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Summary
Conformational diseases or endoplasmatic reticulum (ER) storage diseases are a class
of disorders associated with aberrant protein accumulation in tissues and cellular
compartments of the secretory pathway. To date, more and more diseases are
discussed to be linked to ER stress and the induction of two specific signaling
pathways, the unfolded protein response (UPR) and the ER-overload response (EOR).
One of them may be the X-linked nephrogenic diabetes insipidus (NDI), which is
characterized by the inability of the kidney to absorb water in response to the hormone
arginin vasopressin (AVP). This rare hereditary disorder is induced by different
mutations within the sequence of the AVPR2 gene resulting in misfolded V2
vasopressin receptors (V2R), which are transport-defect and therefore among other
effects intracellularly retained. Besides the disturbed water absorption little is known
about the additional cellular effects of these retained receptor proteins. Therefore the
human V2R and several naturally occurring disease-causing mutants were used as
model proteins to study the effects of the intracellular retention of misfolded proteins in
different compartments of the secretory pathway, namely the ER, ERGIC and Golgi
apparatus. In this study the detection and characterization of ER stress induced upon
expression of misfolded proteins was carried out showing for the first time that the UPR
but not the EOR was activated after stable and/or transient expression of misfolded
V2Rs in HEK293 cells. The induction of the UPR was measured by an upregulation of
different chaperones by immunoblot analysis and luciferase assay and verified by an
extensive activation study of the three known UPR-specific pathways. Simultaneously,
analyses of activation of the transcription factor NF-κB as an indicator of EOR revealed
no participation of this ER stress pathway in cells expressing NDI-causing mutants.
Furthermore, it could be shown that different mutants of a single receptor protein
activated different UPR branches. The ER-retained mutant L62P and the ER/ERGIClocalized mutant InsQ292 induced the PERK and ATF6 pathways while mutant G201D,
which reaches the Golgi network, exclusively activated the IRE-1 pathway. In addition,
the rescue of the intracellularly retained murine V2R to the plasma membrane by
different pharmaco- and chemical chaperones resulted in a reduction of UPR detected
by a decreased expression of chaperones GRP78 and GRP94 and a reduced activation
of the PERK target eIF2α. Micro array analysis of cells expressing ER-retained mutant
L62P revealed new and yet unknown target genes of UPR. Some of them were involved
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in redox regulation and the negative regulation of apoptosis and therefore elucidated
novel and as yet undescribed possibilities to inhibit cell death after persistent ER stress.
Furthermore, the analysis of the three known UPR transducers revealed the chaperone
GRP94 as a novel interaction partner of the transcription factor ATF6, possibly
connected with ER stress. Until this work, the activation of UPR and induction of ATF6
were assumed to be exclusively regulated by binding and dissociation of GRP78.
Finally, the usually ER-resident molecular chaperone GRP94 could be found in the
nucleus in cells expressing ER-retained mutant L62P for the first time, which was
verified by different methodical approaches and pointed to a possible adaptive function
resulting in the survival of the cells upon persistent ER stress.
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Zusammenfassung
Bei Proteinfaltungskrankheiten wie zystischer Fibrose oder Retinitis pigmentosa wird
heutzutage angenommen, dass die Akkumulation von fehlgefalteten, nicht-nativen
Proteinen im Endoplasmatischen Retikulum (ER) für das Auftreten von ER-Stress und
für

die

Aktivierung

ER-Stress-vermittelter

Signalwege

verantwortlich

ist.

Die

Hauptsymptome dieser Erkrankungen werden durch das Fehlen des Proteins an
seinem Wirkort verursacht, aber ER-Stress kann die Krankheitssymptome zusätzlich
verstärken. Spezifische Signalwege werden daraufhin als Antwort aktiviert. Über die
UPR („unfolded protein response“) wird speziell die Expression von Chaperonen
verstärkt, während die EOR („ER overload response“) zur Aktivierung des
Transkriptionsfaktors NF-κB führt.
Das Modellprotein dieser Arbeit, der humane V2 Vasopressin Rezeptor (V2R) gehört zu
der Familie der G-Protein-gekoppelten Rezeptoren und wird überwiegend in den
Hauptzellen des Sammelrohres der Niere exprimiert. Mutationen in der Sequenz des
AVPR2-Genes können zu fehlgefalteten, transportdefekten Rezeptoren führen. Ein
Großteil dieser fehlgefalteten Rezeptoren wird vom Qualitätskontrollsystem der Zelle
erkannt und intrazellulär zurückgehalten, so dass diese Rezeptoren nicht an die
Oberfläche gelangen können, um dort die antidiuretische Wirkung ihres Liganden, des
Hormons Vasopressin (AVP) zu vermitteln. Durch die verminderte Rezeptorzahl an der
Plasmamembran

kommt

es

bei

diesen

Patienten

zu

einer

stark

erhöhten

Wasserausscheidung. Neben der gestörten Wasserrückresorption ist allerdings nur
wenig von anderen Auswirkungen bekannt, die auf die Retention der fehlgefalteten
Rezeptoren zurückzuführen sind. Aus diesem Grund wurde in der vorliegenden Arbeit
bei HEK293 Zelllinien, die stabil und transient den humanen V2R und einige in
Patienten gefundene krankheitsauslösende Mutanten exprimieren, die Auswirkungen
der intrazellulären Retention von fehlgefalteten Proteinen in unterschiedlichen
Kompartimenten des sekretorischen Signalweges (ER, ERGIC und Golgi-Apparat)
untersucht.
Das Vorliegen einer UPR konnte durch eine verstärkte Expression von Chaperonen und
der Aktivierung der drei beschriebenen UPR spezifischen Signalwegen bestätigt
werden. Die Analyse der Aktivitatät von NF-κB verdeutlichte hingegen das Fehlen einer
Antwort in Form des EOR. Zusätzlich konnte gezeigt werden, dass nicht jede
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Fehlfaltung des V2 Rezeptor eine Aktivierung der gleichen UPR Wege mit sich führt. So
waren bei HEK293 Zellen, die stabil die ER-retinierte Mutante L62P und die in ER und
ERGIC lokalisierte Mutante InsQ292 exprimieren, die Signalwege über die StressSensoren PERK und ATF6 aktiviert, während die Retention im Golgi-Apparat (G201D)
nur zu einer Aktivierung des IRE-1 Signalweges in HEK293 Zellen führt. Außerdem
führte die Zurückführung (Rescue) an die Plasmamembran des ebenfalls in HEK293
Zellen intrazellulär zurückgehaltenen murinen V2R (mV2R) durch Behandlung mit
Pharmako-Chaperonen und DMSO als chemisches Chaperon zu einer Verringerung
des UPR. Dies konnte durch eine reduzierte Expression der Chaperone GRP78 und
GRP94 in den behandelten Zellen gezeigt werden. Durch Micro Array Analysen von
HEK293 Zellen, die stabil die ER-retinierte Mutante L62P exprimieren, konnten neue
Zielgene der UPR gefunden werden, die u. a. Redox Regulation und die negative
Regulation der Apoptose beinhalteten. Die genauere Analyse dieser Signalwege konnte
neue Mechanismen zur Apoptose-Hemmung trotz chronischer ER-Stress Bedingungen
aufdecken und neue Ansätze zur pharmakologischen Behandlung aufzeigen. Zusätzlich
wurde das Chaperon GRP94 durch Immunopräzipitations-Analysen als neuer
Interaktionspartner des UPR Transkriptionsfaktors ATF6 gefunden, der möglicherweise
als zusätzlicher Regulator des Signalübermittlers bei ER-Stress fungiert und unter
diesen Bedingungen zum ersten Mal auch im Kern detektiert wurde.
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1 Introduction
1.1 Protein folding and quality control in the ER
Proteins have to fold into their correct three-dimensional conformation in order to
achieve their biological function. Studies of protein denaturation and renaturation
indicate that the primary structure (amino acid sequence) of a protein determines its
three-dimensional structure. Folding pathways for proteins are fast and tend to follow an
energetically favorable route, leading to a stable, low energetic state for the complete
folded structure (Dobson 2004).

Cytoplasmic ribosomes catalyze the translation of mRNA into nascent polypeptide
chains and synthesize most cellular proteins, which remain in the cytoplasm or are
targeted to organelles by signals built into the protein structure. N-terminal signal
sequences at growing polypeptide chains define targets destined for the secretory
pathway. When ribosomes synthesize such a presequence, nascent proteins are
directed to the endoplasmic reticulum (ER), where further protein synthesis is coupled
to translocation. The ER is the first stop for proteins destined for incorporation into the
ER itself, the Golgi apparatus, the plasma membrane or for secretion from the cell (Fig.
1.1). In mammals, these proteins are synthesized and translocated co-translational into
the ER during their synthesis by the ribosome and by its interaction with the
heterotrimeric integral ER membrane Sec61 channel (Kalies et al. 1994). The
maturation of proteins typically involves covalent processing, like proteolytic cleavage,
glycosylation or cross-linking by formation of disulphide-bonds.
The ER contains a number of molecular chaperones and folding enzymes, which are
physiologically involved in folding and post-translational modification of proteins
(Gething and Sambrook 1992). Furthermore, it provides a unique oxidizing environment
in order to facilitate oxidation of cysteine residues in growing polypeptide chains to form
disulphide bonds. During the folding process proteins are glycosylated with high
mannose sugar side chains on asparagine residues. The newly synthesized proteins
are transported in coat protein complex (COP) II-vesicles from ER-exit sites to the ERGolgi intermediate compartment (ERGIC) (Bannykh et al. 1995). Subsequently,
secretory proteins are delivered from the ERGIC to the Golgi apparatus, which is the
last known station of quality control in the secretory pathway. Enzymes in the Golgi
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network process the glycoproteins and replace the high mannose sugar side chains by
complex sugar moieties. Some proteins are additionally modified with O-linked
oligosaccharides. Subsequently, proteins are sorted for transport to their final
destinations, e.g. to the plasma membrane.

Protein folding is stringently monitored by the quality control system (QCS) of the cell in
order to maintain homeostasis in the early secretory pathway (Hurtley and Helenius
1989; Ellgaard and Helenius 2001). The un- or misfolded status of a protein is believed
to be controlled by detection of hydrophobic patches and reactive thiols or by the
presence of immature glycans. After recognition, the quality control system retains
unfolded or misfolded proteins via interaction with chaperones to ensure that only
correctly folded or assembled proteins may exit the ER and enter the secretory
pathway. According to their definition, chaperones are proteins which mediate the
correct assembly of other polypeptides, but are not components of the final functional
structures by themselves (Ellis and Hemmingsen 1989). Different classes of
chaperones are described holding specific properties in the folding process and quality
control. Classical chaperones belong to the family of heat shock proteins (Hsps)
involved in the response upon exposure to high temperatures (Burdon et al. 1987).
Members of this family are not only found in the ER (GRP78, GRP94), but are also
localized in the cytoplasm (Hsp70, Hsp90) in order to prevent accumulation and
aggregation of cytosolic proteins. However, under certain stress conditions these
chaperones are also found in other compartments of the cell, for example in the nucleus
or mitochondria (Vincent and Tanguay 1982).
Members of a second class of ER resident molecular chaperones are the Ca2+-binding
lectins calnexin (CLX) and calreticulin (CRT). They also belong to the QCS and are
involved in preventing aggregation and facilitation of glycoprotein folding. They form
complexes together with the thiol oxidoreductase ERp57 in order to mediate proper
folding of glycoproteins through a binding and release cycle, the so-called
calnexin/calreticulin cycle (Ellgaard et al. 1999)(Fig. 1.1). Calnexin, an integral
membrane protein and its luminal, soluble partner calreticulin recognize specifically
monoglycosylated, core N-linked glycans and subsequently bind the nascent
glycoprotein. Prior to this step the oligosaccharyl transferase complex (OST) transfers
co-translational Glc3-Man9-(GlcNAc)2 oligosaccharides to asparagine side chains of
newly synthesized glycoproteins, directly after nascent chains enter the ER through the
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translocon. The nascent proteins undergo cycles of binding and release from CLX/CRT.
During this process the glycoproteins are trimmed by glycosidases, mannosidases and
glycosyl transferases in order to achieve the right conformation (Hammond et al. 1994).
The retention of unfolded glycoproteins permits foldases, enzymes that catalyze
isomerization of polypeptide conformations or exchange of disulphide bonds (ERp57,
PPI, PDI), to facilitate the correct folding of the protein. If properly folded proteins
assume a transport-competent conformation, the ER mannosidase II generates a Man7
sugar chain and the glycoprotein is able to leave the ER and enter the secretory
pathway (Trombetta and Parodi 2003). Improperly or incompletely folded glycoproteins
are reglucosylated by UDP-glucose-glycoprotein glucosyltransferase (UGGT) leading to
rebinding to the cycle and continuing until a native conformation is achieved. All
immature protein conformations are recognized and retained in an attempt to restore
their transport-competent folding state.

Fig. 1.1: Protein trafficking in the ER. Upon translocation of polypeptides through the integral ER
membrane Sec61 channel, N-residues are frequently modified by covalent addition of a preassembled
oligosaccharide core (Glc3-Man9-(GlcNAc)2). This reaction is catalyzed by the oligosaccharyltransferase
(OST), a multisubunit complex associated with the translocon. In order to facilitate unidirectional transport
through the translocon, nascent polypeptide chains in the ER lumen interact with BiP (GRP78).
Subsequently, rapid deglucosylation of the two outermost glucose residues on the oligosaccharide core
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structures, mediated by enzymes glucosidase I and II (GlcI and GlcII), prepares glycoproteins for
association with the ER lectins calnexin and calreticulin. The calnexin/calreticulin-associated
oxidoreductase ERp57 contributes to protein folding by catalyzing formation of intra- and inter-molecular
disulfide bonds. Release from calnexin/calreticulin followed by glucosidase II cleavage of the innermost
glucose residue results in preventing further interaction with both lectins. At this point, natively folded
polypeptides transit the ER to the Golgi apparatus in a process possibly assisted by mannose-binding
lectins ERGIC-53, VIPL (VIP36-Like) and ERGL (ERGIC-53-like). As an essential component of proteinfolding quality control, non-native polypeptides are tagged for re-association with calnexin/calreticulin by
the UDP-glucose:glycoprotein glucosyltransferase (UGT1) to facilitate their ER retention and to prevent
anterograde transport. Polypeptides that remain misfolded are targeted to retrotranslocation and
degradation by retrotranslocation, possibly mediated by EDEM or Derlins. Finally, proteins are
ubiquitinated and degraded by the 26S proteosome. (Triangles = glucose residues, squares = Nacetylglucosamine residues, circles = mannose residues) (figure taken from Kaufman.2007 (Malhotra and
Kaufman 2007) with authorization of the journal).

Conformationally defective proteins exit the folding cycle and are targeted for ERassociated degradation (ERAD), which includes retrotranslocation to the cytosol and
degradation by the ubiquitin-proteasome system (Werner et al. 1996). This process is
an important part of the quality control mechanism to protect cells from damage and
assures restoration of normal ER function. Most proteins, which misfold or fail to
assemble properly, are degraded by ER-associated degradation. This involves the
identification of the misfolded protein by the quality control system, its unfolding and
retrotranslocation into the cytosol, deglycosylation, polyubiquitination and finally
degradation by the proteasome. Several chaperones seem to be involved in the initial
identification and unfolding steps, including calnexin/calreticulin, BiP and PDI
(Hammond et al. 1994; Reddy and Corley 1998; McCracken and Brodsky 2003).
Misfolded glycoproteins seem to be retained in the ER through repeated rounds of
interaction with calnexin/calreticulin. If the QCS machinery is not able to fold proteins
correctly even after several rounds of calnexin/calreticulin binding, the sugar chains are
trimmed to a Man8 form by α-1,2-mannosidase I and the substrates cannot be
reglycosylated anymore. Man8 forms are recognized by the lectin EDEM facilitating the
release from CLX/CRT and export of the misfolded proteins from the ER by a yet
unknown mechanism (Molinari et al. 2003; Oda et al. 2003). Finally proteins are
eliminated via the ERAD pathway (Brodsky and McCracken 1999).
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Another important function of the ER in mammalian cells is the generation of reactive
oxygen species (ROS) in response to toxic agents (H2O2). ROS production also occurs
as a coproduct in the respiratory chain in mitochondria and of O2-utilizing enzymes like
glucose oxidase NADH/NADPH oxidase or NO synthases. Under physiological
conditions, excessive formation of ROS is prevented by an endogenous antioxidant
defence system composed of enzymes like superoxide dismutases, glutathione
peroxidases, catalases, thioredoxin peroxidases or by redox systems like the
NAD+/NADH, NADP+/NADPH and oxidized glutathione/reduced glutathione (Chaudiere
and Ferrari-Iliou 1999).
The ER also serves as an important and dynamic Ca2+ store, which can accumulate
Ca2+ up to levels thousands times greater than in the cytosol (Burdakov et al. 2005).
Ca2+, as an intracellular second messenger, is not only essential for the crosstalk
between ER and mitochondria; it also leads to the induction of apoptosis (Szanda et al.
2008). Changes in the cytosolic Ca2+ levels also regulate numerous cellular processes,
such as muscle contraction or glucose mobilization. In addition, the binding of Ca2+ to
the majority of molecular chaperones and folding enzymes regulates their activity and
therefore the amount of luminal Ca2+ directly affects post-translational protein
modification (Michalak et al. 2002). Depletion of Ca2+ in the ER has been shown to
inhibit protein folding in several cellular systems (Wetmore and Hardman 1996).

1.2 ER stress, UPR and EOR

In addition to the typical folding load in the ER, an increased burden can emerge from a
variety of causes, such as increased synthesis of secretory proteins, expression of
misfolded proteins, bacterial and viral infections, disruption of Ca2+ homeostasis or
nutrient deprivation. In addition to these circumstances, chemical agents, or physical
stress, like UV-light or heat shock, also result in the induction of so-called ER stress
(Malhotra and Kaufman 2007). Chemical inducers, which are routinely used to induce
ER stress, are tunicamycin, which inhibits the N-glycosylation of proteins and leads to
accumulation

of

proteins

in

the

ER,

or

thapsigargin,

an

inhibitor

of

the

Sarco/Endoplasmic Reticulum Ca2+-ATPase (SERCA). Thapsigargin raises the
cytosolic calcium concentration by blocking the ability of the cell to pump calcium into
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the sarcoplasmic and endoplasmic reticulum. This depletion of Ca2+ levels also causes
ER stress probably due to malfunction of chaperones. The accumulation of misfolded
proteins in the ER initiates two pathways, the unfolded protein response (UPR)
(Kozutsumi et al. 1988; Kaufman 1999) and the ER overload response (EOR) (Pahl and
Baeuerle 1997). Induction of the UPR leads not only to a general decrease in
translational initiation in order to reduce the protein load in the ER, but also to an
increased translation of genes involved in protein folding and ERAD to alleviate ER
stress. If this balance is disturbed, the cell will switch from pro-survival to pro-apoptotic
pathways.
In response to ER stress, three ER-localized transmembrane signal transducers are
activated and initiate adaptive or lethal responses. These transducers are the two type I
transmembrane proteins inositol requiring kinase 1 (IRE-1) (Cox et al. 1993; Mori et al.
1993) and PKR-like ER kinase (PERK) (Harding et al. 1999) and the type II
transmembrane transcription factor activating transcription factor 6 (ATF6) (Mori 1999).
All three are constitutively expressed in all known metazoan cells. IRE-1, the first
identified component of the UPR, was initially found in yeast (Cox et al. 1993; Mori et al.
1993) and is conserved in all eukaryotic cells. The essential and unique properties of
IRE-1 signaling have been conserved in all eukaryotic cells, but higher eukaryotes
additionally possess the sensors PERK and ATF6 which promote stress adaptation or
induction of cell death in a more complex way (Fig. 1.2).
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Fig. 1.2: Activation of mammalian UPR. Unfolded proteins in the ER lumen titrate BiP away from three
signal transducers of UPR: PERK, IRE-1 and ATF6. Activated PERK phosphorylates translation initiation
factor eIF2α resulting in transient attenuation of protein synthesis and an induction of specific mRNAs.
Activated IRE-1 splices XBP-1 mRNA in order to generate the active transcription factor XBP-1, which
can then mediate the transcriptional upregulation of several pro-survival genes. Upon ER stress ATF6
trafficks to the Golgi, where it is cleaved by S1P/S2P proteases and subsequently migrates into the
nucleus to activate expression of chaperones. See text for details.

The early response to ER stress in mammalian cells is the activation of the PERK
pathway. The luminal domain of PERK is associated with the chaperone BiP/GRP78
under non-stressed conditions and senses the accumulation of unfolded proteins by
dissociation of this negative regulator (Bertolotti et al. 2000) (Fig. 1.2). Upon activation,
PERK dimerizes or oligomerizes and its cytoplasmic kinase domain undergoes
activation by trans-autophosphorylation. Activation of PERK leads to an immediate and
transient attenuation of mRNA translation by phosphorylation and thereby to an
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inhibition of the α-subunit of eukaryotic translation initiation factor 2 (eIF2α) at S51. The
phosphorylation inhibits the guanine nucleotide exchange factor eIF2B, a pentameric
complex that recycles eIF2 to its active GTP-bound form. A reduction of active eIF2
leads to a decreased level of translational initiation. As a result, a reduced load of newly
synthesized proteins enter the stressed ER (Harding et al. 1999; Iida et al. 2007). In
addition to the attenuated protein synthesis, PERK-mediated phosphorylation of eIF2α
leads to transcriptional activation of specific mRNAs containing short, inhibitory
upstream open reading frames (uORFs) in their 5’ untranslated region (Hinnebusch
1997; Novoa et al. 2003). This connection between eIF2α inhibition and activated gene
expression is conserved in all eukaryotes (Hinnebusch and Natarajan 2002). In
mammalian cells, the mRNA for activating transcription factor 4 (ATF4) is regulated in
this manner (Harding et al. 2000a). ATF4 is required for expression of genes involved in
amino acid import, glutathione biosynthesis and resistance to oxidative stress (Harding
et al. 2003). UPR related target genes are CCAAT/enhancer-binding protein (C/EBP)
homologous protein (CHOP), which is involved in the induction of apoptosis and growth
arrest and DNA-damage-inducible protein 34 (GADD34) (Jiang et al. 2004), which
regulates the phosphatase activity of protein phosphatase 1 (PP1) (Ma and Hendershot
2003). PPI dephosphorylates eIF2α leading to resumption of protein synthesis after
restoration of normal ER conditions.
It is also described that high levels of phosphorylated eIF2α result in the activation of
nuclear factor κB (NF-κB), but the underlying mechanisms are quite unclear and
controversially discussed (Jiang et al. 2003; Deng et al. 2004). It is also known that
several other signaling pathways (amino acid starvation, double-stranded RNA
accumulation) converge in eIF2α phosphorylation, resulting in the term “integrated
stress response” (ISR) for signaling processes downstream of eIF2α (Harding et al.
2003).

ATF6 is an ER membrane bound transcription factor, which is transported upon ER
stress from the ER to the Golgi apparatus, where it is cleaved by Golgi-resident
proteases S1P (site 1 protease) and S2P (site 2 protease) in order to generate the
active ATF6 p50 form (Fig. 1.2). Subsequently, ATF6 p50 moves into the nucleus, binds
to the ATF/CRE element (Wang et al. 2000), ER stress response elements I and II
(Yoshida et al. 1998; Kokame et al. 2001) and activates gene expression (Mori 1999).
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Target genes of ATF6 are ER-resident molecular chaperones (GRP78, GRP94) and
foldases, transcription factor XBP-1 or ERAD components, such as the membrane
proteins Herp or Derlin-3 (Adachi et al. 2008). Regulation of ATF6 activation most likely
occurs by the binding of chaperone BiP, masking two Golgi localization sequences
GLS1 and GLS2 (Shen et al. 2002a), but regulatory interactions with calreticulin (Hong
et al. 2004) and Nucleobindin 1 (Tsukumo et al. 2007) are also described. Furthermore,
structural analyses reveal that several ER-anchored transcription factors are related to
ATF6, for example LZIP (also known as luman or CREB4) (DenBoer et al. 2005; Stirling
and O'Hare 2006) or OASIS, found in astrocytes (Murakami et al. 2006) leading upon
activation to induction of so-called “acute-phase responsive proteins” (Zhao and
Ackerman 2006). These observations suggest a connection of UPR transducers with
several physiological and pathophysiological systems.

The IRE-1 pathway is evolutionary the oldest pathway and is conserved in all eukaryotic
cells. IRE-1 was isolated as a gene required for inositol auxotrophy in budding yeast
(Nikawa and Yamashita 1992). The luminal ER stress-sensing domain of IRE-1 shows
limited sequence homology to PERK. The chaperone BiP/GRP78 also binds to IRE-1
and dissociates in response to ER stress. However, it remains unclear how the signal
transducer IRE-1 senses ER stress and is subsequently activated. Crystallization of the
luminal ER stress-sensing region revealed that IRE-1 clusters and actually interacts with
unfolded proteins itself (Kimata et al. 2007). Upon activation, IRE-1 oligomerizes
resulting in trans-autophosphorylation of its kinase domain (Fig. 1.2). However, the
kinase domain of IRE-1 is not involved in triggering the UPR pathway, because the only
known substrate is IRE-1 itself (Shamu and Walter 1996). Furthermore, its kinase
domain activates a site-specific endoribonuclease causing directional splicing of X-box
binding protein-1 (XBP-1) mRNA (Yoshida et al. 2001). XBP-1 is a bZIP transcription
factor, which binds to ATF/CRE elements. Splicing of XBP-1 introduces a frame shift,
which results in an alternative C-terminus with increased transcriptional activation
potential. However, in metazoans there are no differences in translation of unspliced
and spliced XBP-1 mRNAs (Yoshida et al. 2006). Spliced XBP-1 is more stable and
works as a potent activator of UPR target genes (Yoshida et al. 2001), while unspliced
XBP-1 is unstable and inhibits expression of target genes. Known XBP-1 target genes
are ER-resident molecular chaperones (Lee et al. 2003), several ERAD components
and genes involved in lipid biosynthesis (Sriburi et al. 2004).
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The exact mechanism how the signal transducers PERK, IRE-1 and ATF6 sense
accumulated, misfolded proteins is controversially discussed. The direct recognition
model proposes that unfolded proteins bind directly to the luminal domains of the
transducers (Ron and Walter 2007), whereas the indirect (chaperone-mediated) model
hypothesizes that binding of abundant ER chaperone BiP/GRP78 keeps PERK, IRE-1
and ATF6 inactive. It is shown that BiP/GRP78 interacts with the luminal domains and
dissociates upon ER stress conditions (Bertolotti et al. 2000), but this model does not
convincingly explain how the high molar ratio of BiP/GRP78 in relation to stress
transducers can be synchronized with the sensitivity of the UPR to slight changes in the
amount of unfolded proteins (Credle et al. 2005).

Various conditions disturbing the function of the ER were shown to activate NF-κB, a
transcription factor previously characterized as a central mediator of immune and
inflammatory responses (Schulze-Osthoff et al. 1995). In a great variety of cell types,
NF-κB is found in an inactive, cytoplasmic complex bound to IκB, its inhibitory subunit
(Baeuerle and Baltimore 1988). Activation occurs via phosphorylation of IκB-α on two
serine residues, S32 and S36, and subsequent proteasomal degradation of the inhibitor
IκB (Henkel et al. 1993) (Fig. 1.3). Upon exposure of cells to pathological agents, such
as pro-inflammatory cytokines, antigen, and UV- or γ-irradiation, or upon bacterial and
viral infections, NF-κB activity is rapidly induced (Baeuerle and Henkel 1994).
Furthermore, activation of NF-κB is also caused by accumulation of proteins in the ER,
a condition called ER-overload (Pahl and Baeuerle 1997) resulting in a specific
response of the cell, the ER-overload response (EOR). Both the release of Ca2+ from
the ER and the subsequent production of reactive oxygen species (ROS) are required
for ER-overload-mediated NF-κB activation. Degradation of IκB releases the NF-κB
dimer due to exposure of nuclear import sequences and results in a subsequent
translocation into the nucleus, where it activates transcription of its target genes. These
include important pro-inflammatory proteins such as interferons, cytokines, chemokines,
cell-adhesion molecules (ICAM), major histocompatibility (MHC) class I molecules,
regulators of apoptosis (Bcl-2, TRAF2) and hematopoetic growth factors (Baeuerle and
Henkel 1994).
Some diseases are known to be connected with an activation of NF-κB. The expression
of cystic fibrosis (CF) inducing mutant ∆F508-CFTR causes a constitutive activation of
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NF-κB by eliciting the ER-overload response. This endogenous NF-κB activation
stimulates the transcription of pro-inflammatory cytokines thereby commencing an
inflammatory cascade within the CF lung (Knorre et al. 2002). The enhanced expression
of urinary prostaglandin E2 (PGE2) in patients suffering from congenital nephrogenic
diabetes insipidus has also been described (Fichman et al. 1980) indicating a possible
pro-inflammatory response of the cell due to accumulated V2R or AQP2.

Fig. 1.3: EOR-mediated activation of NF-κ
κB. Inactive NF-κB is found in a cytoplasmic complex bound
to IκB, its inhibitory subunit. Upon exposure of cells to pathological agents such as pro-inflammatory
cytokines, antigens, UV light, or bacterial and viral infections or accumulation of misfolded proteins,
activation occurs via phosphorylation of IκB-α and subsequent proteasomal degradation.
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1.2.1 ER stress-mediated apoptosis and adaptation to chronic ER stress

The UPR is a pro-survival response in order to reduce the accumulation of unfolded
proteins and restore normal ER functioning (Schroder and Kaufman 2005b). The three
transmembrane signal transducers initiate and coordinate several protective responses.
These responses include transcriptional induction of chaperones and foldases to
increase the folding capacity of the ER (Kozutsumi et al. 1988), transcriptional induction
of genes involved in ERAD (Oda et al. 2006) and stimulation of autophagy (Bernales et
al. 2006). Transient attenuation of global protein synthesis (Wek and Cavener 2007) is
assumed to decrease the amount of unfolded proteins in the ER. Furthermore,
stimulation of phospholipid synthesis (Sriburi et al. 2007) to increase the ER size and
induction of antioxidant response (Tu and Weissman 2004) to neutralize the generation
of ROS are described in ER-stressed cells.
However, if protein accumulation is persistent and ER stress cannot be resolved,
signaling switches from pro-survival to pro-apoptotic allowing the regulated destruction
of cells that are irreversibly damaged or become a risk to the organism as a whole. But
not all UPR signal transducers are involved in inducing programmed cell death.
Although ATF6 is known to induce expression of pro-apoptotic transcription factor
CHOP (Yoshida et al. 2000), no direct connection of ATF6 to ER stress-mediated
apoptosis can be found. In the initial phase of ER stress, activation of PERK aids by
inhibiting protein translation (phosphorylation of eIF2α) and therefore reducing the load
of nascent proteins in the ER. Furthermore, it was shown that PERK -/- cells react to
acute ER stress with more sensitivity indicating a link between PERK and survival
(Harding et al. 2000b). However, after prolonged stress conditions PERK leads to the
induction of CHOP, which is an important element in switching pro-survival to proapoptotic signaling. Overexpression of CHOP can cause cell death in the absence of
additional apoptotic stimuli. Furthermore, CHOP expression is shown to be present in
pathological activation of UPR, whereas CHOP deletion protects cells against ER stress
mediated apoptosis, but only to a certain degree (Zinszner et al. 1998). Additionally,
CHOP is regulated post-translationally by phosphorylation on S78 and S81 by p38
MAPK resulting in its increased activity (Wang and Ron 1996). This involves the second
UPR signal transducer IRE-1, because IRE-1 has been linked to the activation of the
pro-apoptotic c-jun N-terminal kinase (JNK) (Urano et al. 2000) and p38 MAPK (Van
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Laethem et al. 2006). Furthermore, JNK and MAPK are known to be substrates of
ASK1, which is recruited upon ER stress conditions to the IRE-1/TNF receptor
activating factor 2 (TRAF2) complex (Fig. 1.4). Activation of JNK is a common response
to many forms of cellular stress and is known to influence cell death by regulation of
pro- and anti-apoptotic proteins of the Bcl-2 family (Tournier et al. 2000), whereas p38
MAPK, as described before, regulates the activity of CHOP.

Fig. 1.4: UPR transducers involved in ER stress-mediated apoptosis. Under persistent ER stress the
activation of PERK results in induction of pro-apoptotic transcription factor CHOP. Active IRE-1 has been
shown to recruit the adaptor molecule TNF-receptor-associated factor 2 (TRAF2). The IRE-1–TRAF2
complex can recruit the apoptosis-signal-regulating kinase (ASK1), which has been shown to transmit
various stress signals to the downstream MAPKs JNK and p38. Severe ER stress leads to activation of cJun N-terminal kinase (JNK). Both JNK and CHOP eliminate the anti-apoptotic effect of Bcl-2; CHOP
blocks expression of Bcl-2, whereas JNK inhibits its activity by phosphorylation. Furthermore,
overexpression of Bcl-2 is shown to block CHOP-induced apoptosis resulting in survival of the cell.

Chronic ER stress conditions can not only occur due to persistent expression of
misfolded proteins or after viral infection. Even the normal differentiation and
maintainance of cells with enhanced production and secretion of proteins, such as
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immune cells, endocrine and paracrine cells or hepatocytes (van Anken and Braakman
2005) result in persistent activation of ER stress signaling pathways.

Another described possibility to cope with chronic stress conditions is the so-called heat
shock response (HSR) (Liu and Chang 2008). Several genes induced by transcription
factor heat shock factor 1 (HSF-1) are activated during both HSR and UPR conditions.
In Saccharomyces cerevisiae it was shown that the BiP-homolog Kar2/BiP is
upregulated under UPR and HSR conditions (Zimmer et al. 1999). Furthermore, stressinduced Hsps can inhibit apoptosis by blocking proteolytic activity of caspases or
affecting caspase-independent apoptosis-like processes by interacting with apoptogenic
factors such as apoptosis-inducing factor (AIF) or by inhibition of the release of
cathepsines from lysosomes (Lanneau et al. 2008). In brief, one can say that HSR
allows the survival of the cell by adapting to different stress conditions.

1.3 Conformational diseases

Conformational diseases or ER storage diseases are a class of disorders associated
with aberrant protein accumulation in tissues and cellular compartments. To date, more
and more diseases are discussed to be linked to ER stress and induction of UPR.
Plenty of evidence suggests that ER stress plays a role in the pathogenesis of diabetes
mellitus type I by contributing to pancreatic β-cell loss and insulin resistance (Accili et al.
1992). Components of UPR play a dual role in selective destruction of insulin-secreting
β-cells by acting as beneficial regulators under physiological conditions or as triggers of
β-cell dysfunction and apoptosis under conditions of chronic ER stress caused by large
amounts of insulin. Furthermore, it could be shown that exposure to increased glucose
levels induce ER stress markers in type II diabetes islet cells, which therefore may be
more susceptible to ER stress induced by metabolic perturbations (Marchetti et al.
2007). The best known diseases connected with ER stress due to retention of misfolded
proteins are cystic fibrosis (Kerem et al. 1989; Bartoszewski et al. 2008), due to
intracellular retained cystic fibrosis conductance regulator (CFTR) and retinitis
pigmentosa (Bareil et al. 2000; Ryoo et al. 2007), caused by misfolded rhodopsin
leading to ER stress mediated apoptosis. Furthermore, renal ischemia-reperfusion is
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described to induce ER stress. It activates UPR via the PERK pathway and causes
cellular damage in the renal tubules (Montie et al. 2005). Interestingly, the congenital
nephrotic syndrome of the Finnish type (CNF), an autosomal-recessive disorder
characterized by massive proteinuria, is caused by intracellular retention of misfolded
nephrin in the ER (Liu et al. 2001).

1.4 G protein-coupled receptors

G protein-coupled receptors (GPCRs) represent a large superfamily of heptahelical
receptor proteins that regulate a wide variety of biological functions ranging from
neurotransmission and hormonal control of physiological responses to sensing of taste,
smell, light and pain. Because of their key roles in cellular signal transduction they are
the most important class of drug targets in modern pharmacology and target for more
than 60% of all currently prescribed drugs (Schoneberg et al. 2004). They can be
activated by a variety of ligands such as amines (noradrenalin, dopamine, serotonin and
histamine), peptides (angiotensin, vasopressin, opioids), amino acids (glutamate,
GABA) or lipids (sphingosine-1-phosphate). After ligand binding the receptors undergo
a conformational change that enables them to activate heterotrimeric GTP-binding
proteins (G proteins) leading to the activation of different effectors and signaling
pathways (Wickman and Clapham 1995). Heterotrimeric G proteins are composed of α-,
β- and γ-subunits. Their activation leads to an exchange of GDP to GTP at the αsubunit resulting in conformational changes within the three flexible switch regions of
Gα. The β/γ-subunit dissociates from the α-subunit and both, the GTP-bound Gα and
the free Gβ/γ, can interact with a diversity of effector molecules including adenylyl
cyclase, phospholipase C, ion channels, phosphodiesterase and the small G protein
Rho. These effectors modulate the generation of diffusible second messengers altering
cell function such as cAMP, diacylglycerol, inositol (1,4,5)-triphosphate or Ca2+.
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1.5 The V2 vasopressin receptor and nephrogenic diabetes insipidus
The human V2 vasopressin receptor (V2R) belongs to the family of GPCRs
(Birnbaumer et al. 1992; Rosenthal et al. 1992) and is predominantly expressed in the
basolateral membrane of principal cells in renal collecting ducts. The receptor consists
of 371 amino acids and shares the typical structure of GPCRs, an extracellular Nterminus, seven transmembrane-spanning helices bridged by three intracellular and
three extracellular loops and an intracellular C-terminus. After post-translational
modification the mature receptor is glycosylated at asparagine 22 (N-glycosylation) and
at clusters of serines and/or threonines (O-glycosylation) at the C-terminus (Sadeghi
and Birnbaumer 1999), carries a disulfide bond between cysteine 112 in the first
extracellular loop and cysteine 192 in the second extracellular loop and a palmitoylation
at cysteines 341 and 342 (Schulein et al. 1996; Schulein et al. 2000).
The function of the V2R is the mediation of the antidiuretic action of its ligand, the cyclic
nonapeptide 8-arginine-vasopressin (AVP). The neurohypophyseal hormone AVP is the
key regulator of water homeostasis in the collecting duct. It is secreted in response to
hypovolemia (by ≥ 10%) or increase in plasma osmolarity (by ≥ 2%) and transported by
the blood to the kidney. The hormone also increases sodium transport in the collecting
duct via the epithelial sodium channel (ENaC) (Bankir et al. 2005) and transfer of urea
via the urea (UT-A1) transporter (Fenton et al. 2006). After ligand binding the V2R is
subjected to a conformational change and activates a stimulating GTP-binding protein
(GS) (Fig. 1.5). GS activates specific adenylyl cyclase isoforms in principal cells and
GPCR kinases (GRKs). The adenylyl cyclase mediates the synthesis of the second
messenger cAMP. The increase of cAMP acitivates the cAMP-dependent protein kinase
A (PKA), which subsequently phosphorylates aquaporin 2 (AQP2) water channels.
These channels are located in intracellular vesicles and fuse with the apical and
basolateral membrane after AQP2 phosphorylation. The translocation and fusion of
AQP2 results from the depolymerization of the F-actin cytoskeleton after inactivation of
RhoA by PKA (Klussmann et al. 2001). The insertion of AQP2 in the apical membrane
increases water influx. Water transport across the basolateral membrane is also
facilitated by the constitutively expressed water channels AQP3 and AQP4. The driving
force for this hormone-controlled antidiuresis is the osmotic gradient between collecting
duct lumen and interstitium of the inner medulla (Klussmann et al. 2000).
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In vitro studies have shown that phosphorylation of the receptor by GRK leads to
recruitment and subsequent binding of cytosolic β-arrestins. β-arrestin functions as a
scaffolding protein and prevents overstimulation by inhibition of further G protein
mediated activation despite continued AVP activation. It also targets the receptor to
clathrin-coated pits leading to subsequent endocytosis to endosomes (Ferguson 2001).
In contrast to β-adrenergic receptors, the activated V2R is stably associated with βarrestin and ubiquitin, sorted for degradation in lysosomes and does not recycle to the
cell surface (Shenoy and Lefkowitz 2005).

Figure 1.5: Signal transduction of the V2R in principal cells. Binding of the hormone AVP induces a
conformational change of the receptor and activates the G protein Gs. The trimeric Gs dissociates in α
and βγ subunits, which influence different signaling pathways. Subunit βγ activates GRKs, which
contribute to receptor desensitation and most likely to activation of the MAPK pathway. The α subunit
mediates activation of membrane associated adenylyl cyclase (AC) leading to production of the second
messenger cAMP. In presence of cAMP protein kinase A (PKA) becomes activated by dissociation of its
regulatory (R) and catalytic (C) subunits. Active PKA subsequently phosphorylates AQP2 water channels
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and facilitates exocytosis and assembly of AQP2 into the apical and basolateral membrane resulting in
increased water influx.

Malfunctioning of regulation of water homeostasis can cause a variety of disorders. One
example is diabetes insipidus (DI), in which patients are unable to concentrate their
urine leading to polyuria (up to 20 l a day) and as a consequence to polydipsia. Central
diabetes insipidus (CDI) is characterized by the inability to produce functional AVP,
whereas nephrogenic diabetes insipidus (NDI) is referred to the failure of patients to
concentrate their urine, despite increased serum AVP levels. NDI can be caused by
metabolic disorders, like potassium depletion or hypercalcemia, chronic renal diseases,
systemic diseases, like amyloidosis or as side effect of drugs like lithium (Bichet et al.
1997).
Congenital NDI can be divided into X-linked (due to inactivating mutations of the AVPR2
gene) and autosomal NDI (due to inactivating mutations in the AQP2 gene). Congenital
X-linked NDI is a rare hereditary disorder (estimated prevalence of 1 per 250,000
males) and characterized by the inability of the kidney to absorb water in response to
the hormone AVP. More than 211 different mutations within the coding sequences of
the

AVPR2

gene

are

known

to

cause

X-linked

NDI

(http://www.medicine.mcgill.ca/nephros). These mutations can be classified into three
classes according to the state of function and intracellular localization of the mutant
proteins (Fujiwara and Bichet 2005). Type 1 receptor mutants reach the cell surface but
are incapable of binding the ligand appropriately, type 2 mutant receptors are transportdefective and mutations of the type 3 lead to improperly processed or unstable mRNA
and rapid degradation. Some disease-causing and intracellular retained V2R mutants,
which are analyzed in this study, are summarized in Tab. 1 and shown in Fig. 2. They
are recognized by the cellular quality control system and retained in different
compartments within the secretory pathway depending on the folding state of the
receptors (Hermosilla et al. 2004). NDI-causing mutant L62P (amino acid exchange
localized in the first transmembrane domain) is retained almost completely in the ER,
InsQ292 (insertion localized in the transmembrane domain 7) is found in the ER, but
also in the ERGIC, while G201D (amino acid exchange localized in the extracellular
loop 3) could be found in the ER, ERGIC and in the Golgi apparatus (Tab. 1.1 and Fig.
1.6).
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Fig. 1.6: Two-dimensional model of the V2R and three studied NDI-causing mutants. The amino
acid sequence of the receptor is shown in one letter code, N-glycosylation at position N22, disulfide bond
between C112 and C192 and palmitoylation of residues C341 and C342 are depicted. Substituted (L62P,
G201D) and inserted (InsQ292) amino acids of mutants are highlighted. The columns indicate the
estimated transmembrane regions of the receptor.

mutation

location

retention site

reference

L62P

TM1

ER

Schülein et al.,
1998

G201D

ECL3

ER, ERGIC, Golgi

Schwieger et al.,
2008

InsQ292

TM7

ER, ERGIC

Schwieger et al.,
2008

Tab. 1.1: Overview of location and retention site of studied NDI-causing mutants.

The most important treatment for NDI is sufficient supply of fluid. As pharmacological
therapy, diuretics such as hydrochlorothiazide alone or in combination with inhibitors of
prostaglandin synthesis are used, together with a low-salt diet. However, these
approaches are not always sufficient, particularly long-term use is often associated with
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gastrointestinal and hematopoietic side effects. Some future therapy possibilities are
aminoglycoside antibiotics (Schoneberg et al. 2004) or the use of so-called
pharmacological chaperones

(pharmacochaperones) in order to rescue intracellular

V2R mutants to the plasma membrane with the help of cell-permeable V2R antagonists
(Wuller et al. 2004) or V1R inverse agonists (Bernier et al. 2004; Bernier et al. 2006)are
discussed.

2

Aims of the study

The aim of this thesis was to detect and characterize the ER stress induced upon
expression of misfolded proteins, which only differ in the location of one substituted or
inserted amino acid. The human vasopressin receptor (V2R) was used as a model to
determine if different retention sites of one specific, misfolded protein result in the
induction of ER stress and therefore lead to different responses of the cell. Usually, ER
stress is examined after induction with chemical agents. Little is known about ER stress
responses induced by misfolded and intracellularly retained proteins. In addition,
temporal differences in ER stress induction (acute/chronic) were examined to
distinguish between acute and chronic UPR activation. Furthermore, another intention
of this study was to reduce ER stress by a removal of retained proteins and to elucidate
possible signaling pathways which support the survival of the cell under persistent ER
stress conditions in order to find new and promising therapy approaches for NDI and
other conformational diseases in general.
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3 Materials and methods
3.1 Materials
3.1.1 Reagents, chemicals and substances

1 kb DNA ladder

Invitrogen, USA

1,4-dithiothreitol

BioVectra, CAN

2-mercaptoethanol

Carl Roth, GER

2,2-diphenyl-1-picrylhydrazil (DPPH)

Sigma, USA

acetic acid

VWR Prolabo, F

agar

Life Technologies, GER

agarose

Sigma, USA

albumin standard 2.0 mg/ml

Pierce USA

ammonium persulfate

Merck, GER

ampicillin sodium salt

Sigma, USA

aprotinin

Merck, GER

benzamidine

Applichem, USA

bovine serum albumin (BSA)

Sigma, USA

bromphenol blue

Carl Roth, GER

cacodylic acid sodium salt

Carl Roth, GER

chemoluminescence detection kit for

Applichem, USA

horseradish peroxidase (HRP)
Coomassie G250 brilliant blue

Serva, GER

D-(+)-sucrose

Carl Roth, GER

dimethylsulfoxide (DMSO)

Applichem, USA
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dried milk powder (low fat)

Applichem, USA

Dulbecco’s modified Eagle’s media

Sigma, USA

(DMEM)
ethanol

J. T. Baker, NL

ethidium bromide

Carl Roth, GER

ethylenediaminetetraacetic acid (EDTA)

Sigma, USA

fetal calf serum (FCS)

Biochrom, GER

FuGENE® HD

Roche, CH

Geneticin (G-418)

Calbiochem, USA

GeneChip® Human Genome U133 Plus

Affymetrix, USA

2.0 Array
glucose

Merck, GER

glutaraldehyde

Sigma, USA

glycerine

Applichem, USA

glycine

Applichem, USA

H2O2

Roth, CH

HCl

J. T. Baker, NL

HPLC dH2O

Pierce, USA

Immu-Mount™ mounting medium

Thermo Shandon, USA

isopropanol

Merck, GER

kanamycin

Sigma, USA

L-glutamine

Sigma, USA

Lipofectamine™ 2000 reagent

Invitrogen, USA

magnesium chloride

Merck, GER

magnesium sulfate

Merck, GER

methanol

J. T. Baker, NL
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Schleicher & Schuell, GER

85)
N, N, N’, N’ – tetramethylethylene

Sigma, USA

diamine
N-tert-butyl phenylnitrone (PBN)

Sigma, USA

orthophosphoric acid

Merck, GER

PageRuler unstained protein ladder

Fermentas, CAN

paraformaldehyde

Merck, GER

penicillin/streptomycin 100 IU/100 µg/ml

Biochrom, GER

phenylmethylsulfonyl fluoride (PMSF)

Carl Roth, GER

PI-103

Calbiochem, USA

poly-L-lysine

Sigma, USA

polyvinylalcohol

Sigma, USA

polyvinylpyrrolidone K25

Fluka, GER

ponceau S

Roche, CH

potassium chloride

Merck, GER

potassium dihydrogenphosphate

Merck, GER

Precision Plus protein Dual Color

BioRad, USA

standards
protein A-sepharose

Sigma, USA

PstI restriction enzyme

NEB, USA

Roti-load 1

Carl Roth, GER

Rotiphorese-gel 30 (37.5:1)

Carl Roth, GER

sodium chloride

Applichem, USA

sodium dihydrogenphosphate

Merck, GER

sodiumdodecyl sulfate (SDS)

Applichem, USA
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sodium fluoride

Merck, GER

sodium hydroxide

Carl Roth, GER

sodium pyrophosphate

Sigma, USA

sodium orthovanadate

Sigma, USA

sulfosalicylic acid

Applichem, USA

Taq polymerase

Fermentas, CAN

Taq 10x buffer without MgCl2

Fermentas, CAN

thapsigargin

Sigma, USA

tumor necrose factor α (TNFα)

R&D Systems, USA

tungstosilicic acid hydrate

Fluka, GER

tunicamycin

Sigma, USA

trichloroacetic acid

Merck, GER

tris(hydroxymethyl-)aminomethan

Applichem, USA

triton X-100

Carl Roth, GER

trypan blue

Promega, USA

trypsin/EDTA 10x (0.5 %/0.2 % w/v)

Biochrom, GER

trypsin inhibitor, soybean

Applichem, USA

tryptone

Applichem, USA

Tween® 20

Applichem, USA

wortmannin

Merck, GER

yeast extract

GIBCO, USA
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3.1.2 Primary antibodies

monoclonal mouse anti-actin antibody

Sigma, USA

polyclonal rabbit anti-ATF6 antibody

Santa Cruz, USA

polyclonal rabbit anti-Bcl-2 antibody

Cell signalling, USA

polyclonal rabbit anti-GRP78 antibody

Stressgen, USA

polyclonal rabbit anti-calnexin antibody

Stressgen, USA

polyclonal rabbit anti-calreticulin antibody Stressgen, USA
polyclonal rabbit anti-eIF2α antibody

Santa Cruz, USA

polyclonal rabbit anti-ERp57 antibody

Stressgen, USA

monoclonal mouse anti-Ero1α antibody

abcam, USA

polyclonal rabbit anti-phospho-eIF2α
antibody

Biosource, USA

monoclonal mouse anti-GFP antibody

Clontech,USA

polyclonal rabbit anti-GFP antibody

Clontech,USA

monoclonal rat anti-GRP94 antibody

Stressgen, USA

polyclonal rabbit anti-Hsp70 antibody

Stressgen, USA

polyclonal rabbit anti-Hsp90 antibody

Stressgen, USA

monoclonal mouse anti-KDEL antibody

Stressgen, USA

polyclonal rabbit anti-NF-κB p65

Santa Cruz, USA

antibody
polyclonal rabbit anti-PDI antibody

Stressgen, USA

polyclonal rabbit anti-PERK antibody

Santa Cruz, USA

polyclonal rabbit anti-phospho-PERK

Santa Cruz, USA

antibody
polyclonal rabbit anti-thioredoxin
antibody

abcam, USA
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3.1.3 Secondary antibodies

cy-3 conjugated goat anti-mouse IgG

Dianova, USA

cy-3 conjugated goat anti-rabbit IgG

Dianova, USA

gold (15 nm) labeled goat anti-rat IgG

Biotrend, GER

peroxidase-conjugated donkey anti-goat

Dianova, USA

IgG
peroxidase-conjugated donkey anti-

Dianova, USA

mouse IgG
peroxidase-conjugated donkey anti-

Dianova, USA

rabbit IgG
peroxidase-conjugated donkey anti-rat

Dianova, USA

IgG

3.1.4 Technical equipment and software

3.1.4.1 Technical equipment
acrylamide-gel cast-stand

BioRad, USA

acrylamide-gel electrophoresis chamber

BioRad, USA

Affymetrix GeneChip® Scanner 3000 7G

Affymetrix, USA

cell counter

Casy1, Schärfe Sytem, GER

centrifuge

Mikro 20; Hettich, GER

centrifuge, refrigerated

Z 233 MK; Hermle, GER

clean bench

BIOWIZARD, KOJAIR, Heraeus, GER

cryo-ultramicrotome

EM FC6, Leica Microsystems, AT

electron microscope

80kV ZEISS 902 A electron microscope,
Carl Zeiss, GER
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films

X-OMAT Röntgenfilme; KODAK, GER

incubator

Heraeus, GER

luminometer

Lumat LB 9507, EG&G Berthold, GER

microscope

Laser Scanning Microscope Zeiss 510
META; Carl Zeiss, GER

PCR machine

PTC-200 Peltier Thermal Cycler; MJ
Research, USA

pH-meter

MP220 Mettler Toledo, CH

photometer

Gene Quant II; Pharmacia Biotech, GER

pipettes

Eppendorf, GER

power supply

BioRAD, USA

sonicator

Sonopuls UW 2040, Bandelin
Electronics, GER

thermomixer

Eppendorf, GER

western blot chamber

BioRad, USA

3.1.4.2 Software

Axio Vision

Zeiss, GER

Corel PHOTO-PAINT 9

Corel Corporation

EndNote 7.0

Thomson ResearchSoft, USA

Excel 2000

Microsoft, USA

GeneChip® Operating Software

Affymetrix, USA

Photoshop 7.0

Adobe, USA

PowerPoint 2000

Microsoft, USA

PRISM 3.1

Graphpad Software, USA
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Microsoft, USA

3.1.5 Kits

Dual-Luciferase® Reporter Assay

Promega, USA

System
ImProm-II™ Reverse Transcription

Promega, USA

System
Invisorb® Spin Cell Mini Kit

Invitek, GER

Qproteome cell compartment Kit

Qiagen, GER

RNeasy® Plus Mini Kit

Qiagen, GER

Eukaryotic Poly-A RNA Control Kit

Affymetrix, USA

One-Cycle cDNA Synthesis-Kit

Affymetrix, USA

Sample Cleanup Module

Affymetrix, USA

GeneChip® IVT Labeling Kit

Affymetrix, USA

GeneChip® Hybridization control Kit

Affymetrix, USA

GeneChip® Hybridization, Wash and

Affymetrix, USA

Stain Kit
MycoAlert Mycoplasma detection assay

Lonza, CH

3.1.6 Oligonucleotides
XBP-1 F 5’ A AAC AGA GTA GCA GCT CAG ACT GC 3'
XBP-1 R 5’ TC CTT CTG GGT AGA CCT CTG GGA G 3'
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3.1.7 Vectors
Vector

Kindly provided by

P4xXBP1GL3

L. Glimcher, USA

pEGFP.ATF6 full

R. Prywes, USA

pERdj4GL3

L. Glimcher, USA

pGAD153-luc

S. Howell, USA

pGL3.NFκB

R. Burgos, CL

phRL-TK

D. Carstanjen, GER

pGL3.GRP78

K. Mori, JP

pGL3.GRP78mut

K. Mori, JP

pcDNA3.1

Invitrogen, USA

pEGFP.N1

Invitrogen, USA

pV2R.GFP

R. Schülein, GER

pL62P.GFP

R. Schülein, GER

pInsQ292.GFP

A. Oksche, GER

pG201D.GFP

R. Schülein, GER

3.2 Methods
All buffers and solutions were prepared with deionised water (dH2O) and stored at 4°C.
3.2.1 Cell cultivation techniques

3.2.1.1 Tissue culture cell lines and storage
Media
complete medium

DMEM

450 ml

heat-inactivated FCS

10% (v/v)

glutamine

20 mM
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penicillin

100 IU

streptomycin

100 µg/ml

Complete medium

500 ml

G-418

80 mg/ml

DMEM

450 ml

heat-inactivated FCS

10% (v/v)

glutamine

20 mM

Cells
HEK293 (Human embryonic kidney cells adenovirus

DSMZ, GER

type 5 transformed)
HEK293 cells were grown in DMEM supplemented with 10% (v/v) heat-inactivated FCS,
20 mM glutamine, 100 U/ml of penicillin and 100 µg/ml streptomycin at 37°C (complete
medium) in a humidified atmosphere (95% air / 5% CO2). The stably expressing
HEK293 cell clones were additionally maintained with G-418 (80 mg/ml). For sub
culturing the confluent cell monolayers were splitted every 3-4 days using 1 ml
trypsin/EDTA solution (0.05% / 0.02%) for 4 min at 37°C to detach the cells followed by
addition of 5 ml complete medium to inactivate trypsin. The seeding densities were 1 x
106 cells/25 cm2 flask or 60 mm dish, 2.5 x 106 cells/100 mm dish, 1 x 105 cells/35 mm
dish and 0.5 x 105 cells/well of a 24-well plate. Cells were tested for infection of
mycoplasma every four weeks with the MycoAlert Mycoplasma detection assay
(Lonza, Switzerland).
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3.2.1.2 Transient and stable transfections

For transfection of HEK293 cells the FuGENE® HD transfection reagent was used
according to the manufacturer’s instructions. Cells were grown in a 60 mm culture dish
to 80% confluence and the growth medium was replaced by 5 ml complete medium
without antibiotics. 4 µg of plasmid DNA were diluted in 250 µl of serum-free medium
and incubated with 8 µl of FuGENE® HD for 15 min (RT). The transfection mixture was
added by dropping to the culture dish containing cells and medium. Cells were
incubated for 6 to 48 h in a CO2 incubator at 37°C.
To generate stably expressing cell lines the stable transfectants have to be selected by
a resistance marker located on the inserted plasmid. For selection G-418 was used, an
aminoglycoside antibiotic which is toxic for cells without resistance. Cells were grown in
35 mm culture dishes until 90% of confluence. The growth medium was replaced by 2
ml complete medium without antibiotics. Transfection with FuGENE® HD was carried
out according to the manufacturer’s instructions. After 48 h cells were transferred into a
60 mm culture dish containing 4 ml of complete medium supplemented with G-418.
After 24 h cells which did not incorporate the plasmid in their genomic DNA started to
die. G-418 supplemented medium was changed every day. After one week the
remaining cells were detached with 1 ml trypsin/EDTA solution (0.05%/0.02%) and
diluted with complete medium containing G-418 to a volume of 8 ml. 1 ml of this
suspension was diluted to a volume of 8 ml with medium (solution A) and the dilution
series was continued in an analogous manner until solution G. The different dilutions of
cells were transferred to 24-well plates by distributing 1 ml of every dilution in the six
wells of the different rows. The complete medium with G-418 was exchanged every
second day. After two weeks single colonies of cell clones were visible in some wells.
These colonies were isolated and cultivated in 35 mm culture dishes until confluence.
Subsequently, the cells were transferred to a 25 cm2 flask and simultaneously grown on
glass cover slips to screen for clones with homogenous expression and clones with
different levels of protein expression by life cell imaging.
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3.2.1.3 Microscopy
Reagents and solutions

poly–L–lysine stock

poly- L–lysine

5 mg

dH2O

50 ml

poly–L–lysine stock

10 ml

solution

working solution

solution
dH2O

ad 40 ml

1 x 105 HEK293 cells stably expressing GFP-tagged wild type and mutant V2Rs were
grown for 24 to 48 h in a 35 mm culture dish containing a poly-L-lysine coated glass
cover slip (Ø 25 mm). For microscopic studies cells were transferred into a heating
chamber and covered with 1 ml PBS. The GFP fluorescence was visualized on a Zeiss
510 invert confocal LSM (optical section: < 0.9 µm; single track mode; GFP, λexc: 488
nm, BP filter: 494 – 548 nm).

3.2.2 DNA techniques
Strains
Escherichia coli (E.coli) DH5-α genotype Life Technologies, USA
F-φ80lacZ ∆M15 ∆(lacZYA-argF) U169 endA1 recA1 hsdR17 (rk-,mk+) supE44 thi-1 gyrA96 relA1 phoA

Media and solutions
LB medium

tryptone

1%

yeast extract

0.5%

NaCl

1%
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dH2O, pH 7.5

ad 1 l

MgCl2

20.33 g

MgSO4

24.65 g

dH2O

ad 100 ml

glucose

18 g

dH2O

ad 100 ml

tryptone

10 g

yeast extract

2.5 g

NaCl

300 mg

KCl

250 mg

dH2O

485 ml

pH 7.0
autoclave 15 min, 121°C

add sterile filtered

MgCl2 / MgSO4 2 M

5 ml

glucose 1 M

10 ml

Selection

Liquid culture
LB medium supplemented with ampicillin (100 µg/ml) or kanamycin (30 µg/ml)
Agar plates
LB medium supplemented with 1.5% agar and ampicillin (100 µg/ml) or kanamycin (30
µg/ml)
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3.2.2.1 Preparation of chemically competent cells

Reagents and solutions
SOB medium

tryptone

20 g

yeast extract

5g

NaCl 5 M

2 ml

KCl 2 M

1.25 ml

dH2O

990 ml

autoclave 15 min,
121°C
add before use

Mg Cl2 2 M

10 ml

TB buffer

PIPES

10 mM

CaCl2 x 2 H2O

15 mM

KCl

250 mM

MnCl2 x 4 H2O

55 mM

dH2O

990 ml

pH 6.75

The E. coli DH5-α genotype was selected for the production of competent cells to
achieve high cloning efficiency. The method leads to vacancies in the bacterial
membranes which enables the competent cells to take up exogenous plasmid DNA.

Day 1
DH5-α bacteria were cultured on an agar plate without antibiotics in an incubator at
37°C overnight.

Day 2
One single bacteria colony was used to inoculate 5 ml LB medium without antibiotics.
The liquid culture was agitated at 220 rpm at 37°C for 16 h (preparatory culture).
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Day 3
20 µl preparatory culture were used to inoculate 400 ml SOB medium at noon, the liquid
culture was grown by shaking at 220 rpm at 18°C for two nights.
Day 5
The growth stadium of the liquid culture was controlled by measurement of the optical
density. DH5-α bacteria were grown until an OD550 of 0.4 to 0.6 which indicates the logphase of exponential growing. After harvesting by centrifugation at 2,500 x g for 15 min
at 4°C, the pellet was resuspended in 140 ml ice-co ld TB buffer and incubated for 10
min on ice. Cells were pelleted by a second centrifugation step (2,500 x g, 15 min, 4°C),
the supernatant was removed and cells were resuspended in 34.6 ml TB buffer
supplemented with 7% DMSO. Cells were incubated for 30 min on ice and aliquots of
200 µl competent cell suspension were directly frozen into a N2 bath. Competent cells
were stored at -80°C.

3.2.2.2 Transformation of E. coli
Chemically competent cells were thawn on ice, and 500 ng of plasmid DNA were added
and mixed carefully. After 30 min of incubation on ice, the samples were heated for 45 s
to 42°C and placed on ice for additional 2 min for DNA uptake. 400 µl SOC medium
(without antibiotics) were added and the bacteria suspensions were incubated for
further 30 min with vigorous shaking (600 rpm). For selection, 50 to 75 µl of bacteria
culture were spread on agar plates containing the appropriate antibiotic (ampicillin (100
µg/ml) or kanamycin (30 µg/ml)). The agar plates were kept at 37°C overnight.

3.2.2.3 Plasmid isolation from E. coli
One single bacteria colony was used to inoculate 3 ml LB medium supplemented with
antibiotics (depending on the plasmid, (ampicillin (100 µg/ml) or kanamycin (30 µg/ml)).
The liquid culture was agitated at 220 rpm at 37°C for 16 h. 2 ml suspension were
transferred into 2 ml tubes and bacteria were pelleted by centrifugation (13,000 x g, 1
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min, RT), the supernatants were discarded. The pellets were stored at -20°C or directly
used for plasmid isolation.
The isolation of plasmid DNA was carried out with the Invisorb® Spin Cell Mini Kit from
Invitek according to manufacturer’s instructions. Pellets were resuspended by vortexing
in 250 µl solution A. Cells were lysed by adding of 250 µl solution B and the tubes were
carefully inverted 5 times. After a 4 min incubation, 250 µl solution C was added to the
mixtures and the tubes mixed by gently shaking 5 times. For separation of plasmids and
debris of bacteria, samples were centrifuged for 5 min at 13,000 x g and the clarified
supernatant was transferred by decanting to a spin filter placed in a 2 ml tube. After
incubation of 1 min the tube was centrifuged for 1 min at 10,000 x g at RT to isolate the
plasmid DNA absorbed on the spin filter. The filtrate was discarded and bound DNA
was washed by addition of 750 µl wash solution and subsequent centrifugation for 1 min
at 10,000 x g. Another centrifugation step for 3 min at full speed was performed to
remove residual ethanol. Spin filters were placed in new tubes and 70 µl HPLC dH2O
were added directly onto the spin filter surface. After incubation for 1 min a final
centrifugation step at 10,000 x g for 1 min was used to elute the plasmid DNA.

After isolation of plasmid DNA the amount of eluted DNA has to be determined
spectrophotometrically by measuring the absorbance of the sample at 260 nm.
Therefore 2 µl of DNA was diluted with 78 µl dH2O and quantified.
The purity of DNA was checked by determination of the ratio between absorptions at
260 and 280 nm, whereas A260/A280 ratio should be ≥ 1.7.
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3.2.2.4 Restriction analysis for quality control after plasmid isolation
Reaction mix
plasmid DNA

500 ng

NEB buffer 10x

2 µl

NEB 10x BSA

2 µl

restriction endonucleases

0.5 µl each

dH2O

ad 20 µl

To check the accuracy of the isolated plasmid a restriction analysis of each isolated
plasmid was performed. 500 ng of DNA were digested with the appropriate pair of
restriction endonucleases and the obtained fragments were subsequently analysed by
agarose gel electrophoresis.

3.2.2.5 Agarose gel electrophoresis
Reagents and solutions
TAE buffer

electrophoresis buffer

Tris

4.84 g

acetic acid

1.197 g

EDTA 0.5 M (pH 8)

2 ml

dH2O

ad 1 l

ethidium bromide 1%

5 µl

TAE buffer

ad 100 ml
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The size and quality of isolated plasmid DNA was controlled by agarose gel
electrophoresis on a 1% agarose gel at 80 mV and subsequent staining of the gel with
ethidium bromide for 20 min. To visualize the bands the agarose gel was examined
under UV light and the size of the fragment was determined by the use of the 1 kb DNA
ladder.

3.2.3 RNA techniques
3.2.3.1 Isolation of total RNA
The total RNA was isolated from 1 x 106 HEK293 cells and HEK293 cells stably
expressing the GFP-tagged and FLAG-tagged V2R and mutant V2R fusion proteins
grown on confluent 35 mm culture dishes with the RNeasy plus mini Kit from Qiagen
according to the manufacturer’s instructions. After aspiration of media und 2 times
washing with PBS cells were lysed by addition of 350 µl RLT Plus buffer. The lysate
was homogenized by 5 times passing through a syringe with a 20-gauge needle and
afterwards transferred to a gDNA Eliminator spin column to remove gDNA. After
centrifugation (30 s, 8,000 x g, RT) one volume of 70% ethanol was added to the flowtrough and mixed by pipetting. Subsequently the sample was transferred to an RNeasy
spin column placed in a 2 ml collection tube and centrifuged for 15 s at 8,000 x g at RT.
The flow-through was discarded and the bound total RNA was washed by addition of
700 µl buffer RW1 and centrifugation (15 s, 8,000 x g, RT). Two additional washing
steps were performed each time with 500 µl buffer RPE, supplemented with four
volumes of ethanol and centrifugation (15 s, 8,000 x g, RT and 2 min, 8000 x g, RT).
The long centrifugation step dries the spin column membrane, ensuring no ethanol is
carried over during RNA elution. Spin filters were placed in new tubes and 50 µl RNasefree dH2O were added directly onto the spin filter surface. After incubation for 1 min a
final centrifugation step at 8,000 x g for 1 min was used to elute the RNA.
After elution the amount of total RNA has to be determined spectrophotometrically by
measuring the absorbance of the sample at 280 nm. Therefore 2 µl of RNA was diluted
with 78 µl RNase-free water and quantified.
The purity of RNA was checked by determination of the ratio between absorptions at
260 and 280 nm, whereas A260/A280 ratio should be ≥ 1.9.

Materials and methods

39

3.2.3.2 Reverse transcription and XBP-1 PCR
RNA was reverse transcribed to cDNA by RT-PCR with the ImProm-II Reverse
Transcription System from Promega according to the manufacturer’s instructions.

Hybridization reaction mix
total RNA

1 µg

oligo(dT)15 primer 0.5 µg/µl

1 µl

RNase-free water

ad 5 µl

For denaturation and hybridization of RNA and primers the reaction mixture was
preheated to 70°C for 5 minutes and immediately pla ced in ice-water for 10 minutes.

ImProm-II™ 5x reaction buffer

4 µl

MgCl2, 25 mM

2 µl

dNTP mix, 10 mM

1 µl

Recombinant RNasin® Ribunuclease
Inhibitor

0.5 µl

ImProm-II™ Reverse Transcriptase

1 µl

nuclease-free H2O

ad 15 µl
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cycles

temperature

time

1

94°C

2 min

94°C

1 min

60°C

1 min

72°C

2 min

72°C

5 min

4°C

∞

2-25

After generation of cDNA, the product was used as a template for the PCR with specific
XBP-1 primers.
Reaction:
10x Taq reaction buffer

2 µl

cDNA template

1 µl

Primer XBP-1 F 10 µM

1 µl

Primer XBP-1 R 10 µM

1 µl

dNTPs 2.5 µM

2.5 µl

MgCl2 25 mM

3 µl

dH2O

to 50 µl

Taq polymerase

0.5 µl
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Cycling parameters:
cycles

temperature

time

1

94°C

4 min

95°C

10 s

60°C

30 s

72°C

30 s

72°C

10 min

4°C

∞

2-35

Subsequently, PCR was carried out using the specific primer sets for XBP-1 (XBP-1 F 5’
A AAC AGA GTA GCA GCT CAG ACT GC 3' and XBP-1 R 5’ TC CTT CTG GGT AGA
CCT CTG GGA G 3'). PCR products were analyzed on a 3% agarose gel under UV light
after staining with ethidium bromide to separate the spliced and unspliced form of XBP1.

3.2.3.3 Restriction analysis of the XBP-1 PCR product
Reaction mixture

DNA (PCR product)

15 µl

NEB buffer 3 10x

2 µl

NEB 10x BSA

2 µl

PstI

0.5 µl

dH2O

ad 20 µl
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15 µl of the XBP-1 PCR product were used for restriction analysis with PstI. After 1 h
incubation at 37°C the sample was separated and ana lysed on a 3% agarose gel under
UV light after staining with ethidium bromide. The size of the PCR fragments was
determined by the use of a 1 kb DNA ladder.

3.2.3.4 Micro array
Total RNA was extracted from HEK293 cells using the RNeasy total RNA isolation Kit
(Qiagen). The preparation quality was assessed by agarose-formaldehyde gel
electrophoresis. 5 µg of RNA isolated from two different clones each of stably
transfected HEK293 cells expressing the wild type V2R and mutant L62P tagged with
FLAG were labeled with the One-Cycle Target Labeling and Control Reagent Package
(Affymetrix), as described in the manufacturer's instructions. Briefly, double-stranded
cDNA was synthesized using the One-Cycle cDNA Synthesis Module. Biotinylated
cRNA was generated using the IVT labeling kit and cleaned up using the sample
cleanup module. After fragmenting of the cRNA for target preparation using the
standard Affymetrix protocol, 15 µg fragmented cRNA was hybridized for 16 hours at
45°C to Affymetrix Human Genome U133 Plus 2.0 arrays, which carry probes
representing 47,000 gene sets. Following hybridization, arrays were washed and
stained with streptavidin-phycoerythrin in the Affymetrix Fluidics Station 450 and further
scanned using the Affymetrix GeneChip Scanner 3000 7G. The image data were
analyzed with GCOS 1.4 using Affymetrix default analysis settings. After verification of
correlation, a batch analysis was carried out. Subsequently, up- and down regulated
genes were analyzed and listed by use of DAVID (http://niaid.abcc.ncifcrf.gov/).
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3.2.4 Protein techniques

3.2.4.1 Protein quantification by Bradford
Coomassie reagent

Coomassie brilliant blue 100 mg

(Bradford reagent)

G250

(BSA) 1 mg/ml

ethanol 96%

50 ml

phosphoric acid 85%

100 ml

H2O

ad 1 l

albumine standard

500 µl

Pierce 2 mg/ml

2 N NaOH

H2O

500 µl

NaOH

80 g

H2O

ad 1 l

The amount of total protein was measured by the Bradford assay. The colorimetric
determination is based on an absorbance shift in the dye Coomassie Brilliant Blue G250 when bound to arginine and hydrophobic amino acid residues present in proteins
under alkaline conditions. The samples were prepared in duplicates and compared with
a BSA standard curve. Whole cell lysates (5 µl) were prepared with 45 µl dH2O and
denaturated with 50 µl 2 M NaOH. The BSA standard curve was established by mixing
0, 1, 2, 5, 10, 20, and 40 µg BSA (stock solution 1 mg/ml) with dH2O, 5 µl RIPA buffer
and 50 µl of 2 M NaOH. Both samples and standard mixtures were heated to 60°C for
10 min, after 2 min at RT they were mixed with 1 ml of the Bradford reagent and the
absorption was measured in a 96-well plate at 595 nm. Unknown protein concentrations
were interpolated using the 3-parameter polynomial equation of the standard curve. The
unknown protein concentration has to be in the range of the BSA standard curve.
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3.2.4.2 Total cell lysis
Buffers and solutions
PBS

NaCl

137 mM

KCl

2.7 mM

Na2HPO4x 2H2O

8.1 mM

KH2PO4

1.5 mM

pH 7.4

protease inhibitor mix

PMSF stock solution

RIPA buffer

STI (trypsin inhibitor)

2 µg/ml

aprotinin

1 µg/ml

benzamidine

100 mM

PMSF

100 mM

ethanol

ad 10 ml

Tris-HCl ph 7.5

10 mM

NaCl

100 mM

triton X-100

1%

Na-deoxycholate

1%

SDS

0.1%

PMSF

1 mM

protease inhibitor mix

86 µl

Cells were grown in 60 mm culture dishes until confluence. After aspiration of the
medium and two washing steps with phosphate buffered saline (PBS), cells were
scraped in 300 µl RIPA buffer and transferred into micro centrifuge tubes (pre-cooled at
4°C). Cell membranes were disrupted by sonication ( 3 times for 1 s). After centrifugation
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at 18,620 x g for 20 min (4°C), the supernatant was collected in a new tube and directly
used for protein quantification or stored at -20°C.

3.2.4.3 Crude membrane preparation
PBSi

PBS

10 ml

protease inhibitor mix

86 µl

Cells were grown in 60 mm culture dishes until confluence. After aspiration of the
medium and washing with PBS, cells were harvested in 1 ml PBSi (10 ml PBS + 86 µl
protease inhibitor mix) and transferred into BECKMANN micro centrifuge tubes. The
cells were disrupted by sonication (3 times for 1 s). After ultra centrifugation at 60,000 g
for 45 min (4°C), the supernatant was discarded and the pellet was resuspended with a
syringe with a 20-gauge needle in 100 to 200 µl PBSi, depending on the size of the
pellet. 20 µl from this suspension were taken for protein quantification and the
remaining probe was ultra centrifuged at 60,000 g for 45 min (4°C). The supernatant
was discarded and the pellet frozen at -20°C. After determination of the total amount of
protein the pellet was resuspended in PBS. 40 µg of total protein was applied for SDS
PAGE.
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3.2.4.4 Analysis of PERK activation

PBS-EDTA

lysis buffer PERK

added before use

PBS

50 ml

EDTA

1 mM

Tris HCl

50 mM

EDTA

5 mM

triton X-100

0.2%

NaF

25 mM

Na-pyrophosphate

10 mM

dH2O

ad 100 ml

PMSF

1 mM

Na2VO4

0.2 mM

DTT

1 mM

protease inhibitor mix

86 µl

pH 7.4

Cells were grown in 100 mm culture dishes until confluence. For positive control cells
were treated with 2 µM thapsigargin for 2 h before harvesting. After aspiration of the
medium and two washing steps with PBS cells were scraped in 2 ml PBS-EDTA and
pelleted by centrifugation (5 min at 90 x g at 4°C). The supernatant was discarded and
cells were homogenised with a syringe with a 20-gauge needle in 100 µl lysis buffer.
The suspension was centrifuged for 15 min at full speed (18,620 x g, 4°C) and the
supernatant was collected in a new tube. After quantification of the total protein amount
20 µg protein were used for SDS PAGE.
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3.2.4.5 Analysis of eIF2α
α activation
1% triton buffer

added before use

HEPES

20 mM

NaCl

150 mM

triton X-100

1%

glycerol

10%

EDTA

1 mM

Na pyrophosphate

10 mM

NaF

100 mM

Na3VO4

1 mM

PMSF

1 mM

protease inhibitor mix

86 µl

Cells were grown in 100 mm culture dishes until less than 90% confluence. For positive
control cells were treated with 2 mM DTT for 1 h before harvesting. After aspiration of
the medium and two washing steps with PBS cells were scraped in 2 ml PBS-EDTA and
pelleted by centrifugation (5 min at 90 x g at 4°C). The supernatant was discarded and
the cells were lysed by adding 60 µl lysis buffer (triton buffer) following resuspension
and incubation for 5 min on ice. After centrifugation (4°C, 18,620 x g, 15 min) the
supernatant was collected in a new tube and protein concentration was determined by
the Bradford assay. 50 µg of total protein were used for SDS PAGE.

3.2.4.6 Nuclear and cytoplasmic protein extraction
The fractionation of different compartments of the cell was carried out with the
Qproteome cell compartment Kit according to the manufacturer’s instructions.
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Reagents and solutions of the Qproteome cell compartment kit

extraction buffer CE1

1000 µl

cytosolic fraction

extraction buffer CE2

1000 µl

membrane fraction

extraction buffer CE3

500 µl

nuclear fraction

extraction buffer CE4

500 µl

cytoskeletal fraction

Benzonase® nuclease

7 µl

protease inhibitor solution 100X

10 µl

PBS

For the fractionation of cytosolic, membrane and nuclear proteins 4.5 x 106 HEK293
cells and HEK293 cells stably expressing GFP-tagged wild type and mutant V2Rs were
centrifuged (500 x g, 10 min, 4°C) and the supernatant was discarded. T he cell pellets
were washed two times in 2 ml ice-cold PBS, collected by centrifugation (500 x g, 10
min, 4°C) and the cell pellets were resuspended in 1 ml ice-cold buffer CE1. After
incubation (10 min, 4°C) and centrifugation (1,000 x g, 10 min, 4°C) the supernatants
contained the cytosolic proteins. The pellets were resuspended in 1 ml ice-cold buffer
CE2 and incubated for 30 min at 4°C. After centrifu gation (6,000 x g, 10 min, 4°C) the
supernatants contained the membrane fraction. The cell pellets were gently

resuspended with 13 µl dH2O and 7 µl Benzonase® nuclease and subsequently
incubated for 15 min at RT. Nuclear proteins were extracted by the addition of 500 µl
buffer CE3 (10 min, 4°C) and centrifugation (6,800 x g, 10 min, 4°C). The supernatant
contained the nuclear proteins. The cytoskeletal fraction was obtained by resuspending
the pellet in 500 µl buffer CE4.
Equal amounts of proteins were used for SDS-PAGE and the purity of the extracts was
verified by determination of the amount of cytosolic localized GAPDH in the nuclear
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extract and the nuclear protein lamin in the cytoplasmic fraction. These proteins also
served as loading controls.

3.2.4.7 SDS-PAGE and immunoblot

4x Laemmli buffer

glycerol

20%

Tris HCl pH 6.8

100 mM

SDS

4%

β-mercaptoethanol

0.1 M

bromphenol blue

0.2%

separation gel buffer

Tris HCl pH 8.8

0.75 M

stacking gel buffer

Tris HCl pH 6.8

0.625 M

running buffer

Tris OH

0.025 M

glycine

0.19 M

SDS

0.1%

Tris OH

0.02 M

glycine

0.15 M

methanol

20% (v/v)

SDS

0.015% (w/v)

Tween 20

0.1%

PBS

ad 1.0 l

blotting buffer

PBS-T 0.1%
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ponceau S stock solution

ponceau S staining
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low fat milk powder

5% (w/v)

PBS-T 0.1%

ad 100 ml

ponceau S

2%

sulfosalicyllic acid

30%

trichloroacetic acid

30%

ponceau S stock solution

5%

dH2O

ad 20 ml

low fat milk powder

2 % (w/v)

PBS-T 0.1 %

ad 100 ml

solution

antibody buffer
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separation gel

separation gel

separation gel stacking gel

8%

10%

12%

H2O

2.5 ml

1.75 ml

1 ml

3.5 ml

Rotiphorese

3 ml

3.75 ml

4.5 ml

835 µl

5.625 ml

5.625 ml

5.625 ml

Gel 30
separation
gel buffer
stacking gel

625 µl

buffer

20% SDS

56.5 µl

56.5 µl

56.5 µl

25 µl

TEMED

5.65 µl

5.65 µl

5.65 µl

5 µl

79 µl

79 µl

25 µl

ammonium
persulfate

79 µl

10%
Tab. 2.1: Reaction mixture for SDS PAGE

Equal amounts of protein were mixed with dH2O and 4x Laemmli-buffer. After
denaturating by heating at 95°C for 5 min the sampl es were loaded on SDSpolyacrylamide gels of different concentrations of acrylamide/bisacrylamide, depending
on the size of the protein of interest. SDS-PAGE was carried out at 20 mA / gel to
separate denatured protein / SDS complexes with the Mini-PROTEAN 3 system from
BioRad. Running times were depending on the size of the protein of interest. Molecular
weight markers were used to estimate the size of the protein.
After separation, proteins were transferred (4°C, 1 00 mA / gel, time depended on the
size) for immuno detection onto nitrocellulose membranes using the Mini Trans-Blot
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Electrophoretic Transfer Cell from BioRad. Transfer was controlled by staining the
nitrocellulose membrane with a ponceau S solution for 30 s followed by distaining and
washing (three times for 5 min with H2O). Nitrocellulose membranes were blocked (1 h,
RT) with blocking buffer to avoid unspecific binding of antibodies. The first antibody was
diluted in PBS-T (0.1% Tween 20, 2% low fat milk powder) and incubated for 1 h (RT)
or overnight (4°C). Membranes were washed with PBS- T 0.1% (3 x 10 min) and
incubated with a secondary antibody coupled with horseradish peroxidase (HRP)
(diluted 1:10.000 in PBS-T; 0.1% Tween 20, 2% low fat milk powder) for 45 min (RT).
Blots were washed three times for 15 min with PBS-T 0.1%. Finally, the membranes
were incubated for 3 min with 2 ml ECL luminescence solution (Applichem) per
membrane and developed using a Kodak X-Omat film.

3.2.4.8 Co-immunoprecipitation

lysis buffer (buffer A):

added before use

washing buffer I

Tris HCl pH 8.0

50 mM

NaCl

150 mM

EDTA pH 8.0

1 mM

triton X-100

1%

SDS

0.1%

dH2O

ad 100 ml

PMSF

1 mM

protease inhibitor mix

86 µl

Tris HCl pH 8.0

50 mM

NaCl

500 mM

EDTA pH 8.0

1 mM

triton X-100

0.5%

SDS

0.1%
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dH2O

ad 100 ml

Tris HCl pH 8.0

50 mM

EDTA pH 8.0

1 mM

triton X-100

0.5%

SDS

0.1%

dH2O

ad 100 ml

pH 7.4

Confluent cells in 60 mm culture dishes were placed on ice and washed twice with 1 ml
PBS. Cells were lysed in 1 ml ice-cold buffer A by shaking for 10 min at 4°C. Lysates
were collected in micro centrifuge tubes, mixed by vortexing and centrifuged at 18,620 x
g for 20 min at 4°C. Supernatants were transferred t o protein-A-sepharose beads (5
mg/60 mm dish of cells) previously loaded with 5 to 8 µl of different precipitating
antibodies. The incubation on an end-over-end shaker was carried out from 3 h to
overnight. The precipitated proteins were washed two times with 1 ml washing buffer I
and one time with 1 ml washing buffer II. After centrifugation (590 x g, 5 min, 4°C) the
beads were added with 30 µl 2x Roti-load 1, carefully mixed by vortexing, denaturated
for 5 min at 95°C, pelleted by centrifugation (590 x g, 5 min, 4°C) and the supernatant
was separated by SDS-PAGE.
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3.2.4.9 Immunofluorescence

permeabilisation buffer

cacodylic acid solution

sucrose solution

paraformaldehyde solution

fixing solution

triton X-100

0.075%

PBS

ad 50 ml

cacodylic acid sodium salt

400 mM

dH2O

ad 100 ml

sucrose

1M

dH2O

ad 100 ml

paraformaldehyde

10%

NaOH 5 N

10 µl

dH2O

ad 100 ml

cacodylic acid solution 400 12.5 ml
mM
sucrose solution 1 M

5 ml

paraformaldehyde solution 12.5 ml
10%
dH2O

ad 50 ml

pH 7.6

For immunofluorescence studies 2 x 105 HEK 293 cells stably expressing the GFPtagged V2R and NDI-causing mutant V2R fusion proteins were grown on poly-L-lysinecoated glass cover slips (Ø 12 mm) in a 24-well plate. After 24 h, cells were washed
twice with PBS (37°C) and fixed for 25 min at RT in fixing buffer. The fixed cells were
rinsed three times with PBS for 2 min on ice. Cell membranes were permeabilized with
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PBS supplemented with 0.075 % triton X-100 (3 min) on ice and washed three times
with ice-cold PBS. For incubation with the first antibody recognizing the protein of
interest or a marker protein of an intracellular compartment, the glass cover slips were
transferred into a humidity chamber (box with water-soaked filter paper, preheated to
37°C). The antibodies were diluted in PBS to a fina l concentration from 1:50 to 1:500
and each platelet was covered with 45 µl antibody solution and incubated for 45 min at
37°C in the chamber. Glass cover slips with cells w ere washed three times with ice-cold
PBS for 5 min. Secondary antibodies, which specifically recognize the first antibody and
are conjugated with the fluorescent dye Cy3, were diluted in PBS to a concentration of
1:300 –1:500. Again cells were covered with 45 µl of antibody solution and incubated at
37°C for 45 min in the humidity chamber. Glass cove r slips were washed for additional
three times (5 min each) with ice-cold PBS and embedded in a drop of Immu-Mount
mounting medium. The fluorescent dye was visualized on a Zeiss 510 invert laserscanning microscope (optical section: < 0.9 µm; single track mode; Cy3, λexc: 543 nm,
BP filter: 560 – 615 nm).

3.2.4.10

Luciferase assay

The measurement of the activity of the promoter regions of BiP, CHOP, ERdj4 and NFκB was carried out with the Dual-Luciferase Reporter Assay System (Promega)
according to the manufacturer’s instructions. The assay determines the luminescence
from two luciferases, the Renilla luciferase provides an internal control to quantify the
amount of cells in each well and firefly luciferase served for quantification of promoter
activity. For co-transfection a ratio of 20:1 (NF-κB, pGL3.NF-κB; CHOP, pGAD153-luc),
25:1 (ERdj4, pERdj4GL3) or 30:1 (BiP, pGL3.GRP78; XBP-1, p4xXBP1GL3) for
experimental vector (firefly):co-reporter vector (Renilla, phRL-TK) was used. 24 h after
transfection cells were serum-starved for 16 h for measurement of NF-κB activity. As
positive controls transfected HEK293 cells were stressed with either tunicamycin for 16
h for BiP, CHOP and ERdj4 or for 1 h with 30 ng TNFα for NF-κB activation. After
aspiration of media and two times washing with PBS (37°C) cell were passively lysed
with100 µl PLB lysis buffer for 15 min at RT. Meanwhile, 100 µl LARII was predispensed
into luminometer tubes. The assay was performed with a manual luminometer and for
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measurements, a 1 to 2 s delay and 5 to 10 s read time was used. 50 µl PLB lysate
were transferred into the luminometer tubes, mixed and the firefly luciferase activity was
measured. Subsequently, 100 µl Stop & Glow® Reagent were dispensed and activity of
the Renilla luciferase was measured. Afterwards the activity of the experimental reporter
was normalized by dividing it with the activity of the internal control, thereby minimizing
the experimental variability caused by differences in viability of the cells and transfection
efficiencies.

3.2.4.11

Measurement of the antioxidative status

Determination of the antioxidative status of living cells was carried out using the
Antioxidative Power (AP) test method, described elsewhere (Jung et al. 2006). Three
different cell concentrations of each cell line where added to 0.2 mM DPPH used as the
test radical and the signal intensity decay of DPPH was measured over 40 minutes by
Electron Spin Resonance Spectroscopy using a Magnettech (Germany) MS 300
spectrometer with the following operating parameters: central field: 3359 G, 60 G
sweep, 1 G modulation amplitude, 7 dB microwave attenuation, 0.14 s time constant.
The data for each cell concentration were fitted with first order kinetics, the reaction time
(tr) and the characteristic weight (wc) were calculated and the AP was determined by
using the following equation:

AP = RA * N DPPH / tr * wc

RA is the fixed reduction amplitude and N the number of DPPH free radicals. The AP
method is standardized to vitamin C and the AP values can be expressed in number of
free radicals neutralized by 1 single cell in one minute or in Antioxidative Units (AU),
representing the AP value of 1 ppm vitamin C.

3.2.4.12

Determination of the antiradical potential (ARP)

Different dilutions of each cell line were prepared using PBS and to each dilution H2O2
at 0.03% was added. The spin trap PBN was added to the cell lines at a final
concentration of 200 mM and the cell suspensions were immediately exposed to UV
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radiation for 2 min using a SOL F2 sun simulator (Dr. Hönle AG, Germany) to generate
hydroxyl free radicals. The intensity of the PBN spin adduct was measured by Electron
Spin Resonance Spectroscopy 1 minute after the irradiation using a Magnettech MS
300 spectrometer. The radical scavenging activity of the cells is inverse proportional to
the signal intensity of the PBN adduct.

3.2.4.13

Immunoelectron microscopy

HEK293 cells stably expressing mutant L62P, or as a control, untransfected HEK293
cells, were fixed with 3% formaldehyde/0.5% glutaraldehyde in 0.1 M phosphate buffer
for 1.5 h. The fixatives were removed, the cells were washed several times with 0.1 M
phosphate buffer and free aldehydes were quenched at room temperature with 100 mM
gylcine in 0.1 M phosphate buffer. The cells were scraped in 0.1 M phosphate buffer,
centrifuged (3,500 x g, 5 min) and the cell pellet was cryoprotected overnight in a
mixture of 1.8 M sucrose and 20% PVP in 0.1 M phosphate buffer. Aliquots of 5 µl were
mounted on specimen holder pins and plunge frozen in liquid propane. Ultrathin
cryosections (80 nm) were obtained according to Tokuyasu (Tokuyasu 1997) using an
cryo-ultramicrotome The sections were immunolabeled with a monoclonal rat antiGRP94 antibody overnight and subsequently with a gold (15 nm) labeled goat anti-rat
antibody for 2 h according to standard procedures (Tokuyasu 1997). Finally,
cryosections were contrasted using a mixture of 3% tungstosilicic acid hydrate and
2.5% PVA according to Kärgel (Kargel et al. 1996). After blotting of the mixture the
sections were dried in the thin film which remains over them. The sections were viewed
in a 80kV ZEISS 902 A electron microscope.
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4 Results
4.1 Analysis of chronic UPR
The effects and pathways of ER stress are usually examined after induction with
chemical agents, such as tunicamycin or thapsigargin. Tunicamycin inhibits the Nglycosylation of proteins and leads to the accumulation of non-glycosylated proteins
in the ER. Thapsigargin is an inhibitor of the Sarco/Endoplasmic Reticulum Ca2+ATPase (SERCA) and leads to an increase in cytosolic calcium concentrations by
blocking the ability of the cell to pump calcium into the sarcoplasmic (SR) and
endoplasmic reticulum (ER). This depletion of SR/ER Ca2+ levels also results in ER
stress (Hamamura et al. 2008).
The aim of this study was to investigate the activation of ER stress caused by
intracellular retention of misfolded vasopressin receptors (V2R). Patients suffering
from X-linked NDI exhibit several mutations of the AVPR2 gene, which lead to the
accumulation of receptors within various compartments of the cell (Oksche and
Rosenthal 1998). We used the human V2R as a model to determine if different
localization sites (ER, ERGIC and Golgi apparatus) of one specific, misfolded protein
result in the induction of the unfolded protein response (UPR).
Until now, no cell line has been described to endogenously express the human V2R.
Therefore, HEK293 (human embryonic kidney, clone 293) cell lines stably expressing
the wild-type receptor and different NDI-causing V2R mutants were generated. Each
receptor variant was tagged with the green fluorescent protein (GFP) at its Cterminus in order to obtain a useful tool to study ER stress. From previous studies it
is known that this tag has no influence on localization, trafficking and
pharmacological properties of the receptor (Hermosilla et al. 2004). The localization
of the mutations within the amino acid sequence of the V2R is shown in figure 1.7.

4.1.1 Expression of wild-type and NDI-causing mutants of the V2R

The expression and cellular localization of wild-type V2R and the different studied
mutants in HEK293 cells were determined by laser scanning microscopy of living
cells (Fig. 4.1 A). As expected, wild-type receptor and mutant V2Rs were localized as
described before (Hermosilla et al. 2004). L62P (amino acid exchange at the
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interface of the first transmembrane domain and cytoplasm) was retained almost
completely in the ER, InsQ292 (amino acid insertion in the transmembrane domain 7)
was localized in the ER, but also in the ERGIC, while G201D (amino acid exchange
in the extracellular loop 3) could be found in the ER, ERGIC and in the Golgi
apparatus (Tab. 1.1)
Moreover, laser scanning microscopy allowed to analyze a potential expression
variability between HEK293 cells stably expressing wild-type and mutant V2Rs (Fig
4.1 A). All cell lines showed equal expression intensities. Overall expression of the
wild-type V2R and the three different mutants was further examined by
immunoprecipitation with untransfected HEK293 cells serving as a control (HEK; Fig.
4.1 B). The control showed two slight unspecific bands of 40 and 70 kDa. The wildtype V2R was expressed as two specific forms the core-glycosylated immature
receptor, (#) represented by the band running at 60-65 kDa and the complexglycosylated form of the mature receptor (∗) at 75-88 kDa. These two forms could
also be detected for the Golgi-retained mutant G201D. In contrast, L62P and
InsQ292 were only expressed as the core-glycosylated receptor (#) but not as the
complex-glycosylated receptor form.
These results show that the GFP-tagged wild-type V2R and the mutants studied
localize to different compartments of the secretory pathway, which is in good
agreement with the data described before (Hermosilla et al. 2004). Moreover, similar
expression levels of the various V2R constructs allow a direct comparison of the cell
lines and therefore can be used for the detection of the UPR.
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A

B

Fig. 4.1: Expression of GFP-tagged V2R constructs. A Laser scanning microscopy of living
HEK293 cells stably expressing wild-type and mutant V2Rs. Scale bar, 10 µm. Scans show
representative cells. B Western Blot analysis of immunoprecipitated GFP-tagged V2R receptor
constructs. HEK293 cells stably expressing wild-type and mutant V2Rs were lysed and receptors were
immunoprecipitated with a rabbit anti-GFP antibody. Expression of receptors was detected with a
monoclonal mouse anti-GFP antibody. As a negative control untransfected HEK293 cells were used
(HEK). The mutant InsQ292 is labeled as InsQ. The asterisk (∗) indicates complex-glycosylated
receptor form, (#) indicates the core-glycosylated receptor form. Data are representative of three
independent experiments.
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4.1.2 Induction of the unfolded protein response
The activation of the UPR results in an upregulation of UPR target genes, such as
genes encoding for chaperones, pro-apoptotic genes or genes involved in amino acid
metabolism, lipid synthesis or oxidative stress. An early response to different kinds of
cell stress is the upregulation of chaperones. The best described chaperone for the
induction of the UPR is the glucose regulated protein 78 (GRP78 / BiP) (Malhotra and
Kaufman 2007). Other important chaperones include GRP94 (Lee 2001), the lectins
calnexin and calreticulin (Hammond et al. 1994), foldases such as PDI (Sitia and
Molteni 2004) and redox-regulating proteins Ero1α, ERp57 or thioredoxin (Reddy and
Corley 1998; Tu and Weissman 2004). In order to verify an induction of UPR due to
intracellular accumulation of misfolded V2R mutants the expression of these
chaperones was analyzed in HEK293 cells stably expressing the various V2R
constructs. Untransfected HEK293 cells and the wild-type V2R served as a negative
control whereas HEK293 cells treated with tunicamycin were used as a positive
control.

Immunoblot analysis of whole cell lysates of HEK293 cells stably expressing the V2R
constructs revealed a strong upregulation of GRP78 and GRP94 in tunicamycintreated cells but not in untreated cells, indicating an activation of the UPR (Fig. 4.2
A). Expression of GRP78 was enhanced not only in HEK293 cells expressing V2R
mutants but also in those cells expressing the wild-type V2R. In contrast, GRP94
showed a specific upregulation only in HEK293 cells expressing the mutant
receptors. The increased expression of GRP78 was verified by performing a
luciferase assay, in which the enzyme activity was correlated with the activation of
the promoter region of GRP78 (Fig. 4.2 B). The ratio of the measured Firefly (indicating the GRP78 promoter activity) and the Renilla-luciferase activity (as a
control, showing the total amount of transfected cells) was analyzed with Prism 3.0.
ANOVA Dunnett’s Multiple Comparison Test was used to determine statistical
differences. Consistent with the results in figure 4.2 A, the promoter activity of GRP78
was increased in tunicamycin-treated cells (positive control) and in cells expressing
wild-type receptor or each of the studied mutants. The upregulation of GRP78 was
highly significant (p < 0.001) in tunicamycin-treated cells and HEK293 cells stably
expressing the V2R mutants L62P, InsQ292 and G201D. The activation of the
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GRP78 promoter region was less strong but still significant (p < 0.05) in HEK293
cells expressing the wild-type V2R.

A

luciferase activity of GRP78 promoter
ratio Firefly / Renilla
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Fig. 4.2: Expression levels of chaperones. A Whole cell lysates of HEK293 cells stably expressing
the V2R constructs as indicated, were subjected to immunoblot analysis detecting GRP94 and GRP78
by using an anti-KDEL antibody. The mutant InsQ292 is labeled as InsQ. Vertical lines indicate
positional markings where lanes were extracted. Actin served as a loading control. Similar data were
obtained in six independent experiments. B GRP78 promoter activity of untreated cells (control), cells
treated with tunicamycin (Tm; 2.5 µg/ml for 16 h) and cells expressing the V2R constructs was
analyzed by luciferase assay. Statistical analysis was performed with the software Prism 3.0. ANOVA
Dunnett’s Multiple Comparison Test was used to analyze statistical differences (∗ = p < 0.05, ∗∗ = p <
0.001).
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Semi-quantitative expression analyses of the lectin calnexin performed with various
methods are shown in figure 3. Immunoblot analysis of whole cell lysates of HEK293
cells stably expressing the V2R constructs revealed a slight upregulation of calnexin
in tunicamycin-treated cells and mutant L62P expressing cells (Fig. 4.3 A). Cells
expressing wild-type V2R and mutants InsQ292 and G201D displayed no change in
calnexin expression level. The expression of calnexin was densiometrically
evaluated, normalized to the expression of the loading control actin (normalized
expression) and subjected to ANOVA Dunnett’s Multiple Comparison Test (Prism 3.0;
Fig. 4.3 B). Compared to the control, tunicamycin-treated cells showed a significant
upregulation (p < 0.05). In cells expressing mutant L62P an even higher significant
increase of calnexin expression was detected (p < 0.001). In order to confirm these
data, immunofluorescence assays of wild-type V2R and mutant L62P expressing
cells were performed. A higher fluorescence intensity was visible in mutant L62P
expressing cells indicating a higher intracellular expression level of calnexin (Fig. 4.3
C). The fluorescence intensity in HEK293 cells was analyzed quantitatively (Fig. 4.3
D). Consistent with the pictures (Fig. 4.3 C), a right shift of the graph was detectable
in mutant L62P expressing cells (red), indicating a higher frequency of pixels with
high fluorescence intensity.
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Fig. 4.3: Detection of chronic UPR. A Analysis of whole cell lysates of HEK293 cells stably
expressing wild-type and mutant V2Rs by Western blotting with an anti-calnexin antibody (rabbit). As a
negative control non-transfected HEK293 cells (control) were used. Tunicamycin-treated cells (Tm; 2.5
µg/ml, 16 h) served as a positive control. The mutant InsQ292 is labeled as InsQ. Vertical lines
indicate positional markings where lanes were extracted. Data are representative of five independent
experiments. B Statistical analysis of the calnexin expression normalized to the expression of actin
was performed with the software Prism 3.0. ANOVA Dunnett’s Multiple Comparison Test was used to
analyze statistical differences (∗ = p < 0.05, ∗∗ = p < 0.001). C Immunofluorescence assay of cells
expressing wild-type V2R and L62P mutant. After permeabilization cells were incubated with an anticalnexin antibody (rabbit) and a second goat anti-rabbit antibody conjugated with Cy3 (left). The scans
show representative cells. Scale bar, 10 µm. Similar data were obtained in three independent
experiments. D Quantitative analysis of fluorescence intensity in HEK293 cells expressing V2R or
L62P, performed with the software Prism 3.0.

The functions of a chaperone are predominantly assisted by so-called cochaperones. One of this type of proteins is ERdj4, supporting the functions of GRP78
(Shen et al. 2002b). The fact that GRP78 is upregulated in cells expressing the
studied mutants and V2R (shown in Fig. 4.2) leads to the hypothesis that the
corresponding co-chaperone ERdj4 is similarly involved. In order to test this,
luciferase assays of HEK293 cells stably expressing V2R constructs were performed
(Fig. 4.4). A significantly enhanced expression of ERdj4 was only detectable in the
positive control and in samples from mutant G201D (p < 0.05) suggesting that ERdj4
expression was not associated to an increased expression of GRP78.
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Fig. 4.4: Activation of ERdj4. Induction of co-chaperone ERdj4 was analyzed by luciferase assay.
Untreated cells (control) were used as a negative control and tunicamycin-treated cells served as a
positive control (Tm; 2.5 µg/ml for 16 h). Statistical analysis was performed with the software Prism
3.0. ANOVA Dunnett’s Multiple Comparison Test was used to analyze statistical differences (∗ = p <
0.05).

Taken together these results indicate that in HEK293 cells stably expressing wildtype and mutant V2Rs an upregulation of several ER resident molecular chaperones,
which are known to be involved in the UPR is induced. However, it is not clear if the
overexpression of chaperones is due to an activation of UPR in the studied cell lines.
Furthermore, HEK293 cells stably expressing wild-type and mutant V2Rs induce
different chaperone overexpression patterns despite comparable expression levels of
the receptor protein.

4.1.3 Activation of UPR sensors by disease-causing V2R mutants

The findings that chaperones are upregulated in cells expressing mutant V2Rs are
not sufficient to prove the initiation of the UPR. Since an enhanced expression of
chaperones could be due to the activation of several stress pathways (Liu and Chang
2008), the next step in confirming UPR activation was to detect the induction of the
three different UPR pathways described in mammalian cells (Kaufman 1999), namely
the activation of PERK, IRE-1 and ATF6.
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Activation of the PERK pathway

One of the three signal transducers of the UPR, which senses misfolded proteins, is
the PKR-like ER kinase (PERK) (Yan et al. 2002). Upon activation, PERK dimerizes,
becomes autophosphorylated and its active kinase domain phosphorylates the
translation initiation factor 2, subunit α (eIF2α) (Fels and Koumenis 2006) (Fig. 1.2).
In order to study activation of PERK, its phosphorylation status was examined by
immunoblot analysis (Fig. 4.5 A). Untransfected HEK293 cells served as a negative
control whereas treatment of cells with 2 µM thapsigargin for 2 h was included as a
positive control. The amount of total PERK protein served as a loading control.
Thapsigargin-treated cells and cells expressing mutants L62P and InsQ292 showed
an increased amount of phosphorylated PERK as compared to the negative control.
Moreover, the phosphorylation status of eIF2α, the target protein of PERK, was
determined (Fig. 4.5 B) by immunoblot analysis in the same way as performed for
PERK. The activation of eIF2α, detected by its enhanced phosphorylation status,
could be observed in all whole cell lysates apart from the negative control. These
results are in disagreement with the activation profile of PERK, where only cells
expressing mutants L62P and InsQ292 show an increased activation of the stress
sensors.
These findings demonstrate that the PERK pathway alone does not account for the
induced UPR pathway in the different cell lines. It is likely that in addition to PERK
another kinase is responsible for the activation of eIF2α in the cell lines studied.

A
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Fig. 4.5: A Activation of the PERK pathway. Whole cell lysates of HEK293 cells stably expressing
the V2R constructs as indicated, were subjected to immunoblot analysis using an anti-phospho-PERK
antibody (top). Untransfected HEK293 cells (control) and thapsigargin treated cells (Tg) (2 µM, 2 h)
were included as negative and positive controls, respectively. Total protein levels of PERK served as a
loading control. The mutant InsQ292 is labeled as InsQ. Vertical lines indicate positional markings
where lanes were extracted. B Whole cell lysates of HEK293 cells stably expressing the V2R
constructs as indicated, were subjected to immunoblot analysis using an anti-phospho-eIF2α antibody
(top). Total amount of eIF2α protein served as a loading control. Vertical lines indicate positional
markings where lanes were extracted. Data were collected from three individual experiments.

Activation of the IRE-1 pathway

Another UPR signal transducer analyzed in this study was IRE-1. First found in yeast,
IRE-1 is the best-studied UPR transducer (Cox et al. 1993). Upon activation IRE-1
oligomerizes and undergoes autophosphorylation. Under UPR conditions, IRE-1
activity initiates the removal of a 26 nucleotide intron from the XBP-1 mRNA. This
splicing reaction creates a translational frame shift to produce a larger form of XBP-1
that contains a novel transcriptional activation domain in its C-terminus. The spliced
XBP-1 variant is a transcriptional activator that plays a fundamental role in activating
a variety of UPR target genes. To determine the activation of IRE-1, the splicing of
XBP-1 was analyzed. Total RNA was isolated from HEK293 cells stably expressing
the V2R constructs and reverse-transcribed. After PCR-amplification with a specific
XBP-1 primer pair, the products were separated on a 3% agarose gel. Untransfected
and thapsigargin-treated HEK293 cells served as negative or positive controls,
respectively. Both the spliced and unspliced XBP-1 PCR fragments could be
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detected in the positive control, whereas only the unspliced fragment was detectable
in the negative control (Fig. 4.6 A). A distinct appearance of a double band (indicating
spliced and unspliced XBP-1) was visible in samples of cells expressing the mutants
InsQ292 and G201D. These results were confirmed by luciferase assays measuring
the activity of the transcription factor XBP-1 (Fig. 4.6 B). Statistical analysis of the
results was performed with the software Prism 3.0. ANOVA Dunnett’s Multiple
Comparison Test was used to analyze statistical differences. A significant activation
of XBP-1 was detectable in the positive control (p < 0.001) and in mutant G201D
expressing cells (p < 0.05).
Taken together these results indicate an activation of the IRE-1 pathway as
determined by the activation of XBP-1 in HEK293 cells stably expressing mutant
G201D.

A

B

luciferase activity of XBP-1
ratio Firefly / Renilla

20

**

15

10
5.0

*

2.5

0.0

control

Tg

V2R

L62P

InsQ292

G201D

Results

70

Fig. 4.6: Activation of XBP-1. A Total RNA was isolated from HEK293 cells stably expressing the
V2R constructs as indicated. RNA was reverse-transcribed and subsequently amplified with a specific
XBP-1 primer pair. Products were separated on a 3% agarose gel. The spliced and unspliced XBP-1
PCR fragments were detected by ethidium bromide staining. Untransfected HEK293 cells served as a
negative (control) and thapsigargin-treated cells (Tg; 2 µM, 2 h) as a positive control. The mutant
InsQ292 is labeled as InsQ. Vertical lines indicate positional markings where lanes were extracted.
Similar data were obtained in four independent experiments. B Detection of XBP-1 activity by
luciferase assay. Untreated cells (control) or thapsigargin-treated cells (Tg; 2 µM, 16 h) were used as
negative and positive control, respectively. Statistical analysis was performed with the software Prism
3.0; ANOVA Dunnett’s Multiple Comparison Test was used to analyze statistical differences (∗ = p <
0.05, ∗∗ = p < 0.001).

Activation of the ATF6 pathway

The ER membrane bound transcription factor ATF6 is transported from the ER to the
Golgi apparatus upon ER stress. In the Golgi apparatus it is cleaved by Golgiresident proteases S1P (site 1 protease) and S2P (site 2 protease) to generate the
active ATF6 p50 form (Fig. 2). Subsequently, ATF6 p50 moves to the nucleus to
regulate the expression of chaperones (Mori 1999).
Whole cell lysates of HEK293 cells stably expressing the wild-type receptor or mutant
V2Rs were subjected to immunoblot analysis 48 h after transient transfection of the
pGFP.ATF6 plasmid (Fig. 4.7). This transient transfection of pGFP.ATF6 was
performed to increase the signal intensity as the amount of endogenous ATF6 was
too small to be detected. The band of the inactive form of ATF6 (p90) appeared at
130 kDa, while the active form (p50) appeared at 80 kDa, due to its fusion to GFP.
Actin served as a loading control. A stress induced cleavage of ATF6 as indicated by
the appearance of the ATF6 p50 form was detectable in the positive control and in
lysates of cells expressing mutants L62P and InsQ292.
Taken together, these results demonstrate that pGFP.ATF6 is a useful tool to
analyze and detect the activation of ATF6. However, the ATF6 pathway was only
activated in cells expressing mutants L62P and InsQ292 but not in samples from
mutant G201D expressing cells.
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Fig. 4.7: Activation of ATF6. Detection of ATF6 expression by immunoblot analysis of whole cell
lysates of HEK293 cells stably expressing the wild-type V2R or different mutants 48 h after transient
transfection of the pGFP.ATF6 plasmid. ATF6 was detected with an anti-ATF6 antibody (top). The
upper band represents the inactive ATF6 form (p90) and the lower the active form (p50). Actin served
as a loading control. As controls non-transfected HEK293 cells (control) and thapsigargin-treated cells
(Tg; 2 µM, 16 h) were used. The mutant InsQ292 is labeled as InsQ. Similar data were obtained in
three independent experiments.

The results of the present work demonstrate that the different UPR pathways known
are activated in all studied cell lines expressing different mutant V2Rs. However, not
all three pathways were simultaneously activated indicating different activation
patterns of the UPR. The ER-retained mutant L62P and the ER/ERGIC-localized
mutant InsQ292 induced the PERK and ATF6 pathways while mutant G201D, which
reaches the Golgi network, activated the IRE-1 pathway.

In addition to the precise characterization of UPR pathways activated by intracellular
retained V2R mutants, it was also analyzed whether a reduced UPR induction leads
to a receptor rescue to the plasma membrane as described before (Wuller et al.
2004). The next part of this study examined the effects of the reduction of
intracellularly retained receptor proteins on the UPR.
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4.1.4 Rescue of V2Rs and reduction of UPR
It has been shown before that some intracellularly retained V2R mutants can be
rescued

to

the

plasma

membrane

by

treating

cells

with

so-called

“pharmacochaperones” (Wuller et al. 2004). SR121463B or satavaptan, a nonpeptidic antagonist of V2R, stabilizes the receptor conformation leading to increased
transport ability to the plasma membrane. SR49059 known as an antagonist of the
V1R mediates the same effect resulting in a rescue of intracellularly retained
receptors to the cell surface (Bernier et al. 2004). The use of chemical chaperones
like DMSO, glycerol or 4-phenyl butyric acid can also increase the stability of native
proteins and assists the refolding of unfolded polypeptides (Brown et al. 1996). In this
study, the effects of pharmacochaperones and chemical chaperones on ER stress
were tested as a proof of principle, measured by the amount of GRP78 as a marker
of UPR. As a model, the murine V2R (mV2R) was used which is located in ER,
ERGIC and Golgi when stably expressed in HEK293 cells. To a minor amount the
mV2R is also located at the plasma membrane.
The expression and localization of the mV2R in HEK293 cells was analyzed by laser
scanning

microscopy

of

living

cells

in

presence

or

absence

of

the

pharmacochaperones SR121463B or SR49059 for 24 h (Fig. 4.8 A). Stably
expressed in HEK293 cells, the mV2R.GFP was localized to the ER, ERGIC, Golgi
apparatus and to some extent at the plasma membrane. Treatment with SR121463B
resulted in a receptor localization at the plasma membrane and only a small amount
of mV2R was intracellularly retained. The same effect was detectable after incubation
with the V1R antagonist SR49059, the mV2R.GFP was rescued to the plasma
membrane. In order to study the effect of the reduced intracellular retention of the
receptor on UPR, immunoblot analysis was performed with HEK293 cells stably
expressing mV2R and with an anti-KDEL antibody to determine the degree of
induced UPR (Fig. 4.8 B). As negative and positive controls untransfected HEK293
cells and tunicamycin-treated cells were used, respectively. Stable transfection of
mV2R.GFP in HEK293 cells resulted in an upregulation of GRP78 and GRP94
expression. After treatment with SR121463B for 16 h as well as for 24 h, a reduced
expression of both proteins was detectable. The effects of the pharmacochaperones
SR49059 and OPC-31260 (V2R antagonist) were analyzed by immunoblot analysis
of whole cell lysates of HEK293 cells stably expressing mV2R (Fig. 4.8 C).
Compared to untreated cells (control), the incubation with SR49059 in different

Results

73

concentrations (1 µM or 100 nM) or treatment with OPC-31260 led to a reduction of
GRP94 and GRP78 expression.
Taken

together,

these

findings

indicate

that

treatment

with

different

pharmacochaperones (SR121463B, SR49059) lead to a rescue of the intracellularly
retained mV2R to the plasma membrane. Furthermore, the reduction of retained
receptor proteins results in a diminished induction of UPR, measured by the
expression level of the UPR-specific markers GRP78 and GRP94.
A

B
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Fig. 4.8: Rescue of the mV2R and reduction of UPR. A Laser scanning microscopy of living
HEK293 cells stably expressing mV2R.GFP. Untreated cells served as a control (mV2R.GFP, left) or
were treated with 1µM SR121463B for 24 h (middle) or treated with 1µM SR49059 for 24 h (right).
Scale bar, 10 µm. Similar data were obtained in three independent experiments. B Immunoblot
analysis of whole cell lysates of HEK293 cells stably expressing murine V2R detecting GRP94 and
GRP78 with an anti-KDEL antibody. As controls, non-transfected HEK293 cells (control) and HEK293
cells treated with 2.5 µg/ml tunicamycin for 16 h (Tm, positive control) were used. Actin served as a
loading control. Cells were either left untreated (mV2R) or treated with 1µM SR121463B for 16 h and
24 h. C Immunoblot analysis of whole cell lysates of HEK293 cells stably expressing mV2R detecting
GRP94 and GRP78 with an anti-KDEL antibody. Actin served as a loading control. Cells were left
untreated (mV2R), treated with 1 µM SR49059 and 100 nM SR49059 for 24 h or with 1 µM OPC31260 for 24 h (OPC31). Vertical lines indicate positional markings where lanes were extracted.
Similar data were obtained in three independent experiments.

Further investigations of the UPR induction by measurement of the PERK pathway
activation were performed to support the obtained results. Immunoblot analysis of
whole cell lysates of HEK293 cells stably expressing the murine V2R with an antiphospho-eIF2α antibody was carried out. As negative control untransfected HEK293
cells were used. In mV2R expressing cells the amount of phosphorylated eIF2α was
much higher as compared to the negative control. After treatment of the cells with the
pharmacochaperone SR121463B for 24 h, the activation of eIF2α appeared to be
more reduced than in untreated cells (Fig. 4.9).
These findings demonstrate that the reduction of the amount of intracellularly
retained receptor proteins results not only in a lower expression of UPR-involved
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chaperones (GRP78 and GRP94) but also leads to a diminished activation of the
PERK pathway.

Fig. 4.9: Rescue of the mV2R and reduced activation of eIF2α
α. Immunoblot analysis of whole cell
lysates of HEK293 cells stably expressing mV2R performed with an anti-phospho-eIF2α antibody. As
a control non-transfected HEK293 cells (control) were used. Total eIF2α served as a loading control.
Vertical lines indicate positional markings where lanes were extracted. Cells were either left untreated
(mV2R) or treated with 1µM SR121463B for 24 h (SR12 24 h).

Laser scanning microscopy of living HEK293 cells stably expressing mV2R.GFP was
performed to study the effects of DMSO as a chemical chaperone (Fig. 4.10 A). After
incubation with 0.01% DMSO for 72 h, the receptor localized predominantly to the
plasma membrane of the cells. The effects of receptor rescue to the plasma
membrane on the activation of UPR is shown in Fig. 4.10 B. Immunoblot analyses of
whole cell lysates of HEK293 cells stably expressing mV2R were performed
detecting GRP94 and GRP78 with an anti-KDEL antibody. Untreated HEK293 cells
stably expressing mV2R.GFP were used as a control for UPR induction. After
incubation with DMSO in different concentrations (0.01 - 0.0001%) the expression of
GRP78 and GRP94 was reduced as compared to the control. This effect was more
pronounced for GRP78.
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A

B

Fig. 4.10: Rescue of the mV2R and reduction of UPR. A Laser scanning microscopy of living
HEK293 cells stably expressing mV2R.GFP. Cells were either left untreated (left) or treated with
0.01% DMSO for 72 h (right). B Immunoblot analysis of whole cell lysates of HEK293 cells stably
expressing mV2R performed with an anti-KDEL antibody detecting GRP94 and GRP78. Actin served
as a loading control. Cells were either left untreated (mV2R), treated with DMSO in different
concentrations (0.01%, 0.001%, 0.0001%) for 72 h. Similar data were obtained in three independent
experiments.
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Taken together, these findings indicate that both pharmacochaperones (SR121463B,
SR49059) and chemical chaperones (DMSO) are able to rescue the intracellularly
retained murine V2R to the plasma membrane. Furthermore, both treatments result
not only in a reduced expression of UPR-specific chaperones but also lead to a
diminished activation of at least one UPR pathway, the PERK pathway. These results
indicate that it is possible to reduce the UPR by lowering the amount of intracellularly
retained proteins after treatment with pharmacochaperones and the chemical
chaperone DMSO.

4.1.5 Micro array analysis
Upon induction of UPR, genes involved in protein folding are known to be
upregulated. In order to find novel up- or downregulated genes in HEK293 cells
stably expressing mutant flag.L62P under chronic UPR conditions, micro array
analysis of 47,000 genes was carried out using Affymetrix Human Genome U133
Plus 2.0 arrays. A detailed table of genes can be found in the appendix. As expected,
several genes of the categories ER, protein folding and unfolded proteins were found
to be upregulated in HEK293 cells stably expressing mutant L62P as compared to
the wild-type V2R. Furthermore, negative regulators of apoptosis, like the suppressor
of cytokine signaling or BAX inhibitor 1 were upregulated, while inducers of apoptosis
(apoptosis-inducing

factor

3,

apoptotic

protease-activating

factor

1)

were

downregulated. Several genes implicated in redox regulation, like thioredoxin or
glutaredoxin were also upregulated (Tab. 4.1)

Results

functional category

78

fold induction

unfolded protein binding
calnexin

2.7

heat shock protein 90 kDa alpha (cytosolic), class B
member 1

1.9

heat shock 70 kDa protein 1A

1.9

protein folding
heat shock transcription factor 2

2.1

nuclear transcription factor Y, gamma

2.6

heat shock 105kDa/110kDa protein 1

2.2

negative regulation of apoptosis
tumor necrosis factor receptor superfamily, member 10d

3.6

suppressor of cytokine signaling

4.2

myeloid cell leukaemia sequence 1 (Bcl-2 related)

3.2

testis enhanced gene transcript (BAX inhibitor 1)

1.4

apoptosis inhibitor 5

1.8

fas (TNF receptor superfamily, member 6)

1.5

bcl-2-antagonist of cell death

1.6

oxidoreductases
thioredoxin

1.4

thioredoxin domain containing

2.2

glutaredoxin

2.3

peroxiredoxin 6

1.7

protein disulfide isomerase family a, member 6

1.5

nad(p)h dehydrogenase, quinine 2

1.8

glutathione-reductase

1.7
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Tab. 4.1: Micro array analysis of cells expressing mutant L62P. Total RNA from two different
clones of stably transfected HEK293 cells expressing the wild-type V2R or mutant L62P tagged with
FLAG was isolated and subjected to Affymetrix analysis. After verification of correlation, batch analysis
was carried out. Upregulated genes were analyzed and listed by the use of the DAVID database
(http://niaid.abcc.ncifcrf.gov/).

As expected, the obtained data indicate an important role of genes involved in folding
and unfolding processes in chronic ER stress. In addition, micro array analysis
reveals a great amount of novel UPR target genes and involved pathways yet
unknown to be linked to ER stress and UPR. Due to the considerable quantity of upand downregulated genes obtained in this study, a focus was set on genes
associated with both regulation of apoptosis and redox regulation revealing a
connection with outliving ER stress.

In summary, it can be demonstrated that chronic ER stress obtained by stable
expression of misfolded receptor proteins leads to an induction of UPR as measured
by overexpression of ER chaperones calnexin, GRP94 and GRP78. Furthermore, an
activation of each of the three UPR signaling pathways of PERK, IRE-1 and ATF6
was detectable. However, no activation of all three pathways in every analyzed
mutant could be measured. In addition, a reduction of UPR in HEK293 cells stably
expressing the murine V2R was obtained after treatment with pharmacochaperones
and the chemical chaperone DMSO, resulting in a rescue of the intracellularly
retained receptor protein to the plasma membrane. New and yet unknown target
genes of the UPR were detected by micro array analysis of stably transfected
HEK293 cells pointing out an importance of both regulation of apoptosis and redox
regulation.
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4.2 Analysis of acute UPR
ER stress can be induced after acute and chronic conditions. So far the analysis of
UPR induced by misfolded proteins was studied 24 h after transient transfection or in
cell clones stably expressing the misfolded protein. The aim of the present work was
to analyze UPR not only in HEK293 cells 6 h after transient transfection of mutant
receptors but also in HEK293 cells stably expressing the V2R constructs to
distinguish UPR induction under acute and chronic conditions to obtain a complete
and precise analysis of ER stress.

4.2.1 Transient expression of the wild-type V2R and NDI-causing mutants
The expression levels of the wild-type V2R receptor and the three different mutants
L62P, InsQ292 and G201D were examined after transient transfection to find out
wether the expression of the receptor is comparable in each of the cell lines. For
expression analysis, cells were lysed and subjected to immunoprecipitation analysis
(Fig. 4.11). The V2R was expressed in two specific forms, the core-glycosylated
immature receptor form (#), represented by the band running at 60-65 kDa, and the
complex-glycosylated form of the mature receptor (*) at 75-88 kDa. These two forms
could be detected in the wild-type and the Golgi-retained mutant G201D containing
samples. In the other two mutants, L62P and InsQ292, only the core-glycosylated
receptor form (#) was present indicating that transiently transfected mutant receptors
were equally glycosylated. This is in good agreement to the data obtained from
HEK293 cells stably expressing these receptor constructs (Fig. 4.1 B). Moreover, the
expression analysis of the transiently transfected cell lines revealed equal expression
intensities of the receptor. Despite equal quantities of transfected plasmid DNA, the
wild-type V2R showed the highest amount of expressed receptor, whereas
expression intensities of mutants L62P and G201D were comparable and InsQ292
was expressed half as much as the wild-type V2R. These data are consistent with
similar observations obtained before (Hermosilla et al. 2004).
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Fig. 4.11: Immunoprecipitation of GFP-tagged V2R receptor constructs. HEK293 cells were lysed
6 h after transient transfection with receptor plasmids and receptors were immunoprecipitated with a
rabbit anti-GFP antibody. Expression of receptors was detected with a monoclonal mouse anti-GFP
antibody. The mutant InsQ292 is labeled as InsQ. The asterisk (*) indicates the complex glycosylated
receptor form, the (#) indicates the core-glycosylated form. Data are representative of three
independent experiments.

4.2.2 Detection of acute UPR
To analyze the acute UPR the induction of chaperones was examined 6 h after
transient transfection of V2R wild-type and mutant plasmids. Immunoblot analysis
revealed that GRP94 and GRP78 were upregulated in cells expressing the V2R
mutants InsQ292 and G201D, whereas PDI appeared to be slightly upregulated in
each studied mutant and cells expressing the wild-type receptor (Fig. 4.12). HEK293
cells transfected with pEGFP-plasmid served as a negative control. Equal protein
loading was controlled by immunoblot analysis with an anti-actin antibody.
The results indicate differences between the expression levels of chaperones under
chronic and acute ER stress in the studied mutants. In HEK293 cells stably
expressing V2R wild-type and mutants chaperone GRP78 was upregulated in every
examined cell line, whereas under acute stress conditions expression of GRP78
appeared to be increased only in cells expressing mutants InsQ292 and G201D.
Furthermore, no changes in the expression level of the foldase PDI could be
observed upon chronic stress (Fig. 4.4), while PDI was slighty upregulated after
transient transfection of wild-type V2R and mutants in HEK293 cells.
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Fig. 4.12: Detection of acute UPR. Immunoblot analysis of whole cell lysates of HEK293 cells 6 h
after transient transfection of wild-type or mutant V2Rs detecting GRP94 and GRP78 with an antiKDEL antibody and PDI with an appropriate antibody. HEK293 cells transfected with pEGFP plasmid
were used as a negative control (GFP) and HEK293 cells treated with 2.5 µg/ml tunicamycin for 16 h
as a positive control (Tm). The mutant InsQ292 is labeled as InsQ. Actin served as a loading control.
Similar data were obtained in six independent experiments.

The activation status of the UPR pathways was also analyzed under acute stress
conditions. Immunoblot analysis of whole cell lysates of transient transfected HEK293
cells showed an enhanced phosphorylation state of eIF2α in mutants L62P and
InsQ292, compared to pEGFP-transfected cells (Fig. 4.13).The further analyses of
acute ER stress are restricted of these two mutants due to their different activation
patterns under chronic ER stress. The obtained results indicate that eIF2α was
already activated 6 h after transient transfection of misfolded receptor proteins.
These data are consistent with the ones obtained under chronic ER stress, where
eIF2α is also indicated to be involved in ER stress.
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Fig. 4.13: Activation of eIF2α
α. Immunoblot analysis of whole cell lysates of HEK293 cells 6 h after
transient transfection of mutant V2Rs detected with an anti-phospho-eIF2α antibody (top). Total eIF2α
served as a loading control. The mutant InsQ292 is labeled as InsQ. Vertical lines indicate positional
markings where lanes were extracted. Similar data were obtained in three independent experiments.

In addition, the splicing of XBP-1 by the signal transducer IRE-1 was examined. Total
RNA was isolated from HEK293 cells 6 h after transient transfection of the mutant
V2Rs L62P and InsQ292 and reverse-transcribed. After amplification by PCR with
specific XBP-1 primers, no activation of XBP-1 was detectable under acute UPR
conditions (Fig. 4.14). These results are consistent with the data obtained from
chronic ER stress regarding the activation of XBP-1.

Fig. 4.14: Activation of XBP-1. Total RNA was isolated from HEK293 cells 6 h after transient
transfection of mutant V2Rs and reverse-transcribed. After amplification by PCR with specific XBP-1
primers, the products were separated on a 3% agarose gel. The spliced and unspliced XBP-1 PCR
fragments could be detected. As a negative control HEK293 cells transfected with pEGFP plasmid
were used, HEK293 cells treated with 2 µM thapsigargin for 2 h served as positive control (Tg). The
mutant InsQ292 is labeled as InsQ. Vertical lines indicate positional markings where lanes were
extracted. Similar data were obtained in three individual experiments.
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In summary, upon acute UPR induced by the transient transfection of misfolded
receptor proteins, an upregulation of UPR-specific chaperones GRP78 and GRP94
and an activation of eIF2α (PERK pathway) could be detected. However, no
activation of the other two pathways could be shown. Furthermore, the expression
patterns of the chaperones under acute ER stress conditions differed from those
obtained in stably transfected cell lines.

4.3 Detection of the ER-overload response (EOR)
Besides the characterization of the UPR and involved pathways, the ER-overload
resonse (EOR) is described being another ER stress pathway (Pahl and Baeuerle
1997). The EOR is characterized by an activation of the transcription factor nuclear
factor κB (NF-κB) (Pahl 1999). For EOR-mediated activation of NF-κB, a release of
Ca2+ from the ER and the generation of reactive oxygen species is required. The
activation of transcription factor NF-κB is triggered by the phosphorylation of the
inhibitory subunit IκBα by the kinase IKKβ. This leads to ubiquitination and
proteasomal degradation of the inhibitory subunit, so that NF-κB (p65 and p50) can
be phosphorylated and translocates into the nucleus in order to regulate the
transcription of anti-apoptotic, inflammatory or proliferative genes (Pahl 1999). To
date it has been shown that overexpression of viral proteins or the µ-heavy chain
induce both UPR and EOR. It remains to be elucidated if in addition to UPR the EOR
stress response pathway is activated upon chronic or acute ER stress.

4.3.1 Analysis of chronic EOR

In order to analyze the activation of EOR, the activation of the NF-κB p65 subunit
was determined by luciferase assays measuring the activity of the NF-κB p65
promoter region. Only the positive control, namely HEK293 cells treated with the
EOR-inducing substance TNFα, show highly significant changes (p < 0.001) as
compared to untreated HEK293 cells (Fig. 4.15). However, in all studied cell lines
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stably expressing V2R wild-type and mutants L62P, InsQ292 and G201D no
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Fig. 4.15: Analysis of NF-κ
κB activity by luciferase assay. Whole cell lysates of HEK293 cells stably
expressing the V2R constructs as indicated, were subjected to luciferase assay. HEK293 ells were
either left untreated (control) or treated with TNFα (TNFα) 30 ng for 1 h. Statistical analysis was
performed with the software Prism 3.0; ANOVA Dunnett’s Multiple Comparison Test was used to
analyze statistical differences (∗∗ = p < 0.001). Similar data were obtained in three independent
experiments.

Another possibility to measure the activation of NF-κB p65 under chronic stress
conditions is to detect the amount of translocated transcription factor into the nucleus.
For this reason fractionation of untransfected HEK293 cells and cells stably
expressing wild-type and mutant V2Rs was performed and the nuclear fraction was
used for immunoblot analysis with an anti-NF-κB p65 antibody. Consistent with the
results obtained before, only in TNFα treated cells (positive control) NF-κB
translocated into the nucleus, while the studied cell lines expressing mutants and
wild-type receptor showed no increased nuclear expression (Fig. 4.16).
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Fig. 4.16: Nuclear expression of NF-κ
κB. Immunoblot analysis of nuclear fractions of HEK293 cells
stably expressing V2R wild-type and mutants detected with an anti-NF-κB p65 antibody (top). As
controls untransfected HEK293 cells (HEK) were used as negative and HEK293 cells treated with 30
ng TNFα for 1 h (TNF) as positive control. The mutant InsQ292 is labeled as InsQ. Lamin served as a
loading control. Similar data were obtained in three independent experiments.

These results indicate that no induction of EOR could be measured though chronic
ER stress conditions are present. It remains to be elucidated if acute ER stress
results in an induction of EOR.

4.3.2 Analysis of acute EOR
The induction of EOR under acute stress conditions was analyzed 6 h after transient
transfection of mutant receptor contructs L62P and G201D. Therefore, fractionation
of transiently transfected HEK293 cells was done and the nuclear and cytoplasmic
fractions were used for immunoblot analysis with an anti-NF-κB p65 antibody.
Consistent with the results obtained for chronic EOR, only in TNFα treated cells
(positive control) NF-κB translocates into the nucleus, while cells expressing the
studied mutants and wild-type receptor show no nuclear expression of NF-κB (Fig.
4.17, indicated with *).
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Fig. 4.17: Translocation of NF-κ
κB. Immunoblot analysis of cytoplasmic (C) and nuclear (N) fractions
of HEK293 cells 6 h after transient transfection of mutant V2R plasmids with an anti-NF-κB p65
antibody. HEK293 cells transfected with pEGFP plasmid were used as a negative control, HEK293
cells treated with 30 ng TNFα for 1 h as positive control (TNF). The mutant InsQ292 is labeled as
InsQ. Similar data were obtained in three independent experiments.

In summary, these findings demonstrate that the second ER stress pathway, the
EOR, was not activated under chronic and acute ER stress conditions as obtained by
both HEK293 cells stably and transiently expressing misfolded proteins.

4.4 Pro-apoptotic and anti-apoptotic signaling
It is known that conditions of chronic UPR can result in the induction of so-called ER
stress-mediated apoptosis (Szegezdi et al. 2006). The cell is not capable of reducing
the amount of retained proteins in the ER and thus pro-apoptotic pathways are
activated. Since several genes involved in regulation of apoptosis were upregulated
as a result from chronic ER stress, as shown in the data table of the micro array
analysis (Tab. 4.2), the next step was to verify these findings on protein level. Whole
cell lysates of stably transfected HEK293 cells were analyzed with an anti-Bcl-2
antibody (Fig. 4.18 A). While the cytoprotective effects of Bcl-2 have been
demonstrated in a variety of apoptotic models, the exact mechanism is not entirely
clear. The anti-apoptotic protein Bcl-2 was slightly upregulated in cells stably
expressing mutants InsQ292, G201D and wild-type receptor, whereas cells
expressing mutant L62P and cells treated with TNFα (positive control) showed a
decreased expression as compared to the control. Actin served as a loading control.
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Furthermore, ER stress-mediated apoptosis was analyzed after 6 h of transient
transfection (Fig. 4.18 B). Immunoblot analysis of lysates of HEK293 cells transiently
transfected with wild-type receptor and V2R mutants was carried out using an antiBcl-2 antibody (rabbit). Under these acute ER stress conditions anti-apoptotic Bcl-2
was slightly upregulated in cells expressing mutants InsQ292 and G201D, while
L62P expressing cells and TNFα-treated cells showed a decreased expression of
Bcl-2. Actin was used as a loading control.
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Fig. 4.18: Apoptotic and anti-apoptotic signaling. A Immunoblot analysis of whole cell lysates of
HEK293 cells stably expressing V2R wild-type and mutants detecting Bcl-2 with an anti-Bcl-2
antibody. As a negative control non-transfected HEK293 cells and as a positive control HEK293 cells
treated with 30 ng TNFα for 1 h (TNF) were used. The mutant InsQ292 is labeled as InsQ. Actin
served as a loading control. B Immunoblot analysis of lysates of HEK293 cells transiently transfected
with V2R.GFP and mutants for 6 h with an anti-Bcl-2 antibody. As a negative control non-transfected
HEK293 cells and as a positive control HEK293 cells treated with 30 ng TNFα for 1 h (TNF) were
used. Actin served as a loading control. C Immunoblot analysis of whole cell lysates of stably
expressing HEK293 cells detecting CHOP with an anti-CHOP antibody. As controls the same
conditions as in A were used. GAPDH served as a loading control. D Analysis of the pro-apoptotic
transcription factor CHOP by luciferase assay. Cells were either left untreated (control) or were treated
with 2.5 µg/ml tunicamycin (Tm) for 16 h. Statistical analysis was performed with the software Prism
3.0; ANOVA Dunnett’s Multiple Comparison Test was used to analyze statistical differences (∗∗ = p <
0.001).

Another important transcription factor regarding apoptosis is the C/EBP homologous
protein (CHOP). This pro-apoptotic protein is one of the target proteins of the PERK
signaling pathway and seems to be activated during ER stress-mediated apoptosis
(Szegezdi et al. 2006). Immunoblot analysis of whole cell lysates of HEK293 cells
stably expressing wild-type and mutant V2Rs was performed with an anti-CHOP
antibody (rabbit). An upregulation of CHOP in the positive control and in cells
expressing mutant L62P could be observed (Fig. 4.18 C). GAPDH served as a
loading control. In order to confirm these results, luciferase assays of CHOP
activation were performed (Fig. 4.18 D). However, a statistically significant
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upregulation was only visible in the positive control, in tunicamycin-treated HEK293
cells.

Fig. 4.19: Detection of translocation of cytochrome c. Isolated cytosolic (C) and membrane (M)
fractions of HEK293 cells transiently transfected with V2R mutants for 6 h were analyzed by SDSPAGE and immunoblotting with an anti-cytochrome c antibody. Controls were HEK293 cells
transfected with GFP plasmid (control) and HEK293 cells treated with 30 ng TNFα for 1 h (TNF). The
mutant InsQ292 is labeled as InsQ. Purity of cell fractions was confirmed by the detection of calnexin
and GAPDH in all isolated fractions. Data are representative of three independent experiments.

The pivotal question is, if the different expression patterns of pro- and anti-apoptotic
proteins lead to the induction of apoptosis. One possibility to measure apoptosis is
the activation of cytochrome c. Cytochrome c is released from the mitochondria in
response to pro-apoptotic stimuli (Jiang and Wang 2004). Therefore, isolated
cytosolic (C) and membrane (M) fractions containing plasma membrane, ER and
mitochondria of HEK293 cells transiently transfected with V2R mutants L62P and
InsQ292 were subjected to immunoblotting with an anti-cytochrome c antibody (Fig.
4.19, top). Positive control, TNFα-treated HEK293 cells, and cells expressing mutant
L62P both showed a release of cytochrome c by detecting the protein in the cytosolic
fractions. Immunoblot analysis with anti-calnexin and anti-GAPDH antibodies was
carried out to determine the purity of the different fractions. The ER-resident
chaperone calnexin could only be detected in the membrane fractions, while the
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cytosolic protein GAPDH appeared as expected only in the cytosolic fractions
indicating pure fractions.
In summary, these results demonstrate that anti-apoptotic protein Bcl-2 is
upregulated in cells expressing mutants InsQ292 and G201D under conditions of
both chronic and acute ER stress. L62P expressing cells show a downregulation,
whereas the pro-apoptotic protein CHOP is upregulated. Furthermore, the induction
of apoptosis in this cell line can be detected by measuring the release of cytochrome
c from the mitochondria. Therefore, the survival of the cells expressing this specific
mutant has to be regulated by other anti-apoptotic pathways.

4.5 Nuclear expression of chaperones
Beside their function as folding assistants, some chaperones are known to
additionally stabilize cellular proteins under stress conditions and protect nascent
protein chains during normal growth. Chaperones Hsp90 and Hsp70 specifically
interact with a mitochondrial protein import receptor at the outer mitochondrial
membrane and are also required for the translocation of precursor proteins (Young et
al. 2003). A specific role for molecular chaperones in the regulation of the nuclear
import of steroid receptor and therefore regulation of its function within the nucleus is
also described (Elbi et al. 2004). In addition, Hsp70 can also inhibit its own
transcription by interacting with the heat shock transcription factor HSF-1 in the
nucleus (Shi et al. 1998). Until now, chaperone GRP94 as member of the Hsp90
family could only be found in the cytoplasm. It could be an interesting hypothesis if
GRP94 is detectable in the nucleus resulting in equal effects.

Therefore the translocation of the chaperone GRP94 into the nucleus was analyzed.
The results of immunofluorescence analysis of HEK293 cells (control) and cells
stably expressing L62P as an example are shown in Fig. 4.20 A. GRP94 could be
detected in the nucleus of HEK293 cells stably expressing L62P, whereas
untransfected cells showed no or only few nuclear signals of GRP94. Consistent with
the data obtained from immunofluorescence analysis, immunoblot analysis of nuclear
fractions of stably expressing HEK293 cells revealed that the highest amount of
nuclear GRP94 could be found in cells expressing mutant L62P, whereas in
untransfected HEK293 cells GRP94 was only present to a small degree and in
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InsQ292 to an even lesser extent (Fig. 4.20 B). The test of purity of the obtained and
analyzed fractions was performed by detecting the nuclear protein lamin and the
cytosolic protein GAPDH in the different extracts and revealed no contaminations.
Furthermore, nuclear translocation of GRP94 was determined by electron
microscopy. Untransfected HEK293 cells as a control and mutant L62P were used
and immunoelectron microscopy was performed as described. However, only in cells
expressing mutant L62P, GRP94 could be detected in the ER compartment and,
most importantly, within the nucleus (Fig. 4.20 C). In untransfected HEK293 cells
(control) no GRP94 signals could be visualised, most probably due to the reduced
expression of this chaperon in HEK293 cells under physiological conditions as shown
before in the immunoblot analysis (Fig. 4.2 A).
A
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C

Fig. 4.20: Translocation of GRP94 into the nucleus. A Immunofluorescence analysis of HEK293
cells (control) and cells stably expressing L62P. After permeabilization cells were incubated with an
anti-GRP94 antibody (rat) and a secondary goat anti-rat antibody conjugated with cy3. Localization of
GRP94 was examined by confocal laser-scanning microscopy with horizontal (xy) scans. Receptor
GFP fluorescence signals are shown in green (left), GRP94 staining of the same cells is shown in red
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and staining of the nucleus by Hoechst 33342 in blue. GFP, GRP94 and nuclear fluorescence signals
were computer-overlaid (right). The scans show representative cells. Similar data were obtained in
three independent experiments. Scale bar, 10 µm. B Immunoblot analysis of HEK293 cells stably
expressing mutant receptors L62P and InsQ292 detecting GRP94 with an anti-GRP94 antibody. The
mutant InsQ292 is labeled as InsQ. Lamin and GAPDH served as controls of purity of the nuclear (N)
and cytosolic (C) fractions. C Immunoelectron microscopy. Ultrathin cryosections (80 nm) were
obtained using an cryoultramicrotome The sections were immunolabeled with a rat monoclonal antiGRP94 antibody overnight and subsequently with a gold (15 nm) labeled goat anti-rat IgG for 2 h.
Cryosections were contrasted using a mixture of 3% tungstosilicic acid hydrate and 2.5 % PVA. The
sections were viewed in a 80kV ZEISS 902 A electron microscope.

Taken together, these findings point to a possible location of chaperone GRP94 in
the nucleus, verified by three different approaches. However, the function of GRP94
in the nucleus remains to be elucidated.

4.6 Possible regulation of transcription factor ATF6 by chaperones

The exact mechanism how the activation of the signal transducers PERK, IRE-1 and
ATF6 is regulated is controversially discussed. The direct recognition model
proposes that unfolded proteins bind directly to the luminal domains of the
transducers, whereas the indirect model hypothesizes that binding of abundant ER
chaperone BiP keeps PERK, IRE-1 and ATF6 inactive (Ron and Walter 2007).
Immunoprecipitation analyses were performed in order to analyze if interactions with
other chaperones, like GRP94 as example for an ER resident chaperone and Hsp70
as a cytosolic chaperone, could be found indicating another possible form of
regulation.
HEK293 cells stably expressing wild-type and mutant V2Rs were lysed and
endogenous ATF6 was precipitated with a rabbit anti-ATF6 antibody. Expression of
GRP94 and Hsp70 was detected using appropriate antibodies (Fig. 4.21 A). The
strongest expression of GRP94 could be observed in samples of cells expressing
mutant InsQ292 and in the positive control, tunicamycin-treated HEK293 cells, while
the detection of Hsp70 revealed no major differences in all cells. The detection of
precipitated endogenous ATF6 revealed differences in ATF6 expression in the
analyzed mutants (∗) even though equal amounts of total proteins were subjected to
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the assay. However, despite the fact that the p90 form of ATF6 was precipitated in
InsQ292 to minor amounts, the strongest interaction with GRP94 could be found
there.
A

B

C

Fig. 4.21: Interaction of ATF6 with GRP94. A Immunoprecipitation of GFP-tagged V2R receptor
constructs. HEK293 cells stably expressing wild-type and mutant V2Rs were lysed and endogenous
ATF6 was immunoprecipitated with a rabbit anti-ATF6 antibody. Expression of GRP94 was detected
with a monoclonal rat anti-GRP94 antibody, and Hsp70 expression with an anti Hsp70 antibody.
Amounts of precipitated ATF6 were determined with an anti-ATF6 antibody. The mutant InsQ292 is
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labeled as InsQ. The asterisk (∗) indicates the p90 form. As a negative control untransfected HEK293
cells and as a positive control HEK293 cells treated with 2.5 µg/ml tunicamycin (Tm) were used. Data
are representative of three independent experiments. B HEK293 cells stably expressing wild-type and
mutant V2Rs were lysed 48 h after transient transfection of the GFP.ATF6 plasmid, ATF6 was
precipitated with a rabbit anti-ATF6 antibody. Expression of GRP94 was detected with a monoclonal
rat anti-GRP94 antibody. The amount of precipitated GFP.ATF6 was determined with an anti-ATF6
antibody. As a negative control, untransfected HEK293 cells (control) and as a positive control
HEK293 cells treated with 2.5 µg/ml tunicamycin (Tm) were used. Data are representative of three
independent experiments. C Immunoprecipitation of ATF6 in untransfected HEK293 cells. Cells were
lysed and endogenous ATF6 was immunoprecipitated with a rabbit anti-ATF6 antibody. Expression of
GRP94 was detected with a monoclonal rat anti-GRP94 antibody. As positive controls HEK293 cells
treated with 2.5 µg/ml tunicamycin for 16 h (Tm), HEK293 cells treated with 2 mM DTT for 1 h (DTT)
and HEK293 cells treated with 2 µM thapsigargin for 2 h (Tg) were used. L indicates the lysate of
HEK293 cells.

To increase the amounts of co-precipitated GRP94, HEK293 cells were transiently
transfected with GFP.ATF6 to increase the quantity of ATF6 in the lysates. The
results are shown in Fig. 4.21 B. HEK293 cells stably expressing wild-type and
mutant V2Rs were lysed 48 h after transient transfection of the GFP.ATF6 plasmid.
The overall signal intensity of detected GRP94 was now much stronger than before
(Fig. 4.21 A). Interaction of ATF6 with the chaperone GRP94 could now be detected
in the positive control, in cells expressing the wild-type receptor and in mutants
InsQ292 and G201D expressing cells, whereas mutant L62P was comparable to the
control. To determine whether the unveiled interaction of ATF6 with GRP94 was
connected with induction of UPR, the effects of different chemical inducers of UPR on
this interaction were analyzed (Fig. 4.21 C). Treatment with thapsigargin and
tunicamycin led to an enhanced interaction whereas DTT-treated cells showed no
interaction at all. The whole cell lysate (L) was used as a control for detection of
GRP94.

In summary, these results allude to a possible interaction of transcription factor ATF6
and chaperone GRP94. However, not all studied cell lines showed this interaction.
The interaction could be traced back to ER stress because of the enhanced
interaction after chemical induction of UPR. The outcome and function of this
association remains to be elucidated.
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4.7 Adaptation to chronic ER stress
Stably expressing HEK293 cell lines have to endure chronic ER stress conditions for
a long time. However, these cells do not become apoptotic. They appear to develop
an adaptation towards these stress conditions, resulting in the survival of the cell.
One specific survival pathway is described to proceed via proteasomal degradation of
pro-apoptotic protein ASK1 by binding of thioredoxin resulting in the inhibition of
p38/JNK.
By immunoblot analysis of HEK293 cells stably expressing wild-type and mutant
V2Rs with anti-ASK1 and anti-thioredoxin antibodies the expression of pro-apoptotic
protein ASK1 and thioredoxin was examined to determine whether this pathway is
used to prevent cell death. Cells expressing mutant L62P showed a reduced
expression of ASK1 (Fig. 4.22 A). To find out whether this reduced expression is due
to proteasomal degradation, HEK293 cells were incubated with the proteasome
inhibitor MG132. An enhanced expression of ASK1 was detectable in all studied cell
lines including L62P (Fig. 4.22 B). Furthermore, the expression of thioredoxin was
checked after treatment with MG132. Expression of thioredoxin without inhibition of
the proteasome shown in Fig. 4.24 indicated an increased expression of thioredoxin
in HEK293 cells stably expressing L62P and InsQ292. After treatment with MG132,
thioredoxin was strongly upregulated in this particular mutant, indicating a possible
connection of these two proteins.
A
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B

Fig. 4.22: Degradation of ASK1. A Immunoblot analysis of HEK293 cells stably expressing the wildtype and mutant V2Rs detecting ASK1 with an anti-ASK1 antibody. As a negative control nontransfected HEK293 cells were used (control). The mutant InsQ292 is labeled as InsQ. Vertical lines
indicate positional markings where lanes were extracted. GAPDH served as a loading control. B
Immunoblot analysis of HEK293 cells stably expressing the wild-type and mutant V2Rs detecting
ASK1 and thioredoxin with anti-ASK1 and anti-thioredoxin antibodies, respectively. Cells were treated
with 20 µM MG132 for 16 h. As a negative control non-transfected HEK293 cells were used (control).
GAPDH served as a loading control.

Taken together, these findings demonstrate a complete downregulation of the proapoptotic protein ASK1 in cells expressing mutant L62P due to proteasomal
degradation, while thioredoxin was upregulated simultaneously in this particular
mutant.

As a next approach the possible interaction of ASK1 with thioredoxin and its
ubiquitination status were analyzed (Fig. 4.23). Therefore, HEK293 cells stably
expressing wild-type and mutant V2Rs were treated with 20 µM MG132 for 16 h.
Immunoprecipitation of the control (untransfected HEK293 cells) and cells expressing
the wild-type V2R and mutant receptors was carried out in order to analyze a
possible interaction of ASK1 and thioredoxin as described in the literature, resulting
in an inhibition of the pro-apoptotic pathway via p38/JNK (Saitoh et al. 1998). The
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amount of precipitated ASK1 was nearly the same in all studied cell lines, only cells
expressing wild-type V2R showed a slightly stronger content. In contrast, the highest
detection of thioredoxin appeared to be in mutant L62P expressing cells indicating
the strongest interaction (∗). Concerning the ubiquitination status of ASK1 in mutant
L62P expressing cells after inhibition of the proteasome it could be found that ASK1
is ubiquitinated (∗). An increased level of polyubiquitinated proteins (short smear
running over 150 kDa) appeared at the upper part of the blot, most probably
reflecting the ubiquitinated forms of ASK1.

Fig. 4.23: Interaction of ASK1 with thioredoxin and ubiquitin. HEK293 cells stably expressing wildtype and mutant V2Rs were treated with 20 µM MG132 for 16 h. Immunoprecipitation of control
(untransfected HEK293 cells), the wild-type V2R and mutant receptors was carried out. The amount of
precipitated ASK1 was detected by immunoblotting using an anti-ASK1 antibody. The interaction of
ASK1 with thioredoxin and its ubiquitination status was analyzed by immunoblotting using antithioredoxin and anti-ubiquitin antibodies. The mutant InsQ292 is labeled as InsQ.
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Taken together, these results show a link between enhanced expression of
thioredoxin and the proteasomal degradation of pro-apoptotic protein ASK1 in cells
expressing mutant L62P. This is indicated by the appearance of ASK1 only after
inhibition of the proteasome in this particular mutant. Furthermore, an enhanced
expression of and interaction with thioredoxin was detectable under these conditions.
Analysis of the ubiquitination status of ASK1 revealed a higher amount of
ubiquitinylated ASK1, which is in good agreement with the enhanced proteasomal
degradation of this pro-apoptotic protein in cells expressing mutant L62P. Inhibition of
of the pro-apoptotic pathway via p38/JNK due to proteasomal degradation of ASK1
seems to be one possible adaptation process in cells expressing mutant L62P, which
assures a survival despite of persistent and severe ER stress.

4.8 Measurement of redox activity upon chronic ER stress
The inhibition of programmed cell death in cells expressing mutant L62P by
enhanced interaction of ASK1 and thioredoxin is just one possible adaptation
mechanism.

In addition to the analysis of molecular chaperones originally involved in the UPR, the
expression of chaperones implied in redox-regulation was examined including the
foldase PDI, the oxidoreductases thioredoxin and ERp57 and Ero1α, a so-called
oxidoreductin involved in ER redox control (Fig. 4.24). Whole cell lysates of HEK293
cells stably expressing the wild-type V2R or mutant receptors L62P, InsQ292 or
G201D were subjected to immunoblot analysis. All chaperones showed an enhanced
expression in tunicamycin-treated cells. In contrast, HEK293 cells expressing the
wild-type V2R demonstrated only a slight effect for ERp57 as compared to
untransfected HEK293 cells. Thioredoxin, Ero1α and ERp57 showed an increased
expression in samples from mutants L62P and InsQ292. PDI was slightly upregulated
only in samples from mutant InsQ292. GAPDH was used as a loading control to
verify equal amounts of protein.
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Fig. 4.24: Expression analysis of chaperones involved in redox regulation. Whole cell lysates of
HEK293 cells stably expressing the V2R constructs as indicated, were subjected to immunoblot
analysis detecting PDI, thioredoxin, Ero1α and ERp57 with appropriate antibodies (top). Nontransfected HEK293 cells served as a negative control (control) and tunicamycin-treated cells (Tm; 2.5
µg/ml, 16 h) as a positive control. The mutant InsQ292 is labeled as InsQ. GAPDH was detected as a
loading control. Similar data were obtained in three independent experiments.

Due to the increased expression of chaperones involved in redox regulation
(thioredoxin, ERo1α, PDI and ERp57) in cells expressing mutants L62P and
InsQ292, the redox activity of these cell clones was determined by analyzing the
antioxidative power and capacity of both mutants and the wild-type receptor and
untransfected HEK293 cells as controls.

Cell line

AP (N(FR)/cell*min)

AP (AU)

Tr (min)

HEK293

1.185 x 1011

0.005

0.59

V2R

1.23 x 1011

0.005

0.64

L62P

4.9 x 1012

0.2

0.22

InsQ292

4.8 x 1012

0.2

0.22

Tab. 4.2: Determination of the antioxidative status of living cells was carried out using the
Antioxidative Power (AP) test method. Three different concentrations of each cell line were
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added to 0.2 mM DPPH (test radical) and the signal intensity decay was measured over 40
min by ESR.

Measurement of antioxidative power is based on electron spin resonance (ESR). The
antioxidative power informs about the capacity of an antioxidant to neutralize free
radicals, but also about the reactivity of the substance. In Tab. 4.2 the antioxidative
status of HEK293 cells stably expressing the V2R constructs as indicated was
determined. Cell lines expressing L62P and InsQ292 showed significant changes in
comparison to untransfected HEK293 cells and wild-type receptor. The redox activity
of the first two cell lines (AP 0.2 AU/cell) was forty times higher than the activity
measured in control cells and V2R (AP 0.005 AU/cell). One could argue that the
smaller the reaction time (Tr), the faster are the cells in neutralizing the added free
radicals.

PBN adduct (normalized)
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Fig. 4.25: Determination of the Antiradical Potential (ARP). Test radical PBN (20 mM) was added
to different dilutions of each cell line and immediately exposed to UV radiation (2 min) to generate
hydroxyl free radicals. The radical scavenging activity of the cells measured by Electron Spin
Resonance Spectroscopy (ESR) is inverse proportional to the signal intensity of the PBN adduct. Data
represent mean values of two independent experiments each performed in triplicate.

Another possibility to study the redox activity in whole cells is the determination of the
antiradical potential (ARP). The detection of the redox capacity was carried out by
adding PBN, a semi stable test radical used to produce free hydroxyl radicals, to
different concentrations of the studied cell lines. In the present study the reduction of
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radical concentration was measured. The cell lines showed differences in their ability
to trap free radicals. The amount of free radicals (PBN) was reduced much faster in
cells expressing mutants L62P and InsQ292, even in smaller cell numbers. The
capacity to neutralize free hydroxyl radicals (•OH) can be described as followed:
V2R < HEK293 < L62P ~ InsQ292

These results indicate a connection between the enhanced redox activity in the
studied mutants and the inhibition of ER stress-mediated apoptosis. Therefore, a
second possibility of adaptation to chronic ER stress could be detected resulting in
the survival of cell lines stably expressing misfolded proteins.
In summary, this work shows for the first time that UPR but not EOR are activated
after stable and/or transient expression of misfolded V2Rs. Induction of the UPR was
measured by an upregulation of different chaperones by immunoblot analysis and
luciferase assay and verified by the complete activation study of the three known
UPR-specific pathways. Simultaniously, analyses of activation of NF-κB revealed no
induction of this pathway involved in EOR in cells expressing NDI-causing mutants.
Furthermore, it could be shown that different mutants of a single receptor protein
activate different UPR branches. ER-retained mutant L62P and ER/ERGIC-localized
mutant InsQ292 induce the PERK and ATF6 pathways while mutant G201D, which
reaches the Golgi network, exclusively activates the IRE-1 pathway. In addition, the
rescue of the intracellularly retained murine V2R at the plasma membrane by
different pharmaco- and chemical chaperones resulted in a reduction of UPR
detected by a decreased expression of chaperones GRP78 and GRP94 and a
reduced activation of eIF2α. Micro array analysis of cells expressing ER-retained
mutant L62P revealed new and yet unknown target genes of UPR. Some of them
were involved in negative regulation of apoptosis and redox regulation and therefore
elucidated novel and as yet undescribed possibilities to inhibit cell death after
persistent ER stress. Further analysis of the three known UPR transducers revealed
chaperone GRP94 as a novel interaction partner of the transcription factor ATF6,
possibly connected with ER stress. Until this work, activation of UPR and induction of
ATF6 was assumed to be exclusively regulated by binding and dissociation of
GRP78/BiP. Furthermore, for the first time the usually ER-resident molecular
chaperone GRP94 could be found in the nucleus in cells expressing ER-retained

Results

104

mutant L62P, verified by different methodical approaches and pointing to a possible
adaptive function resulting in survival of the cell upon persistent ER stress.

Discussion

105

5 Discussion

Conformational diseases are a class of disorders associated with aberrant protein
accumulation in tissues and cellular compartments. To date, more and more
evidence indicates that these disorders are accompanied by ER stress and that they
are linked to the induction of the unfolded protein response (UPR) and/or the ER
overload response (EOR). One of these diseases may be the X-linked nephrogenic
diabetes insipidus (NDI), which is characterized by the inability of the kidney to
absorb water in response to the hormone arginin vasopressin (AVP) (Oksche and
Rosenthal 1998). This rare hereditary disorder is due to different mutations within the
coding sequence of the AVPR2 gene resulting in binding- or transport-defective
vasopressin V2 receptors. These receptors are recognized by the cellular quality
control system and are retained intracellularly. Besides a disturbed water absorption
little is known about cellular effects induced by these retained receptor proteins. The
connection between transport-deficient V2 receptors retained in intracellular
compartments, especially in the ER, and the molecular mechanisms underlying the
induction of UPR and EOR remains to be elucidated.

In the present study the activation of different signaling pathways involved in ER
stress were analyzed and characterized using cells expressing mutant V2Rs. Since
no cell line is known to express the human V2R endogenously, HEK293 cells stably
expressing the wild-type receptor and different NDI-causing V2Rs were generated in
order to obtain a useful tool to study chronic ER stress conditions. Furthermore,
acute ER stress was analyzed in HEK293 cells transiently transfected with the wildtype V2R and different NDI-causing mutants. The correct localization and minimal
variability in expression within each cell line of the GFP-tagged receptors was
confirmed by laser scanning microscopy allowing direct analyses and comparison
between the cell lines. The investigated effects were not attributable to an
overexpression of the mutant V2Rs; since comparable expression intensities in
HEK293 cells expressing the wild-type V2R, no cell stress was most likely induced.
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5.1 Activation of the UPR

Chaperones play a major role in the folding of proteins and their enhanced
expression served as a first proof of induction of ER stress. It is currently accepted
that an intracellular accumulation of misfolded proteins results in elevated expression
levels of molecular chaperones to cope with the higher folding load in the ER
(Malhotra and Kaufman 2007). Cells adapt to this increased demand by an
upregulation of chaperones of the quality control system in order to assure that no
misfolded proteins abandon the ER and enter the secretory pathway. The ERresident molecular chaperones bind their unfolded substrates to facilitate the correct
three-dimensional protein structure. One of these chaperones involved in protein
folding is the lectin calnexin as part of the calnexin/calreticulin cycle (Molinari and
Helenius 1999). It specifically recognizes monoglycosylated core N-linked glycans
and subsequently binds to the glycoprotein. In the present work immunofluorescence
studies and immunoblot analyses of cell lysates of HEK293 cells stably expressing
the ER-retained mutant L62P revealed an upregulation of calnexin. The enhanced
expression pointed to a grown requirement of folding proteins in cells expressing this
specific mutant. Further analysis of chaperones involved in ER stress (GRP78,
GRP94) revealed an increased expression in cells stably expressing mutants L62P,
InsQ292 and G201D. Chaperone GRP78 also showed a slightly increased
expression level in cells expressing the wild-type V2R. This observation could be
explained by the fact that up to 30% even of the wild-type V2R are retained in the ER
in HEK293 cells representing transport intermediates on their way to the cell surface
(Oksche et al. 2002). The high amount of newly synthesized receptor proteins due to
the transfection subsequently also results in a higher demand of chaperone GRP78.
A more precise response to the retention of misfolded V2R mutants was observed in
the expression analysis of chaperone GRP94. GRP94 is a constitutively expressed
ER lumenal protein, which is upregulated upon cellular stress such as heat shock,
oxidative stress or ER stress. Furthermore, it is thought to play a role in protein
translocation to the ER, in their subsequent folding and assembly, and in regulating
protein secretion (Ruddon and Bedows 1997). Only in cells expressing diseasecausing V2R mutants a clear upregulation was detectable suggesting an induction of
cell stress.
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Another cellular stress pathway, which might possibly be induced by misfolded
proteins, is the heat shock response (HSR). In contrast to the UPR, which serves the
secretory pathway, the heat shock response is predominantly activated in answer to
stress conditions in the cytosol (Mager and Ferreira 1993). In analogy to the UPR,
the HSR causes transcriptional activation of molecular chaperones and elements of
the ubiquitin–proteasome system (Parsell and Lindquist 1993). Although formerly
discovered as a response to thermal stress (heat shock), the HSR is triggered by a
variety of stress conditions that interfere with folding and result in accumulation of
misfolded or aggregated proteins (Liu and Chang 2008).
It could be shown that the HSR is activated upon ER stress in vivo, although to a
lower level than after heat shock conditions (Liu and Chang 2008). Chang et al.
proposed that the HSR can relieve stress in UPR-deficient cells by affecting multiple
ER activities. Thus, this stress response appears to be an alternative stress pathway
and compensates the absence of the UPR. A characteristic marker for the presence
of HSR is the enhanced expression of cytosolic heat shock proteins (Hsps).
Immunoblot analysis of Hsp70, Hsc70 and Hsp90 chaperones revealed no induction
at all indicating that HSR is most likely not activated in HEK293 cells expressing wildtype V2R and retained mutants.

Since increased chaperone expression could be connected with cell stress in general
the different UPR specific pathways were analyzed to verify a possible involvement. It
is described that upon induction of the UPR all three pathways (PERK, ATF6 and
IRE-1) are activated. In order to characterize the activation of the UPR induced by
intracellular retention of misfolded V2R mutants all three transducers of the UPR
were examined regarding their status of activation (Kaufman 1999). In the present
work it could be shown that not all three transducers were activated in cells
expressing each of the studied mutants. ER-retained mutant L62P and ER/ERGIClocalized mutant InsQ292 induced the PERK and ATF6 pathways while mutant
G201D, which reaches the Golgi network, activated the IRE-1 pathway. Until now, it
was shown that the chemical induction of the UPR by tunicamycin or thapsigargin led
to the activation of all three UPR pathways resulting in attenuation of translation,
increased expression of chaperones and foldases to alleviate ER stress (Kaufman
1999). However, the present findings indicate that misfolded proteins, which are
retained in different compartments of the secretory pathway, seem to activate
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different UPR pathways depending on their intracellular localization. Thus, it can be
suggested, that no single specific UPR response is existent. The cell seems to
distinguish between the grade of ER stress, which relies on the site of retention of the
misfolded proteins and activates one, two or all three UPR pathways.
In addition to the UPR pathways mentioned the ER-associated degradation (ERAD)
pathway is also activated during ER stress via transcriptional upregulation to reduce
the amount of unfolded proteins in the ER. Misfolded and defective proteins can be
released into the cytoplasm where they are degraded by the proteasome, a multicatalytic 26S proteolytic protein complex that is enriched at the ER membrane (Rivett
and Knecht 1993). The selection, retro-translocation to the cytoplasm and
proteasome-targeting of proteins has been termed ERAD (Brodsky and McCracken
1999). In effect, the ERAD pathway clears the secretory pathway of potentially
dangerous proteins. Accordingly, this pathway becomes essential if the concentration
of misfolded proteins accumulates to very high levels and/or if UPR induction is
simultaneously

compromised

(Hampton

2002).

Recently,

Schwieger

et

al.

demonstrated the existence of a Derlin-1-mediated ERAD pathway degrading the
wild-type receptor and disease-causing V2R mutants. The authors observed that
V2R mutants retained in different cellular compartments (ER, ER/ERGIC, Golgi
apparatus) were able to coprecipitate the ERAD components p97/valosin-containing
protein, Derlin-1 and the 26S proteasome regulatory subunit 7 (Schwieger et al.
2008). These findings confirm the existence of the UPR in V2R mutants analyzed in
the present work.

Recently, it has been proposed that the UPR is a key feature in the mechanism of
pathogenicity of different conformational diseases. Studies in models of cystic fibrosis
revealed that GRP78 as a UPR-marker and the ATF6 branch are activated upon ERretention of the misfolded cystic fibrosis transmembrane conductance regulator
(CFTR) mutant F508del (Kerbiriou et al. 2007). In addition, analysis of UPR in a
Drosophila model for retinal degeneration (retinitis pigmentosa) uncovered an
activation of the IRE-1 pathway (XBP-1) upon transcription of misfolded rhodopsin
(Ryoo et al. 2007). To date, no complete examination of the whole UPR signal
transduction is described, including different temporal steps of ER stress induced by
a misfolded protein. Furthermore, only one single ER-retained mutant served as
misfolded protein in these studies (Schroder and Kaufman 2005a). In contrast, the
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present work includes the analysis of different phases of ER stress and additionally
the analysis of three differently retained disease-causing mutants of the V2R in
comparison to the wild-type receptor.
The results of this work reveal differences in the expression patterns of chaperones
under chronic and acute UPR conditions. This could be due to the fact that only the
PERK pathway is activated upon acute UPR indicated by an enhanced
phosphorylation of eIF2α whereas an induction of the other two pathways was
absent. A possible explanation could be that after 6 h of transient transfection the
amount of retained misfolded receptor mutants was not sufficient to activate all three
pathways. Although the three UPR pathways are simultaneously activated upon
severe ER stress, it was shown before that the immediate response occurs through
the PERK pathway (DuRose et al. 2006). After 6 h of acute and mild ER stress only
this pathway is activated due to the small amount of expressed misfolded and
retained receptor proteins. This induction results in a slighty increased expression of
GRP78 and GRP94 in cells expressing the ERGIC-retained mutant InsQ292. In
HEK293 cells transiently expressing mutant L62P, which is exclusively retained in the
ER, no upregulation of these chaperones could be measured whereas induction of
apoptosis via release of cytochrome c was detectable. These findings emphasize the
observation that the different activation patterns of the UPR are dependent on the
retention sites of the misfolded proteins both upon acute and chronic UPR conditions.
So far, the UPR pathway was only examined by analyzing one ER-retained mutant of
a single protein. In this study it could be demonstrated that activation of all three UPR
pathways depends on the compartment of retention of the misfolded protein within
the secretory pathway.

Another evidence of an existing UPR in HEK293 cells expressing retained V2Rs
could be provided by the analysis of the reduction of UPR after rescuing retained
murine V2R (mV2R) to the plasma membrane. It was shown before that the effects of
pharmacological chaperones facilitated the rescue of intracellularly retained receptor
mutants (Wuller et al. 2004). In the present study the mV2R was indicative of a
misfolded protein retained in several compartments of the secretory pathway, namely
ER, ERGIC and Golgi apparatus. In HEK293 cells stably expressing mV2R.GFP an
increased expression of chaperones GRP78 and GRP94 as markers for the UPR
was detectable. It could be demonstrated that treatment of the cells with different
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pharmacochaperones that are known to stabilize the receptor confirmation
(SR121463B, SR49059, OPC-31260) led to a rescue of these receptors to the
plasma membrane. The reduced amount of retained proteins in the secretory
pathway resulted in a reduction of the UPR in these cells indicated by a decreased
expression level of the molecular chaperones GRP78 and GRP94 and a diminished
activation of the PERK pathway. The results of the first clinical studies revealed that
the application of pharmacochaperones may be a therapeutical approach for
conformational diseases like NDI (Bernier et al. 2006), cystic fibrosis (Vij et al. 2006)
and phenylketonurie (Nascimento et al. 2008). In addition to these studies, the
present work points out the effects of these pharmacochaprones on the UPR
pathway on a molecular level for the first time. Moreover, the effects of chemical
chaperones were studied. As an example for chemical chaperones DMSO was used.
It is assumed that the effect of DMSO as a chemical chaperone is based on an
increased

solvent

density,

masking

of

exposed

hydrophobic

residues

or

direct/indirect influence on components of the quality control system of the cell
(Brown et al. 1996). Consistent with the data obtained after treatment with
pharmacochaperones the results in this work demonstrate that treatment of cells with
DMSO results in a rescue of the retained mV2R to the plasma membrane and a
reduced expression of the UPR-specific chaperones GRP78 and GRP94.
Furthermore, these findings are in good agreement with Hotamisligil et al., who could
reduce ER stress and restore glucose homeostasis in a mouse model of type II
diabetes by the help of chemical chaperones (Ozcan et al. 2006), Additionally, the
obtained rescue effects seem to be dose- (DMSO) and time-dependent
(SR121463B). One may argue that this approach may not represent a common
therapeutic application, but it appears to be an option for certain patients with specific
mutations in the V2R, not only to restore receptor function but also to reduce the
additional negative effects of ER stress.

Until now, micro array analyses regarding UPR target genes in different organisms
were performed in several studies (Kamauchi et al. 2005; MacKenzie et al. 2005;
Matsumoto et al. 2005). These studies include different models of UPR induced by
several chemical triggers (MacKenzie et al. 2005; Hamamura et al. 2008), knock-out
models (Iida et al. 2007), cell lines secreting high protein amounts (Martinez et al.
2008) and viral infections (Ruby et al. 2006). Just a few studies are known to
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investigate the effects of the intracellular retention of misfolded proteins (Turner et al.
2005) and diseases (Zabner et al. 2005). However, the results of a study of cystic
fibrosis indicated that CFTR dysfunction has little impact on airway epithelial gene
expression in samples of primary cultures of human CF airway epithelia as compared
to non-CF cells (Zabner et al. 2005). The objective of the current study was to
conduct a complete analysis of the UPR in HEK293 cells stably expressing misfolded
V2R mutants including a further characterization of affected target genes in order to
discover and elucidate novel and yet unknown involved pathways of adaptation. For
this purpose HEK293 cells stably expressing mutant flag.L62P under chronic UPR
conditions were subjected to micro array analysis of 47,000 genes and compared to
flag.V2R expressing cells. As expected, the obtained data indicated an important role
of genes involved in folding and unfolding processes in chronic ER stress. In
addition, the micro array analysis revealed a great amount of novel UPR target genes
and involved pathways yet unknown to be linked to ER stress and UPR. Negative
regulators of apoptosis, like the suppressor of cytokine signaling or BAX inhibitor 1
were upregulated, while inducers of apoptosis (apoptosis-inducing factor 3, apoptotic
protease-activating factor 1) were downregulated. Several genes implicated in redox
regulation, like thioredoxin or glutaredoxin were also upregulated. Therefore, both
regulation of apoptosis and redox regulation revealed a connection with outliving ER
stress. These findings implicate new and promising targets for therapeutic modulation
in order to reduce the negative effects of prolonged UPR and prevent induction of
apoptosis, which is an important step in several conformational diseases. Although
the induction of UPR does not appear to be the fatal point in NDI, an adaptation to
the effects of ER stress conditions and the involved pathways seems to be an
improvement for the renal collecting duct cells.

5.2 Adaptation to ER stress by inhibition of apoptosis
One possibility to cope with chronic stress is the selective activation or inhibition of
signals through one or two UPR pathways. The final decision for adaptation and
against apoptosis requires that the signaling cascades enhancing ER and cellular
function are maintained, whereas those leading to apoptosis are suppressed. If
adaptation requires suppression of one or two UPR pathways one possibility is the
PERK pathway, resulting in the inhibition of the pro-apoptotic transcription factor
CHOP. ATF6 might also be a promising candidate for a pathway that could remain
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activated during persistent ER stress, resulting in a continuous expression of prosurvival genes. From this point of view, the findings of this study regarding the
different activation pattern of the specific UPR pathways support this theory. The prosurvival pathway mediated by ATF6 is activated in two of the three cell lines
expressing the studied mutants (L62P and InsQ292). Although cells expressing the
third mutant (G201D) showed no activation of ATF6 and the pro-apoptotic pathway
via PERK also remains inactive. In this context, a small-molecule inhibitor of the
eIF2α phosphorylation salubrinal was identified (Wiseman and Balch 2005).
Salubrinal specifically inhibits the PP1-GADD34 phosphatase activity resulting in
continuous eIF2α phosphorylation and therefore in a sustained activated PERK
pathway. The discovery of this specific inhibitor may have several implications for
pharmacologically regulated UPR pathways. Salubrinal could be used to maintain
convenient levels of insulin synthesis in the ER when treating type II diabetes.
Maintaining eIF2α in an inactive state may help the ER to balance insulin production
and reduce the amount of premature B-cell death due to ER stress-mediated
apoptosis (Harding and Ron 2002). Besides PERK, a further regulation step of ATF6
may also be a promising target for pharmacological modulation.

5.2.1 Survival of the cells by an enhanced redox potential in mutants
As described before, activation of UPR also increases expression of antioxidant
genes (Tu and Weissman 2004) implying that generation of reactive oxygen species
(ROS) contributes to cellular damage during ER stress. ROS can be produced either
in mitochondria (oxidative phosphorylation) or in the ER due to an imbalanced
oxidative folding capacity. Thus, it is possible that a major component of the adaptive
response during UPR is the protection against ROS. The formation of disulphide
bonds by oxidation of two cysteine residues within and between polypeptide chains
enables the stability of the mature protein. In the present study the increased
expression of ER chaperones and folding enzymes involved in redox regulation (PDI,
thioredoxin, Ero1α and ERp57) was pointing to a possible association of protection
against ROS and pro-survival adaptation in cells expressing misfolded L62P and
InsQ292. Furthermore, the antioxidative status of HEK293 cells expressing these
V2R constructs was determined by electron spin resonance. Measurement of the
redox activity in these cells manifested a higher capacity to neutralize free radicals
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and a shorter reaction time as compared to untransfected HEK293 cells and cells
expressing the wild-type receptor. A connection between inhibition of apoptosis due
to oxidative stress and enhanced redox activity was shown and discussed by various
groups before (Nordberg and Arner 2001; Seiler et al. 2008). However, here it could
be demonstrated for the first time that the intracellular retention of misfolded proteins
not only induces an upregulation of molecular chaperones to reduce the folding load,
but also causes an enhanced redox activity, which could be beneficial for an
adaptation and survival of these cells despite chronic ER stress conditions.

5.2.2 Inhibition of apoptosis by degradation of ASK1
Apoptosis signal-regulating kinase 1 (ASK1) is a member of the mitogen-activated
protein (MAP) kinase kinase kinase (MAPKKK) family and plays an important role in
cellular stress responses induced by reactive oxygen species (ROS), especially in
oxidative (Matsuzawa et al. 2002) and ER stress (Nishitoh et al. 2002). It was shown
before that thioredoxin inhibits ASK1 activity by directly binding to its N-terminus
(Saitoh et al. 1998) suggesting a possible mechanism for redox regulation of the
apoptosis signal transduction pathway. The ASK1-thioredoxin system is thought to be
a redox sensor which functions as a signal transducer of intracellular redox changes.
In this work, an inhibition of apoptosis via induction of this pro-survival pathway could
be detected and was further characterized in HEK293 cell lines stably expressing
ER-retained mutant L62P. From previous publications (Liu and Min 2002), it is known
that an enhanced expression of the redox-regulating protein thioredoxin promotes
ubiquitination and proteasomal degradation of ASK1. These findings could be
confirmed in this work. In addition, the possibility to use ASK1 as therapeutic target to
prevent apoptosis caused by ER stress in conformational diseases like type II
diabetes or Alzheimer’s disease was discussed and studied before (Akterin et al.
2006; Imoto et al. 2006; Nishikawa and Araki 2007). Recently, evidence was
provided that ASK1 is significantly activated in diet-induced diabetic mice and
contributes to cardiovascular diseases (Yamamoto et al. 2008). Moreover, it could be
shown that the inhibition of ASK1 activation by olmesartan (angiotensin II receptor
antagonist) seems to mediate beneficial effects on dietary diabetic mice.
In this work, the association of ASK1 in the initiation of apoptosis upon ER stress
could be demonstrated in HEK293 cells stably expressing NDI-causing mutant L62P.
Moreover, the adaptive response could be shown resulting in the survival of the cells
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despite persistent and severe ER stress. This observation supports the relevance of
ASK1 as a therapeutic target in conformational diseases, such as Alzheimer’s
disease, type II diabetes but also NDI.

5.2.3 Interaction of ATF6 and GRP94
Under resting conditions, the transcription factor ATF6 resides in the ER membrane.
Trafficking of ATF6 appears to be inhibited by the binding of GRP78 to the luminal
domain of ATF6. ER stress disrupts GRP78 binding and ATF6 is delivered to the
Golgi apparatus (Chen et al. 2002). Little is known about the sensing of ER stress
and the regulation of activation upon these conditions. For the UPR transducers
PERK and IRE-1, different models are proposed and discussed (Ron and Walter
2007). The direct recognition model suggests that unfolded proteins bind directly to
the luminal domains of the transducers, whereas the indirect (chaperone-mediated)
model hypothesizes that binding of the abundant ER chaperone GRP78 keeps both
transducers inactive. A combination of both models could fit; proposing both GRP78
dissociation and binding of unfolded proteins result in an activation of ATF6 or in an
additional regulation step in or beyond the ER. In the case of ATF6, the only
regulation appears to be the binding of GRP78 under resting conditions. A posttranslational modification of ATF6, like phosphorylation by p38 MAPK, seems to
enhance the ability of the nuclear form of ATF6 to transactivate the grp78 promoter
(Luo and Lee 2002). These results provide evidence that in addition to its activation
by

proteolytic

cleavage,

ATF6

undergoes

specific

ER

stress-induced

phosphorylation. Furthermore, an underglycosylated form of ATF6 is proposed as a
sensing mechanism to monitor ER homeostasis (Hong et al. 2004) and the protein
nucleobindin 1 is discussed to be a repressor of the S1P-mediated ATF6 cleavage
(Tsukumo et al. 2007). It was demonstrated that overexpression of nucleobindin 1
inhibits S1P-mediated ATF6 cleavage without affecting ER-to-Golgi transport of
ATF6, whereas knock-down of NUCB1 by siRNA accelerates ATF6 cleavage during
ER stress. Until now, in addition to GRP78 no other chaperone was detected to be
associated with ATF6 upon ER stress or normal cellular conditions. In the present
study, an interaction between ATF6 and GRP94 could be demonstrated for the first
time. Immunoprecipitation analyses confirmed that in HEK293 cells expressing
different NDI-causing V2R mutants as well as in cells treated with several chemical
inducers of ER stress (tunicamycin, DTT, thapsigargin), the UPR transducer ATF6
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interrelates with GRP94. However, analyses of a possible association of ATF6 with
the cytosolic chaperone Hsp70 showed no specific interaction at all, Hsp70 was
detectable in each of the studied cell lines. The rise of detectable GRP94 upon ER
stress conditions points to a possible association to stress conditions. Consistent with
these data, a regulation of a transcription factor by binding of a chaperone was
shown before (Shi et al. 1998). Recently, Morimoto et al. showed that the repression
of heat shock gene transcription is due to the association of Hsp70 with the HSF1
transactivation domain, thus providing a plausible explanation for the role of
molecular chaperones in at least one key step in the autoregulation of the heat shock
response (Shi et al. 1998). This result would be a possible explanation for the
obtained data, since GRP94 may regulate its own expression like Hsp70 by binding
the transcription factor ATF6. The present interaction of ATF6 with its target gene
GRP94 demonstrates a novel form of regulation of this transducer independent from
its binding to GRP78 in the ER membrane. Upon ER stress, a reduced binding of
GRP78 to ATF6 was detectable, whereas its interaction with GRP94 is enhanced.
This feedback regulation of chaperones could represent a second regulation step for
ATF6, possibly independent from the regulation by GRP78 in the ER. Autoregulation
of this transcription factor in response to ER stress might represent a novel feedback
mechanism that sustains the ER stress response UPR.
Taken together, the data presented here provide a novel regulation mechanism of
ATF6, besides its binding to GRP78. In line with these findings is a hypothesis of Lee
et al., who assumed a further ER-retention mechanism for ATF6 besides its
association with GRP78 (Parker et al. 2001). But no further studies were performed
to elucidate other chaperones involved. Interestingly, although GRP78 and GRP94
are described to have equal functions (protein chaperone, Ca2+-binding protein,
cytoprotection), these ER chaperones act differently upon ER stress. GRP78 is
known to dissociate from ATF6 while interaction with GRP94 seems to increase
under these conditions. These findings suggest a further regulation step of ATF6,
comparable with the autoregulative function of Hsp70 with HSF-1 (Shi et al. 1998).
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5.2.4 Nuclear expression of GRP94
Chaperones are known to be involved in the protection of nuclear proteins upon
stress conditions. As a novel version of this role, Hsp70 was demonstrated to
transport damaged nuclear proteins to the nucleolus, clearing other nuclear
components of misfolded proteins and therefore decreasing the danger of their
widespread aggregation (Nollen et al. 2001). Molecular chaperones regulate both the
activation and the disassembly of numerous transcriptional complexes (Morimoto
2002). Thus, chaperones emerge as regulators of the transcriptional network (Lee et
al. 2002). The stress-induced nuclear translocation of chaperones may preserve the
nuclear remodeling capacity during enviromental damage and protect the integrity of
DNA (Soti et al. 2005).
GRP94 is an ER resident member of the HSP90 family of molecular chaperones. The
abundant chaperone is ubiquitously expressed in multicellular eukaryotes. While it is
constitutively expressed in all tissues, GRP94 levels are increased by a number of
conditions that disrupt protein folding in the ER (Kozutsumi et al. 1988; Maki et al.
1990; Little et al. 1994). Low glucose levels, oxygen deprivation, low extracellular pH,
expression of mutant proteins and viral infections are examples of physiological
forms of stress which upregulate GRP94. In cell culture such stress conditions also
include treatment with reducing agents, ionophores or tunicamycin or overexpression
of transfected proteins. It was shown before that overexpression of GRP78 or GRP94
obtains a cytoprotective function and that these chaperones protect cells against cell
death (Reddy et al. 2003; Nozaki et al. 2004). Although the exact mechanisms for the
anti-apoptotic effects of these GRPs are not completely understood it is assumed that
one mechanism involves the prevention of the formation of a functional apoptosome
(Lee 2001).In addition, several studies suggest that GRP78 may also protect the host
cell against cell death by suppressing oxyradical accumulation and stabilizing
mitochondrial function (Liu et al. 1998; Yu et al. 1999).
In the present work the nuclear localization of GRP94 could be demonstrated by
immunofluorescence analysis, immunoblot assay and electron microscopy revealing
a possible function of GRP94 to undertake the task of dealing with chronic ER stress.
Consistent with these findings, several reports have determined the redistribution of
GRP78 to the cytosol, nucleus and cell surface (Delpino and Castelli 2002; Rao et al.
2004; Qian et al. 2005). These effects suggest that, under stress conditions, GRP78
may also exist as an ER transmembrane protein but it is not clear how transient this
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effect is. The potential explanations for the presence of GRP78 outside the ER may
be saturation effects of the KDEL receptors in the ER, resulting in targeting overflow;
interactions with other proteins or lipids that consequently hinder binding to the KDEL
receptor, allowing GRP78 to leave the ER; or an active release from intact cells
during cellular stress (Wiest et al. 1997; Delpino and Castelli 2002). This
phenomenon was also observed for the lectin calreticulin that redistributes from the
ER and appears in the cytosol during heat shock conditions (Panaretakis et al. 2008).
Similarly, a subpopulation of GRP94 associates with the ER membrane during an
apoptotic insult and becomes a target of calpain activity (Reddy et al. 1999). Recent
studies also suggested that either a cytosolic pool of GRP78 or a subpopulation of
GRP78 exist as an ER transmembrane protein may form a complex with caspase-7
and -12 at the ER surface and prevent their activation and release (Rao et al. 2004).
These studies highlight the importance of GRP78 as an anti-apoptotic protein, and
shed new light on the mechanisms underlying the association between ER stress and
the cell death program. It remains to be elucidated if GRP94 has equal functions
regarding apoptosis and cytoprotection.

5.3 Activation of EOR
It was shown before that ER stress is not only induced by the presence of mis- or
unfolded proteins in the organelle. Another possible trigger could be the overloading
of the ER with correctly folded proteins. Each stress situation triggers a unique
cellular response using various signal transduction pathways to induce specific
transcription factors. The first cellular stress response, the UPR was analyzed and
characterized in the first part of this study. The second stress pathway, the ER
overload response (EOR) comprises activation of the transcription factor NF-κB.
Exposure of cells to pathological agents, such as proinflammatory cytokines, UV and
γ-irradiation, or upon bacterial and viral infections, EOR and therefore NF-κB activity
is also rapidly induced (Pahl and Baeuerle 1997). Activation of NF-κB occurs via
phosphorylation of IκB-α on two serine residues, Ser-32 and Ser-36, and subsequent
degradation of the inhibitor IκB-α by the 26S proteasome. The degradation of IκB
releases the NF-κB dimer, which subsequently translocates to the nucleus, where it
activates transcription of its target genes.
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It is assumed that the occurrence of ER stress results in an activation of both
pathways, the UPR and the EOR (Pahl 1999). In HEK293 cells transiently and stably
expressing misfolded and retained NDI-causing mutants of the V2R the induction of
UPR could be shown. It was shown that the three UPR pathways were differently
activated dependent on the retention sites of the misfolded proteins both upon acute
and chronic UPR conditions. In the same manner, an induction of the EOR pathway
via activation of NF-κB was hypothesized.
NF-κB induction was examined by luciferase assay and immunoblot analysis, but
HEK293 cells transiently and stably expressing V2R mutants revealed no induction of
NF-κB though ER stress. The observation that the retention of misfolded proteins
results in activation of UPR but not EOR suggests that the transient and stable
transfection of HEK293 cells with GFP-tagged V2R constructs does not lead to
effects of overexpression and reveals a novel one-sided cellular response to ER
stress.
The results of the present work regarding the missing induction of NF-κB/EOR could
be clarified by the fact that activation of NF-κB is inhibited by a variety of antioxidants
(Schreck et al. 1992; Schreck and Baeuerle 1994). This finding, together with the
observation that exogenously applied H2O2 can activate NF-κB in some cell lines
(Baeuerle 1991; Pahl and Baeuerle 1996) suggests that ROS can act as second
messengers for NF-κB activation by ER overload. Pretreatment of cells with a variety
of structurally unrelated antioxidants abolishes the ER-overload response (Pahl
1999). In this context, it is noted that accumulation of wild-type or misfolded proteins
in the ER leads to a release of Ca2+ resulting in the production of ROS and activation
of NF-κB. This activation can be blocked by antioxidants and by Ca2+ chelators or
activated by drugs that cause the release of Ca2+ from the ER (Pahl and Baeuerle
1996). The results obtained in this study regarding the strong increase of the
antiradical potential in HEK293 cells expressing mutants L62P and InsQ292 (up to
forty times higher) are in good agreement with these observations and may explain
the existing absence of NF-κB activation and therefore the missing induction of the
EOR.
Furthermore, no pro-inflammatory response mediated by an induction of the EOR
and therefore of the transcription factor NF-κB could be demonstrated. These
findings are in disagreement with the enhanced expression of urinary prostaglandin
E2 detected in patients suffering from congenital nephrogenic diabetes insipidus
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1980)

and

in

a

rat

model

of

lithium-induced

NDI

(Kotnik.Nielsen.2005), both indicating a possible pro-inflammatory response and
involvement of NF-κB due to accumulated V2R or aquaporine-2 (AQP2). The
observed upregulation of pro-inflammatory prostaglandin E2 (PGE2) has to be
explained by a present activation of other inflammatory pathways different from NFκB. In addition to this, the measurement of excreted PGE2 in the urine represents an
inaccurate method to determine the abundance of PGE2, since the amount of
excreted PGE2 can not be related to the exact amount of synthesized PGE2.
The results obtained in this thesis demonstrate that the ER stress response UPR is
not only regulated by the chaperone GRP78 in the ER. Furthermore, the activation of
the three different UPR branches mediated by PERK, ATF6 and IRE-1 seems to be
dependent on the retention site of the misfolded protein. Moreover, the data of the
present work reveal a possible participation of the chaperone GRP94 in the
regulation of the transcription factor ATF6, which represents a novel modulatory step
in the UPR.
In addition, several pathways could be elucidated, which may prevent or at least
reduce ER stress-mediated apoptosis upon persistent ER stress and therefore
represent

interesting

and

new

targets

for

pharmacological

modulation.
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7 Appendix

functional category

fold induction

endoplasmic reticulum
grp78/BiP

1.7

grp94

1.6

derlin-1

1.4

selenoprotein m

2.3

calumenin

3.0

endoplasmic reiculum-golgi intermediate compartment
(ergic) 1

1.4

coatomer protein complex, subunit alpha

6.1

presenilin 1

3.6

fk506 binding protein 7

2.1

serine palmitoyltransferase, long chain base subunit 2

1.8

chaperones
dnaj (hsp40) homolog, subfamily c, member 3

1.3

chaperonin containing tcp1, subunit 2 (beta)

1.5

heat shock 70kda protein 9b (mortalin-2)

1.6

calmegin

1.6

dnaj (hsp40) homolog, subfamily c, member 12

1.5

prefoldin subunit 4

1.9

tho complex 4

2.8

Heat shock 22kda protein 8

1.8

heat shock 70kda protein 8

5.0

prefoldin subunit 5

1.4
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apoptosis related
baculoviral IAP repeat-containing 5 (survivin)

1.9

cytochrome c, somatic

1.5

bcl2-antagonist of cell death

1.6

tumor necrosis factor receptor superfamiliy, member
10b

2.4

tumor necrosis factor receptor superfamiliy, member
10d

3.0

calcium binding protein P22 (CHP)

10.0

nuclear factor of kappa light polypeptide gene
enhancer in b-cells 2 (p49/p100)

4.0

bcl2-associated x protein

1.3

bcl-like 1
human myleoid differentiation primary response
protein MyD88

29.0
3.7

Tab. 7.1: Micro array analysis of cells expressing mutant L62P. Total RNA from two
different clones of stably transfected HEK293 cells expressing the wild-type V2R or mutant
L62P tagged with FLAG was isolated and subjected to Affymetrix analysis. After verification
of correlation, batch analysis was carried out. Upregulated genes were analyzed and listed
by the use of the DAVID database (http://niaid.abcc.ncifcrf.gov/).
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