions, six electrons are transferred to 3 molecules of nicotinamide adenine dinucleotide 

(NAD
+
) and two electrons are transferred to 1 molecule of flavin adenine dinucleotide (FAD), 

resulting in the generation of NADH and FADH2 respectively. These electron carriers, NADH 

and FADH2, are then oxidized by oxygen during oxidative phosphorylation and release electrons 

flow through electron transport chain proteins, which are localized in the membrane of 

mitochondria. As a result, a proton gradient is generated across the membranes leading to the 

production of ATP from ADP and inorganic phosphate by ATP synthase. This shows that instead 

of producing abundant amounts of ATP by itself, TCA cycle produces most of the required 

energy for aerobic cells together with oxidative phosphorylation (Berg et al., 2012-Chapter 17). 

 

Pyruvate dehydrogenase complex (PDC) is responsible for the transfer of pyruvate from 

cytosol to mitochondria and its conversion into Acetyl CoA. This irreversible reaction connects 

glycolysis to cellular respiration. Pyruvate dehydrogenase complex (PDC) is a very large 

complex including three different enzymes:  Pyruvate dehydrogenase component (E1), 

Dihydrolipoyl transacetylase (E2) and Dihydrolipoyl dehydrogenase (E3). All these subunits are 

required for the reaction, together with coenzymes thiamine pyrophosphate (TPP), lipoic acid, 

FAD, CoA, and NAD
+
. The first two reactions, decarboxylation and oxidation of pyruvate, are 

catalyzed by E1 subunit PDC. The third step, transfer of acetyl group and formation of Acetyl 

CoA, together with dihydrolipoamide, is processed by E2 subunit of PDC. In order to continue in 

the cycle, dihydrolipoamide has to be oxidized to lipoamide and this is catalyzed by E3 subunit 

of PDC. After the generation of Acetyl CoA, OAA reacts with Acetyl CoA and H2O to produce 

CoA and citrate, which is catalyzed by citrate synthase. Then, citrate is converted into isocitrate 

by an isomerization reaction catalyzed by acotinase. This step is necessary for the oxidative 

decarboxylation of isocitrate, since the chemical structure of citrate is not suitable for the 

reaction.  Then, oxidative decarboxylation of isocitrate is catalyzed by isocitrate dehydrogenase 

leading to the generation of α-ketoglutarate and NADH.  NADH is an important molecule for the 

reaction since it functions as high-transfer-potential electron carrier.  Afterwards, α-ketoglutarate 

dehydrogenase complex converted α-ketoglutarate into Succinyl CoA by another oxidative 

decarboxylation reaction. Then, Succinyl CoA is cleaved into succinate by Succinyl CoA 

synthetase (also known as succinate thiokinase), which is further oxidized to fumarate by 

succinate dehydrogenase. This step is followed by the hydration of fumarate by fumarase to 

produce L-malate. The cycle is completed by the oxidation of malate to generate OAA and 
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NAD
+
 as the hydrogen acceptor, which is catalyzed by malate dehydrogenase (Berg et al., 2012-

Chapter 17). 

 

The sum of the reactions of TCA cycle can be summarized by this formula: 

 

Acetyl CoA + 3 NAD
+
 + FAD + ADP + Pi + 2 H2O → 2 CO2 + 3 NADH + FADH2 + ATP + 2 

H
+
 + CoA 

 

 

Figure 1.8. TCA cycle (http://25.media.tumblr.com/tumblr_lgtvemTj8o1qg1qzoo1_500.jpg). 

 

 

 

 

http://25.media.tumblr.com/tumblr_lgtvemTj8o1qg1qzoo1_500.jpg
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1.5.1.4. Oxidative Phosphorylation 

 

As mentioned before, TCA cycle supplies mitochondrial NADH. However, NADH can 

be also provided by mitochondrial fatty acid oxidation. Furthermore, cytoplasmic NADH can be 

also transported to mitochondria for the use by the electron transport chain.  

 

Oxidative phosphorylation includes several reactions that lead to ATP production. The 

first step is the binding of NADH to NADH-Q oxidoreductase (also known as Complex I and 

NADH dehydrogenase). All of the redox reactions process in the extra membranous part of 

Complex I, which is a big protein including 46 subunits and is encoded by both mitochondrial 

and nuclear genome. After binding of NADH to the extra membranous part of Complex I, two 

electrons of NADH are transferred to a prosthetic group, flavin mononucleotide (FMN) leading 

to the reduction of FMN to FMNH2. Afterwards, the electrons are transferred from FMNH2 to 

another prosthetic group of Complex I, a series of iron-sulfur clusters and then to coenzyme Q 

(ubiquinone), leading to its reduction and conversion into QH2 (ubiquinol). During the transfer 

of two electrons from NADH to coenzyme Q (reduction of coenzyme Q) via Complex I, four 

hydrogen ions are pumped out of the mitochondrial matrix leading to the generation of a proton 

gradient (Berg et al., 2012- Chapter 18). The enzymatic reaction catalyzed by Complex I can be 

summarized as: 

 

NADH + Q + 5 H
+
 matrix → NAD

+
 + QH2 + 4 H

+ 
intermembrane 

 

The second electron source of the oxidative phosphorylation is FADH2, which is 

generated as a result of the oxidation of succinate to fumarate by succinate dehydrogenase during 

TCA cycle. Succinate dehydrogenase is a unique enzyme since it is not only involved in TCA 

cycle but also a part of Succinate-Q reductase (also known as Complex II). The electrons of 

FADH2 are transferred to iron-sulfur clusters by the complex and eventually to coenzyme Q, 

leading to its reduction to QH2. During these reactions, protons are not pumped through the 

mitochondrial membrane as it is done by Complex I. Thus, energy production by the oxidation of 

FADH2 is less than the oxidation of NADH (Berg et al., 2012- Chapter 18). The enzymatic 

reaction catalyzed by Complex II can be shown as:  

 

Succinate + Q + → Fumarate + QH2  
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The third step of oxidative phosphorylation is catalyzed by Q-cytochrome c 

oxidoreductase, which is also known as Complex III or cytochrome c reductase. Complex III 

catalyzes the transfer of electrons from QH2 to cytochrome c (Cyt c) and pumps the protons out 

of the mitochondrial matrix concomitantly. In mammals, the enzyme functions as dimers and 

each subunit consists of 11 subunits, an iron-sulfur cluster and three cytochromes (one 

cytochrome c1 and two cytochromes b, which transfer the electrons and include at least one 

heme group. The heme groups of Complex III consist of iron atoms, which switch from a 

reduced ferrous (+2) and oxidized ferric (+3) state during the transfer of electrons through the 

protein (Berry et al., 2000; Crofts, 2004; Iwata et al., 1998; Berg et al., 2012-Chapter 18). 

 

The function of Complex III is a bit more complicated than other enzymes of oxidative 

phosphorylation since only one electron can be transferred from QH2 to acceptor Cyt c. Thus the 

reaction is catalyzed in two steps, which is called as Q cycle (Trumpower, 1990). At the 

beginning, QH2 is oxidized by the complex III and one electron is transferred to the acceptor Cyt 

c, followed by the release of two electrons from QH2 that are passed to the intermembrane 

space. Another substrate of complex III, a bound oxidized Q in a second binding site takes the 

second electron of QH2, resulting in its conversion to a ubisemiquinone free radical Q
.-  

molecule. In the second step, another QH2 molecule is bound to the complex and its first 

electron is again transferred to Cyt c, similarly to the first step. On the other hand, second 

electron of QH2 is transferred to Q
.-  

molecule. Upon the transfer of an electron from second 

QH2, Q
.- 

accepts two protons from the matrix of mitochondria, leading to the generation of QH2.  

Importantly, removal of two electrons from mitochondrial matrix results in the generation of 

proton gradient (Hunte et al., 2003; Berg et al., 2012- Chapter 18). The reaction catalyzed by 

complex III can be summarized by this formula: 

 

2 QH2 + Q +2 Cyt c ox + 2 H
+

matrix → 2 Q + QH2 + 2 Cyt c red + 4 H
+

cytoplasm 

 

After this step, cytochrome c oxidase (also known as complex IV), which consists of 13 

subunits, two heme groups and several metal ion cofactors takes place (Tsukihara et al., 1996). It 

transfers electrons from reduced Cyt c to the terminal acceptor oxygen and concomitantly pumps 

the protons across the membrane (Yoshikawa et al., 2006). As a result, oxygen is reduced to 

water and proton gradient is formed. The reaction catalyzed by Complex IV is:  

 

4 Cyt cred + O2 + 8 H
+

matrix → 4 Cyt cox + 2 H2O + 4 H
+

intermembrane 
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The final step of oxidative phosphorylation is catalyzed by ATP synthase (also known as 

Complex V). Electron flow through Complex I, II, III and IV resulted in transfer of electrons 

from the matrix side to the inner membrane of mitochondria. This proton accumulation in the 

inner membrane forms membrane potential, which is used by Complex V to synthesize ATP 

from ADP and inorganic phosphate molecules. The reaction catalyzed by Complex IV is:  

 

ADP + Pi + 4 H
+ 

intermembrane ↔ ATP + H2O + 4 H
+
 matrix 

 

 

Figure 1.9. Electron transport chain (Berg et al., 2012- Chapter 18). 

 

1.5.1.5. Pentose Phosphate Pathway (PPP) 

 

Pentose phosphate pathway (also known as hexose monophosphate pathway, the 

phosphogluconate pathway or the pentose shunt) is responsible for the oxidation of glucose and 

generation of NADPH, which functions as a reducing agent in biosynthetic reactions and is 

important for protection against oxidative stress in the cells. Moreover, the synthesis of pentose 

sugars for nucleotide biosynthesis is also done by this pathway. The substrate of PPP is Glucose 

6-phosphate, which might also be processed in glycolysis. The pathway which will use Glucose 

6-P is determined by the cytoplasmic concentration of NADP
+
 in the cells (Berg et al., 2012-

Chapter 20). 
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PPP consists of two main steps and all the reactions catalyzed in the pathway take place 

in cytoplasm. The first step is the oxidative step that starts with dehydrogenation of glucose 6-

phosphate (G6P) by glucose 6-P dehydrogenase, leading to the generation of 6-phosphoglucono-

δ-lactone. Afterwards, hydrolysis of 6-phosphoglucono-δ-lactone is catalyzed by lactonase and 

6-phosphogluconate is produced. As the last reaction of oxidative step of PPP, oxidative 

decarboxylation of 6-phosphogluconate is catalyzed by 6-phosphogluconate dehydrogenase and 

it is converted to ribulose 5-phosphate. In the first oxidative step, oxidization of each glucose 6-

phosphate molecule results in the production of two NADPH molecules and one ribulose 5-

phosphate molecule. The second step is the non-oxidative step in which sugar molecules are 

converted. In this step, firstly ribulose 5-phosphate is converted to ribose 5-phosphate by an 

isomerization reaction catalyzed by phosphopentose isomerase. Then, ribose 5-phosphate and 

xylulose 5-phosphate is converted into glyceraldehydes 3-phosphate and sedoheptulose 7-

phosphate by transketolase, which are further converted into fructose 6-phosphate and erythrose 

4-phosphate by transaldolase. At the last step of the non-oxidative branch of PPP, fructose 6-

phosphate and glyceraldehyde 3-P is generated from erythrose 4-phosphate and xylulose 5-

phosphate by transketolase (Berg et al., 2012-Chapter 20). 

 

Among the enzymes involved in PPP, transketolase and transaldolase are important since 

they catalyze the reactions that link glycolysis and PPP. Moreover, glucose 6-phosphate 

dehydrogenase is also important because it is the rate-limiting enzyme of PPP. 
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Figure 1.10. Pentose Phosphate Pathway (Riganti et al., 2012). 

 

1.5.2. Energy Metabolism in Cancer Cells 

 

It is known since long time that cancer cells have different metabolism than normal 

untransformed cells. In 1920s, Otto Warburg discovered that even in the presence of oxygen, 

cancer cells prefer to produce energy via glycolysis rather than mitochondrial oxidative 

phosphorylation, even in the expense of less ATP production. This hypothesis is known as 

‘Warburg effect’ or ‘aerobic glycolysis’, and accepted as a hallmark of cancer cell metabolism 

(Warburg, 1956). This hypothesis further led to the discovery of clinical [
18

F] 

fluorodeoxyglucose positron emission tomography (FDG-PET) imaging in which a radio-active 

glucose analogue is used to detect the organs that uptake high amount of glucose. Since tumor 

cells have increased metabolic demands, detection of the increased glucose uptake by cancer 

cells becomes possible by FDG-PET (Gambhir, 2002).  

 

Indeed, the exact reason why cancer cells preferably depend on glycolysis for energy 

production is not completely understood (Hsu and Sabatini, 2008).  It is previously suggested 

that tumor cells shift to glycolysis due to the defects in mitochondria, which prevents ATP 

production by oxidative phosphorylation. However, afterwards, it was established that defects in 

the mitochondria of cancer cells is not very common (Frezza and Gottlieb, 2009). Moreover, an 



                                                                                                                             INTRODUCTION

      

 

37 

 

alternative proposal why this shift happens was the hypoxic area of tumor microenvironment; 

during which the absence of enough vascularization induces HIF-1, and cells can not continue to 

produce ATP via oxidative phosphorylation. Another suggestion is that cells can produce ATP at 

a higher rate by glycolysis than oxidative phosphorylation and since tumor cells have increased 

and continuous energy demand, increased turnover rates by the glycolytic pathway may appear 

advantageous. Lastly, it is suggested that glycolysis is not just helpful for ATP production, but 

also generates high amount of substrates, which are used by cells to produce additional 

macromolecules including proteins, nucleic acids, carbohydrates and lipids through biosynthetic 

pathways such as PPP (Cairns et al., 2011). Furthermore, activation of oncogenes or loss of 

tumor suppressor genes is suggested to cause alterations in energy metabolism (Yeung et al., 

2008). 

 

HIF-1 is a member of basic helix-loop-helix-Per-ARNT-Sim (bHLH-PAS) transcription 

factor family (Liao et al., 2007).  Under normal oxygen (normoxic) conditions, Von Hippel 

Lindau (VHL) tumor suppressor protein binds to HIF-1, which results in its ubiquitination and 

proteasomal degradation (Maxwell et al., 1997; Kallio et al., 1990). However, in the presence of 

hypoxia, HIF-1 is stabilized and regulates the expression of genes involved in the adaptive 

responses to hypoxia (Manalo et al., 2005). Together with c-Myc, HIF-1 can induce the 

expression of glycolytic enzymes pyruvate dehydrogenase (PDH) and lactate dehydrogenase 

(LDH) (Brahimi-Horn et al., 2007; Yeung et al., 2008).  These enzymes are very important 

because their relative activities regulate the switch between glycolysis and oxidative 

phosphorylation (Brahimi-Horn et al., 2007).  The activity of pyruvate dehydrogenase (PDH) is 

orchestrated by pyruvate dehydrogenase kinase 1 (PDK1). PDK1 inhibits the conversion of 

pyruvate into acetyl CoA and decreases its utilization during oxidative phosphorylation by 

inhibiting PDH (Gogvadze et al., 2008). It is shown that PDK1 expression is upregulated by 

HIF-1, which leads to inactivation of PDH and the suppression of Krebs cycle and mitochondrial 

respiration (Kim et al., 2006; Papandreaou et al., 2006). Another HIF-1 target, LDHA, converts 

pyruvate into lactate and is over-expressed in several human cancers including colorectal cancer 

(Goldman et al., 2964; Brahimi-Horn et al., 2007). In the absence of LDHA, lactate production 

is blocked and oxygen consumption by oxidative phosphorylation in mitochondria (OXPHOS 

activity) is elevated in tumor cells, showing the importance of LDHA for glycolysis/respiration 

balance in tumor cells (Fantin et al., 2006). Together with c-Myc and p53, HIF-1 also regulates 

the expression of Hexokinase 2 (HK2). HK2 is an important enzyme in glycolysis since it 

phosphorylates glucose into glucose-6-phosphate, which enters into glycolysis for ATP 
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production or the pentose phosphate pathway for the production of reduced nicotinamide adenine 

dinucleotide phosphate (NADPH) and /or ribose (Mathupala et al., 1997).  

 

HIF-1 is an important molecule for the regulation of energy metabolism in pancreatic 

cancer. Yoon et al. found that in human pancreatic cancer cell line, Capan-2, HIF-1 can induce 

the expression of hypoxia inducible genes GPI/NLK/AMF (glucose phosphate isomerase/ 

neuroleukin/autocrine motility factor), HK2 and DEC1/Stra13 (Yoon et al., 2001). 

GPI/NLK/AMF is an important player both in glyconeogenesis and glycolysis. It catalyzes the 

reversible izomerization of D-glucose-6-phosphate and D-fructose-6-phosphate (Niinaka et al., 

1998) and may help cancer cells to survive and proliferate in the absence of nutrients and oxygen 

(Akakura et al., 2001). Furthermore, Chen et al. suggested that under hypoxic conditions, 

inhibition of a subunit of HIF-1 (HIF1α) results in decreased glucose uptake and glycolysis in 

pancreatic cancer cells, which in turn causes the production of less energy and enhanced 

apoptosis. They showed that in the presence of a dominant negative HIF1α mutant transfectants, 

the expression of GLUT-1, aldolase A and VEGF is reduced in pancreatic ductal 

adenocarcinoma cell line (PCI-43), which already has mutated p53. However, in vivo, only 

glucose uptake was suggested to be less than normal, whereas angiogenesis was not decreased 

(Chen et al., 2003).  

 

Abnormal activation of oncogenes or loss and/or inactivation of tumor suppressor genes 

can derange the energy metabolism in the cells. However, paradoxically, deranged energetic 

pathways might also cause abnormal activation of signaling pathways. For instance, inactivating 

mutations of mitochondrial succinate dehydrogenase and fumarate dehydrogenase leads to the 

accumulation of fumarate and succinate, which are the substrates of Krebs cycle. This 

accumulation, in turn, causes the inhibition of the prolyl hydroxylases-the enzymes that are 

involved in VHL-directed HIF-1 degradation. Thus, HIF-1 can be stabilized and directs the cells 

towards glycolysis in the absence of hypoxia (Isaacs et al., 2005; Pollard et al., 2005; Selak et 

al., 2005). 

 

Another gene, which has roles in energy metabolism, is TP53. It regulates the expression 

of enzymes required in energetic pathways including Glucose-6-phosphate dehyrogenase 

(G6PD) and phosphoglycerate mutase (PGM). The activation of G6PD can diminish the 

Warburg effect by directing glycolysis into the PPP (Olovnikov et al., 2009).  On the other hand, 

active p53 activation induces the degradation of PGM and eventually inhibits glycolysis (Matoba 
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et al., 2006; Kondoh et al., 2005). Furthermore, together with Synthesis of cytochrome c oxidase 

2 (SCO2) and TP53-induced glycolysis and apoptosis regulator (TIGAR), p53 orchestrates the 

balance between mitochondrial oxidative phosphorylation and glycolysis (Bensaad et al., 2006; 

Matoba et al., 2006). SCO2 is essential for the assembly of cytochrome c oxidase complex of 

electron transport chain (ETC), which is involved in mitochondrial respiration and the utilization 

of oxygen to produce ATP (Bensaad et al., 2006; Matoba et al., 2006). The expression of SCO2 

is regulated in a p53 dependent manner. In normal tissues, p53 induces SCO2 expression to 

maintain the cytochrome c complex. However, in the presence of p53 mutation, depending on 

the insufficient expression of SCO2, COX deficiency is observed.  

 

Fructose 2,6-biphosphate is an important regulator of glycolysis and gluconeogenesis.  It 

stimulates glycolysis by affecting PFK-1 and inhibits gluconeogenesis by blocking fructose 1,6-

biphosphatase (FBPase1) (Green and Chipuk, 2006). A p53 inducible enzyme TIGAR is a 

FBPase2, which inhibits glycolysis by decreasing the levels of fructose 2,6-biphosphate and the 

activity of  Phosphofructokinase-1 (PFK-1), whereas induces gluconeogenesis by stimulating the 

activity of  FBPase1 (Bensaad et al., 2006). In tumor cells, FBPase1 activity is usually attenuated 

due to the loss of p53-mediated lower TIGAR expression (Bensaad et al., 2006, Green and 

Chipuk, 2006). As a result, in tumor cells, the level of FBPase1 is generally high and glycolysis 

is being used as the major energy production mechanism. 

 

Kawaguchi and colleagues showed that in the absence of p53, NF-κB signaling pathway 

is activated due to increased kinase activity of IKKα and IKKβ. Furthermore, this activation 

leads to enhanced aerobic glycolysis in cultured cells. However, increased rate of glycolysis was 

inhibited by p65 deletion. Moreover, a glycolysis inhibitor also blocked the activation of NF-κB 

pathway, suggesting that the rate of glycolysis might be due to the balance of p53 and NF-κB 

activation in the cells (Kawaguchi et al., 2008). 

 

Apart from the genes mentioned above, K-ras oncogene is also known to be involved in 

the regulation of energy metabolism. Racker and colleagues published that aerobic glycolysis is 

increased in rat-1 cells transfected with ras oncogene and they proposed a correlation between 

the tumorigenicity and elevated aerobic glycolysis in the cells (Racker et al., 1985). Consistently, 

PDAC cell lines were shown to have metabolic alterations including increase in glycolysis, fatty 

acid synthesis, Ribose-5-phosphate production, and decrease in oxidative phosphorylation and 

fatty acid β-oxidation (Zhou et al., 2011). Recently, Ying and colleagues showed that oncogenic 
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K-ras activation enhances glycolysis and ribose biogenesis through nonoxidative arm of PPP, 

whereas inactivation of oncogenic K-ras leads to decrease in the activation of G6P, F6P, FBP 

enzymes accompanied by decreased glucose uptake and lactate production. Moreover, knock out 

of Rpe and/or Rpia, the enzymes involved in PPP, blocked the clonogenic activity of the tumor 

cells suggesting that K-ras driven increased glucose flux is very important for PPP and 

inactivation of this pathway inhibits tumorigenesis. Furthermore, MAPK pathways and myc 

activation is required in K-ras driven metabolism reprogramming in PDAC (Ying et al., 2012). 
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2.  AIM OF THE STUDY 

 

The most common cancer type of exocrine pancreas is pancreatic ductal adenocarcinoma 

(PDAC), which is the 4
th

 leading cause of cancer-associated deaths worldwide. The average 

survival is 4-6 months and 5 year survival rate is lower than 5% showing the high mortality rate 

of the disease. The reasons of the high mortality are asymptomatic nature of the disease, absence 

of an efficient detection system and fibrotic structure of the organ in the presence of disease 

causing the inefficiency of medical treatment.  

 

There are several reasons causing to PDAC development including smoking, viral 

infections, low-physical activity, diabetes, glucose intolerance, obesity and long-term chronic 

pancreatitis. Furthermore, genetic abnormalities such as activation of oncogenes and/or absence 

of tumor suppressor genes have been shown to be related with PDAC. Importantly, oncogenic 

activation of K-ras has been detected in 95% of patients, suggesting that K-ras activation might 

be the initiator factor for PDAC progression.  

 

The correlation between chronic inflammation and cancer is well-known. In addition, 

Nuclear factor kappa B (NF-κB) transcription factor family, which is an essential regulator of 

innate and adaptive immune system,  has been shown to be involved in mutant Ras induced 

cancers. Thus, it was worth to investigate the function of NF-κB during mutant K-ras induced 

PDAC development. To that end, a well-known PDAC mouse model p48
Cre

-K-ras
LSL-G12D/+ 

(termed p48-Kras), which had oncogenic K-ras activation was used and IκB kinase α (IKKα), 

which is involved during the activation of canonical and non-canonical NF-κB, was deleted in 

these mice. Additionally, in order to see the effect of post-natal IKKα deletion on p48-Kras mice, 

Elastase-Cre system was employed and Ikkα
F/F

-Kras-Ela-Cre mice was analyzed. Furthermore, 

in order to discover how the ablation of non-canonical NF-κB pathway would affect PDAC 

development, Relb was deleted in Ikkα
F/F

-p48-Kras mice. Since IKKα deletion caused increased 

immune cell infiltration and fibrosis in the pancreas, the contribution of tumor microenvironment 

was further analyzed and in order to understand whether the acceleration of PDAC was achieved 

via increased IL4/IL13 signaling, whole body Stat6 knock out mice were crossed to Ikkα
F/F

-p48-

Kras mice. Furthermore, in order to figure out whether IKKα deletion affected energy 

metabolism in p48-Kras animals, metabolic pathways were checked and Ikkα
F/F

-p48-Kras 
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animals were treated with a modified glucose molecule, 2-Deoxy Glucose (2-DG), which 

inhibits glycolysis. 

 

Since PDAC is a very lethal type of cancer, it is very crucial to explore the molecular 

mechanism of the disease, which might lead to improvement of more efficient detection 

techniques and treatment options. Thus, establishing the link between NF-κB-driven 

inflammation, metabolic changes and PDAC progression will be very crucial. 
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3. MATERIALS AND METHODS 

 

3.1. Mice 

 

3.1.1. Mouse models 

 

The mice were kept in pathogen-free facility, under 12 hours dark/light cycle and fed 

with autoclaved rodent chow diet (Rodent Standard Diet, Altromin #1314). 

 

K-ras 
G12D

 (K-ras 
LA

)  

 

An activating glycine to aspartic acid mutation at codon 12 (G12D) was introduced to K-

ras exon 1 with the help of a plasmid vector. The expression of this mutant allele is blocked by a 

stop codon flanked by LoxP sites. Cre-mediated recombination results in the removal of the stop 

codon and the expression of mutant K-ras allele, leading to oncogenic activation of K-ras gene 

(Johnson et al., 2001). 

 

P48-Cre  

 

A vector was used to replace the protein encoding region of P48 with the sequences 

encoding the recombinase cre. The sequence was also including the neomycin resistance gene 

flanked by loxP sites.  Since the sequence is under the control of P48 gene promoter, Cre can be 

expressed in the acinar cells of pancreas (Kawaguchi et al., 2002). 

 

Ikkα
flox/flox 

 

 

A neomycin cassette fragment with loxP sites was added into intron 6 as well as intron 9 

of Ikkα gene by using a special targeting vector. When crossed to p48-Cre + mouse, following 

cre recombination, the neomycin cassette is removed and leads to the deletion of exon 6-8 of 

Ikkα gene, which in turn leads to a frameshift for Ikkα (Liu et al., 2008). 
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Elastase-Cre  

 

For generating the Elastase-CreER
TM

 construct, a 200 bp enhancer of the Elastase gene 

was fused to a minimal hsp68 promoter and placed the chimeric promoter upstream of a 

CreER
TM

 coding sequence. In order to induce the activation of Elastase-Cre in mice, tamoxifen 

administration is necessary (Stanger et al., 2005). 

 

Stat6
-/- 

 

 

A targeting vector was employed to place a neomycin resistance cassette in the place of 

Stat6 encoding amino acids 505-584 which encodes the SH2 domain required for Stat 

dimerization. Thus, mutant protein is unable to dimerize and not functional (Kaplan et al., 1996). 

 

Relb
-/-  

 

Exon 4 of Relb gene, which encodes the beginning of Rel homology domain, was 

replaced with a PGK-neomycin cassette fragment by using a targeting vector (Weih et al., 1995). 

 

3.1.2. Genotyping of mice 

 

In order to determine the genotype of the mice, genomic DNA was isolated. For this aim, 

tail of mouse was cut and lysed in a 190 μl lysis buffer and 10 μl proteinase K (Qiagen) mixture 

at 60°C overnight. After incubation, the samples were heat inactivated at 95°C (Eppendorf) for 

10 minutes in order to stop enzymatic reaction. Then, they were centrifuged at 13200 rpm 

(radius: 13 cm) for 10 minutes. 10 μl of supernatant was diluted with 90 μl of distilled water 

(dH2O). This dilution was used for polymerase chain reaction (PCR).  

 

Tail Lysis Buffer: 1.5 M Tris (pH 8.5) (Roth) 

                              200 mM NaCl (Sigma) 

                              0.2% sodium dodecyl sulfate (SDS) (Fluka) 

                              5 mM Ethylenediaminetetraacetic acid (EDTA) (Fluka) 

 

General PCR mix: Taq PCR Master Mix (Qiagen) 12.5 μl 

                               100 pMol Forward Primer         0.5 μl 
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                               100 pMol Reverse Primer          0.5 μl 

                               dH2O                                          7.5 μl 

                               DNA                                           3 μl 

  

Each PCR condition includes an initial denaturation step at 94°C for 5 min and a final elongation 

step at 72°C for 10 min. 

 

 

Gene 

 

Primer  

(F/R*) 

 

Primer Sequence (5’→3’) 

 

 

PCR program 

 

K-ras 

 

F 

  

CCATGGCTTGAGTAAGTCTGCG 

  

 94°C 30 sec 

 60°C 1 min       35 cycles 

 72°C 1 min 

PCR product is    550 bp 

 

R 

 

 CGCAGACTGTAGAGCAGCG 

 

p48 / 

Cre 

 

370 F 

  

ACCTGAAGATGTTCGCGATTATCT 

  

 94°C 30 sec 

 58°C 30 sec       35 cycles 

 72°C 30 sec 

PCR product is    350 bp 

 

     370 R 

 

ACCGTCAGTACGTGAGATATCTT 

                   

 

αLox 

 

Int5 819 F 

  

GGAATTAGTTCTCCTCTTCTCATAT

GG 

   

  

 94°C 30 sec 

 58°C 30 sec       35 cycles 

 72°C 30 sec 

 

wt 180 bp, mutant 220 bp 

 

Int5 1027 R 

 

TTAAATTGTTGAAATATCTGTAAAG

GAAGG 

 

 

 

RelB 

 

225 F 

  

GGGTATGGCTTATATCCCAGCAG 

  

 94°C 30 sec 

 58°C 30 sec       35 cycles 

 72°C 30 sec 

 

wt    165 bp, mutant 200 bp 

 

328 R 

 

CTGGTGCTTGCTTTAATTTGGTT 

 

 

 

Stat6 

 

oIMR0092 

  

AATCCATCTTGTTCAATGGCCGATC 

  

 94°C 30 sec 

 66°C 30 sec       40 cycles 

 72°C 1  min 

 

wt   2 5 bp, mutant   380 bp 

 

oIMR1822 

 

ACTCCGGAAAGCCTCATCTT 

 

oIMR7416 

 

AAGTGGGTCCCCTTCACTCT 

 

Table 3.1. Primer sequences for each gene, the product sizes and PCR conditions are depicted.                   

* Forward/Reverse, wt: wild type, bp: base pair. 

 

The PCR products were checked on a 2% agarose gel containing ethidium bromide (EtBr) 

(Invitrogen).    
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2 % Agarose Gel          :  2 % (w/v) Agarose (PEQLab) in 1X TAE Buffer 

 

50X TAE Buffer          :  242 gr Tris Base 

                                        27.1 ml Acetic Acid 

                                        100 ml 0.5 M EDTA 

                                        Completed up to 1 lt with dH2O 

 

1X TAE Buffer            :  20 ml 50X TAE Buffer in 1 lt dH2O 

              

3.1.3. Mouse treatment 

 

3.1.3.1. Tamoxifen Administration 

 

In order to induce Cre expression in Ikkα
F/F

-Kras-ElaCre model, 1 mg tamoxifen (Sigma) 

was dissolved in 100 μl 10% ethanol/90% sunflower oil mixture and given to mice for 5 

consecutive days by oral gavage. 

 

3.1.3.2. 2-Deoxy Glucose (2-DG) Treatment 

 

To block glycolysis in mice, 0,082 mg 2-Deoxy-Glucose (2-DG) (Sigma-Aldrich) was 

diluted in 1 ml dH2O and 3 mM/gr 2-DG was administered to two weeks old mice by intra-

peritoneal (IP) injection once every 3 days. 

 

3.1.4. Sacrifice of mice 

 

After sacrifice, pancreas and other organs including stomach, muscle, liver, spleen and 

lungs were harvested. For histological analysis, tissues were transferred to 4% paraformaldehyde 

(Electron Microscopy Sciences) overnight at 4°C. Subsequently, they were processed in 

dehydration machine (LEICA ASP300S) overnight and embedded in paraffin blocks. For 

molecular analysis (RNA and protein analysis) tissues were immediately frozen in liquid 

nitrogen and stored at -80°C until use.   
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3.2. Histology 

 

3.2.1. Haematoxylin & Eosing staining (H&E) 

 

H&E staining is one of the basic staining methods to examine the histology of organs. To 

prepare tissue sections, paraffin embedded tissues were kept at -20°C for 30 min to cool down. 

The sections were taken in 3-4 μm thickness using a microtome (Leica RM2235) and mounted 

on glass slides (Thermo Scientific), kept at RT overnight or 37°C for 1-2 hours for drying. The 

dry sections were first deparaffinized in xylene (X-TRA Solv, Medite) for 10 min to remove 

paraffin from tissues, and rehydrated in serial EtOH dilutions (Medite) (100%, 95%, 80%, 70%, 

50% respectively) for 2 min each. After rehydration, samples were washed in PBS to get rid of 

excess ethanol and kept in hematoxylin (Vector Laboratories) for 1 min to stain nucleus, washed 

with dH2O until the excessive color was gone. The next step was cytoplasm staining with 1% 

eosin solution. Sections were kept in eosin solution for 10-15 seconds, washed two times with 

distilled water (dH2O) and dehydrated by inserting in serial EtOH dilutions (50%, 70%, 80%, 

95%, 100% respectively). As a last step, they were put in xylene for 10 min and left at RT for 

xylene evaporation and drying. Tissues were further mounted with cover slips (Menzel-Gläser) 

using mounting medium (Vector Laboratories). 

 

Eosin solution: 2.5 gram eosin (Eosin Y disodium salt/Sigma-Aldrich) was dissolved in 250 ml 

dH2O, supplemented with 15 drops of acetic acid (Sigma). 

 

3.2.2. Alcian Blue staining 

 

For Alcian blue staining, deparaffinization and rehydration steps were performed as 

indicated for H&E staining. After rehydration, sections were washed with PBS to get rid of 

EtOH, stained with Alcian blue solution for 30 min at RT. After incubation, the sections were 

washed with dH2O until the excessive color was gone and counterstained with ready-to-use 

nuclear fast red solution (Vector Laboratories) for 5 min at RT, washed with dH2O for 1 min, 

dehydrated in serial EtOH dilutions, kept in xylene for 10min, air-dried and mounted. 

 

Alcian Blue solution:      1 gr Alcian blue, 8GX (Sigma) 

                                        100 ml 3% Acetic acid solution 

                                         pH is adjusted to 2.5 using Acetic acid (Sigma) 
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3% Acetic acid solution: 3 ml Acetic acid  

                                        97 ml dH2O 

 

3.2.3. Sirius Red staining 

 

After rehydration as mentioned above, sections were washed with PBS and stained with 

Sirius red solution for 2 hours at RT, treated with PBS for 1 min, washed with dH2O for 5 min. 

The sections were dehydrated, cleaned in xylene and covered as previously explained. 

 

Sirius Red Solution:        0.1 gr Direct Red 80 (Sigma-Aldrich) 

                                        0.1 gr Fast Green FCF (Sigma-Aldrich) 

                                        Dissolved in 100 ml Picric acid (Sigma) 

 

3.2.4. Immunohistochemical staining (IHC) 

 

IHC staining is done to detect specific localization of proteins of interest in the cells by 

using antibodies. The preparation of tissues for IHC, deparaffinization, dehydration, and 

following washing was done as explained previously.  Afterwards, sections were treated with 3% 

Hydrogen peroxide (H2O2) (Sigma)/PBS for 10 min at RT to block endogenous peroxidase 

activity and washed with PBS for 5 min. Antigen retrieval was done by keeping the sections in 

2,8 ml antigen unmasking solution (Vector Laboratories) mixed with 300 ml dH2O and boiled 

for 20 min in a microwave (Sharp) at 180-360°C. After cooling down at RT for 20 min, each 

section was treated with 3% BSA (Roth) / PBS with 2 drops of avidin block (Vector 

Laboratories) for 30 min at RT and then the first antibody was applied in suitable dilutions with 

3% BSA/PBS and biotin (Vector Laboratories). Incubation time and temperature was different 

according to each antibody, thus sections were treated with first antibody either for 1 hour at RT 

or overnight at 4°C. After incubation, sections were washed 3 times with PBS for 5 min each. 

Biotinylated secondary antibody (Vector Laboratories), diluted 1:2000 in 3% BSA/PBS, was 

added onto sections and incubated for 30 min at RT, followed by 3 washing steps for 5 min with 

PBS. Subsequently, sections were incubated with ABC solution (avidin dehydroxygenase and 

biotinylated horseradish peroxidase, Vector Laboratories) for 30 min at RT, washed again as 

previous step and kept in dH2O. For color development, sections were incubated with DAB 

solution (3,3’-diaminobenzidine solution; 5 ml dH2O consisting of 2 drops of buffer stock 

solution, 4 drops of DAB, 2 drops of H2O2) (DAB kit, Vector Laboratories)  for 5 sec-3 min. 

When the positive signal was detected under microscope, DAB reaction was stopped 
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immediately by putting the sections in dH2O. Afterwards, sections were counterstained in 

hematoxylin for 1 min, followed by washing in dH2O until the excessive color was gone. 

Dehydration, cleaning with xylene and covering the slides were performed as explained before. 

 

Antibody Company Catalog Num. Working Dilution 2
nd

 Antibody 

Ki67 Santa  Cruz sc-15402 1:1000 Anti-rabbit 

RelA (p65) Neomarkers 1638-PO 1:750 Anti-rabbit 

RelB Santa Cruz sc-226 1:200 Anti-rabbit 

p53 Novocastra NCL-p53- CM5p 1:500 Anti-rabbit 

β-catenin Santa Cruz sc-1496 1:100 Anti-rabbit 

c-myc Santa Cruz sc-764 1:100 Anti-rabbit 
 
Table 3.2. The details of first antibodies that were used in IHC are depicted. 

 

3.2.5. TUNEL staining (TdT-mediated dUTP-biotin nick end labeling) 

 

TUNEL staining is performed to visualize apoptotic cells using the commercial Kit 

ApoAlert DNA-Fragmentation Assay (Clontech). The preparation of tissue sections, 

deparaffinization, and dehydration was performed as indicated for H&E staining. Afterwards, 

tissues were kept in 0.85% NaCl solution for 5 min. and washed with PBS for 5 min. After 

washing, sections were fixed with 4% PFA for 15 min at RT, followed by 2 times wash with 

PBS for 5 min and draining, incubated with 100 μl of 20 μg/ml Proteinase K for 5 min at RT. 

Subsequently, samples were again fixed with 4% PFA for 5 min, washed with PBS for 5 min. 

Following washing, each section was treated with 51 μl of mix containing equilibration buffer 

(45 μl), nucleotide mix (5 μl), and TdT enzyme (1 μl) for 1 hour at 37°C in a dark humidified 

incubator (MAXQ 4000-Thermo Scientific). The enzymatic reaction was stopped by inserting 

the samples into 2 X SSC (dH2O diluted) (Clontech) for 15 min at RT, followed by 2 times 

washing with PBS for 5 min each. At the end, the sections were covered with DAPI containing 

anti-fade medium (ProLong Gold, Invitrogen) and kept at 4°C in dark until use.  

 

3.3. RNA Analysis 

 

3.3.1. RNA isolation from tissue and cells 

 

To isolate RNA from tissues, first the frozen tissue was crushed on a cold plate using a 

pestle. All the equipments that were used to crush tissues were previously cooled down by 

keeping them in liquid nitrogen. Crushed tissue was taken into a cold, sterile 5 ml polypropylene 
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round-bottom tube (Becton Dickinson) and 1 ml of Trizol (TRI Reagent
®
 Solution; Ambion) 

added onto the sample. The tissues were kept on ice and homogenized with Polytron (Polytron-

PT1200E), which was previously washed 1 time with 10% SDS/DEPC water, and 2 times with 

DEPC water, respectively. Homogenized tissues were transferred into a 1.5 ml eppendorf and 

centrifuged at 24042 g for 10 min at 4°C. Afterwards, supernatant was collected and kept 5 min 

at RT. 200 μl Chloroform (Merck) was added onto samples and they were shaken forcefully for 

15 sec, incubated for 2-3 min at RT, centrifuged at 24042 g for 15 min at 4°C. Subsequently, the 

transparent aqueous part was collected. 400 μl isopropyl alcohol (Merck) and 400 μl high salt 

precipitation solution (Molecular Research Center Inc.) was added onto samples and they were 

incubated for 15 min at RT, centrifuged at 24042 g  rpm for 10 min at 4°C. After centrifugation, 

supernatant was discarded and the pellet was washed with 400 μl of 75% EtOH (diluted with 

DEPC water). The samples were vortexed, centrifuged at 15027 g for 5 min at 4°C. Supernant 

was removed and RNA pellet was air-dried. Then, RNA pellet was dissolved in RNAse free 

water by incubating at 37°C for 5 min. As a last step, concentration of RNA samples was 

checked using NanoDrop (Thermo Scientific/ PEQLAB) and stored at -80°C (Thermo 

Scientific). 

 

In order to extract RNA from cells, The RNeasy Mini Kit (Qiagen) was used and all 

isolation steps were carried out at RT. According to the manufacturer’s protocol, RLT buffer 

supplemented with 1% β-mercaptoethanol (Sigma) was added onto the cell pellet to disrupt the 

cells. Afterwards, the lysate was transferred into a QIAshedder spin column (Qiagen) and 

centrifuged at maximum speed for 2 min. The flow-through was kept and mixed with one 

volume of  0% EtOH, transferred to an RNeasy spin column, centrifuged at ≥ 8000 g for 15 sec. 

and after this step flow-through was always discarded. Then, 700 μl of Buffer RWI was used to 

wash the column-bound RNA, centrifuged at ≥8000 g for 15 sec and washed 2 times with Buffer 

RPE. After this step, the column containing RNA was placed into a clean 2 ml collection tube 

and centrifuged at full speed for 1 min to get rid of excessive buffer. As a last step, depending on 

the expected amount of RNA, 30-50 μl RNase-free water was put on the column that was 

previously placed in a 1.5 ml collection tube, centrifuged for 1 min at ≥8000 g. RNA 

concentration was measured using NanoDrop. Samples were kept at -80°C (Thermo Scientific). 
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3.3.2. cDNA Synthesis 

 

As an initial step of cDNA synthesis, RNA concentration and purity was checked using 

NanoDrop. Generally, 0.5 or 1 μg of total RNA was used for cDNA synthesis. Required amount 

of RNA was calculated and incubated with 1 μl of Oligo (dT) (50 μM, Invitrogen), 1 μl of dNTP 

mix (10 mM each, Invitrogen) and dH2O in a final volume of 12 μl at 65°C for 5 min. 

Afterwards, the samples were quickly chilled on ice, centrifuged briefly and 7 μl mixture 

containing 5X First-Strand Buffer (4 μl) (Invitrogen), 0.1M DTT (2 μl) (Invitrogen), 

RNaseOUT
TM 

(40 units/μl) (1 μl) (Invitrogen)
 
was added onto the samples, and they were 

incubated at 42°C for 2 min. Subsequently, 1 μl of SuperScript
TM

 II RT (200 units) (Invitrogen)
 

was added and incubated at 42°C for 50 min. The reaction was stopped by keeping the samples 

at 70°C for 15 min. The final volume was completed up to 100 μl with dH2O and the samples 

were kept at -20°C. 

 

3.3.3. RT- PCR 

 

In order to detect the expression of genes of interest, we performed RT-PCR using a 

StepOne Plus Real Time PCR system (Applied Biosystems). Primers were designed using 

Primer express 1.0 primer software. SYBR Green Master Mix (Roche) was used to label 

amplified DNA. 96 well plates (Applied Biosystems) were used for reaction. For each well, a 

mixture of 10 μl of Syber Green Master Mix, 5 μl of dH2O, 2 μl of primer mix (final 

concentration for each primer is 0.5 pmol/μl), and 3 μl cDNA was added. For amplification, a 

standart program was used:  50°C for 2 min, 95°C for 10 min, followed by 40 cycles of 95°C for 

15 sec, 60°C for 1 min and a final melting curve step. The results were analyzed employing the 

StepOne Software v2.0.2 and normalized according to the expression of housekeeping gene 

Cyclophylin with the formula 2
ΔCT

Cyclophilin- 2
ΔCT

target gene. 
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Gene 

 

Primer  

(F/R*) 

 

Primer Sequence (5’→3’) 

 

 

ARG-1 

F GTGAACACGGCAGTGGCTTT 

R GTCCCTGGCTTATGGTTACCC 

 

CD44 

F CTCCTGGCACTGGCTCTGA 

R CTGCCCACACCTTCTCCTACTATT 

 

CD68 

F CTTCCCACAGGCAGCACAG 

R AATGATGAGAGGCAGCAAGAGG 

 

Cox7a2 

F CTTGCTCGACGCGCG 

R AGCGCTAGGAGGGAGTTCCGTTTCC 

 

Cyclophilin 

F ATGGTCAACCCCACCGTGT 

R TTCTGCTGTCTTTGGAACTTTGTC 

 

DECTIN-1 

F GGCGGGGAATAAAACGGAGCGA 

R CCTCACGGGCACAAGTCTGGAA 

 

F4/80 

F CTTTGGCTATGGGCTTCCAGTC 

R GCAAGGAGGACAGAGTTTATCGTG 

 

FBPase 

F CCATCATAATAGAGCCCGAGAAGA 

R CTTTCTCCGAAGCCTCATTAGC 

 

G6Pase 

F GAAGGCCAAGAGATGGTGTGA 

R TGCAGCTCTTGCGGTACATG 

 

G6pd2 

F CTGAATGAACGCAAAGCTGA 

R CAATCTTGTGCAGCAGTGGT 

 

GLS 

F TCAAAGGGTGAAGTCGGTGAT 

R AATCCCGCTGCTCCATGTC 

 

GLT1 

F TGCTCATCCTCCCTCTTATCATC 

R GGCCGCTGGCTTTAGCAT 

 

Glys 

F GAGAACGCAGTGCTCTTCGAA 

R TCGTCTGCAGCACCGTGTAG 

 

Gpi 

F GTGGTCAGCCATTGGACTTT 

R CTTTCCGTTGGACTCCATGT 

 

GS 

F CGGCCACCGCTCTGAA 

R ACATTTGCTTGATGCCTTTGTTC 

 

h-ARG-1 

F GGCAAGGTGATGGAAGAAAC 

R AGTCCGAAACAAGCCAAGGT 

 

h-Cyclophilin 

F ATGGTCAACCCCACCGTGT 

R TCTGCTGTCTTTGGGACCTTGTC 

 

h-IL1β 

F GTGCACGATGCACCTGTACG 

R ATCACCAAGCTTTTTTGCTGTG 

 

h-IL4 

F ACATCTTTGCTGCCTCCAA 

R AGGCAGCGAGTGTCCTTCT 
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h-IL6 

F ACCCCTGACCCAACCACAA 

R GTCATGTCCTGCAGCCACTG 

 

h-IL10 

F GATCCAGTTTTACCTGGAGGA 

R CCTGAGGGTCTTCAGGTTCTC 

 

h-IL13 

F ACAGCCCTCAGGGAGCTCAT 

R TCAGGTTGATGCTCCATACCAT 

 

h-IL4Rα 

F AGACCCCCAAAATCGTGAACT 

R GCAACAAGAGGACATGCACCTA 

 

h-IL13Rα1 

F GAAGCAAACCAAGGAGGAAACC 

R ATCTCCATCACTGAGAGGCTTTCT 

 

h-MRC-1 

F CAGCGGTTGGCAGTGGA 

R CAGCTGATGGACTTCCTGGTAAG 

 

h-MCP-1 

F CGACATCCTGGAACTGCCCTACC 

R CACTGTGCCGCTCTCGTTCAC 

 

h-TNFα 

F ATCAATCGGCCCGACTATCTC 

R TGTTCGTCCTCCTCACAGGG 

 

HK1 

F TCTCCAGAATCATGGACCA 

R GATCCTGCTCTTAGGCGTTC 

 

HK2 

F AACCGAACAAGCTGGTGTAC 

R TGCACACATCTATAGGTGGC 

 

IFNγ 

F TTACTGCCACGGCACAGTCA 

R AGTTCCTCCAGATATCCAAGAAGAGA 

 

IFNGR 

F CAAAGGCTCTGGAGGCTGG 

R TTTGTGTCGGAGTTGGAGGG 

 

IL1β 

F GTGGCTGTGGAGAAGCTGTG 

R GAAGGTCCACGGGAAAGACAC 

 

IL4 

F ACAGGAGAAGGGACGCCAT 

R GAAGCCCTACAGACGAGCTCA 

 

IL4Rα1 

F AGCCTGCTGTCCTCCGCT 

R CTGGTCATATGTGGGTAACTGGC 

 

IL6 

F GTATGAACAACGATGATGCACTTG 

R ATGGTACTCCAGAAGACCAGAGGA 

 

IL10 

F GGTTGCCAAGCCTTATCGGA 

R ACCTGCTCCACTGCCTTGCT 

 

IL12p35 

F CACGCTACCTCCTCTTTTTG 

R CAGCAGTGCAGGAATAATGTT 

 

IL13 

F GGACCCAGAGGATATTGCATG 

R GGGAGGCTGGAGACCGTAG 

 

IL13Rα1 

F TGGAGCACGGCACAATTG 

R TCTAAGATGCCTGTATCCCAGCT 



       MATERIALS AND METHODS                                                                                                                

      

 

54 

 

 

MCP-1 

F GGC TCA GCC AGA TGC AGT TAA 

R CCT ACT CAT TGG GAT CAT CTT GCT 

 

MRC-1 

F TTGGTGGCAATTCACGAGAG 

R GGGAAGGGTCAGTCTGTGTTTG 

 

Mttp 

F CAAGCTCACGTACTCCACTGAAG 

R TCATCATCACCATCAGGATTCTC 

 

Ndufb9 

F CAGAATCAGCATCCTCAGCCGTATATC 

R AGGTCTGGTCACAATATGCCACCACA 

 

Ndufb10 

F TGTGCCAAGGAACTGGAGCA 

R GCCTCGCAGCCTTCCTTTCT 

 

OAT 

F GCCCTTTCTGGCGGTTTATAC 

R TGGTTTAATGGTCAGCATTATCTCA 

 

p16 

F CCCAAGGCCCCGAACTC 

R TGTGAACGTTGCCCATCATC 

 

PDHb 

F GAAGGAGGCTGGCCACAGT 

R TTGAACGCAGGACCTTCCAT 

 

Prominin1 

F TCTTTTGTATGTGCCGTTGCTG 

R GCATGGCGCATTCTGCTT 

 

Prps1 

F TTGATATCCCGGTGGACAAT 

R AGGGCCAGAAAAGATTCCAT 

 

Rbks 

F AGTGGCTGGAGCAAATCTGT 

R GCGTGGCCTGTTAAAATCTC 

 

Rpe 

F GGGGAATGGGATGAAGGTT 

R GCACTGCCAGACACAATCAT 

 

Rpia 

F TGCAGCGAATAGCTGAAAGA 

R ACAGCCATTCGAAGTTCCAC 

 

SdHa 

F ATGCCAGGGAAGATTACAAAGTGC 

R GTAACCTTGCCAGTCTTGATGTCC 

 

Spp1 (OPN) 

F TTTGCCTGTTTGGCATTGC 

R TCTTCTCCTCTGAGCTGCCAG 

 

Taldo1 

F TGACGCTCATCTCTCCCTTT 

R GCCAGCTTGCTGTTATCCTT 

 

TNFα 

F ACTCCAGGCGGTGCCTATG 

R GAGCGTGGTGGCCCCT 

 

Tkt 

F TCCACCGTCTTTTACCCAAG 

R CAAGGCCTCATGCAGAGTTA 
 
Table 3.3. Primer sequences of each gene, which were used for RT-PCR are shown. 
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3.3.4. RNA microarray analysis 

 

3.3.4.1. Microarray sample labeling, hybridization and processing 

 

 Total RNA (1.5 μg) and newly transcribed RNA (280 ng) were amplified and labeled 

using the Affymetrix One-Cycle Target Labeling Kit. As newly transcribed RNA mainly consists 

of mRNA, it was amplified and labeled according to the manufacturer's protocol for mRNA. The 

amplified and fragmented biotinylated cRNA was hybridized to Affymetrix Mouse Gene ST 

arrays using standard procedures. 

 

3.3.4.2. Microarray data processing and statistical analysis 

 

 Data were processed and analyzed with R and Bioconductor (R Development Core Team 

2007). Arrays were assessed for quality, RMA-normalized and filtered for low and invariant 

expression. “Quality assessment” consisted of RNA degradation plots, Affymetrix quality 

control metrics, sample cross-correlation, data distributions, and probe-level visualizations. Data 

is normalized for (separately for each RNA type data set) background correction and probe-level 

summarization by RMA. Differential gene expression between the groups was statistically 

assessed by SAM28, which repeats permutations of the data to determine if the expressions of 

any genes are significantly related to the response. Differentially expressed genes between the 

groups were identified at the p-value (corrected for multiple testing FDR) cutoff of 0.0%.  

 

3.4. Protein Analysis 

 

3.4.1. Protein extraction from tissues 

 

Protein extraction was done using both frozen tissue and cultured cells. Frozen tissue was 

crushed on a cold plate and transferred into a 1.5 ml eppendorf kept on ice. 100 μl of protein 

lysis buffer was added onto samples and homogenized with a pellet pestle, followed by 

centrifugation at 4°C at 24042 g for 20 min. Then, supernatant was collected and protein 

concentration was measured using NanoDrop. The same procedure was employed for protein 

extraction from cells. 

 

Protein Lysis Buffer (stock)       : 50 mM Tris-HCl (pH 7.5) (Roth) 

                                                      250 mM NaCl (Sigma) 
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                                                      30 mM EDTA (Fluka) 

                                                      30 mM EGTA (Sigma) 

                                                      25 mM sodium pyrophosphate (Sigma) 

                                                      1% Triton-X 100 (Sigma) 

                                                      0.5% NP40 (Sigma) 

                                                      10% Glycerol (Merck) 

                                                      1 mM DTT (Sigma) 

                                                      1 tablet of complete protease inhibitor cocktail tablets  

                                                      (Roche) / 50 ml 

 

Protein Lysis Buffer (complete) : 8 ml of stock protein lysis buffer 

50 mM β-glycerol 2-phosphate disodium salt hydrate           

(Sigma)                   

                                                      25 mM sodium fluoride (Sigma) 

                                                      5 mM sodium pyrophosphate (Sigma) 

                                                      5 mM sodium orthovanadate (Sigma) 

                                                      2 nM PMSF (Sigma) 

 

3.4.2. Immunoblot analysis 

 

In order to detect the expression of gene of interest at the protein level, WB using Biorad 

Mini Protean Gel System (BioRad) was performed. As a first step, protein concentrations were 

determined by Bradford assay in which 2 μl of protein sample was mixed with 1 ml of 1:5 

diluted protein assay dilution (PAD) (BioRad), kept for 5 min at RT, and concentrations were 

measured according to their absorbance at 595 nm using a spectrophotometer. Afterwards, 10- 

30 μg of protein was adjusted to a volume of 15 μl with complete lysis buffer, and mixed with 10 

μl of Laemmli buffer containing 0.5 μl β-mercaptoethanol (Sigma) mixture, denatured by boiling 

at 95°C for 5 min. Samples were shortly spinned and the supernatants were loaded on a 

polyacrylamide gel (7 to 12%) and run in 1X running buffer at 30 mA for 1-1.5 hours at RT. 

 

Running Gel (7-10-12%)  :  8.62/ 7.5/ 6.75 ml dH2O 

2.63/ 3.75/ 4.5 ml 40% acrylamide/bisacrylamide (A/B) (Merck) 

                                             3.75 ml main gel buffer 

                                             112.5 μl 10% ammonium persulphate (APS) (Sigma) 
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                                             11.25 μl Tetramethylethylenediamine (TEMED) (Sigma) 

 

Stacking Gel                     :   4.6 ml dH2O 

                                              950 μl stacking gel buffer 

                                              950 μl A/B 

                                              62.5 μl 10% APS 

                                              12.5 μl TEMED 

 

Laemmli Buffer                :   3.55 ml dH2O 

                                              1.25 ml 0.5M Tris-HCl (pH 6.8) 

                                              2.5 ml Glycerol (Merck) 

                                              1 ml 20% SDS (w/v) 

                                              0.2 ml 0.5% Bromophenol blue (BPB) (Sigma) 

 

10X Main Gel Buffer       :   181.65 gr Tris (Roth) 

        (stock)                           20 ml 20% SDS (w/v) 

                                              Adjusted to 500 ml with dH2O, pH 8.8 

 

Stacking Buffer (stock)    :   12.11 gr Tris 

                                              5 ml 20% SDS (w/v) 

                                              Adjusted to 100 ml with dH2O, pH 7.0 

 

10X Running Buffer        :    15.15 gr Tris 

                                              72 gr Glycin (Roth) 

                                              25 ml 20% SDS (w/v) 

                                              Adjusted to 500 ml with dH2O 

   

1X Running Buffer          :   100 ml 10X main gel buffer (stock) 

                                              900 ml dH2O 

 

20% SDS                          :   20 gr SDS in 100 ml dH2O (w/v) 

 

Tris-HCl                           :   6 gr Tris in 100 ml dH2O (w/v) 

                                              pH is adjusted to 6.8 with HCl 
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APS (10%)                       :   1 gr APS in 10 ml dH2O (w/v) 

 

Gels were transferred using the Mini Trans-Blot Cell System (Biorad). The gel was 

blotted onto a PVDF membrane (Immobilon P, Zefa Laborservice) and transferred in 1X transfer 

buffer for 2 hours at 250 mA at 4°C. Finally, the membrane was removed from the cassette and 

incubated in 5% (w/v) skim milk (Fluka)/Phosphate Buffer Saline-Tween (PBS-T) for 1 hour at 

RT to block unspecific binding. Subsequently, the membrane was incubated with the primary 

antibody, which was diluted in 3% Bovine Serum Albumin (BSA)/PBS-T or 5% skim milk/PBS-

T for 2 hours at RT or 4°C overnight. Afterwards, the membrane was washed 3 times for 5 min 

each with PBS-T and incubated with the HRP-labeled secondary antibody; mouse (1:3500 

diluted with 5% skim milk/PBS-T) or rabbit (1:3000 diluted with 5% skim milk/PBS-T) or 

guinea-pig (1:5000 diluted with 5% skim milk/PBS-T) (GE Healthcare) for 30 min at RT. In 

order to remove excess antibody, the membrane was washed with PBS-T 3 times for 5 min each, 

and dried shortly with a pair of Whatman paper. For detection, 3-5 ml ECL solution (Super 

Signal West Pico or Super Signal West Femto, Thermo Scientific) was put on the membrane for 

5 min. Afterwards, the membranes were dried fastly and exposed to an X-ray film (Thermo 

Scientific) at dark. Then, the X-ray film was developed using the Hyperprocessor (Amersham 

Bioscience) and the size of bands were checked in comparison to the protein ladder (Thermo 

Scientific). For further use, the membrane was sealed in PBS and kept at 4°C. 

 

Transfer buffer stock (10X) :  144 gr Glycin (Roth) 

                                                30 gr Tris 

                                                Completed up to 1 lt with dH2O 

 

Transfer buffer stock (1X)   :  100 ml 10X Transfer buffer stock 

                                                200 ml methanol (Merck) 

                                                700 ml dH2O 

 

PBS-T                                  :   5 ml PBS-T stock in 1 lt of PBS (Invitrogen) 

 

PBS-T (stock)                      :  10 ml Tween (Sigma) 

                                                40 ml PBS 
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Antibody Company Cat. Num. Dilution  2° Antibody 

RelA (p65) Santa Cruz sc-372 1:1000 in 5% milk-PBS-T Anti-rabbit 

RelB Santa Cruz sc-226 1:500 in 5% milk-PBS-T Anti-rabbit 

c-Rel Santa Cruz sc-71 1:500 in 5% milk-PBS-T Anti-rabbit 

p52/p100 Cell Signaling 4882 1:1000 in 5% milk-PBS-T Anti-rabbit 

p50/p105 Santa Cruz sc-7178 1:750 in 3% BSA-PBS-T Anti-rabbit 

IkBα Santa Cruz sc-371 1:500 in 5% milk-PBS-T Anti-rabbit 

phospho-IkBα Cell Signaling 9241 1:500 in 3% BSA-PBS-T Anti-rabbit 

IKKα (IKK1) IMGENEX IMG-136A 1:1000 in 3% BSA-PBS-T Anti-mouse 

Cyclin D1 Santa Cruz sc-718 1:500 in 5% milk-PBS-T Anti-rabbit 

p16 Santa Cruz sc-1661 1:500 in 5% milk-PBS-T Anti-mouse 

p16 Santa Cruz sc-1207 1:250 in 5% milk-PBS-T Anti-rabbit 

p-AKT (S473) Cell Signaling 9271 1:1000 in 3% BSA-PBS-T Anti-rabbit 

AKT Cell Signaling 9272 1:1000 in 5% milk-PBS-T Anti-rabbit 

mTOR Cell Signaling 2983 1:1000 in 5% milk-PBS-T Anti-rabbit 

RICTOR Cell Signaling 2114 1:1000 in 3% BSA-PBS-T Anti-rabbit 

GβL Cell Signaling 3274 1:1000 in 3% BSA-PBS-T Anti-rabbit 

p-mTOR  Cell Signaling 2971 1:1000 in 3% BSA-PBS-T Anti-rabbit 

p-mTOR  Cell Signaling 2974 1:2000 in 3% BSA-PBS-T Anti-rabbit 

p38 Santa Cruz sc-535 1:1000 in 5% milk-PBS-T Anti-rabbit 

OXPHOS 

Mitosciences 

(Abcam) MS604 1:1000 in 5% milk-PBS-T Anti-mouse 

GAPDH Cell Signaling 2118 1:1000 in 3% BSA-PBS-T Anti-rabbit 
 
Table 3.4. The primary antibodies used for WB are shown. 

 

3.5. Cell Culture and Transfection 

 

Human pancreatic cancer cell line, Patu-S, was cultured under standard conditions in 

RPMI medium containing 10% serum and antibiotics (penicillin/streptomycin) (Invitrogen), 

whereas mouse pancreatic cancer cells were cultured in DMEM medium containing 10% serum 

and antibiotics (penicillin/streptomycin).   

 

During transfection, two different mixtures were prepared separately. The first mixture 

contained 5 µl scrambled RNA (scRNA) or small interfering RNA (siRNA) (1552) for IKKα 

(final concentration is 100 pmol) and 250 µl Optimem medium (Invitrogen). The second mixture 

included 5 µl Lipofectamine (Invitrogen) and 250 µl Optimem medium, which was kept for 5 

min at RT after preparation. Afterwards, these two mixtures were combined and incubated for 20 
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min at RT. Just before transfection, the medium of the cells was replaced with 2 ml Optimem 

medium, and 500 µl final mixture was pipetted onto the cells. The cells were kept in this medium 

for 6 hours at 37°C in CO2 incubator. Then, the medium was replaced with RPMI or DMEM 

accordingly. 

 

3.6. Fluorescence Activated Cell Sorting (FACS) 

 

3.6.1. Cell Isolation 

 

To isolate pancreatic cells, pancreas was minced in digestion buffer containing RPMI 

1640 (L-Glutamine) (Gibco) supplemented with Collagenase P (Roche), Dispase II (Roche) and 

DNAse I (Roche), and transferred to a 50 ml falcon tube. The amount of digestion buffer was 

added up to 5 ml and the samples were incubated by shaking in a 37°C preheated incubator 

(MAXQ 4000-Thermo Scientific) for 25 min. After incubation, 100 μl of 0.5 M EDTA (pH 8.0) 

(Ambion) was added to inactivate enzymatic reaction and samples were kept at RT for 5 min. 

Afterwards, the samples were passed through 70 μm and 40 μm cell strainers (BD Falcon) 

respectively to get rid of undigested tissue particles. Subsequently, 10 ml Dulbecco’s Phosphate 

Buffered Saline (PBS) (Gibco) / 2% Fetal Calf Serum (FCS) (Gibco) were added to wash and 

centrifuged at 1500 rpm for 5 min. The supernant was removed. The cell pellet was dissolved in 

1 ml red blood cell (RBC) lysis buffer (Sigma) to lyse the erythrocyte membranes 5 minutes at 

RT. Then the samples were washed and centrifuged again as above. The supernant was removed 

and isolated cells were resuspended in %2 FCS/PBS (FACS Buffer). 

 

3.6.2. Staining 

 

After cell isolation, resuspended cells were divided into a 96 well plate, centrifuged in 

1500 rpm for 5 min at 4°C. Supernatant was removed and the cells were dissolved in 100 μl of 

FACS buffer containing 1,5-2 μl ethidium monoazide (EMA) (Sigma) for each well. In order to 

detect dead cells, the samples were incubated in this dilution on ice for 15 min under bright light. 

At the end of incubation, cells were centrifuged at 880 g for 5 min at 4°C and then washed using 

100 μl of FACS buffer. Subsequently, cells were resuspended in α-CD16/32 blocking antibody 

(Clone: 2.4G2, BD Pharmingen) at a dilution of 1:100 in FACS buffer and kept on ice for 10 min 

to prevent unspecific binding of antibodies, followed by centrifugation at 880 g for 5 min at 4°C 
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and washing with FACS buffer. Afterwards, the cells were resuspended in 100 μl of 

antibody/FACS buffer dilution and incubated on ice for 20 min at dark. The antibodies used at 

this step (α-CD11c, α-CD11b, α-F4/80, α-GR-1, α-CD44, α-EpCAM, α-IL-13Ra1 (α-CD213a1), 

α-fibroblast) were able to detect cell surface markers. After incubation, cells were centrifuged at 

880 g for 5 min at 4°C, and washed once in FACS buffer. In order to detect fibroblasts, we 

performed an indirect staining technique. Thus after first antibody incubation, centrifugation and 

washing steps, FITC-conjugated rat IgG2a antibody diluted in FACS buffer was added onto the 

cells and incubated on ice for 30 min under dark. Subsequently, the cells were fixed by 

incubating with fixation buffer (eBioscience) on ice for 30 min at dark. Following further 

centrifugation and washing steps, the cells were resuspended in another antibody (α-IL-13-PE, α-

IL-4-PE) dilution that required intracellular staining. The antibodies were diluted with 1X 

permeabilization buffer. After 30 min incubation on ice under dark, the cells were centrifuged 

and washed once with FACS buffer. Finally, cells were diluted in FACS buffer, filtered using 50 

μm filcons (Günter Keul GmbH) and counted using the Gallios Flow Cytometer (10 colors, 3 

lasers-Beckman Coulter). Data analysis was done using FlowJo Version 8.8.6 Software. 

Antibody Conjugated Dye Clone Dilution  Company 

α-CD11c FITC  HL3 1: 200 BD Pharmingen 

α-CD11b APC-eFluor
® 

780 M1/70 1: 200 eBioscience 

α-F4/80 APC  BM8 1: 200 eBioscience 

α-GR-1 (α-Ly-6G) Alexa Fluor
® 

700 RB6-8C5 1: 200 eBioscience 

α-CD44 APC-eFluor
® 

780 IM7 1: 200 eBioscience 

α-EpCAM (α-CD326) APC  G8.8 1:200 eBioscience 

α-IL-13Ra1 (α-CD213a1) PE 13MOKA 1:100 eBioscience 

α-fibroblast - TR7 1:100 Thermo Scientific 

FITC-conjugated rat IgG2a  FITC MARG2a1  1:100 Thermo Scientific 

α-IL-13 PE eBio13A 1:100 eBioscience 

α-IL-4 PE-Cy7 

BDV6-

24G2 1:200 eBioscience 

 

Table 3.5. The antibodies used for FACS analysis, their conjugated dyes, clones, dilution ratios and 

company names. 

 

 

3.7. Magnetic Activated Cell Sorting (MACS) 

 

To isolate CD11b
+ 

cell population from pancreas, we performed MACS. The first step of 

MACS sorting was pancreas digestion and cell isolation, and these steps were performed as 

explained above. At the end of cell isolation, cell pellets were dissolved in 450 μl MACS buffer 
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and transferred into a 1.5 ml eppendorf tube. 50 μl CD11b beads (Miltenyi Biotec) were added 

onto the samples and incubated for 20 min at 4°C on a rotator under dark. Following incubation, 

1 ml MACS buffer was added on the samples and centrifugated at 330 g at 4°C, supernatant was 

discarded and washing was repeated. After discarding the supernatant, the cells were dissolved in 

1 ml MACS buffer and kept on ice. The big columns were placed on MACS multistand and 1 ml 

MACS buffer was loaded for wetting. Subsequently, samples were loaded onto the columns. 

Once passed, three times washing was performed by applying 1 ml MACS buffer each. At the 

end of washing, a clean 15 ml falcon was placed under the columns, 1 ml MACS buffer was put 

onto the columns again and the syringe was applied immediately. The falcon tube was 

centrifuged at 330 g at 4°C, supernatant was discarded and the CD11b
+ 

cells were further used 

for protein or RNA isolation. 

 

MACS buffer: 0.5% BSA in PBS (w/v), supplemented with 2 mM EDTA 

 

3.8. Mitochondrial Analysis 

 

3.8.1. Mitochondrial Genome Quantification 

 

Quantification of mitochondrial genome was done by detecting the relative number of 

mitochondrial genome to nuclear genome copy number by PCR. To that end, DNA was 

amplified using special primers, which are designed according to the sequences located in the 

mitochondrial or nuclear genome, and probes, which are indicated in Table 3.6. For PCR, 6 µl of 

the master-mix and 4 µl genomic DNA (25 ng/ µl) was pipetted into a 96-well plate (Roche, 

#04729692001). Each sample was pipetted in duplicate. The PCR reaction was performed using 

LightCycler (Roche, LightCycler® 480 Real-Time PCR System). 

 

General PCR mix: Master Mix (Roche, #0488 301001)  5 μl 

                    Probe                                                   0.2 μl      

                               Forward Primer                                   0.2 μl 

                               Reverse Primer                                    0.2 μl 

                               dH2O                                                   0.4 μl 
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PCR conditions :   95°C 5  min 

                              95°C 10 sec 

                              60°C 20 sec      40 cycles 

                              72°C 10 sec  

                              40°C 10 sec 

 

For the quantification, mitochondrial and nuclear genome ct values were raised by 2 and 

the reciprocal value was taken (1/(2^ct)). Then, the values were multiplied with a factor of 10
6
 

and the mean mitochondrial DNA amount was divided by the mean nuclear DNA amount. 

 

Mouse 

nuclear primer 

pair 

F* 5'-TTTACAGGATCTCCAAGATTCAGA-3' 
Probe No.26 

(Roche, 

#04687574001) R* 5'-GATACACCCATGTGAACAAA-3' 

Mouse 

mitochondrial 

primer pair 

F 5'-CAAATTTACCCGCTACTCAAC-3' 
 

 Probe No.101  

(Roche, 

#04692195001) R 5'-GCTATAATTTTTCGTATTTGTGTTTG-3' 
 

Table 3.6. The primer sequences and probe numbers for PCR analysis are shown. *Forward, Reverse. 

 

 

3.8.2. Mitochondria Isolation 

 

To isolate mitochondria, the pancreas was harvested into 5 ml cold isolation buffer and 

minced in isolation buffer using scissors. Then, the homogenate was transferred into a glass 

homogenizer (potter) (Sartorius, #BBI-854 2406), and filled up to 15 ml with cold isolation 

buffer. The cells were separated by moving the teflon plunger (Sartorius, #BBI-854 2805) up and 

down carefully. The homogenate was transferred into a tube and centrifuged at 800 rpm at 4°C 

for 10 min to get rid of the cell fragments. Afterwards, the supernatant was transferred into a new 

tube and centrifuged at 9.000 rpm at 4°C for 10 min. Then the supernatant was discarded and the 

pellet was resuspended in isolation buffer free of BSA via a brush, transferred into a 1,5 ml tube 

trough a pipette. The tip was previously cut in order to avoid the disruption of mitochondria due 

to shear force. As a last step, the concentration of mitochondria was measured via Bradford assay 

at 595 nm using a BSA standard curve with the concentrations ranging from 0,04 to 0,2 μg/μl.  

 

Isolation Buffer :     192 mM Mannitol (Roth, #4175.1) 

                                 58 mM Sucrose (Roth, #4621.1) 

                                 2 mM Tris-HCL 
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                                 0,5 mM EDTA 

                                 500 µl Inhibitor Halt
TM

Protease Inhibitor Single-Use Cocktail  

                                 (TermoScientific, #78425)        

                                 Adjusted to 500 ml with dH2O 

                                 pH is adjusted to 7,2 with 10 M KOH at 4°C 

 

             After preparation of the buffer, 100 ml of buffer was separated. Fatty acid free BSA 

(Sigma, #A3803) was added onto 400 ml of respiration buffer in a final concentration of 2,5%. 

 

Respiration Buffer:  120 mM KCL (Roth, #6781) 

                                 5 mM KH2PO4 (Roth, # 3904) 

                                 3 mM HEPES (Roth, # 9105.4) 

                                 1 mM EGTA (Roth, # 3054.2) 

                                 5 % BSA 

                                 2 mM MgCl2  

                                 Adjusted to 500 ml with dH2O 

                                  pH is adjusted to 7,2 with 10 M KOH at RT 

 

3.8.3. Clark Electrode 

 

In order to measure the mitochondrial respiration in the pancreas, the Clark Electrode 

(Rank Brothers, #Digital model 10) was used. First the Electrode was calibrated with air-

saturated assay medium (respiration medium). Then, 1 ml of warm (37°C) respiration buffer was 

put into the chamber of electrode and 500 μg mitochondria suspension was added. During the 

measurements, the sample was mixed via a stirrer. In order to measure basal mitochondrial 

respiration rate, Complex I (NADH dehydrogenase) of the respiration complex was blocked via 

adding 4 mM rotenone (Sigma, #R8875). Then, as substrate for complex II (Succinate 

dehydrogenase), 3 mM succinate (Sigma, #S3674) was added and state 2 respiration was 

measured. Subsequently, 3 mM adenosine diphosphate (ADP) (Sigma, #A2754) was 

administered to measure the state 3 respiration. Afterwards, the ATP production was inhibited by 

adding 1 µM oligomycin, which blocks the activation of complex V (ATPase synthase) and state 

4 was measured. As a last step, mitochondrial uncoupler carbonylcyanide-p-trifluoromethoxy- 

phenyl hydrazone (FCCP) was added onto mitochondria and the complex II driven maximum 

respiration was recorded.  
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All measurements were performed two times for each mitochondria sample. The 

respiratory control ratio (RCR), which is the ratio of state 3 to state 4, was calculated for each 

sample and the median value was considered.  

 

3.9. Statistical Analysis 

 

Data are expressed as mean ± SEM and the differences were analyzed by Student’s t-test 

and one-way ANOVA followed by Bonferroni`s multiple comparison test using Prism5 

(GraphPad Software Inc.). Significance of tests are determined according to p-values 

 (* p-value ≤ 0.05, ** p-value ≤ 0.01,  ***  p-value ≤ 0.001).



       RESULTS 

     

 

66 

 

4. RESULTS 

 

4.1. Exocrine pancreas-specific deletion of Ikkα accelerates pancreatic ductal 

adenocarcinoma (PDAC) development in p48-Kras
G12D

 mice 

 

Pancreatic ductal adenocarcinoma (PDAC) constitutes of nearly 95% of all exocrine 

pancreas malignancies. It is an extremely lethal type of cancer as it appears the 4
th

 leading cause 

of cancer-associated death worldwide (Haq et al., 2012). The average survival is 4-6 months. 

Moreover, 5 year survival rate is less than 5% emphasizing its fast and irrepressible progression 

(Hingorani et al., 2003). The reason for the high mortality rate in PDAC is the absence of an 

efficient detection system and its resistance to existing chemotherapy. Thus, it is very crucial to 

explore the molecular mechanisms that underlie the development of PDAC. 

 

The aim of this study was to investigate the role of Ikkα during PDAC development. To 

that end, Ikkα
F/F

 mice were crossed to a well established mouse model of pancreatic cancer; 

p48
Cre

-K-ras
LSL-G12D/+ 

(termed p48-Kras). Since activating mutations of K-ras are seen in nearly 

90% of PDAC cases, the use of p48-Kras model in which oncogenic K-ras expression is under 

the control of a pancreas-specific promoter, p48, is of relevance to human disease. Moreover, in 

this model, oncogenic K-ras activation leads to the progression of premalignant pancreatic 

intraepithelial neoplastic lesions (PanINs), which is reminiscent of human PDAC.  

 

By crossing Ikkα
F/F

 mice to p48-Kras mice, Ikkα
F/F

-p48
Cre

-K-ras
LSL-G12D/+ 

mice (termed 

Ikkα
F/F

-p48-Kras), which had simultaneous oncogenic K-ras activation and deletion of Ikkα only 

in the exocrine pancreas, was obtained. Pancreas-specific Ikkα deletion did not exert any visible 

phenotype during birth. Ikkα
F/F

-p48-Kras mice were born at an expected Mendelian ratio and 

bred normally. However, after three weeks of age, Ikkα
F/F

-p48-Kras mice stayed leaner than their 

control littermates and p48-Kras mice and showed mean survival of 28 days for males (n:21) and 

29 days (n:22) for females. Histological sections from the pancreas of 3-4 weeks old Ikkα
F/F

-p48-

Kras mice and p48-Kras mice were analyzed and lesion frequency as well as lesion grade was 

scored. Pancreata from Ikkα
F/F

-p48-Kras mice was completely transformed with PanIN1, 2, 3 

lesions, and multifocal cancer areas, which were accompanied with elevated fibrosis and 

immune cell infiltration (Figure 4.1 A, B). In contrast, age-matched p48-Kras mice showed only 

diluted ducts and early PanIN1A lesions and the exocrine pancreas was still intact (Figure 4.1 E, 
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F). This indeed is in accordance with the previous findings that p48-Kras mice do not show 

pancreatic tumors before 7,5 months unless they are challenged with chronic inflammation 

(Guerra et al., 2007; Khasawneh et al., 2008). Indeed when p48-Kras mice were checked at 

advanced ages (7-14 months) during when they could potentially show focal cancer areas, 

although there was variation among the animals tested still the distortion, infiltration of 

fibroblasts and inflammatory cells, and most importantly cancer incidence was not as 

pronounced as it was for Ikkα
F/F

-p48-Kras mice (Figure 4.1 I, J).  In the light of these findings, 

Ikkα deletion was concluded to accelerate tumor development in the pancreas in mice with 

oncogenic K-ras activation. In addition, we observed that the loss of Ikkα during cancer 

development depended on the number of intact alleles since the pancreata from Ikkα
F/+

-p48
Cre

-K-

ras
LSL-G12D/+ 

(termed Ikkα
F/+

-p48-Kras) mice did not show advanced PanINs or tumor at the age 

of 3-4 weeks (Figure 4.1 M, N). Apart from pancreas, other organs did not show any structural or 

histological abnormalities in Ikkα
F/F

-p48-Kras mice. 

 

Histological evaluation of the pancreata from Ikkα
F/F

-p48-Kras mice showed acinar 

structure of the pancreas was mostly replaced by PanIN lesions, which was accompanied by a 

strong stromal reaction. In order to check fibrotic response, Sirius red staining was performed 

using pancreas sections. Low grade fibrosis was detected around newly forming lesions in the 

pancreas of 3-4 weeks old p48-Kras mice, whereas most of the pancreatic areas were fibrotic in 

Ikkα
F/F

-p48-Kras mice and 7-14 months old p48-Kras mice (Figure 4.1 C, G, K). In addition, 

Alcian blue staining was performed to determine mucin secretion in the pancreas since it is one 

of the basic characteristics of PanINs. In 3-4 weeks old p48-Kras mice, no mucin secretion was 

detected. Contrarily, abundant mucin production was observed in p48-Kras, which had PanINs 

and tumors, and in Ikkα
F/F

-p48-Kras mice in accordance with the increased incidence of cancer 

(Figure 4.1 D, H, L). 
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Figure 4.1. Pancreas-specific Ikkα deletion accelerates PanIN development and tumor progression 

accompanied by increased fibrosis and mucin production. (A, B) Haematoxylin and Eosin (H&E)-

stained pancreas sections of 3-4 weeks old Ikkα
F/F

-p48-Kras, (E, F) age-matched p48-Kras mice and (I, J) 

7-14 months old p48-Kras animals. 3-4 weeks old p48-Kras mice show significantly intact acini, whereas 

pancreas structure is completely transformed in Ikkα
F/F

-p48-Kras mice. (C, D) Sirius red and Alcian blue 

staining, respectively, performed on pancreas sections of 3-4 weeks old Ikkα
F/F

-p48-Kras, (G, H) age-

matched p48-Kras mice and (K, L) 7-14 months old p48-Kras animals indicating increased fibrosis and 

mucus secretion in the presence of PanINs and tumors. (M, N) H&E staining on the pancreas sections of 

Ikkα
F/+

-p48-Kras mice displaying similar histology to 3-4 weeks old p48-Kras pancreata, which show 

only early-stage PanINs surrounded by normal acini and partially diluted ducts. 10X magnification.  

 

4.2. Ikkα deletion in pancreas accelerates oncogenic K-ras driven PanIN 

development not only during embryonic stage but also after post-natal period  

 

Ikkα deletion in pancreas accelerates K-ras driven PanIN and tumor development in p48-

Kras mice. However, in Ikkα
F/F

-p48-Kras mouse model, Ikkα deletion and oncogenic K-ras 

activation occurs as early as 9.5-10.5 days during embryonic stage. To check whether tumor 
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promotion and progression could be accelerated due to Ikkα deletion also in adult mice, another 

Cre system, Elastase-Cre (Ela-Cre), was used as it allows recombination only in adult acinar 

cells in an inducible manner. To generate Ikkα
F/F

-Kras-Ela-Cre mice, Ikkα
F/F
–Kras mice were 

crossed to Ela-Cre animals. Approximately 10 µg/µl tamoxifen was administered to 5 weeks old 

Ikkα
F/F

-Kras-Ela-Cre mice and age matched control littermates for five consecutive days. 

Animals were sacrificed three months after the last tamoxifen administration. Among six Ikkα
F/F

-

Kras-Ela-Cre mice, five of them showed PanIN lesions and one displayed abnormalities in acinar 

cell structure suggesting IKKα induced K-ras-driven PanIN formation is not restricted to 

embryonic stage but can occur also post-natally (Figure 4.2). 

 

 
 
Figure 4.2. Acinar cell-specific Ikkα deletion leads to PanIN development not only during 

embryonic stage of life but also in post-natally. (A) H&E-stained pancreas section of age matched 

Ikkα
F/F

 mouse and (B, C) Ikkα
F/F

-Kras-Ela-Cre mice. 20X magnification. 

 

4.3. Pancreas-specific deletion of Ikkα causes increased proliferation and 

resistance to apoptosis in p48-Kras mice 

 

During cancer development, several genetic and epigenetic alterations occur to transform 

normal cells into abnormal tumor cells. As a result, the transformed cells become insensitive to 

anti-growth signals and proliferate in the absence of growth signals. Further they induce 

resistance to programmed cell death (apoptosis) and replicate unlimitedly. Moreover, 

angiogenesis, invasion and metastasis are also enhanced. All together, these characteristics of 

transformed cells are recently defined as ‘six hallmarks of cancer’ (Hanahan and Weinberg, 

2000). Among these hallmarks, K-ras is especially important for cell proliferation in the absence 

of growth signals because as a part of the SOS-RAS-RAF-MAP kinase cascade, which plays an 

essential role in releasing the mitogenic signals into cells, oncogenic activation of K-ras supply 

continuous growth signals to the cells. As a proof, abundant number of human tumors has been 

shown to exhibit oncogenic RAS proteins (Medema and Bos, 1993). To check the proliferation, 

Ki67 staining was performed using the pancreas. Only the lesion forming cells were observed to 
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proliferate in the pancreas of 3-4 weeks old p48-Kras mice (Figure 4.3 A, B). On the contrary, in 

accordance with enhanced tumor progression, highly proliferative cells around lesions, tumors 

and desmoplastic areas in the pancreas of 7-14 months old p48-Kras and 3-4 weeks old Ikkα
F/F

-

p48-Kras mice were observed (Figure 4.3 C, D, E, F). In addition, TUNEL was performed to 

check apoptotic index in pancreas sections. As a result, only very few apoptotic cells in the 

pancreas of Ikkα
F/F

-p48-Kras mice were determined in comparison to age-matched p48-Kras 

pancreata (Figure 4.3 G, H, I, J). 

 

 
 
Figure 4.3. Ikkα deletion gives rise to increased cell proliferation and decreased apoptosis in the 

pancreas of 3-4 weeks old p48-Kras mice. (A, B) Determination of cell proliferation by 

immunohistochemistry (IHC) staining using anti-Ki67 antibody in the pancreas of 3-4 weeks old p48-

Kras, (C, D) 7-14 months old p48-Kras and (E, F) 3-4 weeks old Ikkα
F/F

-p48-Kras mice. (G, H) 

Evaluation of apoptosis in the pancreas sections of 3-4 weeks old p48-Kras and (I, J) Ikkα
F/F

-p48-Kras 

mice by TUNEL. 20X magnification. 

 

 

4.4. Ikkα regulates cell cycle progression via controlling the key players 

involved in G1/S phase transition 

 

Cell cycle consists of four different phases, which are called G1 (Gap 1), S (Synthesis), 

G2 (Gap 2) and M (Mitosis). All these phases are carried out by cell cycle machinery consisting 
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of cyclins, cyclin dependent kinases (CDKs) and cyclin dependent kinase inhibitors (CDKIs), 

which are regulated by a variety of molecules such as Ras and Myc (Weinberg, 2007). Thus, in 

order to define in detail the hyperproliferative response of the tumors in Ikkα
F/F

-p48-Kras mice, 

the expression of Cyclin D1
 
was checked. Expression of Cyclin D1, required in the G1 phase of 

the cell cycle, was found to be highly up-regulated in Ikkα
F/F

-p48-Kras mice (Figure 4.4), which 

is in agreement with the IKKα’s function in regulation Cyclin D1 expression. 

 

 
 
Figure 4.4. Cyclin D1 expression level is significantly increased in Ikkα

F/F
-p48-Kras mice in 

comparison to 7-14 months old p48-Kras mice. WB analysis exhibiting the expression of Cyclin D1 in 

the pancreas of 3-4 weeks old Ikkα
F/F

, p48-Kras, Ikkα
F/F

-p48-Kras and 7-14 months old p48-Kras mice. 

 

 

In addition to Cyclin D1 that takes part in cell cycle, the expression of another CDKI, 

p16
INK4A

, was investigated.  p16
INK4A

 can halt cell cycle in the G1 phase by inhibiting CDK-4 

and-6.  Furthermore, its main function is suggested to be the induction of permanent growth 

arrest, which is called cellular senescence. Cellular senescence is the stage of irreversible cell 

cycle arrest, which is promoted by several factors including abnormal growth signals or DNA 

damage. Thus, it is accepted as an important mechanism, which prevents cancer and suppresses 

tumor development (Ohtani et al., 2004).  In order to determine p16 expression, WB was 

performed using proteins from both mouse pancreata and human pancreas biopsies from patients 

with PDAC. To directly compare the tumors from Ikkα
F/F

-p48-Kras mice to that of p48-Kras 

mice, p48-Kras animals that were between 7-14 months old were used. Fourteen out of twenty-

six Ikkα
F/F

-p48-Kras mice showed similar p16 expression to old p48-Kras animals, whereas 

twelve samples showed decreased p16 expression (Figure 4.5 A).  In addition, p16 expression 

was further checked by RT-PCR. Indeed, significantly elevated p16 expression was detected in 

Ikkα
F/F

-p48-Kras in comparison to Ikkα
F/F 

and 3-4 weeks old p48-Kras mice (Figure 4.5 B).  On 

the other hand, p16 expression was detected in %55 of normal human pancreas and % 77 of 

PDAC samples. In order to check if alterations in IKKα expression is a common phenomenon 

during human disease and whether there is any correlation with p16 expression, WB was 

performed using the same human samples. Among PDAC samples tested, IKKα expression 

appeared to be decreased. Furthermore only two PDAC samples, which were negative for IKKα 

showed p16 expression (Figure 4.5 C). To further elucidate, Ikkα was knocked-down in 
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pancreatic cancer (PC) cell lines and expression of p16 was detected.  For this aim, Patu-S and 

MiaPaCa human PC cell lines were chosen according to their high and low p16 expression levels 

(Figure 4.5 D). siRNAs were used to knock-down Ikkα in these cells lines (Figure 4.5 E). In 

MiaPaCa cell line, comparably to two human samples, IKKα loss resulted in elevated p16 

protein expression, whereas in Patu-S line, IKKα loss did not alter p16 expression (Figure 4.5 E).  

 

 
 

Figure 4.5. p16 expression in the pancreas changes due to the grade of tumors in mouse and human, 

and Ikkα deletion causes increased p16 expression in MiaPaCa cell line. (A) Detection of p16 

expression by WB, (B) and RT-PCR in mouse pancreas. (C) Detection of p16 and IKKα expression by 

WB in normal human samples and samples from PDAC patients. (D) Determination of p16 by WB in 

human pancreatic cancer cell lines. (E) The effect of Ikkα loss on p16 expression was checked by WB 

level for MiaPaCa and Patu-S human pancreatic cell lines. GAPDH and p38 was used as a loading 

control. P value was determined by one-way ANOVA followed by Bonferroni`s multiple comparison test. 

***p ≤ 0.001. 

 

c-MYC is a proto-oncogene, which belongs to basic helix-loop-helix (bHLH) 

transcription factor family. It is known to function as a downstream transcriptional effector of 

several signaling pathways, which take part in cell growth, differentiation and apoptosis. In 

addition to its cell growth promoting effects, it has been found that Ras and Myc oncogenes are 
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able to cooperate during cell transformation (Weinberg, 2007). Moreover, expression of MYC is 

deregulated in 15-30% of cancers, which leads to high expression of MYC following abnormal 

cell growth. Based on its important role during cancer progression, c-MYC localization was 

checked in pancreas sections from 3-4 weeks old p48-Kras and Ikkα
F/F

-p48-Kras mice. In both 

animal groups, cytoplasmic and nuclear c-MYC was detected in lesions (Figure 4.6). 

 

 

Figure 4.6. Cytoplasmic and nuclear localization of c-MYC is observed in lesions in 3-4 weeks old 

p48-Kras and Ikkα
F/F

-p48-Kras mice (A) Localization of c-MYC is exhibited via IHC staining using 

pancreas tissue sections from p48-Kras mice and (B, C) Ikkα
F/F

-p48-Kras mice. 20X magnification. 

 

p53 is a very important tumor suppressor protein that regulates cell proliferation, cell 

cycle arrest, cell death, DNA repair in the cells and is lost in 50-75% of pancreatic cancers 

(Maitra and Hruban, 2008). Due to its importance, p53 location was visualized in the pancreas of 

Ikkα
F/F

-p48-Kras mice. Mostly, the lesions were positive for p53 in p48-Kras and Ikkα
F/F

-p48-

Kras mice. Furthermore, p53 was located both in cytoplasm and nucleus in both animal groups 

(Figure 4.7). 

 

 

Figure 4.7. Nuclear and cytoplasmic localization of p53 is detected in the lesions in Ikkα
F/F

-p48-

Kras mice. (A) Immunohistochemical analysis of p53 using pancreas sections from p48-Kras and (B, C) 

Ikkα
F/F

-p48-Kras mice. 20X magnification. 
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4.5. Pancreas-specific Ikkα deletion does not induce AKT but elevates mTOR 

expression in p48-Kras mice 

  

One of the important pathway in PDAC progression is the phosphatidylinositol-3' kinase 

(PI3K)/AKT-pathway, which is shown to be active in nearly 60% of PDAC patients. The 

oncoprotein AKT, which is a serine-threonine kinase, is activated by PI3K mutations, 

inactivation and/or loss of PTEN and several survival signals including oncogenic K-ras 

activation. This activation leads to induced cell proliferation, growth and survival (Bader et al., 

2005; Dan et al., 2008). Furthermore PI3K/AKT signaling has been established to regulate NF-

κB (Jones at al., 2000). Thus, levels of AKT, its downstream mediator mammalian target of 

rapamycin (mTOR), GβL and RICTOR were checked. Although total AKT levels were similar, 

phosphorylated AKT (p-AKT) levels were increased in Ikkα
F/F

-p48-Kras mice in comparison to 

Ikkα
+/F

-p48-Kras, whereas AKT level was slightly increased in Ikkα
F/F

-p48-Kras animals in 

comparison to p48-Kras mice (Figure 4. 8). Furthermore, increase in mTOR, phosphorylated 

mTOR (p-mTOR) and mTOR adaptor protein RICTOR was observed in Ikkα
F/F

-p48-Kras mice 

suggesting that this pathway might be involved in increased cell proliferation in the pancreas 

(Figure 4. 8). 

 

 

 
 

Figure 4.8. mTOR, p-mTOR and RICTOR levels are elevated in Ikkα
F/F

-p48-Kras mice in 

comparison to age-matched p48-Kras. WB analysis displaying the expression of AKT, p-AKT, mTOR, 

p-mTOR, RICTOR and GβL in the pancreas of 3-4 weeks old Ikkα
F/F

, p48-Kras, Ikkα
+/F

-p48-Kras and 

Ikkα
F/F

-p48-Kras mice. 
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4.6. Pancreas-specific Ikkα deletion enhances secretion of pro-inflammatory 

cytokines 

 

Chronic inflammation is known to be an important initiator for tumor progression. Since 

as initially proposed by Rudolf Virchow in 1863, many recent studies confirmed the connection 

between chronic inflammation and cancer development. It has been established that activated 

oncogene and/or inhibition of a tumor suppressor gene might induce inflammation-related 

mechanisms. Thus, cancer-associated inflammation can activate transcription factors such as NF-

κB, STAT3 and HIF-1α and thereby give rise to the production and secretion of inflammatory 

mediators including cytokines, chemokines, nitric oxide and prostaglandins (Karin and Greten, 

2005; Mantovani et al, 2008).  

 

In the light of this information and our observation, which points out to the 

transformation of intact acinar cells in Ikkα
F/F

-p48-Kras with premalignant lesions and areas with 

multifocal cancer surrounded by increased inflammatory cells, the expression of inflammatory 

markers and pro-inflammatory cytokines were investigated via RT-PCR (Figure 4.9). Expression 

of macrophage surface marker F4/80 showed a tendency towards an increase in Ikkα
F/F

-p48-Kras 

in comparison to age-matched p48-Kras mice. Consistently, expression of cytokines including 

interleukin 1β (IL1β) and interleukin 6 (IL6) was also elevated in Ikkα
F/F

-p48-Kras mice in 

comparison to age-matched p48-Kras mice. However, the expression of F4/80, TNFα and IL1β 

did not show significant difference between Ikkα
F/F

-p48-Kras and 7-14 months old p48-Kras 

mice, whereas IL6 level was decreased in Ikkα
F/F

-p48-Kras mice. Thus, in an advanced tumor 

model such as Ikkα
F/F

-p48-Kras mice, although it is not surprising to detect higher expression 

levels of these cytokines, yet the presence of an active tumor microenvironment is important 

(Figure 4.9). 

 

 
 
Figure 4.9. Expression of inflammatory cell markers and pro-inflammatory cytokines is increased 

in Ikkα
F/F

-p48-Kras mice. Expression analysis of genes involved in inflammatory responses in the 

pancreas of 3-4 weeks old Ikkα
F/F

, p48-Kras, Ikkα
F/F

-p48-Kras and 7-14 months old p48-Kras mice 

analyzed by RT-PCR. Data are mean values ± Standard error of the mean (SEM), *p ≤  0.05, **p ≤ 0.01. 
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In order to detect which cell type constitutes the major inflammatory microenvironment 

around lesions and tumors in the pancreas of Ikkα
F/F

-p48-Kras mice, the pancreatic cells were 

sorted via Fluorescence-activated cell sorting (FACS) based on their cell surface markers. The 

cells were gated according to their double positivity for F4/80-CD11b and CD11b-GR1. 

Significant increase in macrophage and neutrophil infiltration was observed in the pancreas of 

Ikkα
F/F

-p48-Kras mice in comparison to 7-14 months old p48-Kras mice (Figure 4.10). Indeed 

this may suggest elevated inflammatory response might have had a stronger tumor promoting 

effect in Ikkα
F/F

-p48-Kras mice, which leads to accelerated pancreatic tumor development in this 

mouse model at the age of 3-4 weeks in contrast to 7-14 months in p48-Kras animals. 

 

 

Figure 4.10. Ikkα
F/F

-p48-Kras mice displays increased percentages of inflammatory cell infiltration 

in the pancreas in comparison to p48-Kras mice. The graphs representing the percentages of  F4/80
+
, 

CD11b
+
, CD11c

+
, GR1

+
, CD11b

+
 GR1

+
 and F4/80

+
 CD11b

+ 
cells in the pancreas of 3-4 weeks old Ikkα

F/F
, 

p48-Kras, Ikkα
F/F

-p48-Kras and 7-14 months old p48-Kras mice. P value was determined by one-way 

ANOVA followed by Bonferroni`s multiple comparison test. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001. 

 

4.7. Although Ikkα is absent in the exocrine pancreas, both canonical and non-

canonical NF-κB pathways are still active in Ikkα
F/F

-p48-Kras mice 

 

NF-κB is a very important transcription factor, which regulates the expression of genes 

mainly involved in inflammation and innate immunity. Thus, NF-κB activity might cause drastic 

changes such as promotion of cancer via enhancing the expression of inflammatory cytokines or 

enzymes including COX-2 and iNOS. Moreover, NF-κB proteins have been shown to promote 

the expression of genes required for cell proliferation and apoptosis (Karin, 2006; Courtois and 

Gilmore, 2006). 

 

IKKα plays a critical role in both canonical and non-canonical NF-κB pathways. 

Moreover, it has NF-κB independent but nuclear functions in the cells (Huang and Hung, 2013). 

Further, recent studies suggest a tumor suppressor property for IKKα (Kwak et al., 2011). In our 

Ikkα
F/F

-p48-Kras mouse model, pancreatic tumor development was accelerated and accompanied 
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by increased inflammatory cell infiltration. However, whether this was NF-κB dependent or 

independent and how Ikkα deficiency affected the expression of other NF-κB members involved 

in canonical and non-canonical pathways was not addressed.  To that end, expression of NF-κB 

family members was determined. Additionally, human pancreas samples were analyzed as p48-

Kras mouse model closely recapitulates the human PDAC. Importantly, increased expression of 

RelA, RelB, cRel, p50/p105, p52/p100, IκBα and phosphorylated IκBα (p-IκBα) was detected in 

7-14 months old p48-Kras and 3-4 weeks old Ikkα
F/F

-p48-Kras mice in comparison to other 

animal groups with or without K-ras activation. Especially, expression of RelB and cRel were 

significantly elevated in Ikkα
F/F

-p48-Kras mice in comparison to 7-14 months old p48-Kras mice 

(Figure 4.11 A). Similarly, increased expression of RelA, cRel, p50/p105, and p52/p100 was 

detected in CP and PDAC human samples (Figure 4.11 B). On the other hand, lower expression 

of RelB was detected in CP and PDAC samples, which was contradictory to the findings in the 

mouse model (Figure 4.11 B). 

 

           Since elevated expression of RelA and RelB was detected, their location in the cells was 

elucidated in pancreas sections (Figure 4.11 C, H). Indeed, RelA and RelB were detected in the 

nucleus of cells, which give rise to lesions in 3-4 weeks old p48-Kras mice. Moreover, 

cytoplasmic and nuclear RelA was observed in lesions as well as in the inflammatory and 

desmoplastic areas in Ikkα
F/F

-p48-Kras and 7-14 months old p48-Kras mice (Figure 4.11 D, E, F, 

G, I, J, K, L). 
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Figure 4.11. Pancreas-specific Ikkα deletion changes the expression of NF-κB family members in 

both mouse and human pancreas. (A) WB pictures representing the expression levels of NF-κB 

members in mouse pancreas samples and (B) in human pancreas. GAPDH was used as a loading control. 

Asterisks indicate the corresponding bands. (C, H) Representative pictures of IHC staining for RelA and 

RelB using pancreas sections from 3-4 weeks old p48-Kras, (D, E, I, J) 7-14 months old p48-Kras and (F, 

G, K, L) 3-4 weeks old Ikkα
F/F

-p48-Kras mice. 20X magnification. 
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4.8. Additional RelB deficiency in the exocrine pancreas increases 

inflammation but does not affect tumor progression in Ikkα
F/F

-p48-Kras mice 

 

Increased RELB expression and nuclear localization in inflammatory and transformed 

cells was observed in the pancreas of Ikkα
F/F

-p48-Kras mice. Since similar to Ikkα, RelB takes 

part in the non-canonical pathway, the effect of pancreas-specific deletion of RelB on 

tumorigenesis in Ikkα
F/F

-p48-Kras mice was checked. To that end, RelB
F/F

 was crossed on 

Ikkα
F/F

-p48-Kras background. RelB
F/F

-Ikkα
F/F

-p48-Kras mice did not show any visible 

phenotype until birth due to additional pancreas specific RelB deletion. Although mice bred 

normally and RelB
F/F

-Ikkα
F/F

-p48-Kras mice were born at the expected Mendelian ratio, 

however, they showed increased mortality shortly after birth. Similar to Ikkα
F/F

-p48-Kras mice, 

RelB
F/F

-Ikkα
F/F

-p48-Kras mice remained smaller than control littermates. Although the pancreas 

histology of 3 weeks old RelB
F/F

-Ikkα
F/F

-p48-Kras mice was comparable to Ikkα
F/F

-p48-Kras 

mice, however the inflammatory response was much more exacerbated. Indeed exocrine 

pancreas structure was completely altered and normal acinar cells were replaced by premalignant 

lesions, multifocal cancer areas, inflammatory cells and fibroblasts suggesting pancreas-specific 

inhibition of the non-canonical NF-κB pathway accelerated cancer progression in p48-Kras mice 

(Figure 4.12). 

 

 

Figure 4.12. Pancreas-specific RelB deletion further enhanced inflammation during tumorigenesis 

in Ikkα
F/F

-p48-Kras mice.  (A, B) H&E staining of pancreas section from Ikkα
F/F

-p48-Kras and (C, D) 

RelB
F/F

-Ikkα
F/F

-p48-Kras mice. 10X magnification. 

 

To further check the increased inflammatory response in the pancreata of RelB
F/F

-Ikkα
F/F

-

p48-Kras mice, FACS analysis was performed. Indeed higher numbers of F4/80
+
-CD11b

+
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macrophages and CD11b
+
-GR1

+
 neutrophils were detected in the pancreas of RelB

F/F
-Ikkα

F/F
-

p48-Kras mice. Especially F4/80
+ 

CD11b
+
 macrophages were increased in RelB

F/F
-Ikkα

F/F
-p48-

Kras mice in comparison to Ikkα
F/F

-p48-Kras animals suggesting that in accordance with the 

pathology, macrophage infiltration in the pancreas was the highest in RelB
F/F

-Ikkα
F/F

-p48-Kras 

mice. In addition, CD11c
+ 

cell infiltration was significantly lower in RelB
F/F

-Ikkα
F/F

-p48-Kras 

mice in comparison to Ikkα
F/F

-p48-Kras animals proposing that RELB deficiency could 

accelerate cancer progression in Ikkα
F/F

-p48-Kras mice, possibly through an increase in 

macrophages and a decrease in dendritic cells that present tumor antigens to adaptive immune 

cells (Figure 4.13). 

 

 
 
Figure 4.13. RelB

F/F
-Ikkα

F/F
-p48-Kras mice exhibited elevated inflammatory cell infiltration and 

decreased percentage of CD11c
+
 cells in the pancreas in comparison to Ikkα

F/F
-p48-Kras and p48-

Kras mice. The graphs representing the percentage of F4/80
+
, CD11b

+
, CD11c

+
, GR1

+
, F4/80

+
 CD11b

+
 

and CD11b
+
 GR1

+
 cells in the pancreas of Ikkα

F/F
, 3-4 weeks old p48-Kras, 7-14 months old  p48-Kras, 

Ikkα
F/F

-p48-Kras and RelB
F/F

-Ikkα
F/F

-p48-Kras mice. P value was determined by one-way ANOVA 

followed by Bonferroni`s multiple comparison test. **p ≤ 0.01, ***p ≤ 0.001. 

 

4.9. Ikkα deletion increases the expression of genes involved in inflammatory 

response in p48-Kras mice 

 

To further elucidate the molecular mechanisms involved in pancreatic cancer progression 

in Ikkα
F/F

-p48-Kras mice in detail, microarray analyses was performed in which 28853 probe 

sets were used to check the expression of genes. Among 28176 genes, expression of 466 genes 

was significantly altered; 388 genes were up-regulated in Ikkα
F/F

-p48-Kras mice in comparison 

to p48-Kras mice while 78 genes were down-regulated. Among the down-regulated genes, 25% 

of them were involved in metabolism. On the other hand, the highest numbers of up-regulated 

genes were engaged in cell cycle, growth, proliferation (6.7%), several signal transduction 

pathways (5.41%), and cell adhesion (5.41%). The rest of the up-regulated genes could be 

mainly classified under metabolism, angiogenesis, growth and development, transport, 

transcription, proteolysis and immune response. 
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Elevated expression of CyclinD1 (NM_00 631) in the pancreas of Ikkα
F/F

-p48-Kras mice 

was confirmed by microarray analysis. Moreover, some other genes involved in cell cycle 

process including CyclinG2 (NM_007635), p15 (NM_007670), Pak1 (NM_011035), p21 

(NM_007669) and Cul1 (NM_012042) were also up-regulated in Ikkα
F/F

-p48-Kras mice in 

comparison to 3-4 weeks old p48-Kras mice.  

 

Interestingly, up-regulation in Ctnnb1 (β-catenin) (NM_00 6149) expression in Ikkα
F/F

-

p48-Kras mice in comparison to 3-4 weeks old p48-Kras mice was detected. This up-regulation 

was further checked on pancreas sections from 3-4 weeks old p48-Kras and Ikkα
F/F

-p48-Kras 

mice. Indeed, cytoplasmic and nuclear β-catenin expression was detected in lesions in both 

mouse groups (Figure 4.14). 

 

 

Figure 4.14. Cytoplasmic and nuclear β-catenin expression is detected in the pancreas of Ikkα
F/F

-

p48-Kras mice. (A, B) Representative pictures of IHC-β-catenin staining for 3-4 weeks old p48-Kras and 

(C, D) Ikkα
F/F

-p48-Kras mice. 20X magnification. 

 

According to microarray results, expression of Prominin-1 (Prom1) and CD44 (Cd44), 

which are assessed as cancer stem cells (CSCs) markers, were up-regulated in Ikkα
F/F

-p48-Kras 

mice. This up-regulation was further confirmed by RT-PCR (Figure 4.15 A). Additionally, 

expression of CD44 was checked by FACS analysis together with a pancreatic cell marker, 

epithelial cell adhesion molecule (EpCAM), since these two markers are accepted as pancreatic 

cancer stem cell markers. A significant increase in the percentages of CD44
+
 and CD44

+
 

EpCAM
+ 
cells was detected in Ikkα

F/F
-p48-Kras mice in comparison to p48-Kras animal groups 

(Figure 4.15 B). 
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Figure 4.15. Expression of pancreatic cancer stem cell markers Prom1 and CD44 increases in the 

pancreas of Ikkα
F/F

-p48-Kras mice. (A) Relative mRNA levels of Prom1 and CD44 were checked by 

RT-PCR using RNA from 3-4 weeks old Ikkα
F/F
, Ikkα

+/F
-p48-Kras, Ikkα

F/F
-p48-Kras mice. (B) EpCAM 

and CD44 positive cells were determined by FACS using pancreatic cells from 3-4 weeks old Ikkα
F/F

, 

p48-Kras, Ikkα
F/F

-p48-Kras and 7-14 months old mice. P value was determined by one-way ANOVA 

followed by Bonferroni`s multiple comparison test. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001. 

 

Interestingly, the percentage of up-regulated inflammation-related genes was only 3.35% 

in microarray data. However, the genes known for M2 macrophage polarization including 

Interleukin 4 receptor α (Il4rα), Interleukin 13 receptor α1 (Il13rα1), Mannose Receptor-1 

(Mrc1) and Arginase-1 (Arg1), together with general macrophage marker, cluster of 

differentiation 68 (Cd68) and multi functional extracellular structure protein secreted 

phosphoprotein 1 (Spp1) (also known as osteopontin; OPN), were significantly increased in 

Ikkα
F/F

-p48-Kras animals (Figure 4.16 A) and this up-regulation was further confirmed by RT-

PCR (Figure 4.16 B). In addition, expression of another M2 polarized macrophage marker, 

Dectin1, and a frequently found chemokine in tumors, Macrophage Chemotactic Protein-1 

(Mcp1) (also known as chemokine (C-C motif) ligand 2; CCL-2), was also checked by RT-PCR 

(Figure 4.16 C) and they showed a trend towards an increase in Ikkα
F/F

-p48-Kras mice.  
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Figure 4.16. M2 macrophage polarization markers are up-regulated in the pancreas of Ikkα
F/F

-p48-

Kras mice. (A) Gene expression profiles are shown as a heat-map for 3-4 weeks old Ikkα
F/F

 (co, n:3), 

p48-Kras (sko, n:2) and Ikkα
F/F

-p48-Kras (dko, n:3). Red color shows up-regulation of the genes whereas 

green color represents down-regulation. (B) mRNA expression of the genes involved in inflammation and 

macrophage polarization are further checked in the pancreas of Ikkα
F/F
, Ikkα

+/F
-p48-Kras and Ikkα

F/F
-p48-

Kras mice by RT-PCR. (C) M2 macrophage marker, DECTIN-1, expression levels are detected for the 

pancreas of Ikkα
F/F
, Ikkα

+/F
-p48-Kras and Ikkα

F/F
-p48-Kras mice by RT-PCR. P value was determined by 

one-way ANOVA followed by Bonferroni`s multiple comparison test. **p ≤ 0.01, ***p ≤ 0.001. 
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When pancreas samples from 7-14 months old p48-Kras mice bearing tumors were used, 

the genes related to M2 macrophage polarization including Il4rα, Il13rα1, pro-inflammatory 

cytokine Il1β, and M1 macrophage polarization-related genes Ifngr1 and Spp1 were similarly 

increased in Ikkα
F/F

-p48-Kras animals, except Arg1 and Mrc1 that were significantly higher in 

IKKα-deficient p48-Kras mice.  Furthermore, expression patterns of M2 macrophage related 

cytokines IL4, IL10, IL13 and M1 macrophage related cytokines IL12 and IFNγ were similar in 

7-14 months old p48-Kras and 3-4 weeks old Ikkα
F/F

-p48-Kras, and was decreased in 

comparison to 3-4 weeks old p48-Kras mice. In addition, expression of pro-inflammatory 

cytokine IL6 and chemokine MCP-1, which recruits inflammatory cells, was increased in 7-14 

months old p48-Kras mice in comparison to other animal groups. Lastly, the expression of TNFα 

was decreased in Ikkα
F/F

-p48-Kras mice(Figure 4.17 A). The up- and down-regulation of these 

genes was further verified by RT-PCR (Figure 4.17 B). In addition, expression of another M1 

polarized macrophage marker, iNOS, and M2 polarized macrophage marker, DECTIN-1, was 

also checked. iNOS expression was significantly elevated in 7-14 months old p48-Kras mice. 

Furthermore, the expression of DECTIN-1 was significantly increased in Ikkα
F/F

-p48-Kras mice, 

overall suggesting increased M2 macrophage polarization in these animals (Figure 4.17 B). 
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Figure 4.17. M2 macrophage polarization markers are up-regulated in the pancreas of 7-14 months 

old p48-Kras and 3-4 weeks old Ikkα
F/F

-p48-Kras mice. (A) Gene expression profiles are shown as a 

heat-map for 3-4 weeks old Ikkα
F/F

 (G1, n:3), p48-Kras (G2, n:2), Ikkα
F/F

-p48-Kras (G4, n:3) and 7-14 

months old p48-Kras (G3, n:3) mice. Red color shows up-regulation of the genes whereas green color 

represents down-regulation. (B) Increased mRNA expression of the genes involved in inflammation and 

macrophage polarization are further confirmed in the pancreas of 3-4 weeks old Ikkα
F/F
,  Ikkα

F/F
-p48-Kras 

and 7-14 months old p48-Kras mice by RT-PCR. P value was determined by one-way ANOVA followed 

by Bonferroni`s multiple comparison test. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001. 

 

Since p48-Kras model closely mimics human PDAC, IKKα protein level was checked in 

normal human pancreas (NP) and pancreas samples from PDAC patients to elucidate whether 

loss of IKKα expression is a common phenomenon in pancreatic cancer development  (Figure 
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4.18 A). Among nine NP samples, three of them showed low IKKα expression, whereas among 

thirteen PDAC samples, eight of them displayed low IKKα expression suggesting that PDAC 

samples displayed decreased IKKα expression. Furthermore the expression of M2 macrophage 

markers and pro-inflammatory cytokines were checked using human samples. Similar to the 

mouse model, the expression of M2 macrophage markers MRC-1 and MCP-1 were significantly 

increased in PDAC samples. Another M2 marker, ARG-1 and M2 polarized macrophage related 

cytokines IL4, IL10 and IL13 also showed elevated expression in PDAC samples, however since 

the variation between samples were high, the difference between groups did not reach 

significance. Moreover, expression of pro-inflammatory cytokines TNFα, IL1β and IL6 was also 

increased in PDAC samples (Figure 4.18 B). Taken together, these results suggest that IKKα loss 

and M2 polarization may be a common feature of human PDAC progression. 

 

 
 
Figure 4.18. IKKα expression is decreased and M2 macrophage polarization markers are up-

regulated in the pancreas samples from PDAC patients. (A) Detection of IKKα protein levels by WB 

using the proteins from normal pancreas and PDAC samples. (B) Determination of mRNA expression of 

M2 macrophage polarization markers, pro-inflammatory cytokines and the chemotactic factor, Mrc1, in 

the normal pancreas samples and samples from CP and PDAC patients by RT-PCR. P value was 

determined by one-way ANOVA followed by Bonferroni`s multiple comparison test. *p ≤ 0.05. p38 was 

used as a loading control. 

 

Increased M2 macrophage polarization in Ikkα
F/F

-p48-Kras mice might be critical for the 

acceleration of pancreatic cancer in this mouse model. In order to investigate this hypothesis, 

FACS analysis was performed to confirm the increased expression of IL13Rα1 as well as to 

detect which cell type was responsible for the expression of this receptor. Moreover, secretion 

and the source of IL4 and IL13 were also determined. Although, no difference was detected in 

total expression of IL13Rα1 between animal groups, however, when the cells were gated 

according to their positivity for IL13Rα1 and each cell surface marker together, a significant 
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increase in the percentage of IL13Rα1 expressing myeloid cells was observed in the pancreas of 

Ikkα
F/F

-p48-Kras (Figure 4.19 A). Similar to IL13Rα1 results but to a lesser extent, cytokine 

secreting F4/80
+
, CD11b

+
, CD11c

+
  and GR1

+
 cell numbers were elevated in Ikkα

F/F
-p48-Kras in 

comparison to control groups and tumor bearing mice suggesting a critical role for IL13 and its 

receptor during enhanced cancer progression (Figure 4.19 B, C). 

 

 

Figure 4.19. The percentage of IL13Rα1, IL4 and IL13 expressing myeloid cells are increased in 

Ikkα
F/F

-p48-Kras. (A) Graphs representing the percentages of IL13Rα expressing cells (total) and 

myeloid cells separately, and (B, C) the percentages of IL4 and IL13 secreting (total) and myeloid double 

positive cells separately in the pancreas of 3-4 weeks old Ikkα
F/F

, p48-Kras, Ikkα
F/F

-p48-Kras and 7-14 

months old p48-Kras mice. P value was determined by one-way ANOVA followed by Bonferroni`s 

multiple comparison test. *p ≤ 0.05, **p ≤ 0.01.  

 

As being a component of tumor microenvironment, fibroblasts have already been 

established to induce tumor development in later stages of carcinogenesis by producing pro-

inflammatory cytokines, proangiogenic factors and matrix metalloproteinases (Lederle et al., 

2010; Celis et al., 2005; Dirat et al., 2011; Erez et al., 2010). Thus due to the presence of a 

strong desmoplastic reaction in the pancreas of Ikkα
F/F

-p48-Kras mice, fibroblasts and their 

contribution to the production of IL13Rα1, IL4 and IL13 were checked. In accordance with 

histology, the dense fibroblast population in the pancreas of Ikkα
F/F

-p48-Kras mice was 

confirmed by FACS analysis (Figure 4.20 A). Importantly, IL4 and IL13 secreting fibroblast 

numbers were increased in Ikkα
F/F

-p48-Kras mice (Figure 4.20 B). Similarly, IL13Rα1 

expression in fibroblasts was also significantly elevated in Ikkα
F/F

-p48-Kras mice in comparison 
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to 3-4 weeks old p48-Kras mice (Figure 4.20 A). These data suggest that in addition to myeloid 

cells, fibroblasts also contribute to the production of IL4, IL13 and are perhaps more responsive 

in a feed-back loop due to increased IL13Rα1. 

 

 

Figure 4.20. Fibroblast expression of IL13Rα1, IL4 and IL13 are elevated in the pancreas of 

Ikkα
F/F

-p48-Kras mice. (A) IL13Rα1 and (B) IL4, IL13 expressing fibroblast percentages were 

determined by FACS using pancreatic cells from 3-4 weeks old Ikkα
F/F

, p48-Kras, Ikkα
F/F

-p48-Kras and 

7-14 months old p48-Kras mice. P value was determined by one-way ANOVA followed by Bonferroni`s 

multiple comparison test. *p ≤ 0.05, **p ≤ 0.01.  

 

In addition, pancreatic cells were further analyzed to see whether they could serve as a 

potential source for IL13Rα1, IL4 and IL13 expression. To that end, epithelial cell adhesion 

molecule (EpCAM) (also known as CD326) was chosen as pancreatic cell marker. As expected 

due to the major architectural transformation, significant decrease in the number of EpCAM
+
 

cells in the pancreas of Ikkα
F/F

-p48-Kras mice was observed (Figure 4.21 A). IL13Rα1, IL4 and 

IL13 expressing EpCAM
+
 cell numbers were not significantly changed in Ikkα

F/F
-p48-Kras and 

the percentage of these cells -especially for IL13Rα1- was very low (Figure 4.21 A, B). All 

together these data suggest fibroblasts and myeloid cells as the major source of IL13 and its 

receptor expression in Ikkα
F/F

-p48-Kras pancreas. 
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Figure 4.21. Expression of IL13Rα1, IL4 and IL13 by EpCAM
+
 pancreatic cells is unchanged in 

Ikkα
F/F

-p48-Kras mice. (A) IL13Rα1, (B) IL4 and IL13 expression by EpCAM
+
 pancreatic cells in 3-4 

weeks old Ikkα
F/F

, p48-Kras, Ikkα
F/F

-p48-Kras and 7-14 months old p48-Kras mice were checked by 

FACS. P value was determined by one-way ANOVA followed by Bonferroni`s multiple comparison test. 

*p ≤ 0.05, ***p ≤ 0.001. 

 

4.10. Pancreas-derived CD11b
+
 cells show M2 macrophage polarization in 

Ikkα
F/F

-p48-Kras mice 

 

To further characterize the phenotype of pancreas-infiltrating myeloid cells, CD11b
+
 cell 

population was isolated from the whole pancreas by magnetic activated cell sorting (MACS) and 

RT-PCR was performed to determine the expression levels of Ifnγ, Ifngr, Il1β, Il6, Il12, Tnfα, 

Spp1 (Opn), and iNOS as M1 macrophage markers, and Il13, Il4, Il10, Il13rα1, Il4Rα, Dectin1, 

Mrc1 and Arg1 as M2 macrophage markers. There was high expression of IL1β, IL6, and TNFα, 

which are generally secreted by M1 macrophages (Figure 4.22 A), although the expression of 

M2 macrophage markers including ARG-1 and DECTIN-1 were significantly increased in 

CD11b
+
 positive cells from Ikkα

F/F
-p48-Kras mice (Figure 4.22 B). In addition, another M1 

marker iNOS showed elevated expression, whereas IL12 expression was lower in Ikkα
F/F

-p48-

Kras mice. Among the genes tested, expression of IFNγ, IFNGR, IL13, IL4 did not show any 

significant changes between 7-14 months old p48-Kras and Ikkα
F/F

-p48-Kras animals (Figure 

4.22 A, B).  

 

The expression of these markers were further checked for the whole pancreas and 

compared with the results of CD11b
+
 positive cells. Similar to CD11b

+
 cells, expression of 

IFNGR displayed an increase in Ikkα
F/F

-p48-Kras animals in comparison to other groups. IFNγ 

expression was decreased in the pancreas of Ikkα
F/F

-p48-Kras mice, whereas there was no 
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significant difference in iNOS expression. Another M1 macrophage marker, IL12, showed a 

decrease in Ikkα
F/F

-p48-Kras in comparison to 7-14 months old p48-Kras mice. Interestingly, 

SPP1, IL6 and TNFα expression were not significantly higher in the whole pancreas of Ikkα
F/F

-

p48-Kras mice but were especially secreted by CD11b
+
 positive cells in these animals in 

comparison to 7-14 months old p48-Kras mice (Figure 4.22 A). Importantly, M2 markers IL4Rα, 

ARG-1 and DECTIN-1, displayed elevated expression in the whole pancreas of Ikkα
F/F

-p48-Kras 

mice similar to CD11b
+
 cells. Moreover, apart from IL4 and IL13, the other M2 markers 

displayed higher expression in the whole pancreas of Ikkα
F/F

-p48-Kras mice as well as CD11b
+
 

cells (Figure 4.22 B). Altogether these results suggest that although M2 polarized macrophage 

infiltration in the pancreas of Ikkα
F/F

-p48-Kras is high, still M1 polarized macrophages exist and 

continue to secrete pro-inflammatory cytokines.  

 

Since abundant amount of fibroblast infiltration was also observed in the pancreas of 

Ikkα
F/F

-p48-Kras mice, contribution of the fibroblasts in accelerated tumor progression was 

further checked. For this aim, fibroblasts were isolated from pancreas and afterwards expression 

of pro-inflammatory cytokines and M2 macrophage markers were determined. A significant 

increase in the expression of the genes tested was observed in the fibroblasts from Ikkα
F/F

-p48-

Kras mice in comparison to Ikkα
F/F 

animals, which was similar to the results of CD11b
+
 cells. 

This result displays that not only CD11b
+
 cells but also fibroblasts might play an important role 

in the acceleration of tumor development in Ikkα
F/F

-p48-Kras animals (Figure 4.23). 
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Figure 4.22. Pancreas-specific Ikkα deletion increases the expression of M2 macrophage markers 

and proinflammatory cytokines in whole pancreas and CD11b
+
 cells that are isolated from the 

pancreas of Ikkα
F/F

-p48-Kras mice. (A) Relative mRNA levels of the genes important for M1 and (B) 

M2 macrophage polarization were detected by RT-PCR for 3-4 weeks old Ikkα
F/F
, Ikkα

F/F
-p48-Kras and 

7-14 months old p48-Kras mice. P value was determined by one-way ANOVA followed by Bonferroni`s 

multiple comparison test. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001. 
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Figure 4.23. Ikkα ablation enhances the expression of M2 macrophage markers and pro-

inflammatory cytokines not only in CD11b
+
 cells but also in fibroblasts, which are isolated from the 

pancreas of Ikkα
F/F

-p48-Kras mice. (A) RT-PCR was used to detect the relative mRNA levels of the 

genes related to M2 macrophage polarization and (B) pro-inflammatory cytokines and IFNGR for 3-4 

weeks old Ikkα
F/F
, Ikkα

F/F
-p48-Kras and 7-14 months old p48-Kras mice. P value was determined by one-

way ANOVA followed by Bonferroni`s multiple comparison test. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001. 

 

4.11. Stat6 deletion does not block accelerated tumor progression in Ikkα
F/F

-

p48-Kras 

 

Stat6 is an essential molecule that functions as a downstream mediator of IL4/IL13 

signaling pathway. In order to address whether accelerated tumor progression was conferred by 

increased M2 polarization, Ikkα
F/F

-p48-Kras mice were crossed to whole body Stat6 knock-out 

animals. The mice bred normally and were born at expected Mendelian ratio. However after 

birth, Stat6
-/-

-Ikkα
F/F

-p48-Kras mice displayed the same phenotypic features as Ikkα
F/F

-p48-Kras 

mice. Histological evaluation of pancreas sections from 4 weeks old Stat6
-/-

-Ikkα
F/F

-p48-Kras 

mice showed that pancreas was completely altered. Similar to Ikkα
F/F

-p48-Kras mice, 
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architectural distortion in Stat6
-/-

-Ikkα
F/F

-p48-Kras mice was nearly 100% with a cell rich stroma 

and solid tumor cell nests. Taken together these data suggest M2-associated inflammation-

induced tumor progression in Ikkα
F/F

-p48-Kras mice was independent of Stat6 signaling (Figure 

4.24). 

 

 

Figure 4.24. Whole body Stat6 deletion does not confer protection against accelerated tumor 

progression in Ikkα
F/F

-p48-Kras mice. (A, B) H&E-stained pancreas sections of Ikkα
F/F

-p48-Kras mice 

(C, D) Stat6
+/-

-Ikkα
F/F

-p48-Kras mice and (E, F) Stat6
-/-
Ikkα

F/F
-p48-Kras mice. 20X magnification.  

 

4.12. Pancreas-specific Ikkα deletion alters the expression of genes involved in 

energy metabolism in p48-Kras mice 

 

Alterations in energy metabolism appear as a hallmark of inflammation-associated 

cancer. Thus, in order to determine the expression of genes involved in energy metabolism, 

microarray analysis was performed and particularly gene sets involved in several metabolic 

pathways including Oxidative phosphorylation, Tricarboxylic acid cycle (TCA cycle) (also 

known as the Krebs cycle), Glycolysis-Gluconeogenesis, and Pentose Phosphate Pathway (PPP) 

were analyzed.  

 

Mitochondria are essential organelles, which regulate the production of reactive oxygen 

species (ROS), energy production via oxidative phoshorylation and TCA cycle, and cell death. 
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Importantly, abnormalities in mitochondria function, which can be due to the mutations of 

mitochondrial genome, oncogene activation or hypoxia, might be seen in cancer cells (Solaini et 

al., 2010; Solaini et al., 2011). 

 

Oxidative phosphorylation is the major mitochondrial energy production pathway. 

However, it is already shown that although in the presence of oxygen, oxidative phosphorylation 

is less preferred by the tumor cells. Thus, expression of 128 genes involved in oxidative 

phosphorylation was checked by microarray analysis. Overall the gene signatures for Complex I-

V of the mitochondria were distinctly separated between Ikkα
F/F

-p48-Kras mice and p48-Kras 

animals. Indeed several subunits of the mitochondrial complexes were mostly differentially 

regulated in these two tumor-bearing mouse groups. Although it was difficult to point single 

gene differences, still these findings suggest altered ATP production in p48-Kras mice with or 

without IKKα deletion (Figure 4.25). 
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Figure 4.25. Pancreas specific Ikkα deletion alters the expression of several genes related with 

oxidative phosphorylation in p48-Kras animals. Gene expression profiles were shown as a heat-map 

for 3-4 weeks old Ikkα
F/F

 (G1, n:3), p48-Kras (G2, n:2), Ikkα
F/F

-p48-Kras (G4, n:3) and 7-14 months old 

p48-Kras mice (G3, n:3). Red color displays up-regulation of the genes whereas green color shows down-

regulation.  

 



       RESULTS 

     

 

97 

 

Tricarboxylic acid cycle (TCA cycle) is one of the main metabolic pathways. In 

eukaryotic cells, TCA cycle progress in mitochondrial matrix and Acetly-CoA, which is an end 

product of pyruvate, is used in this cycle to produce adenosine triphosphate (ATP) and several 

intermediate molecules that are used to synthesize macromolecules that are needed by 

proliferating cells (DeBerardinis and Thompson, 2008; Levine and Puzio-Kuter, 2010). It is 

known that cancer cells perform TCA cycle less (Levine and Puzio-Kuter, 2010). Due to its 

importance, expression of 31 genes related to TCA cycle was checked. Interestingly, TCA gene 

signature for Ikkα
F/F

-p48-Kras mice appeared distinct compared to that of p48-Kras animals 

suggesting that pancreas restricted Ikkα loss led to altered expression of genes involved in TCA 

cycle in p48-Kras mice. Importantly expression of the subunits of pyruvate dehydrogenase 

complex (PDC), pyruvate dehydrogenase E1 alpha1 and dihydrolipoamide dehydrogenase (E3 

component of PDC, also known as dihydrolipoyl dehydrogenase) was increased in Ikkα
F/F

-p48-

Kras mice in comparison to 7-14 months old p48-Kras mice, whereas dihydrolipoamide S-

acetyltransferase (E2 component of PDC) showed an increase in both animal groups. Since PDC 

is responsible for Acetyl-CoA production from pyruvate and the E1 alpha subunit has the key 

role in the function of PDC, it suggested that Acetyl-CoA production that is used in TCA cycle 

might be elevated in Ikkα
F/F

-p48-Kras animals (Figure 4.26). Supporting this notion, expression 

of other genes involved in TCA cycle including succinate dehydrogenase complex subunit A and 

D, fumarate hydratase 1 and malate dehydrogenase 1 (NAD, soluble) were further elevated in 

Ikkα
F/F

-p48-Kras mice. Expression of another enzyme encoding ATP citrate lyase, which is an 

enzyme functioning in metabolism of carbohydrates and fatty acid production by catalyzing the 

conversion of citrate and CoA into cytoplasmic acetyl-CoA and oxaloacetate, was highly 

elevated in Ikkα
F/F

-p48-Kras mice proposing that cytoplasmic acetyl-CoA production, which is 

used in fatty acid production, might be increased in these animals (Figure 4.26). This finding is 

consistent with the fact that in tumor cells, a truncated form of TCA cycle is being used in which 

the intermediates of the cycle such as citrate are taken out from mitochondria and processed in 

the cytoplasm to produce other molecules including fatty acids or cholesterol that are necessary 

for the synthesis of cell membrane (DeBerardinis and Thompson, 2008).  
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Figure 4.26. Ikkα deletion in pancreas causes different expression of some genes involved in TCA 

cycle in tumor bearing p48-Kras animals. Gene expression profiles are shown as a heat-map for 3-4 

weeks old Ikkα
F/F

 (G1, n:3), p48-Kras (G2, n:2), Ikkα
F/F

-p48-Kras (G4, n:3) and 7-14 months old p48-

Kras mice (G3, n:3). Red color displays up-regulation of the genes whereas green color shows down-

regulation.  

 

Pentose Phosphate Pathway (PPP), which uses phosphorylated glucose (Glucose-6-P) as 

a substrate, generates ribose-5-phosphate and nicotinamide adenine dinucleotide phosphate 

(NADPH). PPP is an important pathway for cancer cells since Ribose-5-phosphate is necessary 

for nucleic acid and nucleotide synthesis, whereas NADPH is essential for fatty acid metabolism 

and reactive oxygen species (ROS) balance in the cells. In microarray analysis, expression of 

PPP related genes was determined. Considerably, expression of three essential enzymes of PPP, 

ribose 5-phosphate isomerase A (Rpia) and the catalyzers of the non-oxidative branch of PPP, 

transketolase (Tkt) and transaldolase 1 (Taldo1), was increased in Ikkα
F/F

-p48-Kras mice in 

comparison to 7-14 months old p48-Kras mice. Among these p48-Kras mice, only one sample, 

which had liver metastasis in addition to pancreas tumor, displayed significant increase in 

transketolase expression similar to Ikkα
F/F

-p48-Kras animals. Comparable to transketolase, other 

enzymes including 2-deoxyribose-5-phosphate aldolase homolog (C. elegans), 

phosphoglucomutase 2, aldolase A, and phosphofructokinase (both platelet and liver, B type) 

also displayed increased expression in Ikkα
F/F

-p48-Kras mice and 7-14 months old mouse with 

pancreas tumor and liver metastasis, whereas the rest of p48-Kras mice did not show an increase. 
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Further, expression of fructose bisphosphatase 2 (FBPase2; also known as phosphofructokinase 

2 (PFK2)) and aldolase B, the enzymes that also function in glycolytic-gluconeogenic pathway, 

was elevated in Ikkα
F/F

-p48-Kras mice in comparison to 7-14 months old p48-Kras animals. 

Altogether this data suggest that pancreas specific Ikkα deletion alters the expression of several 

crucial enzymes involved in PPP and glucose metabolism in the pancreas of p48-Kras mice 

(Figure 4.27). 

 

 

Figure 4.27. Pancreas specific Ikkα deletion leads to elevated ribose 5-phosphate isomerase A, 

transketolase and transaldolase 1 expression in p48-Kras animals. Gene expression profiles are 

shown as a heat-map for 3-4 weeks old Ikkα
F/F

 (G1, n:3), p48-Kras (G2, n:2), Ikkα
F/F

-p48-Kras (G4, n:3) 

and 7-14 months old p48-Kras mice (G3, n:3). Red color displays up-regulation of the genes whereas 

green color shows down-regulation.  

 

Since Otto Warburg realized that tumor cells consume more glucose and produce lactate 

in the presence of oxygen, a lot of studies confirmed this observation and today it is known that 

tumor cells prefer to use aerobic glycolysis to generate energy (DeBerardinis and Thompson, 

2008). Thus, expression of 58 genes related to glycolysis and gluconeogenesis was checked. 

Interestingly, although there were variations in gene expression levels, tumor bearing p48-Kras 

and Ikkα
F/F

-p48-Kras animals displayed similar expression patterns and tendency for increased 

expression in several important genes suggesting that both tumor mouse groups might majorly 

rely on glycolysis and gluconeogenesis for energy production. Especially, expressions of 

Hexokinase 1 and 2 (HK1, HK2) were increased in Ikkα
F/F

-p48-Kras mice. Hexokinases are very 
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important since they catalyze the first step of glycolysis, in which a charged phosphate group is 

added at the 6
th

 position of glucose molecule leading to the generation of Glucose 6-Phosphate. 

After phosphorylation, glucose or 2-deoxy glucose molecules can be kept within the cells and 

processed in glycolysis or PPP. Among hexokinases, HK2 is particularly important since 

glycolytic pathway is primarily induced by this enzyme and it was further shown to inhibit 

cancer cell death via its mitochondrial location (Mathupala et al., 2008). Expression of another 

enzyme, Enolase, displayed differences between animal groups. Enolase 1, alpha non-neuron 

subunit expression was increased in 7-14 months old p48-Kras and Ikkα
F/F

-p48-Kras mice, 

whereas enolase 2, gamma neuronal stayed unaltered in these groups. Interestingly, enolase 3, 

beta muscle expression was similarly decreased in Ikkα
F/F

-p48-Kras mice as well as 3-4 weeks 

old Ikkα
F/F

-p48-Kras animals, whereas 2 tumor bearing p48-Kras mice displayed an increase for 

this gene suggesting that although Ikkα
F/F

-p48-Kras mice also had tumors, Ikkα deletion might 

lead to a particular decrease in the expression of this gene (Figure 4.28). In addition, expression 

of aldolase B, fructose biphosphatase 2 (FBPase2), pyruvate dehydrogenase E1 alpha 1, 

aldehyde dehydrogenase 1 family member B1 and 2,3-biphosphoglycerate mutase displayed an 

increase in Ikkα
F/F

-p48-Kras mice but not in 7-14 months old p48-Kras mice proposing that Ikkα 

deletion causes alterations in the expression of glycolysis and gluconeogenesis related genes in 

p48-Kras animals (Figure 4.28). 
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Figure 4.28. Although tumor bearing mouse models seem to rely on glycolytic pathways for energy 

production, still Ikkα loss results in altered expression of glycolysis-gluconeogenesis related genes in 

p48-Kras mice. Gene expression profiles are displayed as a heat-map for 3-4 weeks old Ikkα
F/F

 (G1, n:3), 

p48-Kras (G2, n:2), Ikkα
F/F

-p48-Kras (G4, n:3) and 7-14 months old p48-Kras mice (G3, n:3). Red color 

displays up-regulation of the genes whereas green color shows down-regulation.  
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To further elucidate expression of the complexes involved in electron transport chain in 

mitochondria, WB was performed using an antibody cocktail that detects only one subunit of the 

Complex I-V. Complex II, which is involved in both electron transfer chain and TCA cycle was 

decreased in Ikkα
F/F

-p48-Kras mice in comparison to 7-14 months old p48-Kras mice (Figure 

4.29 A). Moreover, in order to see whether Ikkα deficiency has a direct effect on the expression 

of mitochondrial complexes, we knocked Ikkα down by siRNA in mouse pancreatic cancer cell 

line and checked Complex I-V. The expression of Complex V, which is the ATP synthase, was 

higher in Ikkα
-/-

 cells in comparison to the cells treated with scrambled siRNA (Figure 4.29 B). 

 

Since the antibody cocktail detects only one component of the each complex, which 

normally consists of many subunits, it was not enough to explore the activity of electron 

transport chain in the mitochondria in detail. Thus, Clark Electrode was employed to measure the 

respiration of alive mitochondria from pancreas. Importantly, mitochondrial respiratory rates 

were significantly decreased in Ikkα
F/F

-p48-Kras mice in comparison to p48-Kras animals 

(Figure 4.29 C). In order to check whether decreased oxidative phosphorylation was associated 

with decreased mitochondria content, relative mitochondria copy numbers were checked using 

the isolated DNA from the pancreata. Indeed, Ikkα
F/F

-p48-Kras mice had relatively lower 

number of mitochondria than age-matched Ikkα
F/F

 and p48-Kras, whereas there was no 

difference when compared to 7-14 months old p48-Kras group (Figure 4.29 D). These data 

suggest a decrease in oxidative phosphorylation and a possible switch to glycolysis in Ikkα
F/F

-

p48-Kras mice. 



       RESULTS 

     

 

103 

 

 
 

Figure 4.29. Ikkα deletion alters the expression and activity of respiratory rates in the pancreata of 

p48-Kras mice. (A) WB analysis showing the expression of oxidative phosphorylation complexes in the 

pancreas of 3-4 weeks old Ikkα
F/F

, p48-Kras, Ikkα
F/F

-p48-Kras and 7-14 weeks old p48-Kras mice, and 

(B) in mouse pancreatic cancer cell lines. (C) Clark electrode measurements displaying the respiratory 

chain activity of living mitochondria isolated from the pancreas of 26 weeks old Kras and p48-Kras mice, 

3-4 weeks old Ikkα
F/F

 and Ikkα
F/F

-p48-Kras mice. (D)  Mitochondria copy numbers were detected using 

DNA from 3-4 weeks old Ikkα
F/F

, p48-Kras, Ikkα
F/F

-p48-Kras and 7-14 months old p48-Kras mice. 

GAPDH and p38 was used as loading control of WB analysis. Asterisks indicate the corresponding 

bands. For Clark electrode; n≥2. Data are mean values ± SEM, *p ≤ 0.05, **p ≤ 0.01. 

 

4.13. Ikkα
F/F

-p48-Kras mice show a shift towards glycolytic pathway during 

tumor progression  

 

Although energy production by oxidative phosphorylation is higher than glycolysis, 

tumor cells prefer to produce energy via glycolysis instead of oxidative phosphorylation of 

pyruvate in mitochondria. Accordingly, it is highly possible that energy is produced preferably 

via glycolysis rather than oxidative phosphorylation in the pancreas of Ikkα
F/F

-p48-Kras mice. 

To test this possibility, RT-PCR was performed to check the expression of HK1 and HK2, the 

enzymes involved in glycolysis, as well as Glucose-6-phosphatase (G6Pase), and Fructose 1,6-

bisphosphatase (FBPase1), which are involved in gluconeogenesis. Confirming our microarray 

result, although HK1 expression was increased in tumor-bearing mice, however, no significant 
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difference was observed between 7-14 months old p48-Kras and 3-4 weeks old Ikkα
F/F

-p48-Kras 

mice.  On the other hand, HK2 expression could not be confirmed by RT-PCR since no 

significant alteration was detected between animal groups. Furthermore, decreased expression of 

FBPase1 was verified for Ikkα
F/F

-p48-Kras mice in comparison to age-matched Ikkα
F/F

 animals 

(Figure 4.30). 

 

 
 
Figure 4.30. Glycolysis is increased in tumor bearing p48-Kras mice with or without IKKα deletion. 

Relative mRNA levels of the HK1, HK2, G6Pase and FBPase1 genes were detected by RT-PCR for 3-4 

weeks old Ikkα
F/F
, Ikkα

F/F
-p48-Kras and 7-14 months old p48-Kras mice. P value was determined by one-

way ANOVA followed by Bonferroni`s multiple comparison test. **p ≤ 0.01. 

 

4.14. Pancreas-specific Ikkα deletion leads to significant alteration in the 

expression of genes involved in Pentose Phosphate Pathway (PPP) in CD11b
+
 

cells  

 

De novo synthesis of nucleotides is very important for transformed cells because they 

must supply enough material to keep up with increased DNA replication. Thus, the metabolic 

pathways, in which metabolic intermediates provided by the TCA cycle and glycolysis are used, 

are essential for neoplastic cells. Among these metabolic pathways, the PPP is especially 

important since it produces NADPH, which is necessary for the production of five carbon 

nucleotides such as ribose-5-phosphate (Tong et al., 2009). Thus, the expression of the genes 

involved in PPP including glucose phosphate isomerase 1 (Gpi1), glucose-6-phosphate 

dehydrogenase 2 (G6pd2), ribulose-5-phosphate-3-epimerase (Rpe), ribose 5-phosphate 

isomerase A (Rpia), transketolase (Tkt), transaldoase 1 (Taldo1), ribokinase (Rbks), and 

phosphoribosyl pyrophosphate synthase 1 (Prps1) was checked by RT-PCR. Significant decrease 

in the expression of Gpi1 was observed in the whole pancreas of Ikkα
F/F

-p48-Kras mice in 

comparison to 7-14 months old p48-Kras mice, whereas microarray analysis displayed similar 

increase in both groups. Consistent to microarray result, expression of G6pd2, which converts 

Glucose-6P into 6-Phosphogluconolactone, was increased in Ikkα
F/F

-p48-Kras mice in 



       RESULTS 

     

 

105 

 

comparison to other groups. Furthermore, increased expression of Tkt and Rpia in tumor bearing 

mouse groups were verified by RT-PCR (Figure 4.31 A). Expression of these genes was further 

checked using RNA extracted from pancreas derived CD11b
+
 cells. Among the genes involved 

in PPP, G6pd2, Rpe, Prps1 and Tkt displayed similar expression pattern in CD11b
+
 cells and 

whole pancreas from Ikkα
F/F

-p48-Kras mice, which was further consistent with microarray 

result. Whereas there was no significant difference in the expression of Rpe and Prps1 between 

different animal groups, expression of G6pd2 and Tkt was increased in Ikkα
F/F

-p48-Kras mice in 

comparison to 7-14 months old p48-Kras
 
mice. Apart from these genes, expression of Rpia, 

Taldo1 and Rbks was significantly elevated in CD11b
+
 cells of Ikkα

F/F
-p48-Kras in comparison 

to 7-14 months old p48-Kras mice, although no significant increase was detected for these genes 

in whole pancreas. Moreover, an increase was observed for the expression of Gpi1 in CD11b
+
 

cells from Ikkα
F/F

-p48-Kras animals in comparison to age-matched Ikkα
F/F

 mice. Similar to this 

result, elevated expression of Gpi1 was previously monitored in the pancreas of tumor-bearing 

mice by microarray analysis. In total, these data suggests that expression of several genes 

involved in PPP display higher expression in CD11b
+
 cells isolated from the pancreas of Ikkα

F/F
-

p48-Kras mice, although the same increase was not observed in whole pancreas (Figure 4.31 A). 

 

In addition to PPP, the expression of genes related to glutamine and glutamate 

metabolism including glutamate transporter 1 (Glt1), ornithine aminotransferase (Oat), 

glutaminase (Gls) and glutamine synthetase (Gs) were checked by RT-PCR using RNA extracted 

from whole pancreas or CD11b
+
 cells isolated from the pancreas. Among these genes, only 

GLT1 level showed a sharp decrease in both CD11b
+
 cells and whole pancreas of Ikkα

F/F
-p48-

Kras mice in comparison to Ikkα
F/F

 mice (Figure 4.31 B). On the other hand, expression of OAT, 

GLS and GS showed similar expression pattern in CD11b
+
 cells as well as whole pancreas and 

stayed unaltered between animal groups suggesting that there was no significant alteration in the 

expression of genes checked for glutamine and glutamate metabolism in 7-14 months old p48-

Kras and 3-4 weeks old Ikkα
F/F

-p48-Kras mice (Figure 4.31 B). 
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Figure 4.31. Pancreas-specific Ikkα deletion causes alterations in the expression of genes involved in 

Pentose Phosphate Pathway (PPP) and glutamine metabolism in pancreas derived CD11b
+
 cells and 

whole pancreas of  Ikkα
F/F

-p48-Kras mice (A) Relative mRNA levels of the genes involved in PPP, and 

(B) glutamine and glutamate metabolism were checked by RT-PCR in whole pancreas and CD11b
+
 cells 

isolated from the pancreas of 3-4 weeks old Ikkα
F/F
, Ikkα

F/F
-p48-Kras and 7-14  months old p48-Kras 

mice. P value was determined by one-way ANOVA followed by Bonferroni`s multiple comparison test. 

*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001. 
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4.15. The expression of genes involved in oxidative phosphorylation and 

glycolysis is altered in CD11b
+
 cells isolated from the pancreas of Ikkα

F/F
-p48-

Kras mice  

 

The connection between energy metabolism and macrophages is only recently becoming 

accepted (Biswas and Mantovani, 2012). In our study, FACS analysis showed increased 

percentages of CD11b
+ 

cells in the pancreas of 3-4 weeks old Ikkα
F/F

-p48-Kras mice in 

comparison to 7-14 months old p48-Kras mice. Moreover, the expression of M2 polarized 

macrophage markers were elevated in these CD11b
+ 

cells. Thus, it was worth to elucidate the 

metabolic profiles of myeloid cells during cancer progression to see whether M2 polarized 

macrophages are involved in the alteration of energy metabolism in Ikkα-p48-Kras mice. To that 

end, expression of genes involved in glycolysis, TCA cycle and oxidative phosphorylation 

including hexokinase 1 (Hk1), hexokinase 2 (Hk2), pyruvate dehydrogenase (lipoamide) beta 

(PHDb) and glucose-6-phosphatase (G6Pase) were checked by RT-PCR. Importantly, consistent 

to microarray data, HK2 expression was significantly increased in CD11b
+
 cells isolated from 

the pancreas of Ikkα
F/F

-p48-Kras in comparison to 7-14 months old p48-Kras. On the other hand, 

there was no significant changes in the expression of HK1, G6Pase and PDHb was detected. In 

addition, no significant alterations in the expression of genes, which are involved in electron 

transport chain, including NADH dehydrogenase (ubiquinone) 1 beta subcomplex 9 (Ndufb9) 

(Complex I),  NADH dehydrogenase (ubiquinone) 1 beta subcomplex 10 (Ndufb10) (Complex 

I), succinate dehydrogenase complex subunit A, flavoprotein (Fp) (Sdha) (Complex II), 

cytochrome c oxidase subunit VIIa polypeptide I (muscle) (Cox7) (Complex IV)  related genes 

was observed between mouse groups (Figure 4.32A). However this does not rule out a role for 

other subunits of the ETC. 

 

Additionally, expression of the genes involved in electron transport chain complexes of 

mitochondria was detected in protein level and it was observed that Complex I, II and IV were 

decreased in all oncogenic K-ras expressing groups regardless of the age or tumor incidence 

(Figure 4.32 B). Taken together this data suggest a decrease in mitochondrial respiratory chain 

and an increase in glycolytic rates in myeloid cells, similar to that seen in the whole pancreas. 
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Figure 4.32.  CD11b
+
 cells from the pancreas of  Ikkα

F/F
-p48-Kras show differences in the 

expression of genes involved in energy metabolism. (A) Determination of the relative mRNA levels of 

the genes involved in glycolysis, gluconeogenesis and oxidative phosphorylation by RT-PCR in the 

CD11b
+
 cells from the pancreas of 3-4 weeks old Ikkα

F/F
, p48-Kras, Ikkα

F/F
-p48-Kras and 7-14 months 

old p48-Kras mice. (B) WB analysis showing the expression of Complex I-V in the CD11b
+
 cells from 

the pancreas of 3-4 weeks old Ikkα
F/F

, p48-Kras, Ikkα
F/F

-p48-Kras and 7-14 months old p48-Kras mice. 

Data are mean values ± SEM, *p ≤ 0.05.  

 

 

4.16. Fibroblasts isolated from the pancreas of Ikkα
F/F

-p48-Kras animals 

display altered expression of the genes that are related to glycolysis and PPP 

 

One of the main components of tumor microenvironment is fibroblasts, which are found 

abundantly in the stroma of especially breast, prostate and pancreatic cancer (Kalluri et al., 2006; 

Pietras and Ostman, 2010). Fibroblasts have a multifaceted role in tumor progression since they 

can act as inhibitor or promoter of tumorigenesis depending on the stage of disease. However, 

the role of fibroblasts in energy metabolism alterations in tumor cells is not known. In order to 

investigate this possible correlation in our animal model, fibroblasts were isolated from the 

pancreas of animals and expression of the genes involved in glycolysis and PPP including 

G6pd2, Taldo1, Rpia, Rbks and HK2 were determined by RT-PCR. Similar to CD11b
+
 cells, 

fibroblasts displayed increased expression of glycolysis enzyme HK2 and PPP related enzymes 

G6pd2 and Taldo1. This finding suggests that similar to CD11b
+
 cells, fibroblasts might also 

employ glucose in high ranges for enery production and synthesis of the components that are 

needed by proliferating cells (Figure 4.33). 
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Figure 4.33. Expression of G6pd2, Taldo1 and HK2 is significantly elevated in the fibroblasts 

isolated from the pancreas of Ikkα
F/F

-p48-Kras mice. RT-PCR was performed to determine the relative 

mRNA expressions of G6pd2, Taldo1, Rpia, Rbks and HK2 in the whole pancreas and pancreas derived 

CD11b
+
 cells and fibroblasts of 3-4 weeks old Ikkα

F/F
, Ikkα

F/F
-p48-Kras mice and 7-14 months old p48-

Kras mice animals. P value was determined by one-way ANOVA followed by Bonferroni`s multiple 

comparison test and student`s t-test. *p ≤ 0.05, **p ≤ 0.01. 

 

4.17. 2-Deoxy Glucose (2-DG) treatment has a partial effect on cancer 

progression in Ikkα
F/F

-p48-Kras mice 

 

To provide further proof for a possible role of a switch in bioenergetic pathways towards 

glycolysis, Ikkα
F/F

-p48-Kras mice and control littermates were treated with a modified glucose 

molecule 2-Deoxy Glucose (2-DG) in which the 2-hydroxyl group is replaced by a hydrogen 

molecule. 2-DG can inhibit glucose metabolism and ATP production in cells by inhibiting 

hexokinase, which is an important enzyme in glycolysis that was also significantly increased in 

the pancreatic CD11b
+
 cells of Ikkα

F/F
-p48-Kras mice. Since it can block energy production in 

tumor cells, it is suggested as an anti-cancer drug (Aft et al., 2002; Sahra et al., 2010).  

 

 To that end, 3 mM/gr mouse 2-DG was administered to two weeks old Ikkα
F/F

 and 

Ikkα
F/F

-p48-Kras mice by intra-peritoneal (IP) injection once every 3 days. Similar to untreated 

mice, the acinar distortion was 99-100% in the pancreas of 2-DG treated Ikkα
F/F

-p48-Kras mice. 

Apart from this, 2-DG treatment did not show the same effect on Ikkα
F/F

-p48-Kras mice. 

Whereas 5 mice still had pancreas cancer after treatment, 3 other mice displayed differences in 

pancreas histology. One of these mice showed no cancer in the pancreas, whereas 2 others 

displayed small solid cell nests that might be evaluated as the beginning of cancer (Figure 4.34), 

suggesting that 2-DG treatment has partial effects on Ikkα
F/F

-p48-Kras mice.  
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Figure 4.34. Inhibition of glycolysis by 2-DG administration decreases tumor incidence in the 

pancreas of Ikkα
F/F

-p48-Kras mice. (A, B) H&E-stained pancreas sections of Ikkα
F/F

-p48-Kras mice, 

and (C, D) 2-DG treated Ikkα
F/F

-p48-Kras mice. 10X magnification.  

 

In order to see if this partial effect of 2-DG treatment on Ikkα
F/F

-p48-Kras mice was 

related with altered macrophage profiles in 2-DG treated mice, expression of M1 and M2 

macrophage markers was checked by RT-PCR for the whole pancreas and pancreas derived 

CD11b
+
 cells. However, no difference was detected for the expression of M1 and M2 markers 

between treated and untreated Ikkα
F/F

-p48-Kras in the whole pancreas. Similar to untreated 

Ikkα
F/F

-p48-Kras mice, increase in the expression of M1 markers and pro-inflammatory 

cytokines IL1β, IL6, SPP1, IFNGR (Figure 4.35 A) and M2 markers IL13Rα1, IL4Rα, ARG-1, 

MRC-1, DECTIN-1 (Figure 4.35 B) was observed in 2-DG treated Ikkα
F/F

-p48-Kras in 

comparison to age-matched 2-DG treated Ikkα
F/F

 animals. Interestingly, expression of M2 

markers IL13Rα1, MRC-1, DECTIN-1 was also slightly elevated in 2-DG treated Ikkα
F/F

 

animals in comparison to untreated Ikkα
F/F

 suggesting that 2-DG might increase the expression 

of these genes (Figure 4.35 B). On the other hand, importantly, expression of the pro-

inflammatory cytokines IL1β, IL6, TNFα was increased and M2 macrophage markers IL4Rα, 

ARG-1, MRC-1 was decreased in CD11b
+
 cells from the pancreas of 2-DG treated Ikkα

F/F
-p48-

Kras in comparison to age-matched untreated Ikkα
F/F

-p48-Kras mice. This suggests that 2-DG 

treatment results in a decrease in M2 macrophage infiltration and increased secretion of pro-

inflammatory cytokines by CD11b
+
 cells, which might be related with the partial effect of 2-DG 

treatment on pancreas tumors in treated Ikkα
F/F

-p48-Kras mice (Figure 4.35). 
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Figure 4.35. 2-DG treatment alters macrophage profiles in the pancreas of Ikkα
F/F

-p48-Kras mice. 
(A) Relative expression of M1 and (B) M2 macrophage markers were determined by RT-PCR in whole 

pancreas and CD11b
+
 cells from the pancreas of 3-4 weeks old untreated Ikkα

F/F
 and Ikkα

F/F
-p48-Kras, 2-

DG treated Ikkα
F/F

 and Ikkα
F/F

-p48-Kras and 7-14 months old p48-Kras mice. P value was determined by 

one-way ANOVA followed by Bonferroni`s multiple comparison test. *p ≤ 0.05, **p ≤ 0.01,              

***p ≤ 0.001. 

 

Expression of the genes involved in energy metabolism was further determined by RT-

PCR using RNA extracted from whole pancreas to see if alterations in energy metabolism might 

be correlated with decreased tumor incidence in 2-DG treated Ikkα
F/F

-p48-Kras mice. As 2-DG 

blocks glycolysis, the enzymes that are involved in glycolysis and gluconeogenesis were checked 

firstly. However, no significant difference was detected between treated and untreated Ikkα
F/F

-

p48-Kras mice (Figure 4.36 A). Further, expression of PPP related genes were checked. Whereas 

the expression of Tkt, Gpi and Taldo1 was increased  in 2-DG treated Ikkα
F/F

-p48-Kras mice, 

there was no significant change between 2-DG treated Ikkα
F/F

-p48-Kras and untreated Ikkα
F/F

-

p48-Kras animals. Since Gpi encodes for the enzyme that converts Glucose 6-phosphate to 

Fructose 6-phosphate, which is used in glycolysis and directs the glucose into glycolysis rather 

than PPP (Figure 4.36 B), this suggests that in 2-DG treated animals, glucose might be used less 

in PPP. 
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Figure 4.36. 2-DG treatment increases the expression of Gpi in Ikkα
F/F

-p48-Kras mice. (A) Relative 

expression of the genes involved in glycolysis and gluconeogenesis, and (B) in PPP was checked by RT-

PCR in whole pancreas of 3-4 weeks old untreated Ikkα
F/F

 and Ikkα
F/F

-p48-Kras, 2-DG treated Ikkα
F/F

 and 

Ikkα
F/F

-p48-Kras and 7-14 months old untreated p48-Kras mice. P value was determined by one-way 

ANOVA followed by Bonferroni`s multiple comparison test. ***p ≤ 0.001. 

 

 

Additionally, expression of the important enzymes of glycolysis and PPP including HK2, 

Rpia, Taldo1 and Rbks was checked by RT-PCR in CD11b
+ 

cells extracted from pancreas. 

Similar to whole pancreas results, expression of HK2, Rpia and Taldo1 did not change 

significantly between 2-DG treated and untreated Ikkα
F/F

-p48-Kras mice. However, decreased 

expression of Rbks was observed in CD11b
+
 cells from 2-DG treated Ikkα

F/F
-p48-Kras mice in 

comparison to untreated Ikkα
F/F

-p48-Kras animals (Figure 4.37). 

 

 
 

Figure 4.37. 2-DG treatment reduces the expression of Rbks in CD11b
+
 cells from Ikkα

F/F
-p48-Kras 

mice. Relative expression of the genes involved in glycolysis and PPP was checked by RT-PCR in 

CD11b
+
 cells extracted from the pancreas of 3-4 weeks old untreated Ikkα

F/F
 and Ikkα

F/F
-p48-Kras, 2-DG 

treated Ikkα
F/F

 and Ikkα
F/F

-p48-Kras and 7-14 months old untreated p48-Kras mice. P value was 

determined by one-way ANOVA followed by Bonferroni`s multiple comparison test. **p ≤ 0.01. 
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5. DISCUSSION 

 

Pancreatic ductal adenocarcinoma (PDAC) is a lethal cancer type and every year it causes 

death of 30000 cancer patients in United States. 5-year survival rate is less than 5% and the 

median survival is 6 months. Only 15% of PDAC patients can get operation and receive adjuvant 

chemotherapy, which might increase the 5-year survival up to 20%, exhibiting the importance of 

early PDAC detection in prolonging the life duration. However, the detection of PDAC is not 

very easy due to the location of pancreas and the asymptomatic feature of the disease. Moreover, 

PDAC progress very fast and people are not able to get medication properly due to fibrotic 

structure of pancreas. Due to these reasons, it is highly important to find out the molecular 

mechanisms involved in PDAC progression in order to develop better treatment options. 

 

Previous studies established that genetic and epigenetic alterations are crucial in different 

steps of PDAC development. Importantly, activating mutations of K-ras are necessary for the 

initiation of PanINs, which lead to tumor development. In addition, NF-κB pathway has been 

shown to be involved in mutant K-ras driven PDAC (Ling et al., 2012),  lung adenocarcinoma 

and melanoma development (Meylan et al., 2009; Yang et al., 2010) suggesting that NF-κB 

family members may play an essential role during PDAC development. However, signaling 

pathways that connect NF-κB to mutant K-ras activity are not known. 

 

In the present study, the function of IkB kinase α (IKKα), which is a member of 

canonical and non-canonical pathways of NF-κB, in K-ras induced PDAC development was 

elucidated. It is shown that IKKα is involved in PDAC progression by modulating macrophage 

polarization and energy metabolism in vivo. 

 

5.1. Pancreas specific Ikkα loss accelerated PDAC development in p48-Kras 

mice  

 

As a member of NF-κB family, the importance of IKKα in cancer development was 

investigated and found out that reduced Ikkα expression and its mutations resulted in poorly 

differentiated human squamous cell carcinomas (SCCs) (Liu et al, 2006). Furthermore, IKKα 

ablation has been observed to induce keratinocyte proliferation and papilloma formation, thereby 

facilitates the development of chemical carcinogen induced skin cancer in mice (Park et al., 
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2007). Keratinocyte specific IKKα deletion was displayed to induce the EGFR pathway while 

inactivation of this pathway inhibited epidermal hyperplasia and tumor progression in a SCC 

mouse model (Liu et al., 2008). On the other hand, recently published study about head and neck 

squamous cell carcinoma cancer (HNSCC) showed that IKKα expression, phosphorylation and 

nuclear localization was enhanced in human HNSCC patients and in contrast to Liu and 

collegues’ results, together with IKKβ and RelA, IKKα enhanced EGFR and AP1 induced gene 

expression (Nottingham et al., 2013). These contrary results suggest that function of IKKα in 

cancer progression may vary based on the tissue and organism. 

 

Based on its NF-κB dependent, independent functions in the cells and importance for 

cancer development, the role of IKKα in mutant K-ras induced PDAC development has been 

elucidated using Ikkα
F/F

-p48
Cre

-K-ras
LSL-G12D/+ 

mouse model (termed Ikkα
F/F

-p48-Kras), which 

have a Cre knock-in at the p48 locus. By using p48-Cre system, it was possible to induce mutant 

K-ras expression and deletion of Ikkα in pancreatic acinar cells during prenatal period. Ikkα
F/F

-

p48 and Ikkα
F/F

-p48-Kras mice were born in normal Mendelian ratio and the pups did not show 

any phenotypic abnormalities, suggesting that pancreas restricted Ikkα deletion is not crucial for 

the development of mice in prenatal period. It has been published that Ikkα ablation caused fetal 

mortality of mice and defective skin and limb development in fetuses proposing that IKKα is 

essential during embryonic development in mice (Takeda et al., 1999; Park et al., 2011). 

However, pancreas specific Ikkα loss resulted in architectural distortion of pancreas in p48-Kras 

mice, which was completely transformed and accompanied by inflammatory cells, fibroblasts, 

pre-neoplastic lesions and tumors at 3-4 weeks of age. It has been published that p48-Kras mice 

do not show pancreatic tumors before 7,5 months unless they are challenged with chronic 

inflammation (Guerra et al., 2007; Khasawneh et al., 2008), suggesting that loss of Ikkα 

accelerates PDAC development.  

 

Importantly, our study pointed out that not only prenatal deletion but also postnatal Ikkα 

deletion induces PanIN development in ElaCre-Kras mice. As previously published, ElaCre-Kras 

mice occasionally show low-grade PanINs between the age of 6-18 months but no PDAC 

(Grippo et al., 2003; Hruban et al., 2006). This data suggests that postnatal Ikkα deletion in 

pancreas is sufficient to accelerate PanIN development in ElaCre-Kras mice. 

 

In contrast to IKKα, pancreas specific inactivation of IKKβ has been found to inhibit NF-

κB activation and K-ras induced PDAC development in vivo (Ling et al., 2012).  Furthermore, it 
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has been shown to be required for oncogenic K-ras mediated NF-κB activation in lung cancer 

cells (Basseres et al., 2010) and H-ras driven melanoma (Yang et al., 2010). Conversely, loss of 

IKKβ was found to promote inflammation and tumor development in hepatocytes (He et al., 

2010; Maeda et al., 2005), proposing that cancer-related IKKβ functions differ depending on the 

tissue type. Importantly, since IKKβ is involved in canonical NF-κB pathway and deletion of 

IKKβ inhibits K-ras driven PDAC development (Ling et al., 2012), activation of canonical NF-

κB pathway seems to enhance pancreatic cancer progression in the presence of mutant K-ras. 

However, IKKβ has also been reported to regulate p100/p52 gene expression and processing 

(Madge et al., 2008; Savinova et al., 2009; Scheidereit et al., 2012), thus most probably 

inactivation of IKKβ further affected the activation of non-canonical NF-κB pathway. However, 

since this possibility was not controlled in the study of Ling and colleagues, the contribution of 

non-canonical pathway in PDAC in the absence of IKKβ is not known. In the present study, we 

showed that pancreas specific IKKα accelerated mutant K-ras induced PDAC development. 

Consistently, Liu and colleagues have published that keratinocyte specific IKKα deficiency 

promotes skin carcinogenesis via activating RAS and EGFR in keratinocytes (Liu et al., 2008), 

suggesting that IKKα deficiency cooperates with mutant K-ras to enhance tumorigenesis. 

 

5.1.1. Does IKKα function as a tumor suppressor in the cells? 

 

Our study showed that in the presence of mutant K-ras activation, pancreas specific 

homozygous deletion of Ikkα resulted in accelerated PDAC development in vivo, whereas 

heterozygous Ikkα deletion caused PanIN-1 and abnormal ductal structure formation in the 

pancreas of mice, which was similar to age matched p48-Kras mice. This observation suggests 

that allele number of Ikkα is important for the suppression of mutant K-ras induced tumor 

development in pancreas. Consistently, IKKα was previously proposed to behave as tumor 

suppressor in malignant human squamous cell carcinoma (SCC) since it was detected to be 

down-regulated in 78% of skin SCCs and in 82% of SCCs derived from several stratified 

epithelia including oral cavity, larynx, lung and esophagus. It was proposed to shuttle into 

nucleus upon TGF-β stimulation and thereby starts an anti-proliferative program in keratinocytes 

(Marinari et al., 2008). Furthermore, decreased expression of IKKα due to promoter 

hypermethylation and genetic instability was observed in human oral carcinomas. Furthermore, 

nuclear IKKα was proposed to inhibit cancer development via affecting carcinoma cell 

differentiation in a canonical NF-κB pathway independent manner (Maeda et al., 2007). 

Similarly, Liu and colleagues detected mutations and decreased expression of IKKα in human 
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skin squamous cell carcinoma and showed that over-expression of Ikkα in null mouse inhibited 

chemically induced tumor development (Liu et al., 2006). These findings propose that IKKα 

might behave as a tumor suppressor gene in the cells. On the other hand, another study using 

Ikkα
AA

/TRAMP mouse model, which had SV40T antigen expression in the prostate epithelium 

and IKKα with no kinase activity, showed that kinase activity of IKKα was essential for 

metastasis but not for primary tumor development while it regulates the expression of metastasis 

inhibitor maspin gene (Lu et al., 2009). This finding suggests that although IKKα might suppress 

tumor development in several tissues, yet it is involved in metastasis in prostate cancer. 

 

5.1.2. IKKα regulates cell proliferation in p48-Kras mice 

 

Our results displayed increased rate of cell proliferation in the pancreas of Ikkα
F/F

-p48-

Kras mice, which seems similar to 7-14 months old p48-Kras mice having advanced pancreas 

distortion together with PanINs and tumors. Furthermore, pancreas specific IKKα loss enhanced 

Cyclin D1 expression in p48-Kras mice bearing tumor, proposing that IKKα regulates Cyclin D1 

expression. This notion is supported by Kwak and colleagues who have found out that Cyclin D1 

expression is higher in Ikkα
-/- 

mouse embryonic fibroblast (MEF) cells in comparison to wild 

type MEFs (Kwak et al., 2011). Further it has already been established that IKKα can promote 

the degradation of CyclinD1 via directly phosphorylating it (Kwak et al., 2005), or IKKα can 

activate cyclin D1 expression by phosphorylating and stabilizing the transcription factor β-

catenin (Albanese et al., 2003). Direct phosphorylation effect IKKα on Cyclin D1 was not 

checked in this study, however higher expression levels of β-catenin was detected in Ikkα
F/F

-p48-

Kras mice in comparison to age-matched p48-Kras mice.  

 

5.2. Expression of canonical and non-canonical NF-κB pathway components 

are increased in Ikkα
F/F

-p48-Kras mice 

 

The present study displays increased canonical and non-canonical NF-κB pathway in the 

pancreas of Ikkα
F/F

-p48-Kras mice. This finding was surprising since IKKα was deleted in 

pancreatic cells. However, based on the increased infiltration of IKKα intact fibroblasts and 

immune cells, it is possible that these cells might be responsible for the enhanced levels of these 

proteins. Consistent to our findings, RelA and p50 was found to be constitutively activated in 

nearly 70% of pancreatic cancer cells (Fujioka et al., 2003; Wang et al., 1999) and deletion of 

RelA resulted in less lung tumors in the presence of oncogenic K-ras activation (Basseres et al., 
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2010). Furthermore, our data showed higher RelB and cRel levels in Ikkα
F/F

-p48-Kras mice in 

comparison to tumor bearing p48-Kras mice.  

 

Interestingly, in our study, decreased IKKα level was also observed in human PDAC 

samples. Consistently, Liu and colleagues previously detected lower IKKα expression and 

mutations in human differentiated squamous cell carcinoma (SCC) patients, proposing that 

similar to murine PDAC model, IKKα loss might correlate with PDAC development in humans 

(Liu et al., 2006; Park et al., 2011). Furthermore, similar to mouse model, elevated protein levels 

of RelA, cRel, p100, p50/p105 was detected. Previously, nuclear co-localization of p52 and RelB 

was displayed in human PDAC cell lines showing the activation of this pathway in human 

PDAC cell lines (Wharry et al., 2009). In our study, cellular localization of these proteins was 

not controlled. However, decreased RelB and no increase in p52 protein levels were observed in 

CP and PDAC human samples. 

 

5.2.1. RelB deficiency did not affect tumor progression in Ikkα
F/F

-p48-Kras mice 

 

Our study indicated increased expression of non-canonical NF-κB pathway component 

RelB in the pancreas of Ikkα
F/F

-p48-Kras mice. Similar to what we observed, increased levels of 

nuclear RelB and p52 were previously shown in human tumors including oral cancers, prostate 

cancer, and in tumor cells lines including pancreas and prostate cancer (Chandler et al., 2004; 

Dejardin et al., 1995; Dejardin et al., 1999; Lessard et al., 2007; Mishra et al., 2006; Xu et al., 

2008). Furthermore, inhibition of RelB and p52 in human prostate cancer cells resulted in 

increased sensitivity to radiation (Xu et al., 2008) suggesting that abnormal activation of non-

canonical NF-κB pathway induce tumorigenesis in humans. However, contrary to this 

hypothesis, pancreas specific deletion of RelB did not decelerate fast PDAC development in 

Ikkα
F/F

-p48-Kras mouse model. Furthermore, RelB deletion resulted in more inflammation with 

increased macrophage and less dendritic cell infiltration, together with cell rich stroma in the 

pancreas of Ikkα
F/F

-p48-Kras mice, suggesting that ablation of non-canonical NF-κB pathway 

accelerates tumor development via modulating immune responses in murine PDAC model.  

 

5.3. IKKα deletion induces inflammation and desmoplasia in p48-Kras mice 

 

Our study displayed strong fibrotic response and increased infiltration of inflammatory 

cells including macrophages, neutrophils and dendritic cells in the pancreas of Ikkα
F/F

-p48-Kras 



       DISCUSSION 

     

 

118 

 

mice. This data confirms a previous study showing an increase in macrophages (F4/80
+
 cells) in 

IKKα null keratinocytes in comparison to wild type keratinocytes (Liu et al., 2008), suggesting 

that IKKα loss enhances infiltration of immune cells. Furthermore, expression of M2 polarized 

macrophage markers including IL4Rα, ARG-1, MRC-1 and DECTIN-1 was elevated in CD11b
+
 

positive cells isolated from the pancreas of Ikkα
F/F

-p48-Kras mice, in comparison to tumor 

bearing p48-Kras animals proposing that IKKα loss induces macrophage polarization into M2 

phenotype. On the other hand, since expression of pro-inflammatory cytokines, which are 

secreted by M1 polarized macrophages, including IL1β, IL6 and TNFα was still high, it was 

concluded that M1 polarized macrophages still exist in the pancreas of Ikkα
F/F

-p48-Kras mice. 

This observation was supported by other studies suggesting that M1 and M2 polarized 

macrophages may co-exist in tumors of cancer mouse models, however tumor development is 

often related with abundant amounts of M2 polarized macrophages (Squadrito and De Palma, 

2011; Qian and Pollard, 2010). M2 polarized macrophages are involved in the resolution of 

inflammation and wound healing. Furthermore, they show similar characteristics to tumor 

associated macrophages, which are suggested to be related with tumor progression, especially in 

breast cancer (Mantovani, 2008; Pollard, 2004). Additionally, it is not surprising that IKKα 

deletion regulated macrophage polarization in Ikkα
F/F

-p48-Kras animals since NF-κB family has 

been already published to modulate macrophage polarization (Hagemann et al., 2008; Biswas et 

al., 2006; Saccani et al., 2006; Porta et al., 2009).  

 

Importantly, increase in M2 macrophage markers including IL4Rα, IL13Rα1, MRC-1 

was observed, whereas pro-inflammatory cytokine IL1β and IL6 levels showed a tendency to 

increase in human PDAC samples. This data propose that similar to our murine model, M2 

polarization may be a common feature of PDAC progression in human although pro-

inflammatory cytokine secreting M1 macrophages still exist in the pancreas. 

 

In the present study, contribution of another tumor microenvironment components, 

fibroblasts, was also checked and pancreas derived fibroblasts were observed to display a similar 

phenotype to pancreas derived CD11b
+
 cells, suggesting that fibroblasts might also function in 

the acceleration of mutant K-ras induced PDAC development upon IKKα deletion. Supporting 

this hypothesis, Erez et al. previously proposed that NF-κB can induce fibroblasts to enhance 

increase pro-inflammatory gene expression, macrophage recruitment and eventually tumor 

growth (Erez et al., 2010). However, in order to define their roles in our mouse model, further 

analyzes are necessary. 
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It is already known that cytokines and chemokines secreted by tumor cells or the cells 

forming tumor microenvironment enhance tumor growth, cancer cell survival, and modulate cell 

differentiation (Hanahan and Weinberg, 2011; Cavallo et al., 2011). Although M2 polarized 

macrophages are known to support tumor growth, there are contradictory results in the literature 

about the tumor-growth promoting effects of IL4 and IL13 (OuYang et al., 2008; Toi et al., 

1992; Uchiyama et al., 1996; Kanai et al., 2000; Todaro et al., 2008; Formentini et al., 2009). 

However, due to fact that M2 polarized macrophage numbers were increased in Ikkα
F/F

-p48-Kras 

mice, IL4, IL13 and IL13Rα1 expressing cells were investigated and myeloid cells, together with 

fibroblasts were determined as the major sources of IL4, IL13 and IL13Rα1. Since fibroblasts 

and immune cells are the major components of tumor microenvironment, this data suggests that 

tumor microenvironment might have importance in tumor acceleration in Ikkα
F/F

-p48-Kras 

animals.  

 

5.3.1. Stat6 deletion did not inhibit accelerated tumor progression in Ikkα
F/F

-p48-Kras mice  

 

IL4 and IL13 induced Stat6 signaling has been found to be essential for normal mammary 

development in vivo (Khaled et al., 2007). It is already known that abnormal regulation and/or 

activation of developmental pathways can lead to epithelial tumor cell formation. Consistently, 

IL4 and IL13 have been established to induce fibrosarcoma tumor formation in vivo (Li et al., 

2008), and PDAC development in vitro (Formentini et al., 2009), respectively.  Furthermore, 

although contradictory results exist (Ko et al., 2008), over-expression of IL4R and IL13R has 

been published to be related with colitis associated cancer, PDAC development and lung cancer 

(Koller et al., 2010; Formentini et al., 2009; Kawakami et al., 2002). However, our data pointed 

out that Stat6 signaling is not crucial in acceleration of PDAC development in Ikkα
F/F

-p48-Kras 

mice, since pancreas specific Stat6 deletion did not inhibit tumor development in our mouse 

model. This data suggests that either IL4Rα signaling does not take part in the acceleration of 

PDAC development in Ikkα
F/F

-p48-Kras mice, or other signaling proteins, which are 

phosphorylated upon IL4R stimulation, including Jak1, IRS2, and Fes (Zamarano and Keegan, 

1998; Nelms et al., 1999; Izuhara et al., 1994) might have importance in IKKα loss induced 

PDAC development in p48-Kras mice. 
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5.4. Pancreas specific Ikkα loss causes alterations in energy metabolism in 

p48-Kras mice  

 

In the present study, we aimed to figure out how energy metabolism pathways were 

altered in tumor cells and affected tumorigenesis. Moreover, we would like to reply the question 

whether metabolic pathways themselves can change immune system modulation, for instance 

macrophage polarization and their effector functions. 

 

Glycolysis has been suggested to be the main energy production pathway in cancer cells 

since Otto Warburg observed that tumor cells prefer aerobic glycolysis to produce energy. He 

suggested that due to defective mitochondria activity, cancer cells use glycolysis although it 

produces less energy than oxidative phosphorylation (Warburg, 1956). Following studies 

revealed that not only cancer cells but also proliferating lymphocytes prefer glycolysis for energy 

production. This shows that aerobic glycolysis is not special for tumor cells and even there is no 

impairment in the oxidative phosphorylation, it can be preferred by other cells to produce energy 

(Brand, 1985; Hedeskov, 1968; Roos and Loos, 1973; Wang et al., 1976). Moreover, although 

ATP yield of glycolysis is less than oxidative phosphorylation, high glycolytic influx can result 

in abundant amount of ATP production in the cells that might be more than produced by 

oxidative phosphorylation (Guppy et al., 1993; Warburg et al., 1956b). Furthermore, following 

studies displayed that tumor cells do not necessarily have to show abnormal oxidative 

metabolism (Moreno-Sanchez et al., 2007), but still decreased mitochondrial metabolism and 

respiratory rate was proposed to be important for tumor cell growth and proliferation (Denko, 

2008). Consistently, decreased respiration rate of mitochondria was shown in Ikkα
F/F

-p48-Kras 

mice in comparison to p48-Kras mice. This decrease in mitochondrial respiration can be due to 

the lower mitochondria numbers in the cells and/or impairment in the complexes that are 

involved in oxidative respiration in mitochondria. Supporting this notion, tumor bearing Ikkα
F/F

-

p48-Kras and p48-Kras mice displayed decreased mitochondria number in comparison to 3-4 

weeks old Ikkα
F/F

 and p48-Kras animals indicating that number of mitochondria is reduced in 

tumor bearing mice. On the other hand, expression of oxidative phosphorylation related genes 

were also altered in these mouse groups. Although it has been already published that catalytic 

subunit of the mitochondrial ATP synthase (β-F1-ATPase) was down-regulated in most human 

carcinomas (Gogvadze et al., 2008), in our study, expression of ATP synthase mitochondrial F1 

complex β subunit was detected as up-regulated in tumor bearing animal groups. Moreover, Ikkα 

knock-down resulted in increase of Complex V in protein level in vitro, suggesting that gene 
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expressions might differ depending on different organisms and pancreas specific IKKα deletion 

causes alterations in the expression of oxidative phosphorylation related genes. In addition, 

mutations of the genes involved in mitochondrial energy pathways also might lead to abnormal 

mitochondria function. For instance, mutations of the enzymes of tricarboxylic  acid (TCA) cycle 

including fumarate hydratase (FH) and succinate dehydrogenase  (SDH) was detected in tumor 

cells, which had abnormal mitochondria activation (Gottlieb and Tomlinson, 2005).  

 

Since mitochondrial respiration rate is decreased, tumor cells might prefer glycolysis as 

the main energy metabolism in our animal model. Supporting this hypothesis, increased 

expression of glycolytic enzymes, HK1 and HK2, was determined in Ikkα
F/F

-p48-Kras mice. 

Since K-ras oncogene has been shown to promote glycolysis (Racker et al., 1985), this data 

concluded that IKKα deficiency might strengthen the effect of K-ras on glycolysis in pancreatic 

cancer. Similarly, Ying and colleagues published that Kras
G12D

 induced pancreatic tumors 

displayed increased glucose uptake and glycolytic intermediate production (Ying et al., 2012). 

Moreover, PDAC cells were shown to display increased aerobic glycolysis (Zhou et al., 2011). 

On the other hand, metabolic switch in favor of glycolysis may vary depending on the cell type 

or oncogenic RAS isoform since H-Ras transformed mesenchymal stem cells did not show 

elevated glycolysis for ATP production during transformation (Funes et al., 2007). Moreover,  

Kras
G12D

 extinction was shown to result in decreased levels of glycolytic intermediates including 

Glucose 6-phosphate (G6P), Fructose 6-phosphate (F6P) and Fructose 1,6-bisphosphate 

(F1,6BP) (Ying et al., 2012). Our data shows that the expression of the enzymes including 

phosphoglucomutase (PGM) and glucose phosphate isomerase 1 (Gpi1), which are responsible 

from the production of G6P and F6P respectively, was increased in Ikkα
F/F

-p48-Kras and 7-14 

months old p48-Kras mice, confirming that presence of oncogenic K-ras
 
induces the expression 

of glycolytic enzymes. Additionally expression of phosphofructokinase (PFK) platelet and liver, 

which catalyzes the production of F1,6BP was higher in Ikkα
F/F

-p48-Kras in comparison to 

tumor bearing p48-Kras mice proposing that IKKα absence induces PFK expression. 

 

Metabolic switch in favor of glycolysis in cancer cells is not important just for energy 

production. Glycolysis further serves as one of the source of glycolytic intermediates for 

biosynthetic pathways. It is important because proliferating cells need metabolic intermediates to 

synthesize other components including nucleotides or lipids (Vander Heiden et al., 2009; 

DeBerardinis et al., 2008). However, glycolysis is not the only pathway which provides 

metabolic intermediates. Instead, another mitochondrial energetic pathway, TCA cycle, is also 
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essential since cells use precursors derived from TCA cycle intermediates to synthesize lipids, 

proteins and amino acids. In proliferating cells, TCA cycle provides abundant amount of carbon 

molecules to biosynthetic pathways leading to a continous efflux of intermediates, which is 

called cataplerosis. One of the major yields of cataplerosis is lipid synthesis and the main 

lipogenic substrate in this pathway is glucose. One of the end products of glucose, mitochondrial 

citrate, is transferred to the cytosol and is converted by ATP citrate lyase to oxaloacetate (OAA) 

and lipogenic precursor acetyl-CoA (DeBerardinis et al., 2008). The export of citrate to the 

cytosol for lipid synthesis causes a ‘truncated’ cycle because the level of mitochondrial citrate 

oxidization is decreased (Hatzivassiliou et al., 2005; Parlo and Coleman, 1984). In tumor cells 

and proliferating hematopoietic cells, activity of lipogenic enzymes ATP citrate lyase and fatty 

acid synthase has been shown to be enhanced and necessary for proliferation (Bauer et al., 2004; 

Hatzivassiliou et al., 2005; Kuhajda et al., 1994; Pizer et al., 1996). Consistently, expression of 

ATP citrate lyase was up-regulated in Ikkα
F/F

-p48-Kras mice suggesting that TCA cycle might 

be truncated in this tumor bearing mouse model.  

 

On the other hand, in order to reverse the effect of truncated TCA cycle, cells must find 

metabolic intermediates to compensate lost oxaloacetate (OAA). The metabolic influx which is 

required to maintain TCA cycle function is called anaplerosis and one of the main player of 

anaplerosis is pyruvate carboxylase (PC) that produces OAA directly from pyruvate 

(DeBerardinis et al., 2008). Interestingly, expression of PC enzyme was decreased in tumor 

bearing p48-Kras and Ikkα
F/F

-p48-Kras mice in comparison to other animal groups. PC activity 

was previously shown to be increased by mitogens in proliferating lymphocytes (Curi et al., 

1988). On the other hand, estrogen stimulation promoted proliferation of MCF-7 breast 

carcinoma cells, whereas PC activity was inhibited (Forbes et al., 2006). Comparably, lower PC 

expression was detected in hepatomas in comparison to normal liver (Chang and Morris, 1973; 

Hammond and Balinsky, 1978), suggesting that necessity of PC activity in anaplerotic flux alters 

depending on the tissue types. On the other side, L-malate is oxidized to OAA by malate 

dehydrogenase in TCA cycle and the expression of mitochondrial malate dehydrogenase 1 and 2 

was increased in Ikkα
F/F

-p48-Kras mice. In addition to OOA, another TCA intermediate that can 

be used for biosynthesis of other components such as proteins and nucleic acids is α-

ketoglutarate (α-KG). In TCA cycle, isocitrate is converted to α-KG by isocitrate dehyrogenase 

(IDH) enzyme. Our data showed increased expression of all 3 subunits of Ikkα
F/F

-p48-Kras mice 

suggesting that IKKα absence enhances the expression of this enzyme.  

 

http://en.wikipedia.org/wiki/Malic_acid
http://en.wikipedia.org/wiki/Malate_dehydrogenase
http://en.wikipedia.org/wiki/Malate_dehydrogenase
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Pentose Phosphate Pathway (PPP) is an important biosynthesis pathway consisting of 

oxidative and non-oxidative branches in which glucose is used as substrate. In PPP, NADPH and 

ribose 5-phosphate is formed for the synthesis of fatty acids and DNA/RNA for nucleotides, 

respectively. Thus PPP is proposed to have importance in tumorigenesis (Boros et al., 1998; 

DeBerardinis et al., 2008). It has been shown that oncogenically activated K-ras induces the 

oxidative arm of the PPP to enhance cell proliferation (Vizan et al., 2005; Weinberg et al., 

2010). Contrarily, Ying and colleagues found no correlation between K-ras oncogene and the 

oxidative arm of PPP, but showed that in the presence of oncogenic K-ras, glycolytic flux was 

the main source for the non-oxidative PPP for ribose biogenesis and tumorigenic activity was 

inhibited by the blockage of the non-oxidative PPP (Ying et al., 2012). Additionally, non-

oxidative PPP branch was displayed to be up-regulated in tumor cells including pancreatic 

cancer (Boros et al., 2005; Tong et al., 2009) showing the importance of non-oxidative branch of 

PPP for pancreatic cancer.  Supporting these findings, enhanced activity of the catalyzer 

enzymes of the non-oxidative branch of the PPP, transketolase (Tkt) and transaldolase 1 

(Taldo1) was detected in tumor cells (Heinrich et al., 1976; Coy et al., 2005). Consistently, 

expression of these enzymes was also increased in Ikkα
F/F

-p48-Kras mice. 

 

Non-oxidative branch of PPP consists of reversible reactions meaning that direction of 

the reactions is regulated by the relative level of metabolic substrates and products (Schenk et 

al., 1998). Thus, tumor cells have to keep high levels of fructose 6-phosphate (F6P) and/or 

glyceraldehyde 3-phosphate (GAP) to use glycolysis metabolites in the non-oxidative branch of 

PPP. For this reason, Fructose 1,6-bisphosphate (F1,6BP) an essential control point in glycolysis 

and most tumors have already been shown to generate  abundant amounts of F1,6BP, which is 

converted to GAP by aldolase (Mazurek et al., 2002). Consistently, expression of aldolase A, B 

and C was found to be up-regulated in Ikkα
F/F

-p48-Kras mice. As mentioned before, F6P is 

converted to F1,6BP by PFK. Thus, activity of this enzyme is important for tumorigenesis and 

increased PFK-1 activity has already been shown in primary tumor tissues and cancer cell lines 

(Hennipman et al., 1987; Sanchez-Martinez et al., 1997). Similarly, expression of PFK1 

subunits, liver and platelet, was also enhanced in Ikkα
F/F

-p48-Kras mice in comparison to tumor 

bearing p48-Kras mice, suggesting that pancreas specific IKKα absence induces the expression 

of genes related to non-oxidative arm of PPP in the pancreas of p48-Kras mice. 

 

Another glycolysis related enzyme that also directs the carbon atoms from glycolysis to 

PPP is pyruvate kinase M2 (PK-M2). In mammalian organisms, it has 4 isoenzymes of (type L, 
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R, M1 and M2). Among them, PK-M2 expression has been shown to increase in tumor cells 

(Mazurek et al., 2002). Consistently, increased expression of pyruvate kinase muscle was 

detected in the pancreas of Ikkα
F/F

-p48-Kras mice showing that IKKα deletion induces glycolytic 

enzymes. 

 

5.4.1. Macrophage Polarization and Energy Metabolism 

 

In the literature, there is not abundant data about the connection between energy 

metabolism and immune system modulation. It is still not completely understood whether 

immune system is regulated by altered metabolic pathways or immune system components 

employ different metabolic pathways under certain conditions. Previously macrophages were 

shown to produce abundant amount of lactate and activate PPP after phagocytosis, suggesting 

that glycolysis and PPP might be important for their activation (Drapier and Hibbs, 1988; 

Schnyder and Baggiolini, 1978). However, recent studies implied that metabolic pathways are 

not only crucial for the activation of immune cells but also for their differentiation and it has 

been shown that metabolic-reconfiguration regulates the differentiation of Th17 cells and 

activation of dendritic cells (Beurel et al., 2011; Krawczyk et al., 2010; Shi et al., 2011). 

Furthermore, IFNγ or TLR ligands activated M1 macrophages were shown to prefer anaerobic 

glycolytic pathway (Rodriguez-Prados et al., 2010), whereas IL4 activated M2 macrophages use 

oxidative glucose metabolism (fatty acid oxidation) for energy production (Odegaard and 

Chawla, 2011). Recently, Haschemi and colleagues showed that down-regulation of 

carbohydrate kinase-like (CARKL) protein, which is a kinase and catalyzes the production of a 

PPP intermediate sedoheptulose-7-phosphate (S7P), resulted in decreased M2 macrophage 

polarization and induced M1 metabolic rearrangement showing that glucose intermediates are 

involved in the regulation of macrophage metabolism and macrophage polarization (Haschemi et 

al., 2012). However, in our study, increased numbers of CD11b
+
 cells in the pancreas of Ikkα

F/F
-

p48-Kras mice were determined. Interestingly, expression of the enzymes involved in non-

oxidative branch of PPP, Rpia, Taldo1 and Tkt, and oxidative branch of PPP, Gpi1 and G6pd2, 

was significantly elevated in pancreas derived CD11b
+
 cells in Ikkα

F/F
-p48-Kras mice although a 

significant increase was only detected for G6pd2 and Tkt in whole pancreas of these mice. This 

finding suggests that PPP pathway might be activated only in CD11b
+
 cells, which were 

infiltrated to pancreas. 
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5.4.2. 2-Deoxy Glucose (2-DG) application has partial effects on PDAC development in 

Ikkα
F/F

-p48-Kras mice 

 

In the present study, 2-DG was applied to Ikkα
F/F

-p48-Kras mice to determine if the 

blockage of glycolysis has any effects on PDAC development in this mouse model. 2-DG is a 

modified glucose molecule, which is used to block one of the main glycolytic enzyme 

hexokinase and thereby blocks glycolysis in the cells. Thus, it is proposed as an anti-cancer drug 

(Aft et al., 2012; Sahra et al., 2010). Indeed 2-DG application displayed a partial effect on 

PDAC development in Ikkα
F/F

-p48-Kras mice. Whereas five treated Ikkα
F/F

-p48-Kras mice 

displayed advanced PDAC, one mouse did not have cancer and two mice displayed small solid 

cell nests, which might be evaluated as the beginning of cancer. This suggests that although 2-

DG treatment does not block the development of PDAC in all Ikkα
F/F

-p48-Kras mice, it is 

effective for some animals and decreases the tumor incidence. However, the reason why 2-DG 

has a partial effect on animals is not known. 

 

Detailed analysis in our study showed no difference in the expression of glycolytic 

enzymes in the whole pancreas of 2-DG treated and untreated Ikkα
F/F

-p48-Kras mice. However, 

CD11b
+
 cells isolated from the pancreas of 2-DG treated Ikkα

F/F
-p48-Kras mice displayed a 

tendency to be higher for HK2 expression in comparison to untreated Ikkα
F/F

-p48-Kras animals. 

Since previously IFNγ or TLR ligand induced M1 macrophages were shown to use anaerobic 

glycolytic pathway (Rodriguez-Prados et al., 2010), this data suggested that 2-DG application 

might induce the infiltration of M1 polarized macrophages. Supporting this hypothesis, 

expression of pro-inflammatory cytokines TNFα and IL1β was increased, whereas expression of 

M2 macrophage markers IL4Rα, ARG-1 and MRC-1 were decreased in CD11b
+
 cells derived 

from the pancreas of 2-DG treated Ikkα
F/F

-p48-Kras in comparison to untreated Ikkα
F/F

-p48-Kras 

mice. This finding is particularly important since M2 macrophages are known to show tumor 

promoting effects. Moreover, pro-inflammatory cytokines TNFα and IL1β are mainly secreted 

by M1 macrophages, which have pro-inflammatory, anti-tumor effects. Thus, decrease in M2 

macrophage infiltration and increase in M1 macrophage infiltration, together with the elevated 

secretion of pro-inflammatory cytokines in the pancreas may play an essential role for the 

decreased incidence of PDAC in 2-DG treated Ikkα
F/F

-p48-Kras animals. However, it is not 

completely illuminated if metabolic switch firstly happens in Ikkα
F/F

-p48-Kras animals upon 2-

DG treatment and afterwards the polarization of macrophages switches from M2 to M1 that 

might lead to decreased tumor incidence in the pancreas or tumor progression is already slowed 
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down via 2-DG treatment in several animals and thus other metabolic pathways becomes 

activated for energy production and also infiltration of M2 macrophages decreases in 2-DG 

treated animals. Most probably, altered tumor incidence is a result of combinatory effect of 

glycolysis inhibition and altered macrophage profiles in the pancreas. However, it is very crucial 

to increase the efficiency of 2-DG treatment, find out the sequential events during this process 

and differentiate the contribution of altered energy metabolism and tumor microenvironment in 

the development of pancreatic cancer in mice since the answer of these questions might open a 

door to find out an effective treatment for PDAC patients in the future. 
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6.  CONCLUSION 

 

Constitutively activated K-ras and Nuclear Factor kappa B (NF-κB) family members 

have already been shown to co-operate during the development of several types of cancers. 

Importantly, in the present study, we showed that pancreas specific loss of IκB kinase α (IKKα) 

accelerates the development of pancreatic ductal adenocarcinoma (PDAC) in the presence of 

constitutively active mutant K-ras oncogene. Whereas p48-Kras (p48
Cre

-K-ras
LSL-G12D/+

) mice 

display high heterogeneity in pancreas histology and do not have pancreatic tumors before 7,5 

months, unless they are treated with chemical agents to induce chronic pancreatitis, Ikkα
F/F

-p48-

Kras (Ikkα
F/F

-p48
Cre

-K-ras
LSL-G12D/+

)
  

mice have completely transformed pancreas and PDAC 

with 100 % incidence at the age of 3-4 weeks. In the pancreas of Ikkα
F/F

-p48-Kras mice, we 

determined higher proliferation rates and increased expression of Cyclin D1 during PDAC 

formation. 

 

Furthermore, with the advantage of using Elastase-Cre system, we were able to verify 

that not only embryonic deletion of IKKα but also post-natal IKKα deletion in pancreas led to 

the acceleration of pancreatic intraepithelial neoplasm (PanIN) formation in Ikkα
F/F

-p48-Kras 

mice. 

 

In Ikkα
F/F

-p48-Kras mouse model, although IKKα is deleted, both canonical and non-

canonical NF-κB was shown to be activated. In order to emphasize the role of non-canonical NF-

κB pathway, RelB
F/F

-Ikkα
F/F

-p48-Kras mice generated. However, Relb deletion in the pancreas 

of Ikkα
F/F

-p48-Kras animals did not improve the pancreas histology of these animals. Moreover, 

it resulted in completely altered pancreas structure and exacerbated inflammatory response. 

Macrophage numbers were increased in these mice in comparison to Ikkα
F/F

-p48-Kras, whereas 

dendritic cell numbers were decreased, proposing that RELB deficiency could accelerate cancer 

progression in Ikkα
F/F

-p48-Kras mice, possibly through an increase in macrophages and a 

decrease in dendritic cells that present tumor antigens to adaptive immune cells 

 

We showed that accelerated PDAC development in Ikkα
F/F

-p48-Kras mice is partly 

related with increased infiltration of immune cells and fibroblasts, which points out the 

importance of tumor microenvironment during PDAC in this mouse model. We found out that 

pancreas specific IKKα deletion resulted in increased infiltration of M2 macrophages, which are 
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expressing ARG-1, IL4Rα, MRC-1 and Dectin-1. On the other hand, elevated expression of pro-

inflammatory cytokines including IL1β, IL6, TNFα and decreased expression of IFNγ and IL12 

by CD11b
+
 cells in the pancreas of Ikkα

F/F
-p48-Kras mice was detected. These findings show 

that whereas M2 polarized macrophages infiltrate in the pancreas abundantly, there is still the 

infiltration of M1 polarized macrophages that continue to secrete pro-inflammatory cytokines. 

Furthermore, the percentage of IL13Rα1 expressing and IL4, IL13 secreting myeloid cells and 

fibroblasts were increased in the pancreas of Ikkα
F/F

-p48-Kras mice, suggesting a critical role for 

M2 macrophage related cytokines IL4, IL13 and its receptor, IL13Rα1, during enhanced cancer 

progression. In order to see whether IL4/IL13 signaling is the main player in the acceleration of 

PDAC, Ikkα
F/F

-p48-Kras mice were crossed to whole body Stat6 knock-out animals. However, 

Stat6
-/-

-Ikkα
F/F

-p48-Kras mice displayed similar phenotypic and histological features with 

Ikkα
F/F

-p48-Kras animals, proving that M2 associated inflammation induced tumor promotion in 

this mouse model does not rely on Stat6 signaling. 

 

Pancreas specific IKKα ablation led to the alterations in the expression of metabolism 

related genes in Ikkα
F/F

-p48-Kras animals. Among them, especially the expression of glycolytic 

enzymes HK1 and H2 were elevated. Moreover, decreased respiration rate of mitochondria and 

mitochondria numbers were detected in the pancreas of these mice. Altogether this data indicates 

the possibility of glycolytic switch during tumor development in Ikkα
F/F

-p48-Kras mice, which 

might be a potential inducer of PDAC development. In order to test this hypothesis, Ikkα
F/F

-p48-

Kras animals were treated with 2-Deoxy Glucose (2-DG), a modified glucose molecule that can 

inhibit glucose metabolism and ATP production in the cells by inhibiting hexokinase. This 

treatment displayed partial effects on animals. Although pancreas distortion was similar to 

untreated animals at the age of 3-4 weeks, tumor incidence was reduced in Ikkα
F/F

-p48-Kras 

mice. Detailed analysis showed that 2-DG treatment caused an increase in the expression of pro-

inflammatory cytokines IL1β, TNFα and a decrease in the expression of M2 macrophage 

markers IL4Rα, ARG-1, MRC-1 in pancreas derived CD11b
+
 cells of Ikkα

F/F
-p48-Kras animals. 

This data proves that 2-DG treatment causes decreased M2 polarized macrophage infiltration and 

increased secretion of pro-inflammatory cytokines by CD11b
+
 cells, which might be related with 

the partial effect of 2-DG treatment during tumor development in treated Ikkα
F/F

-p48-Kras mice. 

Additionally, 2-DG treated Ikkα
F/F

-p48-Kras animals displayed a tendency to express HK2 and 

decreased expression of PPP related enzyme Rbks in pancreas derived CD11b
+ 

 cells, suggesting 

that the treatment does not only affect macrophage polarization but also energy metabolism in 

these mice. 
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As a result of this study, we proved the importance of tumor microenvironment and 

alterations in energy metabolism during accelerated tumor progression in Ikkα
F/F

-p48-Kras mice. 

However, these findings were not enough to explain why K-ras induced PDAC progression is 

very fast in the absence of IKKα in this mouse model. Thus, the main mechanism lying behind 

the accelerated tumor progression in Ikkα
F/F

-p48-Kras mice could not be understood completely 

and further research is necessary to elucidate the whole mechanism.  
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