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Zusammenfassung  

The author of this dissertation has not translated this abstract.  

 

Das duktale Adenokarzinom des Pankreas (PDAC) ist eine hochgradig 

lebensbedrohliche Krebsart. Veränderte extrazelluläre und intrazellulä re pH-Werte 

(pH e und pH i) gehºren zu den allgemeinen ĂHallmarks of cancerñ, wobei eine groÇe 

Bedeutung dem sauren extrazellulärem pH geschenkt wird. Da das PDAC aus dem 

exokrinen Teil der Bauchspeicheldrüse stammt, besitzt es die Fähigkeit, 

schwankenden pH-Werten zu widerstehen und diese sogar zu regulieren. Tumor -

necrosis-factor (TNF) -related apoptosis-inducing ligand (TRAIL) kann an seine 

beiden plasmamembrangebundenen Todesrezeptoren TRAIL-R1 und TRAIL-R2 

binden und somit Apoptose in Tumorzellen induzier en, während gesunde Zellen 

verschont bleiben. Dies führte zur Entwicklung von TRAIL/TRAIL -R-basierten 

Therapeutika. In klinischen Studien blieben die Ergebnisse allerdings hinter den 

Erwartungen zurück, da Tumorzellen häufig TRAIL -Resistenzmechanismen 

entwickeln. Dennoch darf TRAIL aufgrund seiner Bedeutung in der Physiologie 

beziehungsweise Pathophysiologie bei Krebserkrankungen und aufgrund der 

limitierten Therapieoptionen von Bauchspeicheldrüsenkrebs nicht außer Acht 

gelassen werden. Aufgrund dessen ist das Ziel dieser Arbeit, das Zusammenspiel 

zwischen der pH-Mikroumgebung und der TRAIL -induzierten Signalübertragung im 

PDAC zu verstehen. Um den Einfluss des extrazellulären pHs umfassend zu 

untersuchen und mögliche kurz- wie langfristige Anpassungen an den pH 

festzustellen, wurden zwei PDAC Zelllinien Colo357 und Panc1 gewählt. Die beiden 

Zelllinien sind unterschiedlich sensitiv im Bezug auf TRAIL -induzierte Apoptose. Die 

Colo357 Zellen sind TRAIL sensitiv und die Panc1 Zellen gehören dem resistenten 

Typus an. Die langfristige Exposition gegenüber sauren pHe erhöhte die TRAIL-

Sensitivität von Colo357 Zellen, während es bei den Panc1 Zellen kaum einen Einfluss 

zeigte. Diese PDAC Zellen behielten die TRAIL-Resistenz vermutlich durch (1) einen 

verringerten Pro teinspiegel von TRAIL-R1 und eine geringere 

Zelloberflächenexpression sowohl von TRAIL-R1 als auch TRAIL-R2 nach der 

Säureadaption. Ferner (2) konnten in beiden Zelllinien, Unterschiede und 

Veränderungen in den TRAIL-induzierten pro -apoptotischen und pro-

inflammatorischen Signalwegen, sowie in den Expressionslevel der anti-
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apoptotischen Proteine beobachtet werden. Des Weiteren (3) konnten säureadaptierte 

Panc1-Zellen durch Verwendung eines Bcl-xL-Inhibitors (Navitoclax) für TRAIL 

sensibilisiert werden, was die Bedeutung der mitochondrialen Amplifikationsschleife 

in (Typ II) PDAC -Zellen hervorhebt. Auch (4) zeigten Panc1 Zellen höhere pHi-Steady-

State-Werte als die Colo357 Zellen, was darauf hindeutet, dass Panc1-Zellen ein 

robustes ionenregulierendes Netzwerk aufweisen. (5) Erhöhte Konzentrationen des 

Na+/H+ Austauscher 1 (NHE1), Monocarboxylat -Transporter 4 (MCT4) und 

Carboanhydrase IX (CAIX) nach Säureadaption in Panc1 Zellen verglichen mit den 

Colo357 Zellen unterstützen diese Hypothese.  (6) Es kann angenommen werden, dass 

die beobachtete Senkung des TRAIL-R1 Spiegels die Wechselwirkungen zwischen 

TRAIL -R2 und TRAIL -R4 verändert, was wiederum den pHi-Wert und das 

Zellüberleben beeinflussen könnte. Weiterhin (7), könnten Säureextru der eine 

essentielle Rolle bei der Aufrechterhaltung oder Induktion einer TRAIL -Resistenz bei 

PDAC  spielen.  
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Summary  

Pancreatic ductal adenocarcinoma (PDAC) is a highly life-threatening type of cancer. 

Altered extracellular and intracellular pH (pH e and pH i) has become a common 

hallmark of cancer, with pH e being particularly acidic. By originating from the 

exocrine pancreas, PDAC has a natural capacity to withstand and regulate fluctuating 

pH e. Tumor necrosis factor (TNF) -related apoptosis-inducing l igand (TRAIL) can bind 

to its two plasma membrane-bound death receptors, TRAIL-R1 and TRAIL-R2, and 

induce apoptosis in tumor cells while sparing healthy cells. This led to the development 

of TRAIL/TRAIL -R-based therapeutic drugs. Unfortunately, clinical t rials have shown 

disappointing outcomes since tumor cells often develop TRAIL resistance 

mechanisms. Nevertheless, TRAIL cannot be underestimated due to its importance in 

(patho)physiology and cancer and considering the disappointing therapy options for 

targeting PDAC. Therefore, this study sought to understand the interplay between the 

pH microenvironment and TRAIL -induced signaling in PDAC. To extensively study 

the influence of pH e, acute and long-term (adaptation) pH e exposure were projected 

to the two PDAC cell lines, Colo357 and Panc1. Each has distinct TRAIL sensitivity 

profiles, Colo357 cells being TRAIL-sensitive and Panc1 TRAIL-resistant. Long-term 

exposition to acidic pH e increased TRAIL sensitivity in  the TRAIL -sensitive cell line 

Colo357, whereas Panc1 cells were barely affected. PDAC cells maintained TRAIL 

resistance presumably through (1) decreased protein levels of TRAIL-R1 and cell 

surface expression of both TRAIL -R1 and TRAIL-R2 after acid-adaptation. Secondly 

(2), apparent differences and changes in TRAIL-induced signaling pathways, such as 

the pro-apoptotic  and pro-inflammatory  as well as in the expression levels of anti -

apoptotic proteins, were observed in the two PDAC cell lines. Thirdly (3), acid-adapted 

Panc1 cells could be sensitized to TRAIL by using an inhibitor (Navitoclax) of Bcl -xL, 

proving the importance of the mitochondrial amplification loop in (Type II) PDAC 

cells. Fourthly (4), Panc1 cells showed higher pHi steady-state values than Colo357 

cells, implying that Panc1 cells exhibit a robust ion -regulating network. (5) Increased 

Na+/H + exchanger 1 (NHE1), monocarboxylate transporter 4 (MCT4), and carbonic 

anhydrase IX (CAIX) levels in Panc1 cells compared to Colo357 cells upon acid-

adaptation supports that hypothesis. (6) Lowering TRAIL -R1 levels can possibly alter 

interactions between TRAIL -R2 and TRAIL-R4, which may influence pH i and cell 



9 

 

survival. (7) Acid extruders may be essential in maintaining or inducing  TRAIL 

resistance in PDAC. 
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1. Introduction  

1.1. Pancreas physiology  

1.1.1. Location and structure  

The pancreas anatomy is illustrated in Fig. 1 and reprinted (with only a few adaptions)  

from (Bardeesy and DePinho 2002). It appears yellowish and elongated, resembling a 

hook, and can be divided into four parts: head, neck, body, and tail (Fig. 1A)  

(Mahadevan 2019; Henry, Skinningsrud, et al. 2019). The pancreas is located on the 

posterior wall of the abdominal cavity,  surrounded by vessels and organs such as the 

duodenum, spleen, and stomach (Henry, Skinningsrud, et al. 2019).  

 

 

Figure 1: Anatomy of the pancreas.  (A) Gross anatomy of the pancreas. (B) The 

exocrine pancreas. (C) Overview of one single acinus. (D) Pancreatic islet enclosed in 

exocrine tissue. Alpha (Ŭ), beta (ȁ), delta (ŭ), PP (Ȃ cells), and epsilon (Ů). Figure reprinted 

(with only a few adaptions)  from (Bardeesy and DePinho 2002). 
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1.1.2.  óTwo organs in one ô 

The pancreas is embryonically developed exclusively from the endoderm, which forms 

the organ with two entirely distinct functions, referring to the pancreas as ôtwo organs 

in oneô (Fusco, El-Gohary, et al. 2019; Bakhti, Böttcher, et al. 2019). These two 

fundamental functions that comprise the pancreas are carried out in the exocrine 

pancreas, which secretes alkaline fluids rich in enzymes into the digestive tract, and in 

the endocrine pancreas, where hormones are secreted into the bloodstream (Bakhti, 

Böttcher, et al. 2019; Novak, Haanes, et al. 2013). 

 

 

1.1.3.  Endocrine pancreas  

As illustrated in Fig. 1D, the endocrine pancreas is composed of tiny  clusters of cells 

referred to as óislets of Langerhansô, described first by Langerhans (Henry, 

Skinningsrud, et al. 2019; Langerhans 1869). In humans, there are five different types 

of hormone-secreting endocrine cells (secreting hormone shown in brackets):  Ŭ 

(glucagon), ȁ (insulin), ŭ (somatostatin), PP or Ȃ (pancreatic polypeptide), and Ů 

(ghrelin) (Da Silva Xavier 2018). The most abundant of the endocrine cells are ȁ cells, 

which comprise ~60% of the islets, while the rest of the cell types are divided between 

Ŭ cells (~30%), ŭ cells (<10%), Ȃ cells (<5%), and finally Ů cells. Around 3.2 million 

islets are found in the human pancreas, which gives an islet percentage from the total 

pancreas volume of ~4.5% (Ionescu-Tirgoviste, Gagniuc, et al. 2015). The exocrine 

Box  1 ï Understanding pH  

The notional definition of pH is:  

pH = -log[H +]  

where [H+] is the proton concentration in M  (Covington, Bates, et al. 1985). 

For a pH 6.5 solution, the [H +] is: 10[ -pH] = pH Ą 10-6.5 = 3.16 x 10-7 M 

Examples of pH and their [H +]:  

 

pH  [H +] concentration in nM  

pH 7.6 25 

pH 7.4 40 

pH 7.1 79 

pH 6.8 158 

pH 6.5 316 

Hence, one should be aware when working with pH that a change from e.g., 7.4 
to 7.1 and from 7.1 to 6.8 is not the same, even though they are both 0.3 pH units.  
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pancreas is, therefore, the most abundant part of the pancreas compared to the 

endocrine pancreas. 

 

1.1.4.  Exocrine  pancreas  

In the exocrine pancreas, two types of cells exist, acinar and duct cells. Together they 

form a tree-like structure, with acinar cells representing the crown and duct cells as 

the branches (Fig. 1A-C) (Dahl-Jensen, Yennek, et al. 2018). The acinar cells comprise 

most of the total pancreas mass, and duct cells only a minor part (~10% in cell number 

and ~5% in total pancreatic gland weight) (Lee, Ohana, et al. 2012). The morphology 

of acinar cells appears relatively uniform. Their job is to secrete digestive enzymes, a 

fluid rich in NaCl , and factors important for downstream signaling in duct cells 

(Novak, Haanes, et al. 2013). Various enzymes, found as proenzymes or inactive forms, 

are released through the ductal system and into the duodenum (Bakhti, Böttcher, et 

al. 2019). Trypsinogen (a zymogen) will only become activated upon its arrival in the 

duodenum. Here its inhibitory portion is cleaved off by enteropeptidases, leading to 

the activation of  all other enzymes (Holzinger, Maier, et al. 2002 ). In contrast to acinar 

cells, duct cells appear morphologically different, progressing from flat c entroacinar, 

intercalated, intralobular, and interlobular to columnar heterogenous ómain duct cellsô 

located at larger distal ducts (Fig. 2) (Novak, Haanes, et al. 2013; Lee, Ohana, et al. 

2012; Ishiguro, Yamamoto, et al. 2012).  
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Figure 2: Pancreatic duct system.  A schematical drawing illustrating the changing 

morphology of duct cells throughout the pancreatic ductal tree. Figure reprinted  from 

(Ishiguro, Yamamoto, et al. 2012). 

 

Pancreatic ducts secrete HCO3--rich fluid (40 -150 mM, with potential pH over 8), 

mucus, and enzyme-rich fluid produced by the acini cells to the lumen (Novak, 

Haanes, et al. 2013; Dahl-Jensen, Yennek, et al. 2018; Novak, Wang, et al. 2011). The 

HCO3- equilibrium is normally  low (25 mM) at pH 7.4 and 5% CO2 (Lee, Ohana, et al. 

2012). Generally, pancreatic ducts secrete an isotonic NaHCO3-rich fluid . However, 

the concentration of HCO3- is not constant and is mirrored by the secretory rates 

(Novak, Haanes, et al. 2013). HCO3- is a biological pH buffer that not only neutralizes 

gastric acids, maintain s an optimal pH microenvironment in the duodenum for 

optimal digestion , but also protects all cells against toxic extracellular pH  (pH e) and 

intracellular pH  (pH i) fluctuations (Novak, Haanes, et al. 2013; Lee, Ohana, et al. 2012; 

Quinton 2001 ). Furthermore, the high alkaline pH secreted by the pancreatic ducts 

helps maintain enzymes inactive until they reach the duodenum (Dahl-Jensen, 

Yennek, et al. 2018). Mucus, which has a protective effect on epithelial cells, has also 

been shown to be critically affected by pH (Lee, Ohana, et al. 2012). Disruption of 

proper mucin production has been linked to inflammatory disorders in the pancreas 
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and drug resistance in pancreatic cancer (Moniaux, Andrianifahanana, et al. 2004 ; 

Jonckheere, Skrypek, et al. 2010).  

 

 

1.1.5. The pH microenvironment  

As implied in section 1.1.4, the exocrine pancreas acquires an enormous acid/base 

transport capacity, where they manage a reversed form of ion transport with acid/base 

on one side and base/acid on the opposite side of the epithelial cell (Fig. 4) (Novak, 

Haanes, et al. 2013). 

Box  2 ï The i mportance of pH in normal cellular functions  

Thorough pH regulation plays a central role in many eukaryotic cells, which are 
highly compartmentalized. Each membrane-enclosed organelle holds specific 
functions, such as energy storage, metabolic pathways, DNA storage and gene 
regulation, protein synthesis, -folding, -transportation, and -modification. The 
pH of each organelle can differ highly (Fig. 3), and is crucial for its function, e.g., 
lysosomes contain the most acidic pH (pH 4.5- 4.7), which is necessary for the 
activity of lysosomal proteases (Casey, Grinstein, et al. 2010).  

 

 
Figure 3: The pH of individual organelles in a mammalian cell. Figure 
reprinted from (Casey, Grinstein, et al. 2010). 
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Figure 4: Acid/base transport in pancreatic ducts.  The simplified model illustrates 

the HCO3
- and H+ transport across one pancreatic duct cell. On one side, increased HCO3

- 

amounts are transported to the lumen, while on the other side, an increased amount of H+ 

is transported to the interstitium. Figure  reprinted  from  (Novak, Haanes, et al. 2013), and 

quality improved with BioRender.com .  

 

Both acini and ducts have a structured network of ion channels, ion pumps, and ion 

transporters  that enable them to regulate secretion and pH in the lumen and 

interstitium, as well as pH i. Thus, pancreatic epithelial cells form a unique and 

dynamic pH microenvironment to perform  proper exocrine pancreatic function  (Fig. 

5) (Novak, Haanes, et al. 2013; Pallagi, Hegyi, et al. 2015; Kong, Gianuzzo, et al. 2014; 

Dolenġek, Pohorec, et al. 2017).  

 



23 

 

 

Figure 5: Exocrine pancreas secretion show s the ion -regulating network 

composition of  acinar and duct cells.  (A) Gross overview of exocrine pancreas 

secretion. (B) Model for the ion -regulating network  in pancreatic acinar cells. (C) Model 

for the ion-regulating network  in pancreatic duct cells. Figure adapted from (Novak, 

Wang, et al. 2011; Novak and Praetorius 2016) and created by Sofie Hagelund with 

BioRender.com.   

1.1.5.1. The mechanism of pancreatic acini cell secretion  

The first stage of secretion begins in the acini, where enzymes, NaCl-rich fluid , and 

adenosine triphosphate (ATP) are released into the lumen (Fig. 5A) (Novak and 

Praetorius 2016). This is mediated by various receptors and their ligands , such as 

secretin, acetylcholine (ACh), vasoactive intestinal peptide (VIP), and cholecystokinin 

(CCK). ACh and CCK are the two primary  mediators for digestive enzyme release in 

acinar cells (Dolenġek, Pohorec, et al. 2017).  

 

Upon stimulation of the acinar cells, Ca2+ is highly increased and must be extruded 

from the cell. This process is achieved by the plasma membrane Ca2+ ATPase (PMCA), 

which becomes activated upon intracellular Ca2+ increase. The calcium transporter 1 

(CaT1) is activated upon Ca2+ reduction and transport s Ca2+ back into the cell (Fig. 5B) 

(Yue, Peng, et al. 2001; Petersen and Fedirko 2001). Due to the increased intracellular  

Ca2+ levels, the Ca2+-activated Clī channel (CaCC) is activated and exports Cl- out of 
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the cell, which creates an osmotic drive for H2O molecules and Na+ via a paracellular 

pathway through tight junctions (Fig. 5B) (Berg, Yang, et al. 2012; Steward, Ishiguro, 

et al. 2005). On the basolateral site of the acinar cell, the Na+-K+-2Cl- cotransporter 

(NKCC) maintain s the general driving force for secretion in acinar cells by keeping 

intracellular Cl - higher than its equilibrium membrane potential  (Fig. 5B) (James E. 

Melvin, David Yule, et al. 2005). Also, the Cl /HCO 3  anion exchanger 2 (AE2) is 

expressed on the basolateral side of acini cells and is involved in maintaining high 

intracellular Cl - levels while extruding HCO3- (Fig. 5B) (Wang, An, et al. 2021). The 

Na+/H + exchanger 1 (NHE1) plays a critical role in  the pH i regulation of both resting 

and stimulated acinar cells (Fig. 5B) (Brown, Melvin, et al. 2003 ). The resting 

membrane potential is established by the Na+, K+-ATPase, which moves three Na+ out 

of, and two K+ into the cell  (Fig. 5B) (Morth, Pedersen, et al. 2011). Ca2+-activated K+ 

channels of intermediate conductance (IK ) and big conductance (BK) are both needed 

to maintain the driving force for anion exit but are also responsible fo r stabilizing the 

resting membrane potential  by recircuiting K + brought in by the Na+,K+-ATPase (Fig. 

5B) (Steward, Ishiguro, et al. 2005; Hede, Amstrup, et al. 2005).  

 

1.1.5.2.  The mechanism of pancreatic duct cell secretion  

Like acinar cells, the duct cells have receptors for secretin, ACh, and VIP on the 

basolateral site. On the apical side, they have the receptor for ATP. As mentioned in 

section 1.1.5.1, acinar cells secrete ATP, which can be done through vesicular exocytosis 

or transporters . ATP will activate P2 receptors or/and adenosine receptors, which 

regulate pancreatic duct signaling pathways, hence ductal secretion (Kowal, Yegutkin, 

et al. 2015; Wang, Haanes, et al. 2013). By increasing intracellular Ca2+ levels, the P2 

receptor regulates IK, BK, and CaCC. However, it has also been shown to stimulate 

cAMP/PKA signaling, activating  the cAMP-activated Cl- channel cystic fibrosis 

transmembrane conductance regulator (CFTR) (Wang, Haanes, et al. 2013). Both 

CFTR and CaCC extrude Cl- out of the cell, which creates the driving force for the Clï

/HCO 3- exchanger SLC26A6, which extrudes HCO3ï and take up Cl- from the lumen. 

Intracellular HCO 3- levels are created from CO2 by carbonic anhydrase (CA) (Steward, 

Ishiguro, et al. 2005 ). The Na+-HCO3- co-transporter NBCe1 (also known as pNBC1) 

mediates basolateral HCO3- entry in the duct cells and has also been shown to regulate 

pH i after acid load (Abuladze, Lee, et al. 1998). As in the acinar cells, NHE1 extrudes 

H+, while the Na+,K+-ATPase, IK, and BK maintain the resting membrane potential. 
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Furthermore, t he H+/K +-ATPases also contribute to H + extrusion  (Wang, Barbuskaite, 

et al. 2015). 

 

1.2.  Pancreatic ductal adenocarcinoma  (PDAC)  

Pancreatic cancer is currently the fourth  leading cause of cancer deaths, despite being 

relatively infrequent  (Siegel, Miller, et al. 2022). It  is projected to be the second leading 

cause of cancer by 2030 in the US (Rahib, Wehner, et al. 2021). The incidence and 

mortality rates ha ve been increasing for  decades, and only in the past few years has a 

promising decrease in the mortality rate  shown (Saad, Turk, et al. 2018). Despite this 

positive development, the five-year survival rate remains low (9-11%) due to poor early 

detection, inadequate therapy options, and no available screening tests. Pancreatic 

ductal adenocarcinoma (PDAC) accounts for more than 90% of all pancreatic cancer 

cases (Siegel, Miller, et al. 2022; Wild, Weiderpass, et al. 2020; American-Cancer-

Society 2022). This cancer type occurs in the exocrine pancreas, and due to the typical 

morphology of the tumor cells, PDAC has long been thought to arise solely from the 

ductal cells. However, transitioning acinar cells that ad opt a ductal morphology have 

also been observed, which questions the cell origin of PDAC cells (Backx, Coolens, et 

al. 2022).  

 

1.2.1.  The pH microenvironment in PDAC  cells  

Dysregulation of the pH microenvironment has been shown to contribute to PDAC 

development (Kong, Gianuzzo, et al. 2014; Schnipper, Dhennin -Duthille, et al. 2020 ; 

Pedersen, Novak, et al. 2017), where the cancer cells become highly dependent on the 

altered pH regulation to maintain their  glycolytic metabolism (Swietach 2019). 

Common tumor microenvironment characteristics are illustrated in Fig. 6 and include 

hypoxia and reduced glucose levels, while acidosis and lactate build up as the distance 

increase from vasculature (Boedtkjer and Pedersen 2020).  
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Figure 6: Key features of the tumor microenvironment in a solid tumor. Low 

O2 and glucose levels decrease with increasing distance from the blood supply, while 

contrarily , H+ and lactate levels increase. Figure adapted from (Boedtkjer and Pedersen 

2020) and created with BioRender.com. 

 

Due to this change in glycolytic metabolism, even in a well-oxygenated 

microenvironment  known as the óWarburg effectô (Warburg, Posener, et al. 1924; 

Warburg 1956), the majority of cancers have dysregulated pHe microenvironment . 

More specifically, the Warburg effect is defined by an increase in glucose uptake and a 

preferential production of lactate even in the presence of O2. Hence, with  elevated 

lactate production, increased secretion of both lactate and H+ takes place, which 

contribute s to acidosis in PDAC (Kato, Maeda, et al. 2018; Vander Heiden, Cantley, et 

al. 2009; Liberti and Locasale 2016). The pHe in normal  cells (except for certain 

epithelia , e.g., pancreas and colon) is between 7.3 to 7.4, while some human tumor 

values can go as low as 5.6. However, the most common pH e values have been 

measured between 6.4 and 7.0 (Boedtkjer and Pedersen 2020). The accumulation of 

lactate and H+ are regulated by ion channels, ion transporters, and enzymes, creating 

acidosis and maintaining  pH i in the cancer cells. Ultimately, this promotes tumor 

progression, survival, and therapy resistance (Kong, Gianuzzo, et al. 2014; Vaupel, 

Schmidberger, et al. 2019). 

 

Cells typically respond to extracellular changes, and this also applies to pH e. Thus, 

changes in pHe impact pH i, even though it is usually well-maintained at a neutral state. 
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Subsequently, pHe influences cellular physiology mediated by pH i regulation achieved 

by signaling proteins sensitive to pH e alterations  (Swietach 2019; Michl, Park, et al. 

2019; Boron 2004 ). Upon acid exposure, cells will generally not demonstrate ideal pH i 

homeostasis, resulting  in a drop of steady-state pHi in (even well-perfused single) cells 

(Swietach 2019; Boron 2004 ; Kato, Ozawa, et al. 2013). It could consequently be a way 

for the cells to protect themselves from lactate retention, which can occur if the pH i is 

considerably higher than pH e (Swietach 2019). Furthermore, it has been shown that 

intracellular acidification (decrease of 0.3 -0.4 pH i values) occurs in mammalian cells 

during apoptosis (Lagadic-Gossmann, Huc, et al. 2004; Sergeeva, Shirmanova, et al. 

2017; Matsuyama, Llopis, et al. 2000). This can occur after multiple types of apoptotic 

stimuli such as UV exposure, growth factor deprivation, triggering of death receptors, 

and mitochondria -mediated apoptosis. Besides, intracellular acidification can be 

either caspase-independent or caspase-dependent (Lagadic-Gossmann, Huc, et al. 

2004 ). This knowledge suggests that pH e could affect the apoptotic response in PDAC 

cells. 

1.2.1.1. The pH microenvironment ódefense system ô  

An overview of the gross ódefense systemô explained in the following text is illustrated 

in Fig. 7. Many net acid extruders (e.g., Na+, HCO3--cotransporters (NBCn1), and 

NH E1) and monocarboxylate transporters (MCTs) (e.g., MCT1 and MCT4) are part of 

the cancer cellsô ódefense systemô. They protect the cancer cells against intracellular  

acidification , which otherwise would inhibit the metabolism  (Boedtkjer and Pedersen 

2020). Moreover, many tumors exhibit  elevated carbonic anhydrase IX (CAIX) 

expression, which helps alter pH i to promote tumor progression (Becker and Deitmer 

2021). Also, H+-sensors (e.g., ovarian cancer G-protein coupled receptor (OGR1, also 

called GPR68) can have a tumor-promoting impac t through its activation of  signaling 

pathways that can regulate ion transporters and ion channels (Sisignano, Fischer, et 

al. 2021). Both the metabolic- and enzyme activity (involved in glycolysis) are inhibited 

by low pH i. Furthermore,  lactate buildup inhibits glycolytic activity. Altogether the 

ódefense systemô plays a vital  role in maintaining  cancer cell proliferation and survival  

(Boedtkjer and Pedersen 2020). 
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Figure 7: Proposed model for the pH microenvironmental ódefense system ô in 

PDAC . The monocarboxylate transporters 1 and 4 (MCT1 and MCT4) perform co-

transportation of lactate and H +. They can export H+ and lactate, or the other way, fuel the 

cells with lactate; hence they regulate extracellular and intracellular pH ( pHe and pH i) and 

support glycolytic metabolism.  The Na+/H + exchanger 1 (NHE1) is essential for regulating 

pHe, pH i, and cell volume. The enzyme carbonic anhydrase IX (CAIX) also regulates pHe 

and pH i by catalyzing the reversible hydration of CO2 in the extracellular space. The Na+, 

HCO3
--cotransporter ( NBCn1) regulates pHi, and upon stimulation, it contributes to the 

secretion of HCO3
-. The G protein-coupled receptor (GPCR), Ovarian cancer G-protein 

coupled receptor (OGR1, also known as GPR68), senses H+ in the extracellular space, and 

upon its activation, it initiate s intracellular signaling pathways that can promote tumor 

progression. Ultimately, all these proteins support the tumor cells to thrive with altered 

metabolism and pH microenvironment.  Figure was created by Sofie Hagelund with 

BioRender.com. 

 

1.2.1.1.1. Na +/H + exchang er 1 (NHE1)  

NHE1 belongs to the family  of Na+/H + exchangers (SLC9A) and is located at the 

plasma membrane. Its activity results in electroneutral exchange with a Na +:H + 

stoichiometry of 1:1. It is ubiquitously expressed and is highly conserved across 
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vertebrate species. Its activation occurs upon acidic fluctuations from  steady-state pHi 

and cell shrinkage. However, hormones, growth factors, phosphorylation  sites, and 

interaction partners  can also regulate the activity of NHE1 (Pedersen 2006; Pedersen 

and Cala 2004; Vallés, Bocanegra, et al. 2015). Homo-dimerization of two active NHE1 

subunits has been shown to be crucial for the exchange activity in the neutral pHi 

range, while each subunit may catalyze transport in acidic pH i (Hisamitsu, Ammar, et 

al. 2006). The activation  of NHE1 has also been shown to promote tumor cell invasion 

through acidification of pH e in PDAC (Olszewski, Hlozek, et al. 2010; Wang, Cai, et al. 

2020). Altogether, NHE1 is considered a considerable membrane transporter for 

regulating  cell volume and pH i. 

 

1.2.1.1.2.  M onocarboxylate transporters  1 and 4  (MCT 1 and MCT 4)  

The monocarboxylate transporters, MCT1 and MCT4, are part of the SLC16A family 

and are primarily locate d at the plasma membrane. So far, only MCT1 is predicted to 

form dimers  (Payen, Mina, et al. 2020). Both MCTs are crucial for lactate transport in 

cancer cells and help them to maintain their metabolism as well as pHi by the co-

transportation of L -lactate (otherwise referred to as lactate) and H+. They have 

lactate:H+ stoichiometry of 1:1. MCT1 is ubiquitously expressed, while MCT4 is mainly 

expressed in glycolytic cells (Payen, Mina, et al. 2020; Vijay and Morris 2014 ). MCT1 

has a higher lactate affinity (K m 3.5 mM) than MCT4 (Km 28 mM), which makes MCT1 

suitable for inward lactate transport in oxidative cells and MCT4 for export in 

glycolytic cells (Petersen, Nielsen, et al. 2017). Both MCTs has shown to contribute to 

motility and invasiveness in PDAC, whereas MCT1 is primarily involved in invasion 

and MCT4 in migration (Kong, Nøhr-Nielsen, et al. 2016). Moreover, lactate has been 

shown to regulate stemness properties and contribute to chemoresistance in PDAC 

and is mediated by MCT1 (Sandforth, Ammar, et al.  2020). 

 

1.2.1.1.3.  Na +, HCO 3ï-cotransporter  1 (NBCn1)  

NBCn1 is part of the HCO3--transporter SLC4A family . It  is an electroneutral co-

transporter of Na + and HCO3-, with a Na+:HCO3ï stoichiometry of 1:1. It regulates the 

pH i, and upon stimulation , it contributes  to the secretion of HCO3-. NBCn1 locates at 

the plasma membrane, where it forms homodimers  (Parker and Boron 2013; Romero, 

Chen, et al. 2013). Furthermore, NBCn1 has been shown to be upregulated in PDAC 
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cells compared to normal pancreatic ductal epithelial cells and contributes to tumor 

invasiveness (Malinda, Zeeberg, et al. 2020).  

 

1.2.1.1.4.  Carbonic anhydrase IX (CA IX ) 

CAIX is one of the CAs that has gained the most attention concerning cancer since it 

is generally restricted in most healthy tissue but is highly upregulated in many tumors  

(Becker 2020), including PDAC, where it has a tumor-promoting potential  (Ivanov, 

Liao, et al. 2001; Pore, Jalla, et al. 2015). CAIX is a dimeric plasma membrane-

associated enzyme tethered with a single transmembrane domain, while it exhibits an 

extracellular -facing catalytic domain (Alterio, Hilvo, et al. 2009 ). It is crucial for 

regulating  pH e and pH i since it catalyzes the reversible hydration of CO2 in the 

extracellular space. Furthermore, CAIX can form complexes with acid/base 

transporters to efficien tl y transport HCO3- and H+ (Becker 2020; Tafreshi, Lloyd, et 

al. 2014).  

 

1.2.1.1.5.  Ovarian cancer G -protein coupled receptor (OGR1 (GPR68))  

The ovarian cancer G protein-coupled receptor (GPCR), OGR1 (also called GPR68), is 

a proton-sensing GPCR with a pH detection between 7.8-5.6 and a maximum activity 

of 6.8 (Sisignano, Fischer, et al. 2021). It can couple to multiple G-proteins such as GS, 

Gq/11, and Gi, potentially increasing  intracellular levels of Ca2+ and cAMP through Gq/11-

protein  and Gs-protein , respectively. Moreover, it can lower intracellular cAMP  levels 

by inhibiting adenylyl cyclase levels and regulating Akt and MAPK mediated by the Gi-

protein  (Sisignano, Fischer, et al. 2021; Imenez Silva and Wagner 2022). However, it 

has also been suggested to couple with the G12/13-protein, activating  RhoA signaling 

(de Vallière, Cosin-Roger, et al. 2022). Furthermore , OGR1 has been shown to be 

overexpressed on an average of 10.5-fold in PDAC tumors (n=147) compared to the 

healthy pancreas (n=165). Finally , OGR1 expression was the lowest in healthy human 

pancreas compared to 33 other healthy human tissues  (Wiley, Sriram, et al. 2018).    

 

1.3.  TRAIL and TRAIL -receptors  

The tumor necrosis factor (TNF) -related apoptosis-inducing ligand (TRAIL , also 

known as APO2L or TNFSF10) is a member of the TNF superfamily (TNFSF). TRAIL  

was discovered in 1995 by Wiley and colleagues (Wiley, Schooley, et al. 1995). In 
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humans, it can bind to four different plasma membrane  TRAIL receptors (TRAIL -Rs) 

and one soluble low-affinity receptor osteoprotegerin (OPG)  (von Karstedt, 

Montinaro, et al. 2017). Two of the plasma membrane-bound receptors, also called 

ódeath receptorsô, are TRAIL -R1 (also known as DR4, APO-2, or TNFRSF10A) (Pan, 

O'Rourke, et al. 1997), and TRAIL -R2 (also known as DR5, TRICK2, KILLER  or 

TNFRSF10B) (Pan, Ni, et al. 1997; Screaton, Mongkolsapaya, et al. 1997; Sheridan, 

Marsters, et al. 1997; Walczak, Degli-Esposti, et al. 1997; Wu, Burns, et al. 1997; 

MacFarlane, Ahmad, et al. 1997; Schneider, Bodmer, et al. 1997). TRAIL -R1 and 

TRAIL -R2 have a cytoplasmic death domain (DD) through which they can induce 

apoptosis. The last two plasma membrane-bound receptors, also called ódecoy 

receptorsô, are TRAIL -R3 (also known as DcR1, TRID, LIT , or TNFRSF10C) (Sheridan, 

Marsters, et al. 1997; MacFarlane, Ahmad, et al. 1997; Schneider, Bodmer, et al. 1997; 

Degli-Esposti, Smolak, et al. 1997; Mongkolsapaya, Cowper, et al. 1998), and TRAIL-

R4 (also known as DcR2, TRUNDD or TNFRSF10D) (Marsters, Sheridan, et al. 1997; 

Pan, Ni, et al. 1998; Degli-Esposti, Dougall, et al. 1997). These two receptors cannot 

induce apoptosis since they miss or have a truncated death domain, respectively. The 

functions of TRAIL -R3 and TRAIL-R4 are not yet fully understood, but they are 

expected to work as a decoy and regulatory receptors. Since OPG is a soluble receptor, 

it works entirely as a decoy receptor.  

 

1.3.1.  TRAIL and TRAIL -receptors system  

TRAIL is expressed as a type II transmembrane protein but can, if further cleaved, be 

found as a soluble form. However, no conclusive protease (or proteases) has been 

identified  to cleave TRAIL. While the shedding of CD95L inactivates its killing effect, 

the consequence of TRAIL cleavage is less understood (von Karstedt, Montinaro, et al. 

2017). Nonetheless, soluble TRAIL has been connected to limiting TRAIL -Rs 

clustering compared to membrane-bound TRAIL or oligomerized TRAIL , 

consequently decreasing the apoptotic response (Berg, Lehne, et al. 2007; 

Mühlenbeck, Schneider, et al. 2000). Upon the binding of TRAIL, it forms homo -

trimers and  can bind  either homotrimers or heterotrimers of its receptors  (von 

Karstedt, Montinaro, et al. 2017). TRAIL is mainly expressed on the surface of immune 

cells, including Natural Killer (NK) and cytotoxic T cells, and regulates the innate 

immune response (Falschlehner, Schaefer, et al. 2009). 
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As previously mentioned, both TRAIL -R1 and TRAIL-R2 can induce apoptosis 

through their death domain. These two receptors share a high degree of sequence 

homology (58%) (Pan, Ni, et al. 1997; Chaudhary, Eby, et al. 1997) and can form both 

homotrimers and heterotrimers with each other, which still enable s them to induce 

apoptosis. Two isoforms (long and short)  of TRAIL -R2 can be found in contrast to 

TRAIL -R1, with only one. In  order to efficiently induce apoptosis, death receptor 

aggregation and clustering upon TRAIL  trimeric  ligand binding are essential. 

Therefore, it is suggested that TRAIL binding alone is not enough to transduce 

intracellular death signaling  (Naval, de Miguel, et al. 2019; Kretz, von Karstedt, et al. 

2018). TRAIL -R3 and TRAIL-R4 have a lower affinity to TRAIL than TRAIL -R1 and 

TRAIL -R2, suggesting that they may not work mainly as decoy receptors (von 

Karstedt, Montinaro, et al. 2017). Furthermore, TRAIL has the highest binding affinity 

to TRAIL -R2 under physiological conditions. TRAIL -R4 has been shown to interact 

and form complexes with  TRAIL -R1 and TRAIL-R2 in a ligand-independent manner . 

It h as been proposed that TRAIL-R4 works as a óregulatoryô receptor rather than a 

decoy (von Karstedt, Montinaro, et al. 2017; Clancy, Mruk, et al. 2005). In Fig. 8, the 

model of the human TRAIL and TRAIL -Rs system is illustrated.  
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Figure 8: The human TRAIL and TRAIL -receptors system . The tumor necrosis 

factor (TNF) -related apoptosis-inducing ligand (TRAIL) forms homotrimers. It can bind 

to five TRAIL-Rs in humans, whereas four are plasma membrane-bound, and one is 

soluble. TRAIL-R1 and TRAIL-R2 both have intact death domains (DDs), which make 

them apoptosis-inducing receptor s, also called ódeath receptorsô. TRAIL -R2 can be found 

as two isoforms, a short form and a long form , with a 

(threonine/alanine/proline/glutamine)  (TAPE) repeat. Both isoforms contain a 

membrane-proximal domain (MPD).  In contras t, TRAIL-R3 lacks an entire intracellular 

domain and is linked to the membrane via a glycosylphosphatidylinositol (GPI) anchor 

with five TAPE repeats, positioning it higher above the other plasma membrane-bound 

receptors. TRAIL -R4 has a truncated DD, which is not sufficient to induce apoptosis.  

TRAIL -R3 and TRAIL-R4 can compete with the binding of TRAIL, working as ódecoy 

receptorsô. However, TRAIL-R4 can also interact with TRAIL -R1 and TRAIL-R2, acting as 

a óregulatory receptorô. Osteoprotegerin (OPG) is a soluble low-affinity receptor to TRAIL 

and works entirely as a decoy receptor. Figure reprinted from (von Karstedt, Montinaro, 

et al. 2017). 
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1.3.2.  TRAIL/TRAIL -Rs signaling pathways  

1.3.2.1.  The TRAIL -induced  apoptotic pathway  

Upon the binding of TRAIL  to its death receptors TRAIL -R1 or/and TRAIL -R2, the 

death-inducing signaling complex (DISC)  formation  is initiated . Here the adapter 

protein  FAS-associated death domain (FADD) is recruited, and the recruitment and 

activation of caspases-8 and/or -10 are subsequently affected. At this step, FLICE-like 

inhibitory protein (FLIP) can compete with caspase -8/or -10 for binding to FADD and 

potentially limit caspase -8 recruitment and the apoptotic response. From this step, the 

so-called Type I cells sufficiently activate the caspase cascade required for apoptosis. 

However, Type II cells require the mitochondria -mediated apoptosis pathway to 

efficiently activate caspases (von Karstedt, Montinaro, et al. 2017). In this pathway , a 

small amount of activated caspase-8 at the DISC leads to the cleavage of 

BH3 interacting domain death agonist (Bid), which in its truncated form  (tBid)  

activates Bax/Bak-mediated mitochondrial outer membrane permeabilization 

(MOMP) (Luo, Budihardjo, et al. 1998; Antonsson, Montessuit, et al. 2001; Dewson, 

Kratina, et al. 2009 ; Huang, Zhang, et al. 2016). Upon MOMP, the second 

mitochondrial activator of caspases/direct inhibitor of apoptosis -binding protein with 

a low isoelectric point (pI) (SMAC/DIABLO) is released to the cytosol for 

counteracting inhibitor of apoptosis protein s (IAPs), such as member X-linked 

inhib itor of apoptosis protein (XIAP),  (Ozören and El-Deiry 2002 ; Jost, Grabow, et al. 

2009 ), inhibitor s of effector caspases. This facilitates the full activation of the effector 

caspases (Deveraux, Roy, et al. 1998; Holcik and Korneluk 2001 ; Bratton, Walker, et 

al. 2001). Additionally, BH3 -only proteins act pro -apoptotic by working as either 

ósensitizersô or ódir ect activatorsô during apoptosis (Letai, Bassik, et al. 2002; Kim, 

Rafiuddin -Shah, et al. 2006). The direct activators are Bid, Bim, and Puma, which 

means that besides inhibiting anti -apoptotic Bcl-2 proteins, they also directly interact 

with Bax and Bak and influence their activity . The BH3-only protein , Bad, is a classic 

ósensitizerô, which means it does not directly activate Bax and Bak but only positively 

regulates apoptosis by neutralizing anti -apoptotic proteins such as Bcl-2, Bcl-xL, Bcl-

w, and Mcl-1 (Letai, Bassik, et al. 2002; Czabotar, Westphal, et al. 2013; Kim, Tu, et al. 

2009 ; Gavathiotis, Suzuki, et al. 2008). Even though it has been challenging to assess 

the role of ódirect activationô during this step of apoptosis, many other BH3-only 

proteins (Bik, Noxa, Bmf, Hrk)  has been shown to be especially important in inhibiting  

anti -apoptotic proteins rather than directly activate Bak and Bax (Huang, OôNeill, et 
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al. 2019). Additionally,  to SMAC/DIABLO , cytochrome c is released from the 

mitochondria to the cytosol, a step necessary to enable the adaptor molecule apoptotic 

protease activating factor 1 (APAF1) to assemble the apoptosome. In the apoptosome, 

another initiator caspase, caspase-9, is activated and fully activates the effector 

caspase-3 to trigger apoptosis in Type II cells (Kalkavan and Green 2018; Riedl and 

Salvesen 2007; Pan, O'Rourke, et al. 1998). Of note, PDAC cells have been shown to 

employ a Type II apoptotic signaling pathway upon death receptor stimulation (Hinz, 

Trauzold, et al. 2000). An alternative cell death pathway induced by TRAIL death 

receptors is called necroptosis. This pathway is promoted by the two kinases receptor-

interacting protein s 1 and 3 (RIP1 and RIP3) (Jouan-Lanhouet, Arshad, et al. 2012). 

However, necroptosis is only properly induced upon caspase-8 inhibition, preventing 

apoptosis  (Cho, Challa, et al. 2009; Oberst, Dillon, et al. 2011). In Fig. 9A, the TRAIL-

induced apoptotic pathway is summarized. 
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Figure 9: TRAIL  and TRAIL -R signaling pathways . (A) The tumor necrosis factor 

(TNF) -related apoptosis-inducing ligand (TRAIL)  induced apoptotic pathway. Tumor 

necrosis factor (TNF)-related apoptosis-inducing ligand (TRAIL) can bind to its two death 

receptors, TRAIL -R1, and TRAIL-R2. The death-inducing signaling complex (DISC) is 

recruit ed through the ir  death domains (DDs) and leads to the cleavage of caspase-8 (or -

10). Type I  cells fully activate the caspase cascade at this step which results in apoptosis. 

In contrast, Type II require s the mitochondria -mediated apoptosis pathway to activate the 

caspase cascade efficiently. Thus, in these cells, the activation of caspase-8 at the DISC is 

followed by BH3 interacting domain death agonist (Bid) cleavage leading to truncated Bid 

(tBid)  and subsequently activates Bax/Bak-mediated mitochondrial outer membrane 

permeabilization (MOMP). Now, the second mitochondrial activator of caspases/direct 

inhibitor of apoptosis -binding protein with a low isoelectric point (pI) (SMAC/DIABLO) 

is released to the cytosol to suppress inhibitor of apoptosis protein s (IAPs), such as 

member X-linked inhibitor of apoptosis protein (XIAP) , inhibitor s of effector caspases. 

Consequently, this brings the effector caspases to their full activation. Besides influencing 

the activity of Bax and Bak, tBid and other BH3 -only proteins  also amplify the apoptotic 

response by inhibiting anti -apoptotic Bcl-2 proteins (Bcl-2, Mcl -1, and Bcl-xL). 

Cytochrome c is also released from the mitochondria to the cytosol, a crucial step to allow 

the adaptor molecule apoptotic protease activating factor 1 (APAF1) to form the 

apoptosome involving the initiator caspase -9. The now fully activated caspase-9 lead to 

the complete activation of effector caspase-3 and triggers apoptosis in Type II cells. (B) 

TRAIL -induced non-canonical pathway. Upon the binding of TRAIL, a secondary 

cytosolic complex can form and is composed of FAS-associated death domain (FADD), 

TNF receptor-associated factor 2 (TRAF2), and nuclear NF-ȇB essential modifier 

(NEMO).  Both the DISC and the secondary complex can lead to pro-inflammatory and 

pro-survival signaling by activating proteins such as nuclear factor-ȇB (NF-ȇB), p38, JUN 

N-terminal kinase (JNK) , and ERK. Upon the inh ibit ion of caspase-8, receptor-interacting 

serine/threonine protein kinase 1 (RIPK1) associates with TRAIL-Rs, leading to TRAIL-

induced non-receptor proteinïtyrosine kinase rous sarcoma oncogene cellular homolog 

(Src) and signal transducer and activator of transcription 3 (STAT3) activation. Both 

complexes contain the linear ubiquitin chain assembly complex (LUBAC) , which inhibits 

caspase-8 activation . This non-canonical pathway promotes migration, invasion , and 

proliferation. Figure reprinted from (von Karstedt, Montinaro, et al. 2017). 

 

1.3.2.2.  The TRAIL -induced  non -apoptotic pathway  

The fact that TRAIL death receptors are often overexpressed in tumors and that TRAIL 

can induce apoptosis in tumor cells and spare healthy cells led to the development of 

TRAIL/TRAIL -R-based therapeutic drugs and to be tested in clinical trials (Lemke, 

von Karstedt, et al. 2014; de Miguel, Lemke, et al. 2016). Unfortunately, none of the 

drugs showed the desired effect in cancer patients, regardless of the promising pre -

clinical findings . The unsatisfying results can be connected to the apoptosis resistance 

mechanisms that many primary tumor cells exhibit . Mechanisms such as the 
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constitutive upregulation of anti -apoptotic proteins operating at different steps in the 

TRAIL -induced signaling pathway, for instance, TRAIL -R3/ -R4 (decoy/regulatory  

receptor function) , FLIP, Bcl-xL, and IAP (Hinz, Trauzold, et al. 2000 ; Trauzold, 

Wermann, et al. 2001; Trauzold, Schmiedel, et al. 2003; Lemke, Noack, et al. 2010). It 

has also been widely accepted that due to the highly inhibiting effect of the apoptotic 

pathway from anti -apoptotic proteins, TRAIL is frequently exploited by tumor cells to 

induce non-apoptotic pathways involved in cell proliferation, survival, migration, 

invasion, and inflammation . Such pathways include members of the mitogen-

activated protein kinases (MAPKs) family , like extracellular signal -regulated protein 

kinase (ERK)1/2, JUN N-terminal kinase  (JNK), and p38. Also, the transcription 

factor kappa-light -chain-enhancer of activated B-cells (NF-ȇB) is involved in 

inflammation, proliferation , and cell survival. Finally,  other proteins, like the protein 

kinase B or Akt (PKB/Akt)  and the non-receptor proteinïtyrosine kinase rous sarcoma 

oncogene cellular homolog (Src) are important for invasion . Hence, in highly 

apoptosis-resistant tumors, these TRAIL-induced non-canonical pathways become 

evident. In turn, it can lead to enhanced cell proliferation, migration,  and invasion, 

and TRAIL may lead to cancer progression under such conditions. Exogenous TRAIL 

can promote metastases, and as well, endogenous TRAIL via the plasma membrane-

bound TRAIL -R2 in KRAS mutated cells (Trauzold, Wermann, et al. 2001; 

Ehrenschwender, Siegmund, et al. 2010; von Karstedt, Conti, et al. 2015; Azijli, 

Weyhenmeyer, et al. 2013; Trauzold, Siegmund, et al. 2006; Hoogwater, Nijkamp, et 

al. 2010). In Fig. 9B, proteins involved in  the non-canonical pathways are illustrated. 

 

1.3.3.  TRAIL -receptors change in location  

Another complexity of TRAIL -Rs, is their ability to change in location  intracellularly  

(Fig. 10). TRAIL -R1 and TRAIL-R2 can translocate to different compartments through 

endocytosis, such as the cytoplasm, nucleus, endosomes, lysosomes, and 

autophagosomes (Bertsch, Röder, et al. 2014). The nuclear translocation of both 

TRAIL -R1 and TRAIL-R2 has been shown to be dependent on clathrin-mediated 

endocytosis in an endogenous and exogenous TRAIL stimulation-dependent manner. 

Furthermore, both receptors have been found in chromatin -rich fractions and 

translocate from the plasma membrane to the nucleus constitutively  (Mert, Adawy, et 

al. 2019). Specifically for TRAIL -R2, its nuclear translocation was found to inhibit the 

maturation of the Let-7 miRNA in PDAC. Among proteins whose expression is 
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regulated by Let-7 are high mobility group A2 (HMGA2 ) and LIN -28 Homolog B 

(LIN 28B), which promotes proliferation . This shows that nuclear TRAIL promote s 

proliferation in PDAC  (Haselmann, Kurz, et al. 2014). Moreover, nuclear TRAIL -R2 

also works as a negative regulator for p53, highlighting that  nuclear TRAIL -R2 

promotes tumor progression  (Willms, Schupp, et al. 2021). 

 

   

Figure 10 : TRAIL death receptorsô change in location. Tumor necrosis factor 

(TNF) -related apoptosis-inducing ligand (TRAIL) receptors 1 and 2 (TRAIL -R1 and 

TRAIL -R2) can translocate to many different compartments through endocytosis, such as 

the cytoplasm, nucleus, endosomes, lysosomes, and autophagosomes. The nuclear 

translocation of TRAIL -R1 and TRAIL-R2 depends on clathrin-mediated endocytosis 

reliant on endogenous and exogenous TRAIL stimulation. The two death receptors are 

also found in chromatin -rich fractions and constitutively translocated from the plasma 

membrane to the nucleus. Nuclear TRAIL-R2 can inhibit  the maturation of the Let -7 

miRNA in PDAC, which is responsible for inhibiting  the proliferating promoting proteins 

high mobility group A2 (HMGA2) and LIN -28 Homolog B (LIN28B). Additionally, 

nuclear TRAIL -R2 can negatively regulate p53. These data show that TRAIL -R2 promotes 

malignant progression.  Figure created by Sofie Hagelund with BioRender.com. 
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1.3.4.  TRAIL -based therapeutic strategies  

Two independent in vivo  pre-clinical studies using recombinant variants of human 

TRAIL were performed  in 1999 and resulted in tumor regression  while sparing healthy 

cells  (Walczak, Miller, et al. 1999; Ashkenazi, Pai, et al. 1999). These results were 

attractive and led to the development of cancer therapeutic agonists targeting TRAIL -

Rs, such as recombinant human TRAIL variants (Dulan ermin, AMG 951, SCB-313 

(TRAIL -trimer  fusion protein ), agonistic antibodies directed against TRAIL-R1 

(Mapatumumab, TRM -1 or HGS-ETR1) and TRAIL-R2 (HGS-ETR2, Conatumumab 

(AMG 655), Tigatuzumab (CS-1008), DS-8273a), and a lentiviral vector expressing 

TRAIL  (MSCTRAIL)  (Zhong, Wang, et al. 2019). Unfortunately, clinical trials have 

shown inadequate treatment outcomes and can be caused by three limitations, such as 

(1) short in vivo  half-life  (Kelley, Harris, et al. 2001; Herbst, Eckhardt, et al. 2010; 

Soria, Smit, et al. 2010), (2) inefficient tumor -targeting effect, and (3) by the 

development of resistance (mediated by TRAIL -R3, TRAIL-R4, anti-apoptotic- and 

non-apoptotic pathways) to TRAIL mono -therapy. Only a few TRAIL-R-agonists for 

clinical trials have been utilized as a treatment for  PDAC, such as conatumumab 

(AMG-655) and tigatuzumab (CS-1008). However, they have not shown the desired 

anti -tumor effects (Kretz, von Karstedt, et al. 2018). Nevertheless, the TRAIL/TRAIL -

Rs system plays an essential role in the immune system and contributes to the 

surveillance of developing tumors (Falschlehner, Schaefer, et al. 2009). In addition, 

tumor  cells themselves frequently express TRAIL. Consequently, the importance of 

TRAIL/TRAIL -R signaling cannot be underestimated in either (patho)physiology or 

cancer.  
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2.  Aim s of the study  

Since exocrine pancreatic cells are naturally  exposed to alkaline pHe, while an acidified 

microenvironment is often observed in PDAC and other tumors , it is likely that pH e 

influences the response to TRAIL in these cells. However, no such data was available 

before the publication represent ing parts of this dissertation (Hagelund and Trauzold 

2022). Therefore, in the present study, it was sought to investigate (1) the impact of 

short-term (acutely pHe-exposed cells) and long-term exposition  (pH e-adapted cells) 

to alkaline (7.6) and acidic (6.5) pH e compared to control (pH e 7.4) pH e on TRAIL -

induced apoptotic and non-apoptotic signaling , and (2) how pHe and TRAIL and 

TRAIL -Rs affect pHi and the ion-regulating network (such as ion transporters, ion-

related enzymes, ion sensors) in PDAC cells. Furthermore, there will be a focus on 

TRAIL -R1, TRAIL-R2, and TRAIL-R4 since they are primari ly expressed in PDAC cells 

(Beyer, Partecke, et al. 2017; Vogler, Dürr, et al. 2007). 

 

In order to clarify this hypothesis, t his study specifically aimed to address the 

following : 

 

Part I:  What is the impact of  different  pH e values (7.4, 7.6, and 6.5) and conditions 

(acute or adapted) on TRAIL -induced signaling in PDAC cells? 

1. How is pH e affecting TRAIL/TRAIL -Rs and its signaling pathways? 

ü Function (cell death/viability)  

ü Cell signaling pathways: pro-apoptotic and non-apoptotic pathways 

ü Location and expression of the TRAIL -Rs 

2.  Can these findings explain the differences in TRAIL resistance and sensitivity? 

 

Part II:  What is the impact of pH e adaptation (7.4 or 6.5), endogenous TRAIL, 

exogenous TRAIL, and TRAIL-Rs on pHi in PDAC cells?  

1. What is the expression of the ion-regulating network  in PDAC cells adapted to 

different pH e?  

2.  Can these findings further  explain the differences in TRAIL resistance and 

sensitivity? 
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3.  Materials  

3.1.  Chemicals and reagents  

Chemical/ Reagent  Manufacturer  

Accutase Sigma-Aldrich, St. Louis, USA  

Aqua resist VWR, Pennsylvania, USA 

BCECF-AM Invitrogen, Waltham, USA  

Bovine Serum Albumin (BSA)  Biomol GmbH, Hamburg; Germany  

Bromphenol blue Sigma-Aldrich, St. Louis, USA 

Calcein-AM BioLegend, San Diego, USA) 

cOmplete ULTRA Tablets Mini Protease 
Inhibitor Cocktail  

Roche, Mannheim, Germany 

Crystal violet Sigma-Aldrich, St. Louis, USA  

Developer G153  Agfa, Mortsel, Belgium  

D-glucose Sigma-Aldrich, St. Louis, USA  

Dimethyl sulfoxide (DMSO)  PanReac Applichem, Darmstadt, 
Germany 

Dithiothreitol (DTT)  Carl Roth, Karlsruhe, Germany  

Dulbeccoôs phosphate-buffered saline   Gibco, Darmstadt, Germany 

Erythrosin B  Sigma-Aldrich, St. Louis, USA  

Ethanol   Carl Roth, Karlsruhe, Germany  

Fetal calf serum (FCS)  PAN Biotech, Aidenbach, Germany  

Formaldehyde solution 37 % (PFA) Morphisto, Offenbach am Main, 
Germany 

GlutaMAX -l (100X)  Gibco, Darmstadt, Germany 

Glycerol   Sigma-Aldrich, St. Louis, USA  

Glycine  Carl Roth, Karlsruhe, Germany  

Hoechst 33342  Sigma Aldrich, St. Louis, USA  

Hydrochloric acid, 25%  J.T. Baker, Griesheim, Germany  

Isopropanol 70 %  Th. Geyer, Renningen, Germany  

Lipofectamine TM RNAiMAX  Thermo Fisher Scientific, Waltham, USA  

Methanol  Carl Roth, Karlsruhe, Germany 

Navitoclax (ABT-263) Selleck Chemicals, Distributor Absource 
Diagnostics GmbH, München, Germany 

Nigericin  Sigma-Aldrich, St. Louis, USA  

Non-fat dried milk powder, blotting grade  Carl Roth, Karlsruhe, Germany  

OptiMEM® I (1x): Reduced Serum 
Medium  

Life Technologies, Carlsbad, USA  

PhosSTOP Phosphatase Inhibitor Cocktail 
Tablets  

Roche, Mannheim, Germany 

PierceTM ECL Plus Western Blotting 
Substrate  

Thermo Fisher Scientific, Waltham, USA  

PierceTM ECL Western Blotting Substrate  Thermo Fisher Scientific, Waltham, USA  

Potassium chloride  Merck Milipore, Darmstadt, Germany  

Propidium Iodide  Invitrogen, Waltham, USA  
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Radiance Chemiluminescence Substrat Azure Biosystems, Dublin, California 

Radiance Plus Azure Biosystems, Dublin, California 

Radiance Q Azure Biosystems, Dublin, California  

Rapid Fixer G354  Agfa, Mortsel, Belgium  

Recombinant Human sTRAIL/Apo2L  PeproTech, Hamburg, Germany  

RPMI 1640 Medium  Sigma-Aldrich, St. Louis, USA  

S63845 Selleck Chemicals, Distributor Absource 
Diagnostics GmbH, München, Germany 

SDS (10%)  PanReac Applichem, Darmstadt, 
Germany  

siRNA buffer  Horizon Discovery, Cambridge, UK  

Sodium bicarbonate Sigma-Aldrich, St. Louis, USA  

Sodium chloride  Sigma-Aldrich, St. Louis, USA  

Sodium pyruvate 100 mM (100x)  Gibco, Darmstadt, Germany 

SpectraTM Multicolor Broad Range Protein 
Ladder  

Thermo Fisher Scientific, Waltham, USA  

TRIS-Base  Merck Millipore, Burlington, USA  

Trypan Blue Sigma-Aldrich, St. Louis, USA  

Trypsin EDTA 10x  PAN Biotech, Aidenbach, Germany  

Tween 20  Merck Millipore, Burlington, USA  

Venetoclax (ABT-199) Selleck Chemicals, Distributor Absource 
Diagnostics GmbH, München, Germany 

Table 1: Chemicals and reagents . 

 

3.2.  Buffers  

Buffer  Formulation  

RIPA-Lysis buffer 50 mM Tris -HCl pH 7.5 
150 mM NaCl 
0.2 % (v/v) SDS 
1 % (v/v) IGEPAL CA-630 
0.5 % w/v Sodium deoxycholate 

Laemmli running buffer  25 mM Tris -HCl 
1% (w/v) SDS 
192 mM Glycine 

Laemmli loading buffer  250 mM Tris -HCL pH 6.8  
8 % (w/v) SDS 
0.04 % Bromphenol blue 
40 % Glycerol 
200 mM DTT  

Transfer buffer  25 mM Tris -HCl 
20 % (v/v) Methanol  
192 mM Glycine 

TBS-T buffer 10 mM Tris-HCl pH 7.6 
150 mM NaCl 
0,1% (v/v) Tween 20 
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Blocking buffer  5 % (w/v) milk/ TBS -T 
5 % (w/v) BSA/ TBS-T 

Stripping buffer 1  0.5 M Tris Base pH 6.8 
0.4% (w/v) SDS 
100°C 

Stripping buffer 2  66.6 mM glycine pH 2.2  
3.5 mM SDS 
1% (v/v) Tween 20 

KCl-Ringer buffer  

pH 6.2, 6.6, 7.0, 7.4 and 7.8 

140 mM KCl 
1 mM K2HPO4 
1 mM CaCl2 
0.5 mM MgCl2  
10 mM MTH  
10 µM Nigericin (freshly added)  
Adjust to desired pH with KOH/HCl  

HCO3
- Ringer buffer pH 7.4 115 mM NaCl 

5 mM KCl 
1 mM Na2HPO4 
1 mM CaCl2 
0.5 mM MgCl2  
24 mM NaHCO3 
Adjust pH with NaOH/HCl  

HCO3
- Ringer buffer pH 6.5  135 mM NaCl 

5 mM KCl 
1 mM Na2HPO4 
1 mM CaCl2 
0.5 mM MgCl2  
3 mM NaHCO3 
Adjust pH with NaOH/HCl  

Table 2 : Buffers . 

 

3.3.  Cell culture materials  

3.3.1.   Cell lines  

Two human pancreatic ductal adenocarcinoma patient-derived cell lines were used for 

this project: Colo357 and Panc1. 

Colo357 cells  were derived from the tumor of a 77-year-old female and were obtained 

from metastatic pancreatic adenocarcinoma of the exocrine pancreas. Metastases were 

discovered in the celiac lymph nodes (Morgan, Woods, et al. 1980). 

Panc1 cells  were derived from the tumor of a 56 -year-old male and were located in 

the head region of the exocrine pancreas. Metastases were discovered in one 

peripancreatic lymph node (Lieber, Mazzetta, et al. 1975). A table showing the data of 

each cell line is shown in Table 3. 
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Cell line  Colo357  Panc1  

Patient age  77 56 

Patient gender  Female Male 

Derivation  Metastatic pancreatic 
adenocarcinoma 

Exocrine pancreas 

Primary tumor  

Exocrine pancreas 

Metastases  Yes Yes 

Location  Celiac lymph nodes Head region  

Morphology  Epithelioid  
Highly compact colonies 
appressed 

Epithelioid  

 Other 
characteristics  

Multinuclear giant cells  
Production of tumor -associated 
proteins and protease enzymes 
Grows in multiple colonies (one 
easily detached by trypsin and 
one not) 

Undifferentiated  
Atypical nuclei  
multinucleated giant cells  
Generally large 

Reference  (Morgan, Woods, et al. 1980) (Lieber, Mazzetta, et al. 1975) 

Table 3 : Data about donor patients and characteristics of the cell lines . 
Metastases are based on the discovery of metastases in the patients (Morgan, Woods, et 
al. 1980; Lieber, Mazzetta, et al. 1975; Deer, González-Hernández, et al. 2010). 

3.3.2.  Cell culture media  

Usage  Formulation  

Colo357 

Panc1 

RPMI 1640 medium pH 7.4  

10 % (v/v) FCS  

1% (v/v) Sodium pyruvate  

1 % (v/v) Glutamax  

Without  HEPES 

Colo357 for pH 7.6 acute exposure 

Colo357 ï pH 7.6 adapted cells 

Panc1 for pH 7.6 acute exposure 

Panc1 ï pH 7.6 adapted cells 

RPMI 1640 medium pH 7.6  

10 % (v/v) FCS  

1% (v/v) Sodium pyruvate  

1 % (v/v) Glutamax  

Without  HEPES 

Colo357 for pH 6.5 acute exposure 

Colo357 ï pH 6.5 adapted cells 

Panc1 for pH 6.5 acute exposure 

Panc1 ï pH 6.5 adapted cells 

RPMI 1640 medium pH 6.5  

10 % (v/v) FCS  

1% (v/v) Sodium pyruvate  

1 % (v/v) Glutamax  

Without  HEPES 

Table 4 : Cell culture media . 

 

3.3.3.  Small interfering RNAs (siRNAs)  

siRNA  Manufacturer  Cat. 
number  
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siCtrl: control siRNA ON -
TARGETplus® non -targeting pool  

Thermo Scientific 
Dharmacon®, Lafayette, 
Colorado, USA 

D-001810ï
10 

siTRAIL -R1: ON-TARGETplus 
SMARTpool, Human TNFRSF10A 

Thermo Scientific 
Dharmacon®, Lafayette, 
Colorado, USA 

L-008090 -
00 

si-TRAIL -R2: ON-TARGETplus 
Standard (A4) 

Thermo Scientific 
Dharmacon®, Lafayette, 
Colorado, USA 

TMOSLR-
000110 

siTRAIL -R4: ON-TARGETplus 
SMARTpool, Human TNFRSF10D 

Thermo Scientific 
Dharmacon®, Lafayette, 
Colorado, USA 

L-008092 -
01-0005  

siTRAIL: ON -TARGETplus 
SMARTpool, Human TNFRSF10 

Thermo Scientific 
Dharmacon®, Lafayette, 
Colorado, USA 

L-011524-
00-0020  

Table 5: Small interfering RNAs (siRNAs) . 

 

3.4.  Antibodies  

APC-conjugated 
antibody (Clone)  

Host 
(Isotype)  

Manufacturer  Cat. 
number  

TRAIL -R1 (69036) Mouse (IgG1) R&D Systems GmbH, 
Wiesbaden, Germany 

FAB347A 

TRAIL -R2 (71908) Mouse (IgG2B) R&D Systems GmbH, 
Wiesbaden, Germany 

FAB6311A 

TRAIL -R3 (90906)  Mouse (IgG1) R&D Systems GmbH, 
Wiesbaden, Germany 

FAB6302
A 

TRAIL -R4 (104918) Mouse (IgG1) R&D Systems GmbH, 
Wiesbaden, Germany 

FAB633A 

IgG1 Control (11711) Mouse (IgG1) R&D Systems GmbH, 
Wiesbaden, Germany 

IC002A  

IgG2B Control 
(133303) 

Mouse (IgG2B) R&D Systems GmbH, 
Wiesbaden, Germany 

IC0041A 

Table 6 : APC-conjugated antibodies . 

 

Primary antibody (Clone)  Host  Manufacturer  Cat. number  

Akt (40D4)  Mouse  Cell signaling 2920 

Bcl-xL Mouse BD Pharmingen 51-6446GR 

Beta-actin (AC-15) Mouse Sigma Aldrich A5441 

BiP (C50B12)  Rabbit Cell signaling 3177 

CA9 (CAIX)  (D47G3) Rabbit Cell signaling 5649 

Caspase-3 (3G2) Mouse Cell signaling 9668 

Caspase-8 (1C12) Mouse Cell signaling 9746 

cIAP1 (H-83) Rabbit Santa Cruz 7943 

cIAP2 (58C7) Rabbit Cell signaling 3130 

ERK: p44/42 MAPK Erk1/2  Rabbit Cell signaling 9102 
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FLIP (7F10) Mouse Alexis/Enzo Life sciences ALX-804-961 

HSP90 (H-114) Rabbit Santa Cruz 7947 

IKBŬ (L35A5) Mouse  Cell signaling 4814 

JNK Rabbit Cell signaling 9252 

Mcl -1 (D2W9E) Rabbit Cell signaling 94296 

MCT1 (H-1) Mouse Santa Cruz sc-365501 

MCT4 (F-10) Mouse Santa Cruz Sc-376101 

NBCn1 Rabbit Abcam ab82335 

NHE1 (54) Mouse Santa Cruz sc-136239 

OGR1/GPR68 (16H23L16) Rabbit Invitrogen  702595 

p38 Rabbit Cell signaling 9212 

pAkt (193H12) Rabbit Cell signaling 4058 

PARP Rabbit Cell signaling 9542 

pERK (E10) Mouse Cell signaling 9106 

pIKBŬ (14D4) Rabbit Cell signaling 2859 

pJNK (G9)  Mouse Cell signaling 9255 

p-p38 (28B10) Mouse Cell signaling 9216 

pSrc Rabbit Cell signaling 2101 

Src (L4A1)  Mouse  Cell signaling 2110 

Survivin (6E4)  Mouse Cell signaling 2802 

TRAIL (endogenous) (used 
for Panc1) 

Rabbit Sigma Aldrich SAB3500424 

TRAIL (endogenous) 
(C92B9) (used for Colo357) 

Rabbit Cell signaling 3219 

TRAIL -R1 Rabbit Millipore  AB16955 

TRAIL -R2 Rabbit Cell signaling 3696 

TRAIL -R4 (D13H4) Rabbit Cell signaling 8049 

Vinculin (H -10) Mouse Santa Cruz sc-25336 

XIAP (3B6)  Rabbit Cell signaling 2045 

Table 7: Primary antibodies used for Western blotting.  

 

Secondary antibody  Host  Manufacturer  Cat. number  

anti -rabbit IgG  Ŭ-Rabbit Cell signaling 7074 

anti -mouse IgG Ŭ-Mouse Cell signaling 7076 

Table 8 : Secondary antibodies used for Western blotting.  

 

3.5.  Consumables  

Consumable  Manufacturer  

Amersham Hybond P 0.45 PVDF membrane Cytiva, Marlborough, 
Massachusetts, USA 

Cell counting chamber SD100 Nexcelom Bioscience, Lawrence, 
USA 

Cell culture multi -well plates, 6-, 96-Well Sarstedt, Nümbrecht, Germany 
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Cell culture multi -well plates, 6-Well Thermo Fisher Scientific, 
Waltham, USA 

Cell scraper Sarstedt, Nümbrecht, Germany 

Combitips advanced, 0.5/2.5/5/10 mL  Eppendorf, Hamburg, Germany  

Falcon Tube 15/ 50 mL Sarstedt, Nümbrecht, Germany 

Falcon Tube 15/ 50 mL Greiner Bio-One, 
Frickenhausen, Germany 

Filter tips Biosphere tips 10/ 20/ 100/ 1000 ȉL Sarstedt, Nümbrecht, Germany 

Filtropur V50, Vacuum filtration unit, 500 ml, PES, 
0.2 µm 

Sarstedt, Nümbrecht, Germany 

MicroA mpÊ Optical Adhesive Film Thermo Fisher Scientific, 
Waltham, USA 

Nitril -gloves, Nitratex micro -touch Ansell, Munich, Germany 

Novex WedgeWell 4-20% Tris-Glycine Gels 1 mm x 
12-well and 15-well 

Thermo Fisher Scientific, 
Waltham, USA 

Nunc tube 1.8 ml white Sarstedt, Nümbrecht, Germany 

Parafilm M  Bemis, Neenah, USA 

Pasteur pipette Labsolute (TH. Geyer), 
Amsterdam, The Netherlands 

Pipette tips 20/200/1000 ȉL Sarstedt, Nümbrecht, Germany 

Pipettor tips, MultiFlex® -tips Carl Roth, Karlsruhe, Germany  

PVDF-Membrane, Immobilon -P 0.45 ȉm Merck Millipore, Darmstadt, 
Germany 

Reaction tube, 0.5/1.5/2 mL  Sarstedt, Nümbrecht, Germany 

Seritop® E45 mm Millipore Express® PLUS, 0.22 
µm PES 

Merck Millipore, Darmstadt, 
Germany 

Serological pipette 5/ 10/ 25 mL  Sarstedt, Nümbrecht, Germany 

Sterile filter Filtropur 0.2 ȉm Sarstedt, Nümbrecht, Germany 

Syringe 5/20/50 mL  Becton Dickinson, Franklin 
Lakes, USA 

Tissue culture flask 25/75/175 cm2 Sarstedt, Nümbrecht, Germany 

Tissue culture flask 25/75/175 cm2 Greiner Bio-One, 
Frickenhausen, Germany 

V-shaped 96-well plate Nerbe plus, Winsen, Germany 

Whatman paper 3 mm GE Healthcare, Chalfont St 
Gales, UK 

WillCo wells Wellco Wells B.V., Amsterdam, 
Netherlands 

X-ray film CL -X Posure Film 8x10 in. Thermo Fisher Scientific, 
Waltham, USA 

Table 9 : Consumables.  

3.6.  Kit systems  

Kit  Manufacturer  Cat. 
number  

PierceTM BCA Protein Assay Kit Thermo Fisher Scientific, Waltham, USA 23225 
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Venor® GeM Classic 
Mycoplasma Detection Kit  for 
conventional PCR 

Minerva Biolabs GmbH, Berlin, Germany  11-1025 

Table 10: Kit systems . 

 

3.7.  Software  

Software  Manufacturer  

BioRender BioRender, Toronto, Ontario, Canada 

Cellmeter Auto T4 
Software 

Nexcelom Bioscience, Lawrence, USA 

CellQuest Pro Becton Dickinson, BD Biosciences, Franklin Lakes, New 
Jersey, USA 

EndNote X7 Philadelphia, USA 

Excel 2019 Microsoft Corporation, Redmond, USA  

GraphPad Prism 7.01 GraphPad Software, San Diego, USA 

ImageJ/Fiji  National Institute of Health, USA  

MACSQuantifyÊ 
software 

Miltenyi Biotec, Bergisch Gladbach, Germany 

Magellan V6.6 Tecan, Männedorf, Switzerland 

Microsoft Office 2019 Microsoft Corporation, Redmond, USA  

NIS Elements AR Nikon, Minato City, Tokyo, Japan 

PowerPoint 2019 Microsoft Corporation, Redmond, USA  

YT-Software®  Synentec, Elmshorn, Germany 

Table 11: Software programs.  

 

3.8.  Laboratory devices  

Centrifuge/ Rotor  Manufacturer  

Benchtop centrifuge mini Spin plus,  

Rotor: F-45-12-11 

Eppendorf, Hamburg, Germany  

Centrifuge 5415 R Eppendorf, Hamburg, Germany  

Heraeus Multifuge 3 S-R Benchtop Centrifuge Heraeus Instruments, Hanau, 
Germany 

Rotina 48R Hettich, Tuttlingen, Germany 

Table 12: Centrifuges and rotors.  

 

Incubator/ Shaker  Manufacturer  

CO2-Inkubator HERAcell 150i  Thermo Fisher Scientific, Waltham, USA 

Esco CellCulture CO2 
incubator  

Esco Lifesciences, Central Region, Singapore 

Incubator Typ B 6 Heraeus Instruments, Hanau, Germany  

Roller mixer RM5  Glaswarenfabrik Karl Hecht, Sondheim v. d. Rhön, 
Germany 
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Shaker DUOMAX 1030 Heidolph Instruments, Schwabach, Germany 

Thermomixer compact  Eppendorf, Hamburg, Germany  

Table 13: Incubators and shakers . 

 

Measuring device  Manufacturer  

Azure Imaging Systems 300Q Azure Biosystems, Dublin, California 

BD FACSCaliburÊ  BD Biosciences, Franklin Lakes, New 
Jersey, USA 

Cell counter Cellometer Auto T4 Nexcelom Bioscience, Lawrence, USA 

CountessÊ II FL  Invitrogen, Waltham, USA  

Infinite M200 Pro  Tecan Group, Männedorf, Switzerland 

MACSQuantifyÊ Miltenyi Biotec, Bergisch Gladbach, 
Germany 

Microplatereader Sunrise Tecan Group, Männedorf, Switzerland 

pH-electrode InoLab pH Level 1 WTW, Weilheim, Germany 

X-ray film processor Curix 60  AGFA, Mortsel, Belgium 

Table 14: Measuring devices . 

 

Microscope  Manufacturer  

Mikroscope ID 03  Carl Zeiss, Jena, Germany 

Nikon Eclipse Ti2 -E Nikon, Minato City, Tokyo, Japan  

NyOne Synentec, Elmshorn, Germany 

Table 15: Microscopes . 

 

Other device  Manufacturer  

Analytical balance BP310S Satorius, Göttingen, Germany 

Autoclave CS-Labor 91782 Webeco, Selmsdorf, Germany 

Autoradiography Cassettes Amersham plc, Little Chalfont, UK  

Blotting chamber Mini -PROTEAN 3 Cell Bio-Rad Laboratories, Hercules, USA 

Electrophorese chamber Novex Mini-Cell + 
XCell SureLock 

Thermo Fisher Scientific, Waltham, 
USA 

Forma Scientific -80 °C freezer Thermo Fisher Scientific, Waltham, 
USA 

Liquid nitrogen container Chronos Messer Griesheim, Bad Soden, 
Germany 

Magnetic stirrer MR 3001  Heidolph Instruments, Schwabach, 
Germany 

Milli -Q Reagent water system Merck Millipore, Darmstadt, Germany  

NALGENE Cryo Freezing Container NALGENE, New York, US 

Power supply P25 Standard Power Pack Biometra, Göttingen, Germany 

Precision Balance Precisa BJ 2100D Precisa Gravimetrics AG, Dietikon, 
Switzerland 

Purelab Chorus Elga Milli -Q system Elga Veolia, High Wycombe, UK 



51 

 

Sonicator PG1029 MSE Scientific Instruments, London, 
UK 

Vacuum device Multivac MultiVac, Wolfertschwenden, Germany  

Table 16: Other devices . 

 

Pipette  Manufacturer  

8-channel-pipette 300ȉl Eppendorf, Hamburg, Germany  

Eppendorf Research Plus 0.1 - 2.5 ȉL Eppendorf, Hamburg, Germany 

Eppendorf Research Plus 0.5 - 10 ȉL Eppendorf, Hamburg, Germany  

Eppendorf Research Plus 2 - 20 ȉL Eppendorf, Hamburg, Germany  

Eppendorf Research Plus 10 - 100 ȉL Eppendorf, Hamburg, Germany  

Eppendorf Research Plus 20 - 200 ȉL Eppendorf, Hamburg, Germany  

Eppendorf Research Plus 100 - 1000 ȉL Eppendorf, Hamburg, Germany  

Pipetus Hirschmann, Eberstadt, Germany  

Table 17:  Pipettes . 

 

Sterile bench  Manufacturer  

Laminair HB 2472 K  Heraeus Instruments, Hanau, Germany 

HERAsafe HS Thermo Fisher Scientific, Waltham, USA 

Mars 1200 LaboGene, Lillerød, Denmark 

NUAIRE  Plymouth, Minnesota, USA 

Table 18:  Sterile benches . 
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4.  Methods  

4.1.  Cell biology methods  

4.1.1.  Cell culture  

Human pancreatic adenocarcinoma cell lines Colo357 and Panc1 were cultured in 

RPMI -1640 medium without HEPES supplemented with 10% FCS, 10 mM D-glucose, 

5% GlutaMax, and 5% sodium pyruvate under standard cell culture conditions (37°C, 

5% CO2). The pHe media 7.6 and 6.5 were obtained by using the Henderson-

Hasselbalch equation (for further information , see Michl, Park, et al. 2019 (Michl, 

Park, et al. 2019)) and done similarly to Yao, Czaplinska et al., 2020, Cancers (Yao, 

Czaplinska, et al. 2020), and Flinck, Kramer et al., 2018 (Flinck, Kramer, et al. 2018) 

by adjusting the HCO3- concentration by adding a proper amount of NaHCO3 and NaCl 

to ensure equal osmolarity. Panc1 pHe (7.6 and 6.5) adapted cell lines were established 

and kindly provided by  Prof. Dr.  Stine Falsig Pedersen (University of Copenhagen, 

Denmark). Colo357 pHe (7.6 and 6.5) adapted cell lines were generated internally. 

Cells were passaged 1:2 to 1:5 when they had reached 70-85% confluence. For this 

procedure, old media was removed from the cell culture flasks, then washed with pre-

warmed PBS. Afterward, Panc1 cells were incubated with 1xtrypsin solution for around 

~5 min, and Colo357 cells for around ~25 until fully  detached from the flask. After  

verifying the cell detachment under the microscope, the activation of trypsin was 

terminated by adding  pre-warmed fresh media to the cell suspension. Cells were 

transferred to 50 mL falcon tubes and centrifuged at 400 rcf for 5 min at RT.  The 

supernatant was removed, and the cell pellet was resuspended in fresh pre-warmed 

media, ready to be transferred to a new cell culture flask or seeded for experiments 

(see section 4.1.3). Cells were passaged at least twice per week. Cell lines were 

authenticated by STR-profiling and regularly tested for mycoplasma contamination  by 

Venor® GeM Classic Mycoplasma Detection Kit for conventional PCR. 

 

4.1.2.  Experi mental pH e setup  

Either  the cells were exposed in an óacuteô pH e setup, with a different pH e and exposure 

times between 24 h to a maximum of 7 days depending on the experiment, or the cells 

were cultured for a period of a minimum of 30 days in a certain pHe value and stocked 

for future usage as pHe óadaptedô cells. 
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4.1.3.   Determination of the cell num ber  

4.1.3.1.  Cell counter Cellometer Auto T4  

Viable cells used for experiments were counted by using the Cell counter Cellometer 

Auto T4 which utilizes bright -field imaging and pattern recognition software to count 

individual cells. This was done by adding 20 µL cell suspension to a hemocytometer 

and determining the number of viable cells . Here the cell count was repeated 2-3 times 

to receive the most accurate number. If a technical replicate differed more than 10% 

from the others , it was excluded from the calculati ons.  

 

4.1.3.2.  NyOne ï Trypan Blue ï Viab i lity  

Another way the cells were counted was by using the dye Trypan blue and NyOne live-

cell imager. Trypan blue is a dye exclusion test determining  the number of viable cells. 

This is built on the principle that viable c ells exhibit intact cell membranes that exclude 

particular dyes such as Trypan blue, and dead cells do not; thus, trypan blue binds to 

intracellular proteins leaving the cells a bluish color (Strober 2001). Here a cell 

suspension (1:20) mix was prepared: 200 µL 0.01% Trypan blue, 180 µL PBS, and 20 

µL cell suspension. Finally, 80 µL of this mix was pipetted four times into a 96 -well 

plate, followed by centrifugation at 300 rcf for 1 min at RT. NyOne measured the plate 

using the óTrypan Blueô program in the YT-Software® , and a viable cell number average 

was calculated. Again, variation of technical replicate was considered and excluded if 

one differed too much from the rest.  

 

4.1.3.3.  Countess TM  II FL ï Automated Cell counter  

A third way the cells were counted (only during the secondment at the University of 

Copenhagen) was by using the CountessTM II FL  and the food additive dye Erythrosin 

B. This dye acts similarly to Trypan blue since it only stains dead cells that exhibit 

disintegrated cell membranes (Kim, Kim, et al. 2016). Here a 1:1 cell suspension mix 

was prepared: 20 µL 0.2% Erythrosin B  plus 20 µL cell suspension. 10 µL of this mix 

was loaded into a counting chamber slide, and viable cells were counted 2-3 times. 

Again, variation of technical replicate was considered and excluded if one differed too 

much from the rest.  
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4.1.4.  Cell treatments  

Before treatments, the cells were seeded in 6-well or 96-well, depending on the 

experiment setup, and grown for 24 h at 37°C and 5% CO2. For cell treatments 

following compounds and final concentrations were used: Recombinant Human 

sTRAIL/Apo2L  (200 ng/mL) ; Navitoclax (5 µM), an inhibitor of Bcl -2 and Bcl-xL; 

Venetoclax (5 µM), an inhibitor of Bcl -2; S63845 (5 µM), an inhibitor of Mcl -1. 

 

The pro-apoptotic inhibitors Navitoclax, Venetoclax , and S63845 pursue their effect 

by occupying the BH3 binding groove of anti-apoptotic Bcl-2 family members (Tse, 

Shoemaker, et al. 2008; Souers, Leverson, et al. 2013; Kotschy, Szlavik, et al. 2016).  

 

4.1.5.   Long -term storage of cells in liquid nitrogen  

Cells were stored in 10% DMSO/FCS in liquid nitrogen for long-term storage. This 

procedure was similar to passaging cells (see section 4.1.1), except for resuspending 

cells in fresh media as the last step cells were instead resuspended in 10% DMSO/FCS. 

The cell suspension was transferred in cryo vials (1.5 mL) which were stored for at least 

24 h in a cryo-freezing container at -80°C before being transferred to the liquid 

nitrogen tank . 

 

4.1.6.  Thawing cells  

Cells were taken into a culture  by thawing the cryo vials in a 37 °C pre-warmed water 

bath. They were then immediately resuspended in 10 mL of fresh pre-warmed media. 

The cells were centrifuged at 400 rcf for 5 min at RT, and the supernatant was 

discarded, followed by resuspending the pellet in a fresh pre-warmed medium. Finally, 

the cells were transferred in either T25 or T75 culture flasks, depending on the cell 

line. The media was exchanged after incubating the cells at 37 °C and 5 % CO2 for 24 

h. 

 

4.1.7.   Small interfering RNAs (siRNAs)  

Transient knockdown  (KD)  was performed by reverse transfection of RNAi for 72 h. 

Opti -MEM, Lipofectamine TM RNAiMAX  transfection reagent, and siRNA (final 

concentration: 20 nM)  were used according to the manufacturerôs instructions. Please 
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see Table 5 for details about all siRNAs used for this thesis. All KDs were evaluated by 

western blotting , where cells were re-seeded for 24 h prior to treatment with TRAIL or 

not, then collected for whole-cell lysates.  

 

4.1.8.  Cell viability assay using crystal violet  

In this assay, crystal violet was used to assess cell viability. Since adherent cells detach 

from the cell culture surface during cell death, staining the remaining adherent cells  

with crystal violet dye can be used to quantify cell viability and differences in cell 

proliferation. Crystal violet binds to proteins and DNA (Feoktistova, Geserick, et al. 

2016). Cells (1.5x104) were seeded in a 96-well plate and grown for 24 h before another 

24 h with or without treatment  (see results section for the specific treatment). At the 

end of the experiment, the cell culture supernatant was discarded, and adherent cells 

were incubated with 0.5% crystal violet/20% methanol  to visualize the colonies. 

Crystal violet was washed away with ddH2O, and plates were left to dry. After the wells 

were dried, they were filled with 200 µL 100% methanol  and incubated for 20 min at 

RT with gentle shaking. Finally, absorption was measured on either Tecan Sunrise or 

Tecan infinite M200 Pro with wavelength at 590 nm and reference at 700 nm.  

 

4.1.9.  Colony forming assay  

Cells (1x103) were seeded in a 6-well plate and grown for 24 h before treatment with 

TRAIL for 24 h and following medium change . The cells were left to grow for an additional 

5-7 days, depending on the formation of colonies. At the end of the experiment, the 

colonies were quantified using the NyOne live-cell imager and the óSingle Cell Cloningô 

program in the YT-Software® . Finally, the cells were stained with 0.5% crystal 

violet/20% methanol  to visualize the colonies. Crystal violet was washed away with 

ddH 2O, and plates were left to dry. 

 

4.1.10.  Live -cell imaging staining  

Following dyes and final concentrations were used at the NyOne live-cell imager: 

Hoechst óBisbenzimid H 33342ô (2.5 µg/mL), allows to count the nuclei; Calcein-AM 

(1 µg/mL), allows to count the living cells; Propidium Iodide (PI) (10 µg/mL), allows 

to count the dead cells. 
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4.1.10.1.  Usage of  triple -staining  

4.1.10.1.1.  Hoechst  33342  

Hoechst 33342 is a permeable non-intercalating dye and binds the DNA minor groove 

at A-T-rich regions. It stains both viable and non-viable cells and is known to induce 

minimal cytotoxicity  (Fig. 11) (Buceviļius, Lukinaviļius, et al. 2018). Hoechst 33342 

was excited by UV light (352 -402 nm) .  

 

4.1.10.1.2.  Calcein -AM  

Calcein-AM, short for Calcein acetoxymethyl ester, is a dye that indicates viability by 

emitting fluorescence in response to cellular metabolic activity. It  is a highly lipophilic 

dye that easily crosses the cell membranes into the cytosol of viable cells. Here non-

specific intracellular esterases cleave the acetoxymethyl ester bonds, which convert 

non-fluorescence Calcein-AM to fluorescence Calcein. Because Calcein is negatively 

charged and hydrophilic, it is retained inside the cell. It is also ideal for measuring cell 

viability in the  range of physiological pH  (Fig. 11) (Bratosin, Mitrofan, et al. 2005 ). 

Calcein was excited at 461-489 nm. 

 

4.1.10.1.3.  Propidium iodide (PI)  

PI is a membrane-impermeable intercalating  dye that binds DNA . It stains dead cells 

or cells with damaged cell membranes (Fig. 11) (Rosenberg, Azevedo, et al. 2019; 

Banerjee, Majumder, et al. 2014). PI was excited at 541-582 nm. 
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Figure 11:  Illustrated mechanisms for the cellular processing of the three 

dyes: Hoechst 33342, Calcein -AM , and Propidium iodide (PI).  Hoechst 33342 

enters the cells, where it binds the DNA minor groove. It can stain  both viable and non-

viable cells. The non-fluorescent Calcein-AM is hydrophilic and can easily cross the 

plasma membrane and enter the cytosol. Here non-specific intracellular esterases convert 

Calcein-AM to fluorescence Calcein. PI is a membrane-impermeable dye and only enters 

dead cells or cells with damaged cell membranes. Here it binds DNA by intercalation . 

Figure created by Sofie Hagelund with BioRender.com.  

 

4.1.10.1.4.  The live -cell imaging procedure  

The three dyes were mixed in PBS, added to the wells containing cells, and incubated 

for 20 min in the cell incubator (37°C, 5% CO2). Pictures were obtained and quantified 

by NyOne live-cell imager and the program óVirtual Cytoplasm (2F)ô in the YT-

Software® . Quantifying dead and live cells simultaneously were used to clarify whether 

the decreased number of viable cells results from enhanced cell death or decreased cell 

proliferation.  

 

4.2.  Flow cytometry  

Flow cytometry was performed on either BD FACSCaliburÊ or MACSQuantifyÊ and 

evaluated with CellQuest Pro or MACSQuantifyÊ software, respectively. 
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4.2.1.   Cell surface TRAIL -receptor expression  

The TRAIL -receptor expression at the cell surface was determined using 

allophycocyanin (APC) conjugated antibodies. Cells (4.5x105) were seeded in a 6-well 

plate and grown for 24 h. At the end of the experiment, cells were detached from 

culture dishes by treatment with accutase, re-suspended in 0.05% NaN3/PBS, 

transferred to a plate with V -shaped wells, and centrifuged 300 rcf for 10 min at 4°C. 

The supernatant was discarded, and cells were incubated for 30 min with the APC-

conjugated antibodies stated in Table 6 with a concentration of 1:3 in 0.6% BSA/PBS. 

Respective isotype control staining was performed with APC-conjugated mouse IgG1 

Control and mouse IgG2B. Finally, cells were washed in 0.05% NaN3/PBS, re-

suspended in 1% PFA/PBS, and the staining was measured within 24 h by flow 

cytometry. A population size of 10,000 cells was regarded as representative of data 

evaluation. 

  

4.3  Intracellular pH measurements by live -cell fluorescence 

microscopy  

The Nikon Eclipse Ti2-E microscope and NIS Elements AR software were used to carry 

out live-cell fluorescence microscopy related to pHi measurements. These experiments 

were performed in Prof. Stine Falsig Pedersenôs lab (University of Copenhagen).  

 

4.3.1.   Establishing a calibration curve for measurements of the 

intracellular pH values  

Ratiometric pH i data were achieved by establishing a calibration  curve for each cell 

line. This was performed using KCl Ringer solution, nigericin , and BCECF-AM. 

  

4.3.1.1.  Nigericin  

Nigericin  is an ionophore and polyether antibiotic from the fungus Streptomyces 

hygroscopicus. It exchanges H+ for cations such as K+ or Na+ across the cell 

membranes but has a lower affinity to Na+ than K+ (Fig. 12). Hence, if the cells are 

exposed to a Na+-free buffer containing nigericin and high amounts of K +, the 

ionophore will mainly exchange H + for K+. Consequently, the gradients of H+ and K+ 

will eventually equalize across the membranes (Bevensee, Bashi, et al. 1999). The pHi 
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of the cells and individual  organelles are therefore forced to equilibrate with the pH of 

their surroundings ( calibration buffers , KCl Ringer solution).  

 

Figure 12: Illustrated mechanism of Nigericin.  Nigericin is a polyether ionophore, 

which exchanges H+ for cations like K+ or Na+ across the cell membranes, but has a lower 

affinity to Na + than K+. In the case of exposing cells to a Na+-free buffer containing 

nigericin and high amounts of K +, there will mainly be an exchange of H+ for K+. 

Eventually, the gradients of H+ and K+ will equalize across the membranes and force the 

pH i of the cells and individual organelles to equilibrate with the pH of their surroundings . 

Figure reprinted  from  (Gao, Liu, et al. 2021). 

 

4.3.1.2.  BCECF -AM  

The pH-sensitive indicator 2',7' -bis(carboxyethyl) -5,6-carboxyfluorescein (BCECF) 

was synthesized by Rink et al. 1982 and was esterified with acetoxymethyl groups to 

BCECF-acetoxymethyl ester (BCECF-AM) which allows the dye to cross the plasma 

membrane into the cytosol. In this manner , it acts similar ly to Calcein-AM as the 

acetoxymethyl ester bonds are cleaved by non-specific intracellular esterases after it  

enters the cytosol, which converts non-fluorescence BCECF-AM to fluorescence 

BCECF. Again, just like Calcein, BCECF is hydrophilic  and is retained inside the cell. 

The pKa value of BCECF is 6.97, which makes it ideal for measur ing physiological 

changes in the pH i of the cells (Rink , Tsien, et al. 1982; Grant and Acosta 1997). In the 

deprotonated state of BCECF, it is highly fluorescent when excited in the wavelength 

range from 450 nm to 530 nm. As H + increases inside the cell, the fluorescence of 

BCECF is reduced, and the excitation spectrum is shifted towards a shorter wavelength 

(Fig. 13). An essential and valuable feature of BCECF is that the fluorescence is pH-
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independent when excited between 436 to 439. Having both a pH-dependent and pH-

independent part of the excitation spectrum is extremely useful since the ratio of these 

can be used to determine the pH that does not depend on dye concentration, optical 

path length, absolute brightness, overall illumination, and detector sensitivity. It is 

especially advantageous to obtain ratiometric data in microscopic imaging of single 

cells (Tsien 1989). 

 

 

Figure 13:  Illustrat ed  mechanism for the cellular processing of the pH 

indicator dye BCECF -AM.  The non-fluorescent BCECF-AM is hydrophilic and can 

easily cross the plasma membrane and enter the cytosol. Here non-specific intracellular 

esterases convert BCECF-AM to fluorescence BCECF. In alkaline pH, BCECF will mainly 

occur in the deprotonated state, which is highly fluorescent. As the pH decreases inside 

the cell and BCECF is protonated, the fluorescence of BCECF is reduced. Figure created 

by Sofie Hagelund with BioRender.com. 

 

4.3.1.3.  The c alibration procedure  

Five different pH-specific KCl Ringer solutions were prepared: pH 6.2, 6.6, 7.0, 7.4, 

and 7.8. All KCl Ringer solutions were pre-warmed at 37°C, and pH was fine-tuned 

with KOH/HCl before each calibration. Nigericin (final concentration: 10 µM) was 

added freshly to each pH-specific KCl Ringer buffer. Cells were exposed to BCECF-AM 

(final concentration: 1.6 µM) for 1 h at 37°C and 5% CO2 prior to th e calibration . 

Subsequently, the cells were washed two times with KCl Ringer solution pH 7.0 

without nigericin before adding KCl Ringer solution pH 7.0 with nigericin . 

Simultaneously, the cells were constantly kept at 37°C during the measurements under 

the microscope. This pH was used to find the best exposure time during the calibration 

and to acclimate the cells to the KCl Ringer solution with nigericin . Once this was 
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established, the calibration could begin with the lowest pH and up.  Two different 

excitation wavelengths were used: a pH-independent at 440 nm  and a pH-dependent 

at 490. One area per pH was measured, and each measurement took 5 min, where the 

microscope took a photo every 5th sec. Finally, intensity values of 440 and 490 

wavelengths were obtained by adding ROI (region of interest) on 8 -15 cells and 5 for 

the background to normalize overall intensity . These numbers were used to calculate 

the 490/440  ratio  of each pH and to finally obtain  the equation to calculate the pH i of 

each pHi measurement experiment (Supplementary: Fig. S5). Calibration was 

performed on each cell line used for pHi measurements.  

 

4.3.2.  pH i  measurements with HCO 3
- Ringer solution  

Two different pH -specific HCO3- Ringer solutions were prepared: pH 7.4 and 6.5, 

where the HCO3- Ringer solution pH 7.4 was used for cells normally growing at pH 7.4, 

and HCO3- Ringer solution pH 6.5  was used for cells adapted to pH 6.5. Only steady-

state pHi was measured. For these experiments , the cells were constantly kept at 37°C 

and 5% CO2 during the measurements under the microscope. 

 

All HCO3- Ringer solutions were pre-warmed to 37°C. NaHCO3 was added, and pH was 

fine-tuned with NaOH/HCl before each calibration.  Cells were exposed to BCECF-AM 

(final concentration: 1.6 µM) for 1 h at 37°C and 5% CO2 prior to the calibration and 

were then washed two times with the proper HCO3- Ringer solution before adding the 

final proper HCO 3- Ringer solution . At least three areas per condition were measured, 

and each measurement took 5 min, where the microscope took a photo every 5th sec. 

Finally, intensity values of 440 and 490 wavelengths were obtained by adding ROI on 

8-15 cells and 5 for the background to normalize overall intensity . These numbers were 

used to calculate the ratio 490/440, and by using the equation obtained from the 

calibration curve , the pH i could be calculated. 

 

4.4.  Biochemical methods  

4.4.1.  Preparation of whole cell lysates  

At the end of the particular experiment , cells grown in 6-well plates were prepared for 

whole-cell lysis for subsequent western blotting. For experiment  setups with 24 h 

TRAIL treatment where a high number of dying cells could occur, the cell supernatant 
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was harvested and washed with ice-cold PBS, which was also harvested. This was 

followed by two times centrifugation at 400 rcf for 10 min at 4°C , where the 

supernatant was discarded, and the cell pellet was resuspended in ice-cold PBS before 

the cell pellet was resuspended in ice-cold RIPA buffer supplemented with Complete 

Protease Inhibitor Cocktail and PhosphoStop (RIPA++) and transferred to the 

corresponding well  of the 6-well plate containing the adherent cells. Each well was 

added with 100-200 µL RIPA++ depending on the cell confluence. The plates were 

incubated with RIPA++ for 10 min before it was transferred to -80°C and incubated 

for at least 20 min. Lysates were sonicated on Sonicator PG1029 for 10 sec with 10-sec 

breaks on ice not to overheat the lysates. Afterward, t he lysates were centrifuged at 

16,100 rcf for 15 min at 4°C. Finally, the lysates were transferred into a fresh reaction 

tube, ready for estimating the protein concentration using PierceÊ BCA Protein Assay 

Kit (see section 4.4.2). 

 

4.4.2.  Protein quantification using  bicinchon inic acid assay (BCA 

assay)  

The protein concentration of the RIPA++ lysates was estimated using the PierceÊ BCA 

Protein Assay Kit. The RIPA++ lysates were diluted 1:10 or 1:5 (if the protein 

concentration was too low), and a series of 7 bovine serum albumin ( BSA) standards 

were prepared for the standard curve ranging from 1 mg/mL to 0.0156 mg/mL. All 

samples and standards were prepared in a 96-well plate, and in correspondence with 

the manufacturerôs instructions, the BCA buffer mix was added. Finally, the plate was 

incubated for 40 min at 37°C, and the absorption was measured on either Tecan 

Sunrise or Tecan infinite M200 Pro with wavelength at 562 nm  and reference at 690 

nm. 

 

4.4.3.  SDS-Polyacrylamide -gel electrophoresis (SDS -PAGE)  

Proteins were separated by using the discontinuous electrophoretic system sodium 

dodecyl sulfate (SDS)ïpolyacrylamide gel electrophoresis (PAGE) and Tris-Glycine 

buffers, which was developed by Ulrich K. Laemmli (Laemmli 1970). Protein samples 

were adjusted to equal protein concentrations with RIPA++ and 4x Laemmli loading 

buffer  and boiled for 5 min prior to the loading.  SpectraTM Multicolor Broad Range 

Protein ladder was used as the protein ladder.  Equalized protein samples (6-10 µg/µL) 
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were loaded on Tris-glycine gels with a 4-20% gradient, and the electrophoresis was 

executed in a vertical chamber system with Laemmli running buffer at 125 V. 

 

4.4.4.  Western blotting  

When electrophoretic separation of prot eins was completed, western blotting could be 

initiated, a technique introduced by Towbin et al. 1979 (Towbin, Staehelin, et al. 1979). 

Proteins were transferred by a ótransfer sandwichô consisting  of a foam pad, Whatman 

filter paper, gel with electrophoretically separated proteins, and pre-activated (with 

methanol  for 30 sec) polyvinylidene fluoride (PVDF) -membrane, and finally, another  

Whatman filter paper and foam pad. All components were pre-soaked in the transfer 

buffer. The sandwich was placed in a blotting chamber filled with transfer buffer.  

Proteins were transferred at 400 mA for 12- and 15-well gels. They were transferred 

for 70-90 min on ice, depending on the number of chambers per device. When the 

transfer was complete, the membrane was briefly washed in ddH2O before being 

incubated in methanol for 30 sec and left to dry for at least 20 min at RT.  At this point, 

the membrane could be saved for later use or proceeded by re-activating the 

membrane in methanol, washed briefly in TBS-T buffer before being incubated in a 

blocking buffer containing 5% milk or 5% BSA with mild shaking to prevent non -

specific binding of antibodies. The membrane was washed briefly three times in TBS-

T before incubating  with the primary antibody overnight at 4 °C. The next day, the 

membrane was washed three times for 10 min in TBS-T buffer and then incubated in 

horseradish peroxidase (HRP)-linked secondary antibody for 1 h at RT. The 

membrane was washed three times for 10 min in TBS-T buffer before detecting 

proteins by ECL detection solution using a chemiluminescence system and Developer 

G153 and X-ray film processor Curix 60  or the imager Azure Imaging Systems 300Q. 

To strip off secondary antibodies, óstripping buffer 1ô was boiled and used for Millipore 

PVDF-membranes, while óstripping buffer 2ô with low pH properties w as used for 

Amersham PVDF-membranes. Densitometric analyses were performed using ImageJ 

software (Schneider, Rasband, et al. 2012).  

 

4.5.  Statistics  

Data are presented as mean ± S.E.M of at least three independent experiments unless 

other is mentioned. Data analyses were performed using GraphPad Prism 7.0. When 
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several groups were analyzed, one-way or two-way ANOVA with either Tukeyôs or 

Sidakôs multiple comparison tests was used, which was dependent on whether pH 

conditions or treatment conditions were compared , and is specified for each 

experiment. P-values of <0.05 were considered statistically significant; * p<0.05, ** 

p<0.01, *** p<0.001, **** p<0.0001.  
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5.  Results  

Two different PDAC cell lines were chosen for this study, Colo357 and Panc1, where 

Colo357 is sensitive to TRAIL and Panc1 is resistant to TRAIL. In order to study the 

impact of pH e on PDAC cells and TRAIL-induced signaling, Colo357 and Panc1 cell 

lines were adapted for a more extended period to either of the three pH e conditions: 

pH e 6.5 (simulating pH e in the tumor microenvironment), pH e 7.6 (corresponding to 

the luminal pH e in the exocrine pancreas) or pHe 7.4 (control). The pHe specific 

medium 7.6 and 6.5 were also used to study the impact of short-term pH e exposure, 

referred to as acute pHe conditions.  

 

5.1. The impact of extracellular pH  on TRAIL -induced signaling  in 

PDAC cells  

5.1.1. Acidic extracellular pH  increases TRAIL -induced cell death  

This study sought to elucidate the impact of pH e on TRAIL -induced cell death. Cells 

were exposed to TRAIL for 24 h, and cell viability  and cell death were studied by live-

cell staining with Hoechst  33342, Calcein-AM, and PI, followed by quantifying the 

living and dead cells by the NyOne live-cell imager. In agreement with previous data 

(Hinz, Trauzold, et al. 2000 ; Trauzold, Schmiedel, et al. 2003), Colo357 cells were re-

proved to be sensitive (Fig. 14) while Panc1 cells to be resistant to TRAIL-induced cell 

death (Fig. 15). Interestingly, acidic pH e adaptation strongly sensitized Colo357 cells 

to TRAIL treatment  by decreasing cell viability down to 38.0% compared to control 

pH e with 65.1% (Fig. 14A+C). Correspondingly , under these conditions increased 

number of dead cells (59.3%) was observed compared to cells treated with TRAIL 

under control pH e conditions  (32.7%) (Fig. 14A+B). In contrast, Panc1 cells showed 

only a slight enhancement of TRAIL-induced cell death (Fig. 15A+B; pH e 7.4: 10.8%, 

pH e 6.5 adapted: 21.7%). No significant difference in TRAIL sensitivity could be 

detected between cells adapted to alkaline and control pH e (Fig. 14, Fig. 15). In 

addition to the effects of long-term pH e exposition to acidic or alkali ne pHe on TRAIL -

sensitivity, also the impact of an acutely changed pHe was investigated. For this 

purpose, the cells were exposed to different pH e shortly (24 h)  before and during  the 

treatment with TRAIL. Short -term exposition of cells to either alkaline or acidic pH e 

did not impact TRAIL sensitivity neither in Colo357 (Fig. 14) nor Panc1 cells with the 

only exception of acute alkaline pH e exposure (Fig. 15). Similar results for b oth pH e 
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settings (adapted and acute) have been obtained using crystal violet staining as an 

indicator of cell viability (Fig. 14D, Fig. 15D).  

 

 
Figure 1 4:  Acidic extracellular pH increases TRAIL -induced cell death in the 

TRAIL -sensitive cell line Colo357 . Twenty-four hours after seeding (1.5x104/well in 

96-well plate), cells were treated for an additional 24 h with 200 ng/mL TRAIL  (T) or 
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without (Ø) . Cell death/viability was determined by live-cell staining. (A) Colo357 cells 

were live-stained with  Hoechst 33342, Calcein-AM, and propidium iodide (PI), and 

NyOne was used to obtain  and process all representative images. Scale bar = 200 µm. (B) 

Quantification of PI -positive dead cells. (C) Quantification of Calcein-positive living cells. 

Hoechst 33342 was used to stain the nuclei. (D) Cell viability was measured by crystal 

violet staining. Data are normalized to untreated cells cultured under pH e 7.4 conditions 

and presented as cell viability in percentage without (Ø) or with 200 ng/mL TRAIL (T) for 

24 h. Data are shown as mean with S.E.M error bars of at least three independent 

experiments per cell line. *p<0.05, **<0.01, ***<0.001, ****<0.0001: Significant 

difference between untreated and treated using two-way ANOVA with Sidakôs multiple 

comparisons test or between pHe conditions using two -way ANOVA with Tukeyôs multiple 

comparisons test.  
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Figure 1 5:  Acidic  extracellular  pH increases TRAIL -induced cell death only 

slightly in the TRAIL -resistant cell line Panc1.  Twenty-four hours after seeding 

(1.5x104/well in 96 -well plate), cells were treated for an additional 24 h with  200 ng/mL  

TRAIL  (T) or without (Ø) . Cell death/viability was determined by live -cell staining. (A) 

Panc1 cells were live-stained with Hoechst 33342, Calcein-AM, and propidium iodide (PI), 

and NyOne was used to obtain and process all representative images. Scale bar = 200 µm. 

(B) Quantifica tion of PI -positive dead cells. (C) Quantification of Calcein-positive living 
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cells. Hoechst 33342 was used to stain the nuclei. (D) Cell viability was measured by 

crystal violet staining. Data are normalized to untreated cells cultured under pH e 7.4 

conditions and presented as cell viability in percentage without (Ø) or with 200 ng/mL 

TRAIL (T) for 24 h. Data are shown as mean with S.E.M error bars of at least three 

independent experiments per cell line. *p<0.05, **<0.01, ***<0.001, ****<0.0001: 

Significant difference between untreated and treated using two-way ANOVA with Sidakôs 

multiple comparisons test or between pH e conditions using two -way ANOVA with Tukeyôs 

multiple comparisons test.  

 

Western blot analyses of apoptotic caspases revealed that in Colo357 cells, TRAIL -

induced strong caspase-8 and caspase-3 activation, irrespective of the culture 

conditions (Fig. 16A). In agreement with the results of cell death quantifying assays 

(Fig. 14B), both acute and especially adaptation to acidic pHe potentiated TRAIL -

induced cleavage of both caspases in these cells (Fig. 16A). For caspase-8, this is 

especially clear looking at the representative western blots since both full caspase-8 

and cleaved caspase-8 (43 kDa band) decrease simultaneously when treated with 

TRAIL and grown in acidic pH e compared to the other pHe conditions  (Fig. 16A). This 

indicates a robust caspase-8 activation . The same tendency was seen in PARP 

activation for acid-adapted Colo357 cells, where almost all PARP and cleaved-PARP 

were gone after TRAIL treatment . Also, less full-length PARP was observed without 

TRAIL treatment  after acid-adaptation (Fig. 16A). The effects observed in TRAIL-

treated Panc1 cells were less pronounced, or in the case of PARP cleavage different 

with a more stable expression of full-length PARP even after TRAIL treatment 

compared to Colo357 cells (Fig. 16B).  
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Figure 16:  Pro -apoptotic signaling is strongly activated upon TRAIL 

treatment in Colo357 cells and increas es upon acid  adapt at ion, whereas 

Panc1 cells exhibit notably lower pro -apoptotic signaling. (A) Colo357 cells and 

(B) Panc1 cells (4.5x105/well in 6 -well plate) were grown for 24 h, then either not treated 

(-) or treated (+) with 200 ng/mL TRAIL for 24 h, lysed, and subjected to western blot 

analyses for caspase-8, caspase-3, and PARP. Blots are representatives of at least three 

independent experiments. 

 

Next, the clonogenic survival of both PDAC cell lines under different pH e conditions 

with and without TRAIL treatment  was investigated. As shown in Fig. 17, in this aspect, 

Colo357 cells (Fig. 17A+C) and Panc1 cells (Fig. 17B+D) respond differently to pH e. 

Thus, acute exposure and adaptation to acidic pHe, as well as adaptation to alkaline 

pH e, resulted in a robustly reduced clonogenic survival of Panc1 cells. However, none 

of these conditions affected Colo357 cells. In Colo357 cells, solely the acute exposition 

to alkaline pH e decreased the number of colonies, which was not observed in Panc1 

cells. Consistent with previous data (Legler, Hauser, et al. 2018), treatment with 

TRAIL for 24 h significantly reduc ed clonogenic survival of Colo357 cells cultured 

under normal pH e conditions of 7.4. In contrast, TRAIL did not affect clonogenic 

survival in Panc1 cells (Fig. 17).  
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Figure 17:  Extracellular pH and TRAIL affect colony formation in PDAC cells. 

Cells (1x103/well in 6 -well plate) were grown for 24 h, treated with 200 ng/m L TRAIL for 

24 h, and following medium change, let to grow for an additional 5 -7 (Colo357: A, C) or 5-

6 days (Panc1: B, D). The colonies were counted by live-cell imager NyOne. (A, B) 

Representative crystal violet stained plates (C, D) quantified data shown as mean with 

S.E.M error bars of at least three independent experiments per cell line. *p<0.05, **<0.01, 

***<0.001, ****<0 .0001: Significant difference between untreated and treated using two-

way ANOVA with Sidakôs multiple comparisons test or between pHe conditions using two -

way ANOVA with Tukeyôs multiple comparisons test. 

 

5.1.2.  Acidic extracellular pH affects non -canonical TRAI L -R 

signaling  

The TRAIL-induced apoptotic pathway is frequently inhibited in cancer , and along 

with the TRAIL death receptors inducing several signaling pathways promoting 

inflammation, invasion, migration, and proliferation , it  can ultimately result in tu mor 

progression (von Karstedt, Montinaro, et al. 2017; Trauzold, Wermann, et al. 2001; 

Trauzold, Siegmund, et al. 2006; Hoogwater, Nijkamp, et al. 2010; Azijli, Dekker, et 

al. 2010). To study the impact of pH e on the activation of these non-canonical (non-

apoptotic)  TRAIL -induced pathways, cells were cultured under different pH e 
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conditions and exposed to TRAIL for 3 h. Subsequently, the phosphorylation/activity 

of Akt, Src, and MAP-kinases, as well as the phosphorylation of the Ikba as an 

indicator for the activation of NFȇB, were analyzed by western blotting using phospho-

specific antibodies. The overall cellular expression levels of these proteins were 

analyzed in parallel as a control.  

 

Under control  pH e (7.4) conditions  for both PDAC cell lines, TRAIL treatment resulted 

in robust activation -related phosphorylation of JNK, p38, and IkBa (Fig. 18A+E-G, 

Fig. 19A+E-G). Notably, non-phosphorylated IkBa was strikingly decreased in acid-

adapted Colo357 cells after TRAIL treatment (Fig. 18A, Supplementary: S1A+C), 

suggesting increased degradation of IkBa and release of NF-kB. In addition, in 

Colo357 cells, TRAIL also led to the activation of ERK1/2 in  all pH e conditions except 

for  cells adapted to pHe 7.6 (Fig. 18A+D) . Especially Colo357 cells exposed to acidic 

pH e showed high ERK1/2 activation upon TRAIL treatment  compared to their 

respective pHe controls (Fig . 18A+D, Supplementary. S1A+B). Neither in Colo357 cells 

nor Panc1 cells, significant changes in Akt  or Src activity could be observed following 

exposure to TRAIL (Fig. 18A-C, Fig. 19A-C). Only the activity of Akt and Src tended to 

decrease in both acute pHe conditions following TRAIL treatment in Colo357 (Fig. 

18A-C). Notably, these proteins became significantly more active in acid-adapted 

Colo357 cells compared to control cells or cells adapted to alkaline pH e (Fig. 18A-C). 

No such effects were seen in Panc1 cells (Fig. 19A-C). Regarding the impact of pHe on 

TRAIL -induced non-canonical pathways, acid-adapted Colo357 cells did not decrease 

their response to TRAIL (Fig. 18). Also, no significant TRAIL -induced phosphorylation 

of ERK1/2, p38, or IkBa was observed in these cells when adapted to alkaline pH e (Fig. 

18A+D+F+G ). Notably, the adaptation of Panc1 cells to either pHe 7.6 or 6.5 strongly 

reduced their ability to activate the non -canonical signal transduction pathways in 

response to TRAIL (Fig. 19). In general, a more robust response to TRAIL treatment 

was observed in Panc1 cells acutely exposed to alkaline or acidic pH e compared to their 

pH e-adapted counterparts (Fig. 19). For Colo357 cells, more similar response patterns, 

at least for the acidic pHe conditions were detected (Fig. 18). In contrast,  alkaline acute 

pH e exposure resulted in higher non-apoptotic activity compared to alkaline -adapted 

Colo357 cells (Fig. 18).  
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Figure 18 : Extracellular pH affects non -apoptotic TRAIL -R signaling in 

Colo357 cells , and acid -adaptation results in a particularly robust non -

apoptotic signaling activation . (A) Colo357 cells (4.5x105/well in 6 -well plate) were 

grown for 24 h, then either not treated (ī) or treated (+) with 200 ng/mL TRAIL for 3  

h, lysed, and subjected to western blot analyses for pAkt, Akt, pSrc, Src, pERK, ERK, 
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pJNK, JNK, p -p38, p38, pIȇBŬ, and IȇBŬ. Blots are representative and show (B-G) 

densitometric quantification normalized to loading control and the respective level of 

untreated cells cultured under pH e 7.4 conditions. Phosphorylated (p) proteins were 

normalized to non -phosphorylated proteins. Data are shown as mean with S.E.M error 

bars of at least three independent experiments per cell line. *p < 0.05, **<0.01, 

***<0.001 , and ****<0.0001: significant difference between untreated and treated 

cells using two-way ANOVA with Sidakôs multiple-comparison test or between pHe 

conditions using two -way ANOVA with Tukeyôs multiple-comparison test. 
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Figure 19: Extracellular pH affects non -apoptotic TRAIL -R signaling in Panc1 

cells, and  pH e-adaptation results in decrease d non -apoptotic protein 

activation upon TRAIL  treatment . (A) Panc1 cells (4.5x105/well in 6 -well plate) were 

grown for 24 h, then either not tr eated (ī) or treated (+) with 200 ng/mL TRAIL for 3 

h, lysed, and subjected to western blot analyses for pAkt, Akt, pSrc, Src, pERK, ERK, 
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pJNK, JNK, p -p38, p38, pIȇBŬ, and IȇBŬ. Blots are representative and show (B-G) 

densitometric quantification normalize d to loading control and the respective level of 

untreated cells cultured under pH e 7.4 conditions. Phosphorylated (p) proteins were 

normalized to non -phosphorylated proteins. Data are shown as mean with S.E.M error 

bars of at least three independent experiments per cell line. *p < 0.05, **<0.01, 

***<0.001, and ****<0.0001: significant difference between untreated and treated 

cells using two-way ANOVA with Sidakôs multiple-comparison test or between pHe 

conditions using two -way ANOVA with Tukeyôs multiple-comparison test. 

 

5.1.3.  Extracellular pH influences the expression of TRAIL death 

receptors  

The data presented so far has shown that acid-adaptation increases TRAIL  sensitivity  

for Colo357 cells, while Panc1 cells were only marginally affected and remained largely 

TRAIL -resistant. To gain insights into the potential mechanisms behind these effects, 

the expression of TRAIL-Rs was analyzed in cells exposed to different pH e conditi ons 

and treated or not with recombinant TRAIL for 24 h.   

 

Flow cytometric analyses revealed no impact of pHe on the cell surface expression of 

TRAIL death receptors in Colo357 cells (Fig. 20A). Likewise, no differences in the cell 

surface expression of TRAIL -R3 or TRAIL-R4 were detected neither in Colo357 cells 

nor Panc1 cells (Fig. 20). Intriguingly, in Panc1 cells, both TRAIL -R1 and TRAIL-R2 

were significantly decreased at the plasma membrane following their adaptation to 

either alkaline or acidic pH e (Fig. 20B). Of note, TRAIL-R1 appeared to be stronger 

influenced by pH e than TRAIL -R2. In addition, acid  adaptation reduced the plasma 

membrane levels of TRAIL-R1 significantly stronger than adaptation to alkaline pH e 

(Fig. 20B). 

 



77 

 

 
Figure 2 0 : Acid  adaptation highly decreases TRAIL -R1 and TRAIL -R2 levels 

at the cell surface in Panc1 cells . (A) Colo357 and (B) Panc1 cells (4.5x105/well in 6 -

well plate) were grown for 24 h, then stained with APC-conjugated anti-TRAIL -Rs 

antibodies to measure their cell surface expression by flow cytometry. Data are shown as 

mean with S.E.M error bars of at least three independent experiments per cell line. *<0.05, 

**<0.01, ***<0.001, and ****<0.0001: significant difference between TRAIL -Rs using 

two-way ANOVA with Sidakôs multiple-comparison test or between pHe conditions using 

two-way ANOVA with Tukeyôs multiple-comparison test. Red stars indicate significance 

only between TRAIL-R1 and TRAIL-R2 within each pH e. 

 

Western blot analyses of whole-cell lysates were primari ly congruent with the results 

obtained for  the cell surface-expressed: TRAIL -R1, TRAIL -R2, and TRAIL-R4 (Fig. 

21). Thus, no significant  pH e-dependent changes in the levels of TRAIL -R1, TRAIL-

R2, and TRAIL -R4 were observed in Colo357 cells, except for TRAIL-R1 in acute 

alkaline pH e conditions  (Fig. 21A-D). On the other hand, the cellular levels of TRAIL-

R1 in Panc1 cells were significantly reduced in cells adapted to both alkaline and acidic 

pH e (Fig. 21E+F). Interestingly,  acute pHe conditions showed completely contrary  

results in the protein levels of TRAIL -R1, in which instead  of being downregulated, the 

levels of TRAIL-R1 were increased in Panc1 cells acutely exposed to either alkaline or 

acidic pH e (Fig. 21E+F). Moreover, contrary  to the data shown for the cell surface 

expression, no impact of pHe on cellular levels of TRAIL-R2 could be detected by 

western blotting in Panc1 cells (Fig. 21E+G).   

 

Besides differences in the impact of pHe on TRAIL -Rs levels, treatment with TRAIL 

also differentially influenced these receptors in  PDAC cells. Concretely, TRAIL had no 

effects on the overall levels of TRAIL-R1 or TRAIL-R2 in Colo357 cells in any of the 

studied pH e conditions , except for acute acidic pH e conditions,  interestingly (Fig. 21A-
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C). Strikingly, TRAIL -R4 levels highly and significantly increased when treated with 

TRAIL and adapted to pH e 7.6, while for the rest of the pHe conditions , TRAIL had no 

effects on TRAIL-R4 in Colo357 cells (Fig. 21A+D) . In Panc1 cells, treatment with 

TRAIL led to a substantial  reduction of TRAIL -R1 levels in all pH e conditions, except 

for acute alkaline pH e conditions  when compared to control pH e (Fig. 21E+F). TRAIL  

treatment did not affect TRAIL-R2 and TRAIL-R4 in Panc1 cells (Fig. 21E+G+H) .  
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Figure 2 1:  Extracellular pH influences the expression of TRAIL receptors . (A) 

Colo357 cells and (E) Panc1 cells (4.5x105/well in 6 -well plate) were grown for 24 h, then 

either not treated (ī) or treated (+) with 200 ng/mL TRAIL for 24 h, lysed, and subjected 

to western blot analyses for TRAIL-R1, TRAIL -R2, and TRAIL-R4. Blots are 




















































































































































