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Abstract 

The worldwide incidence and mortality rate of pancreatic cancer is continuously 

increasing, thus constituting one of the most serious global burdens. Radioresistance 

in pancreatic cancer patients is still a critical challenge that remains to be met. 

Understanding the molecular mechanisms underlying radioresistance and targeting 

the respective pathways may lead to a better response to radiotherapy and, thus, a 

better treatment outcome. In this study, two radioresistant pancreatic cancer cell lines 

were generated by fractionated radiation. The acquired radioresistance was validated 

in vitro and in vivo. The cell lines were further investigated with regard to proliferation, 

radiation-induced apoptosis, cell cycle distribution, repair of DNA damage, generation 

of reactive oxygen species, and migration and invasion capacity. The results of this 

study showed that radioresistant pancreatic cancer cell lines revealed a greater DNA 

repair efficiency and lower levels of basal and radiation-induced reactive oxygen 

species. Therefore, an increased DNA repair capacity and an enhanced antioxidant 

response might constitute potential mechanisms involved in the acquired 

radioresistance. In addition, the migration and invasion capacity of the cell lines was 

differentially affected through the acquired radioresistance. Furthermore, RNA and 

small RNA sequencing revealed specific mRNAs and miRNAs associated with 

radioresistance or migration and invasion capacity. In conclusion, this thesis provides 

new insights into the radioresistance of pancreatic cancer and identifies potential 

biomarkers and treatment targets for personalized therapy. 
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Zusammenfassung 

Die weltweite Inzidenz und Sterblichkeitsrate von Pankreaskarzinomen nimmt ständig 

zu und stellt damit eine der schwerwiegendsten globalen Belastungen dar. Die 

Radioresistenz bei Patienten mit Pankreaskarzinom ist nach wie vor eine kritische 

Herausforderung, die es zu bewältigen gilt. Das Aufklären der molekularen 

Mechanismen, die der Radioresistenz zugrunde liegen, kann zu einem besseren 

Ansprechen auf die Strahlentherapie und damit zu einem besseren 

Behandlungsergebnis führen. In dieser Studie wurden zwei strahlenresistente 

Pankreaskarzinom-Zelllinien durch fraktionierte Bestrahlung generiert.  Die erworbene 

Strahlenresistenz wurde in vitro und in vivo validiert. Die Zelllinien wurden im Hinblick 

auf die Proliferation, die strahleninduzierte Apoptose, die Zellzyklusverteilung, die 

Reparatur von DNA-Schäden, die Erzeugung reaktiver Sauerstoffspezies sowie die 

Migrations- und Invasionskapazität untersucht. Die Ergebnisse dieser Studie zeigten, 

dass strahlenresistente Pankreaskarzinomzelllinien eine höhere 

DNA-Reparatur-Effizienz und niedrigere Mengen an basalen und strahleninduzierten 

reaktiven Sauerstoffspezies aufweisen. Mögliche Mechanismen, die an der 

erworbenen Strahlenresistenz beteiligt sind, sind daher eine erhöhte 

DNA-Reparaturkapazität und eine verbesserte antioxidative Antwort. Darüber hinaus 

wurde die Migrations- und Invasionskapazität der strahlenresistenten Zelllinien durch 

die erworbene Strahlenresistenz unterschiedlich beeinflusst. Des Weiteren ergab die 

Analyse der mRNA- und miRNA-Sequenzierung spezifische 

mRNA- sowie miRNA-Profile, die mit der Strahlenresistenz und 

Migrations- und Invasionskapazität assoziiert sind. Zusammenfassend liefert diese 

Studie damit neue Erkenntnisse über die Strahlenresistenz von Pankreaskarzinomen 

und identifiziert potenzielle Biomarker und Zielstrukturen für eine personalisierte 

Therapie. 
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1. Introduction 

1.1 Pancreatic cancer 

The worldwide incidence and mortality rate of pancreatic cancer is rising, making it 

one of the most serious global health burdens [1, 2]. Although it is only the 14th most 

common type of cancer, pancreatic cancer accounts for the 7th highest cancer 

mortality rate in the world, with nearly as many deaths (n = 432,000) as cases 

(n = 459,000) in 2018 [3, 4]. Despite extensive research, numerous insights, and 

advances in diagnosis, the 5-year survival is still below 10 % (2014: 6 % and 2018: 

9 %), with only 1/4 of all patients surviving the first year after diagnosis [5]. Between 

1990 and 2017, the number of incidence and deaths due to pancreatic cancer more 

than doubled, and it is even expected to be the 2nd leading cause of cancer-related 

death after lung cancer by 2030 [1, 6, 7]. These increases, mainly seen in the western 

countries (Europe, North America, Australia, and New Zealand) with higher human 

development index and gross domestic product per capita are likely due to the aging 

population and particular lifestyle factors [1, 2, 4]. Aside from family history and 

genetic factors, risk factors include tobacco smoking, diabetes mellitus, obesity, and 

alcohol consumption [8, 9].  

There are different tumor types in the pancreas, all with distinct clinical presentation 

and genetic mutations. Pancreatic ductal adenocarcinoma (PDAC) is the most 

common pancreatic malignancy, accounting for 90 % of all pancreas neoplasms [10, 

11]. In order to advance from a minimally dysplastic epithelium to invasive carcinoma, 

several mutations are necessary, including the four major driver mutations of 

pancreatic cancer: KRAS, p16/CDKN2A, TP53, and SMAD4 [12, 13] (Figure 1.1).  
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Figure 1.1. Progression model for pancreatic cancer. Pancreatic intraepithelial neoplasia (PanIN), a 
precursor lesion, can progress to pancreatic cancer after a serial accumulation of mutations. Figure 
reprinted from [14].  

 

Pancreatic cancer can be divided into four clinical staging groups. In stage I 

(resectable), the cancer shows no spread and has grown to 2-4 cm. In stage II 

(borderline resectable), the tumor is greater than 4 cm and can present with spreading 

to nearby lymph nodes. Further expansion to blood vessels or nerves is characteristic 

for stage III (unresectable/locally advanced). When the cancer has spread to distant 

organs, it is referred to as stage IV (metastatic) [5]. 80-90 % of all patients are in an 

advanced stage when diagnosed, rendering the tumor non-resectable. Approximately 

50 % of patients who have undergone surgery and adjuvant therapy tend to develop 

liver metastases within two years [15]. It is assumed that 90 % of all pancreatic cancer 

deaths are attributed to metastases [16, 17].    

 

Unspecific symptoms considerably complicate an early diagnosis, which in turn 

impairs the prognosis for pancreatic cancer patients. These symptoms, which may 

also have other causes, include weight loss, nausea, indigestion, stomach or back 

pain, and fatigue [18, 19].  
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For the diagnosis of pancreatic cancer, several imaging modalities are used. Imaging 

has become a crucial and decisive factor in the detection and assessment of 

pancreatic cancer [20]. Imaging modalities include abdominal ultrasonography, 

tri-phasic pancreatic protocol computed tomography (CT), magnetic resonance 

imaging (MRI), and endoscopic ultrasound-guided fine-needle aspiration [5, 21, 22]. 

The most commonly used serological marker is the glycoprotein Carbohydrate 

antigen 19-9 (CA 19-9). However, CA 19-9 shows variable sensitivity (69 – 98 %) and 

specificity (46 – 98 %), and only 65 % of patients in stage I present with elevated 

levels [20]. Nonetheless, higher CA 19-9 levels were demonstrated to be associated 

with poorer treatment outcomes in patients with locally advanced pancreatic cancer 

receiving chemoradiation [23].  

Pancreatic cancer treatment involves multidisciplinary therapy, including surgery, 

chemotherapy, radiotherapy, chemoradiotherapy, and palliative therapy. Treatment is 

primarily based on the stage of the disease at the time of diagnosis (Figure 1.2).  

 

 
Figure 1.2. Overview of pancreatic cancer disease stages and treatment course. Shown are the survival 
and resection percentages of different groups of patients with pancreatic cancer. The borderline 
resectable tumors are included in the locally advanced/unresectable group. Figure reprinted from [24]. 
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The only treatment cure for pancreatic cancer is surgical resection, which has shown 

significant improvement in overall survival [25]. Since many patients suffer a 

recurrence after surgical resection [15], adjuvant therapy, a treatment administered 

after surgery, is generally considered. While there is supporting evidence for a 

combined chemoradiotherapy treatment in comparison to chemotherapy alone as an 

adjuvant treatment [26-29], it was also shown that only patients receiving adjuvant 

chemotherapy after surgery have a significantly improved survival rate compared to 

patients in the chemoradiotherapy arm. Furthermore, chemoradiotherapy seemed to 

worsen the prognosis for the patients [30, 31]. However, this ESPAC-1 trial was 

criticized for several aspects, including the absence of radiation quality control, 

heterogeneous treatment fields, and low radiation dose [32]. Adjuvant 

chemoradiotherapy remains controversial, as evidenced by the fact that it is not used 

in Europe, while in Northern America, patients continue to receive chemotherapy in 

combination with radiotherapy because a specific subpopulation of patients can 

benefit from it [19, 33].  

However, at the time of diagnosis, 80 % of patients are no longer in the primary 

resectable stage. Those patients either present with distant metastasis or without 

metastasis but with locally advanced pancreatic cancer, thus surgery is no longer a 

therapeutic option. For patients presenting with metastatic disease, 

chemoradiotherapy, e.g., the FOLFIRINOX (folinic acid, fluorouracil, irinotecan, and 

oxaliplatin) regimen, is recommended [32]. For patients without metastasis but 

non-resectable or borderline resectable pancreatic cancer, neoadjuvant therapy in the 

sense of chemotherapy in combination with radiotherapy offers the possibility of 

downstaging borderline resectable and locally advanced tumors, thus improving not 

only the resection rate but also overall survival [34, 35]. It was not only shown that 

patients with locally advanced pancreatic cancer undergoing chemoradiotherapy had 

an overall survival rate similar to patients with primary resectable tumors [36, 37] but 

moreover, patients with tumor recurrence can be treated safely with 

chemoradiotherapy for successive surgery [38]. However, the advantage of a 

combination treatment with chemoradiotherapy compared to chemotherapy alone is 

still inconsistent and widely discussed in the literature [39-41]. This may be due to the 

heterogeneous nature of pancreatic cancer and the inherent radioresistance, thus 
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limiting the efficacy [42, 43]. Only one-third of patients show a response to radiation 

therapy in most clinical studies [44-47]. However, the underlying mechanisms that 

lead to treatment failure in ~70 % of pancreatic cancer patients receiving radiotherapy 

are still unclear. Therefore, it is crucial to investigate mechanisms leading to 

radioresistance in pancreatic cancer and to thereby gain new insights for potential 

individualized radiotherapy [37].  

 

1.2 Radiotherapy 

In addition to surgery, chemotherapy, and palliative care, radiotherapy is an integral 

treatment option in the field of cancer [48]. The clinical application of x-rays was first 

reported in the late 19th century, shortly after the discovery by Roentgen in 1895 [48-

50]. In the clinical setting, ionizing radiation, i.e., x-rays and γ-rays, is commonly used 

for the treatment of cancer, in order to achieve loco-regional disease control, tumor 

downsizing, prevention of tumor cell dissemination and invasion while sparing the 

normal tissue. About half of all cancer patients are treated with radiotherapy over the 

course of their disease [48, 51, 52]. In order to spare the normal tissue, thus 

diminishing normal cell toxicity, patients receive multiple fractions of radiotherapy 

over several weeks. While the external beam radiotherapy involves the use of a device 

to administer the radiation from outside, brachytherapy involves the introduction of a 

radioactive material into the body in the vicinity of the cancerous tissue [48].  

The primary target of radiation is the DNA, where the high-energy deposition causes 

damage. Besides the direct effect of irradiation on the DNA, 60 – 70 % of the DNA 

damage is produced indirectly by free radicals, i.e., reactive oxygen species (ROS) 

[53, 54], the products from the radiolysis of water (Figure 1.3). The radiation dose is 

measured in units gray (Gy), one Gy of irradiation induces 2000 base modifications, 

1000 DNA single-strand breaks (SSBs), and about 35 DNA double-strand breaks 

(DSBs) per cell [55]. When two SSBs are in close proximity, DSBs are likely to arise. 

Since DSBs are much more complicated to repair, they are viewed as fatal damage 

to the cell, with unpaired DSBs leading to cell death [42].   
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The vast majority of radiation-induced damages are caused by ROS. The radiolysis of 

water due to irradiation leads immediately (< 1 second) to the formation of free 

radicals, including hydroperoxyl radical, hydrogen radical, and hydroxyl radical [56]. 

ROS are important for cell signaling and homeostasis; therefore, free radicals are 

continuously generated in the environment of a cell. Under physiological conditions, 

the accumulation of ROS, leading to oxidative stress, is prevented by scavenging 

systems, including glutathione, thioredoxin, dismutase, peroxidase, and catalase [57, 

58]. 

 

 
Figure 1.3. Direct and indirect DNA damage. Ionizing radiation can cause DNA damage in two ways. 
Figure adapted from [48].  

 

Radiation can trigger several cell responses, including senescence, apoptosis, 

necrosis, or autophagy. For cells to survive radiation-induced damage, DNA damage 

response and DNA repair are of crucial importance. SSBs are recognized by members 

of the Poly(ADP-ribose) polymerase (PARP) family, which recruit the base excision 

repair (BER) machinery in order to repair the lesion [42] (Figure 1.4).   

Ataxia-telangiectasia mutated (ATM), ataxia-telangiectasia, and Rad3-related (ATR) 

and DNA-dependent protein kinase catalytic subunit (DNA-PKcs) are activated after 

the induction of DSBs [59]. These kinases then phosphorylate the histone H2AX at the 
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site of the DNA damage in order to induce DNA repair. Following the formation of 

γH2AX, DNA damage repair pathways are initiated, mainly homologous recombination 

(HR) and non-homologous end-joining (NHEJ) [60]. HR is considered to be an 

error-free mechanism, as it requires a homologous DNA sequence provided by the 

sister chromatid [61]. In contrast, during NHEJ DSBs are repaired through the ligation 

of the broken DNA ends, possibly resulting in more errors due to the loss or 

modification of genetic information [61]. NHEJ is the more dominant repair 

mechanism for DSBs.  

 

 
Figure 1.4. Radiation-induced DNA damage repair. A. Several DNA repair pathways for the different 
DNA lesions are shown. B. The influence of the tumor-associated cellular processes on DNA damage 
is shown. APE, AP endonuclease; ATM, ataxia telangiectasia mutated; BER, base excision repair; 
DNA-PK, DNA-dependent protein kinase; EGFR, epidermal growth factor receptor; FANC, Fanconi 
anaemia pathway; GLYC, glycosylase; HR, homologous recombination; LIG4, DNA ligase IV; MRN, 
MRE11–RAD50–nibrin complex; NHEJ, non-homologous end joining. Figure reprinted from [52]. 
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In theory, any success of radiotherapy can be achieved by two main mechanisms: 

1) increasing the amount of radiation-induced DNA damage within the tumor or 

2) decreasing the efficiency of DNA repair within tumor cells [62]. Cells that can 

efficiently repair the radiation damage are radioresistant, a characteristic enabling the 

cells to survive and replicate. Radioresistant tumor cells are the limiting factor for the 

efficacy of radiotherapy and remain the most critical obstacle to overcome. 

Radioresistance is the main cause of radiotherapy failure and leads to a poor 

prognosis in cancer patients due to possible tumor relapse or metastasis spread [63]. 

Concerning radioresistance, cancer stem cells (CSCs) moved into the focus since 

they are more resistant to radio- and chemotherapy and therefore considered as the 

leading cause of tumor recurrence [64]. Due to their superior DNA repair capacity and 

ROS defense as well as their self-renewal capacity, CSCs are associated with 

radioresistance compared to non-CSCs [63].   

However, the exact mechanisms that contribute to radioresistance in pancreatic 

cancer are still largely unknown. Targeting the pathways that play a role in the 

radioresistance of pancreatic cancer represents a promising strategy for improving 

the poor treatment outcome in the future. 

 

1.3 Invasion 

About half of all pancreatic cancer patients present with metastasis at the time of 

diagnosis [24].  Since it is assumed that 90 % of all deaths from pancreatic cancer 

are due to metastases [16, 17], therefore, elucidating the mechanisms involved is of 

critical clinical importance. The complex processes underlying invasion and 

metastasis, where tumor cells leave the primary tumor, invade adjacent tissue, and 

circulate to distant organs forming new colonies, are mostly unknown [17]. The spread 

of cancer cells from the primary tumor to anatomically distant organs entails a 

multi-step process. During the first step, invasion, cells invade the extracellular matrix 

to leave their niche. Following the entering of the blood and lymphatic vessels, termed 

intravasation, cells must survive the systemic circulation (systemic transport). In order 
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to enter the distant tissue, cells have to leave the blood vessels, known as 

extravasation. The last step, metastatic colonization, involves the survival in the new 

microenvironment and the subsequent forming of metastases [65-67]. The 

epithelial-mesenchymal transition (EMT), a prominent and significant feature of 

pancreatic cancer, is of crucial importance for a metastatic progression [15]. During 

EMT, the expression of adhesion molecules is changed, epithelial markers are 

downregulated and instead, a mesenchymal cytoskeleton is produced [15, 68]. EMT 

in pancreatic cancer is associated with drug resistance and increased invasiveness 

[69]. 

There are two models postulated for the metastatic progression, the Darwinian linear 

model and the parallel model. In the linear model, the progression to metastatic 

disease is viewed as a stepwise process, from the tumor initiation through mutations 

in driver genes to the last step, the formation of distant metastasis. In contrast, the 

parallel model hypothesized that tumor cell dissemination occurs early during 

tumorigenesis before the primary tumor is even detectable in the clinic, and the 

metastases develop in parallel to the primary tumor [15, 68].  

 

1.4 MicroRNAs 

MicroRNAs (miRNAs) were first discovered by Lee et al. in 1993 and are non-coding, 

single-stranded RNAs with a length of ~ 22 nucleotides [70, 71]. As a new class of 

gene regulators, miRNAs that bind to target mRNA lead to either translational 

repression or degradation of the target mRNA, depending on the degree of 

complementarity between the miRNA and its target mRNA [71]. With perfect 

complementarity to the target mRNA, miRNAs induce the RNA-mediated interference 

(RNAi) pathway with the subsequent degradation of the target mRNA (Figure 1.5). 

However, in eukaryotic cells miRNA mediated translational repression is the more 

common mechanism of gene regulation, in which not entirely complementary mRNA 

are bound, leading to translational repression of the target mRNA instead of mRNA 

cleavage [71]. miRNAs are transcribed by RNA polymerase II to a longer precursor 
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pri-miRNA transcript in the nucleus. After further processing by the ribonuclease 

complex Drosha-Pasha to the hairpin-shaped pre-miRNA, transporter proteins export 

the pre-miRNA to the cytoplasm. There, the pre-miRNA is further processed and 

incorporated into the RNA-induced silencing complex (RISC). For the negative 

regulation of gene expression, the mature miRNA can then bind to complementary 

sites in the target mRNA [71, 72]. 

 
Figure 1.5. The biogenesis of microRNAs. microRNAs (miRNAs) are transcribed by RNA polymerase II 
in the nucleus to pri-miRNA. This precursor is further processed to pre-mRNA, which is then 
transported into the cytoplasm. After several processing steps, the mature miRNA is incorporated in 
the RNA-induced silencing complex (RISC), subsequently leading to post-transcriptional repression of 
target mRNAs by mature miRNAs. Figure reprinted from [71].  

 

Due to their role in a plethora of biological signaling pathways, e.g., cell growth, 

differentiation, and apoptosis, it has been proposed that deregulation of miRNA 

expression could be involved in tumorigenesis. Calin et al. were the first to describe 

an association between deregulated miRNAs and cancer [73]. Since then, several 
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studies have shown that miRNAs are deregulated in many tumor entities, including 

pancreatic cancer, where miRNAs possess either oncogenic or tumor suppressor 

functions and thus are involved in the development and progression of cancer [74-

77].  

Most patients with pancreatic cancer are diagnosed at a late stage when the curative 

option of surgery is no longer feasible, leading to a dismal prognosis. Therefore, 

biomarkers detecting the disease at an early stage are urgently needed. There is 

growing evidence that miRNAs might serve as diagnostic biomarkers in pancreatic 

cancer [78, 79]. In addition, their high stability in body fluids such as serum and plasma 

make them attractive candidates for non-invasive biomarkers. Several studies have 

shown that pancreatic cancer patients can be distinguished from healthy donors 

based on different miRNAs detectable in plasma, serum, or whole blood [78, 79]. 

Furthermore, in combination with the serum marker CA-19-9, the diagnostic value 

was significantly improved [80, 81].  

Apart from the potential diagnostic value of miRNAs, several studies have shown an 

association between the expression of miRNAs and survival in pancreatic cancer 

patients. High expression of some miRNAs was found to predict poorer overall 

outcome and survival, distinguish long from short-term survivors, or correlate with 

distant metastasis [82-85]. 

Furthermore, miRNAs are associated with radioresistance in pancreatic cancer. 

Several miRNAs were shown to regulate the response to radiation, either rendering 

the cells radioresistance or radiosensitive [86-89]. Therefore, there is a growing 

interest in the investigation of miRNAs as potential biomarkers for the prediction of 

radiation response. For pancreatic cancer patients in an advanced stage, 

radiotherapy in combination with chemotherapy offers an opportunity to downstage 

the tumor and thus improve overall survival. Nonetheless, only ~ 30 % of pancreatic 

cancer patients show a response to radiation therapy [44-47]. A miRNA panel that can 

predict the response to radiotherapy could help to identify those patients who would 

benefit from a treatment, ultimately leading to personalized radiotherapy.  
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1.5 Aim of the study 

The goal of the study was to investigate the mechanisms leading to radioresistance 

in pancreatic cancer and further evaluate miRNAs as predictive biomarkers of 

radiation response. Therefore, isogenic radioresistant (RR) pancreatic cancer cell lines 

were generated, and the mechanisms leading to radioresistance were identified. The 

migratory and invasive properties of the radioresistant cell lines were subsequently 

examined. Furthermore, miRNAs associated with radioresistance were investigated 

in vitro and in vivo. 
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2. Material and Methods  

2.1 Cell culture 

Established human pancreatic cancer cell lines were obtained from the University 

Hospital of Heidelberg, American Type Culture Collection (ATCC, LGC Standards 

GmbH) and German Collection of Microorganisms and Cell Cultures (DSMZ GmbH). 

Cell line authentication was performed by Eurofins Genomics, Germany. Panc-1 and 

MIA PaCa-2 were cultivated in DMEM High Glucose (#D6429, Sigma) supplemented 

with 10 % fetal calf serum (#F7524, Sigma) (FCS) and 1 % penicillin/streptomycin 

(#P0781, Sigma) (P/S). AsPC-1, BxPC-3, T3M-4 and SU.86.86 were maintained in 

RPMI-1640 (#R8758, Sigma) supplemented with 10 % FCS (#F7524, Sigma) and 

1 % P/S. All cells were grown as monolayer culture and kept at 37 °C in a controlled 

atmosphere with 5% CO2 and 95% humidity. Cells were routinely checked and 

determined as negative for mycoplasma contamination (#LT07-318, Lonza). 

 

 
Figure 2.1: Established human pancreatic cancer cell lines and generated radioresistant cell lines.  
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Table 2.1: Characteristics of established pancreatic cancer cell lines. Source: Deer et al. [90] and 
https://web.expasy.org/cellosaurus/ 

Cell line Age Gender Derivation Metastasis Differentiation 

AsPC-1 62 Female Ascites Yes Poor 

BxPC-3 61 Female Primary tumor No Moderate to poor 

MIA PaCa-2 65 Male Primary tumor unknown Poor 

Panc-1 56 Female Primary tumor Yes Poor 

Su.86.86 57 Female Liver metastasis Yes Moderate to poor 

T3M-4 64 Male Lymph node metastasis yes unknown 

 

Table 2.2: Molecular alterations of KRAS, TP53, p16, and SMAD4 in established pancreatic cancer cell 
lines. Source: Deer et al. [90], Moore et al. [91] and https://web.expasy.org/cellosaurus/ 

Cell line KRAS TP53 p16/CDKN2A SMAD4/DPC4 

AsPC-1 mutated mutated Wildtype/deleted Wildtype/deleted 

BxPC-3 wildtype Mutated Wildtype/deleted Deleted 

MIA PaCa-2 Mutated Mutated Deleted Wildtype 

Panc-1 Mutated Mutated Deleted Wildtype 

Su.86.86 Mutated Mutated Deleted Wildtype 

T3M-4 Wildtype Mutated Deleted wildtype 

 

2.2 Cell irradiation 

X-ray irradiation was performed using the RS225A irradiation device (Gulmay/Xstrahl, 

UK), at a dose rate of 1 Gy/min (15 mA, 200 kV). 

2.3 Functional analysis 

2.3.1 Colony formation assay  

Cells were seeded in 12-well plates and 24 hours later irradiated with a single dose of 

radiation ranging from 0 to 8 Gy. After 8 – 15 days, colonies were fixed with ice-cold 

methanol, stained with 0.1 % crystal violet and counted. Colonies were imaged with 

GelCountTM (Oxford optronics). Colonies consisting of more than 50 single cells were 
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counted as one colony, counting was performed manually. The plating efficiency (PE) 

was determined as the ratio between formed colonies and the number of cells seeded 

at 0 Gy, with the following formula: 

 

�� =  
����	
 �� 
�����	�

�		�	� 
	���
 ∙ 100 

 

The survival fraction (SF) is represented by the following formula:  

 

�� =  
����	
 �� 
�����	�

(�		�	� 
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Survival curves were fitted according to the linear-quadratic model (LQM) using 

GraphPad Prism (GraphPad Software Inc., San Diego, USA). The formula for the LQM 

is the following: 

 

�� =  − � ∙ � −  � ∙ �� 

2.3.2 Generation of radioresistant pancreatic cancer cells 

For the generation of RR cell lines, two approaches were used. First, Panc-1 and 

MIA PaCa-2 cells were exposed to 10 fractions of 2 Gy per day for 2 weeks, excluding 

weekends, in T75 flasks, as previously described [92]. After each irradiation 

procedure, media was exchanged, and cells were washed with PBS. Cells were 

passaged after five fractions of 2 Gy. Second, Panc-1 and MIA PaCa-2 cells were 

irradiated after a previously described protocol with minor modifications [86]. Briefly, 

cells were seeded in T75 flasks in complete medium. Upon reaching ~ 70 %, 

confluency cells were irradiated with 2 Gy using the RS225A irradiation device 

(Gulmay/Xstrahl, Camberley, UK) at a dose rate of 1 Gy/min (15 mA, 200 kV). At a 

confluency of 80 – 90 % cells were then subcultured into new flasks. Whenever cells 
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reached 70 % confluency, cells where serially irradiated with increasing doses (4, 6, 

and 8 Gy) and an additional six cycles of 10 Gy radiation. The cumulative dose was 

80 Gy. In both procedures, the surviving cells were allowed to recover and expanded 

for at least one month before further experiments were conducted.  

2.3.3 Cell growth 

Cells were seeded in 12-well plates and incubated at 37 °C. Cells were trypsinized 

and counted 24, 48, 72, and 96 hours after seeding. Cell doubling time (DT) was 

determined using the following equation:  

 

�� (ℎ) = � ∙  
ln(2)

ln(
#$

#%
)
 

 

where T is the time in hours; Xe cell number at the end of incubation time; Xb the initial 

cell number. 

2.3.4 γH2AX foci assay 

24 hours prior to irradiation, cells were seeded in chamber slides with removable wells 

and allowed to attach at 37 °C in a humidified incubator. 24 hours after irradiation 

cells were washed with PBS and fixed with 2 % paraformaldehyde (PFA) for 15 

minutes. Cells were then washed with PBS and permeabilized with three washing 

steps in PBS + 0.15 % Triton X-100, each step for 5 minutes. Blocking of unspecific 

binding was carried out with a blocking buffer consisting of PBS, 0.15 % Glycine, and 

1 % Bovine Serum Albumin (BSA). Cells were washed with the blocking buffer three 

times for 10 minutes. After the blocking steps, cells were incubated with the primary 

antibody H2AX clone JBW301 (#05-636, Millipore), diluted 1:350 in blocking buffer, 

overnight at 4 °C. Afterward, cells were washed with PBS for 5 minutes, incubated 

with PBS and 0.15 % Triton X-100 for 10 minutes, washed with PBS, and 
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subsequently blocking buffer was added for 7 minutes. The secondary antibody, 

Alexa Fluor 488 goat-anti-mouse (#A11029, Invitrogen) was diluted 1:500 in blocking 

buffer and incubated for one hour at room temperature. Cells were then washed twice 

with PBS and 0.15 % Triton X-100 for 10 minutes and with PBS for 10 minutes. The 

remaining liquids were removed to mount cells with one drop of Vectashield with Dapi 

(#H-1200, Vectorlabs). Foci from at least 100 cells were counted manually for each 

cell line (Zeiss Imager Z1 microscope). 

2.3.5 γH2AX flow cytometry 

Cells were seeded in T25 flasks 24 hours prior to irradiation and allowed to attach at 

37 °C in a humidified incubator. Cells were trypsinized and fixed 30 minutes after 

irradiation with 1 % PFA for 15 minutes at 4 °. Cells were then resuspended in 70 % 

cold (-20 °C) Ethanol and stored at -20 °C for at least 2 hours. After a washing step 

with PBS, cells were resuspended in 1 % BSA in PBS and incubated with the primary 

antibody H2AX clone JBW301 (#05-636, Millipore), diluted 1:500, for 2 hours at room 

temperature. Cells were washed with 1 % BSA in PBS and incubated with the 

secondary antibody, Alexa Fluor 488 goat-anti-mouse (#A11029, Invitrogen), diluted 

1:400, for 30 min at room temperature in the dark. After washing cells with 1 % BSA 

in PBS, cells were finally incubated with propidium iodide (PI) staining solution 

(0.02 mg/ml PI (#537059, Calbiochem) + 0.1% Triton X-100 (#T8787, Sigma) + 

0.2 mg/ml DNase free RNase A (#R4875, Sigma) in PBS) for 30 min at room 

temperature. The analysis was performed using the FACSCalibur (Becton Dickinson, 

USA). The CellQuest software was used to determine the mean fluorescence intensity 

of the γH2AX signal in the cell cycle phases G1, S, and G2/M.  

2.3.6 Cell cycle distribution 

Cells were seeded in T25 flasks 24 hours prior to irradiation and allowed to attach at 

37 °C in a humidified incubator. 24 hours after irradiation, cells were trypsinized, 

centrifuged, resuspended in cold PBS, and transferred dropwise to ice-cold ethanol 
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(70 %). Cells were fixed at -20 °C for at least 2 hours. Afterward, cells were stained 

with PI staining solution (see γH2AX flow cytometry) and analyzed using the 

FACSCalibur (Becton Dickinson, USA). The cell cycle distribution was calculated 

using Modfit software (Verity Software House Inc, Topsham, USA). 

2.3.7 Caspase 3/7 flow cytometry 

The levels of apoptotic cells were determined using CellEvent™ Caspase-3/7 Green 

Flow Cytometry Assay Kit (#C10427, Invitrogen) and flow cytometry. Cells were 

seeded in T25 flasks 24 hours prior to irradiation and allowed to attach at 37 °C in a 

humidified incubator. 48 hours after irradiation, cells were trypsinized, centrifuged, 

and resuspended in PBS with 10 % FCS. 0.5 μl Caspase-3/7 Green Detection 

Reagent was added to the cells, and cell samples were incubated for 30 minutes at 

37°C, protected from light. Afterward, 0.5 µl of the 1 mM SYTOX® AADvanced dead 

cell stain solution in DMSO was added to the cells and cell samples were incubated 

for a further 5 minutes at 37°C. Samples were evaluated by flow cytometry using 

FACSCalibur (Becton Dickinson, USA). The data analysis was performed using 

CellQuest software with Caspase 3/7 positive and Sytox negative cells. 

2.3.8 Measurement of intracellular reactive oxygen species 

Cells were collected by trypsinization and incubated in PBS containing 10 µM 

CM-H2DCFDA (#C6827, Thermo Fisher), an indicator for ROS, for 30 minutes at 

37 °C. Cells were then treated with radiation and immediately placed on ice. Cells 

were measured with the FACSCalibur flow cytometer. The data analysis was 

performed using CellQuest software.  

2.3.9 Migration and invasion assay 

For the migration assay, 8 µm pore sized control inserts (#354578, Corning) and for 

invasion matrigel coated invasion inserts (#354480, Corning) were used. Cells were 
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seeded in T25 flasks 24 hours prior to irradiation and allowed to attach at 37 °C in a 

humidified incubator. 24 hours after irradiation cells were trypsinized, centrifuged, and 

resuspended in medium containing 0.5 % serum. Meanwhile, inserts were thawed for 

15 minutes at room temperature and afterward rehydrated for 2 hours at 37 °C with 

medium containing 0.5 % serum, filled in the upper and lower chamber of the insert. 

The rehydration medium was removed from the insert and the insert transferred to a 

new plate. Medium containing 10 % FCS (chemoattractant) was filled into the lower 

chamber, whereas the cell suspension (20,000 cells/well for Panc-1 and 40,000 

cells/well for MIA PaCa-2 cells) was added to the upper chamber. Cells were allowed 

to migrate for 24 hours at 37 °C in a humidified incubator. Afterward, non-migrated 

cells were removed from the upper side of the chamber using a cotton tip. Migrated 

cells (on the lower side) were fixed with ice-cold methanol and stained with 0.1% 

crystal violet. Membranes were cut out of the insert and fixed with Eukitt R 

Quick-hardening mounting medium (#03989, Sigma) on a glass slide. Zeiss Imager Z1 

microscope at 10x magnification was used to acquire six independent microscope 

fields of each membrane for counting. Cells were automatically counted using 

ImageJ.  

 

2.4 Molecular biology 

2.4.1 RNA Extraction 

About 50 mg of tumor tissue was homogenized using the dismembrator 

(Mikro-Dismembrator, Sartorius) and lysed with 700 µl Qiazol Lysis Reagent 

(#79306, Qiagen) and one stainless steel bead (#69989, Qiagen) in a cryogenic vial 

(#5000-0012, Nalgene). 48 hours after cell seeding, cells were trypsinized, 

centrifuged, resuspended in Qiazol Lysis Reagent, and stored at -80 °C. RNA 

extraction of in vitro cultivated cells and xenograft tumor material frozen in RNALater 

was performed using the miRNeasy Mini Kit (#217004, Qiagen). For blood plasma, the 

miRNeasy Serum/Plasma Kit (#217184, Qiagen) was used following the 
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manufacturer’s protocol. RNA quantity and quality were assessed using the 

Nanophotometer P-Class (Implen).  

2.4.2 RT2 Profiler PCR Assay – oxidative stress 

RT2 Profiler 96 well-plates with 84 genes related to oxidative stress (#330231, Qiagen) 

were used. cDNA synthesis was performed using the RT2 First Strand Kit according 

to the manufacturers’ instructions. Briefly, 500 ng of total RNA from each sample was 

used for reverse transcription.  The fold changes of genes on the array were calculated 

using the 2–ΔΔCt method with actin beta (ACTB), beta-2-microglobulin (B2M), 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH), hypoxanthine 

phosphoribosyltransferase 1 (HPRT1) and ribosomal protein large P0 (RLP0) used as 

endogenous controls. The mean value of their ct-value was substracted from the 

sample ct-values.  

 

2.5 Western blot analysis 

In cooperation with the Institute of Radiation Biology (ISB) at the Helmholtz Centre 

Munich, western blot analysis was performed. 48 hours after cell seeding, cells were 

trypsinized and centrifuged. The supernatant was removed and cell pellets were 

frozen at -20 °C.   

The cells were lysed using RIPA lysis buffer (ThermoFisher) and the protein 

concentrations were measured in triplicate by the Bradford assay (Sigma Aldrich) 

according to the manufacturer´s recommendations.   

Cellular protein lysates (10 µg) were separated by gradient 4 – 12 % SDS-PAGE and 

were transferred to nitrocellulose membranes (GE Healthcare) using a Trans-Blot 

Turbo™ system (Bio-Rad) according to the manufacturer´s recommendations. The 

membranes were blocked using 3 % BSA in TBS, pH 7.4, for 1 h at room temperature, 

washed three times in 10 mM Tris-HCl, pH 7.4, 150 mM NaCl for 5 min and incubated 

overnight at 4 °C with primary antibodies using dilutions recommended by the 
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manufacturer. Immunoblot analysis was performed using anti-phospho-Nrf2 

(phospho S40) (#ab76026, Abcam), anti-Nrf2 (#ab62352, Abcam), anti-SOD2/ 

MnSOD  (#ab13533, abcam), anti-SOD1 (#ab13498, abcam), anti-TRX (#ab133524, 

abcam), and anti-GAPDH (#5174, cell signalling). After washing three times, the blots 

were incubated with the alkaline phosphatase-conjugated anti-mouse, anti-rabbit or 

anti-goat secondary antibody (Santa Cruz Biotechnology) for 2 h at room temperature 

and developed using 1-stepTM NBT/BCIP method (ThermoFisher) following standard 

procedures. GAPDH was used as the loading control. Image J software was applied 

to quantify the bands. Therefore, the background was subtracted, then values were 

normalized to the loading control, GAPDH. 

 

2.6 In vivo xenografts 

All animal experiments were approved by the government of Upper Bavaria, Germany 

(ROB-55.2Vet-2532.Vet_02-17-111) and conducted according to the German animal 

protection guidelines. 

2.6.1 Subcutaneous tumor injection 

For the subcutaneous (s.c.) implantation of tumor cells, cells were grown to 

confluency in growth medium. Afterward, cells were trypsinized, counted, and 

centrifuged. Cells were resuspended in an adequate volume of PBS (#D8537, Sigma). 

Mice were anesthetized with 2 – 3 % isoflurane. 4 x 106 cells suspended in 30 µl PBS 

were subcutaneously injected into the right flank of 7-8-week-old female athymic 

CD1-Foxn1 nude mice (crl:CD1-Foxn1nu, Charles River Laboratories) using a 1 ml 

syringe with a 27-gauge needle.  
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2.6.2 Measurement of tumor volumes 

Tumor growth was measured three times weekly with a digital caliper and two times 

weekly using an ultrasound imaging system (Logiq C5, GE). Tumor volume was 

calculated with the digital caliper measurement using the following formula: 
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Measurements with the ultrasound were conducted in three dimensions and the 

following formula was used to calculate tumor volume:  
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2.6.3 Irradiation 

When tumors reached a size of 60 – 100 mm3, mice were randomized into groups (0, 

5, or 10 Gy) and treatment was initiated. High-precision irradiation was performed 

with either a single dose of 5 or 10 Gy using the Small animal radiation research 

platform (SARRP, XStrahl). Mice were anesthetized with 2 – 3 % isoflurane during the 

procedure of imaging, treatment planning, and high-precision irradiation. 

A cone-beam computed tomography (CBCT) was performed on each mouse to 

calculate the dosimetry and to determine the radiation beam arrangement. For CBCT 

imaging, the X-ray source of SARRP was operated at a voltage of 60 kV and a current 

of 0.8 mA. The Muriplan (Xstrahl) preclinical treatment planning software for SARRP 

was used for treatment planning. Radiation was delivered at 220 kV and 13 mA. 

Irradiation was performed using a 10 × 10 mm2 collimator and two beams in order to 

achieve a uniform dose distribution inside the tumor and with minimum doses in 

healthy tissues surrounding the tumor. Control mice were subjected to the same 

treatment except for the irradiation step. 
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2.6.4 Tumor growth delay 

To assess the tumor growth delay after irradiation, tumors were measured with a 

caliper and ultrasound as described above. Tumor volume was normalized to the 

volume on the day of irradiation. The tumor growth over time t after treatment was 

fitted to an exponential function, V (t) = V0eαt, with parameters V0 and α. The time when 

the tumor reached four times its volume at treatment was denoted as t = T4 and was 

calculated using T4 = ln (4)/α. The tumor growth delay was defined as the T4 difference 

between control and irradiated animals.  A tumor > 1 cm in any dimension was 

considered as a terminal endpoint and mice were sacrificed.  

2.6.5 Molecular analysis 

For further molecular analysis (i.e., sequencing), mice were irradiated when tumors 

reached a size of 60 – 100 mm3. Mice were randomized and treated with 0, 5, or 10 

Gy. 24 hours after irradiation, mice were sacrificed. Blood from mice was taken by 

cardiac puncture and collected in EDTA tubes (#20.1341.100, Sarstedt) with a 

24-gauge needle rinsed with 0.5 M EDTA (#AM9260G, Thermo Fisher). The tubes were 

centrifuged at 300 g for 15 minutes at 4 °C. The clear supernatant was transferred to 

a new tube and centrifuged at 16,000 g for 10 min at 4 °C and plasma was collected 

and stored at -80 °C. In addition, tumor samples were collected and frozen in 

RNALater RNA stabilization reagent (#76106, Qiagen) and snap-frozen in liquid 

nitrogen. Samples were stored at -80 °C. 
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2.7 Next Generation Sequencing 

2.7.1 mRNA Sequencing 

In cooperation with the Division of Animal Physiology and Immunology at the 

Technical University of Munich, mRNA sequencing was performed. 1000 ng total RNA 

was used for the library preparation with the NEBNext Ultra RNA Library Prep Kit for 

Illumina (#E7530S, New England Biolabs) according to the manufacturer’s protocol. 

RNA integrity number (RIN) and yield were assessed using an RNA 6000 Nano Kit 

(#5067-1512, Agilent). Only samples with RIN > 8.8 were used for downstream cDNA 

synthesis and library preparation. After cDNA synthesis, each sample was subjected 

to 12 cycles of PCR amplification. After PCR amplification of the fragmented libraries, 

the samples were purified with Agencourt AMPure XP beads (#A63881, Beckman 

Coulter) and eluted in 20 μl of molecular-grade water. The Agilent High Sensitivity 

DNA Kit (#5067-4626, Agilent) was used to evaluate and to determine the 

concentration of the resulting library. The samples were sequenced on Illumina HiSeq 

2500 system with the following conditions: rapid run, 100-bp single-end reads, and 

dual-indexed sequencing. Clustering and sequencing were performed using the 

HiSeq SR Rapid Cluster Kit v2 (#GD-402-4002, Illumina) and HiSeq Rapid SBS Kit v2 

(#FC-402-4022, Illumina). Five independent biological replicates were analyzed for 

each cell line.  

Sequencing data for mRNA were processed using the snakemake pipeline 

bulkSeqPipe (v0.5) (https://gitlab.lrz.de/ImmunoPhysio/bulkSeqPipe) [93]. The quality 

of sequencing data was assessed using fastqc (v.1.2) prior to clipping adaptor 

sequences using trimmomatic (v.0.36) [94]. STAR (v.2.7.1a) [95] was used to align 

reads to the human genome build 38 with annotation 95. Mapped reads were counted 

using htseq (v.0.9.1) [96]. Differential expression analysis was performed using 

R (v.3.6.1) and the Bioconductor package DESeq2 (v.1.24.0) with the included median 

ratios of mean expression-based normalization and false discovery correction 

according to Benjamini-Hochberg. Read counts were modeled as a negative binomial 

distribution with estimated mean values and gene-specific dispersion parameters. 

Thresholds of log2 fold change ≥ |1|, adjusted p-value ≤ 0.05, and baseMean ≥ 50 
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were set to identify significantly regulated transcripts. Visualization of gene 

expression, principal component analysis, and venn diagrams were carried out in R 

using the packages gplots [97], genefilter [98], ggfortify [99], RColorBrewer [100], 

EnhancedVolcano [101], and VennDiagram [102]. 

2.7.2 Small RNA Sequencing  

In cooperation with the Division of Animal Physiology and Immunology at the 

Technical University of Munich, small RNA sequencing was performed. Small RNA 

library preparation was done with the NEBNext Multiplex Small RNA Library Prep Kit 

from Illumina (#E7560S, New England Biolabs), as described in Buschmann et al. 

[103]. 200 ng total RNA of cells and tumor material and entire RNA isolated from 100 µl 

plasma was used for small RNA library preparation, respectively. Quality and quantity 

of RNA were analyzed using Nanophotometer P300 (Implen), RNA 6000 Nano Kit 

(#5067-1512, Agilent) and RNA 6000 Pico Kit (#5067-1513, Agilent). To compensate 

for the low RNA input, all adaptors and primers were diluted 1:3 in nuclease-free 

water. 3′ and 5′ adapters were sequentially ligated to the ends of small RNAs and 

reverse transcribed to generate cDNA.  

Following adaptor ligation and cDNA synthesis, cDNA was amplified using a primer 

complementary to the 3’ adaptor and a primer containing 1 of 48 index sequences 

with 15 cycles of PCR. Libraries were size selected for a 130-150 bp fragment on 

high-resolution 4% agarose gel electrophoresis and purified using the Monarch PCR 

Cleanup Kit (#T1030L, New England Biolabs). After purification of the library pools, 

the quality and molarity of small RNA libraries were validated using Agilent High 

Sensitivity DNA Kit (#5067 4626, Agilent). The samples were sequenced on Illumina 

HiSeq 2500 system with the following conditions: rapid run, 50-bp single-end reads 

sequencing. Clustering and sequencing were performed using the HiSeq SR Rapid 

Cluster Kit v2 (#GD-402-4002, Illumina) and HiSeq Rapid SBS Kit v2 (#FC-402-4022, 

Illumina). At least four independent biological replicates were analyzed for each cell 

line. For tumor and plasma material, at least four mice from each treatment group 

were sequenced.  

Sequencing data were processed as described previously [104]. For the quality 
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assessment of sequence length distribution FastQC (v0.10.1) was used. The 

remaining reads were filtered for low-quality reads, contaminating 5′ adapters, 

homopolymers, trimmed for 3′ adapters, and aligned to human miRNA sequences in 

the most recent version of miRbase (v22). Differential gene expression analysis was 

subsequently performed via the Bioconductor Package DESeq2 (v1.8.1) [105]. 

Significant miRNAs were selected based on a log2 fold change ≥ |0.7| (for cells) or 

log2 fold change ≥ |1| (for tumor tissue and plasma) and an adjusted p-value of ≤ 0.05. 

Only transcripts with a baseMean ≥ 50 were included in the analysis. Visualization of 

gene expression and principal component analysis were carried out in R using the 

packages gplots [97], ggfortify [99], RColorBrewer [100], and EnhancedVolcano [101]. 

An online tool (http://bioinformatics.psb.ugent.be/webtools/Venn) was used to create 

Venn diagrams.  

 

2.8 Ingenuity pathway analysis 

Pathway analysis on deregulated mRNAs was performed by the software tool IPA 

(QIAGEN Inc., https://www.qiagenbioinformatics.com/products/ingenuitypathway-

Analysis) [106] in cooperation with the Institute of Radiation Biology (ISB) from the 

Helmholtz Zentrum Munich.  

 

2.9 Statistics 

Statistical analysis was performed using GraphPad Prism software (v8.2.1, GraphPad 

Software Inc., San Diego, USA). Statistical significance between parental and 

radioresistant cell lines was determined using two-way ANOVA. The Student’s t-test 

was used to evaluate significant differences between two groups. A p-value of ≤ 0.05 

was considered to be statistically significant.  
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3. Results  

3.1 Radiosensitivity of established human pancreatic cancer cell 

lines  

In order to determine the radiosensitivity of six established human pancreatic cancer 

cell lines, colony formation assay (CFA) was performed. Cells were exposed to 0, 2, 

4, 6, and 8 Gy of X-ray irradiation. The survival after irradiation was cell line dependent, 

an indication for the heterogeneity in the pancreatic cancer cells. The cell lines 

MIA Paca-2 and Panc-1 were more sensitive to irradiation than cell lines BxPC-3, 

T3M-4, and AsPC-1 with an intermediate radiosensitivity. The cell line SU.86.86 

demonstrated the highest radioresistance (Figure 3.1). 

 

 
Figure 3.1. Colony formation assay of the established human pancreatic cancer cell lines. Shown are 
the survival curves fitted to the linear-quadratic model. Error bars represent SD (n > 3). 

 



Results 

 

28 
 

The linear-quadratic coefficients, α and β, were determined for each cell line 

(Table 3.1). 

 

Table 3.1. Calculated linear-quadratic parameters of the dose-response cell survival curve for human 
established pancreatic cancer cell lines. 

Cell line α [Gy-1] a β [Gy-2] a 

Su.86.86 0.23 ± 0.12 0.01 ± 0.02 

BxPC-3 0.49 ± 0.10 0.01 ± 0.03 

T3M-4 0.48 ± 0.19 0.00 ± 0.03 

AsPC-1 0.42 ± 0.09 0.02 ± 0.02 

Panc-1 0.21 ± 0.16 0.05 ± 0.03 

MIA PaCa-2 0.31 ± 0.09 0.05 ± 0.01 

a α and β values were derived from the linear-quadratic equation SF = exp [−α × D −β × D2]. 

 

3.2 Generation of radioresistant pancreatic cancer cell lines  

As MIA PaCa-2 and Panc-1 were the most radiosensitive human pancreatic cancer 

cell lines investigated during this study, these two cell lines were subjected to multiple 

fractions of X-ray irradiation in order to generate isogenic radioresistant (RR) cell lines. 

Therefore, two different approaches were used. First, cells were subjected to 

10 fractions of 2 Gy over a time period of 2 weeks. Second, cells underwent 

fractionated irradiation with increasing doses (2, 4, 6, and 8 Gy) and additional six 

cycles with 10 Gy, thereby receiving a cumulative dose of 80 Gy. Afterward, surviving 

cells were expanded for further experiments (Figure 3.2).  
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Figure 3.2. Scheme for the generation of radioresistant cell lines. MIA PaCa-2 and Panc-1 pancreatic 
cancer cell lines were subjected to multiple fractions of x-Ray. (A) Cells were irradiated with 10 fractions 
of 2 Gy over a time period of 2 weeks. (B) Cells were irradiated with increasing doses for several 
months. Afterward, surviving cells were expanded for one month before further experiments were 
conducted. 

 

3.3 Characterization of radioresistant pancreatic cancer cell lines 

in vitro and in vivo 

3.3.1 Comparison of two methods for generating radioresistant cell lines  

CFA were performed with the radioresistant subclones in order to validate the 

radioresistance. The corresponding parental cell lines were used as a control. First, 

cells that received a cumulative dose of 20 Gy (see Figure 3.2A) were investigated 

regarding their radiosensitivity. Figure 3.3 shows that Panc-1 RR (20 Gy) cells 

exhibited higher radioresistance for the doses 6 and 8 Gy, whereas a significant 

difference was only seen at 8 Gy for MIA PaCa-2 RR (20 Gy). Furthermore, the 

calculated D10 and D50 values, the dose to reduce survival fraction to 10 % and 50 %, 

respectively, as well as a two-way ANOVA for both cell lines in comparison to the 

parental cells, revealed no significant differences (Table 3.2).  
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Figure 3.3. Colony formation assay of established pancreatic cancer cell lines Panc-1 and MIA PaCa-2 
and cells treated with 20 Gy. (A) Cells indicated as RR were prior irradiated with 20 Gy (see Figure 
3.2A). Shown are the survival curves fitted to the linear-quadratic model. Error bars represent SD 
(n > 3). Two-tailed t-test was applied to calculate significances.*: p ≤ 0.05; **: p ≤ 0.01. (B) Exemplary 
images of CFA for doses 6 and 8 Gy.  

 

Table 3.2. Calculated linear-quadratic parameters of the dose-response cell survival curve for parental 
and cells exposed to 20 Gy.  

Cell line D10 [Gy] a D50 [Gy] b α[Gy-1] c β[Gy-2] c 

Panc-1 4.94 ± 0.31 2.19 ± 0.45 0.21 ± 0.16 0.05 ± 0.03 

Panc-1 RR (20 Gy) 5.09 ± 0.30 2.25 ± 0.03 0.20 ± 0.07 0.05 ± 0.01 

MIA PaCa-2  4.50 ± 0.44 1.80 ± 0.27 0.31 ± 0.09 0.05 ± 0.01 

MIA PaCa-2 RR (20 Gy) 4.80 ± 0.15 1.82 ± 0.11 0.32 ± 0.04 0.03 ± 0.01 

Mean values ± SD are shown.   
a D10, dose [Gy] to reduce survival fraction to 10%.  
b D50, dose [Gy] to reduce survival fraction to 50%.  
c α and β values were derived from the linear-quadratic equation SF = exp [−α × D −β × D2]. 

 

Second, CFAs with the cells receiving a cumulative dose of 80 Gy (Figure 3.2B) were 

performed. Both MIA PaCa-2 RR (80 Gy) and Panc-1 RR (80 Gy) cell lines showed a 

significant increase in their radioresistance as compared to the parental cell lines 
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(two-way ANOVA p<0.001; Figure 3.4). This acquired radioresistance is also reflected 

in the increased D10
 and D50 value in the two RR cell lines (Table 3.3).  

 

 
Figure 3.4. CFA of parental and radioresistant (RR) pancreatic cancer cell lines Panc-1 and 
MIA PaCa-2. (A) Cells indicated with RR were treated with 80 Gy beforehand (see Figure 3.2B). Shown 
are the survival curves fitted to the linear-quadratic model. Error bars represent SD (n > 3). 
Two-tailed t-test was applied to calculate significances.**: p≤0.01; ***: p ≤ 0.001; ****: p ≤ 0.000. Figure 
reprinted from [107]. (B) Exemplary images of CFA for doses 6 and 8 Gy. 

 

Table 3.3. Calculated linear-quadratic parameters of the dose-response cell survival curve for parental 
and radioresistant (RR) pancreatic cancer cell lines Panc-1 and MIA PaCa-2. Table reprinted from [107]. 

Cell line D10 [Gy] a D50 [Gy] b α[Gy-1] c β[Gy-2] c 

Panc-1 4.94 ± 0.31 2.19 ± 0.45 0.21 ± 0.16 0.05 ± 0.03 

Panc-1 RR (80 Gy) 5.63 ± 0.45*** 2.67 ± 0.46* 0.11 ± 0.17 0.05 ± 0.04 

MIA PaCa-2  4.50 ± 0.44 1.80 ± 0.27 0.31 ± 0.09 0.05 ± 0.01 

MIA PaCa-2 RR (80 Gy) 5.40 ± 0.16**** 2.30 ± 0.26**** 0.21 ± 0.08 0.04 ± 0.02 

Mean values ± SD are shown. Significant differences between parental and RR cells are indicated 
*: p ≤ 0.05; **: p ≤ 0.01; ***: p ≤ 0.001; ****: p ≤ 0.0001.  
a D10, dose [Gy] to reduce survival fraction to 10%.  
b D50, dose [Gy] to reduce survival fraction to 50%.  
c α and β values were derived from the linear-quadratic equation SF = exp [−α × D −β × D2]. 
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Compared to the respective parental cell line, the cells receiving a cumulative dose of 

80 Gy showed a higher radioresistance than the cells receiving a cumulative dose of 

20 Gy. Therefore, further experiments were only conducted with MIA PaCa-2 RR 

(80 Gy) and Panc-1 RR (80 Gy). All the following cell lines termed with RR are derived 

from the cell population exposed to a cumulative dose of 80 Gy.  

3.3.2 Doubling time  

The doubling times of the two established RR cell lines and the respective parental 

cell lines was determined. Therefore, cells were counted every 24 hours for four 

consecutive days. The doubling time of the MIA PaCa-2 RR and Panc-1 RR cells was 

not significantly different from the parental cell lines (Table 3.4).  

 

Table 3.4. Doubling times of parental and radioresistant (RR) pancreatic cancer cell lines Panc-1 and 
MIA PaCa-2. Table reprinted from [107].  

Cell line DT [h] 

Panc-1 25.97 ± 2.06 

Panc-1 RR 31.13 ± 4.93 

MIA PaCa-2  23.67 ± 0.26 

MIA PaCa-2 RR 24.21 ± 0.96 

Cells were counted at 24, 48, 72, and 96 h after seeding. Doubling Time (DT) values are the mean ± SD 
of three independent experiments each performed in triplicate. 

3.3.3 Tumor growth delay 

The generated RR cell line MIA PaCa-2 RR was further investigated in vivo. Therefore, 

MIA PaCa-2 RR, as well as the parental cell line MIA PaCa-2, were subcutaneously 

injected into the right flank of immunodeficient nude mice. For the tumor growth delay 

experiments, mice were stratified into one of three groups, a control group (0 Gy) and 

two irradiation groups receiving single fractions of either 5 or 10 Gy. The tumor size 

was measured with a digital caliper or an ultrasound system. Figure 3.5 shows 

exemplary images of the tumors measured by the ultrasound device on the day of 

irradiation (0 Gy) and when the terminal endpoint was reached.  
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Figure 3.5. Exemplary images of the tumors. Shown are the control (A) and irradiated (B) tumors on the 
day of irradiation (Day 0) and when the terminal endpoint was reached. 

 

Two conclusions were drawn from these experiments. First, MIA PaCa-2 RR cells 

exhibited a significantly faster growth in vivo than the parental cells (Figure 3.6 and 

Table 3.5). Non-irradiated MIA PaCa-2 RR tumors showed a significant decrease in 

the time to reach 4-fold volume compared to non-irradiated MIA PaCa-2 tumors. 

Measurements with the digital caliper and ultrasound system rendered similar results 

for the analysis of the tumors to reach a 4-fold volume.  
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Figure 3.6. Tumor growth of parental and radioresistant (RR) pancreatic cancer cell lines MIA PaCa-2 
in vivo. Tumor size was measured with either (A) a digital caliper or (B) an ultrasound system. Shown 
are the days for the tumors to reach the 4-fold volume. Error bars represent SD. *: p ≤ 0.05; 
***: p ≤ 0.001. Figure (A) adapted from [107]. 

 

Table 3.5. Growth of unirradiated tumors. Tumor size was either measured with a digital caliper or an 
ultrasound system. Shown are the days for the tumors to reach the 4-fold volume.  

 MIA PaCa-2 MIA PaCa-2 RR 

Caliper  23.03 ± 2.67 13.49 ± 3.83 

Ultrasound 22.06 ± 6.00 12.44 ± 5.10 

 

Second, after irradiation and a monitoring time of several weeks, MIA PaCa-2 RR cells 

demonstrated a shorter growth delay compared to the tumors derived from the 

parental cell line (Figure 3.7). After 5 Gy irradiation, parental MIA PaCa-2 cells 

exhibited a longer growth delay than RR cells, suggesting that irradiation had a greater 

effect on these cells. For 5 Gy, measurements with the caliper suggested a faster 

growth than measurement with the ultrasound device.  

Whereas the tumors of the RR cells demonstrated a growth delay of approximately 

28 days after irradiation with 10 Gy, the observed delay for the parental cells was near 

twice as long (Table 3.6). However, the difference in tumor growth delay between 

parental and RR derived tumors was only significant for the measurements with the 

digital caliper. 
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Figure 3.7. Relative tumor growth of parental and radioresistant (RR) MIA PaCa-2 cell lines in vivo after 
irradiation. Tumor volume was normalized to the volume on the day of irradiation. The normalized tumor 
volumes were plotted against the number of days. Tumor size was measured with either (A) a digital 
caliper or (B) an ultrasound system. Ns = not significant. Figure (A) adapted from [107].  

 

Table 3.6. Tumor growth delay characteristics.  

 Caliper Ultrasound 

 Parental [days] RR [days] Parental [days] RR [days] 

0 Gy to 5 Gy 9.53 ± 2.89 6.73 ± 2.94 25.67 ±9.98 15.90 ± 10.77 

0 Gy to 10 Gy 55.82 ± 16.24 27.40 ± 5.11 69.33 ± 20.55 29.07 ± 6.92 

 

These findings are in accordance with the results from the colony formation assay, 

suggesting that the generated RR cells not only exhibit higher radioresistance in vitro 

but additionally in vivo. 
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3.4 Investigation of mechanisms involved in radioresistance 

3.4.1 Cell cycle distribution  

Cell cycle distribution was analyzed in Panc-1 RR and MIA PaCa-2 RR and the 

respective parental cell lines 24 hours after irradiation (Figure 3.8). Both Panc-1 RR 

and MIA PaCa-2 RR exhibited a significantly higher cell population in the G2/M phase 

when compared to the respective parental cell line. All four cell lines showed a G2/M 

arrest after irradiation with 8 Gy. Whereas in Panc-1 RR significantly fewer cells were 

in the G2/M phase compared to Panc-1, no difference in the G2/M phase for 

MIA PaCa-2 and MIA PaCa-2 RR after 8 Gy irradiation was observed.  
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Figure 3.8. Cell cycle distribution of parental and radioresistant (RR) pancreatic cancer cell lines Panc-1 
and MIA PaCa-2. (A) Shown are the cell cycle distribution with (8 Gy) and without (0 Gy) irradiation. 
(B) Quantification of cells in the G2/M phase is shown. Data are expressed as mean ± SD (n > 3). 
*: p ≤ 0.05; **: p ≤ 0.01; ***: p ≤ 0.001; ****: p ≤ 0.0001. (C) Representative flow cytometry histograms 
for Panc-1, Panc-1 RR, MIA PaCa-2, and MIA PaCa-2 RR with 0 and 8 Gy irradiation are shown. Figure 
reprinted from [107]. 
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3.4.2 Radiation-induced apoptosis  

In order to investigate apoptosis induction in RR and parental cells after irradiation, 

the activation of caspase 3/7 was measured using flow cytometry. Figure 3.9 shows 

the percentage of apoptotic cells 48 hours post-irradiation. MIA PaCa-2 and 

MIA PaCa-2 RR demonstrated a significant increase in apoptotic cells after irradiation 

with 8 Gy. However, MIA PaCa-2 RR showed comparable induction of apoptosis after 

irradiation with 8 Gy when compared to the parental cell line. For Panc-1 RR, no 

difference was observed in comparison to Panc-1, neither without irradiation nor after 

8 Gy. 

 

 
Figure 3.9. Apoptotic cells in parental and radioresistant (RR) pancreatic cancer cell lines Panc-1 and 
MIA PaCa-2 after irradiation. Shown are Caspase 3/7 positive (=apoptotic cells) 48 hours after 
irradiation with 0 and 8 Gy. Data are expressed as mean ± SD (n > 3). *: p ≤ 0.05; **: p ≤ 0.01. Figure 
reprinted from [107]. 

3.4.3 DNA damage repair  

To analyze the induction of DNA double strand breaks (DSBs) in the RR cell lines and 

the respective parental cells, γH2AX FACS were performed to measure the mean 

fluorescence intensity (MFI) of the γH2AX signal 30 min after irradiation with 8 Gy 

X-rays. Figure 3.10 reveals that Panc-1 RR cells had an initial (without irradiation) 

lower γH2AX signal than the parental cell line. For MIA PaCa-2 and MIA PaCa-2 RR 
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cells, no difference was observed. The γH2AX signal increased significantly in all four 

cell lines after irradiation; however, the increase was lower in both RR cell lines and 

significant for Panc-1 RR cells.  

 

 
Figure 3.10. γH2AX FACS of parental and radioresistant (RR) pancreatic cancer cell lines Panc-1 and 

MIA PaCa-2 after irradiation with 0 and 8 Gy. (A) Shown are relative MFI of X-ray irradiation-induced 
γH2AX. Values were normalized to 0 Gy of the respective parental cell line, which was set as one. Error 

bars represent SD (n > 3). *: p ≤ 0.05; **: p ≤ 0.01; ***: p ≤ 0.001; ****: p ≤ 0.0001. (B) Representative 
flow cytometry histograms for Panc-1, Panc-1 RR, MIA PaCa-2, and MIA PaCa-2 RR after 0 and 8 Gy 
irradiation are shown. Figure reprinted from [107].  

 

To compare the repair efficiency by analyzing residual DSBs 24 hours after irradiation, 

γH2AX foci were counted (Figure 3.11). The background damage of sham irradiated 

(= 0 Gy) cells was comparable for all cell lines. After 8 Gy irradiation, the number of 

foci was significantly increased in all four cell lines. Nonetheless, both RR cell lines 
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demonstrated a significantly lower number of unrepaired foci than the respective 

parental cell lines.  

 
Figure 3.11. γH2AX Foci of parental and radioresistant (RR) pancreatic cancer cell lines Panc-1 and 

MIA PaC-2. Shown are the residual γH2AX foci, 24 hours after irradiation. Error bars represent 

SD (n = 3). **: p ≤ 0.01; ***: p ≤ 0.001; ****: p ≤ 0.0001. Figure reprinted from [107].  

 

In summary, the RR cell lines showed lower radiation-induced DNA damage and 

greater efficiency to repair DNA DSBs.  

3.4.4 Oxidative stress  

Reactive oxygen species (ROS) are one of the mediators contributing to DNA damage 

and DNA damage response. Therefore, intracellular ROS levels were measured with 

CM-H2DCFDA and flow cytometry. Sham-irradiated Panc-1 RR and MIA PaCa-2 RR 

cells demonstrated significantly lower basal ROS levels than the respective parental 

cell lines (Figure 3.12). Irradiation-induced increase in ROS levels was observed in all 

cell lines; however, the levels in Panc-1 RR and MIA PaCa-2 RR were significantly 

lower when compared to the respective parental cell lines.  
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Figure 3.12. Reactive oxygen species levels in parental and radioresistant (RR) pancreatic cancer cell 
lines Panc-1 and MIA PaCa-2. Intracellular reactive oxygen species were measured by CM-H2DCFDA 
and flow cytometry immediately after irradiation with 8 Gy. MFI values for each cell line were normalized 
to the MFI obtained for the respective unirradiated parental cell line. Error bars represent SD (n > 3). 
*: p ≤ 0.05; **: p ≤ 0.01; ***: p ≤ 0.001; ****: p ≤ 0.0001. Figure reprinted from [107].  

 

These results suggest that lower ROS levels are involved in the radioresistance of 

Panc-1 RR and MIA PaCa-2 RR cells.  

To identify genes involved in the oxidative stress pathway in RR cell lines, an mRNA 

profiler was applied. This array screens for the expression of 84 genes critical for the 

oxidative stress pathway. Fold changes were calculated by normalizing Ct values to 

all endogenous controls (ACTB, B2M, GAPDH, HPRT1, and RPLP0) provided. Fold 

changes > 2 or < 0.5 were considered to be deregulated. Gene expression levels of 

RR cells were normalized to the respective parental cell line (Appendix 1). 22 and 7 

genes were found to be upregulated in Panc-1 RR and MIA-PaCa-2 RR, respectively 

(Figure 3.13 and Table 3.7). Merely 5 and 4 genes were downregulated in Panc-1 RR 

and MIA PaCa-2 RR when compared to the parental cells, respectively. Only 

chemokine (C-C motif) ligand 5 (CCL5) and myoglobin (MB) were upregulated in both 

Panc-1 RR and MIA PaCa-2 RR, whereas superoxide dismutase 3 (SOD3) was 

downregulated in the two RR cell lines.  
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Figure 3.13. Profiler on genes relevant for oxidative stress. Shown are the expression fold changes for 
radioresistant (RR) Panc-1 RR and MIA Paca-2 RR cells relative to the respective parental cell line. Fold 
changes were filtered for either > 2 (upregulation) or < 0.5 (downregulation). 
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Table 3.7. List of expression fold changes of the oxidative stress profiler. Shown are the expression 
fold changes for radioresistant (RR) cell lines Panc-1 RR and MIA Paca-2 RR relative to the respective 
parental cell line. Fold changes in parenthesis do not fit the filtering criteria (> 2 or < 0.5) but were 
included, as the filtering criteria were achieved in the other cell line. nd = not detected (Cp > 35).  

Gene Panc-1 RR MIA Paca-2 RR 

ALOX12 

AOX1 

APOE 

CCL5 

CYBB 

CYGB 

DHCR24 

DUOX1 

DUOX2 

EPX 

GCLC 

GCLM 

GPX3 

GSS 

GSTZ1 

HSPA1A 

MB 

MPO 

MSRA 

NOS2 

NQO1 

OXSR1 

PDLM1 

PNKP 

PRDX1 

PRDX2 

PRDX4 

SCARA3 

SFTPD 

SIRT2 

SOD2 

SOD3 

TXN/TRX 

TXNRD1 

(1.56) 

3.29 

0.20 

84.45 

5.03 

2.75 

0.49 

2.55 

nd 

3.51 

(1.97) 

2.33 

0.50 

2.19 

2.71 

(1.68) 

11.96 

2.53 

2.36 

2.07 

2.55 

2.27 

(1.20) 

2.45 

2.55 

2.27 

2.69 

(1.56) 

0.08 

2.22 

2.48 

0.24 

2.23 

(1.24) 

2.06 

nd 

(0.55) 

2.58 

nd 

nd 

(1.78) 

(0.53) 

0.42 

(1.42) 

3.53 

(1.43) 

(1.14) 

(0.54) 

(1.10) 

2.16 

8.11 

(0.96) 

(0.98) 

(1.73) 

(1.11) 

(1.15) 

0.04 

(0.84) 

(1.20) 

(0.76) 

(1.24) 

4.99 

nd 

(0.55) 

(0.98) 

0.41 

(0.81) 

2.23 
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In order to analyze the level of expression of proteins involved in the oxidative stress 

pathway, western blot analysis of the whole-cell lysates of Panc-1 RR and 

MIA PaCa-2 RR along with the parental counterparts was performed. The significantly 

enhanced protein expression of superoxide dismutase 2 (SOD2) in Panc-1 RR 

confirmed the increased expression relative to the parental cells seen on the gene 

expression level (2.48-fold change, Table 3.7 and Figure 3.14). Furthermore, 

Panc-1 RR cells also exhibited a significant increase of nuclear factor erythroid 

2-related factor 2 (NRF2), phosphorylated NRF2 (p-NRF2), and thioredoxin (TRX) 

protein levels. The upregulation of TRX protein in Panc-1 RR cells is consistent with 

the observed increased mRNA level (2.23-fold change, Table 3.7). In contrast, no 

significant changes were seen in MIA PaCa-2 RR cells for SOD2 and TRX protein 

expression levels, reflecting the results on the gene expression level. NRF2 and 

p-NRF2 protein expression were unchanged in MIA PaCa-2 RR. The protein 

expression level of superoxide dismutase 1 (SOD1) protein remained unchanged in 

both RR cell lines as compared to the parental cells. 
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Figure 3.14. Analysis of the expression of selected proteins involved in the oxidative stress pathway in 
parental and radioresistant (RR) pancreatic cancer cell lines Panc-1 and MIA PaCa-2. (A) Exemplary 
western blot images. (B) Quantification of western blot analysis. The graph represents the quantification 
of proteins relative to GAPDH. Error bars represent SD (n = 3). *: p < 0.05; **: p < 0.01. 
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3.5 mRNA profile of radioresistant pancreatic cancer cell lines  

The changes on the mRNA expression level in the generated RR and respective 

parental cell lines were investigated by mRNA sequencing. Several mRNAs were 

significantly altered through the acquired radioresistance, and 121 genes were shared 

between both RR cell lines when compared to the parental cell line (Figure 3.15A and 

Table 3.8), with 76 genes showing deregulation in the same direction. A total of 528 

and 574 mRNAs were up- and downregulated in Panc-1 RR, respectively. 

MIA PaCa-2 RR cells exhibited 408 upregulated and 201 downregulated genes. 

Principal component analysis of mRNA expression clearly distinguished RR cells from 

parental cell lines (Figure 3.15B). Furthermore, limiting the input for the principal 

component analysis to the 500 mRNAs with the highest variance improved the 

separation (Figure 3.15C).  
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Figure 3.15. mRNA profile of parental and radioresistant (RR) pancreatic cancer cell lines Panc-1 and 
MIA PaCa-2. (A) Venn diagram of deregulated mRNAs in Panc-1 RR and MIA PaCa-2 RR cells relative 
to the respective parental cell lines and the overlap of deregulated genes. (B) Principal component 
analysis of mRNA expression in Panc-1 and MIA PaCa-2 as well as the RR cells. (C) Principal 
component analysis of the top 500 highest variance mRNA expression in Panc-1 and MIA PaCa-2 as 
well as the RR cells. Analysis of top 500 highest variance mRNAs in the dataset separated RR from 
parental cells (PC1) and PC2 showed intra-cell line variability. 
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Table 3.8. Commonly deregulated mRNAs in radioresistant (RR) cell lines Panc-1 RR and 
MIA PaCa-2 RR. Positive log2 fold changes indicate mRNAs upregulated in RR cells compared to 
parental cells, whereas negative log2 fold changes indicate mRNAs downregulated in RR cells. 

Gene ID 
Panc-1 RR 

log2FC 

MIA PaCa-2 RR 

log2FC 

AATK 

ABCC3 

AC012513.3 

ADGRG1 

ADORA1 

AHR 

AIF1L 

AK4 

AMPD3 

ANK2 

ANKRD18B 

ANO1 

ANXA1 

APOL6 

ARFGEF3 

ARHGAP31 

B3GNT5 

B4GALNT3 

BCAT1 

BCL2L1 

BCL3 

BICDL1 

BMP1 

C12orf56 

CAMKK1 

CCDC88C 

CDKN1A 

CDON 

CKAP4 

CLDN1 

COL13A1 

CSF1 

CX3CL1 

CYP1B1 

ENSG00000181409 

ENSG00000108846 

ENSG00000279348 

ENSG00000205336 

ENSG00000163485 

ENSG00000106546 

ENSG00000126878 

ENSG00000162433 

ENSG00000133805 

ENSG00000145362 

ENSG00000230453 

ENSG00000131620 

ENSG00000135046 

ENSG00000221963 

ENSG00000112379 

ENSG00000031081 

ENSG00000176597 

ENSG00000139044 

ENSG00000060982 

ENSG00000171552 

ENSG00000069399 

ENSG00000135127 

ENSG00000168487 

ENSG00000185306 

ENSG00000004660 

ENSG00000015133 

ENSG00000124762 

ENSG00000064309 

ENSG00000136026 

ENSG00000163347 

ENSG00000197467 

ENSG00000184371 

ENSG00000006210 

ENSG00000138061 

-1.50 

1.01 

-1.05 

2.62 

2.21 

2.06 

-1.32 

-2.22 

1.00 

-3.04 

-2.38 

2.62 

1.20 

2.96 

-2.13 

1.55 

1.21 

-1.43 

-3.72 

1.09 

1.74 

-1.15 

1.26 

-1.08 

1.10 

1.09 

1.17 

-1.45 

1.10 

1.54 

2.54 

1.83 

4.88 

1.83 

1.07 

3.76 

-1.25 

1.98 

1.15 

9.80 

-1.44 

1.03 

1.63 

1.05 

3.36 

-1.44 

-1.84 

2.11 

4.04 

3.37 

3.48 

1.06 

3.44 

-1.36 

1.15 

2.27 

1.10 

-1.49 

1.00 

-1.01 

2.16 

1.26 

1.29 

1.54 

1.23 

1.67 

9.69 

1.46 
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DDX60L 

DSG2 

ERAP2 

F11R 

F2R 

F2RL1 

FAM102A 

FAM107B 

FAM71D 

FHL1 

FOXQ1 

FRMPD3 

GADD45A 

GCH1 

GEM 

HECW2 

HIPK2 

HLA-B 

IL15RA 

IRF1 

ISG20 

ITPKB 

JAG1 

JDP2 

JMY 

KCNQ2 

KIF1A 

KRT15 

LFNG 

LGALS3BP 

LIF 

LIMS2 

LINC01963 

LIPG 

LOXL2 

LPAR3 

MISP 

MRC2 

ENSG00000181381 

ENSG00000046604 

ENSG00000164308 

ENSG00000158769 

ENSG00000181104 

ENSG00000164251 

ENSG00000167106 

ENSG00000065809 

ENSG00000172717 

ENSG00000022267 

ENSG00000164379 

ENSG00000147234 

ENSG00000116717 

ENSG00000131979 

ENSG00000164949 

ENSG00000138411 

ENSG00000064393 

ENSG00000234745 

ENSG00000134470 

ENSG00000125347 

ENSG00000172183 

ENSG00000143772 

ENSG00000101384 

ENSG00000140044 

ENSG00000152409 

ENSG00000075043 

ENSG00000130294 

ENSG00000171346 

ENSG00000106003 

ENSG00000108679 

ENSG00000128342 

ENSG00000072163 

ENSG00000260804 

ENSG00000101670 

ENSG00000134013 

ENSG00000171517 

ENSG00000099812 

ENSG00000011028 

1.56 

-2.91 

1.55 

-1.15 

-1.29 

-1.74 

1.37 

2.59 

-1.01 

1.19 

-3.54 

-3.29 

1.34 

-1.27 

1.03 

1.81 

1.35 

1.16 

1.24 

1.30 

1.85 

1.26 

1.59 

-1.28 

-2.57 

-2.69 

-2.30 

-2.38 

1.01 

2.03 

1.08 

2.66 

-1.16 

1.34 

1.34 

-1.73 

1.53 

1.47 

3.05 

1.43 

1.29 

1.04 

-2.80 

-8.73 

1.34 

-1.75 

2.90 

2.09 

3.21 

5.39 

1.79 

2.67 

3.22 

3.01 

4.46 

2.67 

1.36 

1.05 

1.85 

3.24 

-5.72 

1.28 

-1.25 

-1.12 

2.63 

1.12 

1.62 

2.42 

1.19 

-1.44 

-1.07 

2.57 

1.95 

-1.14 

1.21 

2.16 
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MT1A 

MYL9 

NAV2 

NDRG1 

NEBL 

NIPAL2 

NLRC5 

NPTX1 

NUPR1 

OSBPL10 

OSMR 

PALLD 

PARP10 

PEG10 

PHGDH 

PHLDA3 

PIK3R1 

PLXNA3 

PPM1H 

PPM1K 

PROS1 

PSMB8 

PTX3 

RAB11FIP4 

RAB36 

RAI14 

RNF128 

S100A3 

SEL1L3 

SH3RF1 

SHH 

SOCS2 

SRGN 

SSPN 

ST6GAL1 

STAP2 

STEAP3 

STMN3 

ENSG00000205362 

ENSG00000101335 

ENSG00000166833 

ENSG00000104419 

ENSG00000078114 

ENSG00000104361 

ENSG00000140853 

ENSG00000171246 

ENSG00000176046 

ENSG00000144645 

ENSG00000145623 

ENSG00000129116 

ENSG00000178685 

ENSG00000242265 

ENSG00000092621 

ENSG00000174307 

ENSG00000145675 

ENSG00000130827 

ENSG00000111110 

ENSG00000163644 

ENSG00000184500 

ENSG00000204264 

ENSG00000163661 

ENSG00000131242 

ENSG00000100228 

ENSG00000039560 

ENSG00000133135 

ENSG00000188015 

ENSG00000091490 

ENSG00000154447 

ENSG00000164690 

ENSG00000120833 

ENSG00000122862 

ENSG00000123096 

ENSG00000073849 

ENSG00000178078 

ENSG00000115107 

ENSG00000197457 

-3.17 

1.85 

1.20 

-1.31 

-1.38 

2.17 

1.21 

1.78 

-1.08 

-1.95 

1.00 

1.17 

1.76 

2.23 

-2.07 

-1.38 

-1.01 

-1.08 

-1.29 

1.16 

-1.08 

1.63 

3.41 

-1.93 

1.47 

-1.59 

-1.85 

1.47 

-5.05 

1.15 

1.47 

1.63 

1.35 

1.05 

1.43 

1.63 

1.35 

1.29 

-1.10 

-1.38 

1.75 

1.28 

1.02 

1.09 

2.23 

1.47 

4.58 

2.64 

1.44 

4.36 

3.13 

-4.23 

1.64 

1.26 

-2.30 

1.05 

2.21 

3.21 

1.21 

5.21 

-1.45 

1.15 

1.42 

2.44 

2.14 

2.45 

2.15 

2.15 

3.48 

2.45 

-1.35 

1.24 

-1.56 

1.64 

1.04 

-1.12 
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SYP 

TAP1 

TAPBPL 

TET1 

THSD4 

TIFA 

TMEM184A 

TRIM16L 

TTC39C 

WT1 

ZNF516 

ENSG00000102003 

ENSG00000168394 

ENSG00000139192 

ENSG00000138336 

ENSG00000187720 

ENSG00000145365 

ENSG00000164855 

ENSG00000108448 

ENSG00000168234 

ENSG00000184937 

ENSG00000101493 

-2.15 

1.44 

1.63 

-1.20 

1.83 

1.08 

1.40 

1.29 

1.35 

2.13 

-2.31 

-1.40 

1.70 

1.20 

-1.16 

2.52 

1.13 

1.65 

1.07 

4.38 

2.20 

1.31 

 

To identify the mechanisms underlying the acquired radioresistance, the 121 genes 

commonly deregulated in Panc-1 RR and MIA PaCa-2 RR were further analyzed by 

the Ingenuity Pathway Analysis (IPA) software. As illustrated in Figure 3.16, IPA 

predicted increased cell viability in both RR cell lines. A total of 18 genes that are 

involved in cell viability were found, indicating molecular changes that promote the 

survival of RR cells.  
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Figure 3.16. Ingenuity Pathway Analysis of commonly deregulated mRNAs in radioresistant (RR) cell 
lines Panc-1 RR and MIA PaCa-2 RR. (A) IPA prediction of activation of cell viability based on the 
shared deregulated mRNAs in Panc-1 RR and MIA PaCa-2 RR. The upregulated genes are marked in 
red and downregulated in green. The orange line indicates the mRNAs expression leading to the 
activation of the node, respectively. Inconsistent findings are shown with the yellow line. The orange 
color of the node (cell viability) indicates activation. Figure reprinted from [107]. (B) Shown are the genes 
involved in the predicted activation of cell viability. Positive log2 fold changes indicate mRNAs 
upregulated in RR cells compared to parental cells, whereas negative log2 fold changes indicate 
mRNAs downregulated in RR cells. 
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As an mRNA profiler of MIA PaCa-2 RR and Panc-1 RR cells in comparison to the 

respective parental cell lines was also performed (see paragraph 3.4.4), further 

investigations were conducted to determine whether any genes from the oxidative 

stress profiler were also deregulated in the mRNA sequencing data. While in 

Panc-1 RR cells the upregulation of CCL5, CYGB, MB and SOD2 were confirmed in 

the RNA sequencing data (Table 3.9), the upregulation of glutamate-cysteine ligase 

catalytic subunit (GCLC), Scavenger Receptor Class A Member 3 (SCARA3) and 

Thioredoxin reductase 1 (TXNRD) were additionally observed in MIA PaCa-2 RR cells. 

(Table 3.10).  

 

Table 3.9. List of genes deregulated in oxidative stress pathway derived from mRNA sequencing. 
Shown are the expression fold changes (from oxidative stress profiler) and log2 foldchanges (from 
mRNA sequencing) for radioresistant (RR) cell line Panc-1 RR relative to the parental cell line. 
Expression fold changes > 2 and < 0.5 indicate upregulation and downregulation in the RR cells, 
respectively. Positive log2 fold changes indicate mRNAs upregulated in RR cells compared to parental 
cells, whereas negative log2 fold changes indicate mRNAs downregulated in RR cells. 

Gene 
Panc-1 RR 

Expression fold changes Log2 fold changes 

APOE 

CCL5 

CYGB 

GPX3 

MB 

SOD2 

0.20 

84.45 

2.75 

0.50 

11.96 

2.48 

-2.07 

5.27 

1.01 

-1.49 

3.46 

1.15 

 

Table 3.10. List of genes deregulated in oxidative stress pathway derived from mRNA sequencing. 
Shown are the expression fold changes (from oxidative stress profiler) and log2 foldchanges (from 
mRNA sequencing) for radioresistant (RR) cell line MIA PaCa-2 RR relative to the parental cell line. 
Expression fold changes > 2 and < 0.5 indicate upregulation and downregulation in the RR cells, 
respectively. Positive log2 fold changes indicate mRNAs upregulated in RR cells compared to parental 
cells, whereas negative log2 fold changes indicate mRNAs downregulated in RR cells. 

Gene 
MIA PaCa-2 RR 

Expression fold changes Log2 fold changes 

GCLC 

PDLIM1 

SCARA3 

TXNRD 

3.53 

0.04 

4.99 

2.23 

1.34 

-3.41 

1.86 

1.03 



Results 

 

54 
 

3.6 Migration and invasion capacity of radioresistant pancreatic 

cancer cell lines 

Apart from the predicted enhanced cell viability of Panc-1 RR and MIA PaCa-2 RR, 

IPA additionally showed predictions regarding the migration and invasion capacity of 

those cell lines. Whereas Panc-1 RR cells were predicted to have an enhanced 

migration and invasion, MIA PaCa-2 RR cells were projected to show a decrease in 

both characteristics (Figure 3.17A and B). These estimations are mainly based on the 

deregulation of the following genes: Annexin A1 (ANXA1), Bcl-2-like 1 (BCL2L1), and 

N-Myc Downstream Regulated 1 (NDRG1).  
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Figure 3.17. Ingenuity Pathway Analysis of commonly deregulated mRNAs in radioresistant (RR) cell 
lines Panc-1 RR and MIA PaCa-2 RR. (A) IPA prediction of activation and inactivation of migration 
based on the shared deregulated mRNAs in Panc-1 RR and MIA PaCa-2 RR. (B) IPA prediction of 
activation and inactivation of invasion based on the shared deregulated mRNAs in Panc-1 RR and 
MIA PaCa-2 RR. The upregulated genes are marked in red and downregulated in green. The orange 
and blue lines indicate the mRNAs expression leading to the activation and inactivation of the node, 
respectively. Inconsistent findings are shown with the yellow line. The orange color of the node 
indicates activation, whereas the blue node indicates inactivation. Figures (A) and (B) reprinted from 
[107]. (C) Shown are the genes involved in the predicted activation/inactivation of migration and 
invasion. Positive log2 fold changes indicate mRNAs upregulated in RR cells compared to parental 
cells.  
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In order to validate the prediction from IPA on the migratory and invasive potential, 

transwell migration and invasion assays with the generated RR cells as well as the 

parental cell lines were performed. Panc-1 RR cells showed a significantly higher 

migration as well as an increased invasion rate as compared to the parental cells 

(Figure 3.18). In contrast, MIA PaCa-2 RR cells demonstrated a decrease in their 

migratory and invasive potential. These functional data confirm the IPA prediction and 

indicate that the radiation-induced changes in RR cells differentially affect the invasion 

and migration capacity. 
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Figure 3.18. Basal migration and invasion capacity of parental and radioresistant (RR) pancreatic 
cancer cell lines Panc-1 and MIA PaCa-2. (A) Migration and (B) invasion capacity were measured using 
transwell assays. Error bars represent SD (n ≥ 3). **: p ≤ 0.01; ***: p ≤ 0.001. (C) Representative images 
of transwell migration and invasion assays. Figure reprinted from [107].  
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Additionally, the influence of irradiation on the migratory and invasive potential of the 

RR and parental cells was investigated. The migratory and invasive capacity of 

irradiated cells was calculated in relation to the unirradiated control for each cell line. 

As shown in Figure 3.19, irradiation with 2 and 8 Gy significantly increased the 

migration of Panc-1 cells, whereas in Panc-1 RR cells the migration was not affected 

by irradiation. These results are additionally reflected in the invasion capacity, where 

Panc-1 cells exhibited an increase after irradiation, while Panc-1 RR cells were not 

affected. Apart from this, MIA PaCa-2 and MIA PaCa-2 RR cells demonstrated a 

decrease in their migratory potential after irradiation, which was significant at 8 Gy 

irradiation. Likewise, a lower invasive capacity was observed after irradiation, but this 

was only significant for MIA PaCa-2 RR cells.  

 

 
Figure 3.19. Migration and invasion capacity of parental and radioresistant (RR) pancreatic cancer cell 
lines Panc-1 and MIA PaCa-2 after irradiation. (A) Migration and (B) invasion capacity were measured 
24 hours after irradiation using transwell assays. Values were normalized to 0 Gy of the respective cell 
line. Error bars represent SD (n = 3).*: p ≤ 0.05; **: p ≤ 0.01. 
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3.7 miRNA profile of radioresistant pancreatic cancer cell lines 

in vitro and in vivo  

3.7.1 miRNA profile of cell lines  

miRNA profiles of Panc-1 RR and MIA PaCa-2 RR cells, as well as the parental cell 

lines, were analyzed by small RNA-Sequencing. When compared to the respective 

parental cell line, levels of 54 and 41 miRNAs were significantly changed in Panc-1 RR 

and MIA PaCa-2 RR cells (Figure 3.20A, Appendix 2 and 3). In Panc-1  R cells, 29 

miRNAs were downregulated with log2 fold changes smaller than -0.7, while 25 

miRNAs were upregulated with log2 fold changes greater than 0.7. For 

MIA PaCa-2 RR cells, 21 and 20 miRNAs were detected to be up- or downregulated, 

respectively. Six miRNAs were commonly deregulated in Panc-1 RR and 

MIA PaCa-2 RR cells; however, only three of these miRNAs (miR-937-3p, 

miR-126-3p, and miR-335-3p) show the same pattern of either upregulation or 

downregulation in both RR cells (Figure 3.20B, Table 3.11). Apart from this, both RR 

cell lines were clearly distinguished from the respective parental cell line by principal 

component analysis (Figure 3.20C).  
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Figure 3.20. miRNA profile of radioresistant (RR) pancreatic cancer cell lines Panc-1 and MIA PaCa-2. 
(A) Venn diagram of deregulated miRNAs in Panc-1 RR and MIA PaCa-2 RR cells when compared to 
the respective parental cell lines. (B) Shown are the commonly deregulated miRNAs in Panc-1 RR and 
MIA PaCa-2 RR cells when compared with the respective parental cell line. Positive log2 fold changes 
indicate miRNAs upregulated in RR cells compared to parental cells, whereas negative log2 fold 
changes indicate miRNAs downregulated in RR cells. (C) Principal component analysis of miRNA 
expression in Panc-1 and MIA PaCa-2 as well as the RR cells. Analysis of all miRNAs in the dataset 
separated RR from parental cells (PC1) and PC2 represented intra-cell line variability.  

 

Table 3.11. Commonly deregulated miRNAs in radioresistant (RR) cell lines Panc-1 RR and 
MIA PaCa-2 RR. Positive log2 fold changes indicate miRNAs upregulated in RR cells compared to 
parental cells, whereas negative log2 fold changes indicate miRNAs downregulated in RR cells.  

miRNA 
Panc-1 RR MIA PaCa-2 RR 

log2FC p-adjust log2FC p-adjust 

hsa-miR-7-5p 

hsa-miR-937-3p 

hsa-miR-126-3p 

hsa-miR-424-3p 

hsa-miR-335-3p 

hsa-miR-10b-5p 

1.10 

1.09 

-0.72 

-0.79 

-0.96 

-3.43 

2.18E-28 

5.05E-05 

2.81E-13 

3.46E-09 

2.08E-26 

8.15E-168 

-1.01 

0.94 

-1.05 

0.73 

-4.29 

0.74 

2.49E-16 

9.87E-07 

1.82E-24 

3.78E-05 

6.86E-31 

2.41E-06 
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3.7.2 miRNA profile of tumor tissue and plasma 

Apart from the investigation of whether the acquired radioresistance in 

MIA PaCa-2 RR cells can be confirmed in vivo, the miRNA profile of tumor-bearing 

mice was examined. Therefore, MIA PaCa-2 and MIA PaCa-2 RR were 

subcutaneously injected into the right flank of immunodeficient nude mice. Mice were 

randomly distributed into one of three groups, a control group (0 Gy) and two 

irradiation groups receiving single fractions of either 5 or 10 Gy. Tumor tissue, as well 

as plasma samples, were collected 24 hours after irradiation and subsequently 

analyzed by small RNA sequencing. Mice without a tumor served as an additional 

control.  

First, the miRNA profile from the tumor tissue of control mice (0 Gy) was compared to 

the previously investigated in vitro miRNA profile of MIA PaCa-2 RR cells. For both 

analyses, MIA PaCa-2 RR cells were compared to parental cells and tumors derived 

from RR cells compared to parental tumors. In MIA PaCa-2 RR cells, 41 miRNAs were 

found to be deregulated, while in the tumor tissue 22 miRNAs were changed when 

compared to the parental cell line and tumors derived from it (Figure 3.21). Only five 

miRNAs (miR-103a-3p, miR-503-5p, miR-500a-3p, miR-149-5p, and miR-1269b) 

were deregulated both, in vitro in the cells and in vivo in the tumor tissue (Table 3.12).  
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Figure 3.21. Comparison of miRNA profile in radioresistant (RR) MIA PaCa-2 RR cells and tumors 
derived from MIA PaCa-2 RR. (A) Venn diagram of differential miRNA expression in MIA PaCa-2 RR 
cells and tumor tissue relative to parental cells and tumor tissue, respectively. (B) Shown are the 
commonly deregulated miRNAs in MIA PaCa-2 RR cells and tumor tissue when compared with the 
parental cell line. Positive log2 fold changes indicate miRNAs upregulated in RR cells compared to 
parental cells. 

 

 
Table 3.12. Commonly deregulated miRNAs in radioresistant (RR) Mia PaCa-2 RR cells and tumor 
tissue. Positive log2 fold changes indicate miRNAs upregulated in RR cells or tumor tissue compared 
to parental cells or tumor tissue, whereas negative log2 fold changes indicate miRNAs downregulated 
in RR cells or tumor tissue. 

miRNA 

MIA PaCa-2 RR cells MIA PaCa-2 RR tumor tissue 

log2FC p-adjust log2FC p-adjust 

hsa-miR-103a-3p 

hsa-miR-503-5p 

hsa-miR-500a-3p 

hsa-miR-149-5p  

hsa-miR-1269b 

-0.96 

0.73 

-0.96 

-0.90 

0.83 

1.46E-15 

3.56E-09 

2.08E-09 

5.35E-17 

1.80E-14 

-1.66 

-1.40 

-1.18 

-1.13 

1.09 

2.96E-08 

6.04E-06 

9.22E-05 

2.11E-05 

6.23E-06 

 

 

miRNA expression in tumors derived from MIA PaCa-2 RR and parental cells 

suggested a separation of RR from parental tumors in all treatment groups (0, 5, and 

10 Gy) by principal component analysis (Figure 3.22). Deregulated miRNAs are 

derived from the comparison of MIA PaCa-2 RR tumors with MIA PaCa-2 parental 

tumors from the respective treatment group. As shown in table 3.13, a total of 22, 30, 

and 18 miRNAs were found to be significantly deregulated in mice receiving no 

irradiation, 5 Gy or 10 Gy, respectively (Appendix 4 – 6).  
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Figure 3.22. Principal component analysis of miRNA expression in tumors derived from MIA PaCa-2 
and MIA PaCa-2 RR. Shown are the analyses for the different treatment groups: 0, 5, and 10 Gy. 
Analysis of all miRNAs in the dataset separated tumors derived from RR or parental cells (PC1) and 
PC2 showed intra-tumor tissue variability. 
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Table 3.13. The number of miRNAs significantly deregulated in tumor tissue derived from the 
radioresistant (RR) cell line Mia PaCa-2 RR.  

Dose upregulated in MIA PaCa-2 RR downregulated in MIA PaCa-2 RR 

0 Gy 12 10 

5 Gy 14 16 

10 Gy 11 7 

 

In total, nine miRNAs were simultaneously deregulated in all treatment groups, four 

upregulated and five downregulated (Figure 3.23 and Table 3.14). Interestingly, 

miR-103a-3p and miR-149-5p were not only downregulated in all treatment groups 

but also in MIA PaCa-2 RR cells. While miR-503-5p was downregulated in 

MIA PaCa-2 RR tumor tissue, it was upregulated in the cells.  

 

 
Figure 3.23. miRNA profile of tumors derived from parental and radioresistant (RR) MIA PaCa-2 and 
MIA PaCa-2 RR cells. Venn diagrams show deregulated miRNAs in MIA PaCa-2 RR tumors compared 
to the parental cells.  
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Table 3.14. Commonly deregulated miRNAs in tumor tissue derived from radioresistant (RR) 
MIA PaCa-2-RR cells after 0, 5, and 10 Gy irradiation. Positive log2 fold changes indicate miRNAs 
upregulated in RR tumor tissues compared to parental tumors, whereas negative log2 fold changes 
indicate miRNAs downregulated in RR tumor tissue. 

miRNA 

0 Gy 5 Gy 10 Gy 

log2FC p-adjust log2FC p-adjust log2FC p-adjust 

miR-103a-3p -1.66 2.96E-08 -1.28 4.26E-07 -1.37 5.23E-06 

miR-503-5p -1.40 6.04E-06 -1.28 2.24E-05 -1.22 1.13E-02 

miR-660-5p -1.39 9.22E-05 -1.20 5.91E-03 -1.20 1.19E-03 

miR-107 -1.31 3.01E-03 -1.15 4.57E-03 -1.19 4.30E-04 

miR-149-5p -1.13 2.11E-05 -1.14 2.21E-10 -1.10 2.36E-06 

miR-576-3p 1.26 1.65E-05 1.50 1.37E-05 1.80 9.86E-07 

mir-576-5p 1.57 4.70E-05 1.85 1.52E-08 1.86 2.79E-11 

miR-222-3p 1.79 1.80E-07 1.87 2.46E-35 1.10 3.27E-02 

miR-625-3p 3.03 9.32E-10 3.27 2.08E-18 2.8 2.79E-11 

 

Next, it was assessed whether it was possible to detect circulating human miRNAs in 

the plasma of tumor-bearing mice. The miRNAs profile of plasma samples from mice 

with unirradiated MIA PaCa-2 or MIA PaCa-2 RR tumors was compared to control 

mice, i.e., mice without a tumor. Principal component analysis revealed the clustering 

of control mice and a clear separation from MIA PaCa-2 (Figure 3.23A) or 

MIA PaCa-2 RR (Figure 3.24B) tumor-bearing mice.  
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Figure 3.24. Principal component analysis of miRNA expression of plasma samples from mice with 
unirradiated tumors derived from parental MIA PaCa-2 (A) and radioresistant (RR) MIA PaCa-2 RR (B). 
Analysis of all miRNAs in the dataset separated plasma samples derived from control mice (no tumor) 
to tumor-bearing mice (PC1) and PC2 showed intra-plasma sample variability. 

 

Finally, it was determined whether the miRNA profiles of MIA PaCa-2 and 

MIA PaCa-2 RR plasma samples differ. First, plasma samples from unirradiated mice 

with tumors derived from MIA PaCa-2 and MIA PaCa-2 RR were compared. Then the 

plasma of mice with tumors derived from the different cell lines receiving either 5 or 

10 Gy were compared in each irradiation, respectively. Principal component analysis 

showed no clear separation for the groups (Figure 3.25). Only one miRNA was 

differentially regulated in the plasma of unirradiated MIA PaCa-2 RR tumor-bearing 

mice when compared to the parental tumor-bearing mice (Table 3.15).  
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miR-625-3p was significantly upregulated in plasma samples of MIA PaCa-2 RR 

tumor-bearing mice, with a log2 fold change of 4.38. It is worth noting that this miRNA 

was also upregulated in MIA PaCa-2 RR tumor tissue. After 5 Gy irradiation, eight 

miRNAs, two upregulated, and six downregulated, were found to be deregulated 

(Table 3.16). miR-221-3p was simultaneously upregulated in plasma samples 

(log2 fold change 1.02) and tumor tissues (log2 fold change 1.88) of MIA PaCa-2 RR 

bearing mice after 5 Gy irradiation. miRNA profiles of plasma samples from 

MIA PaCa-2 and MIA PaCa-2 RR tumor-bearing mice receiving 10 Gy irradiation 

showed no significantly deregulated miRNAs.   

 

 
Figure 3.25. Comparison of miRNA profiles from plasma samples of tumor-bearing mice. Principal 
component analysis of miRNA expression in plasma samples derived from parental MIA PaCa-2 and 
radioresistant (RR) MIA PaCa-2 RR tumor-bearing mice. Shown are the analyses for the different 
treatment groups: 0, 5, and 10 Gy.  
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Table 3.15: Deregulated miRNA in plasma from tumor-bearing MIA PaCa-2 RR mice without irradiation. 
Positive log2 fold changes indicate miRNAs upregulated in plasma of mice with RR tumors compared 
to the plasma of mice with parental tumors. 

miRNA log2FC p-adjust 

hsa-miR-625-3p 4.38 4.48E-02 

 

Table 3.16: Deregulated miRNA in plasma from tumor-bearing MIA PaCa-2 RR mice after 5 Gy 
irradiation. Positive log2 fold changes indicate miRNAs upregulated in plasma of mice with RR tumors 
compared to the plasma of mice with parental tumors, whereas negative log2 fold changes indicate 
miRNAs downregulated in plasma of mice with RR tumors.  

miRNA log2FC p-adjust 

hsa-miR-1246 

hsa-miR-941 

hsa-miR-122-5p 

hsa-miR-1307-3p 

hsa-miR-193a-5p 

hsa-miR-1180-3p 

hsa-miR-221-3p 

hsa-miR-451a 

-1.83 

-1.70 

-1.43 

-1.32 

-1.31 

-1.21 

1.02 

1.15 

1.09E-04 

2.67E-03 

4.41E-02 

1.26E-02 

1.84E-03 

2.74E-02 

2.67E-03 

7.94E-03 
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4. Discussion  

Despite extensive research efforts, surgical resection remains the only potentially 

curative option for pancreatic cancer patients. However, at the time of diagnosis, only 

20-25 % of all patients are eligible for surgery, while the remaining either present 

distant metastasis or locally advanced unresectable tumors. For these patients, 

neoadjuvant therapy in terms of chemotherapy in combination with radiotherapy 

offers an opportunity to downstage borderline resectable and locally advanced 

tumors and hence, improve not only resection rates but also overall survival [35]. 

Studies have shown that local radiotherapy in combination with chemotherapy can 

lead to effective downstaging and in about 30 % of these patients, secondary 

resectability can be achieved and thereby the overall survival rate is improved [23, 36, 

108, 109]. Nonetheless, about 70 % of patients receiving radiation treatment show a 

treatment failure and no benefit overall. The underlying mechanisms for this cancer’s 

inherent radioresistance remain mostly unknown. In order to improve the poor 

treatment outcome in pancreatic cancer, it is necessary to understand the biological 

mechanisms contributing to the radioresistance and to identify and validate novel 

molecular targets.  

 

4.1 Generation of radioresistant cell lines  

The first part of this project compromised the generation of radioresistant pancreatic 

cancer cell lines by subjection to multiple fractions of irradiation. Therefore, different 

established pancreatic cancer cell lines were screened for their radiosensitivity. 

Panc-1 and MIA PaCa-2 were the most radiosensitive cell lines. This finding is in 

accordance with Souchek et al., who showed in their screening of different pancreatic 

cancer cell lines that Panc-1 is a more radiosensitive one [92].  
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The selection of radioresistant subpopulations through repeated exposure to 

irradiation has been previously reported in several entities of cancer: lung [110-113], 

esophageal [114-116], laryngeal [117], hepatic [118], prostate [119], breast [113, 120, 

121], neuroblastoma [122], head and neck [123] and pancreatic cancer [86, 92]. Many 

different irradiation treatment protocols regarding the cumulative dose, overall 

treatment time, and recovery time have been applied to produce radioresistant cell 

lines [124]. During this project, two distinct approaches were pursued. The first 

method consisted of ten fractions of two Gy during a time span of two weeks, with a 

cumulative dose of 20 Gy and was previously described by Souchek et al. [92]. In the 

second procedure that was modified after Wang et al. [86], cells were subjected to a 

higher cumulative dose (80 Gy) for several months. In both techniques, the RR cells 

were not clonally derived in order to obtain a heterogeneous population and thereby 

reflecting the heterogeneity of pancreatic cancer seen in the clinic [43, 125].  

Cells that were exposed to a cumulative dose of 80 Gy for several months exhibited 

higher radioresistance when compared with the respective parental cell line. However, 

cells receiving a total of 20 Gy showed fewer differences regarding the 

radioresistance. Although Souchek et al. were able to generate a radioresistant 

Panc-1 cell line, the irradiation protocol with ten fractions of 2 Gy did not affect the 

second cell line, BxPC-3, investigated in their studies. However, with a cumulative 

dose of 80 Gy, it was possible to generate a radioresistant BxPC-3 cell line [86]. These 

results suggest that irradiation with a higher total dose over a longer period result in 

more radioresistant cell lines. This is further reflected in the results of other groups, 

where the average total radiation dose ranged between 40 and 60 Gy for the 

successful generation of radioresistant subclones [124]. Therefore, solely the cells 

receiving a cumulative dose of 80 Gy, termed as Panc-1 RR and MIA PaCa-2 RR, 

were further investigated in these studies.   

The acquired radioresistance was further validated in a subcutaneous xenograft 

mouse model. The results confirmed that the RR cells maintain the radioresistant 

properties in vivo. In line with other reports [126, 127], it was shown that tumors 

derived from MIA PaCa-2 RR cells showed significantly reduced tumor growth delay 

than tumors from the parental cell line after irradiation. Furthermore, not only did the 

RR cells show a lower radioresponse, but they also demonstrated a faster growth 
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than tumors from the parental cells. Two methods were used to measure tumor size, 

digital caliper and ultrasound device. However, only the measurements with the digital 

caliper revealed significant results. One reason could be the higher number of mice 

measured with the digital caliper.  

Summarizing, radioresistant pancreatic cancer cell lines were generated through 

repeated exposure to ionizing irradiation. This radioresistance was not only observed 

in vitro but furthermore also demonstrated in vivo. 

 

4.2 Mechanisms leading to radioresistance  

In order to elucidate the molecular mechanisms underlying radioresistance, the RR 

cell lines were characterized in terms of proliferation, cell cycle distribution, 

radiation-induced apoptosis, DNA damage repair, and reactive oxygen species 

generation. Furthermore, mRNA sequencing of Panc-1 RR and MIA PaCa-2 RR cells 

and the respective parental cell lines was performed. 

4.2.1 Radioresistant cells show an accumulation in G2/M phase  

In terms of proliferation, the generated RR cells demonstrated comparable growth 

rates to the respective parental cells. The finding that the acquired radioresistance did 

not affect cell proliferation was also reported in another study [115].  

Cell cycle distribution is an important aspect of radiosensitivity [128]. While cells in 

the S phase are the most radioresistant, cells in the G2/M phase are the least 

radioresistant. Interestingly, cell cycle analysis revealed that both RR cell lines 

exhibited an accumulation in the G2/M phase. These surprising findings were also 

seen in another model of a radioresistant cell line [115]. Besides the aforementioned 

cell cycle phases, cell cycle checkpoints are further determinants for the 

radio-responsiveness [128]. DNA damage caused by irradiation leads to the 

subsequent activation of the G1/S and G2/M cell cycle checkpoints. The G1/S 



Discussion 

72 
 

checkpoint is mainly mediated by p53 and p21. As these are often mutated in cancer 

cell lines, the G1/S checkpoint is generally inactivated [42]. Of more interest is the 

activation of the G2/M checkpoint after irradiation during which DNA damage repair 

is promoted. In this study, it was observed that all cell lines exhibited a G2/M arrest 

after irradiation. While MIA PaCa-2 RR cells showed no difference in the G2/M arrest 

after irradiation in comparison to parental cells, Panc-1 RR cells exhibited a lower 

G2/M arrest. This shorter delay in the G2/M phase might be due to reduced DNA 

damage and, therefore, a potential reason for the acquired radioresistance.  

4.2.2 Parental and radioresistant cell lines show no difference in 

radiation-induced apoptosis 

In order to improve therapeutic efficacy, the approach to increase apoptotic cell death 

has been widely investigated as cell death is induced in part by the activation of 

apoptotic signaling pathways [42]. For this, either pro-apoptotic molecules/pathways 

are activated, or anti-apoptotic molecules/pathways are inhibited. During this study, 

it was observed that the induction of apoptosis after irradiation was comparable in 

both RR cells and the respective parental cell lines. In line with other reports, it is 

unlikely that alterations in apoptosis are the main contributor to the radioresistance 

[115, 124]. Additionally, the deregulation and evasion of apoptosis is already a 

well-known characteristic of pancreatic cancer [129]. Many clinical studies have 

investigated whether proteins regulating apoptosis can predict the treatment 

response, including radiotherapy, but so far, most results were inconsistent [42, 130]. 

This is mainly due to the fact that apoptosis is not the only cell death pathway induced 

by radiotherapy, but rather cell killing can occur in several ways following DNA 

damage, e.g., necrosis, mitotic catastrophe, and autophagy [130].  

4.2.3 X-Ray-induced DNA damage is reduced in radioresistant cell lines 

Irradiation can cause different types of DNA damage, including the most lethal one, 

DNA DSBs. DNA damage can lead to the aforementioned variety of cell deaths; 

therefore, the DNA damage response and furthermore DNA repair mechanisms are 
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crucial for cell survival. The balance of DNA damage and DNA repair is essential for 

the success of radiotherapy, either the damage is too severe, and cells undergo cell 

death, or it can be repaired, and cells survive [42]. After the occurrence of DNA DSBs 

due to, e.g., irradiation, Ataxia-telangiectasia mutated (ATM), ataxia-telangiectasia, 

and Rad3-related (ATR) and DNA-dependent protein kinase catalytic subunit 

(DNA-PKcs) is activated [59]. As a cellular response, these kinases phosphorylate 

histone H2AX, termed then γH2AX, at the site of DNA lesions to induce DNA repair. 

This γH2AX formation acts as an initiation signal for the recruitment of DNA repair 

proteins [131]. γH2AX foci remain until the DBSs are repaired. Therefore, measuring 

γH2AX is indicative of a cell’s ability to repair DNA lesions and a sensitive method for 

the measurement of DNA DSBs due to the consistent number of breaks with the 

γH2AX foci formed after irradiation [132, 133]. Schwartz and colleagues screened 12 

human tumor cell lines for their radiosensitivity and observed that some of the more 

radioresistant ones show less initial DNA damage, i.e., the immediate damage after 

exposure to radiation [134].   

Furthermore, radioresistant cell lines revealed a faster repair of DNA damage, mostly 

within an hour, whereas the sensitive cell lines required more time to repair the lesions 

[134]. In other models of radioresistant cell lines, derived from repeated exposure to 

radiation, RR cell lines showed an increased ability to repair the DNA damage [115, 

119, 135]. In line with these findings, it was shown that the RR cell lines have less 

initial DNA damage than the respective parental cell lines.  

Moreover, residual γH2AX foci 24 hours after irradiation were analyzed and a lower 

number of unrepaired foci in Panc-1 RR and MIA PaCa-2 RR cells in comparison to 

the respective parental cell lines was observed, suggesting a greater efficiency to 

repair DNA DSBs in the RR cell lines. Additionally, mRNA sequencing of RR cells 

revealed the upregulation of aryl hydrocarbon receptor (AHR). This is in line with the 

recent implication for AHR in the repair of DNA DSBs. AHR is part of the γH2AX foci 

and therefore plays a role in the repair of radiation-induced DNA damage [136].  

Currently, many DNA damage response inhibitors are evaluated not only in preclinical 

but also in clinical studies, including checkpoint kinase 1 (Chk1) inhibitors [137]. DNA 

damage leads to Chk1 activation and subsequently to cell cycle arrest and the 

promotion of homologous recombination repair [138]. It was shown that Chk1 
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inhibitors can sensitize MIA PaCa-2 cells and tumors to chemoradiation in vitro and 

in vivo [138, 139]. These findings suggest that inhibiting Chk1 leads to the impairment 

of DNA damage repair, thereby representing an important molecular target to 

sensitize tumor cells to irradiation.  

4.2.4 Radioresistant cell lines show reduced oxidative stress after 

irradiation 

Reactive oxygen species (ROS) are important for cell signaling and homeostasis; 

therefore, free radicals are continuously generated in a cell’s environment. However, 

when a cell’s antioxidant capacity and the level of ROS production are out of 

equilibrium, oxidative stress develops, and subsequently, the DNA is damaged by 

radicals [140]. Many types of cancer exhibit a deregulated metabolism and 

consequently increased generation of ROS. In order to manage this additional stress, 

cancer cells adapted through the development of an enhanced antioxidant system, 

rendering them resistant to exogenous stress [57]. Part of this cellular antioxidant 

response are antioxidant enzymes (e.g., superoxide dismutases, catalases, and 

peroxidases), radical scavengers (e.g., cellular thiols (glutathione) and thioredoxin), 

the monitoring and the repair of DNA, and the initiation of apoptosis [140].   

As cells are mainly composed of water, the radiolysis of water and hence the 

production of ROS play an important role in radiotherapy. Hydroxyl radicals, the most 

prominent and reactive ones, cause damage to structural and functional molecules, 

including carbohydrates, proteins, lipids, and nucleic acids [140]. Besides the direct 

effect of irradiation on the DNA, 60 – 70 % of the DNA damage is produced by free 

radicals [53, 54]. Therefore, the intracellular ROS levels in Panc-1 RR and 

MIA PaCa-2 RR cells in comparison to the parental cell lines were investigated. 

Already without irradiation, RR cells exhibited lower basal ROS levels.  

Furthermore, after irradiation, the induction of ROS was lower in the RR cells than in 

the parental cells. The reduced production of ROS after irradiation observed in the RR 

cells, suggests an enhanced antioxidant system. In line with these findings, RR cells 

showed lower DNA damage shortly after irradiation.  

Following these results, an mRNA profiler screening for genes involved in the oxidative 
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stress pathway was applied. Panc-1 RR and MIA PaCa-2 RR cells showed an 

increase of CCL5 and MB and a downregulation of SOD3. CCL5 is regulated by the 

transcription factor NF-κB, which is activated through ROS [141]. In tumor-bearing 

mice, it was shown that radiotherapy increases the production of CCL5 and using an 

antagonist against its receptor CCR5 could increase the radioresponse, however only 

in tumors with inherent sensitivity to irradiation [142]. For the radioresistance of 

pancreatic cancer, another chemokine seems to play an important role, CCL2. 

Irradiation stimulates the production of CCL2, which then recruits monocytes to 

stimulate tumor proliferation and neovascularization [143]. Tumor-bearing mice 

receiving anti-CCL2 antibody had a greater tumor growth delay after irradiation, 

suggesting that CCL2 mediates the radioresistance [143]. Besides the upregulation of 

CCL5 mRNA in both RR cells, mRNA levels of MB were elevated. MB acted as a 

scavenger of nitric oxide and ROS and was shown to be enhanced in a radioresistant 

esophageal cell line [144, 145].   

Superoxide dismutases are important antioxidant enzymes. However, SOD3 was 

downregulated in both RR cells, and SOD2 was only upregulated in Panc-1 RR cells. 

This upregulation on the mRNA level was further confirmed on the protein expression 

level. These results suggest that the upregulation of SOD2 in Panc-1 RR cells could 

be contributing to the acquired radioresistance. In line with this, another group 

observed the upregulation of SOD2 in a radioresistant nasopharyngeal cancer line 

and, consequently, the function in radioresistant [146]. Nonetheless, there are many 

inconsistent findings regarding the role of superoxide dismutases as either 

radioprotectors or sensitizers [147].   

MIA PaCa-2 RR cells showed upregulation of glutamate-cysteine ligase catalytic 

subunit (GCLC), Scavenger Receptor Class A Member 3 (SCARA3), and Thioredoxin 

reductase 1 (TXNRD), suggesting an elevated antioxidant environment.  

Moreover, in Panc-1 RR cells upregulation of NRF2, p-NRF2 and TRX were observed. 

The cellular antioxidant response is mainly regulated by the transcription factor NRF2 

[148]. After its activation, the expression of several other anti-oxidative genes, 

including SOD2 and GCLC, is enhanced [149]. This could be the reason for the 

increased level of SOD2 in Panc-1 RR cells as NRF2 levels were found to be elevated. 

NRF2 is regulated by two mechanisms, a KEAP1 dependent and independent 
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pathway [149-151]. The binding of NRF2 to KEAP1, its suppressor, leads to 

proteasomal degradation. But when NRF2 is phosphorylated, leading to the 

dissociation of NRF2 and KEAP1, p-NRF2 translocates into the nucleus and activates 

the expression of antioxidant proteins. An elevated level of p-NRF2 in Panc-1 RR cells 

was also observed, suggesting an enhanced antioxidative response.  

The redox homeostasis is preserved by TRX, as TRX reduces ROS. In vitro 

experiments in human breast and pancreatic cancer cell lines (Panc-1) with a 

combined inhibition of the glutathione and TRX metabolism showed an enhanced 

response to irradiation [152]. These results were confirmed in vivo for the breast 

cancer cell lines. Furthermore, in non-small cell lung cancer, the overexpression of 

TRX is associated with an aggressive tumor phenotype and bad prognostic features 

[153]. 

As ROS are an important part of the generation of DNA damage, ROS-modulating 

therapeutic approaches in cancer have gained attention [154]. Targeting TXNRD, 

which is crucial for the biosynthesis of TRX, showed a radiosensitizing effect in cells 

and tumor bearing mice [155]. Besides, Edaravone, a free radical scavenger, was 

shown to exhibit radioprotective effects in vitro and in vivo [156, 157].  

In summary, the results suggest that the acquired radioresistance in Panc-1 RR and 

MIA PaCa-2 RR cells is mainly due to increased DNA repair capacity and reduced 

oxidative stress. The lower oxidative stress could be indicative of the reduced DNA 

damage in the RR cells. mRNA and protein expression levels of Panc-1 RR cells 

indicated an elevated antioxidant response mechanism through the upregulation of 

antioxidant enzymes and free radical scavengers. MIA PaCa-2 RR cells also exhibited 

lower oxidative stress, however this was only observed on the mRNA level but not on 

the protein levels. Further experiments are necessary to elucidate the mechanisms in 

this cell line.  

4.2.5 Altered gene expression and pathway analysis 

To investigate the underlying molecular basis of the radioresistant phenotype, mRNA 

sequencing was conducted. Souchek and colleagues performed similar experiments 
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[92]. They generated a radioresistant Panc-1 RR cell line (see above) and compared 

the gene expression level of the RR cell line to the parental cell line measured via 

microarray. Their results implicated a role for the cholesterol synthesis pathway in the 

radioresistance of pancreatic cancer cell lines. However, this was not confirmed 

during this project. This may have several reasons. Although Panc-1 RR cells were 

generated, those cells generated after the irradiation protocol by Souchek et al. were 

not used, but rather the ones who received a higher cumulative dose. These cells 

demonstrated higher radioresistance and were therefore used for all subsequent 

experiments. Additionally, a second RR cell line, MIA PaCa-2 RR, was used. For the 

analysis of the mRNA sequencing, the focus was on the 121 genes commonly 

deregulated in Panc-1 RR and MIA PaCa-2 RR cells. These genes were considered 

to be important for the acquired radioresistance and were therefore further 

investigated. The network-based analysis program, IPA, predicted enhanced cell 

viability in RR cell lines based on several upregulated genes including AHR, 

homeodomain interacting protein kinase 2 (HIPK2), leukemia inhibitory factor (LIF), 

sonic hedgehog signaling molecule (SHH) and ATP binding cassette subfamily C 

member 3 (ABCC3). 

AHR, known as a transcription factor, mainly regulates genes involved in cell survival, 

proliferation, growth, and differentiation [158]. Recently, another function of AHR was 

discovered. Dittmann et al. are the first ones to demonstrate a role for AHR in the 

repair of radiation-induced DNA double-strand breaks (DSBs) [136]. Repression of 

AHR results in the inhibition of DSBs repair and furthermore radiosensitizes cells. 

Consistently, AHR was found to be upregulated in the RR cells.   

Although HIPK2 is a well-known tumor suppressor, an upregulation in both RR cell 

lines was observed. However, it was demonstrated that HIPK2 is a target of NRF2 

and can, under certain circumstances, promote cell survival instead of apoptosis 

[159]. In this study, NRF2 protein levels were elevated in Panc-1 RR cells when 

compared to the parental cell line. This could explain the upregulation of HIPK2 in the 

RR cells.  

LIF is a member of the IL-6-type cytokine family. High levels of LIF in nasopharyngeal 

cancer patients showed a correlation with tumor recurrence. Moreover, in vitro and 

in vivo studies demonstrated that LIF modulates the DNA damage response activated 
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by irradiation and increases the radioresistance [160]. Consistent with these findings, 

LIF was observed to be increased in the RR cells during these studies.   

The inhibition of SHH, the namesake of the corresponding pathway, was shown to 

have a radiosensitizing effect in vitro and in vivo [161]. The treatment with SHH ligand 

in combination with radiation showed a radioresistant effect on cancer cells [161] and 

could explain for the observed increase of SHH in the RR cells from this study.   

Recently, it was demonstrated that ABCC3 could be a potential therapeutic target in 

pancreatic cancer. ABCC3 plays a role in the progression of pancreatic cancer, the 

downregulation on a cellular level and in tumor-bearing mice resulted in a decreased 

cell proliferation [162]. Interestingly, ABCC3 was upregulated in both RR cell lines 

suggesting a further investigation of its therapeutic potential.  

In summary, some of the deregulated genes in the cell lines Panc-1 RR and 

MIA PaCa-2 RR are playing a role in the response to radiation. Furthermore, many of 

these commonly deregulated genes, including AHR, HIPK2, SHH, and ABCC3, in RR 

cells are implicated in apoptosis, DNA damage repair, and reactive oxygen species 

generation [136, 163-165]. Therefore, these results further suggest the role of DNA 

damage repair and oxidative stress in the acquired radioresistance.  

 

4.3 Radioresistant cells show different migration and invasion 

properties 

Characteristic of pancreatic cancer is the rapid progression to metastatic disease, a 

stage in which the only possible cure, surgery, is no longer feasible. This may explain 

the high mortality rate of pancreatic cancer; it is assumed that 90 % of all pancreatic 

cancer deaths are attributed to metastases [16, 17]. Further understanding of the 

mechanisms leading to metastasis is, therefore, of clinical significance.   

To enable tumor cells to leave the primary tumor, invade the surrounding tissue and 

form a metastasis, migration and invasion is indispensable. During invasion, the 

microenvironment is altered, mainly by the activation of extracellular proteases. 
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Radiation therapy aims to control the primary tumor and thus may improve overall 

survival. However, several studies have shown that ionizing radiation could promote 

migration and invasion in those cells that are resistant to treatment, thus reducing the 

effectiveness of radiotherapy [166, 167].   

During this investigation of the mRNA profile of the parental and RR cells, IPA 

predicted changes concerning the migration and invasion properties. The predicted 

enhanced migratory and invasive capacity of Panc-1 RR cells was validated with 

transwell assays. In contrast, as predicted by IPA, MIA PaCa-2 RR cells exhibited less 

migration and invasion. Irradiation increased the migratory and invasive capacity in 

the parental Panc-1 cells, whereas Panc-1 RR cells showed no changes. MIA PaCa-2 

and MIA PaCa-2 RR cells showed reduced migration and invasion after irradiation. 

The literature on this subject reveals contradictory results. While it was shown, that 

the migration and invasion of Panc-1 cells is not affected by radiation, 

MIA PaCa-2 cells demonstrated an increase after irradiation, however after 8 Gy 

radiation the invasion capacity of MIA PaCa-2 cells were reduced [168], similar to the 

results shown in this study. Another publication showed that Panc-1 cells only show 

an increase in invasion, not in migration after irradiation. Other pancreatic carcinoma 

cell lines did not show any difference after irradiation [169]. These contradictory 

results could be due to the varying doses used and the different methods applied to 

measure the migratory and invasive capacity.  

The observed enhanced migratory and invasive capacity in Panc-1 RR cells is in line 

with other reports, where the RR cells exhibited the same characteristics [119, 121, 

126]. As far as known, this work shows for the first time a reduced migration and 

invasion capability in radioresistant cell lines. 

Based on IPA, these contrasting phenomena are mainly due to the different 

expression of the following genes: Annexin A1 (ANXA1), Bcl-2-like 1 (BCL2L1), and 

N-Myc Downstream Regulated 1 (NDRG1).   

High expression of ANXA1 is associated with higher invasiveness and poorer survival 

in a variety of cancer patients [170-172], including pancreatic cancer patients [173, 

174]. Furthermore, it was shown that ANXA1 knockdown in MIA PaCa-2 and Panc-1 

cells leads to a decrease in migration and invasion, and even to lower liver metastasis 

in mice [175, 176]. In line with this, it was shown that while Panc-1 RR cells 
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demonstrated an upregulation of ANXA1 and an increase in migration and invasion, 

MIA PaCa-2 RR cells showed reduced migration and invasion properties and reduced 

expression of ANXA1.   

Although the proteins of the Bcl-2 family are known to be key regulators of apoptosis, 

they may also contribute to the invasion and metastasis [177]. Overexpression of 

BCL2L1 was demonstrated to increase migration and invasion in melanoma and 

glioblastoma cells [178]. In accordance with the literature, BCL2L1 was found to be 

upregulated in Panc-1 RR cells and downregulated in MIA PaCa-2 RR cells.  

In line with the findings from this study, that high NDRG1 expression is associated 

with a decrease in migration and invasion, it was published that the overexpression 

of NDRG1 in pancreatic cancer cell lines leads to a decreased invasion capacity and 

furthermore the low expression in pancreatic cancer patients is correlated with a poor 

prognosis [179, 180]. Further studies in other cancer entities confirm this association. 

Overexpression of NDRG1 not only results in a reduced invasion in vitro but also in a 

lower incidence of metastasis in vivo [181, 182].  

In summary, the acquired radioresistance in the cell lines Panc-1 RR and 

MIA PaCa-2 RR led to contrasting migration and invasion characteristics, which might 

be explained by the reverse expression of several genes.  

 

4.4 miRNA as potential biomarkers predicting the radioresponse in 

pancreatic cancer  

The interest in miRNA research has been growing due to their role in 

post-transcriptional regulation of gene expression via RNA interference. miRNAs and 

their potential predictive value for tumor radiation response seem to be of particular 

interest in the field of biomarkers, thus allowing the stratification of patients in 

radioresistant and radioresponsive groups for an individualized radiotherapy [183, 

184]. For the investigation of common features between the radioresistant cell lines, 

Panc-1 RR and MIA PaCa-2 RR, small RNA sequencing was performed to analyze the 
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miRNA profile for potential biomarkers of radioresistance. When compared to the 

respective parental cell line, 54 and 41 miRNAs were deregulated in Panc-1 RR and 

MIA PaCa-2 RR cells, respectively. Six miRNAs were commonly deregulated in both 

RR cell lines; however, only three showed the same pattern of up- or downregulation, 

miR-937-3p, miR-126-3p, and miR-335-3p.   

As far as known, there is yet no evidence of miR-937-3p in the context of therapy 

resistance in cancer. However, in accordance with this research, several other studies 

have shown that the other two mentioned miRNAs are involved in 

chemo- or radioresistance.   

Both RR cell lines exhibited lower expression of miR-126-3p when compared to the 

parental cell lines. It was shown in different cancer cell lines that the low expression 

of miR-126 is associated with drug resistance, while the overexpression can enhance 

the sensitivity to various drugs [185-189]. Moreover, this miRNA was also 

demonstrated to be significantly downregulated in esophageal carcinoma patients 

belonging to the non-responder group to chemoradiation [190].   

Additionally, miR-335-3p was downregulated in both RR cell lines. It was reported 

that drug-resistant lung cancer cell lines also showed downregulation of miR-335 and 

the overexpression could increase the response to chemoradiotherapy [191].   

Other research groups have also investigated miRNAs in radioresistant pancreatic 

cancer cell lines. For example, Wang et al., whose protocol was used in a modified 

version to generate the RR cell lines in this study, showed that miR-23b was found to 

be downregulated in both generated RR cell lines, Panc-1 RR and BxPC-3 RR. The 

associated radioresistance with miR-23b was mainly due to the regulation of 

autophagy [86]. However, in the RR cell lines from this study, the downregulation of 

miR-23b was not observed. This could be due to several reasons. First, the RR cells 

were not clonally derived in order to represent a heterogenous population often 

associated with pancreatic cancer, while Wang et al. selected clones from each cell 

line. Second, although one cell line is in common (Panc-1), the second cell line differs 

from the two studies. This might explain the detection of different miRNAs associated 

with radioresistance.   

In order to further investigate the potential of miRNAs as predictive markers for 

radioresponse in vivo, a subcutaneous xenograft mouse model with MIA PaCa-2 and 
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MIA PaCa-2 RR cells was used. While in vitro MIA PaCa-2 RR cells showed 41 

deregulated miRNAs, tumors derived from this cell line revealed 22 miRNAs 

deregulated when compared to the parental counterpart (cells and tumor, 

respectively). From these deregulated miRNAs, five miRNAs were commonly 

deregulated in vitro and in vivo (miR-103a-3p, miR-500a-3p, miR-149-5p, miR-1269b, 

miR-503-5p). Interestingly, miR-103a-3p and miR-149-5p were additionally 

significantly downregulated in the tumor tissue derived from MIA PaCa-2 RR cells 

after irradiation with 5 and 10 Gy. In line with this study’s findings, other reports show 

that low miR-149 expression is not only correlated with low survival and poor 

prognosis, but the overexpression can have a radiosensitizing effect in vitro and 

in vivo [192, 193].   

While miR-503-3p was downregulated in tumor tissue derived from MIA PaCa-2 RR 

cells, in vitro it showed an upregulation. In other publications investigating miR-503 

and its role in radioresistance, it was shown that miR-503 is downregulated in 

radioresistant cells and the overexpression can render the cells radiosensitive [194, 

195]. These results indicate the importance of investigating the deregulation of miRNA 

not only at the cellular level but also in vivo.  

Due to their minimally invasive nature, liquid biopsies from, e.g., plasma and serum, 

have gained attention. Therefore, not only tumor tissues derived from MIA PaCa-2 

and MIA PaCa-2 RR cells were sequenced, but also plasma samples were analyzed 

during this project. Mitchell et al. and others demonstrated that miRNAs are not only 

stable in plasma, but furthermore, they can serve as biomarkers for the detection of 

cancer [196, 197]. Using the miRNA profile in the plasma, they were able to distinguish 

tumor-bearing mice from control mice [196, 197]. In line with their findings, this study 

showed that the miRNA profile of plasma samples from tumor-bearing mice (either 

derived from MIA PaCa-2 or MIA PaCa-2 RR) showed clear separation from control 

mice, i.e., mice without a tumor. Comparing the plasma samples from unirradiated 

MIA PaCa-2 tumor-bearing mice to MIA PaCa-2 RR tumor-bearing mice, only 

miR-625-3p was significantly upregulated in the RR tumors. Of note, this miRNA was 

additionally upregulated in MIA PaCa-2 RR tumors. Recent literature results confirm 

that this miRNA is associated with resistance to oxaliplatin [198, 199]. Colorectal 

cancer cells showed an oxaliplatin resistance after overexpression with miR-625 and 
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furthermore, miR-625 is elevated in colorectal cancer patients not responding to the 

oxaliplatin treatment [198, 199].  

In summary, three miRNAs commonly deregulated in Panc-1 RR and MIA Paca-2 RR 

cells were found. Furthermore, five miRNAs were deregulated in vitro and in vivo in 

MIA PaCa-2 RR cells and tumors, respectively. However, these miRNAs were not the 

same as the miRNAs deregulated in both cell lines. One reason for this could be that 

only MIA PaCa-2 and MIA PaCa-2 RR cells were investigated in vivo during this 

project. Interestingly, only miR-625-3p was upregulated in the plasma of 

MIA PaCa-2 RR tumor-bearing mice. In the literature, some of these deregulated 

miRNAs were shown to play a role in chemo- or radioresistance.  
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5. Conclusion and outlook 

While surgical resection is still the only possible curative treatment for pancreatic 

cancer, radiotherapy in combination with chemotherapy could be beneficial for those 

patients in an advanced stage, where surgery is no longer feasible. However, about 

70 % of patients receiving radiation treatment show no response and no overall 

benefit. The underlying mechanisms are still unknown; therefore, understanding the 

biological mechanisms involved in the radioresistance is crucial and may ultimately 

improve the poor treatment outcome in the future.  

The overall aim of this study was to investigate the underlying mechanisms 

contributing to radioresistance in pancreatic cancer. Therefore, two radioresistant 

human pancreatic cancer cell lines were generated through repeated exposure to 

gradually increasing fractions of irradiation. The radioresistance was not only 

confirmed in vitro but furthermore validated in vivo. The data suggest that reduced 

levels of ROS and improved DNA repair mechanisms might contribute to the acquired 

radioresistance. These results encourage further investigation, either the use of 

inhibitors of DNA damage response molecules or ROS-enhancing drugs in 

combination with radiotherapy, thereby improving the response to radiotherapy and 

thus the prognosis of pancreatic cancer patients.  

Furthermore, particle therapy, i.e., carbon ion radiotherapy, has emerged as an 

alternative to conventional x-ray radiotherapy due to its physical and biological 

benefits [200]. Carbon ion radiotherapy causes more clustered and complex DNA 

damage, which requires prolonged time to repair. Moreover, it is assumed that the 

DNA damage by carbon ions is primarily induced directly and that the indirect effect 

through ROS is only of less importance compared to x-rays [200]. In pancreatic cancer 

cell lines, it was observed that irradiation with carbon ion showed an enhanced 

cytotoxic effect compared to x-ray irradiation [201, 202] and the combination with 

chemotherapy was superior to the combined treatment with x-ray [203]. In clinical 

studies with locally advanced pancreatic cancer patients treated with carbon ion 

radiotherapy, the outcome has so far been favorable with limited toxicities [204, 205],
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and further clinical studies are in design [206]. The secondary role of ROS for the 

induction of DNA damage in carbon ion radiotherapy could potentially be beneficial 

for the treatment of radioresistant tumors, as this study showed that one mechanism 

leading to radioresistance in pancreatic cancer is the reduced oxidative stress in the 

radioresistant cell lines and therefore the overall diminishing effect of 

radiation-induced DNA damage.  

Apart from the lower levels of ROS and higher DNA repair capacity in the 

radioresistant cell lines, migration and invasion capability were differently affected. 

Whereas one radioresistant cell line showed a decrease in migration and invasion, the 

other radioresistant cell line exhibited a more aggressive phenotype with enhanced 

migratory and invasive characteristics. At the time of diagnosis, many pancreatic 

cancer patients present with metastasis, and therefore have an overall poor 

prognosis. Further investigations of the mechanisms leading to these opposing 

characteristics in the radioresistant cell lines might provide newer insights into the 

progression of pancreatic cancer to metastatic disease.  

Furthermore, several differentially expressed miRNAs may play a role in the acquired 

radioresistance. Investigating the pathways regulated by these miRNAs might offer 

more insights about radioresistance. In addition, these results warrant further studies 

of miRNAs as potential biomarkers predicting response to radiotherapy.   

The findings of this study constitute a substantial foundation for further investigations 

leading to a patient-specific biomarker that differentiates radiosensitive from 

radioresistant tumors and may allow the selective application of radiotherapy in 

pancreatic cancer patients. Through this strategy the actual benefits of local 

radiotherapy can be effectively leveraged while simultaneously avoiding 

overtreatment in patients with radioresistant tumors. 
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Appendix 

Appendix 1.  

Table A.1. RT2Profiler PCR Array Dataset in Panc-1 RR and MIA PaCa-2 RR. Fold change (2^(-ΔΔCT)) 
of normalised gene expression (2^(-ΔCT)) of RR cells to normalised gene expression (2^(-ΔCT)) of 
parental cells. nd = not detected (Cp > 35)  

Gene  

Panc-1 RR MIA PaCa-2 RR 

Fold change Fold change 

ALB 

ALOX12 

AOX1 

APOE 

ATOX1 

BNIP3 

CAT 

CCL5 

CCS 

CYBB 

CYGB 

DHCR24 

DUOX1 

DUOX2 

DUSP1 

EPHX2 

EPX 

FOXM1 

FTH1 

GCLC 

GCLM 

GPX1 

GPX2 

GPX3 

GPX4 

GPX5 

GPX6 

nd 

1.56 

3.29 

0.20 

1.93 

0.87 

1.27 

84.45 

1.24 

5.03 

2.75 

0.49 

2.55 

nd 

1.83 

0.62 

3.51 

1.87 

1.51 

1.97 

2.33 

1.43 

1.39 

0.50 

1.04 

nd 

nd 

nd 

2.06 

nd 

0.55 

0.74 

0.59 

1.75 

2.58 

0.74 

nd 

nd 

1.78 

0.53 

0.42 

1.31 

1.66 

1.42 

1.41 

1.77 

3.53 

1.43 

0.90 

1.47 

1.14 

0.86 

nd 

nd 
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GPX7 

GSR 

GSS 

GSTP1 

GSTZ1 

GTF2I 

HMOX1 

HSPA1A 

KRT1 

LPO 

MB 

MBL2 

MGST3 

MPO 

MPV17 

MSRA 

MT3 

1.92 

0.60 

2.19 

1.58 

2.71 

1.73 

1.65 

1.68 

nd 

nd 

11.96 

nd 

1.42 

2.53 

1.73 

2.36 

1.75 

nd 

1.46 

0.54 

0.84 

1.10 

0.93 

0.51 

2.16 

nd 

nd 

8.11 

nd 

1.21 

0.96 

0.90 

0.98 

1.39 

NCF1 

NCF2 

NOS2 

NOX4 

NOX5 

NQO1 

NUDT1 

OXR1 

OXSR1 

PDLM1 

PNKP 

PRDX1 

PRDX2 

PRDX3 

PRDX4 

PRDX5 

PRDX6 

PREX1 

PRNP 

PTGS1 

PTGS2 

0.71 

1.34 

2.07 

nd 

nd 

2.55 

1.01 

1.54 

2.27 

1.20 

2.45 

2.55 

2.27 

1.22 

2.69 

1.17 

1.45 

0.97 

1.42 

nd 

nd 

1.22 

1.21 

1.73 

nd 

nd 

1.11 

0.70 

1.11 

1.15 

0.04 

0.84 

1.20 

0.76 

0.91 

1.24 

0.78 

1.08 

nd 

0.76 

nd 

nd 
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PXDN 

RNF7 

SCARA3 

SELS 

SEPP1 

SFTPD 

SIRT2 

SOD1 

SOD2 

SOD3 

SQSTM1 

SRXN1 

STK25 

TPO 

TTN 

TXN 

TXNRD1 

TXNRD2 

UCP2 

1.39 

1.29 

1.56 

1.82 

0.79 

0.08 

2.22 

1.46 

2.48 

0.24 

1.59 

0.85 

0.93 

1.88 

nd 

2.23 

1.24 

1.01 

0.96 

0.76 

1.01 

4.99 

1.13 

1.10 

nd 

0.55 

0.86 

0.98 

0.41 

0.98 

0.96 

0.53 

nd 

nd 

0.81 

2.23 

1.06 

0.06 
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Appendix 2. 

Table A.2. Deregulated miRNAs in Panc-1 RR cells. Positive log2 fold changes indicate miRNAs 
upregulated in RR cells compared to parental cells, whereas negative log2 fold changes indicate 
miRNAs downregulated in RR cells. 

miRNA 
Panc-1 RR 

Log2 fold change p-adjust 

hsa-miR-135b-5p 

hsa-miR-147b 

hsa-miR-155-5p 

hsa-miR-146a-5p 

hsa-miR-34c-5p 

hsa-miR-33b-3p 

hsa-miR-574-5p 

hsa-miR-186-5p 

hsa-miR-3613-5p 

hsa-miR-181d-5p 

hsa-miR-641 

hsa-miR-7-5p 

hsa-miR-937-3p 

hsa-miR-212-5p 

hsa-miR-330-5p 

hsa-miR-152-3p 

hsa-miR-22-3p 

hsa-miR-99a-5p 

hsa-miR-222-3p 

hsa-miR-22-5p 

hsa-miR-589-5p 

hsa-miR-4664-3p 

hsa-miR-181b-5p 

hsa-miR-221-5p 

hsa-miR-665 

hsa-miR-485-5p 

hsa-miR-126-3p 

hsa-miR-30e-3p 

hsa-miR-1303 

hsa-miR-425-3p 

hsa-miR-556-5p 

hsa-miR-128-1-5p 

2.62 

2.33 

1.94 

1.60 

1.51 

1.42 

1.21 

1.19 

1.15 

1.12 

1.12 

1.10 

1.09 

1.03 

0.94 

0.93 

0.92 

0.90 

0.88 

0.81 

0.77 

0.77 

0.74 

0.74 

0.73 

-0.72 

-0.72 

-0.73 

-0.75 

-0.76 

-0.76 

-0.78 

2.63E-29 

2.85E-47 

7.64E-45 

6.53E-52 

9.04E-38 

2.03E-10 

2.25E-05 

3.99E-32 

1.50E-06 

6.02E-12 

1.33E-21 

2.18E-28 

5.05E-05 

1.15E-07 

3.68E-12 

2.76E-11 

1.15E-26 

3.25E-14 

4.90E-18 

8.04E-15 

9.64E-09 

4.94E-04 

1.25E-10 

5.16E-03 

2.73E-05 

1.77E-05 

2.81E-13 

9.90E-13 

4.39E-13 

1.06E-05 

1.26E-02 

7.74E-03 
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hsa-miR-106b-3p 

hsa-miR-424-3p 

hsa-miR-361-5p 

hsa-miR-15b-3p 

hsa-miR-30c-1-3p 

hsa-miR-27b-5p 

hsa-miR-335-3p 

hsa-miR-374b-5p 

hsa-miR-374a-5p 

hsa-miR-1292-5p 

hsa-miR-374b-3p 

hsa-miR-16-2-3p 

hsa-miR-374a-3p 

hsa-miR-1257 

hsa-miR-95-3p 

hsa-miR-129-5p 

hsa-miR-138-5p 

hsa-miR-25-5p 

hsa-miR-187-3p 

hsa-miR-1-3p 

hsa-miR-10b-5p 

hsa-miR-363-3p 

-0.78 

-0.79 

-0.85 

-0.87 

-0.88 

-0.94 

-0.96 

-1.09 

-1.10 

-1.18 

-1.23 

-1.26 

-1.37 

-1.38 

-1.39 

-1.47 

-1.72 

-1.73 

-2.10 

-2.22 

-3.43 

-4.39 

1.07E-26 

3.46E-09 

1.51E-06 

1.01E-07 

8.71E-04 

8.62E-11 

2.08E-26 

5.76E-20 

1.85E-24 

6.60E-07 

2.26E-05 

6.35E-21 

1.02E-26 

1.08E-07 

1.18E-06 

2.29E-22 

1.70E-12 

1.10E-11 

3.71E-40 

2.50E-62 

8.15E-168 

6.83E-114 
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Appendix 3. 

Table A.3. Deregulated miRNAs in MIA PaCa-2 RR cells. Positive log2 fold changes indicate miRNAs 
upregulated in RR cells compared to parental cells, whereas negative log2 fold changes indicate 
miRNAs downregulated in RR cells. 

miRNA 
MIA PaCa-2 RR 

log2FC p-adjust 

hsa-miR-210-3p 

hsa-miR-195-3p 

hsa-miR-542-3p 

hsa-miR-937-3p 

hsa-miR-4521 

hsa-miR-450b-5p 

hsa-miR-10a-3p 

hsa-miR-181a-5p 

hsa-miR-98-5p 

hsa-miR-148b-3p 

hsa-miR-450a-5p 

hsa-miR-1269b 

hsa-miR-320a 

hsa-miR-3529-5p 

hsa-miR-181a-2-3p 

hsa-miR-320b 

hsa-miR-10b-5p 

hsa-miR-361-3p 

hsa-miR-503-5p 

hsa-miR-424-3p 

hsa-miR-10a-5p 

hsa-miR-532-3p 

hsa-miR-3934-5p 

hsa-let-7f-1-3p 

hsa-miR-941 

hsa-miR-1307-5p 

hsa-miR-149-5p 

hsa-miR-130b-5p 

hsa-miR-500a-3p 

hsa-miR-103a-3p 

hsa-miR-7-5p 

hsa-miR-126-3p 

1.93 

1.81 

1.08 

0.94 

0.90 

0.90 

0.89 

0.86 

0.85 

0.85 

0.84 

0.83 

0.83 

0.77 

0.75 

0.75 

0.74 

0.74 

0.73 

0.73 

0.72 

-0.81 

-0.81 

-0.81 

-0.82 

-0.83 

-0.90 

-0.92 

-0.96 

-0.96 

-1.01 

-1.05 

1.88E-16 

3.41E-15 

1.09E-10 

9.87E-07 

1.40E-04 

5.33E-09 

8.89E-15 

6.57E-10 

9.34E-22 

5.01E-19 

2.19E-06 

1.80E-14 

1.81E-15 

5.16E-03 

2.86E-12 

7.60E-11 

2.41E-06 

2.19E-06 

3.56E-09 

3.78E-05 

1.46E-15 

2.50E-03 

8.22E-04 

9.33E-08 

1.11E-10 

1.01E-03 

5.35E-17 

3.62E-15 

2.08E-09 

1.46E-15 

2.49E-16 

1.82E-24 
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hsa-miR-362-5p 

hsa-miR-502-3p 

hsa-miR-532-5p 

hsa-miR-501-3p 

hsa-miR-188-5p 

hsa-miR-148a-3p 

hsa-miR-139-5p 

hsa-miR-335-3p 

hsa-miR-100-5p 

-1.09 

-1.25 

-1.31 

-1.40 

-1.58 

-2.00 

-2.03 

-4.29 

-5.10 

2.78E-08 

4.49E-13 

7.25E-39 

1.61E-29 

9.53E-10 

3.76E-58 

4.47E-25 

6.86E-31 

2.27E-160 
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Appendix 4. 

Table A.4. Deregulated miRNAs in MIA PaCa-2 RR tumor tissue without irradiation. Positive log2 fold 
changes indicate miRNAs upregulated in RR tumors compared to parental tumors, whereas negative 
log2 fold changes indicate miRNAs downregulated in RR tumors. 

miRNA log2FC p-adjust 

hsa-miR-1269b 

hsa-miR-486-5p 

hsa-miR-151a-3p 

hsa-miR-576-3p 

hsa-miR-486-3p 

hsa-miR-221-5p 

hsa-miR-221-3p 

hsa-miR-576-5p 

hsa-miR-6510-3p 

hsa-miR-222-3p 

hsa-miR-135b-5p 

hsa-miR-625-3p 

hsa-miR-103a-3p 

hsa-miR-503-5p 

hsa-miR-660-5p 

hsa-miR-107 

hsa-miR-146a-5p 

hsa-miR-500a-3p 

hsa-miR-149-5p 

hsa-miR-23a-3p 

hsa-miR-330-3p 

hsa-miR-194-5p 

1.09 

1.12 

1.21 

1.26 

1.40 

1.52 

1.55 

1.57 

1.58 

1.79 

2.68 

3.03 

-1.66 

-1.40 

-1.39 

-1.31 

-1.25 

-1.18 

-1.13 

-1.04 

-1.02 

-1.00 

6.23E-06 

2.37E-05 

4.73E-03 

1.65E-05 

1.92E-02 

5.86E-07 

6.54E-08 

4.70E-05 

1.34E-03 

1.80E-07 

8.57E-16 

9.32E-10 

2.96E-08 

6.04E-06 

9.22E-05 

3.01E-03 

2.22E-03 

9.22E-05 

2.11E-05 

4.78E-03 

3.33E-05 

3.67E-03 
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Appendix 5.  

Table A.5. Deregulated miRNAs in MIA PaCa-2 RR tumor tissue with 5 Gy irradiation. Positive log2 fold 
changes indicate miRNAs upregulated in RR tumors compared to parental tumors, whereas negative 
log2 fold changes indicate miRNAs downregulated in RR tumors.  

miRNA log2FC p-adjust 

hsa-miR-151a-5p 

hsa-miR-486-5p 

hsa-miR-193b-3p 

hsa-miR-345-5p 

hsa-miR-3617-5p 

hsa-miR-486-3p 

hsa-miR-338-5p 

hsa-miR-576-3p 

hsa-miR-221-5p 

hsa-miR-576-5p 

hsa-miR-222-3p 

hsa-miR-221-3p 

hsa-miR-135b-5p 

hsa-miR-625-3p 

hsa-miR-203a-3p 

hsa-miR-424-3p 

hsa-miR-200a-3p 

hsa-miR-146a-5p 

hsa-miR-200b-3p 

hsa-miR-103a-3p 

hsa-miR-503-5p 

hsa-miR-27a-5p 

hsa-miR-660-5p 

hsa-miR-615-3p 

hsa-miR-107 

hsa-miR-149-5p 

hsa-miR-330-3p 

hsa-miR-1299 

hsa-miR-500a-3p 

hsa-miR-181a-2-3p 

1.02 

1.11 

1.12 

1.21 

1.21 

1.28 

1.32 

1.50 

1.83 

1.85 

1.87 

1.88 

2.81 

3.27 

-3.35 

-1.44 

-1.42 

-1.40 

-1.29 

-1.28 

-1.28 

-1.27 

-1.20 

-1.19 

-1.15 

-1.14 

-1.13 

-1.12 

-1.06 

-1.03 

4.53E-07 

3.70E-05 

9.32E-05 

8.03E-07 

3.42E-04 

1.75E-05 

1.77E-05 

1.37E-05 

1.01E-18 

1.52E-08 

2.46E-35 

3.13E-08 

2.53E-26 

2.08E-18 

3.14E-02 

1.01E-05 

1.25E-02 

1.78E-05 

2.02E-02 

4.26E-07 

2.24E-05 

6.57E-05 

5.91E-03 

4.11E-03 

4.57E-03 

2.21E-10 

4.11E-10 

1.19E-03 

1.66E-06 

6.11E-03 
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Appendix 6. 

Table A.6. Deregulated miRNAs in MIA PaCa-2 RR tumor tissue with 10 Gy irradiation. Positive log2 
fold changes indicate miRNAs upregulated in RR tumors compared to parental tumors, whereas 
negative log2 fold changes indicate miRNAs downregulated in RR tumors. 

miRNA log2FC p-adjust 

hsa-miR-222-3p 

hsa-miR-99a-5p 

hsa-miR-125b-1-3p 

hsa-miR-409-3p 

hsa-miR-338-5p 

hsa-miR-151a-3p 

hsa-miR-6510-3p 

hsa-miR-370-3p 

hsa-miR-576-3p 

hsa-miR-576-5p 

hsa-miR-625-3p 

hsa-miR-103a-3p 

hsa-miR-424-3p 

hsa-miR-503-5p 

hsa-miR-660-5p 

hsa-miR-107 

hsa-miR-149-5p 

hsa-miR-23a-3p 

1.10 

1.12 

1.34 

1.38 

1.38 

1.40 

1.46 

1.48 

1.80 

1.86 

2.80 

-1.37 

-1.37 

-1.22 

-1.20 

-1.19 

-1.10 

-1.03 

3.27E-02 

1.68E-03 

4.15E-03 

6.76E-03 

1.24E-04 

8.20E-06 

3.69E-06 

3.44E-02 

9.86E-07 

2.79E-11 

2.79E-11 

5.23E-06 

8.59E-03 

1.13E-02 

1.19E-03 

4.30E-04 

2.36E-06 

1.31E-05 
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