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1. Introduction 
 
 

 Cell death in Health and Disease 
 

Cell death is a commonly occurring and tightly regulated everyday event. It has 
multiple roles in embryonic development, stress-response and maintenance of 
genomic integrity. Cell death occurs in three major distinct patterns, apoptosis, 
necrosis and autophagy.  
 

 Apoptosis 
 
Apoptosis, also known as programmed cell death, is induced by a distinct pattern 
of signal transduction. Three apoptotic pathways can be distinguished, namely the 
intrinsic pathway, the extrinsic pathway and the perforine/granzymeA-mediated 
pathway. Through the extrinsic pathway, the binding of a death ligand (namely 
tumor necrosis factor α (TNFα) and Fas-ligand (FASL)) induces the cleavage of 
pro-caspase 8 to caspase 8, which in turn activates caspase 3 (Cohen, 1997). Once 
caspase 3 is active the execution of cell death is carried out via endonuclease-
mediated chromosomal degradation (Bortner, 1995), and activation of proteases.  
 
The intrinsic pathway of apoptosis is induced by either absence of anti-apoptotic 
stimuli like growth factors or hormones or by cytotoxic stimuli like radiation, 
hypoxia, free radicals and many more. Here, changes of the membrane structure 
of the outer mitochondrial membrane lead to loss of membrane potential and the 
release of cytochrome c from the intermembrane space (Saelens et al., 2004). 
Subsequently, APAF-1 and pro-caspase 9 are activated and an apoptosome is 
formed (Chinnaiyan 1999), which in turn activates executer caspase 3.  
 
More recently, a third pathway of apoptosis has been described. In this 
perforin/granzymeA (GrA)-mediated pathway, GrA is delivered to a target cell by 
cytotoxic T lymphocytes and introduced to the cell by perforin, where it activates 
GrA-activated DNase, which in turn enters the nucleus and induces 
desoxyribonucleic acid (DNA)-strand breaks (Pardo et al., 2004).  
 
Morphologically, hallmarks of apoptosis are cell shrinkage, membrane blebbing, 
and finally disintegration of the cell into apoptotic bodies (reviewed in Orrenius et 
al., 2003). During apoptosis, dying cells expose phagocytotic proteins, such as 
phosphatidylserine (PS) (Li et al., 2003), on their cell surface, which are 
recognized by macrophages and thus lead to removal of dead cells from tissue.  
 
Impaired apoptosis is implicated in several human diseases. In the nervous system 
both acute disorders like stroke and ischemia as well as chronic degenerative 
diseases like Alzheimer’s disease (AD) and Parkinson’s disease (PD) are in part 
subject to caspase-mediated apoptosis and can be attenuated by caspase inhibitors 
(reviewed in Robertson et al., 2002). On the other hand, deregulation of apoptosis 
leads to malignant transformation and tumor progression. A key protein in 
retaining genomic integrity is the tumor-suppressor p53 that induces apoptosis 
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when DNA-damage has occurred. p53 is expressed in mutant forms in 
approximately 50% of human cancer (Ryan et al., 2001). Thus, regulation and 
mechanisms of apoptosis are valuable targets for research and drug targeting. 
 
 

 Necrosis 
 
Necrosis in contrast to apoptosis is an accidental event. Necrotic processes are 
induced by prolonged exposure to inflammation, toxins or hypoxia and 
characterized by swelling of cytoplasm and organelles and the release of 
lysosomal enzymes that lead to lytic processes of intracellular structures 
(reviewed in Orrenius et al., 2003). In human disease, necrosis mainly plays a role 
in inflammatory, acute conditions like stroke and ischemia, or infection. 
 
 
 

1.1.3 Autophagy 
 
The third major form of cell death is autophagic cell death. Autophagy is a tightly 
controlled event that has several physiological roles in development and 
homeostasis. Examples are the reallocation of nutrients from unnecessary 
processes in starving organisms (Yorimitso et al., 2005) or the clearance of 
intracellular pathogens (Gutierrez et al., 2004). It involves sequestration of cell 
compartments and proteins in a vacuole called autophagosome that subsequently 
fuses to a lysosome to form an autolysosome (Rubinsztein et al., 2005). 
Autophagy has been proposed to play a role in the clearance of misfolded and 
aggregated protein. Therefore, impaired autophagy has been shown to be involved 
in diseases caused by protein aggregation like AD and Huntington disease 
(Ravikumar et al., 2002), or motor neuron-like disease (Rubinsztein et al., 2005). 
 

 

 Cell Death Stimuli 
 
The forms of cell death introduced above are triggered by a huge variety of 
stimuli. Two of which need to be discussed in greater detail: the unfolded protein 
response and the oxidative stress. 

 

 Unfolded Protein Response 
 
The unfolded protein response (UPR) is a response to stress on the endoplasmic 
reticulum (ER). The ER is the cellular organelle where secretory and membrane 
proteins are synthesized, folded and sorted, and where glycosylation and 
disulfide-bond formation are catalyzed. When proteins are continuously 
malfolded by mutation or physiological stress, signal transduction mechanisms 
termed “unfolded protein response” are triggered (reviewed in Bernales et al., 
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2006). In vitro, this effect can be activated by tunicamycin, a nucleoside antibiotic 
that inhibits the transfer of N-acetylglucosamine-1-phosphate to dolichyl 
phosphate in glycoprotein synthesis and thus inhibits formation of N-linked 
glycoproteins. This leads to a form of cell death with apoptotic features (Duksin et 
al., 1982). 
 
Unfolded protein response collectively describes three different pathways of 
sensing and responding to ER-stress. Unfolded protein load is detected by trans-
ER membrane proteins. These induce signaling cascades that finally either trigger 
cytoprotective responses or induce apoptosis depending on the amount of protein 
in the ER and elapsed time. The most conserved of these pathways is induced by 
inositol-requiring protein 1 (IRE1). As a response to misfolded proteins, IRE1 
oligomerizes and activates downstream kinases and endonucleases to promote 
differential splicing of XBP-1 (Calfon et al., 2002), which leads to expression of 
transcription factors that upregulate proteins to increase the ER-folding capacity 
and thereby relieve ER load (Lee et al., 2003). IRE1 is also capable of promoting 
apoptosis by activating apoptosis signal-regulating kinase (ASK) that in turn 
phosphorylates c-Jun N-terminal kinase (JNK) (Urano et al., 2000). JNK is a 
member of the mitogen activated protein kinase (MAPK)–family that has been 
reported to induce apoptosis by translocation of Bax (Tsuruta et al., 2004) or 
through direct activation of caspase 12 (Yoneda et al., 2001).  
 
Protein kinase activated by double-stranded ribonucleic acid (RNA) (PKR)-like 
endoplasmic reticulum kinase (PERK) monitors ER stress by its ER-lumen 
domain and after oligomerization in response to ER-stress activates its cytosolic 
kinase domain (Harding et al., 1999). This in turn phosphorylates and thereby 
inactivates eukaryotic initiation factor 2α (eIF2α), which disables ribosomal 
assembly and decreases protein translation (Harding et al., 2000a). Decreased 
protein synthesis immediately protects from increasing misfolded-protein load, 
but can endanger the cell if vital proteins cannot be replaced. Downstream of 
PERK, more regulatory actions are possible, including altered translation of 
activating transcription factor 4 (ATF-4) which leads to upregulation of 
chaperones to enhance ER capacity or the activation of chop/Gadd153 to regulate 
and promote apoptosis (Harding et al., 2000b).  
 
The third branch of ER-stress response is regulated by ATF-6α. When ER-stress 
is sensed, ATF-6α is translocated to the golgi-apparatus, where the 
transmembrane domain is removed (Ye et al., 2000). The remaining fragment is 
then translocated to the nucleus where it upregulates downstream factors like 
XBP-1 and ATF-4. Thus, all three ER-stress responses can either trigger survival-
signaling cascades or induce apoptosis through mechanisms not fully understood. 
The main UPR pathways are depicted in figure 1.1. 
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Fig. 1.1: Pathways of ER-stress response. (a) Upon ER stress, PERK and IRE1 
are activated, whereas ATF6 is transported to the golgi where it is activated by 
cleavage. The activated pathways lead to the alleviation of ER stress and hence 
increased cell survival. (b) Prolonged UPR results in induction of apoptosis via 
PERK-dependent and possibly ATF6-dependent decrease in Bcl-2, recruitment of 
ASK1 and JNK activation, which phosphorylates and inactivates Bcl-2 (adapted 
from Herbert, 2007). 
 
In human disease, ER stress leads to cell death in conditions linked to misfolded 
proteins such as some neurodegenerative diseases or alternatively to unwanted 
cell survival in neoplastic transfomation or viral infection (reviewed in Lin et al., 
2008). For example, the PERK pathway functions as an antiviral defense by 
mediating kinase activity similar to the double-stranded RNA-activated kinase 
PKR. Indeed, PERK-deficiency increases virus production of vesicular stomatitis 
virus, suggesting that PERK exerts a viral defense mechanism through 
translational blocking (Baltzis et al., 2004; Perkins et al., 2004). Herpes simplex 
virus encodes a protein named ICP34.5, which dephosphorylates and thereby 
activates eIF2α to enable enhanced translation of the virus envelope protein 
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(Chou et al., 1994). Therefore, intact UPR seems to be an important anti-viral 
mechanism to protect the organism from increased virus load. 
 
On the other hand, cell death as a response to UPR may cause neurodegenerative 
disorders. In AD, abnormal protein aggregation is a common event with the key 
cytotoxic polypeptide being amyloid beta (Aβ) (Schenk et al., 1999). Expression 
of Aβ has been reported to activate caspase-12 and increase ER chaperone levels 
(Ferreiro et al., 2006), hinting at the involvement of the IRE1-pathway in Aβ-
mediated neuron loss. Moreover, PERK signaling has been shown to be activated 
under hypoxic conditions and act cytoprotective by decreasing translation as 
described above. Hereby it mediates a protective mechanism not only to normal 
but also to neoplastic tissue, where hypoxia occurs frequently as a result of rapid 
proliferation. PERK activity has been found to be increased in several primary 
human tumors like breast and cervical cancer, melanoma and glioblastoma (Bi et 
al., 2005). 
 
Taken together, unfolded protein response is a necessary mechanism to protect 
from accumulation of misfolded proteins or virus infection, but deregulation may 
have unprofitable results such as tumor progression or neuron loss. 
 
 
 
 

1.2.2  Oxidative Stress  
 
Oxidative stress is defined as an imbalance between the production and 
scavenging of reactive oxygen species (ROS) in a biological system. ROS include 
superoxide anions, hydroxyl radicals and hydrogen peroxide and are mainly by-
products of respiratory chain complexes, at complex I and complex III. At 
complex III, the free radical semichinon (.Q-) is formed as an intermediate in the 
regeneration cycle of coenzyme Q. .Q- is capable of transferring electrons to 
molecular oxygen and subsequently this may form a superoxide radical (Turrens 
et al., 1997). Furthermore, both enzymatic and spontaneous reactions can reduce 
O2 to H2O2 that in turn can be reduced by metal cations like Fe(II) or Cu(I) to 
form the OH.- radical (reviewed in Fridovich, 1998). Other sources of oxidative 
stress are exogenous sources such as ultraviolet light, radiation, toxins or 
cytokines.  
 
Since ROS formation is an inevitable event, evolution has given raise to a 
detoxifying system. This system includes superoxide dismutases (SODs) to 
convert superoxide into hydrogenperoxide as well as catalases and glutathione 
peroxidases that convert hydrogenperoxide to water and molecular oxygen 
(Fridovich, 1998). Non-enzymatic compounds of the ROS defense are 
carotenoids, flavonoids, ascorbate and glutathione.  
 
If the balance between ROS formation and scavenging is disturbed and ROS 
accumulate, these highly reactive molecules damage proteins, DNA and 
unsaturated lipids as present in the phospholipid bilayer of cell membranes 
(reviewed in Finkel & Holbrook, 2000). Oxidative stress can then result in distinct 
cellular responses such as senescence-like growth arrest (Chen & Ames, 1994), 
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apoptosis via p53 activation in a positive feedback loop (Johnson et al., 1996; 
Polyak et al., 1997) or other signaling processes. Furthermore, the cells may 
upregulate proteins involved in ROS scavenging to relieve oxidative stress 
including heat-shock proteins and chaperones (Allen & Tresini, 2000). Sources, 
defense mechanisms and possible downstream mediators are summarized in 
figure 1.2.   
 

 
  
Fig. 1.2: Sources, defense mechanisms and downstream effects of oxidative 
stress. (Adapted from Finkel & Holbrook, 2000) 
 
 
Not surprisingly, oxidative stress has been reported to be implicated in human 
neurodegenerative diseases and to be one of the major factors in aging. Elevated 
markers of oxidative stress have been found in brain tissue of AD (Butterfield et 
al., 2002) and PD (Dexter et al., 1989) and in cerebrospinal fluid of amyotrophic 
lateral sclerosis (ALS) patients (Pedersen et al., 1998). This indicates an 
involvement of oxidative stress in the pathology of these conditions, yet the 
mechanisms by which neuronal loss is mediated are not fully understood. Post-
mitotic neuronal cells are particularly vulnerable to any kind of damage and 
neuronal cells and the brain in general are highly metabolically active and 
therefore may accumulate ROS in higher quantities than other organs (Behl, 
1999). 
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The well described hippocampal cell line HT22 serves as a model for oxidative 
stress through oxidative glutamate toxicity that provides insight into the cellular 
response to oxidative stress (Davis & Maher, 1994). In oxidative glutamate 
toxicity high concentrations of extracellular glutamate disable the 
glutamate/cystine antiporter Xc-, which exports glutamate and at the same time 
imports cystine, an essential compound for the synthesis of antioxidant 
glutathione (Murphy et al., 1989). In the abscence of glutathione ROS accumulate 
in the cells, which then undergo a coordinated type of cell death sharing both 
necrotic and apoptotic features (Tan et al., 1998). 
 
As described above, cells experiencing oxidative stress may change their 
expression patterns of certain protective receptors or can be protected by 
activation of protective signaling pathways. For example it has been observed that 
the loss of protein kinase C (PKC) might contribute to the severity of oxidative 
damage in neurological disorders and that activation of PKC by the phorbol ester 
TPA can rescue these cells by increasing the activity of extracellular signal-
regulated kinase (ERK) and c-Jun N-terminal kinase (Maher, 2001). Moreover, 
activation of group II metabotropic glutamate receptors (mGluR) can significantly 
decrease hippocampal neuron loss in a gerbil model of global ischemia (Bond et 
al., 1998). It has also been described that HT22 cells selected by chronic exposure 
to high concentrations of glutamate have been shown to upregulate a pattern of G-
protein coupled receptors, including metabotropic glutamate receptors mGlu1 and 
mGlu5 (Sagara & Schubert, 1998), VPAC1+2 and P2Y6, a pyrimidine-nucleotide 
receptor (Sahin et al., 2006) that have protective effects against oxidative stress. 
 
 

 G-Protein Coupled Receptors 
 
G-protein coupled receptors (GPCRs) represent the largest group of cell surface 
molecules in the human proteome. The more than 800 members of this gene 
superfamily are encoded by more than 2% of the human genome.  
 

 Structure and Function 
 
G-protein coupled receptors were originally defined as proteins that pass on 
signals from the extracellular space to intracellular compartments by inducing 
biochemical processes that involve the activation of heterotrimeric G-proteins. 
GPCRs are involved in reception of various stimuli such as amines, purines, 
lipids, peptides, odors, ions or even photons and regulate many physiological 
processes including neurotransmission, cell metabolism, secrection, visual 
perception and even cell proliferation or adhesion (reviewed in Pierce et al., 
2002).  
 
The large superfamily shares the common feature of seven transmembrane 
domains that have an α-helical structure, with an extracellular N-terminus, three 
extracellular loops and an intracellular C-terminal domain along with three 
cytosolic loops. They are classified into three major subfamilies A, B and C. 
Family A (rhodopsin-like receptors) is the largest subfamily, sharing 20 conserved 
amino acids in the transmembrane regions and a palmitoylated cysteine residue in 
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their C-terminal domains. Family B (secretin/glucagon-receptor family) contains 
approximately 25 members and shares a large N-terminal domain, a relatively 
short C-terminal tail and no palmitoylation site, but six well conserved cysteine 
residues. Family B seems to couple mainly to adenylyl-cyclase activation through 
Gs. Family C members (metabotrobic neurotransmitters and Ca2+-sensing 
receptors) contain a large N-terminal domain with 20 cysteine residues and no C-
terminal palmitoylation site (reviewed in Liebmann, 2004). 
 
This large amount of receptors couples to a limited number of heterotrimeric G-
proteins. Heterotrimeric G-proteins consist of an α-,  β- and γ-subunit, with the α-
subunit harbouring a guanine-nucleotide binding site and a GTP-ase activity. G-
proteins are divided into four subfamilies by sequence similarity of their α-
subunits. These subfamilies also share functional similarities. Gsα-family 
members generally stimulate, whereas Gi/o family members inhibit adenylyl 
cyclases. The Gq-family stimulates phospholipase C (PLC), which results in 
production of inositoltriphosphate (IP3) and diacylglycerol (DAG) as second 
messengers. The G12/13 proteins are less well descibed, but have been reported to 
stimulate phospholipase D (PLD) and thyrosine kinases as well as guanine 
exchange factor Rho (RhoGEFs) (reviewed in Liebmann, 2004). 
 
A classical example of GPCR-signaling is the formation of a complex between 
receptor, ligand and G-protein, which leads to an exchange of GDP for GTP on 
the Gα-subunit and dissociation of the heterotrimeric G-protein into an α-subunit 
and a β/γ-complex. In consequence, Gα may increase cAMP and thus activate 
protein kinase A (PKA), the β/γ-complex itself may activate PLC or 
phosphatidylinositolphoshate 3-kinase (PI 3K) (Gilman et al., 1987). These 
factors have a multitude of substrates and effects in cell metabolism (Fig. 1.3).  
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Fig. 1.3 Classical GPCR signaling cascade schematically displayed. Classical 
GPCR signaling involves ligand binding, exchange of GDP by GTP, dissociation of 
the α-subunit and the β/γ-heterodimer, activation of adenylyl cyclase and activation 
of PKA leading to a cellular response (adapted from Principles of Biochemistry, 
Robert Horton, 1996). 
 
Receptors are meant to signal a change in the enviroment, such as the appearance of a 
smell, a changing visual signal, or a concentrational change of a certain ligand. To 
ensure the signaling cascade translates the signal in an appropriate magnitude, the 
activation of a GPCR has to be tightly regulated and sometimes dampened or 
inhibited almost at the moment of activation even in persistant presence of the ligand. 
This process is called desensitization (Ferguson et al., 2001). 
 
Receptor desensitization occurs in different ways. One possible way is the 
phosphorylation of the respective receptor by its own downstream kinases PKA, PKC 
and G-protein coupled receptor kinases (GRKs) (Pitcher et al., 1998), which directly 
uncouple the G-protein from the receptor as a negative feedback mechanism or even 
switch coupling to a different G-protein (Lawler et al., 2001). The GRK-mediated 
regulation involves the specific phosphorylation of ligand-bound receptors, which 
promotes binding of β-arrestin and subsequently leads to steric inhibition of G-
protein coupling (Zhang et al., 1997). Phosphorylation and binding of β-arrestin may 
then lead to trafficking of the receptor to clathrin-coated pits via direct interaction of 
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β-arrestin with both the phosphorylated receptor and a subunit of clathrin. This 
subsequently results in receptor endocytosis (Laporte et al., 1999) to an acidic 
endosome where receptors are either dephosphorylated and turned back to the cell 
membrane or degraded (Pitcher et al., 1995). Two more mechanisms of 
internalization have been described: caveolae-mediated internalization, which is less 
well described and seems to have a more positive regulating effect by shuffling 
receptors to different cell compartments for signaling actions (Smart et al., 1999), and 
the regulation by ubiquitination, which also has a regulatory role (Shenoy et al., 
2001). 
 
Another important regulatory mechanism is the regulation by regulators of G-protein 
signaling (RGS) proteins. The RGS protein family consists of about 25 members that 
share a homology domain of 130 amino acids and have a distinct selectivity for G-
proteins or even for one particular receptor. Their general feature is a GTPase 
function, specific for heterotrimeric G-proteins that accelerates GTP hydrolysis and 
thus inhibits activation of downstream targets (Ross & Wilkie, 2000).  
 
In addition to these classical features of GPCRs, crosstalk between the signal 
transduction cascades occurs at several levels of signaling, such as homo- or 
heterodimerization of GPCRs, as shown for receptor tyrosine kinases that need their 
homodimerization partner for ligand induced autophosphorylation (Heldin, 1995) or 
the κ- and δ- opioid receptors, which enhance their function by heterodimerization 
and alter receptor pharmacology (Jordan & Devi, 1999), as well as G-protein 
independent signal transduction through interaction with receptor tyrosine kinases or 
altered signal transduction depending on the concentration and duration of ligand 
presence, as shown for the thrombin receptor (Donovan et al., 1998). Considering the 
mass of receptors, ligands, G-proteins and downstream effectors, the diversity of 
GPCR-mediated signaling and the amount of cellular functions regulated are vast 
(hinted in Fig. 1.4). This also offers a chance to regulate multiple functions 
pharmacologically if the exact pathway is known. 
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Fig. 1.4: Schematic picture of GPCR-signaling diversity. Several classes of 
agonists, different Gα-subtypes and a multitude of possible effectors lead to a huge 
amount of possible cellular responses (adapted from Dorsam & Gutkind, 2007). 
 
 
 

 GPCRs as Drug Targets 
 
Regarding the various physiological functions, it is not surprising that GPCRs have a 
proven history of serving as excellent drug targets. Already, a number of 
pharmaceutical agents were targeting GPCRs, before structure and mechanism were 
even investigated. To alter receptor activity there are three different groups of 
ligands: agonists that increase receptor activity, antagonists that inhibit ligand binding 
and inverse agonists that reduce basal activity. Several hundreds of GPCR-targeting 
drugs have been introduced to the market in the past forty years, most of them acting 
as inverse agonists (reviewed in Wilson et al., 1998), the prominent examples being 
fexofenadine, sold as Telfast®, a histamine-receptor antagonist, and sumatriptan that 
causes vasoconstriction by activating the serotonine receptor (reviewed in Jakobi et 
al., 2006). Still more than 150 orphan GPCRs that have no known ligand or function 
are under investigation (Wise et al., 2004) and are subject to various de-orphanizing 
efforts in order to develop novel therapeutics.  
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 Protective Action of GPCRs in the Nervous System 
 
As a result of the multitude of physiological processes that are controlled and fine-
tuned by GPCR-mediated signaling, it is not surprising that GPCRs have been 
described to be involved in cell survival and cytoprotection in various ways. 
 
In the nervous system, in model mechanisms of ischemic injury, agonists of group II 
mGluR have been reported to significantly reduce hippocampal neuron loss after 
induced global ischemia in rodents (Bond et al., 1998). Dopamine-receptor 2 had a 
similar effect when activated by pharmacological agonists (O’Neill et al., 1998). 
More recently it has been reported that activation of the PAR2-receptor by central 
administration of a peptide agonist (SLIGRL) inhibits electrical amygdala 
epileptogenesis and thereby protects from epileptic brain damage (Lohmann et al., 
2008). More generally, activation of group II mGLuRs has been shown to protect 
against glutamate excitotoxicity in cortical neurons (Bruno et al., 1995) and oxidative 
glutamate toxicity (Sagara & Schubert, 1998). This indicates a role in 
neurodegenerative disease linked to oxidative stress as described above. This rather 
small selection of protective GPCRs indicates a broad range of therapeutic targets for 
human disease, as the activation of group II mGLuRs may protect neurons challenged 
by oxidative-, glutamate- or ischemic conditions from cell death and thus relieve 
consequences of stroke or ischemia. 
 

 Effects of GPCRs in Cancer 
 
Not every cytoprotective effect is of benefit to the human organism. GPCRs have 
repeatedly been shown to confer pro-survival and proliferation signaling in 
neoplastically transformed cells. The gastrointestinal peptide cholecystokinin (CCK) 
that activates the CCK receptor has been observed to promote Gαq-mediated 
activation of PKC and subsequently to be involved in survival and proliferation of 
clinically aggressive tumors of lung, colon and pancreas (Rozengurt et al., 2002). 
Endothelins and their respective receptors, endothelin receptor A and B (ERA, ERB), 
activate downstream targets known to be involved in cell survival and proliferation 
such as epidermal growth factor (EGF) and its receptor (EGFR), insulin-like growth 
factor and PKC. In malignant tissue, ERA is capable of inhibiting apoptosis by 
obstruction of fas ligand (FASL)-mediated apoptosis or by induction of anti-apoptotic 
Bcl-2 and PI3K-mediated pathways. These findings have been proven for several 
tumor- and celltypes. Successful phase I and II clinical trials with ETA-receptor 
agonists as a prostate-cancer treatment have been performed (reviewed in Nelson et 
al., 2003). 
 
In addition to mere survival promoting signaling by certain GPCRs metastasis, 
angiogenesis, migration and invasion processes are also promoted by GPCRs. Even 
oncongenic viruses exploit the pro-proliferational capacities by harbouring open 
reading frames that encode for GPCRs (reviewed in Dorsam & Gutkind, 2007). 
Tumor diseases linked to oncogenic viruses are for example Burkitt lymphoma linked 
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to a GPCR named BILF1 encoded by the Epstein-Barr-virus genome (Paulsen et al., 
2005) or Karposi sarcoma induced by Karposi sarcoma-associated herpes virus 
(KSHV) GPCRs (Sodhi et al., 2004). 
 
 

 G-Protein Coupled Receptor 39 
 
GPR39 is an orphan G-protein coupled receptor with a 1660 basepair transcript, 
resulting in a peptide of 456 amino acids and a calculated weight of 51.5 kDa.  It was 
classified to family A, the rhodopsin-like GPCRs and described as being 
constitutively active and to signal possibly through G12/13, Rho kinase and the serum-
response element (SRE) (Holst et al., 2004). It was first cloned and characterized in 
1997 (McKee et al., 1997) as being closely related to the growth hormone 
secretagogue receptor (GHS-R) and belonging to the ghrelin receptor family. The 
GPR39 gene shares its 3’ exon with an antisense gene called LYPD1 (Ly-6/PLAUR 
domain containing 1), which is highly abundant in the nervous system (Egerod et al., 
2007). In 2005, GPR39 was controversly suggested to bind obestatin, a peptide 
derived from the ghrelin-prepropeptide and have an effect on food intake (Zhang et 
al., 2005). As several studies could not reproduce these findings (Lauwers et al., 
2006; Yamamoto et al., 2006; Tremblay et al., 2007; Gourcerol et al., 2007), GPR39 
was again considered an orphan GPCR. GPR39 has been described to be expressed 
throughout the gastrointestinal-tract including liver, pancreas, kidney and adipose 
tissue (Egerod et al., 2007). Its main distribution was also reproduced in the Japanese 
quail (Yamamoto et al., 2007). In adipose tissue, downregulation of GPR39 was 
observed in obesity-associated type 2 diabetes mellitus (Catalán et al., 2007). In an 
in-situ hybridization screen of mouse-brain tissue, highest levels of GPR39 
messenger RNA (mRNA) in the CNS were detected in amygdala, hippocampus and 
auditory cortex, but not hypothalamus, which would be expected to be the site of 
obestatin action (Jackson et al., 2006). More recently, a stimulatory effect of zinc ions 
on GPR39 signaling was suggested (Holst et al., 2007; Yasuda et al., 2007). 
 
Previous studies of our group have shown GPR39 to be upregulated in a cell line 
resistant to oxidative glutamate toxicity and to be protective against oxidative stress 
by increasing glutathione and additionally against cell death caused by tunicamycin 
or ceramide (Dissertation Mert Sahin, AG Methner, 2006). Mert Sahin also 
demonstrated GPR39 abundance in several nervous tissues, such as the spinal cord, 
cerebral cortex, amygdala, dentate gyrus, Purkinje- and Granular cell layer and in the 
retina and retinal pigment epithelium and lung. The mechanism of GPR39-mediated 
protection from oxidative stress however remained unclear.  
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2. Aim of this Study 
 
 
GPR39 is an orphan GPCR found to be protective against diverse cytotoxic or pro-
apoptotic conditions like oxidative glutamate toxicity, tunicamycin or ceramide 
stress. The aim of this study was to clarify how the orphan G-protein coupled 
receptor GPR39 protects from cell death. 
 
To find out the exact mechanism, two stable monoclonal cell lines were established 
that differed only threefold in GPR39 overexpression. These two cell lines provided 
the chance for a transcriptomal comparison, which could show possible downstream 
mediators by giving information about increased or decreased transcripts when 
comparing the two cell lines. From this approach, a list of possibly interesting 
downstream proteins or pathways could be used to identify the signal transduction 
pathway, mediator and effector proteins.  
 
A better understanding of the GPR39 signal-transduction cascade could offer ideas 
which conditions or diseases and their treatment could be improved by specific 
pharmacological alteration of GPR39 signaling. 
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3. Materials 
 
 Chemicals 
 
Unless elsewise denoted, chemicals were purchased from Roche (Mannheim), Merck 
(Darmstadt), Roth (Karlsruhe), Sigma-Aldrich (Steinheim), Fluka Chemie GmbH 
(Buchs) and Invitrogen (Karlsruhe). 
 
 
 Enzymes 
 
 Restriction Endonucleases 
 
All restriction enzymes were purchased from New England Biolabs (NEB, Frankfurt) 
and used according to manufacturers protocol along with the appropriate buffers 
supplied by NEB. 
 
 Miscellaneous Enzymes 
 
T4-DNA-Ligase NEB, Frankfurt 
Reverse Transcriptase Invitrogen, Karlsruhe 
LR Clonase Invitrogen, Karlsruhe 
 
 
 Kits  
 
Nucleobond Kit PC500 Machery-Nagel, Düren 
QIAprep Spin Mini Kit Qiagen, Hilden 
RNeasy Mini Kit Qiagen, Hilden 
Profound c-myc-Tag CoIP Kit Pierce, Bonn 
Profound HA-Tag CoIP Kit Pierce,  Bonn 
Luciferase Assay Kit Promega, Mannheim 
Gel Extraction Kit Qiagen, Hilden 
BCA Protein Assay Kit Interchim, Montluçon 
QPCR Core Kit for SYBR Green Eurogentech, Cologne 
 
 
 Antibodies 
 
 Primary Antibodies 
 
Anti-myc-tag antibody: Monoclonal mouse antibody against the c-myc epitope, 
clone 4A6 (EQKLISEEDL) (Millipore, Schwalbach/Ts.). The antibody was used for 
immunoblotting in a 1:1000 dilution. 
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Anti-HA-tag antibody: Polyclonal rabbit antibody against the influenza 
hemagglutinin-HA-epitope (YPYDVPDYA) (Abcam, Cambridge). The antibody 
was used for immunoblotting in a 1:1000 dilution 
 
Anti-FLAG®-tag antibody: Polyclonal rabbit or monoclonal mouse antibodies, that 
recognizes the FLAG epitope (DYKDDDDK) (Sigma-Aldich, Steinheim). Both 
Antibodies were used for immunoblotting in a 1:1000 dilution. 
 
Anti-VP16-tag antibody: Polyclonal rabbit antibody against the activation domain 
(amino acids 413-490) of herpes simplex virus HSV-VP16. (Abcam, Cambridge). 
The antibody was used for immunoblotting in a 1:2000 dilution. 
 
Anti-ß-actin antibody: Monoclonal mouse antibody against β-actin, clone C4 
(Millipore, Schwalbach/Ts.). The antibody was used for immunoblotting in a 1:2000 
dilution and served as a loading control. 
 
Anti-SRF antibody (G-20): Polyclonal rabbit antibody against the C-terminus of 
serum response factor (SRF) (Santa Cruz, Heidelberg). The antibody was used for 
immunoblotting in a 1:1000 dilution. 
 
Anti-PEDF antibody: Polyclonal rabbit antibody produced against full-length 
pigment epithelium derived factor (PEDF) (Millipore, Schwalbach/Ts.). The 
antibody was used for immunoblotting in a 1:1000 dilution and for neutralization of 
PEDF in cell culture experiments at a concentration of 2 µg/ml. 
 
Anti-TNRC9 antibody: Polyclonal rabbit antibody against mouse TNRC9. This 
antibody was a kind gift from Anirvan Ghosh, La Jolla. It was used in 1:1000 
dilution for immunoblotting. 
 
Anti-Cited1 antibody: For the detection of Cited1 using immunoflourescence, the 
rabbit polyclonal antibodies I51904K and J722220K were used at a dilution of 1:100; 
for immunocytochemistry, the mouse monoclonal antibodies H1, 2H2 and 2H6 were 
used at 1:1000. These antibodies were a kind gift from Toshi Shioda, Harvard 
University. 
 
 
 Secondary Antibodies 
 
Horseradish peroxidase (HRP)-conjugated antibodies: goat-α-rabbit and goat-α-
mouse IgG secondary antibodies were purchased from Serotec, Duesseldorf. Both 
antibodies were used at a 1:5000 dilution. 
 
IRdye-conjugated antibodies: goat-α-rabbit and goat-α-mouse IgG secondary 
antibodies conjugated to near infrared conjugates IRdye 680 nm and IRdye 800 nm 
were purchased from Licor, Königstein. These antibodies were used in a 1:30.000 
dilution. 
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Alexa-543 conjugated antibody: The goat-α-rabbit antibody conjugated to Alexa-
543 was purchased from Molecular Probes (Karlsruhe) and used according to the 
manufacturers protocol.  
 
 
 Media 
 
 Bacterial Media 
 
LB-Medium (Luria-Bertani Broth) 
20 g of ready-made LB media powder (Invitrogen, Karlsruhe) were dissolved in 1 l 
of distilled water and autoclaved before use. 
 
LB-Agarplates 
32 g of LB-Agar powder (Invitrogen, Karlsruhe) were dissolved in 1 l of distilled 
water and autoclaved before pouring into 10 cm petri dishes. 
 
LB-Amp 
LB-Medium + 100 µg/ml Ampicillin 
 
LB-Kan 
LB-Medium + 100 µg/ml Kanamycine 
 
 
 Cell Culture Media 
 
Media for N2A, SH-SY5Y, HEK 293, COS-7 and MEF cells (see 3.7) 
The most commonly used cell culture media consisted of DMEM High Glucose 
(Dulbeccos modified eagles medium) (PAA, Pasching, Austria) supplemented with 
10% of fetal calf serum (FCS) (Hyclone, Vienna, Austria) and 1% 
Penicillin/Streptomycine (Gibco, Karlsruhe). 1% Penicillin/Streptomycine equals 
100 U/ml Penicillin and 100 µg/ml Streptomycine. 
 
HT22-Medium 
Medium for HT22 cells consisted of DMEM (PAA, Pasching, Austria) supplemented 
with 5% of fetal calf serum (Hyclone, Vienna, Austria), 1% Penicillin/Streptomycine 
(Gibco, Karlsruhe), HT22R medium additionally contained 10 mM glutamate. 
 
CHO-Medium 
Medium for Chinese hamster ovary cells (CHO) constisted of DMEM/F12-Medium 
(Gibco, Karlsruhe) with 10% of fetal calf serum (Hyclone, Vienna, Austria), 2 mM 
L-glutamine (Gibco, Karlsruhe) and 1% Penicillin/Streptomycine (Gibco, 
Karlsruhe). 
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 Buffers and Solutions 
 
MTT-Solubilization Buffer, pH 4 
Dimethylformamide     20% (v/v) 
SDS       20% (w/v) 
Acetic acid      10% (v/v) 
aqua dest 
 
TFB 1 
RbCl  100 mM  
MnCl 250 mM  
K2CO3 30 mM  
CaCl2 10 mM  
Glycerol 15% (v/v) 
aqua dest 
 
TFB 2 
MOPS 10 mM 
RbCl  10 mM  
CaCl2 75 mM  
Glycerol 15% (v/v) 
aqua dest 
 
 
PBS (Phosphate Buffered Saline) pH 7,4 
NaCl 137 mM 
KCl  2.7 mM 
KH2PO4  1.4 mM 
Na2HPO4  100 mM 
aqua dest 
 
PBS-T 
0,05% (v/v) Tween20 in PBS 
 
TBE-Buffer (10x) 
Tris 900 mM 
Borsäure 900 mM 
EDTA 10 mM 
aqua dest 
 
Annexin V-Binding Buffer (10x) pH 7,4 
Hepes 100 mM 
NaCl 1,4 M 
CaCl2 25 mM 
aqua dest 
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Miscellaneous Buffers 
Buffers not mentioned above were purchased from Gibco (Karlsruhe) or Invitrogen 
(Karlsruhe). 
 
 
 Bacteria 
 
In general in this study bacteria were exclusively used for the production of large 
amounts of plasmid DNA or molecular cloning purposes. 
 
 Escherichia Coli DH5  
 
This most commonly used strain of E. coli carries the following genotype: F' 
Phi80dlacZ DeltaM15 Delta(lacZYA-argF)U169 deoR recA1 endA1 hsdR17(rK-
mK+)phoA supE44 lambda- thi-1. 
 
 
 One Shot® ccdB Survival™   
 
The One Shot® ccdB Survival™ bacteria strain is resistant to the toxic effects of the 
ccdB gene (Bernard and Couturier, 1991; Salmon et al., 1994) and is therefore the 
suitable strain to propagate vectors carrying the ccdb gene (i.e. Gateway™ 
destination vectors, Invitrogen, Karlsruhe). 
 
 
 Cell Lines  
 
 Neuro-2A (N2A) 
 
The Neuro-2A cell line is a commonly used cell line derived from a murine 
neuroblastoma. 
 
 Human Embryonic Kidney Cells (HEK 293) 
 
HEK 293 cells were generated by transforming cultured cells from a healthy 
embryonic kidney with sheared DNA from the human adenovirus 5. By this process 
cells were immortalized and are easy to maintain and transfect.   
 
 
 
 HT22 Cells 
 
HT22 cells are derived from a murine hippocampus and are used as a model for 
oxidative glutamate toxicity. In this study, both HT22 wildtype cells, that will be 
referred to as HT22S and HT22R cells are used. HT22 R cells are  a polyclonal 
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subpopulation that is resistant against glutamate toxicity. They were generated by 
repeatedly exposing the HT22S cells to 10 mM of glutamate and further propagating 
the surviving cells. 
 
 Chinese Hamster Ovary Cells (CHO) 
 
The CHO cell line is derived from chinese hamster ovary cells and is commonly used 
for expression of recombinant proteins.  
 
 Mouse Embryonic Fibroblasts (MEF) 
 
The mouse embryonic fibroblast-cell line was generated by a lab member by 
immortalization of primary cells from E12.5-13.5 mouse embryos. 
 
 SH-SY5Y Cells 
 
SH-SY5Y cells are derived from a human neuroblastoma. 
 
 COS7 Cells 
 
The COS7 cell line is derived from kidney cells of the African green monkey and 
immortalized by transformation with a version of the SV40 genome. It is used to 
transfect cells to produce recombinant proteins. 
 
 
 
 Plasmids 
 
 Expression Plasmids 
 
In this study, several expression plasmids and constructs were used. They are listed 
alphabetically in table 3.1. 
 

Gene Species 
Vector-
Backbone 

Features 
(Mutations, 
Deletions, Tags) 

Source (if 
available) 

Bax mouse pcDNA3.1 EGFP-tag Pawel Kerner 
Cited1 HA mouse pRC/CMV HA-tag Toshi Shioda 
Cited2 HA mouse pRC/CMV HA-tag Toshi Shioda 
Cited3 HA mouse pRC/CMV HA-tag Toshi Shioda 
Cited4 HA mouse pRC/CMV HA-tag Toshi Shioda 
Empty Vector  pcDNA3.1  Invitrogen 
Empty Vector  pcDNA5.1  Invitrogen 
Empty Vector  pEGFP-C3 EGFP-tag Clontech 
Empty Vector  pEGFP-N1 EGFP-tag Clontech 
Empty Vector  pCI-neo  Promega 
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ERα-VP16 mouse pVP16 
VP16  
transactivation-tag Addgene 

ERβ-VP16 mouse pVP16 
VP16  
transactivation-tag Addgene 

GPR39 human pcDNA5.1 wildtype 
H.P. 
Nothacker 

GPR39 mouse pcDNA5.1 HA-tag AG Methner 
GPR39 mouse pDESTmyc myc-tag this study 
GPR39 mouse pDEST-flag flag-tag this study 
GPR39 mouse pEGFP-C3 EGFP-tag this study 
     

hSRF-VP16 human pCS2+ 
VP16  
transactivation-tag 

Ulrike 
Philippar 

hSRF-VP16 human pCS2+ 
dM (nonfunctional  
deletional mutant) 

Ulrike 
Philippar 

TNRC9 mouse pCI-neo wildtype this study 
TNRC9 mouse pEGFP-C3 EGFP-tag this study 

PEDF mouse pCMV-Sport6 wildtype 
Ana Luisa 
Pina 

RGS16 mouse pcDNA3.1 wildtype UMR cDNA 
RhoAT9N mouse pcDNA3.1 T19N UMR cDNA 
Smad4-flag mouse pcD-D4.3FR flag-tag addgene 
SRF delta-CT mouse pCS2+ d-CT (dn) this study 

TNRC9 mouse pbos Full lenght, myc-tag 
Anirvan 
Ghosh 

TNRC9 mouse pbos 
Basepairs 1-501, 
myc-tag 

Anirvan 
Ghosh 

TNRC9  mouse pbos 
Basepairs 1-711 myc-
tag 

Anirvan 
Ghosh 

TNRC9  mouse pbos 
Basepairs 1-869 myc-
tag 

Anirvan 
Ghosh 

TNRC9  mouse pbos 
Basepairs 712-1734 
myc-tag 

Anirvan 
Ghosh 

TNRC9  mouse pbos 
Basepairs 871-1734 
myc-tag 

Anirvan 
Ghosh 

TNRC9  mouse pbos 
Basepairs 1171-1734 
myc-tag 

Anirvan 
Ghosh 

 
Table 3.1: Listing of expression constructs used in this study, their vector backbones 
and source if available. 
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 Reporter Plasmids 
 
To determine the activity of certain promoters or responsive elements, several 
specific reporter constructs are commercially available. The constructs are listed in 
table 3.2.  
 

Reporter Construct Reporter Gene 
Reporting Element or  
Promoter Region Source 

pCRE-Luc Luciferase cAMP-Response Element Stratagene 
pERE-Luc Luciferase Estrogen-Response Element Addgene 
pSRE-Luc Luciferase Serum-Response Element Stratagene 
 
Table 3.2: Listing of reporter constructs used, their respective reporter gene and 
source. 
 
 
 
 MicroRNA (miRNA) Plasmids 
 
For the specific knockdown of gene transcripts, the corresponding sequences were 
cloned into the pcDNA™6.2-GW/EmGFP-miR (Invitrogen, Karlsruhe). This vector 
enables the expression of microRNA (miRNA) in mammalian cells under control of 
a DNA polymerase II promoter. The three miRNA constructs used in this study 
(pcDNA6.2-GPR39miRNA811, pcDNA6.2-GPR39miRNA965 and pcDNA6.2-
GPR39miRNA1317) were derived from the linearized vector construct pcDNA6.2-
GW/EmGFP-miR and the oligonucleotides specified in 3.12.3.  
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Fig. 3.1: Vector backbone map of pcDNA™6.2 (Invitrogen). The vector contains the 
Gateway®-attachement sites B1 and B2, an EmGFP sequence, blasticidin and 
spectinomycin resistance genes for both prokaryotic and eukaryotic hosts and two 
different “sticky-ends” in a linearized situation. Expression is driven by a DNA-
polymerase II promoter (source: Invitrogen homepage).   
 
 
 
 ENTR™ Plasmids 
 
The Gateway System substitutes conventional cloning via restriction and ligation 
with homologous recombination. To use this system, the gene of interest is cloned 
into the ENTR™ -vector of choice. The ENTR™ vectors 1A, 2B and 3C differ in 
their reading frame by one base. From the ENTR™ vector the gene can be 
transferred to a destination (DEST™) vector of choice by performing the LR-
reaction (4.3.10). 
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Fig. 3.2: The ENTR™ vector (Invitrogen) is an instrument for the use of the 
Gateway® System (Invitrogen). It contains attachment-sites (attL1 and attL2) for the 
recombination reaction with a destination vector. The multiple cloning site encloses 
the ccdB-gene, that disables growth of bacteria transformed with an empty ENTR™ 
vector (source: Invitrogen homepage). 
 
 
 
 Oligonukleotides 
 
Oligonucleotides for quantitative polymerase chain reaction (PCR) or miRNA were 
purchased from MWG (Matrinsried). Oligonucleotides are displayed in 5`-3`-
orientation.  
 
 qPCR Primers and Probes 
 
GPR39 for 
TAATACGACTCACTATAGGG 
 
GPR39 rev 
AGGGGCAAACAACAGATG 
GPR39 probe (5’ FAM, 3’ TAMRA) 
GGCGACCATCCTCCAAAATCGG 
GAPDH for 
TGCCAGCCTCGTCCCGTAGA 
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GAPDH rev 
GCGCCCAATACGGCCAAAT 
GAPDH probe (5’ FAM, 3’ TAMRA) 
AAAATGGTGAAGGTCGGTGTGAAC 
hTNRC9 for 
ATACAGGGCCAGCCTCGTT 
hTNRC9 rev 
TCTGCTGAACAGAACGGATG 
hTNRC9 probe (5’ FAM, 3’ TAMRA) 
TGCTGAGTCAGCAGAAGCCCAGAC 
 
QuantiTect Primer Assays (for SYBRgreen) 
For all genes quantified with SYBR green (TNRC9, Cited1 and PEDF), QuantiTect 
Primer Assays (Qiagen, Hilden) were used. 
 
 miRNA-Oligonukleotides 
 
GPR39 811 top 
TGCTGTACAAAGCCAATCAGCAGTTTGTTTTGGCCACTGACTGACAAACT
GCTTTGGCTTTGTA 
 
GPR39 811 bottom 
CCTGTACAAAGCCAAAGCAGTTTGTCAGTCAGTGGCCAAAACAAACTGC
TGATTGGCTTTGTAC 
 
GPR39 965 top 
TGCTGTGCAGATGGACATATTGGAGTGTTTTGGCCACTGACTGACACTCC
AATGTCCATCTGCA 
 
GPR39 965 bottom 
CCTGTGCAGATGGACATTGGAGTGTCAGTCAGTGGCCAAAACACTCCAAT
ATGTCCATCTGCAC 
 
GPR39 1317 top 
TGCTGAAGGGCAGGAGGATCATGTATGTTTTGGCCACTGACTGACATACA
TGACTCCTGCCCTT 
 
GPR39 1317 bottom 
CCTGAAGGGCAGGAGTCATGTATGTCAGTCAGTGGCCAAAACATACATG
ATCCTCCTGCCCTTC 
 
  Small Interfering RNA (siRNA) 
 
For knockdown experiments, siRNA pools and subpools from Dharmacon (Chicago, 
USA) were used. 
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 Instruments 
 
7500 Real Time PCR System AppliedBiosystems, Darmstadt 
Biofuge Strato  Heraeus, Osterode 
Captair Bio PCR Hood  Erlab, Cologne 
Curix 60 Developer Agfa, Cologne 
Facs Calibur Beckton Dickinson, Heidelberg 
FluoroGenios Pro  Tecan, Männedorf 
GDS-Gel Imaging System  Intas, Göttingen 
Heracell 150 Incubator Kendro, Schwerte 
Herasafe Sterile Hood Kendro, Schwerte 
iBlot Dry Blotting Device Invitrogen, Karlsruhe 
IX81-Flourescence Microscope Olympus, Hamburg 
Odyssey Infraredscanner Licor, Bad Homburg 
P25 Powerpack Biometra, Göttingen 
Sonoplus Sonicator  Bandelin, Hamburg 
Subcell GT Powerpack Biorad, München 
Tabletop Centrifuge 5415R Eppendorf, Hamburg 
T Gradient PCR Cycler Biometra, Göttingen 
Thermomixer compact Eppendorf, Hamburg 
Xcell Sure Lock System  Invitrogen,Karlsruhe 
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4. Methods 
 

 Cell Culture Techniques  
 
 Maintenance of Cell Lines 
 
All adherent cell lines were maintained in their respective media (see 3.5.2) and kept 
in 10 cm-dishes. At approximately 80% confluency they were washed with PBS 
twice and trypsinized until they were disattached from the plastic ware. Depending on 
the cell line they were split 1:10 or 1:5 every three to four days. To obtain frozen 
stocks, all cells were grown to 90% confluency, harvested by trypsination and 
centrifuged for 4 min at 800 rpm. The pellet was washed twice with PBS and 
resuspended in 90% FCS and 10% DMSO. The cells were transferred to cryotubes at 
a density of approximately 3x106 cells/ml and cooled down to -80°C before they were 
transferred to liquid nitrogen. Cells were thawed in a 37°C waterbath and suspended 
in 10 ml of pre-warmed media, centrifuged at 800 rpm for 4 min and the pellet 
resuspended in 10 ml of media and plated into a 10 cm culture dish.  
 
For experiments, cells were trypsinized, suspended in fresh media and a sample was 
mixed with trypanblue-stain at a ration of 1:3. Cells were then counted in a Neubauer-
chamber and seeded at the desired density into the desired format of a multiwell cell-
culture plate.  
  
 
 Transfection of Cell Lines 
 
For transfection of plasmid DNA, the transfection reagent Lipofectamine™ 2000 
(Invitrogen) was used according to the manufacturers protocol. The active component 
is a cationic lipid that forms liposomal complexes with negatively charged DNA 
molecules whereby the DNA is imported into the target cell. One day before 
tranfection, cells were seeded at a high density so they could reach 90%-95% 
confluency at the time of transfection. DNA and Lipofectamine™ 2000 were diluted 
in OptiMem I (Invitrogen) medium in separate micro tubes, incubated at room 
temperature (RT) for 5 min and then combined. After vortexing, the mixture was 
incubated again for 20 min at RT to allow complex formation. Cells were washed 
with PBS and the solution containing DNA-lipid complexes was added directly to the 
cells. Medium containing the suitable amount of FCS but no antibiotics was added to 
the transfection solution. Typically, for transfection in a 6-well format, 5 µg of 
plasmid DNA and 10 µl of Lipofectamine™ 2000 were used per well. For different 
multiwell formats, the amounts of DNA and Lipofectamine™ 2000 were up- or 
downscaled. 
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For transfection of siRNA, a final concentration of 100 nM siRNA was diluted in the 
desired volume of OptiMem I, incubated for 5 minutes and combined with the 
transfection reagent DharmaFect™ 2 (Dharmacon) diluted in Optimem I at a ration of 
1:25. The two solutions were mixed and incubated for 10 min to allow complex 
formation. The solution containing the complexes was diluted 1:5 in antibiotic-free 
complete medium and added to the cells. The transfection medium was replaced after 
18-24 hrs and determination of knockdown efficiency and subsequent experiments 
were carried out 48 hrs post transfection.  
 
 
 Cell Viability Assays 
 
Cell viability was estimated using two different methods. In the MTT-assay, 
mitochondrial activity of viable cells chemically reduces the tetrazolium salt 3-[4,5-
dimethylthiazol-2-yl]-2, 5-diphenyltetrazolium bromide (MTT, Sigma) to blue, solid 
formazan that precipitates in the mitochondria. The amount of formazan is 
proportional to the number of viable cells as described before (Sahin et al., 2006). 
 
For MTT-cell viability assays, cells were seeded in a 96-well microtiter plate at a 
density of 2000, 5000 or 8000 cells per well, respectively. The cells were kept in a 
cell culture incubator for 24 hrs to allow attachment and growth. Cells were then 
exposed to the indicated cytotoxins for the desired time. MTT solution was added to a 
final concentration of 1 mg/ml and incubated at 37°C for two hrs to permit the 
reducing reaction. Finally, the formazan precipitate was solubilized by adding one 
volume of solubilization buffer (see 3.6). After overnight incubation at RT in the dark 
to avoid light induced side effects, absorption was measured in a micro plate reader 
(FluoroGenios, Tecan) at a wavelength of 560 nm. 
 
The distinct identification of cells undergoing apoptosis requires a more sensitive 
assay than pure cell viability staining. During apoptosis, phosphatidyserine (PS) that 
is located at the cytosolic side of the cell membrane translocates to the extracellular 
side. Annexin V binds specifically to PS and is regarded as a specific marker for early 
apoptosis. 7-Aminoactinomycin (7-AAD) on the other hand intercalates with DNA 
specifically between cytosine and guanine residues. As it is only able to enter cells 
with disintegrated membranes, a 7-AAD positive cell is considered either necrotic or 
late apoptotic. Necrotic cells are excluded in the double staining because they show a 
7-AAD, but Annexin V negative pattern. To estimate the number of apoptotic cells, 
cells were either transfected with the constructs of interest and a green fluorescent 
control vector (i.e. pEGFP-C1) and exposed to a cytotoxin or apoptosis was directly 
induced by coexpression of an EGFP-tagged pro-apoptotic Bax. After 24 hrs, the 
cells were collected by brief centrifugation, resuspended in 100 µl of Annexin V 
binding buffer and stained with 5 µl of each Annexin V-PE and 7-AAD-PERCP. 
EGFP positive cells were gated at 488 nm in a FACSCalibur flow cytometer 
(Beckton Dickinson). The gated cells were then analyzed for 7-AAD and Annexin V 
staining by CellStar™ Software.  
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 Proteinbiochemical techniques 
 
 Extraction of Protein Lysates 

 
To extract total cell protein from adherent cell cultures, monolayers were grown to 
90% confluency. Cells were washed with cold PBS twice, before adding the cell lysis 
buffer directly to the cell-culture dish. Lysates meant for subsequent interaction 
studies were lysed in MPER™ buffer (Pierce), lysates meant for immunoblot analysis 
of cytosolic proteins were lysed in Ripa™ (Invitrogen) buffer containing protease 
inhibitors (CompleteMini, Roche). After addition of the respective lysis buffer, all 
cells were incubated at 4°C on a shaker, before they were scraped into a micro tube. 
The lysates were then centrifuged at 13.000x g at 4°C for 20 minutes to pellet cell 
debris. The supernatant was then used for subsequent applications or shock frozen 
and stored at -80°C.  
 
 
 Estimation of Protein Concentration 
 
To determine the amount of total protein in a cell lysate, the BCA-method was used. 
The basic principle of this method is the biuret reaction where copper (Cu)2+ is 
reduced to Cu1+ by proteins in an alkaline solution. The combination of BCA and 
Cu1+ creates a purple-coloured complex that has its absorption maximum at 562 nm. 
The amount of complex formed is proportional to the amount of protein in the 
sample. 
 
To determine the concentration of samples, dilutions of a known BSA stock solution 
were made and 50 µl of each concentration as well as 50 µl of each sample in a 1:10 
dilution were incubated in 1 ml of BCA-Solution for 30 min at 60°C. After cooling to 
room temperature, 3x 100 µl of each sample or standard dilution were added to a flat 
bottom transparent 96-well microtiter plate and the absorption was measured at 560 
nm in a microplate reader (Tecan). Concentrations were estimated using Magellan™ 
Software (Tecan).  
 
 
 SDS-Polyacrylamid Gelelectrophoresis (SDS-Page) 
 
The separation of a total protein lysate was carried out by SDS-gelelectrophoresis. In 
a denaturing, reducing environment, proteins are separated by their molecular weight. 
(Lämmli, 1970). For this purpose, protein samples were alloyed with the appropriate 
volumes of 10x Sample Reducing Agent (Invitrogen) and 4x LDS loading dye and 
incubated at 95°C for 5 minutes. Equal amounts of proteins were loaded to the wells 
of NuPage Novex 4-12% gradient gel (Invitrogen) along with a protein standard 
(MagicMarc XP Western Protein Standard™ or SeeBlue Plus Prestained™ Protein 
Standard, Invitrogen) and run at 200 V in 1x NuPage MES SDS Running Buffer 
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(Invitrogen) for 40 min. For separation of hydrophobic proteins, 2x urea sample 
buffer (UBS) and 10x Sample Reducing Agent were added to the lysates and 
incubated at 37°C for 10 min prior to loading the gel.  
 
 
 Immunoblotting (IB) 
 
After separation by SDS-PAGE, proteins can be detected by immunoblotting. The 
proteins of interest are here detected by a specific antibody. To transfer the proteins 
from the polyacrylamidgel to a nitrocellulose membrane, the dryblotting method was 
used. In the iblot™ device (Invitrogen) gels were embedded between the two parts of 
the iblot™ stack, the bottom carrying a copper anode, and the transfer membrane, the 
top carrying a copper cathode. Both electrodes are supplied with an ion reservoir in a 
gelmatrix. In this system, the transfer time is reduced to 7 min by minimizing the 
distance between electrodes and allowing high currents. After assembling the stacks, 
transfer of the proteins was performed by using program 2 of the iblot™ blotting 
device.  
 
After transferring the proteins, the membranes were stained with Ponceau S solution 
to verify equal transfer of protein. Ponceau S was removed from the membrane by 
washing in PBS-T and the membrane incubated in 3% dry milk in PBS-T for 1 h to 
block unspecific binding sites. Thereafter, the membranes were incubated on a shaker 
in the specific primary antibody in the indicated dilution at 4°C overnight before 
washing the membrane three times in PBS-T and adding the secondary antibody for 1 
h at RT. Secondary antibodies were conjugated to horseradish peroxidase that 
catalyzes a chemilumescence reaction with ECL-substrate (Super Signal West Pico, 
Pierce). The luminescence signal can then be detected by x-ray film (Amersham). 
Alternatively antibodies with infrared fluorescent dyes (IRDye 680 or IRDye 800, 
Licor) were used. For imaging of the near infrared wavelengths, membranes were 
scanned in the respective channel in the Odyssey™ (Licor).a 
 
 
 Co-Immunoprecipitation 
 
For protein-protein interaction studies, the HA-tag and myc-tag co-
immunoprecipitation kits from Pierce were used. Two possibly interacting proteins 
were coexpressed, one of them carrying a myc- (EQKLISEEDL) or hemagglutinin 
(HA)-tag (YPYDVPDYA). After cell lysis in physiologic conditions, and verifying 
the presence of both proteins of interest by western blotting, 200 µg of protein were 
incubated on ice overnight with agarose beads crosslinked with a covalently 
immobilized specific α-HA or α-myc antibody. Subsequently, the mixture was 
transferred to a Handee™ spin column (Pierce). After removing the cell lysate by 
brief centrifugation, the beads were washed with cold TBS twice. To elute the protein 
bound to the beads, 25 µl of 2x Non-Reducing Sample Buffer™ were added to the 
beads and heated to 95°C and pulse centrifuged. For SDS-gel electrophoresis of the 
eluted proteins, 2 µl of 10x sample reducing agent were added to the samples before 
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loading them onto a 4-12% Bis-Tris gel (Invitrogen).  
  
 
 Luciferase Assays 
 
The basic principle of the luciferase assay is the enzymatic oxidation of luciferin by 
the firefly luciferase. Constructs that express luciferase in dependency of the 
activation of a specific promoter or responsive elements are commonly used for 
quantitative activation studies. For luminometric measurements, cells were 
transfected with the indicated constructs in a 6-well cell culture dish and incubated 
for the desired time. Cells were then washed with PBS twice and lysed in 200 µl of 
Cell Culture Lysis Buffer (Promega). The lysate was harvested, transferred into a 1.5 
ml micro tube and pulse centrifuged to remove cell debris. 20 µl of cell lysate were 
transferred to a white microtiter plate (Nunc). 80 µl of luciferin diluted in Luciferase 
Assay Buffer (Promega) were injected to the well directly before measurement. 
Luminescence was measured for 10 sec per well and normalized to the total protein 
amount that was subsequently measured by the BCA method. 
 
 
 Immunocytochemistry 
 
For immunocytochemical imaging, cells were grown on glass cover slips and fixed 
for 20 min at RT in 4% paraformaldehyde. After preincubation with 3% BSA in PBS-
0,2% TritonX-100 to permeabilize the cells and block unspecific binding sites, cells 
were stained with the denoted primary antibodies or staining reagents in the indicated 
dilution in a humid chamber. After the desired incubation time the coverslips were 
washed with PBS twice for 15 minutes. In the case of antibody staining, a 
flourescently tagged secondary antibody was used subsequently. Finally, the 
coverslips were washed three times in PBS. In the second washing step, 100 ng/ml 
4',6'-diamidino-2-phenylindole hydrochloride (DAPI) was added to stain the nuclei. 
Coverslips were desalted in H2O and embedded in Vectashield™ (Biozol). Samples 
were visualized with an Olympus IX-81 inverse fluorescence microscope and 
deconvoluted by Cell^R software (Olympus). 
 
 

 Molecular techniques 
 

 Production of Chemically Competent Bacteria   
 
E. coli DH5α bacteria were streaked on LB-plates containing the appropriate 
antibiotic and incubated overnight at 37°C. Single colonies were picked and 
inoculated overnight in 10 ml of LB medium. 1 ml of this culture was added to 100 
ml of LB medium and incubated on a shaker at 37°C until an optical density at OD600 
of 0.5 was reached. The culture was allowed to cool down on ice, transferred to 
sterile 50 ml round-bottom tubes and centrifuged at 4000x g for 5 min at 4°C. The 
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supernatants were discarded and the pellets resuspended in cold TFB 1 buffer (30 ml 
for a 100 ml culture). The bacteria-suspension was incubated on ice for additional 90 
min before centrifugation at 4000x g for 5 min at 4°C. The pellets were then 
resuspended in 4 ml ice-cold TFB 2 buffer and aliquots of 50 µl were prepared and 
stored at –80°C. 
 

 
 Transformation  

 
 
Transformation of competent bacteria was performed using the “heat-shock“ method. 
The competent bacteria E.coli DH5α were thawed at 37°C before adding the DNA 
solution to it. Typically 100 ng of plasmid DNA were used, if the concentration of the 
solution was available. Hereafter, the mixture was incubated on ice for 20 min before 
heat shocking the bacteria at 42°C for 90 sec. Subsequently, 350 µl of SOC media 
were added and the culture was incubated in a heated shaker at 37°C for one hour, 
before being plated on an LB-agar plate containing the appropriate selection 
antibiotic. The bacteria were allowed to form single colonies overnight in a 37°C 
incubator. 
 
 

 Small Scale Plasmid DNA Preparation  
 
For the preparation of DNA-Plasmids up to a desired amount of 20 µg, single bacteria 
colonies (see transformation) were picked from an agar plate, transferred to 3 ml of 
LB-medium containing antibiotics in a sterile round bottom tube, before incubating 
the culture on a shaker overnight at 37°C. Alkaline lysis was carried out using the 
QIAprep Spin Miniprep Kit (Qiagen). 1 ml of bacteria suspension was sedimented at 
3000 rpm for 10 min in a 2 ml microtube. The pellet was resuspended in 250 µl of 
buffer P1 and lysed with 250 µl of buffer P2. After addition of 350 µl of buffer P3, 
the precipitated compounds were pelleted by centrifugation at 13.200 rpm for 10 min 
at 4°C. The supernatant was decanted to the QIAprep spin column and the DNA was 
bound to the silica membrane by a one-minute centrifugation step at 13.200 rpm, in 
which the silica membrane absorbs the DNA in presence of high salt concentrations 
in the buffer, followed by 2 washing steps. The membrane was dried by an additional 
centrifugation for 2 min at 13.200 rpm. Finally 40 µl of H2O were added directly to 
the membrane, incubated for 5 minutes and spun at 13.200 rpm to elute the DNA.  
 
 

 Large Scale Plasmid DNA Preparation 
 
On the basis of a positive bacterial clone, larger amounts of plasmid DNA were 
isolated from a 150 ml bacterial culture using the Nucleobond Kit PC500 (Macherey-
Nagel). Harvested bacteria were again lysed by the alkaline lysis method. After 
equilibrating the appropriate column the cleared lysate was loaded onto the column, 
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where plasmid DNA was bound to the anion-exchange resin. After subsequent 
washing steps, the plasmid DNA was eluted in a high-salt buffer and precipitated 
with isopropanol. Finally, the DNA-pellets were air-dried and reconstituted in H2O 
for further use.  
 

 Small Scale RNA Preparation 
 
To obtain total RNA from cultured cells or tissue, the RNeasy Kit (Qiagen) was used. 
Typically, 1x 107 cells were lysed in 350 µl of buffer RLT and homogenized by 
centrifuging the sample through the QIAshredder column. Subsequently, 350 µl of 
70% ethanol were added to provide ideal binding conditions. The lysate was then 
loaded onto the RNeasy silica-membrane by brief centrifugation. Bound to the 
column, the RNA was washed twice to remove possible contaminants. Finally, the 
RNA was eluted in 40 µl of RNAse free water.  
 

 Estimation of DNA Concentrations 
 
To determine the concentration of DNA preparations, the solutions were diluted 
1:100 in H2O. The extinction was measured at OD260 for DNA after blanking the 
photometer and used for estimation of concentrations. To determine the concentration 
of double stranded DNA (dsDNA) the value of OD260=1,0 corresponds to 50 µg/ml 
for 1 cm of optical path length. Hence, the concentration (µg/µl) equals to: 

OD260 x 1/dilution x 50/1000. 
 
 
 DNA Separation by Agarose Gelelectrophoresis 
 
Agarose gel electrophoresis is the method of choice to separate DNA or RNA 
molecules by size. This is achieved by moving the negatively charged nucleic acid 
molecules through an agarose matrix with an electric field. Smaller molecules move 
faster and migrate farther than larger ones. The separation of DNA in an agarose gel 
also allows estimation of the size of a DNA fragment. For this purpose, DNA samples 
including 10x sample buffer (Bluejuice™ Invitrogen) and a DNA standard marker (1 
kbplus™ Ladder, Invitrogen) were loaded to the wells of an agarose-TBE-gel 
containing 0,15 µg/ml of ethdium bromide. Typically, for DNA fragments of 1000 
basepairs (bp) or more, 0.8%-1,0% gels, for smaller DNA fragments depending on 
the expected size, up to 2% of agarose were used. The separation was performed at 
100 V in a horizontal chamber containing TBE buffer. DNA was visualized by UV-
light at 254 nm by GDS gel imaging software (Intas). For subsequent extraction of a 
single band, it was cut out with a sterile scalpel and transferred to a 1.5 ml microtube.  
 
 

 Enzymatic Restriction of Double-Stranded (ds)DNA  
 
For the cloning of a target gene into a plasmid vector, as well as for the subsequent 
verification of a vector or the linearization of circular molecules, dsDNA was cut at 
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specific sequence motifs by restriction endonucleases. Typically, 5 µg of DNA in 
aquaeous solution were digested in a total volume of 30 µl containing 3 µl of the 
appropriate buffer, 5 U of the restriction enzyme(s) of choice and, if required, 0,3 µl 
of 100x BSA stock solution. The restriction reaction was incubated for 2 hrs at 37 °C. 
 
 
 Ligation of DNA fragments 
 
The ligation reaction is used to fuse a DNA fragment into a linearized vector. For this 
purpose, complementary overhangs are generated by restriction. The DNA ligase 
forms a covalent phosphodiester bond between a 3' hydroxyl group of one nucleotide 
with the 5' phosphate end of the other. ATP is required for the ligase reaction. 
Typically, in a total volume of 15 µl, 10-50 ng vector DNA, 1,5 µl of 10x ligase 
buffer containing ATP, 1 µl of T4 ligase and the insert DNA in a molecular ration of 
5:1 (insert:vector) were used. The reaction was incubated at 37°C for 90 min.  
 
 

 Polymerase Chain Reaction (PCR) 

 
The polymerase chain reaction is a technique used to amplify a piece of DNA by in 
vitro enzymatic replication (Mullins & Faloona, 1987). With PCR it is possible to 
amplify a single or few copies of a DNA fragment or a specific sequence across 
several orders of magnitude, generating millions or more copies of the DNA. For the 
amplification of specific DNA sequences, specific oligonucleotides were synthezised 
to bind to the selected sequences on the template DNA. By adding a thermostable 
DNA-polymerase and desoxynucleotides (dNTPs), elongation was enabled. 
Oligonucleotides carrying recognition sites for restriction enzymes were used to 
obtain DNA fragments that could subsequently be ligated into a vector construct.  
 
For the exponential amplification, a thermocycler (T Gradient, Biometra) was used to 
provide the appropriate temperatures for each reaction step. These were an initial 
denaturing step at 95°C followed by 35 cycles of denaturing (95°C, 30 s), primer 
hybridization (50-60°C depending on the base sequence, 30s) and polymerization 
(72°C, 1 min/ kb) and a single final elongation step (72°C, 7 min). The successful 
amplification was verified by electrophoretic separation of the DNA. Typically, one 
reaction contained 1 µg of template DNA, 2 µl of forward primer (50 pmol/µl), 2 µl 
of reverse primer (50 pmol/µl) and 45 µl of PCR SuperMix™ (Invitrogen) containing 
dNTPs, MgCl2 and recombinant Taq DNA polymerase. 
  

 Gateway™ Cloning 
 
For most constructs generated in this study, the Gateway™ Technology (Invitrogen) 
was used. This system is based on the site-specific recombination properties of 
bacteriophage lambda (Landy, 1989) and enables the conservative transfer of the 
gene of interest into any destination vector in a single reaction without restriction and 
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ligation with high efficiencies. In brief, in the Entry™-vector, the gene of interest is 
flanked by specific sequences called attachement sites (attL), on the respective target 
(DEST™)-vector, the ccdB gene is flanked by heterologous DNA sequences (attR). 
In the so called LR reaction, the LR Clonase™ enzyme facilitates the recombination 
of the attL site of the entry clone with the attR site of the destination vector, creating 
an attB containing expression clone and an attP flanked ccdB gene by-product. For 
selection of positive destination clones, entry vectors carry a kanamyin resistance 
gene, whereas destination vectors are ampicillin resistant.  
 
To use this technology, genes of interest were cloned by restriction (4.3.7) and 
ligation (4.3.8) into the entry vectors (pENTR™ 1A, 2B and 3C, Invitrogen, 
Karlsruhe) that differ in their reading frame by one base. To verify reading frame and 
integrity of the sequence, positive clones were sent for sequencing (GATC, 
Konstanz). From the entry clone, genes were transferred to the desired destination 
vector by the LR clonase reaction. For this purpose, 100-300 ng of the entry clone 
were mixed with 150 ng of destination vector and 4 µl of 5x LR Clonase™ reaction 
buffer. The volume was adjusted to 16 µl with TE buffer and mixed. 4 µl of LR 
Clonase™ enzyme were added and the reaction was incubated for 1 h at 25°C before 
adding 4 µg of Proteinase K and incubating at 37°C for 10 min. The products were 
transformed into competent E. coli and selected for ampicillin resistance on an LB-
agar plate. Clones were verified by restriction and electrophoretic separation of the 
DNA fragments.  
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Fig. 4.1: Schematic depiction of the LR Reaction. An Entry plasmid (pENTR) 
containing the gene of interest flanked by recombination sites is recombined with a 
Destination vector (pDEST). The products are the gene of interest, transferred into 
the Destination construct, and a by-product containing the ccdB gene. (Source: 
Invitrogen). 
 
 
 cDNA-Reverse Transcription 
 
To obtain total complementary DNA (cDNA) from an RNA sample (4.3.5), the 
SuperScript II Reverse Transcriptase™ (Invitrogen) was used. Reverse transcriptase 
is a DNA polymerase that synthesizes a complementary DNA strand from single-
stranded RNA. For each 5 µg of total RNA, 1µl of 10 mM dNTP mix and 1 µl of 0,5 
µg/µl oligo(dT) primers were added and the volume was adjusted to 10 µl with 
RNase-free water. The samples were incubated at 65°C for 10 min before adding 4 µl 
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of 5x first-strand buffer as well as 2 µl of 0,1 M DTT and incubating at 42°C for 2 
min. Finally, 200 U of SuperScript II RT were added and the samples were incubated 
at 42°C for 50 min. The reaction was heat inactivated at 70°C for 15 min for 
subsequent use. 
 
 

 Quantitative PCR (qPCR) 
 
The quanititative or real-time PCR is the most sensitive quantification method to 
determine the amount of DNA in a sample as it is measured after each cycle of PCR 
by the use of fluorescent markers. The most common means for quantification are the 
use of fluorescent dyes that intercalate with double-stranded DNA, and modified 
DNA oligonucleotide probes that fluoresce when hybridized with a complementary 
DNA. Both were used in this study.  The method was used to determine the amount 
of gene transcripts in cultured cells. Therefore, cells overexpressing certain constructs 
after transfection (4.1.2) or treatment with the indicated compunds were lysed, total 
RNA isolated (4.3.5) and reversely transcribed into cDNA (4.3.11). QPCRs were 
performed in a 96-well optical reaction plate (Applied Biosystems) with a total 
volume of 20 µl per well. Each well contained 2 µl of cDNA template and one of the 
following compositions depending on the primers: 
 
Assay on demand   
2x Universal PCR Mastermix (Roche) 10 µl
Assay on demand (Applied Biosystems) 1 µl
H2O 7 µl
Primer and Probe  
2x Universal PCR Mastermix (Roche) 10,5 µl
Primer forward (3 µM) 2,5 µl
Primer backward (3 µM) 2,5 µl
Probe (2,5 µM) 2,5 µl
QPCR Core Kit for SYBR Green  
10x reaction buffer 2 µl
MgCl (50 mM) 1,4 µl
dNTP Mix (5 mM) 0,8 µl
Primermix 10x  2 µl
HotGoldStar polymerase (5 U/μl)  0,1 µl
H2O 11,1 µl
SYBR®Green I stock 0,6 µl
 
The reaction was performed in the 7500 Real Time PCR System (Applied 
Biosystems). The initial activation step for 10 min at 95°C was followed by 40 cycles 
of denaturing (95°, 15 sec) and annealing/elongation (60°C, 1min).  
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Relative concentrations of DNA during the exponential phase of the amplification 
reaction are determined by plotting fluorescence against cycle number on a 
logarithmic scale. The threshold for detection of fluorescence intensity above the 
background by the passive reference dye is manually determined. The cycle at which 
the fluorescence crosses the threshold is called the cycle threshold (Ct). Since the 
amount of DNA is duplicated in every cycle, relative amounts of DNA can be 
calculated. Every cycle of difference between two samples equals to a twofold 
increase in abundance. In this study, values are given in cycles over housekeeping 
gene (ΔCt). 
 
 

 Statistical Analysis 
 
Results are displayed as mean +/- standard error of means (SEM) and statistical 
analysis was performed (t-test or one-way analysis of variance (ANOVA)) by Graph 
Pad Prism Software (Graph Pad). 
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5. Results 
 

 GPR39 is a Major Factor in HT22R Protection 
 
HT22R cells have been described before as a subpopulation of the HT22 cell line that 
is resistant against oxidative glutamate toxicity, and protected against various types of 
cell death stimuli (Lewerenz et al., 2006). A transcriptomal comparison between the 
HT22R cell line and the parental HT22S cell line resulted in a number of G-protein 
coupled receptors that were more abundant in the HT22R cells, with GPR39 among 
them. In subsequent experiments, GPR39 was shown to be protective against ER 
stress, oxidative glutamate toxicity and overexpression of Bax (Dissertation Mert 
Sahin).  
 
To determine if GPR39 is a major factor of the HT22R resistance against oxidative 
glutamate toxicity, GPR39 was knocked down by a pool of four siRNAs and exposed 
to glutamate. The percentage of surviving cells was estimated after 24 hrs. At 30 mM 
glutamate, the survival rate decreased from almost 100% in control (ctrl) siRNA 
transfected cells to 77% in GPR39 siRNA transfected cells. At 40 mM glutamate, 
viability decreased from 65% (ctrl) to 45% (GPR39 siRNA) (Fig. 5.1 a, left panel). 
The GPR39 knockdown efficiency was determined by quantitative PCR. GPR39 
siRNA transfected cells yielded a change in cycles over housekeeping gene GAPDH 
(Δct) of 1.752 cycles, which corresponds to a 3.3-fold decrease in GPR39 mRNA 
(Fig. 5.1 a, right panel).  
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Fig. 5.1: GPR39 knockdown makes HT22R cells more susceptible to oxidative 
glutamate toxicity. (a) Viability of HT22R cells transfected with non-targeting 
siRNA (open triangle) and GPR39-siRNA (closed triangle) at different 
concentrations of glutamate (left panel), expression of GPR39 after transfection with 
non-targeting siRNA (ctrl) and GPR39-siRNA (GPR39) expressed in Δct over 
GAPDH (right panel). (b) Expression of GPR39 in HT22R cells transfected with non-
targeting (ctrl) and three different GPR39-targeting (811, 965, 1317) miRNA-
constructs expressed in Δct over GAPDH. (c) HT22R cells transfected with ctrl and 
GPR39-targeting miRNA treated with (+) 40mM glutamate or vehicle (-) for 24 hrs 
and gated for 7-AAD and Annexin V (left panel), cell survival estimation at different 
concentrations of glutamate (right panel). Data is represented as means of three 
independent experiments +/- SEM. 
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To confirm these results, a second method of RNA interference, miRNA was chosen. 
Three different GPR39 targeting oligonucleotides (3.10.2) were cloned into the 
miRNA vector pcDNA™6.2-EmGFP-miR, transfected in HT22R cells and GPR39 
knockdown efficiency estimated by quantitative PCR. The miRNA targeting the 
sequence from nucleotide 1317 resulted in a change in Δct of 1.5 cycles, which 
corresponds to a 60% decrease in GPR39 mRNA abundance (Fig. 5.1 b). This 
construct was chosen for subsequent cell death experiments. HT22R cells transfected 
with the GPR39 miRNA construct or the control miRNA construct were treated with 
40 mM glutamate for 24 hrs before staining with 7-AAD and Annexin V to stain 
apoptotic cells and analyzing by flow cytometry. Glutamate-treated cells showed an 
increase of 12.5%  7-AAD and Annexin V double-positive cells when transfected 
with GPR39 miRNA 1317 as compared to control. The viablity of non-treated cells 
was not impaired (Fig. 5.1 c, left panel). Treating control miRNA and GPR39 
miRNA 1317 transfected cells with different concentrations of glutamate and staining 
viable cells with MTT yielded similar results. At 30 mM and 40 mM glutamate, in 
GPR39 miRNA-1317 transfected cells, approximately 20% (at 30 mM ctrl: 39.7%, 
GPR39 miRNA-1317: 20.1%; at 40 mM ctrl: 36.5%, GPR39 miRNA: 15.9%) less 
viability was observed when compared to control miRNA transfected cells (Fig. 5.1 
c, right panel). These results confirm, that GPR39 is indeed a major factor in the 
resistance of HT22R cells. 
 
 

 GPR39 Overexpression Induces Several Downstream Targets 
 
To be able to identify downstream targets of GPR39, two monoclonal HEK293 cell 
lines overexpressing GPR39 were established, that only differed threefold in GPR39 
expression. When compared for cytoprotection, Clone 1, the higher expressing clone 
was protected more against glutamate toxicity, ER-stress, hydrogenperoxide and Bax 
overexpression than the lower expressing clone 17 (Dissertation Mert Sahin). These 
two cell lines were used for a transcriptomal comparison by Affymetrix chip human 
genome U133 Plus 2.0 (Affymetrix). Total RNA was extracted from both cell lines 
and reversely transcribed. The chip hybridization and analysis were carried out by Dr. 
Stefan Golz (Bayer Healthcare AG, Wuppertal). Differentially expressed transcripts 
are shown in Fig. 5.2 in descending order. They can roughly be divided in enzymes 
(enolase (Eno2), tissue plasminogen activator (PLAT), putative serine protease 
(PRSS23)), extracellular matrix molecules (collagen II α1 (COL2A1), integrin 
binding protein (EDIL3)) and proteins involved in signal transduction or transcription 
(pigment epithelium derived factor (PEDF), trinucleotide-repeat containing 9 
(TNRC9), Cbp/p300-interacting transactivator, with Glu/Asp-rich carboxy-terminal 
domain 1 (Cited1), GPR39 itself and a regulator of g-protein signaling (RGS16)). The 
following work focuses on the signal-transduction 
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molecules.

 
Fig. 5.2: GPR39 induces several downstream targets. Transcriptomal comparison 
of HEK293 clone 1 and clone 17 performed by hybridization of cDNA to Affimetrix 
chip human genome U133 Plus 2.0. Transcripts regulated in clone 17 and present in 
clone 1 are shown in descending order of regulation.  
 

 GPR39 Protection is Gα13, RhoA/SRE-dependent and 
Regulated by RGS16 

 
The regulator of G-protein signaling RGS16 was upregulated threefold in the GPR39 
overexpressing clone 17. This protein was of particular interest, because RGS 
proteins have been shown to be upregulated as a compensatory effect to the 
upregulation of the receptor whose signaling pathway they regulate as a 
desensitization mechanism (Druey et al., 1996). RGS16 has been described to be a 
specific inhibitor of Gα13 signal transduction by translocation of the RGS16-Gα13 
complex to detergent resistant membranes, which reduces the catalysis of nucleotide 
exchange of p115Rho-GEF on RhoA (Johnson et al., 2003). 
 
 
 GPR39 Protection is Inhibited by RGS16 
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To prove the hypothesis that RGS16 might be an inhibitor of GPR39 singaling, 
HEK293 cells were transfected with GPR39 with empty vector and GPR39 
coexpressed with RGS16. These cells were then exposed to different concentrations 
of tunicamycin and cell viability determined by MTT method (4.1.3). Indeed, GPR39 
mediated protection against tunicamycin toxicity was completely abolished by 
RGS16 (viablity at 10 µg/ml vector ~8.2%, GPR39 ~29,7% and GPR39+RGS16 
~5.3%) (Fig. 5.4 a). 
 
 GPR39 Protection is RhoA Dependent 
 
The result described above (5.3.1) strongly suggested coupling of GPR39 to Gα13. 
Since Gα13 signaling involves a nucleotide exchange on RhoA, we further suspected 
the involvement of RhoA. RhoA has been described to positively regulate actin 
polymerization (Mack et al., 2001). Thus, mouse embryonic fibroblasts were 
transfected with empty vector, GPR39 and GPR39 + RGS16 and serum starved for 48 
hrs to induce actin stress fibre formation, before fixing and staining the cells with 
rhodamine-coupled phalloidin.  
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Fig. 5.3: GPR39 overexpression enhances formation of actin stress-fibers after 
serum-starvation. Mouse embryonic fibroblasts transfected with vector, GPR39 or 
GPR39+RGS16, serum starved for 48 hrs and stained with rhodamine-coupled 
phalloidin and DAPI. Scalebar corresponds to 10 µm. 
 
GPR39-transfected cells displayed prominent stress fiber formation that was not 
observed in vector transfected or in RGS16 coexpressing cells (Fig. 5.3). This result 
confirms the involvement of RhoA. In a second approach, HEK293 cell viability was 
estimated after treatment with different concentrations of tunicamycin in cells 
transfected with empty vector, GPR39 and GPR39 along with a dominant negative 
RhoA construct (T19N). As a result, viability at 10 µg/ml was decreased from 
~26.2% (GPR39), to 19.1% by coexpression of RhoA(T19N) (Fig. 5.4 b). 
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 GPR39 Mediated Protection can be Inhibited by Y-27632 
 
RhoA can signal either through ERK6 (p38γ)-axis (Marinissen et al., 2001) or the 
Rho-associated kinase p160ROCK pathway (Uehata et al., 1997). Since p160ROCK 
has been published to foster SRE-induction in an ERK and p38 independent manner, 
and GPR39 has also been shown to induce SRE-dependent transcription (Holst et al., 
2004), the RhoA-p160ROCK-pathway was more likely to be involved in GPR39 
signaling. To strengthen this hypothesis, cytotoxicity experiments were performed, in 
which after transfection of GPR39, p160ROCK was inhibited by its specific inhibitor 
Y-27632 and HEK293 cell viability estimated after 24 hrs of tunicamycin treatment 
by the MTT method. At 10 µg/ml cell viability was decreased from 15.8% (GPR39) 
to 4.9% (GPR39 +Y-27632) (Fig. 5.4 c). This result suggests an involvement of 
p160ROCK in the GPR39 protective signal-transduction pathway. 
  
 

 
Fig. 5.4: GPR39 protection is Gα13/RhoA and negatively regulated by RGS16.  
Cell survival of HEK293 cells transfected with vector, GPR39 and (a) 
GPR39+RGS16, (b) GPR39+RhoA T19N or (c) GPR39+Y27632 after treatment with 
different concentrations of tunicamycin. Data is given as means of three independent 
experiments +/- SEM. 
 
 
 GPR39 induced SRE-dependent Transcription is Necessary for 
Cytoprotection 
 
Holst et al. showed that GPR39 induces SRE-dependent transcription. To determine 
if this induction can be altered by inhibition of the pathway suggested by the results 
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5.3.1-5.3.3, SRE induction was measured by luciferase assay (4.2.8) 48 hrs after 
transfecting HEK293 cells with the SRE luciferase reporter construct (pSRE-LUC, 
Stratagene) and either empty vector, GPR39 alone or GPR39 co-expressed with 
RGS16 or RhoA(T19N) respectively. SRE-promoter induction was increased 
fourfold after GPR39 overexpression, which was completely abolished when RGS16 
or RhoA (T19N) were co-expressed (Fig. 5.5 a). This shows that SRE-dependent 
transcription is acting downstream of RGS16 and RhoA. To prove the involvement of 
SRE in GPR39-mediated protection, first a protective effect of SRE-induction had to 
be shown. To this end, a dominant active construct of the serum response factor 
(SRF-VP16) was used in cytotoxicity assays (Schratt et al., 1993). A non-functional 
mutant lacking the DNA-binding domain (SRF-VP16-ΔM) served as control. 
HEK239 cells were transfected with the constructs indicated above, treated with 
tunicamycine and cell viability was determined. The dominant active SRF-VP16 
increased cell viability from ~7.6% (empty vector) to ~40.9% at 10 µg/ml 
tunicamycin. The SRF-V16-ΔM slightly increased cell viability to ~20.6% (Fig. 5.5 
b). This only shows the protective nature of the serum response factor and the SRE-
induced transcription, respectively. To ascertain the role of the SRE in GPR39-
mediated protection, a dominant negative (dn) SRF mutant was used in the same 
assay. GPR39 and the dnSRF were coexpressed and cell viability was determined as 
described above. Here, dnSRF completely abolished the protective effect by GPR39. 
The dnSRF overexpressed alone made cells even more susceptible to tunicamycin 
toxicity (Fig. 5.5 c). 
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Fig. 5.5: GPR39-protection is SRE-dependent. (a) Percentage of luminescence 
normalized to empty vector (EV) in cells transfected with GPR39, GPR39+RGS16 
and GPR39+RhoA T19N. (b) Viability of HEK293 transfected with vector, the 
constitutively active mutant SRF-VP16 or the non-functional mutant SRF-VP16ΔM 
(c) Viability of HEK293 transfected with vector, GPR39, dominant negative SRF and 
GPR39+dominant negative SRF. Data is given as means of three independent 
experiments +/- SEM. 

 
 

Taken together these results suggest that the GPR39 protective signal-transduction 
cascade is regulated by RGS16, and therefore mediated by Gα13, which activates 
RhoA via p115-rhoGEF, p160ROCK. Further downstream, the protective effect is 
mediated by serum-response element dependent transcription. 
 
 

 PEDF Partly Mediates GPR39 Cytoprotection 
 
PEDF was also among the differentially expressed transcripts on the array described 
in 5.2.  In the comparison of GPR39-overexpressing clones 1 and 17, PEDF was 3.7-
fold upregulated in clone 17. PEDF is a protein that has been discovered and 
described as being secreted by cultured fetal human retinal pigment epithelium cells 
with neuronal differentiative activity (Tombran-Tink et al., 1991). Later studies 
revealed PEDF to act as a protective factor that is capable of protecting neurons in 
different brain regions from diverse insults like oxidative damage and glutamate 
excitotoxicity (reviewed in Tombran-Tink Bernstable). Therefore we considered 
PEDF as an interesting potential effector protein of the protective GPR39 cascade. 

 
 
 PEDF is Upregulated by GPR39 
 
Since the chip array (5.2) showed an upregulation of PEDF in the GPR39 
overexpressing clone 17, this upregulation was first confirmed by quantitative PCR. 
To this end, total RNA from clones 1 and 17 was extracted, reversely transcribed and 
the relative abundance determined by qPCR using the SYBRgreen method. mRNA 
abundance of PEDF in clone 1 and 17 differed by 1.5 Δct (Fig. 5.6 a). This confirmed 
the transcriptional upregulation observed in the array data. In a second approach, 
PEDF secretion was measured on the protein level. HT22 cells were transfected with 
GPR39 or empty vector as control and cultured in serum-free media for 48 hrs. 
Supernatants were collected and PEDF measurement carried out by Prof. Ana Luisa 
Pina (Regensburg) by ELISA. GPR39 transfected cells secreted approximately 4.5-
fold more PEDF than control transfected cells (Fig. 5.6 b).  
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Fig. 5.6: GPR39 induces the secreted factor PEDF in an SRF-dependent way. (a) 
Transcriptional comparison of HEK293 clones 1 and 17 expressed in Δct over 
GAPDH. (b) Secreted PEDF from HT22 cells transfected with GPR39 measured by 
ELISA. (c) Expression of PEDF after transient transfection of vector, GPR39 and 
GPR39 plus dominant negative SRF (left panel), respectively vector, SRF-VP16 and 
SRF-VP16ΔM (right panel) expressed in Δct over GAPDH. Asterisks indicate 
statistical significance as determined by t-test or one-way ANOVA. 
 
 
 PEDF is Regulated Downstream of SRF 
 
To determine whether PEDF is regulated downstream of SRF, HT22 cells were 
transfected with GPR39, GPR39 and the dominant negative SRF construct or empty 
vector as control. In order to investigate if SRF alone is capable of upregulating 
PEDF, cells were transfected with empty vector, SRF-VP16 and SRF-VP16-ΔM. 
PEDF abundance was estimated by qPCR. The coexpression of GPR39 and the 
dominant negative SRF transcript showed that the fourfold increase mediated by 
GPR39 overexpression was abolished by dnSRF. GPR39 and GPR39-dnSRF 
transfected cells yielded a fivefold difference in PEDF abundance (Fig. 5.6 c, left 
panel). Cells transfected with the dominant active SRF-VP16 and the nonfunctional 
mutant differed in PEDF expression sevenfold (Fig. 5.6 c, right panel). These 
findings together suggest that the upregulation of PEDF by GPR39 is mediated 
through SRF and that SRF alone is sufficient to increase PEDF levels. 
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 PEDF Partly Mediates of the GPR39 Protective Effect 
 
To strengthen the hypothesis that PEDF is an effector protein of GPR39-mediated 
cytoprotection, first the protective effect of PEDF in the used cell model had to be 
demonstrated. HT22 cells were preincubated with 50 ng/ml or 100 ng/ml PEDF (a 
kind gift from Ana Luisa Pina, Regensburg) for 24 hrs before being exposed to 
different concentrations of tunicamycin. Cell viability was estimated by MTT 24 hrs 
later. To avoid high PEDF concentrations in serum containing media, these 
experiments were carried out in 2% serum. In this experiment, PEDF showed a 
concentration-dependent protective effect against ER-stress by tunicamycin. At 2.5 
µg/ml tunicamycin, cells pre-treated with 100 ng/ml PEDF were approximately 20% 
more viable than control cells, viability of cells pretreated with 50 ng/ml PEDF were 
in between (vehicle: 19%, 50 ng/ml PEDF: 32%, 100 ng/ml: 39%) (Fig. 5.7 a). In the 
reverse experiment, HT22 cells were seeded at a low density and treated with 
conditioned media from GPR39 or empty vector transfected HT22 cells. In order to 
remove PEDF from the conditioned media, 2 µg/ml of either specific α-PEDF 
antibody (Millipore) or control antibody (rabbit polyclonal α-chicken antibody, 
Davids Biotechnology) were added to the media 24 hrs before exposing the cells to 
tunicamycin. Cell viability was measured by MTT 24 hrs later. GPR39-conditioned 
medium indeed had a protective effect, yet not as pronounced as GPR39 
overexpression. Neutralizing PEDF with a specific antibody decreased this protective 
effect. At 1 µg/ml tunicamycin, control cells were approximately 22% viable, 
GPR39-conditioned media treated cells in contrast were more than 55% viable. The 
cells treated with the PEDF-neutralized medium showed about 36% viability (Fig. 5.7 
b).  
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Fig. 5.7: Removing cytoprotective PEDF from GPR39-conditioned medium 
attenuates its protective properties. (a) Cell viability of HT22 cells pretreated with 
the indicated amounts of PEDF for 24 hrs and exposed to tunicamycin for 24 hrs. (b) 
Cell viability of HT22 cells exposed to tunicamycin in media conditioned from HT22 
cells transfected with vector (EV-CM) or GPR39 (GPR39-CM) in the presence of an 
antibody against PEDF (+α-PEDF) or a control antibody (+α-IgY).  
 
 
These results strengthen the hypothesis that PEDF may be at least one of the effector 
proteins of the GPR39 protective signal-transduction cascade summarized in Fig. 5.8.  
 

 
 

Fig. 5.8: Summary of GPR39-mediated signal transduction 
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 TNRC9 is a Neuronal and Epithelial Transcription Factor 
Regulated by GPR39 

 
On the microchip array (5.2) TNRC9 was upregulated fivefold in clone 17. TNRC9 
(trinucleotide repeat containing 9) is a high mobility group (HMG) transcription 
factor that belongs to the conserved subfamily of tox proteins (O’Flaherty et al., 
2003). It was first identified in a screen for transcripts harbouring trinucleotide repeat 
expansions (Margolis et al., 1997). Recently, a single-nucleotide polymorphism near 
the 5’ end of TNRC9 was found to be strongly associated with breast cancer (Easton 
et al., 2007). TNRC9 contains a central HMG-domain and a C-terminal glumatine-
rich tail (Fig. 5.9).  

 
 
Fig. 5.9: Sequence and structure of TNRC9. Amino acid sequence of TNRC9 and 
schematic image of its structure with nuclear localization signal (underlined), high 
mobility group domain (HMG, highlighted) and glutamine rich tail (Q-rich, bold). 
 
A whole body cDNA-panel and cDNA-samples from human primary cell lines were 
used for a qPCR based screen carried out by Stefan Golz (Bayer Health Care AG, 
Wuppertal) to find out the overall abundance of TNRC9, showing that it is mainly 
present in the ileum and the nervous system, namely in cerebellum, frontal and 
occipital lobe and in the retina (Fig. 5.10 a), as well as in epithelial human primary 
cell lines, namely in renal and intrahepatic biliary epithelials (Fig. 5.10 b).  
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Fig.  5.10: TNRC9 is mainly expressed in the nervous system and epithelial cells. 
(a) Relative expression of TNRC9 mRNA in a whole body panel plotted as relative 
expression units, sorted by their affiliation to certain tissue systems and (b) relative 
expression in the indicated human primary cell lines. These measurements were 
performed by Dr. Stefan Golz, Bayer AG, Wuppertal. 
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To confirm its subcellular localization, full-length mouse TNRC9 was cloned into 
pEGFP-C3 (Clontech) and transiently transfected. Nuclei were counterstained with 
DAPI and nuclear localization could be confirmed by fluorescent microscopy (Fig. 
5.11). 
 

 
 
Fig. 5.11: TNRC9 is a nuclear protein. Fluorescent microscopy image showing N2a 
cells transfected with EGFP or TNRC-EGFP, nuclei counterstained with DAPI. 
Scalebar corresponds to 10 µm. 
 

 
 TNRC9 is Upregulated by GPR39  
 
TNRC9 was among the possible target genes that were upregulated in GPR39 
overexpressing clone 17. This data was confirmed on the protein- and on the RNA 
level. N2a cells were transiently transfected with GPR39 and GPR39 plus RGS16. 
Cells were lysed and immunoblotted for TNRC9 with a specific antibody. The 
antibody detected a band at a molecular weight of approximately 63 kDa, which is the 
predicted size of TNRC9. This band was increased after GPR39 overexpression and 
decreased when coexpressing RGS16 (Fig. 5.12 a). Also, the chip data was confirmed 
by qPCR with GPR39 overexpressing cells showing a change in cycles over 
housekeeping gene of 3.4 Δct. This corresponds to a ~10-fold increase on the 
transcriptional level (Fig. 5.12 b). 
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Fig. 5.12: TNRC9 is upregulated by GPR39. (a) Immunoblot against TNRC9 and 
loading control β-actin of N2a-cell lysates after transfection of vector, GPR39 or 
GPR39+RGS16. (b) Expression of TNRC9 in N2a cells transfected with vector or 
GPR39, data given as Δct over GAPDH. Bar graphs represent means of three 
independent experiments +/- SEM.  
 
 
 TNRC9 Confers Part of the GPR39 Protective Effect 
 
To find out if TNRC9 is implicated in the GPR39 protective cascade, N2a cells were 
transfected with TNRC9 in pciNeo and selected in 1.5 mg/ml Geniticin (Invitrogen) 
for 14 days. This stable cell line was exposed to different concentrations of 
tunicamycin and cell viability measured by MTT. TNRC9 alone only had a small 
protective effect compared to the control cell line stably transfected with empty 
vector. This effect was only present at low tunicamycin concentrations (Fig. 5.13 a). 
Next, it was tested whether knockdown of TNRC9 in GPR39-overexpressing cells 
would decrease cell viability after tunicamycin treatment. In this approach, N2a cells 
were transfected with GPR39 and TNRC9-specific siRNA or non-targeting control 
siRNA. Indeed, cell viability was decreased by TNRC9 knockdown (at 5 µg/ml: 
vector: 6.3%, GPR39: 22.5%, GPR39 + TNRC9 siRNA: 10.1%). In these 
experiments, the GPR39 protective effect was not very pronounced, probably due to 
the cytotoxic effects of siRNA transfection or to low transfection efficiencies with the 
siRNA in the same transfection reaction as the overexpression construct (Fig. 5.13 b). 
This data shows that there is some protective effect mediated by TNRC9 alone, that 
TNRC9 is implicated in the GPR39-mediated protection, but also, that TNRC9 alone 
is not as cytoprotective as GPR39. 
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Fig. 5.13: TNRC9 has a small protective effect. (a) Viability of N2a cells 
overexpressing TNRC9 or vector after 24 hrs exposure to different tunicamycin 
concentrations. (b) Viability of N2a cells transfected with vector, GPR39 or 
GPR39+TNRC9 siRNA. Datapoints represent means +/- SEM of three independent 
experiments.  
 
 
 TNRC9 is Regulated Downstream of SRF  
 
To determine where in the GPR39 signal-transduction cascade TNRC9 is acting, N2a 
cells were transfected with the dominant active SRF construct and its non-functional 
counterpart and immunoblotted with the specific TNRC9 antibody. The SRF-VP16 in 
comparison to the non-functional mutant exhibited a robust increase in TNRC9 
protein. The loading control showed no significant difference (Fig. 5.14 a). In a 
second approach, TNRC9 was transfected with an SRE-Luciferase construct and 
SRE-activation was measured by luciferase assay 48 hrs later. TNRC9 transfected 
cells exhibited no increase in SRE-dependent transcription compared to empty vector 
transfected control, but even a slight decrease (Fig. 5.14 b). These results prove that 
TNRC9 is regulated downstream and not upstream of SRF and SRE-dependent 
transcription.  
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Fig. 5.14: TNRC9 is regulated downstream of SRF. (a) Immunoblot (IB) against 
TNRC9 and loading control β-actin of total N2a-cell lysates after transfection of 
SRF-VP16 and SRF-VP16ΔM. (b) Percentage of luminescence normalized to vector 
(EV) in N2a cells transfected with TNRC9. Bar graphs represent means of three 
independent experiments +/- SEM.  
 
 
 TNRC9 is Upregulated by PAR-Agonists 
 
As proteinase-activated receptors 1 and 2 (PAR) have been demonstrated to activate 
RhoA (reviewed in Flynn and Buret, 2004), it was tested whether activation of the 
RhoA pathway by PAR agonists would similarly increase TNRC9 abundance. 
Human-specific thrombin receptor activating peptide 14 (Trap-14, Bachem) and 
PAR2 agonist I (Merck) capable of activating both mouse and human PAR2 were 
used at different concentrations to treat human SH-SY5Y cells. TNRC9 abundance 
was quantified by qPCR 24 hrs later. 10 µM Trap-14 increased TNRC9 abundance 
6.5-fold (Fig. 5.15 a), treatment with 1 µM PAR2 agonist I resulted in a 3.8-fold 
increase (Fig. 5.15 b). Both agents increased TNRC9 in an overall concentration-
dependent manner. This data was confirmed on the protein level by treating N2a cells 
with 250 µM PAR2-agonist I, and immunoblotting against TNRC9. The treated cells 
showed a robust increase in TNRC9 on protein level, whereas the loading control 
showed no difference (Fig. 5.15 c). 
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Fig. 5.15: TNRC9 is induced by PAR-activation. Expression of TNRC9 in SH-
SY5Y cells treated with increasing concentrations of (a) PAR1 agonist TRAP-14 or 
(b) PAR2 agonist I, data given as Δct over GAPDH. (c) IB against TNRC9 and 
loading control β-actin in N2a cells treated with 250 µM PAR2-agonist I. Bargraphs 
present means +/- SEM from three independent experiments.  
 
 
 
 
 TNRC9 Increases PEDF 
 
Finally, it had to be determined if TNRC9 acts upstream or downstream of the 
GPR39-effector protein PEDF. For this purpose, HT22 cells were transfected with 
TNRC9, and PEDF quantified by qPCR. TNRC9 overexpressing cells exhibited a 
2.8-fold increase of PEDF on transcriptional level (Fig. 5.16 a). In the same 
experiment, supernatants of the transfected cells were collected and PEDF measured 
by ELISA (this measurement was done by Ana Luisa Pina). PEDF secretion in 
TNRC9 transfected cells was increased approximately fourfold (Fig. 5.16 b). 
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Fig. 5.16: TNRC9 upregulates PEDF. (a) Expression of PEDF in HT22 cells 
transfected with vector (EV) or TNRC9 expressed in Δct over GAPDH. (b) Secreted 
PEDF from HT22 cells transfected with TNRC9, measured by ELISA. This 
experiment was performed by Ana Luisa Pina, Regensburg. Data is presented as 
mean +/- SEM from three independent experiments.  

 
 
Taken together, these results prove that TNRC9 is upregulated by GPR39, as well as 
by PAR-activation and SRF overexpression. It plays a role in GPR39-mediated 
cytoprotection. SRE-dependent transcription is not altered by TNRC9, but TNRC9 
overexpression induces PEDF transcription and secretion. Thus, TNRC9 must act 
downstream of SRE, but upstream of PEDF.  
 
 

 Cited1 is a Transcriptional Coactivator Regulated by GPR39 
  
Another protein upregulated in response to GPR39 overexpression in clone 17 in the 
chip array was Cbp/p300-interacting transactivator, with Glu/Asp-rich carboxy-
terminal domain, 1 (Cited1), a transcriptional coactivator without own DNA-binding 
properties. It has been reported to interact with SMAD4 (Shioda et al., 1998) and 
estrogen receptors α (ERα) and β (ERβ) (Yahata et al., 2001). 

 
 
 GPR39 Upregulates Cited1 
 



5.  Results 

 62 

To verify the chip data, Cited1 expression was evaluated by immunoblot using the 
same samples used in 5.5.1. On the protein level a Cited1-band at 28 kDa was 
undetectable in vector-transfected cells, but became clearly visible after 
overexpression of GPR39. In contrast to TNRC9, Cited1 expression was not reduced 
by coexpression of RGS16 (Fig. 5.17 a). This is possibly a result of a Gα13-
independent mechanism of Cited1 regulation. Also, Cited1 transcription was 
determined after GPR39 overexpression by qPCR. GPR39 increased Cited1 transcript 
by 2.3-fold (Fig. 5.17 b). 
 

 
 
Fig. 5.17: Cited1 is induced by GPR3. (a) Immunoblot against Cited1 and β-actin as 
loading control in N2a cells transfected with vector, GPR39 and GPR39+RGS16. (b) 
Expression of Cited1 in N2a cells transfected with vector or GPR39, data given as 
Δct over GAPDH. 
 
 
 Cited1 is Upregulated by PAR-Agonists 
 
To determine whether PAR activation would induce upregulation of Cited1, SH-
SY5Y cells were treated with different amounts of PAR1-agonist TRAP-14 and 
PAR2-agonist I for 24 hrs. Quantitative PCR revealed a small, yet concentration-
dependent effect on Cited1 transcription. 10 mM Trap-14 increased Cited1 by 1.5-
fold (Fig. 5.18 a), 1 mM PAR2 agonist I had a similar effect (1.8-fold upregulation) 
(Fig. 5.18 b). Again, these findings were supported by immunoblot analysis that 
showed an increased Cited1-band after treating N2a cells with 250 µM PAR2-agonist 
I, whereas the actin loading control showed no difference (Fig. 5.18 c).  
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Fig. 5.18: Cited1 expression is induced by PAR-activation Expression of Cited1 in 
SH-SY5Y cells treated with increasing concentrations of PAR1-agonist TRAP-14 (a) 
or PAR2-agonist I (b), data given as Δct over GAPDH. (c) Immunoblot against 
Cited1 and loading control β-actin of N2a cells treated with 250 µM PAR2-agonist I. 
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 GPR39 Enhances Nuclear Localization of Cited1 
 
Other than TNRC9, Cited1 was mainly found in the cytosol. To determine whether 
TNRC9 and Cited1 would co-localize after GPR39 overexpression, N2a cells were 
transfected with either TNRC9-EGFP and empty vector or GPR39, respectively. 
Cells were fixed, permeabilized and stained with a specific Cited1 antibody. 
Visualization was performed on a confocal microscope (Zeiss). This demonstrated 
that the mostly cytosolic location of Cited1 (Fig. 5.19, upper panel) shifted to an 
enhanced nuclear signal in the presence of GPR39 (Fig.  5.19, lower panel). 
 

  
 
Fig. 5.19: GPR39 overexpression enhances nuclear localization of Cited1. N2a 
cells transfected with TNRC9-EGFP and vector (upper panel) or GPR39 (lower 
panel) and stained for endogenous Cited1. Cells were visualized by confocal 
microscopy. Arrows indicate nuclear co-localization of Cited1 and TNRC9. Scalebar 
corresponds to 5 µm. 
 

 TNRC9 and Cited1 Interact Physically 
 
Since a transcription factor and a transcriptional coactivator appeared to be 
upregulated in concert by both GPR39 overexpression and PAR-activation, the 
obvious question to ask was whether these two proteins might interact physically. 
Therefore, CHO cells were co-transfected with a myc-tagged TNRC9 construct and 
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an HA-tagged Cited1 construct. Cells were lysed and the presence of both proteins 
was verified by immunoblot. An HA-tagged deletional mutant of PUMA served as a 
control. For immunoprecipitation (IP), the lysates were incubated with agarose beads 
crosslinked to a specific α-myc-antibody. Antibody bound proteins were collected 
and eluted, separated by SDS-PAGE and blotted to nitrocellulose. By probing the 
membrane with the α-HA antibody, co-immunoprecipitation of HA-tagged Cited1-
protein could be shown. The same procedure was perfomed vice versa with beads 
linked to α−HA-antibody and probing the immunoblot with α-myc-antibody. Either 
way, the co-immunoprecipitation of TNRC9 and Cited1 showed an interaction 
between these two proteins. HA-tagged Δ-PUMA could not be pulled down with 
TNRC9 (Fig. 5.20 a).  
 
 
 TNRC9-Cited1 Interaction is Specific 
 
To determine the specificity of the TNRC9-Cited1 interaction, three more members 
of the Cited-family were co-transfected in COS7 cells with TNRC9 and co-
immunoprecipitation was performed. The result showed a clear interaction of TNRC9 
with Cited1 only, the other three family members Cited2, 3 and 4 could not be co-
precipitated (Fig. 5.20 b). 

 
 
Fig. 5.20: TNRC9 specifically interacts with Cited1. (a) Co-immunoprecipitation 
of myc-tagged TNRC9 and HA-tagged Cited1 done in CHO cells. Pulldown was 
performed both ways, precipitating with myc-antibody and staining with HA-
antibody and vice versa. (b) Co-immunoprecipitation of HA-tagged Cited1, 2, 3 and 4 
with myc-tagged TNRC9 done in COS7 cells. 
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 TNRC9 and Cited1 Interact at the TNRC9-HMG-Domain 
 
TNRC9 contains three distinct domains: the N-terminus and a glutamine-rich C-
terminal tail flank a central HMG-domain. Four deletional mutants were used to 
define the domain of interaction: the N-terminal only, the N-terminal with the HMG-
domain, the C-terminal domain with and without the HMG-domain (Fig. 5.21 a). 
These four mutants were co-expressed with TNRC9 in CHO cells and co-
immunoprecipitation was performed, revealing an interaction only in the two 
constructs containing the central HMG-domain, with a stronger signal in the sample 
lacking the C-terminal part (Fig. 5.21 b). Taken together, these results show a specific 
interaction between TNRC9 and Cited1 at TNRC9s central domain.  
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Fig. 5.21: TNRC9 interacts with Cited1 though its HMG-domain. (a) Schematic 
illustration of TNRC9 deletional mutants containing either the N- or C-terminus with 
or without the central HMG-domain. (b) Co-immunoprecipitation of HA-tagged 
Cited1 with myc-tagged TNRC9 deletional mutants. 

 

 TNRC9 and Cited1 Protect Synergistically 
 
The interaction of TNRC9 and Cited1 and the fact that TNRC9 only had a small 
cytoprotective protective effect suggested that these two proteins might have a 
synergistic effect on cell survival. To find out, HEK239 and N2a cells were 
transiently transfected with EGFP and TNRC9 and Cited1 alone and together and 
treated with 5 µg/ml tunicamycin. After 24 hrs, the cells were collected and double-
stained for Annexin V and 7-AAD. The percentage of apoptotic cells was then 
determined by flow cytometry. When compared to empty vector control, TNRC9 
showed an increase in cell viability in both N2a cells and HEK294 cells. The rate of 
apoptotic cells was slightly decreased by TNRC9 alone (HEK: 18.2%, N2a: 16.5%), 
and less by Cited alone (HEK: 12.1%, N2a: 14.1%). Coexpression of both proteins 
resulted in almost 30% decrease in apoptosis in both cell lines, suggesting a 
synergistic effect (Fig. 5.22 a). The same experiment was repeated, this time directly 
inducing apoptosis by overexpressing pro-apoptotic Bax. In this experiment, the 
previous results could be confirmed, with the anti-apoptotic effect of TNRC9 and 
Cited1 together being as protective as the well described anti-apoptotic protein Bcl-2, 
that served as a positive control (Fig. 5.22 b).  
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Fig. 5.22: TNRC9 and Cited1 synergistically protect. (a) HEK293 or N2a cells 
were transfected with EGFP and TNRC9 or Cited1 alone or both constructs and 
treated with 5 µg/ml tunicamycin for 24 hrs. (b) HEK293 and N2a cells were 
transfected with the constructs above along with an EGFP-tagged Bax. Cells were 
stained with Annexin V and 7-AAD and apoptotic cells counted by gating for EGFP-
positive cells that were double positive for 7-AAD and Annexin V. Data is given as 
mean +/- SEM from three independant experiments. Asterisks indicate P<0.001 as 
determined by one-way analysis of variance (ANOVA) and Tukey’s Multiple 
Comparison Test.  
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5.9 TNRC9 and Cited1 Synergistically Upregulate Estrogen 
Receptor-mediated Transcription 

 
To find out how TNRC9 and Cited1 mediate their cytoprotective effect, activation of 
three different sets of genes was examined, all three being regulated by responsive 
elements near their transcription starts. The serum-response element (SRE) was 
chosen because of its activation through GPR39, although no effect of TNRC9 alone 
on the SRE was observed in previous experiments (4.3.6) but an effect in 
coexpression with Cited1 could not be excluded. However, two more responsive 
elements were investigated, namely the cAMP-response element (CRE), because an 
interaction of Cited1 and the Creb-binding protein (CBP) has been reported 
previously (Yahata et al., 2000) and the estrogen-response element (ERE) since 
Cited1 had been reported to be a selective coactivator for estrogen-dependent 
transcription (Yahata et al, 2001). For this purpose, three luciferase reporter 
constructs (pSRE-Luc, pCRE-Luc, pERE-Luc) were co-transfected with TNRC9 or 
Cited1 alone or together and the reporter activity was measured by luciferase assay 
and normalized to total protein. Neither Cited1 or TNRC9 alone, nor in combination 
had a significant effect on SRE-induction (Fig. 5.23 a) even though a slight increase 
could be observed for the sample overexpressing both TNRC9 and Cited1. For CRE, 
no effect at all could be detected (5.23 b). For ERE, a threefold increase was observed 
after overexpression of TNRC9 alone, a twofold increase after transfection of Cited1. 
Together, TNRC9 and Cited1 increased ERE-dependent transcription 15-fold (Fig. 
5.23 c). So a significant synergistic effect was only found in ERE-dependent 
transcription.  

 
Fig. 5.23: TNRC9 and Cited1 synergistically upregulate estrogen dependent 
transcription. Percentage of induction of the respective reporter constructs (a) 
serum-response element (SRE), (b) cAMP-response element (CRE), (c) estrogen-
response element (ERE), measured by luciferase assay 24 hrs after transfection of the 
indicated constructs and normalized to control (EV). Asterisk indicates statistical 
significance as determined by one-way analysis of variance (ANOVA). 



5.  Results 

 70 

 
 

 TNRC9 interacts with ERα Through its N-terminal Domain 
   
Because of the above results, we hypothesized an interaction between TNRC9 and 
ERα. To elucidate this question, CHO cells were transfected with both myc-tagged 
TNRC9 and VP16-tagged ERα and co-immunoprecipitation was performed. Indeed, 
it was possible to pull down ERα with TNRC9 (Fig 5.24 a). To determine the domain 
of interaction, myc-tagged TNRC9-deletional mutants (Fig. 5.21 a) were co-
transfected with VP16-tagged ERα and co-immunoprecipitated. Precipitation was 
only possible in the presence of the N-terminal domain of TNRC9 alone (Fig. 5.24 b). 
The mutant containing both N-terminal domain and central HMG-domain was not 
sufficient to pull down ERα, which could indicate another protein binding to the 
HMG domain and sterically inhibiting an interation with the N-terminus.  
 

 
Fig. 5.24: TNRC9 interacts with ERα at its N-terminus, cytoprotection is ER-
dependent. (a) Co-immunoprecipitation of VP16-tagged ERα with myc-tagged 
TNRC9 and (b) TNRC9 deletional mutants. (c) Percentage of apoptotic cells 
transfected with Bax-EGFP and empty vector (EV) or TNRC9 and Cited1, 
respectively in the presence of 1 µM ICI 182,780 or vehicle (ctrl), normalized to EV. 

 
 
Further it was tested, whether a specific inhibitor of ERα ICI (ICI 182,780 (Tocris, 
Bristol, UK)) had an effect on the cytoprotective action of the TNRC9-Cited1 
transcriptional complex. ICI specifically downregulates and degrades ERα (Kansra et 
al., 2005). For this purpose, N2a cells were transfected with pro-apoptotic Bax and 
TNRC9+Cited1 in presence and abscence of 1 µM ICI 182,780. Apoptotic cells were 
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then counted by staining with Annexin V and 7-AAD. The presence of ICI had no 
effect on the apoptosis-rate in vector transfected cells, but increased the percentage of 
apoptotic cells in TNRC9+Cited1 transfected cells (Vehicle: 64.5% versus 1 µM ICI: 
74.8%) (Fig. 5.24 c).  These findings indicate a role of ERα in the TNRC-Cited1-
mediated cytoprotection and suggest the possibility of a transcriptional complex of 
TNRC9, Cited1 and ERα to enhance ERE-mediated transcription. Regulation and 
interaction of TNRC9, Cited1 and ERα are summarized in figure 5.25.  
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Fig. 5.25: Schematic cartoon of TNRC9 and Cited1 regulation and interaction. 
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6. Discussion 
 
In summary, the results of this study suggest that GPR39 exerts its cytoprotective 
effect through coupling to Gα12/13 and stimulating a signaling cascade by activating 
RhoA and Rho-kinase, subsequently inducing SRE-dependent transcription and 
leading to the increased secretion of the neurotrophic factor PEDF. These actions are 
negatively regulated by RGS16. Furthermore, GPR39 leads to the concerted 
upregulation of the transcription factor TNRC9 and the transcriptional co-regulator 
Cited1. These two proteins interact, synergistically protect from cell death and 
increase estrogen-dependent transcription. Moreover, TNRC9 interacts with 
ERα, which suggests a transcriptional complex of Cited1, ERα and TNRC9. 
 

 The GPR39-mediated Signal Transduction Casade 
 
GPR39-induced cytoprotection is mediated through activation of the Rho-axis by 
Gα13, activation of Rho-kinase and SRE, which leads to increased secretion of 
PEDF. The activation of the Rho-axis via Gα12/13 is a known feature of proteinase-
activated receptor 1, also known as thrombin-receptor. Therefore GPR39-signaling 
resembles thrombin signaling. 
 
Thrombin activation has pleiotropic effects, causing both cell survival and apoptosis 
in a tissue (reviewed in Flynn and Buret, 2004) and ligand-concentration dependent 
manner (Donovan & Cunningham, 1998). A second GPCR pathway mediated 
through Gα12/13 and therefore possibly resembling GPR39 signaling is the 
lysophosphatidic acid (LPA) activated receptor, which activates several GPCRs and 
is therefore difficult to investigate (reviewed in Radeff-Huang et al., 2004).  
 
As GPR39 is an orphan receptor, effects of different ligand concentrations could not 
be tested. All observations in the present study support the previous report of GPR39 
being a constitutively active receptor or activated by a ligand present in serum 
suggested by Holst et al., 2004. After publication of GPR39s de-orphanization by 
Zhang et al. in 2005, where a ligand named obestatin derived from the ghrelin 
precursor peptide was reported to activate GPR39 and have an effect on food uptake, 
cell death experiments were made in presence of obestatin without observing any 
alteration of GPR39-mediated protection (data not shown) which confirmed the 
observations of Lauwers et al., 2006, though recent studies still argue about the 
GPR39-obestatin relationship. Still, the signal transduction proposed here was not 
altered by obestatin. One most interesting downstream target of GPR39-mediated 
signaling was the suggested effector protein PEDF (5.3). 
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 PEDF as one Effector Molecule Downstream of GPR39  
 
Pigment epithelium derived factor PEDF was found to be a downstream effector of 
the GPR39 signal transduction cascade. PEDF was originally identified by Joyce 
Tombran-Tink as a protein secreted by human retinal pigment epithelium (Tombran-
Tink et al., 1991). Additionally it has been descibed to be present in the CNS, where 
it shares high abundance with GPR39 in amygdala, retina and hippocampus, as well 
as in the lung (Tombran-Tink et al., 1996) and to protect from chronic glutamate 
mediated neuronal degeneration (Bilak et al., 1999) and oxidative stress (Tsao et al., 
2006). Considering that GPR39 was found in a hippocampal cell model for chronic 
glutamate stress this effect of PEDF further supports the hypothesis of PEDF as an 
important GPR39 downstream effector. Further, PEDF has been shown to increase 
motor neuron survival in animal models of sciatic nerve section by 57% (Houenou et 
al., 1999). After these findings, PEDF has been suggested to be a potential 
therapeutic agent in diseases featuring motor neuron loss like ALS. Also, throughout 
the nervous system there has been evidence of an age-related decrease in PEDF that 
has been linked to neurodegenerative processes such as macular degeneration (Smith 
and Steinle, 2007; Yoshida, 2007; Holekamp et al., 2002). One possible explanation 
is the PEDF-dependent induction of anti-apoptotic signal transduction through an 
unknown receptor (reviewed in Tombran-Tink & Bernstable, 2003). 
 
In most cases, the attempt to rescue neuron loss through anti-apoptotic agents also has 
huge disadvantages, since inhibition of apoptosis enhances the risk of neoplastic 
transformation and cancer development. PEDF, however is not only a potent anti-
apoptotic factor, but also exerts anti-tumor activities. In cancer research, one major 
field of investigation is the role of angiogenesis and metastasis in cancer tissue 
(Folkman, 1971). Angiogenesis is the process by which novel bloodvessels are 
formed and enables the cancer to grow in size and metastasize. In studies focussing 
on the anti-angiogenic function of PEDF, it was found to be a potent inhibitor of 
angiogenesis, being twice as potent as angiostatin (Dawson et al., 1999). Low 
expression levels of PEDF have been linked to increased incidence of metastasis and 
poor prognosis in prostate and pancreatic cancer (Halin et al., 2004; Uehata et al., 
2004) as well as neuroblastoma and glioma (Crawford et al., 2001; Guan et al., 2003). 
Gene transfer of PEDF or delivery of recominant PEDF have already been 
demonstrated to act as anti-angiogenic agents in melanoma (Abe et al., 2004; Garcia 
et al., 2004), glioma (Guan et al., 2003), Wilms’ tumor (Abramson et al., 2003), or as 
a direct tumor suppressing agent by inhibition of proliferation in prostate cancer and 
melanoma (Doll et al., 2003; Abe et al., 2004) both in vitro and in vivo. 
 
In summary, assuming that the GPR39-pathway could specifically be altered in a way 
that increases transcription and secretion of PEDF as observed, this alteration of 
GPCR-signaling could hypothetically serve as a promising non-tumorogenic inhibitor 
of apoptosis.  
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 Transcriptional Interaction of GPR39 Downstream Mediators 
 

 Transcriptional Complex Containing TNRC9, Cited1 and ERα – 
Implications in Cancer 
 
The downstream mediators of GPR39 signaling Cited1 and TNRC9 have been 
demonstrated to have a synergistic protective effect on cytotoxicity by ER-stress as 
well as by direct activation of apoptosis by Bax overexpression (5.7). A synergistic 
effect was also found on the activation of estrogen-dependent transcription (5.8), 
which could be explained by a physical interaction of TNRC9 and ERα (5.9).  
 
TNRC9 has recently been found to harbour a single nucleotide polymorphism in its 
5’-region, which was tightly linked to breast-cancer susceptibility (Easton et al., 
2007; Stacey et al., 2007) and to be specifically expressed in ER-positive breast 
cancer subtypes. In contrast, basal-like breast cancer tissue expressed only low levels 
of TNRC9 (Nordgard et al., 2007). Though this provided strong evidence for the 
involvement of TNRC9 in breast cancer, the underlying mechanisms remained 
unclear.  
 
Cited1 has been shown in this study to be a transcriptional coactivator of TNRC9 and 
has in the past been reported to stimulate ER-dependent transcription and interact 
with ERα (Yahata et al., 2001). Also, Cited1 has been suggested to regulate the 
expression of ErbB2 in a breast cancer mouse model (Dillon et al., 2007). In this 
study, the effect of Cited1 on ER-dependent transcription was found to synergistically 
enhance the TNRC9-mediated protective effect (5.8). These findings combined imply 
that the transcriptional complex of TNRC9, Cited1 and Erα might be the functional 
link between the expression of TNRC9 in ER-positive breast cancer and the Cited1-
Erα interaction to mediate ER-dependent transcription. 
 
Moreover, other malignant cancer diseases could be prone to estrogen modulation. 
The findings of this study also showed a high abundance of TNRC9 in several types 
of epithelial cells. Cited1 was originally termed melanocyte-specific gene 1 (MGS1) 
(Shioda et al., 1996) and found to be upregulated by TPA induction in human 
melanoma cells (Li et al., 1998; Ahmed et al., 2001) and even ERα has recently been 
reported to be involved in melanoma progression (reviewed in Tanemura et al., 
2007). If it holds true that the suggested transcriptional complex may also be 
responsible for malignant melanoma, it could be possible to use estrogen antagonists, 
which are widely and successfully used to treat ER-positive breast cancer as a 
melanoma treatment. Therefore, the expression and interaction of TNRC9 should 
become subject to investigation in tumor research and therapy. 
 
The involvement of the GPR39 cascade via RhoA in TNRC9 and Cited1 expression 
was strengthened by the fact that both, TNRC9 and Cited1, could be upregulated by 
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PAR 1 and 2, which have been linked to breast cancer as well (Booden et al., 2004; 
Matej et al., 2006). Also, Cited1 had previously been reported to be upregulated also 
in a melanoma-linked system by LPA (Ahmed et al., 2001). This also suggests that 
GPR39 itself may be involved in cancer occurrence or progression. 
 
 

 Estrogen-induced Neuroprotective Properties 
 
In spite of the tumorogenic properties of estrogen-dependent transcription, estrogen 
has been reported to be neuroprotective in several in vitro and in vivo models via 
several pathways. First of all, estrogen is a monophenolic molecule. In this context, it 
has been shown to be capable of scavanging free radicals in vitro in a lipophilic 
environment and therefore inhibits lipid peroxidation (Sugioka et al., 1987), which is 
a beneficial effect for oxidative stress in general. In vitro studies have reported 
protective effects of estrogen in several cell models against a large amount of 
different insults, such as glutamate excitotoxicity (Singer et al., 1999), oxidative 
glutamate toxicity (Moosmann & Behl, 1999) and even haloperidol toxicity (Sasgara, 
1998) to name only a few. The pathways involved in these actions are divers and 
reach from direct free radical scavenging as mentioned above to the classical genomic 
pathway of nuclear receptors via the estrogen response element, a distinct 
palindromic motif (Donaghue et al., 1999; Hall et al., 2001) that leads to upregulation 
of anti-apoptotic proteins (Singer et al., 1998) or growth factors such as brain-derived 
neurotrophic factor BDNF (Sohrabji et al., 1995) and other intracellular signal 
cascades.  
 
The role of estrogen in AD has been studied particularly well. In AD, besides its role 
in protection against oxidative stress, estrogen is capable of protecting against Aβ-
toxicity by activating Akt (Zhang et al., 2001), and of decreasing GSK-activation and 
thereby increasing non-amyloidogenic cleavage of amyloid precursor protein (APP) 
to the soluble form sAPP and at the same time reducing Aβ secretion (Goodenough et 
al., 2003).  
 
Considering the diverse ways of neuroprotection conferred by estrogen, GPR39 
signaling and cytoprotection could be used as a therapeutic principle in 
neurodegenerative disease as mentioned above (6.2), given that a ligand-induced 
activation could be triggered in a tissue-specific manner.  
 
 

 GPR39 – a Double-Edged Sword 
 
The aspects of the GPR39 signal transduction cascade paint a multifaceted picture of 
GPR39s implication in various processes and diseases. Especially conflicting is the 
upregulation of PEDF, which is known to be an anti-tumoral protein through multiple 
pathways (discussed in 6.2) and the upregulation of TNRC9 and Cited1 (discussed in 



6.  Discussion 

 77 

6.3), which are both implicated in cancer formation or progression. The distinct 
mechanisms by which GPR39 could be capable of either suppressing or promoting 
tumor progression as well as the regulation of the GPR39 signal transduction cascade 
need to be addressed. Moreover, the discovery of ligands as well as the regulation 
through a possible agonist or reverse agonist could offer a chance of altering cell fate 
in one way or the other. Disease-involving apoptotic cell loss might be relieved, 
whereas undesired anti-apoptotic conditions could be prevented. 
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7. Summary 
 

 Summary English 
 
GPR39 is a constitutively active G-protein-coupled receptor, capable of increasing 
serum-response element (SRE) mediated transcription, which was recently 
controversially suggested to bind obestatin. GPR39 is upregulated in a 
hippocampal cell line resistant against diverse stimulators of cell death and its 
overexpression protects against oxidative, endoplasmic reticulum and 
mitochondrial stress. GPR39 induces expression of RGS16 (inhibitor of G-protein 
signaling 16), which suggests coupling to Gα13 and induction of SRE-mediated 
transcription by the small GTPase RhoA. Coexpression of GPR39 with RGS16 or 
dominant-negative RhoA abolished cell protection, whereas overexpression of 
SRF protected. Further downstream the signaling cascade, GPR39 overexpression 
lead to a concerted upregulation of the high mobility group transcription factor 
TNRC9 (trinucleotide repeat containing 9), first identified as a polyglutamine-
containing protein, and Cited1, a transcriptional coregulator, and the increased 
secretion of the anti-angiogenic and neuroprotective factor PEDF. TNRC9 and 
Cited1 synergistically protected against cell death induced by unfolded protein 
response and direct induction of apoptosis by overexpression of Bax. Together, 
TNRC9 and Cited1 increased estrogen-dependent transcription, which suggested 
the involvement of estrogen receptor α. Indeed, an interaction between TNRC9 
and ERα could be shown. Furthermore, the protective effect of TNRC9 and 
Cited1 could be reduced by a specifically inhibiting ERα. GPR39-mediated 
signaling thus might be a novel therapeutic target for diseases like cancer, 
ischemia or neurodegeneration. 
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 Zusammenfassung Deutsch 
 
GPR39 ist ein konstitutiv aktiver G-Protein gekoppelter Rezeptor, von dem bisher 
nur bekannt war, dass er SRE (Serum Response Element) abhängige 
Transkription aktivieren kann. Wir fanden eine Hochregulation von GPR39 in 
einer Zelllinie, die gegen oxidative Glutamattoxizität resistent ist. Überexpression 
von GPR39 vermittelte Zellschutz gegen diverse Arten von zellulärem Stress. Das 
Zellüberleben bei Induktion von ER-Stress sowie bei indirektem und direktem 
oxidativem Stress wurde durch Überexpression von GPR39 gesteigert. Eine 
Transkriptionsanalyse zweier Zelllinien, die sich dreifach in der GPR39 
Expression unterschieden zeigte eine Hochregulation von RGS16 (Regulator G-
Protein gekoppelter Signalwege). Die sprach für eine Koppelung von GPR39 an 
Gα13 und die Beteiligung der GTPase RhoA. Tatsächlich wurde der 
zytoprotektive Effekt von GPR39 durch gleichzeitige Expression von RGS16 oder 
dominant negativem RhoA aufgehoben. Im weiteren Verlauf der Signalkaskade 
führt GPR39 zur vermehrten Sekretion des zytoprotektiven Proteins PEDF. 
Weiterhin sind an der Signalkaskade der Transkriptionsfaktor TNRC9 und der 
Expressions-Koaktivator Cited1 beteiligt, die ebenfalls in einer synergistischen 
Art und Weise vor Zelltod schützen und physikalisch interagieren. TNRC9 und 
Cited1 erhöhen synergistisch die östrogenabhängige Transkription. Auch konnte 
eine physikalische Interaktion zwischen TNRC9 und dem Östrogenrezeptor ERα 
nachgewiesen werden. Eine Inhibition des Östrogenrezeptor ERα verminderte den 
TNRC9 und Cited1 vermittelten Schutzeffekt. GPR39 ist also G-Protein 
gekoppelter Rezeptor, der vor Zelltod schützt. Dies kann zum einen degenerative 
Prozesse verhindern, aber auch die Bildung von Tumoren fördern. Könnte die 
GPR39-vermittelte Signalkaskade spezifisch moduliert werden, wäre es möglich, 
entweder degenerative Prozesse zu mindern oder Tumorkrankheiten zu 
bekämpfen.  
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 Abbrevations 
 
 
7-AAD  7-Aminoactinomycin 
AD Alzheimers Disease 
ALS Amyotrophic Lateral Sclerosis 
Bp  Basepairs 
cAMP Cyclic Adenosin Monophosphate 
cDNA Complementary DNA 
CRE cAMP Response Element 
Ctrl control 
DAG Diacylglyerol 
Dapi 4′6-diamidino-2-phenylindole. 
Dn Dominant Negative 
dNTP Desoxy Nucleotide Tri-Phosphate 
DNA Desoxyribonucleic Acid 
DTT Dithiothreitol 
Ds Double-stranded 
EGF Epidermal Growth Factor 
EGFP Enhanced Green Fluorescent Protein 
ER Endoplasmic Reticulum 
ERE Estrogen Response Element 
EV Empty Vector 
FAM 6-carboxyfluorescein 
FCS Fetal Calf Serum 
GDP Guanosine Diphosphate 
GEF Guanosine Exchange Factor 
GPCR G-protein Coupled Receptor 
GRK GPCR-Kinase 
GTP Guanosine Triphosphate 
HMG High Mobility Group 
hrs hours 
IB Immunoblot 
ICI Estrogen Antagonist ICI 182780 
IP Immunoprecipitation 
IR Infrared 
IRE Inositol Requiring Protein 
JNK c-jun N-terminal Kinase 
kb Kilobases 
kDa Kilodalton 
mGluR Metabotropic Glutamate Receptor 
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min Minutes 
miRNA Micro RNA 
mRNA Messenger RNA 
NLS Nuclear Localization Signal 
OD Optical Density 
PAR Proteinase Activated Receptor 
PBS Phosphate Buffered Saline 
PCR Polymerase Chain Reaction 
PD Parkinsons Disease 
PK Protein Kinase 
PKR Protein Kinase activated by dsRNA 
PERK PKR-like ER-Kinase 
PL Phosho Lipase 
PS Phosphatidylserin 
qPCR Quantitative PCR 
RGS Regulator of G-protein Signaling 
RNA Ribonucleic Acid 
ROS Reactive Oxygen Species 
rpm rounds per minutes 
RT Room Temperature 
SEM Standard Error of Mean 
siRNA Small Interfering RNA 
SRE Serum Response Element 
SRF Serum Response Factor 
TAMRA Tetramethyl-6-Carboxyrhodamine 
UPR Unfolded Protein Response 
V Volt 
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