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Summary 1

Summary

The prolyl-4 hydroxylase domain enzymes 1-3 (PHDI1-3) are involved in regulating the
protein stability of the a subunit of the hypoxia inducible factor (HIF), which is the master
regulator of oxygen-dependent gene expression. Increasing evidence has been found that the
PHDs are involved in regulating additional, HIF-independent, oxygen-dependent signal
transduction pathways. Additionally, several hints for isoform-specific functions of the PHDs
were observed. Therefore, members of the Department of Cardiovascular Physiology
performed a yeast two-hybrid screen in which the activating transcription factor-4 (ATF-4)
was identified as a novel interaction partner of the oxygen sensor PHD3. ATF-4 is involved in
the cellular stress response and its expression is shown to be induced by different stress
signals. ATF-4 is also regulated by phosphorylation and at the level of protein stability. In this
thesis the oxygen-dependent regulation of the ATF-4 stability was characterized. Yeast two-
hybrid assays revealed the isoform specificity of this interaction. The interaction of ATF-4 is
restricted to PHD3 whereas no interaction was observed with PHD1, PHD2 or factor
inhibiting HIF-1 (FIH). Furthermore, exposure to hypoxia or silencing PHD3 mRNA
expression, but not PHD2 expression, resulted in increased ATF-4 proteins levels compared
to normoxia in a HIF-independent manner. Reoxygenation experiments revealed a slower
degradation of the ATF-4 protein after inhibiting PHD activity by DMOG treatment or
silencing PHD3 expression, indicating the involvement of PHD3 in regulating ATF-4 protein
stability. A newly identified oxygen dependent degradation (ODD) domain in the ATF-4
protein sequence is responsible for the oxygen-dependent ATF-4 protein stability. A
degradation of ATF-4 by the ubiquitin-proteasome system mediated by the ubiquitin E3 ligase
SCF beta-transducin repeat containing protein (B-TRCP) has been described earlier, but its
function for the normoxic degradation of ATF-4, was not known. This thesis shows that the
normoxic destabilisation of ATF-4 is mediated via PHD3-dependent degradation by the
ubiquitin-proteasome system. However, pull-down assays and silencing 3-TRCP expression
by siRNAs showed that the normoxic degradation of ATF-4 is not mediated by the E3 ligases
B-TRCP or von-Hippel Lindau tumor suppressor (pVHL). Therefore further studies will be
needed to identify the E3 ligase responsible for the normoxic degradation of ATF-4. Studies
of ATF-4 target gene expression under hypoxia revealed an involvement of oxygen-
dependent ATF-4 regulation in cell fate decision. This knowledge of PHD regulated pathways
can be helpful for the development of clinically applicable small molecule PHD inhibitors
that can be used for the treatment of anemia or that may be applied because of their

cytoprotective effects in damaged tissues.
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1. Introduction

1.1 Hypoxia

Oxygen is needed by all multicellular organisms to produce energy in form of ATP. In
mammals the transport of oxygen into tissues involves oxygen uptake by the lungs, transport
and distribution via the blood, the cardiovascular system and finally diffusion to the oxygen
consuming cells. To maintain their physiological function cells need the ability to adapt to a
changing oxygen supply. An insufficient oxygen availability in relation to oxygen
consumption is termed hypoxia. The complete absence of oxygen is called anoxia.

Several adaptation mechanisms, which are activated in response to hypoxia, are known. The
respiratory rate can be increased to elevate the oxygen uptake and cells can switch to
anaerobic metabolism. Additionally, erythropoiesis and angiogenesis into the ischemic tissues
can be enhanced.

The hypoxia-inducible factor (HIF) has been identified to be the master transcriptional

mediator to maintain oxygen homeostasis (Semenza, 1998).

1.2 The hypoxia-inducible factor (HIF)

HIF is involved in regulating the transcription of many genes involved in the cellular and
systemic response to hypoxia by affecting the anaerobic metabolism, oxygen delivery,
angiogenesis as well as cellular survival and proliferation. Oxygen homeostasis is maintained
by HIF physiologically. However, HIF also affects oxygen homeostasis in pathophysiological
situations like tumor growth, ischemia and tissue repair. HIF-1o knockout in mice results in
embryonic lethality (embryonic day E 9.5). The embryos show an impaired vascularization,

reduction of somites and neural fold defects (Iyer et al., 1998; Ryan et al., 1998).

1.2.1 Structure of HIF

HIF is a heterodimer that consists of three alternative oxygen-regulated o subunits (HIF-1a.,
HIF-200 and HIF-3a) and a constitutively expressed 3 subunit (HIF-f or aryl hydrocarbon
receptor nuclear translocator (ARNT)). HIF-a and HIF-B belong to the basic helix-loop-helix
(bHLH) transcription factors and contain two Per-Arnt-Sim (PAS) domains (Wang et al.,
1995).

In addition, HIF-1a contains two transactivation domains (TAD). One is located at the
N-terminus (N-TAD, aa 531-575) and the other at the C-terminus (C-TAD, aa 786-826). At
these TADs the binding of co-activators takes place (Jiang et al., 1997; Pugh et al., 1997) (see
Figure 1).
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Fig. 1: Domain structure of the HIF-1a protein. The bHLH domain and the PAS domains are involved in
dimerization and DNA binding. Two transactivation domains (TAD) are present in the HIF-1a protein. The
N-TAD resides in the oxygen-dependent degradation (ODD) domain and the other TAD at the C-terminal end
(C-TAD). The ODD domain is responsible for the oxygen-dependent instability of HIF-1a. It contains two
proline residues, which are hydroxylated by the Prolyl-4 Hydroxylase domain enzymes (PHDs) in an oxygen-
dependent manner.

All HIF-a isoforms are encoded by distinct gene loci. HIF-1a was the first identified isoform.
It was discovered by analyzing proteins, which bind to the hypoxia responsive element (HRE)
of the erythropoietin (EPO) gene (Wang et al., 1995). Later on HIF-2a. and HIF-3a were
identified by homology searches and by studying protein interaction partners of
HIF-1B. HIF-2a is also known as endothelial PAS domain protein 1 (EPASI), HIF-1-like
factor (HLF) or HIF-1 related factor (HFR) (Ema et al., 1997; Flamme et al., 1997; Gu et al.,
1998; Hogenesch et al., 1997; Tian et al., 1997). HIF-1a and HIF-2a are closely related. Both
bind to HREs to induce the transcription of their target genes. HIF-3a is less related to
HIF-1a. It negatively regulates the HIF-1a response when present as an alternative splice
variant termed inhibitory PAS domain protein (Makino et al., 2007). This variant is not
involved in activation of target gene transcription due to the lack of a TAD and acts as a

HIF-1o inhibitor.

1.2.2 HIF-1 target genes

HIF-1 is the major transcriptional regulator of the oxygen-dependent gene expression. Until
now more than one hundred genes are known to be regulated by HIF-1. These genes are
involved in processes that regulate vasculogenesis, angiogenesis, metabolism, vasodilatation,
cell migration, cell signalling and cell fate. All these processes lead to a decreased oxygen
consumption of the cells or an increased oxygen delivery to maintain an adequate oxygen
supply of the tissue.

The oxygen transport is influenced by HIF-1 via regulating the expression of EPO. EPO
stimulates erythroid progenitor cells to increase erythropoiesis and is also involved in
proliferation and differentiation of non-erythroid cells like endothelial cells, vascular smooth

muscle cells, neurons and neuronal progenitor cells (Li et al., 2004).
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By influencing the expression of transferrin and its corresponding receptor, the iron transport
in the blood and uptake into the cells is also dependent on HIF-1 (Lok and Ponka, 1999; Rolfs
et al., 1997; Tacchini et al., 1999; Wang and Semenza, 1993).

One of the most prominent HIF-1 target genes is the vascular endothelial growth factor
(VEGF), which stimulates vascularization and angiogenesis (Forsythe et al., 1996; Liu et al.,
1995). To further mediate the VEGF signal, the expression of the VEGF receptor 1 is also
HIF-1-dependently upregulated under hypoxic conditions (Gerber et al., 1997). Furthermore,
vascular tone is influenced by induction of the inducible nitric oxide synthase (iNOS) (Melillo
et al., 1995) and the expression of the natriuretic peptides ANP and BNP through HIF-1
(Chun et al., 2003; Luo et al., 2006).

To modulate the oxygen demand of the cells in response to a decreased oxygen supply, HIF-1
also regulates several factors which are involved in the energy metabolism. Target genes are
for example the glucose transporter-1 (GLUT1) (Ebert et al., 1995) and enzymes which are
involved in the glycolytic pathway (Semenza et al., 1994), like the 6-Phosphofructo-1-
kinase L, Phosphoglycerate kinase-1, or the Lactate dehydroxygenase A (Firth et al., 1994;
Semenza et al., 1996). Theses enzymes allow the cells to switch to an anaerobic metabolism
for a short time when oxygen is depleted. Because of the HIF-dependent upregulation of the
anaerobic glycolysis the pH is lowered in the affected tissue. However, HIF-1 also regulates
the pH by inducing the carbonic anhydrase 9 (CAIX) expression (Wykoff et al., 2000). CAIX
catalyzes the buffering of acids by hydrating cell-generated carbon dioxid (CO;) into
bicarbonate (HCO3 ") and a hydron (H").

Another group of HIF-1 target genes is involved in cell differentiation and proliferation.
HIF-1 can mediate signals of pro-survival or pro-apoptotic pathways. It has been shown that
the insulin-like growth factor (IGF) binding protein 1 and 3, which regulate cell growth and
development, are upregulated during fetal hypoxia in a HIF-1-dependent manner (Tazuke et
al., 1998). Apoptosis is induced in poorly supplied tissues after prolonged hypoxia. This is
also mediated by HIF-1 via induction of for example the transforming growth factor

TGF-B (Caniggia et al., 2000) or NIP3 (Bruick, 2000).
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1.2.3 Regulation of HIF-1

The HIF-1 signal transduction pathway is tightly regulated. This regulation involves nuclear
translocation, heterodimerization, transcriptional activation and recruitment of co-factors
(see Figure 2).

Under hypoxic conditions, HIF-1a translocates into the nucleus and heterodimerizes with
ARNT to form the transcriptional active HIF-1 complex that binds to HREs to promote and
activate its target genes (Kallio et al., 1998).

By searching for interaction partners of the HIF-1oo C-TAD, the factor inhibiting HIF-1
(FIH-1) was identified in a yeast two-hybrid screen (Mahon et al., 2001). FIH-1 is an
asparaginyl hydroxylase that hydroxylates a conserved asparagine residue in the C-TAD
(Asn803) in a strict oxygen-dependent manner. This hydroxylation inhibits the interaction of
HIF-1a with the cAMP response element-binding protein (CREB)-binding protein (CBP) and
p300 (Lando et al., 2002). CBP and p300 are histone acetyl transferases, which relax the
chromatin structure. By inhibiting the recruitment of CBP/p300, FIH acts as a negative
regulator of HIF-1 transcriptional activity.

The most crucial step in regulating hypoxia-inducible gene expression is the oxygen-
dependent proteasomal degradation of HIF-a. It has been shown by two different groups that
the protein stability of HIF-a is regulated via proline hydroxylation (Ivan et al., 2001;
Jaakkola et al., 2001). These groups reported that the hydroxylation of HIF-1a takes place in
the so called oxygen-dependent degradation (ODD) domain at the two conserved proline
residues Pro402 and Pro564. The prolyl-4 hydroxylase domain enzymes (PHDs) were
identified to catalyze this hydroxylation reaction (Bruick and McKnight, 2001; Epstein et al.,
2001). The Ky values of these enzymes for O, are slightly above the atmospheric oxygen
concentration and thus makes them suitable oxygen sensors in mammals. The prolyl
hydroxylation marks HIF-la for proteasomal degradation via the ubiquitin proteasome
system, which is mediated by the pVHL-E3-ubiquitin-ligase complex. This complex consists
of the von Hippel-Lindau tumor suppressor protein (pVHL), elongins B and C, Cullin 2 and
the Ring-H2 finger protein Rbx-1. pVHL functions as a F-box protein that is responsible for
the target recognition (Maxwell et al., 1999).

Besides hydroxylation, HIF-1a undergoes several other posttranslational modifications like
SUMOylation, phosphorylation or acetylation.

A direct acetylation of HIF-1a at the lysine residue 532 was described after overexpression of
the acetyl transferase arrest-defective-1 protein (ARD1) (Jeong et al., 2002). This lysine

resides in the ODD domain of HIF-1a and it was hypothezised that its acetylation leads to an
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enhanced recruitment of pVHL and consequently to an increased degradation of HIF-1la.
However, other groups did not confirm a direct acetylation of HIF-la despite the protein
interaction of HIF-1a. with ARD1 (Arnesen et al., 2005; Bilton et al., 2005). To date the
influence of acetylation is unknown, further studies will be needed to define this issue.

It has been observed that HIF-1a is phosphorylated under hypoxic conditions, which is part of
the fine modulation of HIF-1 transactivation activity. Different pathways are known to be
involved in mediating this phosphorylation. The FIH-1-mediated hydroxylation is inhibited
by phosphorylation of the HIF-1a threonine residue 796, which is mediated by the casein
kinase II (Gradin et al., 2002; Lancaster et al., 2004). This phosphorylation leads to an
enhanced transactivation activity by increasing the p300 interaction. Furthermore, HIF-1a is
phosphorylated by the mitogen activated protein kinase (MAPK) p42/44 (Erk2/Erk1l) leading
to an enhanced transactivation activity (Richard et al., 1999). Additionally, the translocation
of the HIF-1lo subunit into the nucleus seems to be regulated by MAPK-dependent
phosphorylation of the serine residues 641 and 642 (Mylonis et al., 2006).

SUMOylation of HIF-la has been shown by different groups with contrary results. The
HIF-1oo residues Lys391 and Lys477 are found to be SUMOylated in SUMO-I
overexpressing cells. These lysines reside in the ODD domain and therefore SUMOylation
might lead to an increased HIF-1a stability and thus increased HIF-1 activity (Bae et al.,
2004). However, in another study the authors found a decreased HIF-1 activity after
SUMOlyation and could not detect an influence of SUMOylation on the HIF-la protein
stability (Berta et al., 2007). Thus, until now the mechanism of SUMOlyation in regulating
the HIF-1a stability and HIF-1 activity is not completely understood.



1. Introduction 7

Normoxia Hypoxia

cytoplasm

nucleus

DNA Ej

DNAe.g. vegf, epo, glutl

Ly 5O

Fig. 2: Summary of the HIF-1a regulation. Under normoxic conditions HIF-1a is located within the cytoplasm.
PHD2 hydroxylates the HIF-1a protein on Pro402 and Pro564. This triggers the ubiquitination of HIF-1a by
pVHL and consequently leads to the proteasomal degradation of HIF-1a.. HIF-1a is hydroxylated by FIH, which
blocks the interaction of HIF-la with p300. Additionally, SUMOylation of HIF-la was observed, but the
function is still discussed controversially. This is also true for the interaction with the acetyl transferase ARD]1.
Under hypoxic conditions HIF-1a translocates into the nucleus. Its nuclear accumulation is enhanced after
MAPK-mediated phosphorylation. In the nucleus HIF-1a dimerizes with HIF-1P. After binding to p300 the
transcription of HIF-1 target genes, like epo, vegf and glutl, is induced.

1.3 PHDs act as oxygen sensors in mammalian cells

Three different human PHDs are known (PHD1, PHD2, PHD3) to be responsible for the
prolyl hydroxylation of the HIF-a subunit. These belong to the iron- and 2-oxoglutarate-
dependent dioxygenases superfamily. The PHDs require oxygen and 2-oxoglutarate as co-
substrates for their enzymatic activity. This dependence on oxygen explains their capability to
function as oxygen sensors.

In the context of regulating HIF-1a abundance PHD2 is the dominant factor, because it is the
rate limiting enzyme that regulates the HIF-1a levels in normoxia (Berra et al., 2003).
PHDI1-3 mRNAs are expressed in all tissues but with different expression levels. PHD1 is
highly expressed in testis and hormone responsive tissues. In contrast to this, PHD2 is

constitutively expressed in all tissues and PHD3 has the highest expression level in skeletal
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and heart muscle as well as in placenta (Cioffi et al., 2003; Lieb et al., 2002; Oehme et al.,
2002).

In studies using GFP-PHD fusion proteins it was demonstrated that the intracellular
localization differs between the three PHD isoforms. PHD1 was found in the nucleus only,
PHD2 was mainly localized in the cytoplasm and PHD3 was found in both compartments
(Metzen et al., 2003). The expression pattern of the three PHDs varies upon hypoxia. PHD2 is
the most abundant isoform in normoxic conditions and consequently PHD2 is mainly
responsible for the normoxic hydroxylation of the HIF-o subunit (Berra et al., 2003). The
promoters of the phd2 and phd3 genes both contain HREs and are transcribed by HIF-1 under
hypoxic conditions (Metzen et al.,, 2005; Pescador et al., 2005). The hypoxia-inducible
expression of PHD2 and 3 serves as a negative feedback mechanism and ensures the rapid
HIF-a degradation during reoxygenation. Additionally, PHD3 seems to have a higher affinity
to HIF-2a compared to HIF-1a (Appelhoff et al., 2004).

In contrast to PHD2 and PHD3, the expression of PHDI is not induced by hypoxia. It has
been shown that PHDI is inducible in human mammary carcinoma cells by oestrogen (Seth et

al., 2002).

1.3.1 PHD activity

PHDs can function as effective oxygen sensors in mammalian cells, because their Ky values
for O, are between 230-250 uM, which is slightly above the partial atmospheric oxygen
pressure at sea level (Hirsila et al., 2003). This ensures their oxygen-dependent hydroxylation
activity when all co-factors are present in the cells. PHD activity is tightly regulated at the full
range of oxygen concentrations from normoxia (21 % O,) to severe hypoxia (less than
0,1 % O).

The PHDs hydroxylate two proline residues in a conserved LxxLAP motif of HIF-1a. It has
been shown that the activity of PHD2 and PHD3 is similar, whereas the PHD1 activity is
lower (Tuckerman et al., 2004). In addition, the two proline residues are differently
hydroxylated by the PHDs. All three PHD isoforms hydroxylate HIF-1a at Pro564, whereas
Pro402 is hydroxylated by PHD1 and PHD2 only (Chan et al., 2005; Epstein et al., 2001).
Further studies revealed a much higher affinity of PHD2 for Pro402 than for Pro564 (Huang
et al., 2002).

The PHDs catalyze the hydroxylation reaction in which one oxygen atom is added to a
peptidyl proline to form hydroxyproline. The other oxygen atom is used in a coupled

decarboxylation reaction that converts 2-oxoglutarate to succinate. For this reaction a single
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non-haem bound Fe’™ that coordinates in an enzyme-Fe’'complex is required. The
Fe*complex binds to 2-oxoglutarate and then to the peptidyl proline. The binding displaces a
water molecule and triggers the reaction with molecular oxygen. This leads to the oxidative
decarboxylation of 2-oxoglutarate to succinate, CO, and the ferrly species Fe=O (Fe’") at the

iron centre. This reactive intermediate then oxidizes the peptiyl proline (see Figure 3).

| (|300H |

C=0 Cc=0 COOH

C|:H g2 ?HQ (|3H & o l

— — H CH

I SCH, + CH, p'"[’%r e+ [ ¢+ Co

N—C | Oz F N—C” “H  CH,

| H, C=0 Ascorbate | Ha |
| COOH
COOH

Proline 2-oxoglutarate 4-hydroxyproline Succinate

Fig. 3: Reaction catalyzed by the prolyl-4 hydroxylase domain proteins (PHDs). The PHDs use O, and
2-oxoglutarate as co-substrates, and Fe’" and ascorbate as co-factors. In the hydroxylation reaction
4-hydroxyproline and succinate are formed (Berra et al., 2006).

The hydroxylation reaction is also dependent on ascorbate, which is needed to recycle the
intermediate Fe’™ into the reduced Fe*", which subsequently can be used in the next catalytic
cycle and prevents auto-oxidation of the enzyme in an uncoupled reaction (Counts et al.,
1978; Nietfeld and Kemp, 1981). Studies in junD deficient cells, in which the antioxidant
defense pathways are reduced, showed an enhanced PHD activity resulting in an increased
HIF-1a hydroxylation. Furthermore, ascorbate may be involved in mediating the antioxidant

reaction and may thereby affect the hypoxia pathway (Gerald et al., 2004).

1.3.2 Modulation of PHD activity

To adapt the HIF activity to a variety of changing conditions, the PHD activity is not only
regulated by oxygen availability. An inhibition of PHD function can be achieved by depletion
of intracellular ascorbate, with competitive inhibitors of 2-oxoglutarate or inhibiting the
Fe**center of the PHDs.

The 2-oxoglutarate analog N-oxalyl-glycine (NOG) and dimethyl-oxalyl-glycine (DMOG)
were the first substances that were found to inhibit PHD enzymatic activity and to stabilize
HIF-1o in vitro and in vivo (Epstein et al., 2001; Jaakkola et al., 2001). For clinical
application, however, these substances are not specific and potent enough and thus more
screenings were performed to find more efficient PHD inhibitors. By this further
2-oxoglutarate analogs were found to activate HIF in vivo leading to an increased expression

of HIF target genes: L-mimosine injection leads to HIF-1a induction in the kidney of the
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treated rats (Warnecke et al., 2003), FG-2216 treatment elevates EPO levels and increases
erythropoiesis (Hsieh et al., 2007), and FG-4487 treatment of rats leads to a HIF-1o induction
in the kidneys (Bernhardt et al., 2006). However, before these PHD-inhibitors can be applied
clinically the consequences of PHD-inhibition have to be fully understood.

Another approach to stabilize HIF-1a by inhibiting the PHD activity is the use of iron
chelators like desferrioxamine (DFO). DFO leads to a stabilization of HIF-1a and expression
of its target genes under normoxic conditions (Agani and Semenza, 1998). The clinical
application of iron chelators, however, is problematic as iron is an essential co-factor for
many enzymes and affects DNA synthesis and cell growth (Le and Richardson, 2002).

The effect of divalent metal ions on PHD activity is not completely understood. It has been
shown that the application of cobalt chloride (CoCl,) or nickel chloride (NiCl,) induces EPO
production (Goldberg et al., 1988). It has been assumed that CoCl, or NiCl, compete with
Fe*" for the catalytic center of the PHDs. Recent studies, however, showed that the effect of
CoCl, and NiCl;, could be the result of ascorbate depletion in the cells causing oxidative stress
and thereby inhibiting PHD activity (Salnikow et al., 2004).

Reactive oxygen species (ROS) may also influence PHD function by chelating and oxidizing
Fe*™ to Fe’™ (Pan et al., 2007). The role of ROS in hypoxia signaling is discussed
controversially. Some groups reported that the production of ROS by mitochondria increases
under ongoing hypoxia (Chandel et al., 1998; Guzy et al., 2005; Mansfield et al., 2005). In
contrast to this, in other studies a decreased release of H,O, in hypoxia compared to normoxia

was detected (Lopez-Barneo et al., 2001).

1.3.3 PHD substrates/interactors

Several PHD protein interaction partners have been identified mainly by yeast two-hybrid
screens. These newly found PHD interaction partners might be involved in regulating PHD
stability, folding, subcellular localization and enzymatic activity or might themselves be
regulated by PHDs.

By performing a yeast two-hybrid screen using full-length PHD3 as bait, the activating
transcription factor-4 (ATF-4) was identified as new PHD3 interaction partner (Kdditz et al.,
2007). The meaning of this interaction was further studied in this thesis. ATF-4 proved to be
the up to now only known protein besides HIF-a, for which the protein stability is regulated

by PHD3.
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PHD3 has been shown to be ubiquitinated and its activity to be regulated by the RING finger
E3 ligase seven in absentia homolog 2 (Siah2) (Nakayama et al., 2007; Nakayama et al.,
2004). The turnover rate of the other PHD isoforms is not affected by Siah2.

For PHD2 a protein-interaction with the FK506 binding protein 38 (FKBP38) has been
described (Barth et al., 2007). It has been hypothesized that FKBP38-bound PHD2 is
constantly degraded whereas non-bound PHD?2 is not degraded and thus regulates HIF-a
abundance. FKBP38 is a peptidyl prolyl cis/trans isomerase that functions as a receptor for
the immunosuppressive drugs cyclosporine A and FK506. As member of the FKBP family of
immunophilins it interacts in presence of FK506 with calcineurin, which is involved in signal
transduction and apoptosis (Liu et al., 1991). Regulation of PHD2 protein stability, however
seems to be independent of the peptidyl cis/trans isomerase activity.

PHD3 is the only PHD isoform found to interact with the cytosolic chaperonin TCP-1 ring
complex (TRiC) (Masson et al., 2004). Cytosolic chaperonins like TRiC seem to be essential
for the correct folding of PHD3 (Fedulova et al., 2007). TRiC is also involved in the assembly
of the pVHL-elonginB-elonginC E3 ubiquitin ligase complex, but the interplay of these two
functions is not defined yet (Feldman et al., 1999).

To facilitate the interaction between HIF-a and the PHDs, these factors assemble with other
proteins to form a multi-protein complex. The osteosarcoma amplified 9 (OS-9) protein which
interacts with HIF-1a, PHD2 or PHD3, appears to be one of the scaffolding proteins in this
complex (Baek et al., 2005). Another scaffolding protein which might be involved in the
assembly of HIF-la, pVHL and PHDs is the A-kinase anchor protein 12 (AKAP12). An
increased AKAP12-dependent HIF-1o degradation was observed which is caused by an
enhanced recruitment of PHD2 (Choi et al., 2007). As potential scaffold for the PHD3-
HIF-1a interaction the MAPK organizer 1 (Morgl) was identified. Overexpression of Morgl
leads to a decreased HIF target gene expression (Hopfer et al., 2006).

Other not so well studied interaction partners of PHD2, which were also identified by yeast
two-hybrid screens, are the iron-only hydrogenase-like protein 1 (IOP1) (Huang et al.,2007)
and the inhibitor of growth 4 (ING4) (Ozer et al., 2005). The melanoma antigen 11 and 9
(MAGE-11 and MAGE-9) interact with all three PHD isoforms, but the underlying function is
not fully understood to date (Aprelikova et al., 2009).

Especially PHD1 interacts with factors of other signal transduction pathways. These novel
PHDI1 targets all contain the conserved LXXLAP consensus motif, which is also found in the
ODD domain of the HIF-a subunit. One of these novel interaction partners is the inhibitor of

NF-«B kinase-f (IKK[) that is solely regulated by PHD1. Hypoxia activates the NF-kB



1. Introduction 12

pathway by activating IKKp. This leads to the phosphorylation-dependent degradation of
IxBa and thus NF-kB release. Hypoxia mimicking by inhibition of PHD activity or the down
regulation of PHD1 expression by siRNA leads also to the activation of the NF-xB pathway.
Conversely, overexpression of PHD1 results in a decreased NF-«kB activity (Cummins et al.,
2006). To date, a PHD1-dependent hydroxylation of IKKf has not been shown (Cockman et
al., 2006). Thus, it is not clear if the PHD1-dependent regulation of IKK[3 depends on PHDI1
hydroxylation activity comparable to the HIF-a regulation.

The large subunit of RNA polymerase II (RPB1) also contains a LXXLAP consensus motif
and forms a complex with PHD1 and PHD2 under oxidative stress. A PHDI-dependent
hydroxylation was observed while PHD2 had an inhibitory effect on the degradation of RPB1
(Mikhaylova et al., 2008). The hydroxylation of RPB1 was verified by the use of an anti-
hydroxy-RPBI1 antibody.

1.3.4 Biological function of PHDs

To study the in vivo function of the PHDs several genetically modified PHD mouse models
were produced. Phdl” and Phd3” mice are viable whereas Phd2” embryos die at
midgestation. The PHD2 knockout leads to an underdeveloped myocardium and trabeculae in
the heart and poor labyrinthine branching in the placenta. Thus, PHD2 seems to be the critical
regulator of the hypoxic response during embryonic development (Takeda et al., 2006).

To further study the importance of PHD2 in adult animals a tamoxifen-induced Cre-loxP
Phd2”" mouse model has been developed. The PHD2 knockout in the adult mice causes an
increased vascular density and lumen vessel size together with an increased recruitment of
vascular smooth muscle cells (Takeda et al., 2007).

PHD1 knockout mice show no obvious phenotype under non-stressed conditions, except a
reduced mitochondrial oxygen consumption in skeletal muscle cells (Aragones et al., 2001).
This metabolic adaption protects the muscle cells from an ischemic insult. This effect seems
to be mediated by HIF-2a, which indicates a PHD1 HIF-2a isoform specific regulation. A
sympathoadrenal phenotype is observed in Phd3” mice. The symphatic innervation is
decreased leading to reduced plasma catecholamine levels and blood pressure in the knockout

mice (Bishop et al., 2008).
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1.4 The activating transcription factor-4 (ATF-4)

ATF-4 is a member of the ATF/CREB bZIP transcription factor family that binds to cyclic
adenosine monophosphat (cAMP) response elements (CRE) (Vallejo et al., 1993). ATF-4
regulates the transcription by forming homo- or heterodimers with other bZIP transcription
factors like C/EBP isoforms, FOS, JUN and NRF2 (Chevray and Nathans, 1992).

ATF-4 is crucial for the cellular response to different types of stress, like anoxia, amino acid
deprivation, endoplasmatic stress and exposure to oxidants or reactive metals (Rutkowski and
Kaufman, 2003). All these stress pathways converge in the phosphorylation of the eukaryotic
initiation factor 2 (eIF2), which leads to a general inhibition of protein synthesis, but the
selective upregulation of ATF-4 translation. This mechanism is conserved within higher
eukaryotes. However, not only the response to stress is regulated by ATF-4, but also cell
proliferation and differentiation, vascularization and osteoblast formation (Masuoka and

Townes, 2002; Roybal et al., 2005; Yang et al., 2004).

1.4.1 Regulation of ATF-4 expression

Eukaryotic cells respond to diverse stress signals by phosphorylation of the o subunit of eIF2.
This phosphorylation inhibits the recycling of elF2 to its active GTP-bound form, which is
crucial for initiation of protein translation. Various elF2 kinases (PKR, HRI, PERK/PEK and
GCN2) are known in mammals and each of them contains unique regulatory regions to
recognize different stress conditions. The PKR is part of an antiviral defense mechanism
which is mediated by interferon (Garcia et al., 2006). Heme deprivation, oxidative stress and
heat shock lead to elF2a phosphorylation via HRI (Chen, 2007). GCN2 is activated in
response to nutrition deprivation, UV irritation, proteasome inhibition and certain viral
infections (Berlanga et al., 2006; Deng et al., 2002; Hinnebusch, 2005; Jiang and Wek, 2005).
Proteins of the secretory pathway are folded in the endoplasmatic reticulum (ER). When the
folding demand exceeds the capacity, unfolded or misfolded proteins accumulate and elicit
the unfolded protein response (UPR). ER stress is recognized by the amino terminal region of
PERK, which phosphorylates eIF2a at Ser51 and consequently reduces global translation and
activates transcription of genes subjected to the UPR (Harding et al., 1999; Harding et al.,
2000; Sood et al., 2000). ATF-4 mRNA is one of the selected targets, whose translation is
increased in response to ER stress. This enhanced ATF-4 translation is mediated by two
upstream open reading frames (uORFs) in the 5’-leader of the ATF-4 mRNA. The
5’-proximal uORF (uORF1) encodes for only three amino acids whereas the second uORF

(uORF2) encodes for 59 residues and overlaps with the ATF-4 coding region. uORFI
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facilitates ribosome scanning and reinitiation at downstream coding regions of the ATF-4
mRNA. Under non-stressed conditions elF2a is abundantly present in the GTP-bound form
and the uORF1 reinitiates the translation at uORF2, which is an inhibitory element that blocks
ATF-4 expression. When elF2a is phosphorylated under stress conditions, the elF2a-GTP
level is reduced and the time needed by the ribosomes to scan the mRNA increases. This
leads to a delay of translational reinitiation and allows the ribosomes to reinitiate at the ATF-4
coding region.

Elevated ATF-4 levels induce the expression of other bZIP transcription factors like ATF-3
and CHOP (CCAAT/enhancer-binding protein homologous protein)/GADDI53 (growth
arrest and DNA-damage-inducible protein 153) that together induce a set of genes important
for cellular remediation and apoptosis.

GADD34 is another ATF-4 target gene, which encodes for the regulatory subunit of the
type 1 serine/threonine phosphatase that dephosphorylates elF2a (Harding et al., 2003; Novoa
et al.,, 2001). The translation of GADD34 is possible because of one uORF in its
5’-untranslated region (5°-UTR) allowing translation under stress conditions (Lee et al.,
2009). By regulating GADD34 expression ATF-4 restores translation and allows for the
synthesis of proteins which elevate ER capacity.

The dependency on elF2a-GTP abundance is a shared characteristic of ATF-4 and the
transcriptional regulator GCN4 in yeast, where the elF2a phosphorylation bypasses multiple
short uORFs in the 5’-leader of the GCN4 mRNA (Abastado et al., 1991). Accumulation of

GCN4 induces the expression of genes involved in metabolism and nutrient production.

1.4.2 ATF-4 target genes

ATF-4 is significantly involved in the regulation of genes belonging to the amino acid
metabolism, genes protecting from oxidative stress, genes regulating the switch between
apoptosis and autophagy and genes of other bZIP transcription factors like ATF-3 and
CHOP/GADD153.

The promoter of the asparagine synthetase (ASNS) contains two Cis-acting elements. By
interacting with one of them, ATF-4 induces ASNS expression eliciting a biological response
to amino acid deprivation (Siu et al., 2002).

Another ATF-4-dependent factor is the heme binding oxygenase-1 (HO-1) which mediates a
cytoprotective program that is activated by oxidative stress (He et al., 2001). It has also been
shown that ATF-4 activates the expression of VEGF during oxidative stress to maintain redox

homeostasis (Roybal et al., 2005). This mechanism results in neovascularization, as observed
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in retinal pathologies such as age-related macular degeneration (AMD) and diabetic
retinopathy.

ATF-4 is also known to be involved in maintaining survival of pancreatic -cells during ER-
stress. ER-stress causes apoptosis, which may be responsible for the loss of pancreatic 3-cell
mass leading to the development of diabetes. The ATF-4-dependent induction of 4E-BP1, the
suppressor of the mRNA 5’-cap-binding protein elF4E (eukaryotic initiation factor 4E), is
involved in B-cell survival under ER-stress. 4E-BP1 upregulation in islets under ER-stress
was observed in several mouse models of diabetes. Therefore, ATF-4 might be a therapeutic
target for diabetes treatment (Yamaguchi et al., 2008).

The knockout of ATF-4 in mice causes severe fetal anemia based on an impaired fetal-liver
hematopoiesis. Further in vitro studies showed that ATF-4 is involved in high-rate cell
proliferation, which is needed for fetal-liver hematopoiesis (Masuoka and Townes, 2002).
ATF-4 deficiency results also in a delayed bone formation during embryonic development
leading to low bone mass in the adult mice. ATF-4 is a substrate of RSK2 (growth factor-
regulated kinase) in osteoblasts, which indicates that the lack of ATF-4 phosphorylation via
RSK2 is responsible for the skeletal phenotype of the Coffin-lowry syndrome (CLS), in which
the gene encoding RSK2 is mutated (Yang et al., 2004). This may be explained by the ATF-4

target gene Osteocalcin (OSE1), which is involved in osteoblast formation.

1.4.3. Regulation of ATF-4

ATF-4 is not only regulated at the translational level but also posttranslationally through
phosphorylation and via its protein stability.

As mentioned above, the phosphorylation of ATF-4 at Ser251 by RSK2 leads to an increased
transcription of genes involved in osteoblast differentiation, like OSE1 (Yang et al., 2004).
The transcription of another set of ATF-4 target genes is enhanced after protein kinase A
(PKA)-mediated ATF-4 phosphorylation at Ser254. This phosphorylation is essential for
normal bone formation (Elefteriou et al., 2006).

The expression of ATF-4 is regulated by the G-protein-coupled receptor 48 (GPR48) via
activation of the cAMP-PKA pathway leading to an enhanced ATF-4 expression. In line,
GPR48 knockout leads to a decreased ATF-4 expression, which results in an impaired
erythropoiesis in fetal liver (Song et al., 2008).

Additionally, the ATF-4 transcription activity is regulated by interaction with regulatory
proteins like the factor inhibiting ATF4-mediated transcription (FIAT). FIAT contains a

leucine zipper domain that mediates binding to ATF-4. This interaction inhibits the activation
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of ATF-4 target genes by hindering ATF-4 from binding to DNA. During osteoblast
formation FIAT knockout leads to an increased OSEI1 expression (Yu et al., 2005).

With a half-life of about 10 min ATF-4 is a very short-lived protein with a high turnover rate.
ATF-4 is degradated via the ubiquitin-proteasome system. The chemical inhibition of the
proteasome, for example by MG-132, leads to the stabilization of ATF-4. One known F-box
protein, which is involved in ATF-4 ubiquitination, is B-Transducin repeat-containing F-box
protein (B-TRCP) (Lassot et al., 2001). B-TRCP is part of a SCF E3 ligase complex composed
of Skpl, Cull, Rocl and the F-box protein (Nakayama and Nakayama, 2005). In ATF-4 the
consensus sequence DSGXXS, which is responsible for f-TRCP interaction, resides between
the amino acid residues 218 to 224. Mutations within this region increase the ATF-4 stability
(Lassot et al., 2001). For the recognition by the E3 ligase, the serine residue 219 within the
consensus motif needs to be phosphorylated. For yeast GCN4 the phosphorylation by the
cycline-dependent protein kinase PHOSS, a functional homologue of mammalien CDKS, has
been shown to be crucial for GCN4 ubiquitin-dependent degradation (Shemer et al., 2002).
However, the kinase responsible for the phosphorylation of ATF-4 within the DSGXXS motif
has not been identified.

The stability of ATF-4 is also regulated via interaction with the histone acetyltransferase p300
(Gachon et al., 2002). Although ATF-4 is acetylated by p300, the stabilizing influence of
p300 is independent of its catalytic activity. The mechanism of p300-mediated stabilization is
not understood in detail to date. The increased ATF-4 stability could be a result of p300
competing with B-TRCP for ATF-4 or the p300-mediated redistribution of ATF-4 in nuclear
speckles. In these nuclear speckles ATF-4 is unavailable for B-TRCP (Lassot et al., 2005).
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1.5 Aim of this thesis

The PHDs function as cellular oxygen sensors via regulating the protein stability of the
o subunit of HIF, which is the major transcriptional regulator of oxygen-dependent gene
expression. The PHD-mediated prolyl hydroxylation marks HIF-a for proteasomal
degradation under normoxic conditions. The prolyl hydroxylation of HIF-a is a common
characteristic of PHD1-3. Besides this similarity, however, there is increasing evidence for
PHD isoform specific properties: (1) enzymatic activity towards HIF-1a and HIF-2a differs
among the PHDs. (2) the PHDs show an isoform specific organ expression pattern. (3) PHD
knockout mice showed that the different PHD isoforms have specific physiological functions.
This might even include HIF-1a-independent oxygen-regulated pathways. (4) PHD isoform-
specific protein interaction partners have been identified for PHD1 and PHD2. By searching
for new targets of PHD3 the transcription factor ATF-4 was identified as novel protein-
interaction partner in a yeast two-hybrid screen. ATF-4 belongs to the ATF/CREB bZIP
transcription factor family, which regulates the transcription by forming homo- or
heterodimers. In response to different stress stimuli the translation of ATF-4 is upregulated
leading to the expression of genes, which are crucial for the response towards the stress
conditions. The ATF-4 activity is not only regulated at the translational level, but is
additionally modified by phosphorylation, interaction with regulatory proteins and via
regulation of its protein stability. The newly identified interaction with PHD3 might now
present another possibility to regulate the ATF-4 stability and activity.

Therefore, the aim of this thesis was to characterize the function of the protein-interaction
between PHD3 and its novel interaction partner ATF-4. To this end, the following questions
and sub-goals were defined:

1. Does ATF-4 interact with PHD3 exclusively? - In first studies it should be examined if
the interaction of ATF-4 is limited to PHD3 and is thus PHD-isoform specific.

2. Does PHD3 regulate the protein stability of ATF-4? - The function of the PHD3-ATF-4
interaction should be characterized. Therefore, the influence of PHD3 on ATF-4 stability and
activity was determined on mRNA and on protein level to examine on which level ATF-4 is
regulated by PHD3.

3. Is the ubiquitination of ATF-4 affected by hypoxia? - The PHD3-dependent
ubiquitination of ATF-4 should be defined. Furthermore, the components, involved in the
PHD3-dependent ubiquitination of ATF-4, were analyzed.

4. Does PHD3 or hypoxia affect ATF-4 target gene expression? - ATF-4 target genes are

involved in cell fate decision. In this regard, one important target gene is GADDI153.
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Therefore, the impact of the oxygen/PHD3-dependent regulation of ATF-4 for the expression
of GADDI153 was defined.
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2. Materials and methods
2.1 Materials
2.1.1 Chemicals

Most chemicals and materials were obtained from Sigma-Aldrich, Hamburg, Germany;

Applichem, Darmstadt, Germany or Carl Roth GmbH & Co. KG, Karlsruhe, Germany.

Chemicals obtained from other companies are listed in Table 2.1.

Tab. 2.1: List of chemicals and materials used.

name of the chemical

provider

Amylose Resin

Bacto™ Peptone

complete Mini EDTA-free Protease Inhibitor
Cocktail tablets

dimethyl pimelimedat dihydrochloride
DMOG

fetal calf serum

GeneRuler™ 1kb Plus DNA Ladder
Hybond ECL

IPTG

lactacystin

-Leu/-Trp Do Supplement
Lipofectamine™2000

PageRuler™ Prestained Protein Ladder
penicillin/streptomycin for cell culture
Prestained Protein Molecular Weight Marker
Protein G Sepharose 4 Fast Flow

salmon sperm DNA

Talon Metal affinity resin

trypsin/EDTA for cell culture

New England Biolabs, Inc., Ipswich, USA
BD Biosciences, Dendermonde, Belgium
Roche Applied Science, Mannheim,
Germany

Fluka Chemie AG, Buchs, Switzerland
Frontier Scientific, Carnforth, UK

PAN™ biotech GmbH, Passau, Germany
Fermentas GmbH, St. Leon-Rot, Germany
GE Healthcare, Miinchen, Germany
Fermentas GmbH, St. Leon-Rot, Germany
Boston Biochem, Cambridge, USA

BD Biosciences, Dendermonde, Belgium
Invitrogen GmbH, Karlsruhe, Germany
Fermentas GmbH, St. Leon-Rot, Germany
PAN™ biotech GmbH, Passau, Germany
Fermentas GmbH, St. Leon-Rot, Germany
GE Healthcare, Miinchen, Germany
Stratagene, La Jolla, USA

BD Biosciences, Dendermonde, Belgium

PAN™ biotech GmbH, Passau, Germany


http://fermentas.selfip.net/fermentas-shop/redirect.php?action=product&id=1036
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2.1.2 Buffers
The composition of the buffers used is listed in Table 2.2.

Tab. 2.2: List of the buffers used.

buffer name

composition

borate buffer
6x DNA sample buffer

DEPC-treated water
ECL

ethanolamine buffer
glycine solution for IP
2x HBS

lysis buffer

MBP-buffer
PBS

PLATE solution

5x SDS electrophoresis buffer
2x SDS-sample buffer

2 M Sodium acetate
solution D

10x TAE

0.1x TE

TE yeast

western blot transfer buffer

200 mM boric acid, 3 M NaCl, pH 9.0 with NaOH

30 % glycerin, 0.25 % bromphenol blue, 0.25 % Xylene
Cyanole FF in H,0

2 ml DEPC were added to 1 1 H,O

100 mM Tris/HCI, pH 8.5, 90 mM coumaric acid in
DMSO, 250 mM luminol in DMSO, 0,009 % H,O

200 mM ethanolamine, pH 8.0 with HCI

200 mM glycine, pH 2.5 with HCI

280 mM NacCl, 12 mM dextrose, 10 mM KCI,

50 mM HEPES, 1.5 mM Na,HPO42H,0, pH 7.05

400 mM NaCl, 10 mM Tris/HCI, pH 8.0,

0.1 % TritonX100

20 mM Tris, pH 7.5, 200 mM NaCl

137 mM NacCl, 2.7 mM KCl, 4.3 mM Na,HPO4 7H,0,
1.4 mM KH,POg4, pH 7.4

40 % PEG3350 (w/v), 100 mM lithium acetate, 10x TE
yeast, pH 7.5

125 mM Tris, 1.25 M glycine, 0.5 % SDS, pH 8.3

100 mM Tris/HCI, pH 6.8, 4 % SDS, 0.2 % bromphenol
blue, 20 % glycerol, 5 % mercaptoethanol

dissolve in 75 ml DEPC-H,0, adjust to pH 4.0 with
acetic acid, ad 100 ml with DEPC-H,O

4 M guanidine thiocyanate, 25 mM Sodium citrate

pH 7.0, 0.5 % sarcosyl, 0.1 M 2-mercaptoethanol

0.4 M Tris acetate, 10 mM EDTA, pH 8.3

1 mM Tris, 0.1 mM EDTA, pH 8.0

10 mM Tris, pH 7.5, 0.4 mM EDTA

25 mM Tris, 192 mM glycine, ad 800 ml with H,O,
200 ml methanol



2. Material and methods 21

2.1.3 Enzymes

The enzymes used and the companies they were obtained from are listed in Table 2.3.

Tab. 2.3: List of the enzymes used.

name of the enzyme provider

PfuTurbo DNA polymerase Stratagene, La Jolla, USA

lysozyme Carl Roth GmbH & Co. KG, Karlsruhe, Germany
RiboLock™ ribonuclease inhibitor | Fermentas GmbH, St. Leon-Rot, Germany
restriction endonucleases Fermentas GmbH, St. Leon-Rot, Germany

T4 DNA Ligase Fermentas GmbH, St. Leon-Rot, Germany

2.1.4 Antibodies

The antibodies used for immunoblotting are listed in Table 2.4. The antibodies were obtained
from SantaCruz Biotechnology, Inc., Heidelberg, Germany; Invitrogen GmbH, Karlsruhe,
Germany; BD Biosciences, Dendermonde, Belgium; Novus Biologicals, Littleton, USA; New
England Biolabs (NEB) Inc., Ipswich, USA; Clontech Laboratories, Inc. Saint-Germain-en-
Laye, France; Acris Antibodies GmbH, Herford, Germany and Sigma-Aldrich, Hamburg,

Germany.

Tab. 2.4: List of antibodies used in this study.

antibody against source dilution provider catalogue
number
primary antibodies
ATF-4 rabbit 1:100 - 1:500 | SantaCruz sc-200
B-TRCP mouse 1:500 Zymed/Invitrogen 37-3400
GADD153 mouse 1:500 SantaCruz sc-7351
HIF-1a mouse 1:1000 BD Transduction Lab | 610959
B-actin mouse 1:10000 Sigma A 5441
PHD2 rabbit 1:1000 Novus NB100-137
PHD3 rabbit 1:1000 Novus NB100-303
V5 mouse 1:2500 Invitrogen R960
GFP mouse 1:20000 Clontech 632375
Ubiquitin rabbit 1:200 SantaCruz sc-9133
VHL mouse 1:300 Oncogene OP102-10046
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MBP rabbit
MCL-1 mouse
SKP1 rabbit
secondary antibodies

rabbit HRP goat
mouse HRP goat
normal rabbit IgG -

22
1:10000 NEB E&030S
1:500 BD 559027
1:2000 Acris R1521
1:16000 Sigma A 0545
1:1000 SantaCruz sc-2005
- SantaCruz sc-2027

2.1.5 Cell culture media and supplements

The different media used for the cultivation of bacteria, the yeast two-hybrid assays and the

media used in cell culture are listed in Table 2.5.

Tab. 2.5: List of the used media for the cultivation of bacteria, yeasts and cell culture.

name of the medium

compositon or provider

bacteria
Luria-Broth (LB)

SOC

yeast

YPDA

Synthetic Complete Medium
(Sc medium) -Leu-Trp

Sc medium -Leu

Sc medium -Trp

cell culture

DMEM-HG
OptiMEM™

10 g NaCl, 10 g tryptone, 5 g yeast extract, to 1 1 with
ddH,O0, pH 7.0 with 5 N NaOH

0.5 % yeast extract, 2 % tryptone, 10 mM NaCl, 2.5 mM
KCl, 10 mM MgCl,, 20 mM MgSOy4, 20 mM glucose

10 g yeast extract, 20 g Bacto ™ peptone, 0.1 g adenine, in
950 ml H,O, 50 ml 40 % glucose after autoclaving, pH 6.0
with HCl

6.7 g yeast nitrogen base, 0.64 g Do-Leu-Trp in 950 ml
H,O, 50 ml 40 % glucose after autoclaving, pH 5.9 with
NaOH

Sc medium -Leu-Trp, 8 ml tryptophan (40 mM) after
autoclaving, pH 5.9 with NaOH

Sc medium -Leu-Trp, 8 ml leucine (100 mM) after
autoclaving, pH 5.9 with NaOH

PAN™ biotech GmbH, Passau, Germany

Invitrogen GmbH, Karlsruhe, Germany
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Solid medium for the cultivation of bacteria was produced by addition of 15 g/l agar agar to

LB medium. Agar plates for the yeast two-hybrid assays were produced by the addition of

20 g/l agar agar to the selective medium.

2.1.6 Cell lines

The analyzed cell lines are listed in Table 2.6.

Tab. 2.6: List of used cell lines.

name

description

source

HEK293T

HeLa
HepG2
TS20

H38-5

MEFHif"

MEFHif""

human embryonic kidney cell line, that stable
expresses the large T-antigen of SV40; derivate of
HEK293 cell line (Lebkowski et al., 1985)

human epithelia adeno carcinoma cell line

human hepatocellular carcinoma cell line

TS-20 cells are derivatives of 3T3 fibroblasts,
which harbor a temperature sensitive defect in the
El ubiquitin—activating enzyme (Monney et al.,
1998; Ochme et al., 2004).

H38-5 cells are reconstituted with a wild-type
allele of the E1 enzyme (Monney et al., 1998;
Oehme et al., 2004).

mouse embryonic fibroblasts derived from mouse
day 9.5 embryos deficient for HIF-1a, SV40 large
T antigen immortalized and H-ras transformed
cells (Unruh et al., 2003)

mouse embryonic fibroblasts derived from mouse
day 9.5 embryos; SV40 large T antigen

immortalized and H-ras transformed cells (Unruh

et al., 2003)

ATTC, Wesel, Germany

ATTC, Wesel, Germany
ATTC, Wesel, Germany
kindly provided by C.

Borner, Freiburg, Germany

kindly provided by C.

Borner Freiburg, Germany

kindly provided by R. S.
Johnson, San Diego, USA

kindly provided by R. S.
Johnson, San Diego, USA
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2.1.7 Bacteria strains

The Escherichia coli lines used for plasmid amplification or production of recombinant

proteins are listed in Table 2.7.

Tab. 2.7: Genotypes and sources of the E. coli strains used.

E. coli genotype source

TOP10 F -mcrA A(mrr-hsdRMS-mcrBC) ¢80lacZAM15 | Invitrogen GmbH,
AlacX74 recAl araD139, A(ara-leu)7697 galU | Karlsruhe, Germany
galK rpsL endA1 nupG

TBI F'A(lac-proAB)  [$80dlacA(lacZ)M15]rpsL  thi | New England Biolabs,
hsdR Inc., Ipswich, USA

DB3.1 F~ gyrA462 endAl A(srl-recA) mcrB mrr | Invitrogen GmbH,

hsdS20(rg",;mp’) SUpE44 aral4 galk2 lacYl
proA2 rpsL20 xyl5 Aleu mtl1

2.1.8 Yeast strains

Karlsruhe, Germany

The genotype of the yeast strain used for the yeast two-hybrid assay is given in Table 2.8.

Tab. 2.8: Genotype of the S. cerevisiae strain MaV203.

S. cerevisiae

genotype

source

MaV203

MATa; leu2-3,112; trpl-901; his3A200; ade2-
101; cyh2R; canlR; gal4A; gal80A; GAL1::lacZ;
HIS3UASGAL1::HIS3@LYS2; SPAL10::URA3.

Invitrogen GmbH,

Karlsruhe, Germany
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2.1.9 Plasmids
Tables 2.9 to 2.12 list the plasmids used for cloning, the yeast two-hybrid assays, the

luciferase reporter gene assays, overexpression or production of recombinant proteins.

Tab. 2.9: List of the vectors used to create Gateway” compatible destination vectors.

name of the vector source

pENTR "4 Invitrogen GmbH, Karlsruhe, Germany

pDEST™22 Invitrogen GmbH, Karlsruhe, Germany

pDEST™32 Invitrogen GmbH, Karlsruhe, Germany

pENTR4 ATF4FL J. Nesper, Dept. of Cardiovascular Physiology

pENTR4 ATF4 aa 83-175 PCR-product cloned in pENTR4

pENTR4 ATF4 aa 131-175 PCR-product cloned in pENTR4

pENTR4 ATF4 aa 176-270 PCR-product cloned in pENTR4

pENTR4 ATF4 aa 271-351 PCR-product cloned in pENTR4

pDONR221 ATF-4 FL J. Nesper, Dept. of Cardiovascular Physiology

pDNOR221ATF-4 FL S219N produced by site-directed mutagenesis using the
pDNOR221ATF-4 FL plasmid

pENTR4 hFIH PCR-product cloned in pENTR4

pENTR4 BTRCP F478S J. Kdditz, Dept. of Cardiovascular Physiology

pGEX-S-x-1 hFIH kindly provided by D. Stiehl, Ziirich, Switzerland

Tab. 2.10: Plasmids used for yeast two-hybrid assays.

vector name source

pDBleu Invitrogen GmbH, Karlsruhe, Germany
pExpADS502 Invitrogen GmbH, Karlsruhe, Germany
pDEST32 PHDI C. Franke, Dept. of Cardiovascular Physiology
pDEST32 PHD2 J. Nesper, Dept. of Cardiovascular Physiology
pDEST32 PHD3 C. Franke, Dept. of Cardiovascular Physiology
pDEST32 FIH produced by Gateway” cloning

pDEST22 ATF-4 (FI) J. Nesper, Dept. of Cardiovascular Physiology
pDEST32 B-TRCP produced by Gateway™ cloning

pDEST22 B-TRCP produced by Gateway™ cloning

pDEST22 PHD3 C. Franke, Dept. of Cardiovascular Physiology
pDEST22 ATF-4 S219N produced by Gateway™ cloning
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pDEST22 ATF-4 aa 83-175

pDEST22 ATF-4 aa 131-175
pDEST22 ATF-4 aa 176-270
pDEST22 ATF-4 aa 271-351

produced by Gateway” cloning
produced by Gateway™ cloning
produced by Gateway™ cloning
produced by Gateway” cloning

Tab. 2.11: Plasmids used for the luciferase reporter gene assays.

vector name

source

pATFx2-Luc

pRLSV40

kindly provided by T. Hai, Ohio State University,

Columbus, USA

Promega, Madison, USA

Tab. 2.12: Plasmids used for overexpression or production of recombinant proteins.

plamid name product source

pEGFPC1 wild type GFP Clontech, Laboratories, Inc.
Saint-Germain-en-Laye,
France

pcDNA3.1Dest-V5 ATF-4 V5-ATF-4 J. Nesper, Dept. of

pET3aWT-His-Ubiquitin

pMalc2xHif2aODD

pMalc2x ATF4

pcDNA3.1HA-PHD2

pDEST17gm PHD3

pST38-His6TrxN-pVhl-elonginB-

elonginC

pcDNA3.1 nV5 Dest B-TRCP Al17-

42

His-ubiquitin

MBP-HIF-2a ODD

MBP-ATF-4

HA-PHD2

His-PHD3

His-Trx-pVHL

V5 B-TRCP

Cardiovascular Physiology
kindly provided by F.
Melchior, Heidelberg,
Germany

J. Nesper, Dept. of
Cardiovascular Physiology
J. Nesper, Dept. of
Cardiovascular Physiology
kindly provided by W. G.
Kaelin Jr., Boston, USA

C. Franke, Dept. of
Cardiovascular Physiology
kindly provided by S. Tan
Pennsylvania, USA (Tan,
2001)

produced by Gateway™

cloning



2. Material and methods

27

pMalc2x Gateway®

pMalc2x-PHD3

2.1.10 Oligonucleotide primers
Table 2.13 and 2.14 list the primers used for cloning and real time PCR (RT-PCR).

Tab. 2.13: Primers used for RT-PCR.

MBP Invitrogen GmbH, Karlsruhe,
Germany

MBP-PHD3 J. Nesper, Dept. of
Cardiovascular Physiology

MRNA primer name |sequence annealing
L28 hL.28 forward 5’-GCAATTCCTTCCGCTACAAC-3’ 58 °C
hL28 reverse 5>-TGTTCTTGCGGATCATGTGT-3’ 58 °C
PHDI1 hPHD1 forward |5’-AGCCCCTAAGTCAGGCTCTC-3 |64 °C
hPHDI reverse |5’-AGTGGTAGAGGTGGCTGTGG-3" |64 °C
PHD2 hPHD2 forward |5’-TTGCTGACATTGAACCCAAA-3’ 56 °C
hPHD2 reverse |5’-TTACCGACCGAATCTGAAGG-3’ 56 °C
PHD3 hPHD3 forward |5-AGATCGTAGGAACCCACACG-3" |60 °C
hPHD3 reverse |5’-CAGATTTCAGAGCACGGTCA-3* |60 °C
ATF-4 hATF4 RT forw |5’-TCAAACCTCATGGGTTCTCC-3’ 60 °C
hATF4 RTrev |5-GTGTCATCCAACGTGGTCAG-3’ 60 °C
Tab. 2.14: Primers used for cloning and sequencing.
primer name primer sequence annealing
ATF4(83)for 5’-CGGGATCCCAGATTGGATGTTGGAGAAAATG-3* | 60 °C
ATF4aal3lfor |5-CACCAATAAGCAGCCCCCCCAGAC-3’ 60 °C
ATF4(175)rev 5’-CTAATCTGGAGTGGAGGACAGGA-3’ 60 °C
ATF4(176)for 5’-CGGGATCCATTCCTTTAGTTTAGAGCTGGGC-3’ 58 °C
ATF4(270)rev 5’>-CTATGCTACCATCTTCTCTCCAG-3’ 58 °C
ATF4(271)for 5’-CGGGATCCCAGCAAAAGTAAAGGGTGAG-3’ 58 °C
ATF4rev 5’>-CTAGGGGACCCTTTTCTTCC-3’ 58 °C
ATF4S219Nfor | 5’-CTTCAGATAATGATAATGGCATCTGTATGAGC-3" | 62 °C
ATF4S219Nrev | 5’-GCTCATACAGATGCCATTATCATTATCTGAAG-3* | 62 °C
Ncol hFIHforw | 5’-CCCCATGGCGGCGACAGCGGCGG-3’ 60 °C
hFIHrev 5’>-CTAGTTGTACCGGCCCTTGATC-3’ 60 °C
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hBTRCPfor 5’>-TGAGGAATTGGTGCGTTGTA-3’ 53°C
hBTRCPrev 5’-GGCAGCTGGATCATTTAGGA-3’ 53°C

2.1.11 siRNA sequences
Table 2.15 lists stealth siRNAs and control siRNAs used in this study obtained from

Invitrogen GmbH, Karlsruhe, Germany.

Tab. 2.15: List of the stealth siRNAs and control siRNAs used.

name of the siRNA sequence of the siRNA

PHD?2 siRNA for 5’-GGACGAAAGCCAUGGUUGCUUGUUA-3’
PHD?2 siRNA rev 5’-UAACAAGCAACCAUGGCUUUCGUCC-3’

PHD?3 siRNA for 5’-GCUAUCCGGGAAAUGGAACAGGUUA-3’
PHD3 siRNA rev 5’-UAACCUGUUCCAUUUCCCGGAUAGC-3’

ATF-4 siRNA for 5’-GAGUUGGCUUCUGAUUCUCAUUCAG-3’
ATF-4 siRNA rev 5’-CUGAAUGAGAAUCAGAAGCCAACUC-3’
B-TRCP siRNA for 5’-AAUACAACGCACCAAUUCCUCAUGG-3’

B-TRCP siRNA rev 5’-CCAUGAGGAAUUGGUGCGUUGUAUU-3’
SKP1 siRNA for 5’-UAUUCUGCUAAUACAAUUGACUUGC-3’
SKP1 siRNA rev 5’-GCAAGUCAAUUGUAUUAGCAGAAUA-3’
AllStars Neg. Control siRNA | QIAGEN, Hilden, Germany

StealthRNAi Negativ Control | Invitrogen GmbH, Karlsruhe, Germany

Duplexes
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2.1.12 Kits

The following kits were used for nucleic acid purification, cDNA synthesis, real time PCR

and mutagenesis (see Table 2.16).

Tab. 2.16: List of kits used.

application name of the kit

manufacturer

nucleic acid purification | QIAprep Spin Miniprep kit
CompactPrep Plasmid Midi

Kit
QIAquick Gel Extraction kit
cDNA synthesis First Strand cDNA
Synthesis Kit #K1612
in vitro translation TNT® Coupeled

Reticulocyte Lysate Systems

luciferase assay Dual-Luciferase” Reporter
Assay System
mutagenesis QuikChangeTM Site-

Directed Mutagenesis Kit
real time PCR SYBR® Advantage® qPCR

Premix

2.1.13 Software

QIAGEN, Hilden, Germany
QIAGEN, Hilden, Germany

QIAGEN, Hilden, Germany
Fermentas GmbH, St. Leon-Rot,
Germany

Promega, Madison, USA
Promega, Madison, USA

Stratagene, La Jolla, USA

Clontech Laboratories, Inc. Saint-

Germain-en-Laye, France

The software used for different applications is given in Table 2.17.

Tab. 2.17: List of software used.

program application reference

Vector NTI sequence analysis Invitrogen GmbH, Karlsruhe,
Germany

Generunner sequence reading program Hastings Software Inc

Blast Sequence alignment http://www.ncbi.nlm.nih.gov/BL
AST/

GraphPad PRISM statistical analysis GraphPad Software Inc.

Multi Gauge western blot analysis Fujifilm Corporation
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CorelDraw

EndNote

graphic editor

managing of bibliographic

Corel Corporation

Thomson, Wintertree Software

references Inc.

2.1.14 Equipment

The equipment used is given in Table 2.18.

Tab. 2.18: List of equipment used.

application model manufacturer

centrifugation Centrifuge 5415R Eppendorf AG Hamburg, Germany
Centrifuge 5810R Eppendorf AG Hamburg, Germany
MicroCentrifuge Carl Roth GmbH + Co. KG,

Karlsruhe, Germany
cleanbench HERAsafe KS 12 Thermo Electron Corporation,

electroporation of E. coli
cells

incubation shaker

incubator

micro plate luminometer

micro plate reader
oxygen-controlled work
station

PCR cycler

photometer

Real-time PCR cycler
rotator
UV-transilluminator

western blotting

western blot imaging

Electroporator 2510

Minitron

CB159

Centro LB 960

Model 680
Invivo, 400

Primus 96 Thermocycler
Smart Spec™ Plus
Mx3000P

Rotator RS-24

InGenius

PerfectBlue Semi-Dry
Elektroblotter

LAS 3000 Imager

Langenselbold, Germany
Eppendorf AG, Hamburg,
Germany

INFORNS HT, Bottmingen,
Switzerland

Binder GmbH, Tuttlingen,
Germany

Berthold Technologies GmbH &
Co. KG, Bad Wildbad Germany
Bio-Rad, Miinchen, Germany
Ruskin Technologies, Bridgend,
UK

Peqlab, Erlangen, Germany
Bio-Rad, Miinchen, Germany
Stratagene, La Jolla, USA

G.Kisker GbR, Steinfurt, Germany

Syngene, Camebridge, UK
Peqglab, Erlangen, Germany

Fujifilm, Diisseldorf, Germany
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SDS-PAGE PerfectBlue Peqlab, Erlangen, Germany
Doppelgelsystem Twin M
sonotrode Ultra-Turrax® IP18-10 Janke and Kunkel GmbH & Co.
KG, Germany
2.2 Methods

2.2.1. Isolation and purification of nucleic acids

2.2.1.1 DNA isolation and purification from Escherichia coli

Plasmid harboring E. coli cells were incubated in LB medium containing antibiotics
according to the resistance given by the plasmids at 37 °C overnight. The isolation of plasmid
DNA was done by the principle of alkaline lysis (Sambrook et al., 2000). Therefore, the
QIAprep Spin Miniprep Kit from QIAGEN was used. For the isolation of higher amounts of
DNA the CompactPrep Plasmid Midi Kit again from QIAGEN was used. These kits are anion
exchange resin-based plasmid purification kits and they were used according to the

manufactures instructions.

2.2.1.2 RNA isolation from adherent cells

The total RNA of adherent cells was isolated by the principle of phenol-chloroform
extraction. 2x10° cells/well were plated in a 6-well plate and incubated under normoxic or
hypoxic conditions. The were cells washed with cold PBS and to each well 750 ul solution D
was added to solubilize the cells. The cells were homogenized by vortexing. Subsequently on
ice 75 pul 2 M sodium acetate (pH 4.0), 750 pl water-saturated acid phenol and 150 pl
chloroform-isoamyl alcohol mixture (49:1) were added. In between the samples were
thoroughly vortexed. The final suspension was incubated on ice for 20 min and then
centrifuged at 12000 rpm for 20 min at 4 °C, which separated the mixture into the lower
protein containing organic phenol-chloroform phase, the DNA containing interphase and the
upper aqueous phase, which contains the RNA. The aqueous phase was transferred into a new
tube and the RNA precipitated by the addition of 750 pl isopropanol. The samples were
incubated at -20 °C for 1 hrs. RNA was pelleted by centrifugation at 12000 rpm for 20 min at
4 °C. The supernatant was removed and the pellet dissolved in 75 pl solution D. The samples
were transferred into a fresh tube and the RNA precipitated with 75 pl isopropanol at -20 °C
for 1 hrs. RNA was pelleted by centrifugation at 12000 rpm for 20 min at 4 °C and the
supernatant removed. Washing of the RNA was done by vortexing in -20 °C cold
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75 % ethanol. Afterwards the RNA was centrifuged for 20 min at 12000 rpm and 4 °C. The
supernatant was removed and the RNA was dried for 30 min. The dry RNA pellet was
resuspended in 20 pul DEPC-treated water by heating at 56 °C for 15 min followed by
vortexing. The RNA was stored at -80 °C.

2.2.1.3 Photometric measurement of nucleic acid concentration

After the RNA or DNA purification the concentration of the nucleic acids in the samples was
determined by measuring the absorption at 260 nm and the ratio 260 nm/280 nm in the Smart
Spec™ Plus photometer. Pure DNA or RNA samples have a 260 nm/280 nm ratio of 1.8,

while the presence of proteins in the samples lowers this ratio.

2.2.2 Agarose gel electrophoresis

The agarose gel electrophoresis was used to visualize or isolate DNA. Depending on the size
of the studied DNA molecules, agarose gels were cast at concentrations of 1% or 2 %
agarose. Electrophoresis was done using the TAE buffer. To load the samples on the gel, 5 pul
DNA sample buffer were added to 20 pl sample. Additionally, an appropriate molecular
weight marker was loaded on every gel to estimate the fragment size of the DNA. The gel was
stained after electrophoresis with 0.1 pg/ml ethidium bromide, which fluoresces under UV
light when intercalated into DNA. The DNA was visualized under the UV-transilluminator at
302 nm.

2.2.3 Isolation of DNA fragments from agarose gels

The required DNA fragments, which had been separated via agarose electrophoresis, were
excised with a scalpel from the gel. DNA fragments were purified using the QIAquick Gel
Extraction kit from QIAGEN, according to the protocols provided.

2.2.4 cDNA synthesis

The synthesis of ¢cDNA utilizes the viral RNA-dependent DNA polymerase reverse
transcriptase, which synthesizes DNA from primed RNA templates. Oligo (dT);s primers,
which bind to the 3’-end of poly(A) mRNA, ensure template specificity of mRNA for the
cDNA synthesis. The First strand ¢cDNA Synthesis Kit from Fermentas was used for the
cDNA synthesis. 2 pg RNA were mixed with 1 pl oligo(dT);s primer (0.5 pg/ul) and DEPC-
treated water was added up to a volume of 11 pl. The mixture was gently mixed and

incubated at 70 °C for 5 min. The samples were chilled on ice and subsequently 4 pl
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5x reaction buffer, 1 pl RiboLock ™ ribonuclease inhibitor (20 U/ul) and 2 pl 10 mM dNTP
mix were added. The samples were gently mixed and incubated at 37 °C for 5 min allowing
the primers to anneal. Then 2 pl M-MuLV reverse transcriptase (20 U/ul) were added and the
cDNA synthesis was performed by incubation at 37 °C for 60 min. The reaction was stopped
by incubating the samples at 70 °C for 10 min, which inactivated the M-MuLV reverse

transcriptase.

2.2.5 Polymerase chain reaction

By performing polymerase chain reaction (PCR) it is possible to amplify specific DNA
regions. As template genomic DNA, cDNA, plasmid DNA or lambda DNA can be used. PCR
is a three step process of denaturating the double stranded DNA, annealing of the primers to
the DNA and elongation, which is performed by a thermo stable DNA polymerase. The
annealing temperature depends on the base composition and length of the used primers. The
reaction was carried out in the Primus 96 thermocycler.

PCR was performed in a total reaction volume of 50 ul containing 40.6 ul ddH,O, 5 ul
10x cloned Pfu reaction buffer, 0.4 pul dNTPs (25 mM each dNTP), 1 ul DNA template
(100 ng/ul), 1 pl forward primer (20 pmol/ul), 1 pl reverse primer (20 pmol/ul) and 1 pl
PfuTurbo DNA polymerase (2.5 U/ul) from Stratagene. The used PCR cycling parameters are
described in Table 2.19.

Tab. 2.19: Parameters used for PCR cycling.

step duration temperature number of cycles
initial denaturation |2 min 95 °C 1
denaturation 30 sec 95 °C
annealing 30 sec primer specific 30
see Tab. 2.14
elongation 1 min per kb 72 °C
final elongation 10 min 10 min 1

The amplified DNA fragments were separated by size performing agarose gel electrophoresis

(see paragraph 2.2.2) and cloned into the pPENTR ™4 vector, which is Gateway® compatible.
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2.2.6 Quantitative real-time RCR

Quantitative real-time PCR is an optimized PCR in which the amount of the amplified
product is linked to fluorescence intensity using a fluorescent reporter molecule. For the
detection a DNA-intercalating dye, that fluoresces once it binds to double-stranded DNA, was
utilized. The most commonly used dye is SYBR Green I. Its fluorescence is detected during
the DNA amplification. As a reference dye ROX™ was added to the samples, to normalize
the fluorescent signal intensity between the reactions. To measure the exact copy number of
the template in the sample a standard curve from 10” to 10'° copies was made using a control
template. The gene for the ribosomal protein L28 was used as normalization control for
differences in RNA isolation and in the efficiency of the reverse transcription reaction.

The quantitative real-time PCR was performed by using the SYBR® Advantage® qPCR
Premix from Clontech. For the quantitative real-time PCR 2 pl ¢cDNA, 12,5 ul SYBR
Advantage qPCR Premix (2x), 0.5 pl forward primer (10 uM), 0.5 pl reverse primer (10 pM)
and 0.5 pul ROX reference dye LMP were mixed and dH,O added to a total volume of 25 pl.
The conditions used for the real-time PCR are described in Table 2.20.

Tab. 2.20: Parameters used for the real-time PCR.

step temperature time detection  cycles

initial denaturation denaturation 95°C 30sec off 1
denaturation 95 °C 10 sec  off

three step PCR annealing see Tab.2.13 20 sec  off 40
extension 72 °C 20 sec on

amplification of the denaturation 95°C I min  off

dissociation curve annealing see Tab. 2.13 30sec off !
denaturation 95 °C 30sec on

The copy number of the template in the sample was determined using the standards. The
normalization with the ribosomal protein L28 was done to compensate differences in the

amount of used cDNA.
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2.2.7 Recombination to destination vectors using the Gateway® technology

The Gateway® technology from Invitrogen was used for cloning, which takes advantage of
the site-specific recombination properties of bacteriophage lambda to insert the gene of
interest into multiple vector systems. The lambda recombination occurs between the
attachment (att) sites attB in the E. coli chromosome and attP on the lambda chromosome.
The recombination proteins involved in the recombination reaction differ depending whether
lambda utilizes the lytic or the lyogenic pathway. The BP Clonase'™ reaction is catalyzed by
the lambda Integrase (Int) and the E. coli Integration Host Factor (IHF), which catalyze the
lysogenic pathway. The lytic pathway is catalyzed by Int and Excisionase (is) and the E. coli
IHF, which are used for the LR Clonase™ reaction.

In the Gateway” BP reaction the recombination occurs between the attB and the attP site
creating an attL containing entry clone and an attR containing by-product. For the LR
recombination reaction an attL containing entry clone and the attR-containing pDEST™
vector is used. The presence of the ccdB gene in the donor, destination and entry vectors
allows the negative selection in E. coli. The CcdB protein inhibits the growth of the E. coli
strain TOP10, which is used for the plasmid amplification after the recombination, by
interfering with the E. coli DNA gyrase. In the recombination reaction, the ccdB gene is
replaced by the gene of interest and the cells survive. Gateway” vectors containing the ccdB
gene can only be propagated in E. coli strains with a gyrase mutation (gyrA462) like the
DB3.1 E. coli strain.

The ATF-4 fragments, used in the yeast two-hybrid assays, were produced by performing
PCR with the primers listed in Tab. 2.14 and cloned into the pPENTR™4 vector to create
Gateway” compatible entry clones. These pENTR™4 clones were then used in LR
recombination reactions to obtain the pDEST22 destination vector, which were used in the
yeast two-hybrid assays.

The vectors containing the 3-TRCP ¢cDNA used in the yeast two-hybrid assays were created
by performing the LR recombination reaction with the pENTR4 BTRCP F478S vector,
containing the B-TRCP ¢cDNA, and the two destination vectors pDEST" V22 and pDEST™32.

The pDEST32 FIH vector used for the yeast two-hybrid assay was produced by performing
PCR with the primers Ncol hFIH forw and hFIH rev using pGEX-S-x-1 hFIH as template.
The PCR-product was digested with the restriction enzymes Ncol and ECORV and then ligated
into the pENTR™4 vector. This vector was used in a LR clonase reaction with the

pDEST™32 vector and the pDEST32 FIH vector was obtained.
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To verify the success of the recombination reaction, the obtained plasmids were analyzed by

restriction digestion (see paragraph 2.2.8) and sequencing (see paragraph 2.2.13).

2.2.8 Restriction digestion

Endonucleases are useful tools to specifically cut DNA. The specific recognition sequences of
the endonucleases consist of 4, 6 or 8 bases, mostly palindromes. Most restriction enzymes
create fragments with a 5’-phosphate and a 3’-OH end, which can be blunt ends or sticky
ends. The restriction digestion was performed with endonucleases from Fermentas, following
the manufactures specifications for the buffer conditions. The restriction of 1 pg plasmid
DNA was performed at 37 °C for 1 hrs and the obtained DNA fragments were analyzed by

agarose gel electrophoresis (see paragraph 2.2.3).

2.2.9 Ligation

The ligation of PCR-products into a Gateway” compatible Entry Vector was done by
digesting the plasmid DNA and the PCR-product using the ECORV and Ncol restriction
enzymes. The ligation mixtures contained: 50-400 ng vector, three times more PCR-product,
2 ul 10X Ligation buffer, 1 ul T4 DNA ligase (5 U/ul) and the volume made up to 20 pl with
ddH,O. The ligation mixture was incubated at room temperature for 1 hrs, followed by

transformation into E.coli cells.

2.2.10 Preparation of high efficiency electro competent E. coli cells

To produce electro competent E.coli cells, the TOP10F’ strain was incubated over night at
37 °C at 180 rpm in a volume of 15 ml LB containing 25 pg/ml streptomycin. 1.5 1 LB
medium containing 25 pg/ml streptomycin were inoculated with 1/100 volume of the fresh
overnight culture. The cells were grown at 37 °C to an ABS¢y of 0.5 to 1, harvested and
chilled on ice for 15 to 30 min. By centrifugation at 5000 rpm for 10 min the cells were
pelleted. The pellet was resuspended in 1.5 | ice cold water and again centrifuged as before.
Subsequently the pellet was resuspended in 1/2 volume water and again pelleted, followed by
resuspendation in 1/50 and 1/500 volume 10 % glycerol. The cells were stored at -70 °C in
aliquots of 60 pl.
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2.2.11 Transformation of electro competent E. coli

The transformation of plasmids into E. coli was done to amplify plasmid DNA. The electro
competent E. coli TOP10F” cells were used. The principle of electroporation was used for the
transformation into E. coli, which is a process of applying high voltage field pulses of short
duration to create temporary holes in the membrane of cells. The cells were thawed on ice and
1-2 pl of the DNA, that should be transformed, were added to the cells. The mixture was
transferred into a cold 0.2 cm cuvette and the electroporation of the samples was performed in
the Electroporator 2510 using the following settings: 10 pF, 2500 V pulse discharge, 600
Ohms. Immediately after the electroporation 1 ml SOC medium was added to the cells and
then transferred into a new tube. Incubation at 37 °C at 225 rpm for 1 hrs allowed the
expression of antibiotic resistance. The cells were than plated on selective plates containing
100 pg/ml ampicillin respectively 50 pl/ml kanamycine and incubated overnight at 37°C. The

positive clones were plated on new selective plates.

2.2.12 Site-directed mutagenesis

The QuikChange™ Site-Directed Mutagenesis Kit from Stratagene was used to mutate the
serine residue 219 of the ATF-4 protein to asparagines (ATF-4 S219N).

Using the QuikChange kit allows site-specific mutation in any double-stranded plasmid,
containing the insert of interest. By performing PCR using two oligonucleotide primers
containing the desired mutation and using the PfuTubo DNA polymerase, which has a very
high fidelity and does not displace the mutant oligonucleotide primers, in which the mutations
are introduced. The oligonuclotide primers are complementary to the opposite strands of the
vector and are elongated during temperature cycling by PfuTurbo DNA polymerase. The
template is then removed by treatment with Dpnl, which is specific for methylated and
hemimethylated DNA from bacteria and has the target sequence 5’-Gm°ATC-3". The nicked
vector DNA containing the desired mutation is then transformed into E. coli, which repair the
nicked DNA and amplify it.

For the QuikChange site-directed mutagenesis the plasmid pDONR 221 ATF-4 FL,
containing the full length ATF-4 cDNA, and the oligonucleotid primers ATF4S219Nfor and
ATF4S219Nrev, containing the desired mutations to replace the serine residue 219 by
asparagine, were used.

The cycling reaction mix consisted of 5 pl 10x reaction buffer, 50 ng template plasmid,

125 ng of each oligonucleotide primer, 1 ul ANTP mix, 1 ul Pfu DNA polymerase (2.5 U/ul)
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and ddH,O was added to a final volume of 50 pl. The cycling parameters are summarized in

Table 2.21.

Tab. 2.21: Cycling parameters used for site-directed mutagenesis.

step temperature time number of cycles
initial denaturation 95°C 30 sec 1
introduction of a single|95 °C 30 sec
amino acid change 55°C 1 min 16
68 °C 1 min/kb

After the cycling reaction, the template DNA was digested by adding 1 ul Dpnl restriction
enzyme (10 U/ul) to the amplification reaction and incubation at 37°C for 1 hrs. Once Dpnl
digestion was complete the produced vector, containing the mutation, was transformed into
E. coli (see paragraph 2.2.11) and by performing recombination reaction (see paragraph 2.2.7)
the insert was introduced into the pDEST22 vector, which was used in a yeast two-hybird

assay (see paragraph 2.2.15).

2.2.13 DNA sequencing and analysis

The sequencing was performed by Seqlab-Sequence Laboratories. The extended HotShot
sequencing reactions, which guaranteed a reading length of about 900 base pairs, was chosen
to sequence the cloned plasmids. Therefore, 1 pg plasmid DNA was mixed with 20 pmol
primer and filled up with water up to a total volume of 7 pl. The obtained sequences were
analyzed by different programs, listed in Table 2.14. Sequence homology searches were

performed using NCBI/BLAST service.

2.2.14 Luciferase reporter assay

The luciferase reporter gene assay is widely used to study the eukaryotic gene expression and
cellular physiology. By using a dual reporter assay containing firefly luciferase (FL) from
Photinus pyralis and renilla luciferase (RL) from Renilla reniformis the experimental
accuracy is increased. These two enzymes have a distinct evolutionary origin and their
enzymes have dissimilar enzyme substrates and substrate requirements. Therefore, it is
possible to discriminate between their respective bioluminescent reactions. FL and RL both
do not need posttranslational activation and are active immediately upon translation. FL

catalyzes the oxidation of the beetle luciferin in a reaction that emits a photon consuming
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ATP and O;. In the luminescent reaction catalyzed by RL O, and coelenterate-luciferin are
utilized.

For the luciferase reporter assays HeLa cells were transiently transfected in a 24-well scale by
the method of Calcium phosphate transfection as described in paragraph 2.2.19.2, with 250 ng
firefly luciferase reporter vector pATFx2-Luc, containing 2 cAMP response element (CRE)
sites. For each condition three replicates were made. The pRLSV40 vector encoding RL was
co-transfected and used as internal control, the vectors are listed in Tab. 2.11. After
transfection the cells were incubated at 1% O, or 20 % O, for 24 hrs with and without
DMOG treatment. The Dual-Luciferase® Reporter Assay System from Promega was used.
The cells were lysed by the addition of 100 ul Passive Lysis Buffer. 10 ul of the samples were
transferred into a 96-well plate and the FL activity wass measured by adding 10 pl Luciferase
Assay Reagent II. The luminescence was measured in a 10 second measurement period using
the Berthold micro plate luminometer Centro LB 960. After quantifying the FL luminescence,
the reaction was quenched and the RL reaction was simultaneously initiated by addition of
10 pl Stop&Glow™ to the same well. The apparent luminescence was again measured and the

mean values of FL/RL ratios were calculated.

2.2.15 Yeast two-hybrid assay

The interaction between two proteins can by identified by performing a yeast two-hybrid
assay. Interaction between two proteins leads to the reconstitution of an active transcription
factor by forming a dimer. The first protein of interest is fused to the Gal4 DNA-Binding
domain (BD) and the other to the Gal4 Activation domain (AD). The functional transcription
factor activates chromosomally-integrated reporter genes driven by promoters containing the
relevant BD binding site. When a histidine-auxothrophic yeast strain is used in a yeast two-
hybrid assay the HIS3 gene, which encodes for an enzyme involved in histidine synthesis, can
be used as reporter gene. The growth of the cells is screened on selective plates without
histidine.

The Gateway™ compatible ProQuest™ Two-Hybrid System from Invitrogen was used for the
yeast two-hybrid assays. In this system the BD containing vector is the pDEST™32 vector
and the AD containing vector is the pDEST ™22 vector.

These two vectors allow a specific selection of transformed yeast on media without the amino
acids leucine and tryptophan. The pDEST™32 contains the LEU2 gene allowing selection of
the transformed yeast cells by plating on media without leucine and the pDEST'™22 vector

includes the TRP1 gene which allows selection on media lacking tryptophan. For the yeast
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two-hybrid assays the S. cerevisiae strain MaV203 was used. This strain is leucine and
tryptophan auxotroph and therefore co-transformants of the pDEST' 22/ pDEST™32 can be
screened by plating on medium lacking tryptophan and leucine.

For the transformation YPDA medium was inoculated with the MaV203 strain and incubated
for 24-48 hrs at 30 °C and 250 rpm until saturation of the culture was reached. To exclude a
possible contamination of the MaV203 strain, an overnight culture using Sc medium -Leu-Trp
media was also inoculated. In this media no growth of the MaV203 cells was expected. The
plasmids used for the performed yeast two-hybrid assays are listed in Tab. 2.10. Full length
ATF-4 cDNA, the ATF-4 fragments and the ATF-4 S219N mutant fused to the Gal4AD were
expressed by the pDEST22™ vector and the PHDs, FIH respectively B-TRCP were fused to
the Gal4BD and were expressed by the pDEST22™. Additionally, PHD3 was fused to the
Gal4AD expressed by the pDEST22™ vector. The whole transformation was performed on
ice starting with the centrifugation of 500 ul starter culture for each sample at 8000 rpm for
1 min. The supernatant was removed and the cells were resuspended in 5 pl salmon sperm
DNA (10 mg/ml). The salmon DNA was preheated at 100 °C for 5 min to obtain single
stranded DNA. 1 pg plasmid DNA was added to the cells, the samples were mixed and 500 pl
PLATE solution were added. The samples were mixed by pipetting followed by incubation at
30°C for 24 hrs. Cells were collected by centrifugation for 1 min at 8000 rpm, the
supernatant discarded. 200 pl sterile TE yeast were added to resuspend the cells. The
transformants were screened on synthetic drop-out medium lacking tryptophan, leucine, and
histidine, as well as medium containing 10 mM, 25 mM or 50 mM 3-amino-1,2,4-triazole (3-

AT). After two days five transformed colonies were restreaked on new selection plates.

2.2.16 Purification of recombinant proteins

2.2.16.1 In vitro translation

The TNT® Coupled Reticulocyte Lysate Systems from Promega were used to produce
recombinant proteins in an in Vitro translation reaction. In this system the transcription and
the translation are coupled by incorporating transcription directly in the translation mix. The
cDNA of the protein to be amplified is directly cloned downstream of the T7 RNA
polymerase promoter and circular plasmid DNA is then used to perform the in vitro
translation. Therefore, the DNA of the desired protein is mixed with the T7 RNA polymerase,
amino acids, salts, recombinant RNasin® ribonuclease inhibitor and reticulocyte lysate is
added. The reticulocyte lysate contains the cellular components necessary for protein

synthesis, like tRNA, ribosomes, amino acids, initiation, elongation and termination factors
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and may also contain a variety of post-translational processing activities, including
acetylation, isoprenylation and some phosphorylation activity.

For the in vitro translation of HA-PHD2, 1 pg of the pcDNA3.1-HAPHD?2 vector was used;
and for the translation of V5-BTRCP, 1 ng of the pcDNA3.InV5 Dest 3-TRCP vector was
used. To the DNA 25 pl TNT® rabbit reticulocyte lysate, 2 pl TNT® reaction buffer, 1 ul T7
RNA polymeras, 0.5 ul 1 mM amino acid mixture without leucine, 0.5 ul 1 mM amino acid
mixture without metheonine and 1 pl RNasin® ribonuclease inhibitor (40 U/ul) were added
and the mixture was filled up with nuclease-free water to a total volume of 50 pl. The in vitro
translation reaction was performed at 30 °C for 90 min. The obtained protein was stored at

-70 °C.

2.2.16.2 Expression and purification of MBP-fusion proteins from E. coli

The N-terminal fusion of a target protein to the maltose binding protein (MBP) allows the
production of recombinant protein in E. coli and purification via an affinity matrix. The
purification of the MBP-fusion proteins from whole cell lysate is then done using amylose
conjugated agarose beads. The elution from the agarose beads is done by competition with
free maltose. The expression of recombinant MBP-ATF-4, MBP-PHD3, MBP-HIF-200ODD
and MBP was done using the pMalc2x plasmid from NEB. These plasmids allow translation
via the strong tac-promoter. The tac-promoter is a functional hybrid derived from the
tryptophan- (trp) and the lactose-lac operon, which are inducible by isopropylthiogalactoside
(IPTG).

The corresponding pMalc2x derivates or the pMalc2x plasmid (see Tab. 2.12) were
transformed into E. coli TB1 cells and an overnight culture was inoculated. The cultivation
was done at 37 °C and 220 rpm. The overnight culture was used to inoculate 31 LB
containing ampicillin and 0.2 % glucose and the culture was incubated at 25 °C until an ODggo
of approximately 0.5 was obtained. The addition of 0.3 mM IPTG to the culture led to the
induction of MBP-fusion proteins. The production was done overnight at room temperature.
The next day, cells were harvested by centrifugation at 5000 rpm for 20 min, the supernatant
was discarded and the pellet frozen at -20 °C to facilitate cell disruption. The pellet was
thawed and 200 ml MBP-buffer, EDTA-free protease inhibitor and 0.2 mg lysozyme were
added. The cells were disrupted by sonication using short pulses of 8 sec and undissolved
particles were removed by centrifugation at 13000 rpm for 1 hrs at 4 °C. To 50 ml of the
supernatant, 1.5 ml amylose resin, which was previously washed with 50 to 100 ml MBP-

buffer, were added and incubated for 3 hrs at 4 °C on a rotator. The mixture was then
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transferred onto a column and washed with 100 ml MBP-buffer. The elution of the MBP-
fusion proteins from the amylose resin was done by the addition of 25 ml MBP-buffer
containing 10 mM maltose. The elution fraction was collected in 1 ml aliquots and the protein
concentration was measured by a Bradford protein assay (see paragraph 2.2.19). The protein
containing fractions were pooled and dialyzed against 51 buffer containing 20 mM Tris
pH 7.5 with 200 mM NaCl and PEG 30000 was used to increase the protein concentration.

The produced recombinant proteins were stored at —70 °C.

2.2.16.3 Expression and purification of His-PHD3 from insect cells and His-Trx-pVHL
from E. coli

The expression and purification of His-PHD3 and His-Trx-pVHL was previous to this study
done in the Department of Cardiovascular Physiology by Dr. J. Nesper and Dr. J. Kdditz.
Spodoptera frugiperda Sf9 cells were used to produce the recombinant His-PHD3 protein,
used for the pull-down assays. These cells were grown as suspension cultures in SFOO0IISFM
serum-free medium. The Sf9 cells were transfected with the pDEST17gm PHD3 plasmid,
containing His-tagged PHD3 cDNA. The cells were harvested 72 hrs after the transfection.
Cells were washed with 0.15 M NaCl and 0.02 M phosphate pH 7.4 and homogenized in a
buffer containing 0.1 M NacCl, 0.1 M glycine, 10 uM dithiothreitol, 0.1 % Trition X-100 and
0.01 M Tris, pH 7.8. The samples were centrifuged and the pellets were sobulized in
1 % SDS.

The recombinant His-Trx-pVHL protein was expressed in E.coli BL21-Al from Invitrogen
using the pST38-His6TrxN-pVhl-elonginB plasmid. His-Trx-pVHL protein was purified by
Ni-affinity. Therefore 5 ml HiTrap chelating HP column from Amersham Biosiences were
used. Additionaly a purification by anion-exchange chromatography, using 1 ml Econo-Pac
High Q cartridge from BioRad was performed as published previously (Tan et al., 2005) using
a BioLogic DuoFlow chromatography system from BioRad.

2.2.17 Cell culture

The adherent HeLa, HEK293T, HepG?2, MEFHif""and MEFHif"" cells were cultured in high
glucose Dulbecco's modified Eagle's medium containing 10 % fetal calf serum, 100 U/ml
penicillin G and 100 pg/ml streptomycin (Pen/Strep) in a humidified 5 % CO,, 20 % O, air
atmosphere at 37°C. Cells were subcultivated every second day. Therefore, the medium was
removed and 2 ml of a solution containing 0.05 % trypsin and 0.02 % EDTA in PBS was
added to the cells. The flasks were incubated at 37 °C until the cells detached. HelLa,
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HEK293T and HepG2 cells were transferred to a new flask with a subcultivation ratio of 1:5.
The MEFHif"and MEFHif"" were subcultivated at a ratio of 1:10.

The TS-20 cells, which harbor a temperature sensitive defect in the E1 ubiquitin activating
enzyme, and the H38-5 cells, which are reconstituted with a wild-type allele of the El
enzyme, were cultured as described above. To study the influence of ubiquitination on ATF-4
protein stability, the TS-20 cells and H38-5 cells were cultured under normoxic conditions at
34 °C and then exposed to 39 °C for 2 or 4 hrs.

For hypoxic conditions, O, levels were decreased to 1 % or 0.2 % O, with N, in the oxygen-
controlled work station from Ruskin. In some experiments, cells were treated with 30-50 uM
lactacystin or 25 uM MG-132 to inhibit the proteasome or | mM DMOG to inhibit the PHD
activity for the indicated time periods. As a positive control for ATF-4 expression, some cells
were treated with 300 nM thapsigargin for 2 hrs.

To maintain a backup of cells the principle of cryogenic preservation was used. Therefore the
cells were again detached from the flasks by trypsin/EDTA, the medium was removed and
1 ml of a mixture of 90 % fetal calf serum and 10 % DMSO was added. In this solution the

cells could be stored below -100 °C in liquid nitrogen.

2.2.18 Protein sample isolation from adherent cells

The preparation of protein extracts from adherent cells was done by the principle of osmotic
lysis. Therefore the medium was removed from the cells and washed with cold PBS to
remove the remaining medium. Samples, used for the measurement of polyubiquitinated
proteins, were washed with PBS containing 20 mM N-Ethylmaleimide (NEM) to inhibit the
deubiquitinating enzymes. The PBS was removed from the cell culture dish and 200 pl
respectively 500 pl lysis buffer were added to each well of a 6-well plate respectively a 10 cm
dish. An EDTA-free protease-inhibitor cocktail from Roche was added to the lysis buffer to
prevent protein degradation. Again 20 mM NEM were added to the lysis buffer, when
polyubiquitinated proteins were studied. The cells were scraped from the dishes and the cell
lysate was transferred into a 1.5 ml tube. The samples were placed on ice for about 10 min.
The lysed cells were pelleted by centrifugation at 12000 rpm for 10 min at 4 °C and the cell
lysate was transferred into a new tube. The protein concentration was measured by

performing a Bradford protein assay (see paragraph 2.2.19).
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2.2.19 Bradford protein assay

The Bradford protein assay is a colorimetric protein assay, based on the absorbance shift of
the Coomassie Blue G dye after protein binding. At a very low pH this dye is most stable in
its double-protonated form, which appears red with a maximal absorbance at 450 nm. After
protein binding, however, the dye donates the protons and its color turns blue with a maximal
absorbance at 595 nm. The Bradford assay is linear between 2 pg/ml and 120 pg/ml. The
increase of absorbance at 595 nm in this range is proportional to the amount of protein in the
sample. To measure the protein concentration of a sample, a regression curve was derived
from a series of standards between 0.5 pg and 5 pg bovine serum albumin (BSA) and used as
the basis to estimate the unknown concentrations. For the Bradford assay, 2 ul of the sample
were added to 200 pl Protein Assay Reagent from Bio-Rad and the absorbance was measured
at 595 nm using the micro plate reader from Bio-Rad. The concentration was determined by

using the regression curve.

2.2.20 Transient transfection of adherent cells

2.2.20.1 Lipid-mediated transfection

Cationic lipid reagents are used to create artificial membrane vesicles, called liposomes,
which bind to the to be transfected DNA. These cationic complexes adhere to the negatively
charged cell membrane and fuse with it. The DNA is transiently overexpressed in the cells,
but is not necessarily integrated into the genome of the recipient cell. This method also allows
the transfection of siRNAs, which are used to silence gene expression. In this work stealth
siRNAs were used, which are duplexes of 25mer RNA oligonucleotides with chemical
modifications. These modifications increase the siRNA stability and reduce the nonspecific
stress response. The endogenous siRNAs interact with protein components to form the RNA-
induced silencing complex (RISC). The siRNA is unwound and a single stranded RNA
remains bound to the RISC. Activated RISC binds to complementary transcripts by base
pairing interactions between the siRNA antisense strand and the mRNA. The RISC cleaves
the homologous mRNA and by this prevents its translation.

The used stealth siRNAs, which are listed in Tab. 2.15, were purchased from Invitrogen. As
negative control All Star-control siRNA from QIAGEN or StealthRNAi Negativ Control
Duplexes from Invitrogen were used. For the siRNA transfection 1x10° for 10-cm dish scale
or 2x10° cells for 6-well scale were seeded in DMEM containing 10 % FCS and Pen/Strep.
The following day the medium was removed and DMEM containing 10 % FCS was added.
For the transfection of a 6-well 80 pmol siRNA and 4 pl Lipofectamine 2000 were mixed
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with 500 pl OptiMEM™. For the transfection of a 10-cm dish 600 pmol siRNA and 24 pl
Lipofectamine 2000 were mixed with 2 ml OptiMEM™. The mixtures were incubated at
room temperature for 20 min to allow the formation of the oligo-Lipofectamine 2000
complexes. The mixture was then added to the cells and 6 hrs after transfection the medium
was again changed. The cells were further incubated under normoxic or hypoxic conditions.

The cells were usually harvested 24 hrs after transfection (see paragraph 2.2.18).

2.2.20.2 Calcium phosphate-mediated transfection of adherent cells

The calcium phosphate-mediated transfection was used to transiently transfect HeLa cells
with plasmid DNA. The DNA-calcium phosphate coprecipitate enters the cytoplasm of the
cells via endocytosis and the DNA reaches the nucleus when the cells divide. The calcium
phosphate-mediated transfection was used to transfect plasmids for the luciferase reporter
assay. 5x10” cells were plated in a 24-well containing 0.5 ml DMEM medium with 10 % FCS
and Pen/Strep and incubated at 37 °C. The following day the medium was removed and
DMEM containing 10 % FCS was added. For each well to be transfected 0.25 pg pATFx2-
Luc plasmid-DNA, which contains two cAMP response element (CRE) sites and 0.025 ng
pRLSV40 plasmid-DNA, containing the renilla luciferase gene, were mixed with 0.1xTE up
to a volume of 22 ul. To this mixture 25 pl 2x HBS were carefully added, followed by 3 ul
2 M CaCL,. The incubation at room temperature for 20 min allowed the formation of DNA-
calcium phosphate coprecipitates. The solution was again carefully mixed and added drop
wise to the cells to be transfected. The medium was changed 6 hrs after transfection. Cells
were further incubated under normoxic or hypoxic conditions with and without addition of

1 mM DMOG. The cells were harvested 24 hrs after transfection (see paragraph 2. 2.14).

2.2.21 SDS-Polyacrylamide gel electrophoresis

The SDS-polyacrylamide gel electrophoresis (SDS-PAGE) was used to separate proteins
according to their molecular weight. The anionic detergent sodium dodecyl sulphate (SDS) is
used to denaturate the proteins by disrupting the non-covalent bonds and the use of the
reducing agent B-mercaptoethanol in the sample buffer leads to the dissociation of subunits of
the multimeric proteins. SDS charges the unfolded proteins negatively, which makes them
migrate to the positive electrode in electrophoretic gel. The use of a discontinuous SDS-
PAGE, in which a stacking gel is casted onto the resolving gel, leads to a decrease in sample
spread. The pH conditions in the stacking gel result in the samples to stack between the fast

migrating chloride ions and the slower migrating glycine from the sample buffer at the
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starting point above the resolving gel. For the separation of polyubiquitinated proteins
gradient gels with higher concentrations of acrylamide at the bottom of the gel were used.
Usually gels with a gradient between 5 to 10 % acrylamide were used. The composition of the

stacking and resolving gel is given in Tab. 2.21.

Tab. 2.21: Solutions for the preparation of one gel containing resolving and stacking gel for

discontinuous SDS-PAGE.

resolving gel stacking gel
5% 10 % 12 % 5%
H,O 159 ml 11.9 ml 9.9 ml 6.8 ml
30 % acrylamide mix 6.0 ml 10 ml 12 ml 1.7 ml
1.5 M Tris pH 8.8 7.5 ml 7.5 ml 7.5 ml -
1.0 M Tris pH 6.8 - - - 1.25 ml
10 % SDS 0.3 ml 0.3 ml 0.3 ml 0.1 ml
10 % ammonium persulfate | 0.3 ml 0.3 ml 0.3 ml 0.1 ml
TEMED 0.024 ml 0.012 ml 0.012ml  0.01 ml

50-120 pg of the sample were mixed with 2x SDS sample buffer. The samples were boiled at
70°C for 10 min and loaded onto the discontinuous SDS polyacrylamide gel. The prestained
molecular weight marker or the prestained PageRuler™ from Fermentas were loaded in a
separate lane. The electrophoresis was done at a constant current of 50 mA with maximum

voltage set at 300 V.

2.2.22 Western blot/ECL

Western blots were performed to further analyze the by SDS-PAGE separated samples with
an immunostaining. Therefore, the separated proteins are transferred from the gel to a
nitrocellulose membrane and analyzed by specific primary antibodies. The primary antibodies
are then detected by horseradish peroxidase conjugated secondary antibodies which are raised
against the Fc region of the primary antibody. The conjugated peroxidase catalyzes the
oxidation of luminol resulting in a chemiluminescence emitting reaction that can be used for
the specific detection of the target proteins.

To perform the western blot after the electrophoresis, the gel and the nitrocellulose membrane
were equilibrated in western blot transfer buffer. The gel and the membrane were then

sandwiched between filter papers previously soaked in blotting buffer. The western blot was
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performed in the PerfectBlue Semi-Dry Electroblotter from Peqlab with a constant current
setting of 2 mA/cm® for 1 hrs.

The membrane was washed with PBS after the transfer and the quality of the transfer was
controlled by Ponceau S staining. The Ponceau S was washed off with PBS. To prevent
unspecific binding of the antibodies, used for the detection of the target proteins, the blot was
incubated with 5 % milk in PBS for 1 hrs at 4 °C. The primary antibody solution was then
applied to the membrane and incubated overnight at 4 °C. For the used antibodies the applied
dilutions are listed in Tab. 2.4.

Subsequently the membrane was washed thrice for 10 min with PBS. Incubation with the
secondary, peroxidase conjugated antibody diluted in PBS containing 5 % milk (see Tab. 2.4)
was done for 2 hrs at 4 °C. Again the blot was three times washed with PBS for 10 min. For
the detection 10 ml ECL solution were applied to the membrane and incubated for 1 minute.
The blot was developed by using the LAS3000 Imager from Fujifilm or by using

chemiluminescence sensitive films from GE health care.

2.2.23 MBP pull-down

The maltose binding protein (MBP) is part of the maltodextrin transport system in E. coli and
fusion proteins with MBP can be purified by using amylose columns.

For the pVHL or B-TRCP pull-down assays, 40 pl amylose-resin from NEB previously
washed with MBP-buffer were incubated with 20 pg MBP-proteins and in vitro translated
HA-PHD?2 or purified His-PHD3 in a buffer containing 20 mM Tris/HCI, pH 7.5, 5 mM KCI,
1.5 mM MgCl,, 100 uM o-Ketoglutaric acid, 1 mM FeSO,4, 2 mM ascorbate for 1 hrs. This
buffer facilitates the hydroxylation reaction, mediated by recombinant PHD2 or PHD3. The
resins were washed thrice with 900 ul MBP-buffer and incubated with the purified His-Trx-
pVHL or in vitro translated V5-B-TRCP in 500 pl buffer containing 50 mM Tris/HCI, pH 7.5
and 120 mM NacCl for 1 hrs at 30 °C. Subsequently the resins were washed five times with
MBP-buffer. The bound proteins were resuspendend in 50 pl SDS-sample buffer and

immunoblot analysis was performed.
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2.2.24 His pull-down

The His pull-down uses the principle based on the reversible interaction between various
amino acid side chains and immobilized metal ions. Depending on the immobilized metal ions
different side chains can be involved in the adsorption. The used Talon Metal affinity resin
from BD Biosciences utilizes a tetradentate chelator of the Co”" metal ion for purifying
recombinant polyhistidine-tagged proteins.

For the His-ubiquitin pull-down HeLa cells were transfected with the pET3aWT-His-
Ubiquitin plasmid overexpressing 6xHis-tagged ubiquitin. The cells were incubated with and
without 1 mM DMOG for 24 hrs at 37 °C and 2 hrs before lysis 25 uM MG-132 was added to
inhibit the proteasome. 650 ug of the cell lysate were incubated with 60 pl resin for 4 hrs at
4 °C. Subsequently the resin was washed 4 times with PBS and bound proteins were eluted by
addition of 70 pl SDS-sample buffer. The cell lysates and the bound fractions were then

analyzed by performing immunoblots against ATF-4.

2.2.25 Immunoprecipitation

Immunoprecititation (IP) is a method by which the quantity or physical characteristics of a
protein from a mixture can be examined by using the antigen-antibody reaction principle.
Sepharose beads, to which Protein G is crosslinked, are used for the precipitation. Protein G is
a cell surface protein from Streptococci that binds to the Fc region of IgG antibodies from a
variety of mammalian species and is therefore used in the immunoprecipitation reaction.
Protein G sepharose with a binding capacity of 10 to 20 mg/ml from GE was used for the
ATF-4 IP. The antibody was covalently coupled to the sepharose. Therefore, the sepharose
was washed twice with PBS and sedimented by centrifugation at 5000 rpm for 5 min at room
temperature between washes. For each IP 50 pl Protein G sepharose were resuspended in
500 pl PBS and 5 pg antibody were added. As negative control 5 pg non-immunogenic rabbit
sera were used (see Tab.2.4). The sepharose was incubated with the antibodies at room
temperature for 1 hrs in a rotator to allow the binding of antibodies by Protein G. By
centrifugation at 5000 rpm for 5 min the sepharose-bound antibodies were sedimented and
washed twice with 900 ul borate buffer. The covalent coupling was done by incubation with
I ml 20 mM dimethylpimelimidate in borate buffer for 30 min at room temperature in a
rotator. The sepharose was again washed with 900 pl borate buffer, followed by washing with
ethanolamine buffer. To stop the coupling reaction the sepharose was incubated with 900 pl
ethanolamine buffer for 2 hrs in a rotator at room temperature. Subsequently the sepharose

was washed twice with PBS and the uncoupled antibodies were removed by washing with



2. Material and methods 49

900 pl of a 200 mM glycine solution. The glycine was removed by washing with 900 ul PBS
twice and unspecific binding sites were blocked by incubation with 3 % BSA in PBS
containing 0.05 % ammonium azide for 1 hrs at 4 °C.

Before the IP was performed a preclearing of the protein extract was done. Incubation with
50 ul washed Protein G sepharose without antibody for 1 hrs was done to capture the proteins
that would bind unspecifically to the Protein G sepharose. For each IP 800 nug protein extract
were used. 50 pl Protein G sepharose covalently bound to the antibody were added and the
volume was filled up to 1 ml with lysis buffer containing a protease inhibitor cocktail. The
samples were incubated overnight at 4 °C in a rotator. The next day the sepharose was washed
with lysis buffer thrice and the supernatant discarded. By addition of 75 pl 2x SDS sample
buffer to the Protein G sepharose, the proteins bound to the immune complex dissociated
from the antibodies. The samples were transferred to centrifuge filter units to remove the
sepharose and centrifuged for one min at 5000 rpm. The samples were heated for 10 min at

70 °C and analyzed by immunoblotting against ubiquitin and ATF-4.
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3. Results

3.1 Work performed in the Department of Cardiovascular Physiology previous to this
thesis

Increasing amount of data has been obtained over the last years indicating the additional
involvement of the PHD isoforms 1-3 in oxygen-dependent, but HIF-independent, signal
transduction pathways. To further characterize isoform-specific functions of the PHDs, yeast
two-hybrid screens using PHD1, PHD2 or PHD3 as baits were performed in the Department
of Cardiovascular Physiology by Dr. J. Nesper and Dr. J. Koditz.

To this end, a human brain cDNA library fused to the Gal4AD domain was screened with full
length PHD1, PHD2 or PHD3 fused to the Gal4BD domain as baits. HIF-2a was identified as
PHD interaction partner in all screens demonstrating the reliability of the method. Several
transcription factors or transcriptional co-regulators were identified as PHD3 protein
interaction partners, which were not identified in the PHD1 or PHD2 screen.

In total 35 different potential PHD3 protein-interaction partners were identified. Among these
were eight transcription factors or transcriptional regulators (ATF-4, NUDRS&, MKL-1,
FOG-2, SNWI1, TBR-1, ZNF282, and HIF-2a). Four different cDNA clones of ATF-4 were
identified. The protein interaction of PHD3 and ATF-4 was validated by pull-down assays
using recombinant proteins.

ATF-4 comprises a basic leucine zipper domain and a zipper II domain (Figure 3.1). Using
ATF-4 deletion variants the zipper I domain of ATF-4 was determined to be responsible for
the interaction with PHD3. The C-terminal basic leucine zipper domain, which is needed for
homo- or heterodimerization with other members of the ATF/CREB family, is not needed for

the interaction with PHD3.

PHD3 interaction dimerization
e — - ~

I ipper || I )25 C leucine zipper B

Fig. 3.1: Domain structure of the ATF-4 protein. The zipper Il domain was identified to be responsible for the
interaction with PHD3. Via the basic leucine zipper, ATF-4 forms hetero- or homodimers with other bZIP
transcription factors.

Based on these preliminary data, the presented thesis was conceptualized to functionally

characterize the protein interaction of PHD3 and ATF-4.



3. Results 51

3.2 The protein interaction of ATF-4 is restricted to PHD3

A protein interaction with all PHD isoforms and the asparaginyl-hydroxylase FIH has been
described for the HIF-a subunits (Mazure et al., 2004). To study if the interaction of ATF-4 is
restricted to PHD3 or whether ATF-4 also interacts with PHD1 and PHD2 or with FIH, yeast
two-hybrid assays were performed. The yeast reporter strain Ma V203 was transformed with
the ATF-4 full length protein fused to Gal4AD. The different PHD isoforms and FIH were
used as baits (Figure 3.2). The protein interaction was determined by screening for histidine
auxothrophy after inhibiting histidine synthesis with 10 mM or 50 mM 3-Amino-1,2,4-
triazole (3-AT).

Sc-Leu- 10 MM 50 mM
Trp 3AT 3AT

Gal4BD/Gal4AD

FIH/ATF-4 FL
PHD1/ATF-4 FL

PHD2/ATF4 FL
PHD3/ATF-4 FL
Gal4BD/ATF-4 FL
FIH/Gal4AD
PHD1/Gal4AD

PHD2/Gal4AD
PHD3/Gal4AD

Fig. 3.2: ATF-4 interacts with PHD3 but not with PHD1, PHD2 or FIH. The yeast reporter strain MaV203
expressing Gal4AD ATF-4 and the PHDs or FIH fused to the Gal4BD was assayed for histidine auxotrophy.

These yeast two-hybrid assays revealed the exclusive interaction of ATF-4 with PHD3. No
interaction of ATF-4 was observed with the PHD isoforms 1 and 2 or with the asparginyl-
hydroxylase FIH. Additionally, no yeast growth was observed using the empty Gal4AD and
Gal4BD vectors. The empty Gal4BD vector as bait in combination with Gal4AD ATF-4 or
the empty Gal4AD in combination with Gal4BD PHDs or FIH excluded nonspecific signals
or self activity.

The exclusive interaction of ATF-4 with PHD3 is an additional hint for different

physiological functions of the three PHD isoforms.
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3.3 ATF-4 protein levels are elevated in various cell lines by hypoxia and after inhibition
of PHD activity

An induction of ATF-4 expression after exposure to severe hypoxia/anoxia (0 % to 0.2 % O,)
has been shown by others (Ameri et al., 2004). To study if the ATF-4 protein levels are not
only elevated after anoxia but even after exposure to hypoxia (1 % O,), various cell lines
(HeLa, HepG2 and HEK293T) were exposed to normoxic or hypoxic conditions.
Furthermore, PHD activity was inhibited by the addition of the 2-oxoglutarate analog DMOG
(Figure 3.3). PHD-mediated prolyl hydroxylation of HIF-o. in normoxia is known to mark
HIF-a for ubiquitination and subsequent proteasomal degradation. If ATF-4 protein stability
is comparable to HIF-a stability regulated by PHD3, one would expect that ATF-4 is more
abundant in hypoxia and after inhibition of PHD activity.

HelLa HepG2 Hek293
%02 20 1 20 1 20 20 1
DMOG - + - + - -+ -+ F
oo [ - == FEss

HIF-1a ... !- : ..

factin e e e .

Fig. 3.3 ATF-4 and HIF-1a protein levels are increased by hypoxia and DMOG. HeLa, HepG2 and HEK293T
cells were incubated for 4 hrs in 20 % O, or 1 % O,, with or without treatment with 1 mM DMOG. Subsequently
the cells were lysed and the protein expression of ATF-4, HIF-1a and B-actin was analyzed by immunoblots.

In all three cell lines the exposure to hypoxia (1 % O;) for 4 hrs resulted in enhanced ATF-4
and HIF-la protein levels. ATF-4 and HIF-la were barely detectable under normoxic
conditions, whereas after exposure to hypoxia the ATF-4 and HIF-la levels were
significantly higher. After inhibition of PHD activity, ATF-4 and HIF-1a protein signals were
detectable also under normoxic conditions. The addition of DMOG under hypoxic conditions
resulted in even stronger ATF-4 and HIF-1a signals than the exposure to hypoxia alone. A
cell line-dependent effect of the increased ATF-4 abundance in hypoxia or after treatment
with DMOG could be excluded since the same expression pattern was observed in all three

cell lines studied.
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To analyze if the elevated ATF-4 protein levels in hypoxia are a result of the increased
HIF-1a stability, the impact of HIF-1a on ATF-4 protein levels was determined. Therefore,
mouse embryonic fibroblasts isolated either from Hif-1a¢™* or Hif-la” embryos
(MEFHif-1¢*"* and MEFHif-1¢”" (Unruh et al., 2003)) were used to analyze the ATF-4

expression in hypoxia and normoxia (Figure 3.4).

%02 20 1 20 1

ATF-4 [ 5o

HIF-1a »,-w..’
B-actin [Nk e | — —
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Fig. 3.4: The increase of ATF-4 protein levels in hypoxia is independent of HIF-la. MEFHif-la”" and
MEFHif-1a cells were exposed to 20 % O, or 1 % O, for 4 hrs. Subsequently the cells were lysed and the
protein expression of ATF-4, HIF-1a and B-actin was analyzed by immunoblots.

By analyzing the ATF-4 and HIF-1a protein levels under normoxic and hypoxic conditions a
HIF-dependent expression of ATF-4 could be excluded. The expression of ATF-4 was
induced after exposure to hypoxia in both cell lines. In HIF-1a expressing MEFs and also in
the Hif-1o”” MEFs elevated ATF-4 protein levels were observed after exposing the cells to
hypoxic conditions for 4 hrs. This indicates that ATF-4 is part of a HIF-independent oxygen-
regulated pathway.

To further investigate if the observed elevated ATF-4 protein levels in hypoxia correlate with
increased ATF-4 transactivation activity, a luciferase reporter assay was performed. To
activate the transcription of its target genes, ATF-4 interacts with a distinct DNA binding site
that is named CRE. Therefore, a FL construct, in which the expression of the FL is under the
control of two CRE sites, was used. As an independent control a constitutively active RL
construct was co-transfected. Transiently transfected HeLa cells were incubated under

hypoxic conditions for 4 hrs or treated with | mM DMOG (Figure 3.5).
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Fig. 3.5: ATF-4 activity is increased in hypoxia and after DMOG treatment. HeLa cells were transiently
transfected with an ATF-4 dependent firefly luciferase (FL) reporter gene plasmid (pATFx2-Luc). As control the
renilla Iuciferase (RL) plasmid pRLSV40 was co-transfected. The cells were incubated in 20 % or 1 % O, for
4 hrs, with or without treatment with 1 mM DMOG. Subsequently the cells were lysed and luciferase activities
were determined. Shown are mean values of the FL/RL ratios (+ SD) of three independent experiments.

As expected from the western blot analysis, only little ATF-4 transactivation activity was
measured under normoxic conditions. Exposure to hypoxia, however, led to an enhanced FL
activity. The inhibition of the PHD enzymatic activity by treatment of the cells with the
2-oxoglutarate analog DMOG also resulted in an increased FL activity even under normoxic
conditions. These results suggest that the ATF-4 protein is not only more abundant after
inhibition of PHD activity by hypoxia or DMOG, but is present in an active form in which it

is able to induce target gene expression.

3.4 The ATF-4 protein level is dependent on PHD3 but not PHD2

To gain insight into the mechanism of hypoxia/DMOG-induced increase of ATF-4 protein
levels, the kinetics of the hypoxic/DMOG stabilisation were determined. Cells were incubated
under normoxic (20 % O,) or hypoxic conditions (1 % or 0.2 % O;), for 4 and 24 hrs
(Figure 3.6). 1 experienced a lot of variation in the quality of the commercially available
polyclonal anti-ATF-4 antibody. Therefore, I used cell extracts obtained from HeLa cells,
which were treated with 300 nM thapsigargin for 4 hrs, as a positive control for the reliable
detection of ATF-4 expression. Thapsigargin is a well described inducer of enhanced ATF-4
expression (Ord and Ord, 2003).
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Fig. 3.6: ATF-4 protein levels are elevated in hypoxia and after treatment with DMOG. HeLa cells were
incubated for 4 or 24 hrs in 20 %, 1 %, or 0.2 % O,, with or without the addition of 1 mM DMOG. Subsequently
cells were lysed. The protein levels of HIF-la, ATF-4, PHD2, PHD3 and B-actin were analyzed by
immunoblots. To obtain a positive control for the detection of ATF-4, HeLa cells were treated with 300 nM
thapsigargin (T) for 4 hrs as indicated.

HIF-1o and ATF-4 were barely detectable under normoxic conditions, but after 4 hrs of
exposure to hypoxia (1 % O,), both proteins showed strong western blot signals. These
signals were even stronger after exposure of the cells to 0.2 % O, for 4 hrs. In contrast to
PHD2, PHD3 is barely detectable in normoxia. After treating the HeLa cells with DMOG,
ATF-4 and HIF-1a were also detectable under normoxic conditions and even stronger signals
were observed after DMOG treatment and the exposure to hypoxia.

In contrast to 4 hrs hypoxia, ATF-4 was not detectable after 24 hrs of hypoxia. This correlates
with the increased PHD3 expression after 24 hrs of hypoxia. However, inhibition of PHD
activity with DMOG resulted in an enhanced ATF-4 and HIF-1a abundance under hypoxic
and normoxic conditions. This leads to the suggestion that ATF-4 stability is not only
dependent on the interaction with PHD3 but also on the PHD hydroxylation activity.

To further study the functional impact of PHDs in ATF-4 expression, PHD2 or PHD3
expression was repressed via siRNA (Figure 3.7). The influence of PHD1 was not further
investigated because it was not detectable at the protein level in HeLa cells in considerable

amounts.
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Fig. 3.7: ATF-4 protein levels are elevated after silencing PHD3 expression. HeLa cells were transiently
transfected with siRNAs against PHD2, PHD3 or PHD2 and PHD3 together. The cells were incubated in 20 %
or 1 % O, for 24 hrs and subsequently the cells were lysed. The protein levels of ATF-4, PHD2, PHD3, HIF-1a
and B-actin were analyzed by immunoblots and compared to the untreated cells (-). To obtain a positive control
for the detection of ATF-4, HeLa cells were treated with 300 nM thapsigargin (T) for 4 hrs as indicated.

ATF-4 expression was, comparable to the results described above, barely detectable under
normoxic conditions. In contrast to HIF-1a, which is stabilized in normoxia after PHD2
down-regulation, silencing of PHD2 expression had no influence on ATF-4 protein levels.
Elevated ATF-4 protein levels were detected only after silencing PHD3 expression in
normoxia and hypoxia. The normoxic induction of ATF-4 is therefore restricted to PHD3, in

contrast to HIF-1a protein levels, which are upregulated after PHD2 or PHD3 silencing.

To determine if the PHD3-mediated elevated ATF-4 protein levels are a result of an increased
ATF-4 mRNA expression, the ATF-4 mRNA levels were measured. To this end, HeLa cells
were transiently transfected with siRNA against PHD2, PHD3, a combination of both or a
non-targeting control siRNA. Subsequently the cells were incubated in normoxia (20 % O;) or
hypoxia (1% O,) for 24 hrs and the mRNA levels of PHD2, PHD3 and ATF-4 were
determined (Figure 3.8).
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Fig. 3.8: ATF-4 mRNA levels are not increased by hypoxia or after the knockdown of PHD2 or PHD3
expression. HelLa cells were transiently transfected with the indicated siRNAs. Subsequently cells were
incubated for 24 hrs in 20 % or 1 % O,. The mRNA levels of ATF-4 (A), PHD2 (B), PHD3 (C) and L28
(housekeeping control RNA) were measured by quantitative RT-PCR. Shown are mean values + SD of 3
independent experiments (ratios to the ribosomal protein L28 mRNA levels).

The mRNA levels were normalized in relation to the mRNA levels of the housekeeping gene
L28, which encodes a ribosomal protein. No significant differences in the ATF-4 expression
were observed after exposure of the HeLa cells to hypoxia compared to normoxia (see Figure
3.8 A). As expected, PHD3 expression was elevated after exposing the cells to hypoxia
(Figure 3.8 C). The hypoxic induction of PHD2 mRNA was not that strong, which is in line
with the literature (Cioffi et al., 2003) (Figure 3.8 B). For PHD2 and PHD3, a significant
reduction of the mRNA levels was observed after transfection of the respective siRNA.
Neither down-regulation of PHD2 nor PHD3, however, affected ATF-4 mRNA levels. These
results indicate, that the elevated ATF-4 protein level under hypoxia or PHD3 knockdown is
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not the result of an increased mRNA expression, but might be the consequence of a change in

ATF-4 protein stability.

3.5 Inhibition of PHD activity or PHD3 expression leads to a slower degradation rate of
ATF-4

In all experiments presented so far, ATF-4 protein expression was barely detectable under
normoxic conditions, but the inhibition of PHD activity by DMOG or hypoxia led to
enhanced ATF-4 protein levels. If this is due to PHD3-mediated normoxic destabilization, the
elevated ATF-4 protein levels under hypoxic conditions should become unstable upon
reoxygenation of the cells.

To test this hypothesis, HeLa cells were exposed to hypoxia (0.2 % O,) followed by
reoxygenation in normoxic conditions. To study the protein stability upon reoxygenation,
protein synthesis was inhibited by the addition of cycloheximide shortly before
reoxygenation. The cells were harvested at eleven different time points from 0 min to 40 min
after reoxygenation to determine the protein half-life (Figure 3.9). Additionally, the ATF-4
protein half-life was measured after inhibition of PHD activity by DMOG, to clarify if the
ATF-4 protein stability is regulated by PHD activity.
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Fig. 3.9: Degradation of ATF-4 is decreased by DMOG. HeLa cells were incubated for 4 hrs in 0.2 % O, with or
without treatment with 1 mM DMOG. Subsequently 20 pg/mL cycloheximide were added, and the cells were

reoxygenated at 20 % O,. The cells were lysed after the indicated time points and the ATF-4 and B-actin protein
levels were analyzed by immunoblots.

Upon reoxygenation, the ATF-4 protein levels decreased rapidly with a half-life of roughly
9 min. Inhibiting PHD activity with DMOG elevated the ATF-4 half-life measured after



3. Results 59

reoxygenation. DMOG treatment resulted in a prolonged protein half-life of roughly 21 min,

indicating that the degradation of ATF-4 upon reoxygenation is regulated by PHD activity.

To further study the specific role of PHD3 in ATF-4 protein stability upon reoxygenation,
HeLa cells were transiently transfected with siRNA targeting PHD3 mRNA or non-targeting
siRNA. After 4 hrs of incubation under hypoxic conditions (1% O;), the cells were
subsequently reoxygenated at 20 % O,. The synthesis of new proteins was inhibited by
addition of cycloheximide (Figure 3.10).
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Fig. 3.10: Degradation of ATF-4 is decreased after PHD3 knockdown. HeLa cells were transfected with siRNA
against PHD3 or a control siRNA. Subsequently cells were incubated in 1 % O, for 4 hrs, followed by the
addition of 20 pg/mL cycloheximide and reoxygenation at 20 % O,. The cells were lysed after the indicated time
points and the ATF-4, PHD3 and B-actin protein levels were analyzed by immunoblots.

The down-regulation of PHD3 expression by siRNA led to an enhanced protein half-life
compared to the control siRNA transfected cells. Taken together these results strongly
indicate that the ATF-4 degradation under normoxic conditions is dependent on PHD3

activity.

The half-life of HIF-la in normoxia is about 5 to 8 min. This results from its rapid
degradation via the ubiquitin proteasome system (Berra et al., 2001). The E3 ubiquitin
ligating enzyme pVHL is responsible for the ubiquitination of HIF-a in normoxia (Maxwell
et al., 1999). After PHD-dependent prolyl hydroxylation pVHL binds to the ODD domain of
HIF-a.. Similar to HIF-a, an ODD domain was found in the ATF-4 protein sequence by Dr. J.
Nesper and Dr. J. Koditz (Department of Cardiovascular Physiology). The ODD domain
resides between the residues 154 to 181 and includes 5 prolyl residues (P156, P162, P164,
P167, P174) (Figure 3.11), which are potential targets for PHD-dependent hydroxylation.
Deletion of this ODD domain or mutation of the prolyl residues resulted in an increased

ATF-4 stability under normoxic conditions (Koditz et al., 2007).
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Fig. 3.11: Domain structure of the ATF-4 protein. The zipper II domain was identified to be responsible for the
interaction with PHD3. The ODD domain (aa 154-181) is crucial for the oxygen-dependent instability of ATF-4.
ATF-4 forms hetero- or homodimers with other bZIP transcription factors via its basic leucine zipper

3.6 ATF-4 is degraded via the ubiquitin proteasome system

The involvement of the ubiquitin proteasome system in regulating ATF-4 abundance has been
described earlier (Lassot et al., 2001). Additionally, the translation of ATF-4 is upregulated in
response to several stress conditions like amino acid deprivation, anoxia and ER stress (Ameri
and Harris, 2008). To check, if the observed normoxic destabilization of ATF-4 is mediated
via the ubiquitin proteasome system and to exclude an enhanced translation of the
endogenous ATF-4 protein under hypoxic conditions, HeLa cells were transiently transfected
with a V5-ATF-4 expression vector (pcDNA3.1Dest-V5ATF-4). This vector contains the
CMV promoter fused to the V5-ATF-4 cDNA allowing an ATF-4 expression, which is
independent of translational regulation. Equal transfection efficiency was controlled by co-
transfection of the pEGFPC1 vector which results in a constitutive expression of GFP. The
transfected cells were incubated in normoxia (20 % O,) or hypoxia (1 % O,) for 24 hrs. The
degradation via the proteasome was inhibited by additional treatment of the cells with the
proteasome inhibitor MG-132 for 2 hrs. To further study, if the normoxic destabilization of
ATF-4 is mediated by PHDs, PHD activity was inhibited by DMOG treatment (Figure 3.12).
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Fig. 3.12: ATF-4 is degraded via the proteasome. HeLa cells were transiently transfected with a V5-ATF-4
expression vector. As a transfection control the pEGFPC1 vector was co-transfected. The cells were incubated in
normoxia respectively hypoxia, or treated with 1 mM DMOG for 24 hrs. 2 hrs before cell lysis 25 uM MG-132
were added to the indicated samples. The V5-ATF-4 and the GFP protein levels were analyzed by immunoblots.

Like the endogenous ATF-4 protein, V5-ATF-4 was not detectable under normoxic

conditions. Exposure to hypoxia or treatment with 1 mM DMOG resulted in an enhanced
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V5-ATF-4 signal, demonstrating that the overexpressed ATF-4 is like the endogenous ATF-4
regulated by hypoxia/DMOG. The pcDNA3.1V5Dest expression vector does not contain a
functional HRE. Therefore, the elevated V5-ATF-4 signals are most likely not the result of an
enhanced hypoxia-induced ATF-4 expression. The treatment of the cells with MG-132
resulted in an increased V5-ATF-4 abundance in normoxia and in hypoxia, indicating that the

normoxic degradation of V5-ATF-4 is mediated by the proteasome.

To further verify the involvement of the proteasome in the normoxic destabilisation of ATF-4,
the TS-20 cell line was used (Figure 3.13). This cell line has a temperature-sensitive E1l
ubiquitin-activating enzyme defect. The shift from 34 °C to 39 °C stops ubiquitination leading
to the accumulation of proteins which are degraded via the ubiquitin proteasome system. As a

control the E1-resconstituted cell line H38-5 was used.
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Fig. 3.13: ATF-4 is degraded via the proteasome. TS-20 cells, with a temperature-sensitive E1 ubiquitin-
activating enzyme defect, and El-reconstituted H38-5 cells were incubated at 34 °C or 39 °C for 2 or 4 hrs. As
ATF-4 positive control the cells were incubated with 300 nM thapsigargin (T) for 2 hrs. Subsequently cells were
lysed and the ATF-4 and B-actin protein levels were analysed by immunoblots.

At 34°C no ATF-4 expression was observed in the TS-20 cells. Incubation of the
thermolabile E1 mutant strain at 39 °C resulted in an increased ATF-4 abundance. No similar
effect was observed in the H38-5 E1 reconstituted cells. These results point to an involvement

of ubiquitination in regulating normoxic destabilisation of ATF-4.

The previous experiments did not answer if the ubiquitination of ATF-4 in normoxia is
dependent on PHD activity. Therefore, Hela cells were transiently transfected with a His-
ubiquitin expressing plasmid. The proteasome was inhibited by MG-132 treatment. To
determine an involvement of PHD activity in ATF-4 stabilization, DMOG was additionally
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applied to the cells. The precipitated anti-His fractions and the cell lysates were studied by
immunoblotting (Figure 3.14).

His-Pull down Cell lysates

DMOG - - + + - -+ 4
MG-132 - + - 4+ -+ -+

ATF-4 -~ - -

Fig. 3.14: DMOG inhibits the ubiquitination of ATF-4. His-ubiquitin was transiently overexpressed in HeLa
cells. The cells were incubated for 24 hrs with 1 mM DMOG. 2 hrs before lysis 25 uM MG-132 were added to
the indicated samples. His-ubiquitin was precipitated with Co** resin. The ATF-4 protein levels were analyzed in
the cell lysates and in the Co*" bound fractions by immunoblots.

Inhibition of the proteasome as well as inhibition of PHD activity resulted in an enhanced
ATF-4 abundance. Analyzing the precipitated fraction showed that treatment with MG-132
results in an accumulation of ubiquitinated ATF-4. However after simultaneous treatment
with MG-132 and DMOG, ubiquitinated ATF-4 was barely detectable, indicating a PHD-

dependent regulation of normoxic ATF-4 degradation.

3.7 ATF-4 ubiquitination is inhibited by hypoxia

To test if the observed normoxic destabilization of ATF-4 is a result of an enhanced
ubiquitination, HEK293T cells were incubated under normoxic (20 % O,) and hypoxic
conditions (1 % O,). The proteasome was inhibited by addition of lactacystin to the cells to
study the amount of ubiquitinated ATF-4 (Figure 3.15). Lactacystin inhibits the proteasome
by binding to the catalytic subunits of the 20 S catalytic core and irreversibly blocks its
protease activity (Fenteany et al., 1995). Furthermore, it inhibits the peptide hydrolysis which
is mediated by the 26 S complex (Craiu et al., 1997).
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Fig. 3.15: Hypoxia impairs ubiquitination of ATF-4. HEK293T cells were incubated for 4 hrs in 20 % or 1 % O,
in the presence of absence of 30-50 uM lactacystin. Subsequently cells were lysed and protein expression of
ATF-4, HIF-1a, and B-actin was analyzed by immunoblot.

Analyzing the obtained cell lysates by using an ATF-4 specific antibody showed higher
molecular weight bands in addition to the unmodified ATF-4 protein band. The intensity of
these higher molecular weight bands was reduced in hypoxic conditions compared to
normoxia. Similar results were observed for HIF-1a, which also appeared as higher molecular
weight bands in addition to the unmodified protein. Similar to ATF-4 the intensity of the
bands was decreased in hypoxic conditions.

To verify that the higher molecular weight bands of ATF-4, observed after lactacystin
treatment, refer to polyubiquitinated ATF-4, HEK293T cell were again treated with
lactacystin after exposure to normoxia (20 % O;) or hypoxia (1 % O,). ATF-4 was
immunoprecipitated and the amount of ubiquitinated ATF-4 was detected by immunoblot
using a specific anti-ubiquitin antibody (Figure 3.16). To confirm the specificity of the
performed ATF-4 immunoprecipitation, normal rabbit serum, instead of the specific antibody,

was used in an additional immunoprecipitation reaction as a negative control.
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IP: IP:
normal rabbit normal rabbit
anti-ATF-4 serum anti-ATF-4 serum
% O2 20 1 20 1 % O2 20 1 20 1
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Ubiquitin ATF-4
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Fig. 3.16: The ubiquitination of ATF-4 is decreased in hypoxia. HEK293T cells were incubated for 4 hrs in
20 % or 1 % O in the presence or absence of 30 uM lactacystin. Subsequently cells were lysed and cell lysates
were immunoprecipitated with an anti-ATF-4 antibody and analyzed by immunoblots.

By analyzing the ubiquitin immunoblot, a diminished ubiquitination of ATF-4 in hypoxia was
found. These results show that the previously observed normoxic destabilization of ATF-4 is

a result of an increased polyubiquitination, which is abolished in hypoxia.

3.8 ATF-4is not a target of pVHL

The ubiquitination of HIF-o is mediated via the E3 ubiquitin ligating enzyme pVHL
(Maxwell et al., 1999). This involves a direct protein interaction of HIF-1a/HIF-2a0 and
pVHL. To gain insight into the degradation pathway of ATF-4, a possible protein interaction
of ATF-4 with pVHL was tested by performing MBP pull-downs. HIF-a is only ubiquitinated
after PHD-dependent hydroxylation (Figure 3.17). Since our results also indicated a PHD3-
dependent ubiquitination for ATF-4, the ATF-4 samples were preincubated with PHD2 or
PHD3.
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output 10% input

- - -
MBP et

pVHL - - .

MBP + - -+ - -+ - - + - - -
MBP-HIF-2ODD - + - - + - - + - -+ - -
MBP-ATF4 - -+ - -+ - -+ - - + -
HA-PHD2 + + + - - - - - -
His-PHD3 - - -+ ++ - - - - - - -
His-Trx-pVHL + + + + + + + + + - - - +

Fig. 3.17: ATF-4 is not a target of pVHL. HIF-20.-ODD-MBP or ATF-4-MBP fusion proteins were bound to
amylose resin and incubated with HA-PHD2 or His-PHD?3 for 1 hrs at 30°C in the presence of oxygen, ferrous
iron, 2-oxoglutarate and ascorbate for a sufficient hydroxylation reaction. The binding to the pVHL was tested
by MBP pull-down assay. Antibodies against MBP or pVHL were used for immunoblot detection.

As expected, an interaction of pVHL with the HIF-2a-ODD, preincubated with PHD2 or
PHD3, was observed. This interaction was not detectable without incubating the HIF-2aODD
with PHD2 or PHD3. In contrast, no protein interaction of ATF-4 and pVHL was observed.

These results indicate that pVHL may not be responsible for the normoxic degradation of

ATF-4.

3.9 ATF-4 interacts with the E3 ligase B-TRCP

The presented results imply that the normoxic degradation of ATF-4 is mediated via the
ubiquitin proteasome system. But in contrast to HIF-a, this degradation is not dependent on
pVHL (Figure 3.18). The SCF E3 ligase B-TRCP has been reported to interact with ATF-4 by
others (Lassot et al., 2001).

To determine the domain of ATF-4, which is involved in the protein-interaction with
B-TRCP, a yeast two-hybrid assay with several ATF-4 variants fused to Gal4AD and -TRCP
as bait was performed. The yeast reporter strain MaV203 was assayed for histidine

auxothrophy (Figure 3.18).



3. Results 66

A
83 131 175 S219 270 351
4 oDD
aa 83-175
aa 131-175
aa 176-270
aa 270-351

0mM 25 mM
3-AT 3-AT

Fig. 3.18: ATF-4 interacts with B-TRCP. (A) Diagram of the used ATF-4 fragments fused to Gal4AD, which
were analyzed in the yeast two-hybrid assay. (B) The yeast reporter strain MaV203 expressing Gal4BD B-TRCP
and different variants of Gal4AD ATF-4 was assayed for histidine auxotrophy.

B-TRCP/Gal4AD
B-TRCP/ATF-4
B-TRCP/ATF-4 S219N
B-TRCP/ATF-4 aa 83-175
B-TRCP/ATF-4 aa 131-175
B-TRCP/ATF-4 aa 176-270
B-TRCP/ATF-4 aa 271-351

Analyzing the yeast two-hybrid assay showed that, aa 176-270 of ATF-4 are essential for the
ATF-4 protein-interaction with B-TRCP. These residues are situated between the identified
ODD domain and the C-terminal basic leucine zipper (Figure 3.18 A). The N-terminal
zipper II domain together with the ODD domain (aa 83-175) or the ODD domain alone
(aa 131-175) showed no interaction with 3-TRCP. The basic leucine zipper (aa 271-351) is
also not crucial for the interaction between ATF-4 and B-TRCP.

Other B-TRCP target proteins harbor a DSGXXS motif. The serine in this motif is essential
for interaction with B-TRCP. ATF-4 aa 176-270 does contain a similar motif, which is
DSGXXXS. Point mutation of ATF-4 serine 219 to asparagine within this motif abolished the

protein-interaction with B-TRCP.

Our results indicated a PHD3-dependent normoxic degradation of ATF-4. To analyze if the
protein interaction of ATF-4 and B-TRCP is dependent on PHD3, a MBP pull-down was
performed (Figure 3.19). Recombinant ATF-4 and B-TRCP were preincubated with
recombinant PHD3.
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Fig. 3.19: The interaction of ATF-4 with B-TRCP is independent of PHD3. MBP-ATF-4 or MBP were bound to
amylose resin and incubated with V5-B-TRCP for 1 hrs at 30°C in the presence of oxygen, ferrous iron,
2-oxoglutarate and ascorbate for an efficient hydroxylation reaction. The samples were incubated with or without
His-PHD3. The binding to V5-B-TRCP was tested by MBP pull-down and immunoblots.

By analyzing the MBP pull-down it was observed that the protein-interaction of ATF-4 with
B-TRCP is independent of incubation with PHD3. An interaction between B-TRCP and its
target ATF-4 was observed with and without preincubation with His-PHD3.

To study if PHD3 regulates ATF-4 degradation by interacting with B-TRCP, the interaction

between PHD3 and B-TRCP was analyzed by performing an additional yeast two-hybrid
assay (Figure 3.20) and by MBP pull-down (Figure 3.21).

GAL4BD/GAL4AD
PHD3/GAL4AD
B-TRCP/GAL4AD
PHD3/B-TRCP
B-TRCP/PHD3

B-TRCP/ATF4 FL
B-TRCP/ATF4 S219N

B-TRCP/ATF4 S176-270
GAL4BD/B-TRCP

GAL4BD/PHD3
GAL4BD/ATF4 FL
GAL4BD/ATF4 S219N
GAL4BD/ATF4 S176-270
0mM 10mM
3-AT 3-AT

Fig. 3.20: B-TRCP interacts with ATF-4 but not with PHD3. The yeast reporter strain MaV203 expressing
Gal4BD B-TRCP and different variants of Gal4AD-ATF-4, Gal4AD-PDHD3 or Gal4BD-PHD3, was assayed for
histidine auxotrophy.
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In the yeast two-hybrid assay only the interaction of full length ATF-4 (ATF-4 FL) and
ATF-4 fragment aa 176-270 with B-TRCP was detected. A protein-interaction of B-TRCP

with PHD3 was not observed in this assay.

output 10% input
MBP-PHD3 - - + - - + -
MBP-ATF-4 - + - - + - -
MBP + - - - - - 4
V5-3-TRCP + + + + - - -
.4 =
- L — — =
MBP -= - G
-
V5 - =

Fig. 3.21: B-TRCP interacts with ATF-4. MBP-ATF-4 or MBP-PHD3 were bound to amylose resin and
incubated with V5-B-TRCP for 1 hrs at 30 °C in the presence of oxygen, ferrous iron, 2-oxoglutarate and
ascorbate for an efficient hydroxylation reaction. The binding to V5-B-TRCP was tested by MBP pull-down and
immunoblots.

An interaction between PHD3 and B-TRCP was also not observed in the MBP pull-down.

This suggests that the interaction of ATF-4 with PHD3 and B-TRCP is independent of each

other.

3.10 Normoxic degradation of ATF-4 is independent of B-TRCP

To strengthen the hypothesis that normoxic degradation of ATF-4 is independent of B-TRCP
the B-TRCP expression was silenced by transiently transfecting HEK293T cells with siRNA
against B-TRCP in normoxia (Figure 3.22). As a positive control for the normoxic
stabilization of ATF-4, the expression of PHD3 was silenced, as a negative control a non-

target control siRNA was transiently transfected.
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Fig. 3.22: Normoxic degradation of ATF-4 is independent of B-TRCP. HEK293T cells were transfected with
siRNA against B-TRCP or PHD3 and a non-targeting control siRNA. The cells were incubated for 24 hrs in
normoxia and the protein levels of MCL-1, ATF-4, B-TRCP, PHD3 and B-actin were analyzed by immunoblots.

As expected from the previous experiments, PHD3 silencing resulted in an elevated ATF-4
abundance even under normoxic conditions.

Bcl-2-like antiapoptotic protein myeloid cell leukemia 1 (MCL-1) is a known B-TRCP target
(Ding et al., 2007). MCL-1 is rapidly degraded via the proteasome when cells undergo
apoptosis. The degradation is mediated by B-TRCP-dependent ubiquitination. After silencing
B-TRCP expression increased MCL-1 protein levels were observed demonstrating the
functional downregulation of B-TRCP by siRNA. In contrast to this, B-TRCP silencing had no
effect on the ATF-4 abundance.

The F-box protein B-TRCP is part of the multi-subunit RING finger type SCF (SKP1-CULI-
FBP) E3 ligases. The SCF E3 ligases contain a cullin (CULI) subunit that functions as a
scaffold and interacts via its N-terminus with the S-phase-kinase-associated protein-1 (SKP1),
which functions as an adaptor subunit (Cardozo and Pagano, 2004). SKP1 interacts with one
of the many F-box proteins (FBPs) that are characterized by their F-box domain, which is
essential for SKP1-binding. The FBPs are responsible for the specific target recognition of the
SCF E3 ligase.

To further exclude the involvement of B-TRCP or other SCF E3 ligases in the normoxic
degradation of ATF-4, the expression of SKP1 was silenced under normoxic conditions by

transient transfection of siRNA (Figure 3.23).
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Fig. 3.23: ATF-4 stability in normoxia is not affected by SKP1 down-regulation. HeLa cells were transfected
with siRNA against SKP1 and a non-targeting control siRNA. 24 hrs after transfection the cells were lysed and
the protein levels of ATF-4, SKP1 and -actin were analyzed by immunoblots.

Like silencing B-TRCP mRNA expression also SKP1 down-regulation had no influence on
the ATF-4 protein level under normoxic conditions. In summary, ATF-4 interacts with
B-TRCP and ATF-4 serine 219 is crucial for this interaction. However, B-TRCP is not

responsible for the normoxic degradation of ATF-4.

3.11 Oxygen-dependent expression of ATF-4 target genes

Up to now more than one hundred HIF target genes have been characterized (Bernhardt et al.,
2007). However, there are several genes including GADDI153, for which a HIF-independent
induction in hypoxia has been described (Carmeliet et al., 1998). GADDI153 is an ATF-4
target gene. It is involved in regulating cell cycle progression and apoptosis (Hai et al., 1999;
Kim et al., 2006). To further study the functional consequences of the oxygen-dependent
regulation of ATF-4, GADD153 expression was analyzed in normoxia (20 % O,) and hypoxia
(1% 0Oy). To this end, the hypoxia-inducible expression of GADDI153 was confirmed in
HEK?293T cells (Figure 3.24). GADD153 was not detectable in 20 % O,. Exposure to 1 % O,
for 4 hrs and 24 hrs, however, resulted in enhanced ATF-4 and GADDI153 levels,

respectively.
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Fig. 3.24: GADDI153 and ATF-4 protein levels are increased after exposure to hypoxia. HEK293T cells were

incubated at 20 % or 1 % O, for 4 and 24 hrs. Subsequently cells were lysed and the protein levels of ATF-4,
GADD153 and B-actin was analyzed by immunoblot.

To analyze the impact of the oxygen-dependent regulation of ATF-4 for the hypoxia-
inducible GADD153 expression, ATF-4 was silenced by transiently transfecting HEK293T
cells with siRNA targeting ATF-4 (Figure 3.25). As negative control a non-targeting control
siRNA was transfected and the cells were harvested after 24 hrs of exposure to normoxic

(20 % O») or hypoxic conditions (1 % O,).

20 % O2 1% O2

SiRNA ATF-4 + - -+ - -
siRNA control _ - + - - + -

Fig. 3.25: Hypoxia-induced GADDI153 expression is dependent on ATF-4. HEK293T cells were transiently
transfected with siRNA against ATF-4 or non-targeting control siRNA. The cells were incubated at 20 % or 1 %
O, for 24 hrs. Subsequently cells were lysed and the expression of ATF-4, GADD153 and B-actin was analyzed
by immunoblot.

As expected, hypoxic induction of GADD153 was observed in untreated cells and in cells
transfected with non-targeting siRNA. This effect was abolished after silencing ATF-4
expression, indicating an ATF-4-dependent upregulation of GADD153 expression in hypoxia.
If ATF-4 is involved in the hypoxia-induced expression of GADDI153, its regulator PHD3
should also affect the GADDI153 expression. According to the previous experiments
presented here, PHD3 downregulation but not PHD2 silencing, should lead to an enhanced
ATF-4 protein level and additionally to an increased expression of ATF-4-target genes. The

expression of PHD2 and PHD3 was silenced in HEK293T cells. After incubating the cells
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under normoxic, conditions for 24 hrs the expression of ATF-4, GADD153, PHD3 and PHD2

was determined (Figure 3.26).

siRNA PHD3 - + - -
SiRNA PHD?2 + - - -
siRNA control - - + -

ATF-4»

PHD2 . e e
B-actin p- — ————

Fig. 3.26: GADDI153 expression is induced as a consequence of PHD3 knockdown. HEK293T cells were
transfected with siRNA against PHD2, PHD3 or a control siRNA. The cells were incubated at 20 % O, for
24 hrs. Subsequently cells were lysed and protein levels of ATF-4, PHD2, PHD3, GADD153 and B-actin were
analyzed by immunoblots.

Like ATF-4, GADDI153 expression was induced after silencing PHD3 expression but not
after silencing PHD2 demonstrating a functional link between ATF-4 target genes and the

cellular oxygen sensor PHD3.
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4. Discussion

An adequate oxygen supply is essential for all multicellular organisms and an inadequate
oxygen supply is termed hypoxia. The transcription factor HIF is the master regulator to
respond to hypoxia. The regulation of HIF involves various posttranslational modifications.
The most crucial step of HIF regulation is the oxygen-dependent proteasomal degradation of
the HIF-o subunit. The degradation is regulated by prolyl hydroxylation mediated by
PHD 1-3. By studying PHD knockout mice isoform specific physiological functions were
observed. The enzymatic activity towards hydroxylating HIF-1a and HIF-2a is also isoform
specific. Even the hydroxylation activity towards HIF-o differs within the three PHD
isoforms. PHD3 exclusively hydroxylates proline 564 of HIF-a, whereas PHD1 and PHD2
hydroxylate proline 402 and 564 (Hirsila et al., 2003). Additionally several PHD protein-
interaction partners were found to be isoform-specific. The knowledge about PHD isoform
specific functions is important for the ongoing development of small molecule PHD inhibitors
that are currently tested in preclinical and clinical trails for the treatment of anemia and for
cytoprotection. PHD inhibition has been proven to activate the HIF pathway in vitro and in
vivo (Warnecke et al., 2003). From this knowledge one can conclude that inhibition of PHDs
stabilizes HIF-a and stimulates HIF-mediated pathways even under normoxic conditions.
This approach activates the beneficial aspects of the HIF system. To this end, various PHD
inhibitors were designed. These drugs are currently investigated for their efficacy to stimulate
erythropoiesis in case of anemia caused by chronic kidney diseases, chronic inflammatory
diseases or for treatment of chemotherapy-induced anemia (Katschinski, 2009). Additionally,
HIF stabilizers may be useful for cytoprotection in case of tissue damage in the renal,
cardiovascular or central nervous system. As mentioned above, PHDs have isoform-specific
functions in vivo, therefore it will be important to develop PHD isoform-specific inhibitors
that interact with distinct HIF-a isoforms and thus distinct HIF-target genes or other HIF
independent signal transduction pathways to minimize adverse effects. Given the ubiquitous
expression of PHDs and the large amount of HIF activated genes, otherwise even a short term
use of PHD inhibitors may result in several unwanted side effects.

Therefore, yeast two-hybrid screens were performed in the Department of Cardiovascular
Physiology by Dr. J. Nesper and Dr. J. Koditz to identify novel PHD interaction partners.

In this screen, ATF-4 was identified, besides others, as PHD3 protein-interaction partner. The
aims of this thesis were to characterise the protein-interaction of ATF-4 with PHD3 and gain

insight into the physiological function of this interaction.
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4.1 ATF-4 is a novel PHD3 interaction partner

ATF-4 was identified as novel interaction partner of PHD3. To further check if this
interaction is restricted to PHD3 or if ATF-4 also interacts with the other PHD isoforms or the
asparaginyl hydroxylase FIH, yeast two-hybrid assays were performed. In these assays the
exclusive protein-interaction of ATF-4 with PHD3 was observed (Fig. 3.2). For other PHD-
interaction partners a PHD isoform specific protein-interaction has been reported by other
groups, too. The inhibitor of the NF-xB (IkB) kinase-B (IKKp) interacts exclusively with
PHDI1 and increased protein levels were found in hypoxia or after inhibition of PHD activity
(Cummins et al., 2006). Additionally, the large subunit of RNA polymerase II (Rpbl)
interacts with PHD1 and PHD2 only (Mikhaylova et al., 2008). Myogenin and kinesin family
member 1B (KIF1Bp) exclusively interacts with PHD3 (Fu et al., 2007; Schlisio et al., 2008).
Modelling studies and sequence comparisons of the PHD catalytic domain showed that it is
highly conserved among the three human PHD isoforms and therefore is most likely not
responsible for the substrate specificity (McDonough et al., 2006). In further studies a
variability of the N- and the C-terminus of the PHDs was reported. Various motifs were
identified in the PHD sequences, which are not conserved among the PHDs, like a $2-3
finger motif and two N-terminal helices, al and a2, distant from the active site. It has been
shown that the B2-B3 finger motif is likely to be responsible for the PHD-isoform substrate
specificity (Villar et al., 2007).

The expression of ATF-4 is known to be upregulated upon exposure to several stress
conditions like amino acid deprivation, oxidative stress or ER-stress (Rutkowski and
Kaufman, 2003). The stress-induced upregulation of ATF-4 is mediated via translational
control by two uORFs in the 5’-leader of the ATF-4 mRNA, whereas the mRNA itself is
constitutively expressed (Harding et al., 2000). Additionally, elevated ATF-4 levels were
found in cells exposed to severe hypoxia (0.1 % O;) or anoxia (less than 0.1 % O,) (Ameri et
al., 2004). To further characterize the function of the ATF-4 PHD3 interaction, the expression
of ATF-4 was studied after exposure to hypoxia. The enzymatic activity of PHDs is decreased
under hypoxic conditions. Additionally, it can be inhibited by treatment with the
2-oxoglutarate analog DMOG. If PHD3 is involved in regulating ATF-4 expression, hypoxia
or DMOG treatment would affect the ATF-4 protein levels. In various cell lines (HeLa,
HepG2 and HEK293T) increased ATF-4 protein levels were indeed observed under hypoxic
conditions (1 % O,) or after inhibiting PHD activity by DMOG treatment indicating that

besides the translational control ATF-4 protein levels are regulated by additional mechanisms



4. Discussion 75

(Figure 3.3). Since hypoxia/DMOG-dependent increased ATF-4 levels were observed in
various cell lines a cell line specific effect could be excluded.

Using MEFHif-1a™"* and MEFHif-1™" cells a HIF-1oa-dependent mechanism for the ATF-4
regulation in hypoxia can be excluded (Figure 3.4). ATF-4 is not the only PHD protein-
interaction partner known to be upregulated under hypoxia in a HIF-independent manner. As
mentioned above, Rpbl, KIF1B and IKKf3 were also found to interact with PHDs. Similar to
ATF-4 increased protein levels were observed in hypoxia or after DMOG treatment
independent of HIF-a (Cummins et al., 2006; Mikhaylova et al., 2008; Schlisio et al., 2008).
There are several genes, for which an upregulated RNA expression in hypoxia has been
described. Not all of these are HIF-target genes supporting the hypothesis of an alternative
HIF-independent transcriptional regulation in hypoxia. Even one of the most prominent
HIF-a targets, VEGF, seems to be regulated via an additional HIF-independent pathway. In
Hif-1a" ES cells the VEGF mRNA levels were reduced by just 50 % in hypoxia pointing to
HIF-independent pathways regulating angiogenesis (Hopfl et al., 2002). In this regard it is
interesting to note, that ATF-4 induces VEGF expression during oxidative stress (Roybal et
al., 2005).

Luciferase reporter gene assays showed that similar to HIF-1 not only the ATF-4 protein
levels are increased in hypoxia or after inhibition of PHD activity by DMOG treatment, but
also its transactivation activity is increased (Figure 3.5). The ATF-4 protein is therefore
present in an active form, in which ATF-4 is able to activate its target gene expression. This
leads to the suggestion, that besides the described translational control via elF2a

phosphorylation, ATF-4 activity is regulated by an additional pathway.

The kinetic of ATF-4 stabilisation in hypoxia together with siRNA experiments revealed a
specific role of PHD3 in regulating ATF-4 protein levels. A hypoxic stabilisation of ATF-4
was observed after a 4 hrs long hypoxic incubation. Upregulation of PHD3 after prolonged
hypoxia (24 hrs) resulted in a decreased ATF-4 abundance (Figure 3.6). The expression of
PHD2 and PHD3 are upregulated by HIF-1 in hypoxia limiting HIF-1o steady-state levels
under hypoxic conditions and leading to its rapid degradation upon reoxygenation (Marxsen
et al., 2004).

The specificity of PHD3 in regulating ATF-4 protein levels was further shown by siRNA
experiments. Only the downregulation of PHD3 mRNA expression, but not PHD2 silencing,
resulted in enhanced ATF-4 protein levels in normoxia and also after 24 hrs of hypoxia

(Figure 3.7). After transient transfection of a combination of siRNAs against PHD2 and
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PHD?3 only a slight increase of ATF-4 was detectable. This can be explained by a decreased
transfection efficiency of the PHD3 siRNA in combination with the PHD2 siRNA. In contrast
to ATF-4, normoxic stabilization of HIF-lo has been shown after silencing of PHD2
expression by siRNA, whereas downregulation of PHD1 and PHD3 had no influence on
HIF-1a stability in normoxia (Berra et al., 2003). In my experiments downregulation of
PHD?2 resulted as expected in an increased HIF-1a stabilization in normoxic conditions.

By analysing the ATF-4 mRNA levels after downregulation of PHD2 or PHD3 mRNA
expression with siRNAs it could be excluded that the observed elevated ATF-4 protein levels
are the result of an increased mRNA expression (Figure 3.8). The exposure to hypoxic
conditions had no influence on the ATF-4 mRNA levels either. This is consistent with
unchanged ATF-4 mRNA levels after exposure to anoxic conditions as described in the
literature (Ameri et al., 2004). Previous studies in the Department of Cardiovascular
Physiology performed by Dr. J. Koditz showed that DMOG treatment or exposure of cells to
hypoxia do not lead to phosphorylation of e[F2a and therefore the observed increased ATF-4
protein levels are most likely not a result of an enhanced translation. Taken together, the
presented data suggest that ATF-4 is regulated via an additional pathway besides the well
described translational control, in which PHD3 might be specifically involved by regulating
ATF-4 protein stability.

4.2 PHD3 regulates ATF-4 protein stability

The HIF-1a protein has a short half-life under normoxic conditions, which is about less than
5 min (Huang et al., 1998). In the HIF-1a protein sequence an ODD domain was identified
where PHD-mediated prolyl hydroxylation takes place at two conserved proline residues. The
hydroxylation marks HIF-1a for degradation via the ubiquitin proteasome system (Ivan et al.,
2001; Jaakkola et al., 2001). Deletion of the ODD domain in HIF-1a results in an enhanced
protein half-life of more than 45 min (Huang et al., 1998).

The protein stability of ATF-4 in normoxic conditions was analyzed to find out, if ATF-4 is
similar to HIF-la stabilized under hypoxic conditions and rapidly degraded upon
reoxygenation. As described above, I found elevated ATF-4 protein levels under hypoxic
conditions and after inhibition of PHD activity or expression, which might be a result of a
decrease in protein degradation under these conditions. The presented reoxygenation
experiments indeed showed an increased ATF-4 protein half-life after inhibition of PHD
activity by DMOG treatment and after reducing the PHD3 expression by siRNA (Figure 3.9
and Figure 3.10). Inhibition of PHD activity by DMOG treatment resulted in a prolonged
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ATF-4 half-life of about 21 min compared to 9 min. These results indicate that the ATF-4
protein stability is regulated by PHD activity and especially by PHD3.

Similar to HIF-1a, in the ATF-4 protein sequence an ODD domain was found, which includes
5 proline residues. These proline residues are potential targets for a PHD3-dependent
hydroxylation. Deletion of the ODD domain or mutation of all 5 proline residues resulted in
an increased ATF-4 protein stability (Koditz et al., 2007). Despite using different approaches
like mass spectroscopy or 2-oxoglutarate turnover, a direct hydroxylation of ATF-4 was not
detectable. Besides technical difficulties, the conditions for ATF-4 hydroxylation are also not
known. The regulation of ATF-4 protein stability by PHD3 differs from the well studied
regulation of HIF-1a in several aspects. HIF-1a is in contrast to ATF-4 not only dependent
on PHD3 but also known to be hydroxylated by PHD2 and PHD1. Additionally, HIF-1a is
also stabilized after prolonged hypoxia. Therefore, the conditions for an efficient
hydroxylation of ATF-4 might be different from the conditions known for an efficient HIF-a
hydroxylation and might explain the difficulties in measuring the hydroxylation of ATF-4.

A number of novel PHD protein interaction partners have been identified as putative targets
for prolyl hydroxylation. Until now just for Rbpl a PHDI-dependent hydroxylation was
shown by immunoblotting using an antibody, which was generated with a hydroxylated
proline in the Rpbl peptide, but not by mass spectroscopy (Mikhaylova et al., 2008).
Therefore, further efforts will be needed to detect hydroxylation modifications by mass

spectroscopy or other techniques in the future.

4.3 ATF-4 is degradated via the ubiquitin proteasome system

The degradation of proteins via the ubiquitin proteasome system is done in two steps. First the
protein is tagged for degradation by covalently attaching ubiquitin molecules and second the
ubiquitinated protein is degraded by the 26S proteasome complex. The ubiquitination of a
protein is tightly regulated and involves a cascade of three steps. The ubiquitin is activated by
the El ubiquitin activating enzyme. This reaction consumes ATP and the thiol ester
intermediate E1-S-ubiquitin is generated. The substrate specifically binds a member of the E3
ubiquitin protein ligase family via a defined recognition motif. These E3 ubiquitin ligases are
responsible for the substrate recognition. The E2 ubiquitin conjugating enzyme transfers the
activated ubiquitin from the E1 via the thiol ester intermediate or E2-S-ubiquitin directly to
the E3-bound substrate. The ubiquitinated protein is then degraded via the proteasome

(Glickman and Ciechanover, 2002).
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The normoxic degradation of HIF-a is well studied. PHD-dependent prolyl hydroxylation
marks HIF-a for degradation via the ubiquitin proteasome system (Ivan et al., 2001; Jaakkola
et al.,, 2001). This is mediated by the pVHL-E3-ubiquitin-ligase complex, in which pVHL
functions as F-box protein (Maxwell et al., 1999). ATF-4 is also regulated via its protein
stability. SCF B-TRCP is one known E3 ubiquitin ligase, which is involved in the
ubiquitination of ATF-4 (Lassot et al., 2001). B-TRCP is the responsible F-box protein for the
target specificity in a multi-component E3 ubiquitin ligase complex composed of Skp1, Cullin
and the F-box protein (SCF). Therefore, the normoxic destabilization of ATF-4, which was
observed in reoxygenation experiments, was further studied, to clarify if ATF-4 is similar to
HIF-1a regulated by the ubiquitin proteasome system.

By overexpressing V5-tagged ATF-4 in HeLa cells with an expression vector, which contains
the not hypoxia-inducible CMV promoter, V5-ATF-4 accumulates in the cells under hypoxic
and normoxic conditions after inhibiting the proteasome with MG-132 (Figure 3.12). This
suggests that the normoxic degradation of ATF-4 is similar to HIF-1a mediated via the
ubiquitin proteasome system. MG-132 is a peptide aldehyde proteasome inhibitor, which not
only inhibits the proteasome but also the activity of lysosomal cysteine proteases and calpains
(Rock et al., 1994). The ATF-4 protein contains one potential proline, glutamic acid, serine,
threonine (PEST)-like sequence between the aa 209-234. PEST sequences function as
putative intramolecular signals for proteolytic degradation by calpains (Rechsteiner and
Rogers, 1996).

Therefore, an additional approach was used to exclude the involvement of proteases and
calpains in the normoxic degradation of ATF-4. By studying the TS-20 cell line (Figure 3.13),
which has a temperature-sensitive E1 ubiquitin activating enzyme defect, and by performing
pull-down assays with His-ubiquitin (Figure 3.14), the normoxic degradation of ATF-4 was
shown to be mediated via the ubiquitin proteasome system.

Further experiments showed that the ubiquitination of ATF-4 is decreased under hypoxic
conditions resulting in a decrease of polyubiquitinated ATF-4 (Figure 3.15 and 3.16).
Lactacystin instead of MG-132 was used to inhibit the proteasome in these experiments,
because of its high specificity. Lactacystin acts as a pseudosubstrate, which is covalently
linked to hydroxyl groups on the active site of the [ subunit of the 26S proteasome and
thereby inactivates the chymotryptic- and tryptic-like activities of the proteasome irreversibly
(Fenteany et al., 1995). Taken together the results show that ATF-4 is rapidly degraded under
normoxic conditions and similar to HIF-a inhibition of PHD activity by hypoxia results in

accumulation of ATF-4 protein as a consequence of a decrease in ubiquitination.
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Further studies will be needed to show if the observed normoxic degradation of ATF-4 is
dependent on PHD3-mediated hydroxylation. The here presented data: hypoxia/DMOG
leading to enhanced ATF-4 protein levels; reduction of PHD3 expression resulting in elevated
ATF-4 abundance even in normoxia; unchanged ATF-4 mRNA levels in hypoxia;
identification of an ODD domain which contains 5 prolyl residues in the ATF-4 protein
sequence and decreased ubiquitination of ATF-4 under hypoxic conditions point to a PHD3-
mediated hydroxylation-dependent regulation of ATF-4 degradation under normoxic

conditions.

4.4 The E3 ubiquitin ligase, which is responsible for the normoxic degradation of ATF-4
is unknown

Many similarities in the regulation of ATF-4 and HIF-o protein stability under normoxic
conditions were observed in the presented work. Contrary to HIF-o however, ATF-4 is not a
target of pVHL-mediated ubiquitination (Figure 3.17).

Furthermore, the SCF E3 ubiquitin ligase B-TRCP, which has been reported to interact with
ATF-4 (Lassot et al., 2001), is not involved in regulating the normoxic degradation of ATF-4
(Figure 3.18). Silencing B-TRCP expression by siRNA under normoxic conditions did not
result in accumulation of ATF-4 (see Fig. 3.22). Additionally, the interaction of ATF-4 with
B-TRCP is independent of PHD3 activity (see Fig. 3.19) and no interaction was observed
between PHD3 and B-TRCP (see Fig. 3.20 and 3.21), indicating that B-TRCP and PHD3 are
part of two different pathways regulating ATF-4 stability and activity. B-TRCP mediates the
degradation of factors involved in signal transduction pathways and cell cycle progression
like the inhibitor of nuclear factor-kB (IkB) or B-catenin. These known (-TRCP targets
harbour the DSGXXS destruction motif (Megy et al., 2005; Yaron et al., 1997), similar to the
DSGXXXS motif found in the ATF-4 sequence (Lassot et al., 2001).

The interaction of B-TRCP with its substrates requires the phosphorylation of serine residues
within the DSGXXS motif. For ATF-4 the phosphorylation of the serine residue 219 within
the DSGXXXS motif has been shown to be crucial for the interaction with B-TRCP, but until
now the responsible kinase was not discovered.

These presented data suggest that ATF-4 ubiquitination is mediated by more than just one E3
ubiquitin ligase. The ubiquitination could be regulated by different stimuli. One could suggest
that the phosphorylation-dependent ubiquitination of ATF-4 is mediated via B-TRCP whereas
the normoxic presumably prolyl hydroxylation-dependent ubiquitination is accomplished by

another so far unknown E3 ubiquitin ligase. ATF-4 is not the only protein known to be



4. Discussion 80

stimuli-dependently regulated by different E3 ubiquitin ligases. In addition to the prolyl
hydroxylation-dependent degradation via pVHL, HIF-la is also oxygen-independently
degraded via the receptor for activated C-kinase 1 (RACK1). RACKI1 functions as a multi-
functional scaffolding protein and links HIF-1a to Elongin-C, which is presumed to recruit
the other members of the SCF ubiquitin ligase complex resulting in the degradation of HIF-
la (Liu et al, 2007). The spermidine/spermine N-acetyltransferase-1 is crucial for the
interaction of RACK1 and HIF-1a (Baek et al., 2007).

A stimuli-dependent ubiquitination has also been described for the transcriptional co-activator
of the canonical Wnt signal transduction pathway, B-catenin. The Wnt-f-catenin pathway is
involved in regulating cell fate and proliferation. Besides phosphorylation-dependent
ubiquitination mediated by B-TRCP in the absence of a Wnt ligand (Wu et al., 2003),
B-catenin is also ubiquitinated in its phosphorylated and dephosphorylated state by the E3
ligases JADE-1 and pVHL (Chitalia et al., 2008). This allows a tight regulation of 3-catenin
protein levels in Wnt-on and Wnt-off phase.

To date over 500 different E3 ubiquitin ligases are proposed to exist in the human genome
until date, which can be classified into two major classes based on the different mechanisms
to transfer ubiquitin to the substrate. The HECT (homologous to E6AP C-terminus) domain
E3 ligases contain a conserved active site cysteine residue near the C-terminus which forms
the thioester intermediate with ubiquitin. Their variable N-terminal region is responsible for
the substrate recognition. f-TRCP belongs to the RING- (really interesting new gene) type E3
ubiquitin ligase class. This class mediates the direct transfer of ubiquitin from the E2
ubiquitin conjugating enzyme to the substrate (Petroski, 2008; Sun, 2006). The SCF (SKP-
Cullin-F-box) complex E3 ubiquitin ligases are the best studied member of the RING-type E3
ubiquitin ligases. Until now about 70 F-box proteins are known to interact with SKP1, which
functions as scaffold of the SCF-ligase, in mammals (Schulman et al., 2000).

Most likely the unknown E3 ubiquitin ligase, responsible for the normoxic degradation of
ATF-4, does not belong to the SCF E3 ubiquitin ligase family, since silencing of SKP1
expression by siRNA showed no influence on ATF-4 stability under normoxic conditions
(Figure 3.23). Further studies will be needed to identify the corresponding E3 ligase involved
in the normoxic degradation of ATF-4. The use of an E3 ubiquitin ligase siRNA library might

be useful to identify the unknown E3 ligase.
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4.5 Stabilized ATF-4 is involved in regulation of cell fate decision

The response to different stress conditions like amino acid deprivation or oxidative stress is
tightly controlled by a number of stress-responsive transcription factors. Among these
transcription factors ATF-4 has a key function.

ATF-4 has been shown to act as pro-death transcription factor as well as pro-survival
transcription factor mediating cell survival under different stress conditions. In fibroblasts
ATF-4 is essential for a successful response to ER-stress, amino acid starvation or exposure to
oxidants (Harding et al., 2003). In line, knockdown of ATF-4 in neurons leads to smaller
infarct areals and to a decrease in oxidative stress-induced cell death (Lange et al., 2008).
ATF-4 has also been reported to play a role in activating autophagy via upregulation of
microtuble-associated protein 1 light chain 3B expression in response to the antitumor agent
Bortezomib. The induction of autophagy in tumor cells is thought to be a mechanism for

resistance to antitumor agents (Milani et al., 2009).

The expression of several genes is increased by ER or oxidative stress via ATF-4. One of
these ATF-4 target genes is the transcription factor GADDI153, a member of the C/EBP
family. GADD153 deficient mice show a decreased sensitivity to ER stress-induced apoptosis
(Zinszner et al., 1998). Elevated GADD153 expression has been shown to lead to enhanced
apoptosis of B-cells during ER stress-mediated diabetes (Oyadomari et al., 2002). This might
be explained by a decrease in expression of the anti-apoptotic protein Bcl2 which
consequently leads to an increased sensitivity to ER stress (McCullough et al., 2001).
Additionally, GADD153 regulates the translocation of the Bax protein from the cytosol to
mitochondria resulting in the release of pro-apoptotic molecules from the mitochondrial
intermembrane space into the cytosol, where the apoptotic cascade is initiated (Gotoh et al.,
2004). Finally, GADD153 induces cell cycle arrest in nutritional deprived cells (Barone et al.,
1994). Besides the regulation by ER stress, GADDI153 expression was also found to be
upregulated under hypoxic conditions and in anoxia in a HIF-1-independent manner (Ameri et
al., 2004; Carmeliet et al., 1998).

This hypoxic induction of GADDI153 appears to be mediated by ATF-4. Silencing ATF-4
mRNA expression under hypoxic conditions abolished the expression of GADDI153 (Figure
3.25). The expression seems to be linked to the oxygen sensor PHD3. Stabilizing ATF-4 by
silencing PHD3 mRNA expression resulted in an increased GADD153 expression (Figure
3.26). These observations suggest that PHD3 and oxygen-dependent stabilization of ATF-4

might be involved in regulating cell fate decision.
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4.6 Conclusions and outlook

In this presented thesis the protein-interaction of PHD3 with ATF-4 was characterized. The
exclusive interaction of ATF-4 with PHD3 was revealed. Studying the ATF-4 abundance
showed increased protein levels under hypoxic conditions and after inhibition of PHD activity
in a HIF-independent manner. Exposure to hypoxia or silencing PHD3 mRNA expression
with siRNA led to a slower degradation rate of the ATF-4 protein. The normoxic
destabilisation of ATF-4 was shown to be mediated via PHD3-dependent degradation by the
ubiquitin-proteasome system. Exposure of cells to hypoxia led to a decreased ubiquitination
of ATF-4 and resulted in enhanced ATF-4 protein levels and transactivation activity.

Within this thesis it was not possible to identify the E3 ubiquitin ligase responsible for the
normoxic destabilisation of ATF-4. It was shown that the ubiquitination of ATF-4 is
independent of the E3 ubiquitin ligases pVHL and B-TRCP. Further studies will be needed to
identify the E3 ubiquitin ligase which is involved in the normoxic degradation of ATF-4 to
get a deeper insight into the regulation of ATF-4 and to understand the mechanisms how
ATF-4 is involved in regulating cell fate.

A link was found between the hypoxic-stabilization of ATF-4 and cell fate decision.
GADDI153 was shown to be ATF-4-dependently expressed under hypoxic condition. It would
be interesting to further study the connection between PHD3-mediated degradation of ATF-4
and cell fate via a HIF-independent pathway. Although there is an increasing list of hypoxia-
inducible HIF-dependent target genes, there are several genes for which a HIF-independent
expression under hypoxia has been described. One of theses genes is GADDI153. GADD153
induces apoptosis or cell cycle arrest in response to different apoptotic stimuli. Since
GADD153 is a well known ATF-4 target gene it would be interesting to further study ATF-4-
dependent gene expression in response to changes in oxygen availability. This might help to
understand the connection between PHD3-dependent normoxic destabilization of ATF-4 and
cell fate decision.

The PHD1-3 enzymes have been identified based on their ability to regulate the stability of
HIF-a subunits and thus to modify hypoxia-inducible gene expression. The presented thesis
provides insight into a PHD3 isoform-specific HIF-independent regulation of ATF-4. This
knowledge is important to deepen the understanding of the cellular oxygen sensing system.
Furthermore, it is helpful for the ongoing development of small molecule PHD-inhibitors that

are currently tested for the treatment of anaemia and cytoprotection.
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