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1 INTRODUCTION 

The IκB kinase (IKK) complex is a key mediator of cellular response to numerous stimuli, 

including DNA damage, bacterial and viral antigens, cytokines, and oxidative stress [1, 2]. 

The complex consists of the catalytic IKKα and IKKβ and the regulatory IKKγ (NEMO) 

subunits. Most functions of IKK have been ascribed to the activation of the nuclear factor 

kappa B (NF-κB) family of transcription factors. In response to stimulus, IKK phosphorylates 

inhibitor of NF-κB proteins (IκBs) that sequester NF-κB in an inactive state in the cytoplasm. 

Phosphorylation of IκBs leads to their proteasomal degradation and allows NF-κB to 

translocate to the nucleus. NF-κB drives transcription of diverse target genes regulating 

processes including cell proliferation and differentiation, apoptosis, autophagy, senescence 

and inflammation [1, 3].   

Inflammatory cytokines and chemokines constitute a large fraction of transcriptional targets 

regulated by the IKK/NF-κB axis. Strength and duration of the expression, however, is further 

modulated by mRNA stability [4]. The half-life of a transcript is determined by both, 

conserved intrinsic cis elements and numerous recruited trans factors that include miRNAs 

as well as RNA binding proteins (RBPs) [5].  

RBPs can promote rapid degradation of their target mRNA in either the 3’ to 5’ or in the 5’ to 

3’ direction. The latter requires removal of the 5’ cap structure by mRNA-decapping enzyme 

1a (DCP1a) and mRNA-decapping enzyme 2 (DCP2), followed by nucleolytic cleavage by 

Exoribonuclease 1 (Xrn1) [6]. These proteins accumulate together with translationally 

repressed mRNAs and other RBPs in cytoplasmic foci known as Processing bodies (P-

bodies) [7]. P-bodies contain mRNA destined for either degradation or for stabilization and 

temporary storage. Translationally silenced mRNAs can re-enter translation when released, 

potentially providing a faster cellular response mechanism than transcription [8, 9]. 

Transcripts containing AU rich elements (AREs) were previously shown to be recruited to P-

bodies in a stimulus-dependent manner and contribute to both stabilization and 

destabilization of select transcripts [10-13]. 

Formation of P-bodies requires both an increase in non-translated mRNAs and of RBP-

mediated nucleation. Scaffold proteins such as the Enhancer of Decapping 4 (EDC4) are 

essential for the subsequent assembly into higher order complexes [14, 15]. Nevertheless, 

the conditions and stimuli that prompt assembly of P-bodies remain obscure [16, 17].  

Here a direct link between activation of IKK and change in RNA stability of scores of 

transcripts is shown. The P-body scaffold protein EDC4 was identified as a novel interaction 

partner of IKKγ. The kinase IKKβ phosphorylated EDC4 in response to numerous stimuli, 
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including TNFα, IL-1β, genotoxic stress and oxidative stress. Subsequently, phosphorylated 

EDC4 promoted assembly of cytoplasmic P-bodies in both cancer and primary cell lines in 

response to canonical IKK stimuli. These results suggested that regulation of P-bodies 

through IKK is a ubiquitous mechanism. RNA-Seq analysis revealed post-transcriptional 

regulation of hundreds of mRNAs by the IKK/EDC4 axis in response to stress. Formerly, IKK-

dependent gene regulation was regarded as a consequence of activation of NF-κB. The data 

presented here provided evidence for a global mechanism and an extensive NF-κB-

independent function of the IKK complex in the regulation of mRNA stability.   

 

1.1 NF-κB – Linking stress responses and inflammation 

The transcription factor NF-κB (Nuclear Factor of kappa light chain gene enhancer in B cells) 

was first described 30 years ago, and named after its ability to bind the κB enhancer region 

of the kappa light chain of immunoglobulin gene [18]. Since this original discovery, NF-κB 

has been found to be a versatile molecule; ubiquitously expressed and activated by more 

than 200 different factors [19], it regulates the expression of several hundreds of target 

genes. Owing to its diverse sets of inducers and of target genes, NF-κB plays an active role 

in a wide range of cellular processes, including proliferation, motility, migration, cellular 

adhesion, embryonic development, apoptosis, senescence and in the induction and 

maintenance of inflammation [2, 20-22]. Due to its regulatory role in these processes, de-

regulation of NF-κB plays a pivotal role in the occurrence of severe pathophysiological 

phenotypes and diseases, including arthritis, immunodeficiency, chronic inflammation, 

neurodegenerative diseases, asthma and cancer [23-27].  

Common to most if not all stimuli activating NF-κB is the induction of expression of pro-

inflammatory proteins, including TNFα, IL-1α and IL-1β. These effector molecules can 

activate NF-κB in a positive feed-forward loop, resulting not only in enhanced survival of the 

affected cell, but also in increased immune activation [28, 29]. Therefore, NF-κB functions as 

an important link between various cellular stress responses and the activation of the immune 

system.  
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Figure 1.1 NF-κB is an important mediator of the cellular stress response. Numerous stimuli 

activate the NF-κB signalling pathway (blue). In response to these stimuli, NF-κB induces the 

transcription of hundreds of target genes related to pro-survival and pro-inflammatory protein families 

and cellular processes (red). Pro-inflammatory proteins, including TNFα, IL-1α and IL-β are not only 

transcriptional targets of NF-κB, but also activators of the NF-κB signalling pathway and can promote 

its activation in an autocrine as well as in a paracrine manner (red arrows).   

 

1.1.1 The NF-κB family of transcription factors 

In mammals, the NF-κB family of transcription factors consists of five proteins: c-Rel, RelA 

(p65), RelB, p100/p52 (NFKB2) and p105/p50 (NFKB1). These subunits form different homo- 

and heterodimers which either activate or repress the transcription of distinct target genes [2, 

30]. Common to all members of this family is their N-terminal Rel Homology Domain (RHD). 

The RHD consists of three regions: i) a N-Terminal Domain (NTD) containing the DNA-

binding domain, ii) a Dimerization Domain (DD) which serves as a platform for the formation 

of homo- and heterodimers between two NF-κB molecules as well as for the association with 
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the members of the inhibitor of NF-κB (IκB) family of proteins (IκBα, IκBβ and IκBε), and iii) a 

Nuclear Localization Signal (NLS) mediating the nuclear translocation of the proteins. NF-κB 

proteins can be divided into two groups, based on presence or absence of a Transactivation 

Domain (TAD), necessary for the induction of transcription of target genes. Only RelA (p65), 

RelB and c-Rel possess a C-terminal TAD domain and can act as transcriptional activators. 

In contrast, p50 and p52 do not contain TADs, and therefore only take part in the 

transcriptional activation of target genes when part of a heterodimer containing one of the 

Rel proteins. Homodimers or heterodimers of p50 and p52 function as transcriptional 

repressors [1, 31-33]. p50 and p52 are the products of proteasomal processing of their 

precursors p105 and p100, respectively. p100 and p105 contain an IκB-like C-terminus, 

which is removed by limited proteolysis, allowing the active p50 and p52 N-terminal parts to 

confer transcriptional regulation [34-37].   

 

1.1.2 The IκB family of proteins 

NF-κB is a pleiotropic transcription factor that regulates a large number of target genes in 

response to a wide range of stimuli. To ensure repression of NF-κB under resting conditions, 

NF-κB dimers are sequestered in an inactive state in the cytoplasm of unstimulated cells. 

Cytoplasmic retention of NF-κB is achieved by interaction with members of the inhibitor of 

NF-κB (IκB) family of proteins. IκB members contain six to seven copies of Ankyrin Repeat 

Domains (ARD) which mediate interaction with the RHD of NF-κB proteins. Interaction of the 

ARD with the RHD masks the NLS contained in the RHD and prevents nuclear translocation 

of NF-κB [1, 31]. IκBs are grouped into three classes: typical IκBs, precursor IκBs, and 

atypical IκBs. The group of typical IκBs is comprised of the proteins IκBα, IκBβ and IκBε 

which preferentially bind NF-κB dimers containing RelA, c-Rel or p50 [38]. p100 and p105 

contain several Ankyrin repeats in their C-terminus, and can therefore act as inhibitors of Rel 

proteins. Hence, the two precursors are grouped with both protein families, that of NF-κB as 

well as that of IκBs (precursor IκBs) [1, 31, 39-41]. The group of atypical IκBs consists of Bcl-

3, MAIL (IκBζ), IκBNS and IκBη. Unlike typical and precursor IκBs, the atypical IκBs are 

predominantly nuclear. They can interact with NF-κB:DNA complexes without disrupting the 

interaction of the NF-κB dimers with the DNA, associate with additional nuclear factors and 

impact transcriptional activation or repression [38, 39, 42, 43].  
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Figure 1.2 NF-κB and IκB family members. NF-κB family members are characterized by the Rel 

homology domain (RHD) conferring DNA binding (turquoise) and dimerization as well as interaction 

with IκBs (light blue). Common to all NF-κB proteins is the nuclear localization sequence (NLS). RelA 

(p65) c-Rel and RelB differ from the other NF-κB members by the presence of transactivation domain 

(TAD, beige). p100 and p105 contain death domains (DD, black) and share a glycine-rich region 

(GRR, green) with their proteolysis products p52 and p50. IκB proteins are characterized by the 

Ankyrin repeat domains (AR, pink), a feature shared with p100 and p105. Therefore, these two NF-κB 

members are considered to belong to both families. ‘SS’ indicates the conserved acceptor serines of 

the degron motif phosphorylated by IKK in response to stimulus. Furthermore, the typical IκBs share 

an acidic PEST region (cyan) in their C-terminal domains.  
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1.1.3  The IκB kinase complex (IKK) 

Most signalling cascades activating NF-κB converge on the IκB kinase complex (IKK). The 

IKK complex consists of the two catalytic kinase subunits IKKα and IKKβ and the regulatory 

subunit IKKγ (NF-κB essential modulator, NEMO) [44]. 

The IKK complex has an apparent mass of 700-900 kDa, suggesting that IKKγ forms a dimer 

of dimers. In this conformation, IKKγ can bind two IKK kinase dimers [45-47]. In response to 

stimulus, conformational changes within the IKK complex could bring kinase dimers into 

close proximity, allowing for transphosphorylation of the kinase subunits [44]. A recent study 

employing super-resolution microscopy revealed the existence of higher order oligomeric 

structures of IKKγ that depend on the presence of poly-ubiquitin chains [48]. IKKγ forms 

lattice-like structures composed of clusters of 50-100 nm size and connected by bridges 

composed of IKKγ itself. Higher order aggregates form lattice-like structures of over 500 nm 

size in U2-OS cells and between 1-3 µm in human dermal fibroblasts (HDFs). In response to 

stimulus, the pre-formed IKK lattice compacts on itself, creating dense IKK signalosomes. 

These pre-formed IKK lattices were suggested to allow for a swift and efficient response to 

external stimuli [48].  

The kinase subunits IKKα and IKKβ are characterized by a high sequence homology. Both 

enzymes contain N-terminal kinase domains (KD), with 65% sequence identity [44]. The C-

terminus of both enzymes harbours an IKKγ binding region. To allow for catalytic activity of 

the kinases, they have to dimerize via their leucine zipper. In addition, the HLH domain is 

required for maximum activity of the kinases [44].  

Despite the high similarity between IKKα and IKKβ in their sequences and functional 

domains, they are biochemically and functionally divergent. IKKβ is primarily activated by 

pro-inflammatory stimuli and mediates the phosphorylation of IκBα. In addition, IKKβ contains 

an ubiquitin-like domain (ULD) which is essential for its function and does not occur in IKKα 

[44, 49]. Recent publications of crystal structures of IKKβ show a trimodular structure, 

consisting of the kinase domain (KD), the ubiquitin-like domain (ULD) and an α-helical 

scaffold/dimerization domain (SDD). The previously predicted leucine zipper (LZ) and helix 

loop helix domain (HLH) were not found by X-ray crystallography and do not form a 

functional motif. Instead the amino acids that were predicted to form these motifs are 

embedded in the SDD [50]. The newly identified SDD mediates dimerization of IKKβ and is 

required for binding of IKKγ and induction of kinase activity [50, 51].  

 IKKα, on the other hand, primarily catalyses the phosphorylation of p100 and promotes its 

proteasomal processing to p52. Furthermore, IKKα but not IKKβ contains a nuclear 
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localization sequence (NLS), which permits the former to shuttle between the cytoplasm and 

the nucleus  [52]. In the nucleus, IKKα phosphorylates histones and transcriptional regulators 

and is involved in the regulation of cytokine-induced gene expression [53-55]. Although only 

IKKα contains a predicted NLS, nuclear localization of IKKβ has been witnessed under 

certain conditions [56, 57].  

The third core component of the IKK complex is the catalytic subunit IKKγ (NEMO). IKKγ 

functions as a structural scaffold and is essential for induction of kinase activity. It is highly 

conserved and contains two coiled coil domains (CC), a leucine zipper (LZ) and a C-terminal 

zinc finger domain (ZF). The first coiled coil domain is required for the interaction of IKKγ with 

the two kinases, while the second CC domain and the leucine zipper are essential for the 

oligomerization of IKKγ and for its ubiquitination [44]. The zinc finger confers binding of IκBα 

and directs it to the ULD/SDD region of IKKβ, ensuring substrate specificity [58]. A minimal 

oligomerization domain (MOD) and an N-terminal dimerization domain confer the assembly 

of higher order oligomers [45, 59]. Furthermore, IKKγ contains the NEMO ubiquitin binding 

domain (NUB), which encompasses parts of the second coiled coil domain and the leucine 

zipper and a conserved ubiquitin binding sequence. The NUB is also known as ubiquitin 

binding in ABIN and NEMO (UBAN) [60].  

IKKγ functions as an interaction platform for many proteins involved in the activation of NF-

κB. The N-terminus of IKKγ not only mediates interaction with the two kinase subunits IKKα 

and IKKβ, but also with other regulators of the IKK complex, including TNF receptor 

associated factor 6 (TRAF6), Ataxia telangiectasia mutated (ATM), protein inhibitor of 

activated STATγ (PIASγ), and poly(ADP-ribose)-polymerase 1 (PARP-1) [61-63]. The NUB 

domain interacts with the linear ubiquitin chain assembly complex (LUBAC), consisting of the 

three subunits HOIP, HOIL-1 and SHARPIN [64].  

Due to these interactions, IKKγ is an important signalling node in the activation of NF-κB. 

Moreover, many of the IKKγ-interacting proteins regulate NF-κB activity by post-

translationally modifying IKKγ in response to various stimuli [65-67]. These post-translational 

modifications (PTMs) include phosphorylation, SUMOylation and ubiquitination [64, 68-70]. 

IKKγ is not only K63- and linearly ubiquitinated itself, providing an interaction platform for 

other signalling proteins [64, 66, 68], but also recruits K63- and linearly ubiquitinated proteins 

to these signalling complexes [64, 71-74].  

Most functions of the IKK complex have been ascribed to the activation of the NF-κB family 

of transcription factors. Nevertheless, recent reports reveal NF-κB-independent roles of the 

IKK complex. Likewise, the three IKK subunits IKKα, IKKβ and IKKγ were shown to perform 

distinct roles, independent of the other IKK components. As a result, phenotypes arising from 
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deficiencies or knockouts of any given IKK subunit differ from each other. While IKKβ-

deficient mice are embryonic lethal due to TNF-induced liver apoptosis [75, 76], IKKα-

deficient mice can survive for a few weeks after birth [77]. The latter suffer from a 

hyperplastic epidermis, as a result of the involvement of IKKα in the TGFβ-Smad2/3 

signalling pathway, which is essential for the terminal differentiation of keratinocytes [78]. In 

addition, IKKα is required for the maturation of dendritic cells and of B-cells, as well as for the 

formation of secondary lymphoid organs and pancreatic homeostasis [79-81]. Like IKKβ-/- 

mice, IKKγ-deficient mice are embryonic lethal due to liver apoptosis [51]. On the molecular 

level, IKK has been shown to mediate cross talk with other signalling cascades [82-84], 

linking it to NF-κB-independent regulation of cell cycle [85-89], apoptosis [90], inflammatory 

response [91-93], and cell motility [94]. More recently, IKK was also linked to the regulation 

of mRNA stability [95, 96]. IKK controls the stability of IL-6 mRNA by phosphorylation of the 

RNase Regnase-1 (MCPIP1, Reg-1, ZC3H12A) in response to IL-1. In the absence of 

phosphorylation, Regnase-1 degrades IL-6 mRNA by an NF-κB-independent mechanism 

[95]. IKK also regulates stability of β4GalT1 mRNA in response to TNFα. Degradation of 

β4GalT1 mRNA is mediated by the RNA binding protein (RBP) Tristetraprolin (TTP). Upon 

TNFα stimulus, IKKβ phosphorylates the regulatory molecule 14-3-3β, which binds TTP and 

prevents degradation of its target mRNAs [96]. Both findings only reported single targets 

regulated by IKK on the post-transcriptional level, but a global function of IKK in the control of 

mRNA stability remained obscure.  

 

Figure 1.3 The IKK complex. The IKK complex consists of the two catalytic subunits IKKα and IKKβ, 

which share a high sequence homology, and the regulatory subunit IKKγ (NEMO). IKKα/β contain 

three large protein domains: the kinase domain (KD, teal), the α-helical scaffold/dimerization domain 

(SDD) encompassing the formerly predicted leucine zipper sequence (LZ, red) and the helix-loop-helix 

sequence (HLH, lilac), and the NEMO binding domain (NBD, brown). IKKγ contains two coiled coil 

domains (CC1, blue; CC 2, violet), a leucine zipper (LZ, red) and a zinc finger (ZNF, green). 
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1.2 Activation of the NF-κB signalling pathway 

NF-κB can be activated by a large number of stimuli. These can be grouped into two major 

categories: the canonical and non-canonical activation of NF-κB. Additional pathways that do 

not fall into the two categories above are referred to as atypical pathways of NF-κB activation 

[97]. Here, the signalling cascades induced by TNFα and IL-1β will be discussed as 

examples for canonical NF-κB signalling, and hydrogen peroxide (H2O2)- and DNA damage-

induced NF-κB activation will be presented as examples for atypical NF-κB pathways. Non-

canonical signalling as induced by CD40 and Lymphotoxin β will be presented briefly.  

   

1.2.1 Canonical NF-κB signalling 

The canonical pathway of NF-κB activation is strictly dependent on IKKβ and IKKγ. This 

pathway is characterized by fast kinetics and its independence from de novo protein 

synthesis [44]. Various stimuli induce canonical NF-κB signalling. Stimulus propagation is 

mediated by specialized cell surface receptors, activating distinct signalling cascades 

converging on the IKK complex and culminating in the proteasomal degradation of IκBs and 

the subsequent induction of transcriptional activity of NF-κB. Stimuli are recognized by 

specific cell surface receptors, leading to the recruitment of adaptor proteins, ubiquitin 

ligases and kinases. As a result IκBs as well as p105 are phosphorylated and degraded by 

the proteasome [98, 99]. The IKK complex phosphorylates its substrates at conserved 

“destruction boxes”, in case of IκBα at the serines 32 and 36 [44]. IKK-mediated 

phosphorylation of IκBs and p105 marks them as substrates for poly-ubiquitination by the S-

phase kinase-associated protein 1 (SKP1), Cdc53/Cullin1, F-box Protein β-Transducin 

Repeat Containing Protein (SCFβTrCP) E3 ligase complex. βTrCP recognizes the 

DSPGΨXSP (Ψ: hydrophobic aa, X: random aa) motif of phosphorylated IκBs via a WD40 

domain [100, 101]. The F-Box of βTrCP mediates the recruitment of the adaptor protein 

SKP1. An N-terminal domain of SKP1 connects the F-Box protein with the linker Cul1, which 

recruits the E2 enzyme. The fourth essential component of the SCF complex, the RING box 

protein 1 (Roc1/Rbx1/Hrt1) complex, is involved in this recruitment process [102, 103].   

For IκBα protein, ubiquitination occurs at two conserved N-terminal lysine residues and is 

mediated by the E2 enzyme Ubc4/5 [31, 104]. K48-polyubiquitinated IκBα gets selectively 

degraded by the 26S proteasome in an ATP-dependent manner. Nuclear localization 

sequences in NF-κB proteins are unmasked and homo- and heterodimers of NF-κB family 

members can translocate to the nucleus to induce transcription of their target genes [105]. 
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Below, TNFα- and IL-1β-induced signalling cascades are presented as examples for 

canonical NF-κB activation.  

1.2.1.1 Activation of NF-κB by TNFα 

TNFα is a pro-inflammatory cytokine and plays a central role in local as well as systemic 

immune responses. It binds to the TNF receptor I (TNFRI) and induces its trimerization [106]. 

As a consequence, the intracellular domains of the receptor associate with the cytoplasmic 

regulators TNF Receptor Associated Death Domain (TRADD), TNF Receptor Associated 

Factor 2/5 (TRAF2/5), Cellular Inhibitor of Apoptosis 1 and 2 (cIAP1, cIAP2) and Receptor 

Interacting Protein 1 (RIP1) [107, 108]. The complex consisting of TRADD, TRAF2/5, 

cIAP1/2 and RIP1 is localized to the cell membrane and is referred to as complex I [109]. 

cIAP-mediated ubiquitination of RIP1 leads to the recruitment of LUBAC (Linear Ubiquitin 

Chain Assembly Complex), consisting of HOIL-1 and HOIP, and of the kinase complexes 

TAK1/TAB2/TAB3 and IKKα/IKKβ/IKKγ [110]. All three complexes are recruited by ubiquitin 

binding domains in one of their subunits (HOIP, TAB2, and IKKγ) [71, 111]. Linear 

ubiquitination of IKKγ by LUBAC leads to the stabilization of the complex and permits 

activation of the IKK complex by TAK1 [112]. 

  

1.2.1.2 Activation of NF-κB by IL-1β 

Like TNFα, IL-1β is a pro-inflammatory cytokine. It binds to the cytoplasmic domain of the IL-

1 receptor, which shares high homology with the cytoplasmic domain of the Toll receptor 

superfamily (TLR). This structure motif is referred to as Toll/IL-1R domain (TIR). Interaction 

with IL-1 leads to the heterodimerization of the IL-1 receptor with IL1RacP (IL-1 Receptor 

Associated Protein) [113]. As a result, adaptor proteins are recruited to the TIR domain, 

including MyD88. The N-terminal death domain (DD) of MyD88 mediates interaction with 

additional protein factors like the DD-containing serine/threonine kinases of the IRAK (IL-1R 

Associated Kinase) family [113, 114]. Subsequently, IRAK1 interacts with TRAF6. IRAK1 and 

TRAF6 dissociate from MyD88 and bind the Ubc13/Uev1A E2 enzyme complex. This 

ubiquitin ligase complex confers K63 ubiquitination of TRAF6, inducing the recruitment of the 

kinase complex TAK1/TAB1/TAB2 and IKKα/IKKβ/IKKγ. The close proximity of these 

complexes leads to the trans-autoactivation of TAK1 and subsequent activation of the IKK 

complex [115].   
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1.2.2 Non-canonical NF-κB signalling 

The non-canonical pathway of NF-κB activation is characterized by markedly slower kinetics 

than the canonical pathway. In comparison to the canonical activation of NF-κB, non-

canonical signalling is induced by only a small number of inducers. Examples of non-

canonical stimuli are Lymphotoxin β and the CD40 receptor. This pathway is independent of 

IKKβ and IKKγ, IKKα functions as the central kinase. It phosphorylates p100 and thereby 

induces its processing to p52 by limited proteolysis [116]. In contrast to the canonical 

pathway, non-canonical signalling is dependent on de novo protein synthesis [98].  

 

1.2.3 Atypical signalling pathways of NF-κB activation  

The third class of NF-κB-activating pathways, referred to as atypical signalling cascades, 

contains all those pathways that cannot be classified as canonical or non-canonical. 

Common to the atypical stimuli, including genotoxic and oxidative stress, is the generation of 

a slow and weak NF-κB signal [97].  

 

1.2.3.1 Activation of NF-κB by hydrogen peroxide (H2O2) 

Hydrogen peroxide (H2O2) is a ubiquitous oxidant shown to induce redox-regulated activation 

of NF-κB [117-119]. The mechanism whereby hydrogen peroxide induces degradation of 

IκBs and subsequent activation of NF-κB is not well defined. Activation of IKK is catalysed by 

one of the IKK kinases, including TAK1, AKT or NIK1 (NF-κB Inducing Kinase 1). These 

were previously shown to be activated in response to H2O2 [120, 121].  

 

1.2.3.2 Activation of NF-κB by genotoxic stress 

Endogenous and exogenous genotoxic stress leads to activation of NF-κB via an atypical 

mechanism. Ultraviolet light (UV), ionizing radiation (IR), N-nitroso compounds, polycyclic 

aromatic hydrocarbons and aromatic amines belong to the group of exogenous genotoxic 

agents all of which result in DNA strand breaks. Reactive oxygen species (ROS) and DNA 

damage occurring during by replication comprise endogenous stress [31, 122-124]. 

Activation of NF-κB by the abovementioned stimuli is well established [119, 125], but 

mechanisms of action are still under debate. In this work, genotoxic stress was induced by 
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the generation of DNA double strand breaks; the respective signalling cascade leading to the 

activation of NF-κB is described below. 

Double strand breaks (DSBs) are caused by exogenous stresses such as γ-radiation or 

chemical agents, as well as by replication errors [31, 122-124]. Such agents include 

inhibitors of topoisomerase II (for example etoposide), an enzyme involved in replication, 

recombination, chromosome condensation and segregation [126]. Physical stresses inducing 

DNA damage include ionizing radiation (IR, γ-radiation), which simultaneously causes single 

and double strand breaks and double strand breaks. Single strand breaks result from the 

disintegration of deoxyribose phosphate units, while double strand breaks are the product of 

clusters of neighbouring single strands [127-130]. Some biological processes can also lead 

to the induction of DSBs, for example meiosis or recombination of genes of the 

immunoglobulin superfamily. DSBs can cause chromosomal aberrations and genomic 

instability, which can result in the development of neoplastic lesions [131].  

Activation of NF-κB in response to DNA double strand breaks occurs via a bi-forked 

signalling cascade [63, 132]. The first branch of the signalling cascade depends on the 

formation of a nuclear PARP-1 signalosome. The second branch requires the translocation of 

activated ATM to the cytoplasm. Another characteristic feature of the DSB-induced activation 

of NF-κB is the sequential modification of IKKγ (SUMOylation – phosphorylation – 

ubiquitination) [65, 70].   

PARP-1 binds to and accumulates at DNA damage foci immediately after the induction of 

DSBs. Interaction with damaged DNA regions induces the auto-(poly-ADP)-ribosylation 

(PARylation) of PARP-1 [133]. Modified PARP-1 dissociates from the DNA lesions due to 

electrostatic repulsion between the PAR polymer and the DNA [134] and forms a complex 

with IKKγ, PIASγ and ATM, referred to as PARP-1 signalosome. The PAR chains function as 

scaffold mediating the interactions between the different components of the complex, 

analogous to K63 ubiquitin chains in the canonical pathways of NF-κB activation. The PAR 

scaffold is strictly required for the PIASγ-mediated SUMOylation of IKKγ and the subsequent 

activation of the IKK complex [63]. The specificity of complex formation is ensured by direct 

protein-protein interactions. In addition, PIASγ and activated ATM contain PAR binding 

domains (PARBM) that bind to the PAR chains of the signalosome [63].  

In contrast to IKKγ, neither IKKα nor IKKβ were detected as members of the PARP-1 

signalling complex [63], suggesting that recruited nuclear IKKγ is not associated with the 

catalytic subunits of the IKK complex. “Free” IKKγ was originally suggested to shuttle 

between cytoplasm and nucleus in a stimulus-independent manner [63], however recent 

studies reported a DNA damage-induced mechanism of transport, involving importin 3 (IPO3) 
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[135]. SUMOylation of nuclear IKKγ at lysine residues K277 and K309 by PIASγ is a 

prerequisite for phosphorylation of IKKγ at serine S85 by ATM [65]. The post-translational 

modifications of IKKγ mediated by the PARP-1 signalosome are essential for downstream 

signalling. 

The signalling branch paralleling PARP-1 signalling is the ATM-dependent activation of NF-

κB. ATM serves a dual function in the activation of NF-κB in response to DSBs. A subset of 

activated ATM is recruited to the PARP-1 signalosome, where it phosphorylates IKKγ at 

serine S85. Another subset of ATM translocates to the cytoplasm in a calcium-dependent 

manner. Accumulation of ATM in the cytoplasm is independent of PARP-1, PIASγ and IKKγ. 

Prerequisites for export of ATM are its prior activation and availability of free calcium [132]. 

Like other classical PI3 kinases (PI3K), cytoplasmic phosphorylated ATM localises to the 

inner side of the cytoplasmic membrane [136]. In the cytoplasm, ATM binds TRAF6 via a 

region sharing homology with the consensus TRAF6 binding motif PxExx (x – 

aromatic/hydrophobic aa) (aa 2152-2157, VKEVEE) [137]. TRAF6 is a member of the family 

of TRAF proteins that function as E3 ligases. Together with the ubiquitin-conjugating E2 

enzyme Ubc13/Uev1A, TRAF proteins catalyse the formation of K63-linked poly-ubiquitin. 

Similar to activation in response to IL-1β, IR leads to auto-ubiquitination of TRAF6 [138]. 

Therefore, ATM can be viewed as a DNA damage-induced proximal adapter molecule [132].  

Poly-ubiquitination of TRAF6 leads to the recruitment and activation of several protein 

complexes, including the IKK complex, LUBAC and a complex containing the kinase TAK1 

and the adapter proteins TAB1 and TAB2 (or TAB3) [138]. Pre-associated TAK1/TAB2 

complexes bind to K63-linked poly-ubiquitin via a C-terminal zinc finger domain in TAB2. 

TAK1 proteins are brought into close proximity and can trans-autophosphorylate each other 

[115]. Activated TAK1 phosphorylates IKKβ, either by direct phosphorylation or induction of 

trans-autophosphorylation of IKKβ at its serines in the kinase activation loop (T-loop) [132, 

139, 140]. Furthermore, cIAP interacts with TRAF6 and IKKγ in a stimulus-dependent 

manner. Interaction of TRAF6 with cIAP depends on a RING domain in TRAF6 [132]. In 

addition, IAP proteins contain an ubiquitin binding domain, suggesting interaction with K63-

linked ubiquitin chains on TRAF6. Recruitment of cIAP is important for mono-ubiquitination of 

IKKγ and together with linear ubiquitination of IKKγ by LUBAC is essential for the full 

activation of NF-κB [132, 141, 142].  
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Figure 1.4 DNA damage-induced activation of NF-κB. DNA double strand breaks (DSBs), caused 

by genotoxic stressors such as ionizing irradiation (IR), are detected by the kinase Ataxia 

telangiectasia mutated (ATM) and the Poly-(ADP-ribose) Polymerase 1 (PARP-1). Auto-PARylation of 

PARP-1 leads to its dissociation from the lesion and formation of the nuclear signalosome containing 

ATM, PIASγ and IKKγ. IKKγ is sequentially phosphorylated by ATM and SUMOylated by PIASγ, and 

translocates from the nucleus to the cytoplasm, where it is incorporated into IKK holo-complexes. 

Simultaneously, but independently of IKKγ, ATM shuttles to the cytoplasm and activates the kinase 

complex TAK1/TAB2 and the E3 ligase TRAF6. Auto-ubiquitination of TRAF6 provides a scaffold for 

the interactions of IKK with the LUBAC complex, linearly ubiquitinating IKKγ, cIAP1, adding a mono-

ubiquitin to IKKγ, and TAK1/TAB2, activating the kinase IKKβ through phosphorylation. IKKβ 

phosphorylates IκBα, inducing its modification with K-48-linked ubiquitin by the SCFβTrCP complex and 

its subsequent proteasomal degradation, free NF-κB translocates to the nucleus, where it induces the 

transcription of its target genes.      
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1.3 Regulation of target gene expression by post-
transcriptional mechanisms 

When exposed to stress, cells display a rapid molecular response, dictating whether the cell 

adapts and survives or undergoes apoptosis. The stress response encompasses major shifts 

in mRNA and in protein expression [143]. Global changes in mRNA and protein abundance 

necessitate the alteration not only of transcription, but also of a number of posttranscriptional 

processes including maturation, localization, (de-) stabilization and translation of mRNA. All 

of these processes are important regulatory stages in the production of protein in response to 

stress.  

Activation of transcription factors induces the expression of distinct sets of target genes and 

sets the course of the stress response. Nevertheless, the processes leading to the 

translation of mRNA to protein often play a dominant role in coordinating the initiation and 

resolution of the stress programme [4, 144]. These mechanisms can re-program gene 

expression either on a global or on a transcript-specific level. Factors promoting the 

degradation of mRNA or inhibiting its translation can rapidly repress protein expression, 

overruling the effects of on-going transcription. Similar to transcription, these factors often 

regulate the components of a common functional programme [145]. Especially in context of 

the DNA damage and the immune response, these post-transcriptional factors have often 

proven to be the dominant instances in the expression of immune regulatory factors [146-

148].  

 

1.3.1 mRNA structure and the RNA life cycle 

In eukaryotic cells, the life cycle of an mRNA is governed by several multi-step processes, 

starting with transcription, polyadenylation and splicing in the nucleus, followed by the export 

of the processed, mature transcript to the cytoplasm and subsequent localization, translation 

and degradation of the transcript. All of these processes include various RNA binding factors 

recruited by intrinsic sequences of the RNA. The combination of the recruited factors 

determines the fate of the transcript. 

Eukaryotic mRNAs are produced in the nucleus by Pol II-mediated transcription, 

accompanied by co-transcriptional RNA processing, including capping, splicing and 

polyadenylation of the 3’ end of the RNA. Although listed as separate steps in the following 

paragraph, these processes do not occur in distinct subsequent phases but can occur 

simultaneously. In eukaryotes the 5’ cap consists of a methylated guanine nucleotide 
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connected with the RNA via a 5’-to-5’ triphosphate bond. Due to the position of the methyl 

group, the structure is referred to as 7-methylguanylate cap (m7G). Capping is mediated by 

an enzyme complex bound to the RNA polymerase and occurs as the new RNA is 

transcribed. The 5’ cap plays a vital role in nuclear export of the mRNA, in protecting the 

mRNAs’ 5’ end from degradation and in promoting translation of the mRNA [149-153].  

The second step in RNA processing is the addition of a poly(A) tail to the 3’ end of the RNA. 

At its 3’ end, most RNA contains two sequences, AAUAAA and GGUUUGUUGGUU, which 

recruit the cleavage factors cleavage/polyadenylation specificity factor (CPSF) and cleavage 

stimulation factor (CstF), respectively [154-156]. Interaction between the two factors is 

mediated by a third protein, cleavage factor I (CFI), leading to the formation of an RNA loop. 

poly(A) polymerase binds to the resulting structure and adds multiple adenosine 

monophosphates to the RNA, forming the poly(A) tail [157, 158]. Like the 5’ cap, the poly(A) 

tail aids in nuclear export and in translation of the RNA, and protects the 3’ end from 

degradation by exonucleases [159]. 

RNA splicing refers to removal of introns and joining of the exons [160]. Splicing is catalysed 

by a large RNA-protein complex referred to as the spliceosome. Its constitutive components 

include five small nuclear ribonucleoproteins (snRNPs, U1, U2, U4, U5 and U6), which are 

essential for different steps of the splicing process [161, 162]. In a multi-step process, the 5’ 

end of the intron is cleaved, followed by cleavage at of the introns 3’ end and ligation of 5’ 

and 3’ exons remaining in the transcript to form mature mRNA [163]. 

A wide range of processes provides the transcripts produced from a single gene with wide 

diversity, for example alternative transcription starts, alternative splicing or alternative 

polyadenylation sites [164-166]. Such alterations of the gene transcript not only influence the 

protein produced, but also localization, translation and degradation of mRNA. Alternative 

RNA processing results in distinct composition of cis elements, which in turn recruit different 

trans-acting factors [167]. Already during the process of RNA biogenesis, a number of factors 

begin to associate with the RNA, including single RBPs as well as larger complexes. An 

example is the exon junction complex (EJC), which binds the mRNA in the region of the 

splice junction [168, 169]. During export of the mRNA into the cytoplasm, the EJC remains 

stably bound to the transcript and mediates interaction with receptors important for the 

nuclear export of mRNA and the nuclear pore complex [170, 171]. Like the EJC, many of the 

factors recruited to the mature transcript translocate to the cytoplasm together with the 

mRNA and affect its localization, translation and degradation.  

Once in the cytoplasm, the majority of eukaryotic mRNAs gets localized to specific sites, to 

allow local production and assembly of proteins [172]. Specificity of localization of mRNA is 
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conferred by RNA binding proteins which interact with the mRNA and attach it to motor 

complexes of the cytoskeleton, targeting their RNA cargo to specific regions within the 

cytoplasm. mRNAs can also be localized by interaction with anchor proteins tethering the 

RNA to a certain regions in the cell [173]. Another mechanism to ensure specific localization 

of an mRNA species is the selective degradation of non-localized individual transcripts [174]. 

During the transport process, mRNAs are translationally repressed. This prevents translation 

prior to arrival at the mRNAs destination and limits interaction of the mRNA with the 

ribosome, facilitating its transport by reducing the molecular mass of the transported 

complex. Repression is relieved once the mRNA reaches its cellular target site. Often, relief 

of translational repression is mediated by enzymes specifically localized to that region of the 

cell [173].  

Translation is a multi-step process composed of initiation, elongation and termination. All 

three phases are regulated by RNA binding proteins. Translation is initiated by formation of a 

cap binding complex eIF4F consisting of DEAD box helicase eIF4A, the cap-binding protein 

eIF4E and the scaffold protein eIF4G. They interact with the poly(A) binding protein (PABP) 

bound to the poly(A) tail of the mRNA, resulting in a loop structure of the RNA. The formed 

complex recruits the small subunit of the ribosome, the 40S complex, which recognizes the 

AUG start codon in the mRNA sequence. The large ribosomal subunit (60S) is recruited, 

leading to the start of the elongation phase [175]. Different mRNAs translate at different 

rates, often due to the effects of certain cis-elements in a transcript. Many cis-elements 

affecting translation of an mRNA are located in the 5’ UTR and encompass RNA structures 

such as internal ribosome entry sites (IRES) or upstream ORFs (uORF). Furthermore, the 

sequence context of the start codon can affect the efficiency of binding by the ribosome, 

resulting in different translation rates. Layered on top of these intrinsic differences are 

regulatory components which are targeted to specific mRNAs, referred to as trans-factors. 

These factors are RNA binding proteins (RBPs) which can either promote or thwart 

translation. Additionally, the 3’ UTR of the mRNA contains cis-elements allowing the 

recruitment of RBPs or miRNAs, which can inhibit or enhance the function of various 

translation initiation factors. Factors promoting translation include cytoplasmic 

polyadenylation elements, which extend the 3’ poly(A) tail [176, 177]. Repression of 

translation on the other hand often involves the formation of a non-functional mRNP 

complex. Such a complex often includes the cap-bound eIF4E, whose interaction with eIF4G 

promotes translation. In context of repression eIF4G is replaced by other RBPs, preventing 

the recruitment of other translation initiation factors. This mechanism of translational 

repression by binding the 5’ cap is a highly prevalent, because it does not only block 

translation, but also 5’-3’ degradation of the mRNA, keeping it available [178]. 
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In somatic cells, repressed mRNAs are often localised to large protein-RNA granules in the 

cytoplasm referred to as Processing Bodies (P-bodies). P-bodies can function as sites of 

mRNA storage and release translationally repressed mRNAs to re-enter translation, but they 

are also sites of one of the two major mRNA degradation pathways in eukaryotic cells, the 5’-

3’ decay. The second degradation pathway is the 3’-5’ decay mediated by the exosome. Both 

pathways commence with the removal of the 3’ poly(A) tail by a nucleases, including the 

CCR4-NOT complex and the Pan2/Pan3 complex. Following deadenylation, mRNAs can 

either be degraded from the 3’ end by the exosome or first decapped by the decapping 

complex and subsequently degraded from the 5’ end by the exonuclease Xrn1. In addition, 

there are specialized pathways for degradation of specific sets of target mRNAs by 

endonucleases [179]. Like translation rates, the rates of degradation of different mRNAs vary 

substantially due to intrinsic sequence elements of the transcripts. In context of degradation, 

these cis-elements are often referred to as stability elements, and control the rates of mRNA 

turnover. Many of these elements serve as binding sites for miRNAs or RBPs, so-called 

trans-factors, which then directly or indirectly regulate degradation of the mRNA.  

 

Figure 1.5 The mRNA life cycle. Eukaryotic RNAs are produced in the nucleus by Pol II-mediated 

transcription, followed by addition of the 5’ cap structure, splicing and polyadenylation. These different 

steps of RNA processing occur co-transcriptionally, mediated by the interaction of RNA binding 

proteins (RBPs) with the nascent transcript. Processed, mature mRNA is exported to the cytoplasm, 

accompanied by the RBP complexes. Translocation of the mRNA promotes transitions in the 

mRNA:protein complexes, resulting either in the localization of the transcript to specific sites in the 

cytoplasm prior to the onset of translation or in direct recruitment of ribosomes to the mRNA. 

Transcripts exiting the actively translated pool of mRNAs can either be stored in a translationally 

repressed state, or are subjected to degradation. The two major pathways of mRNA degradation are 

the 5’-3’ decay mediated by the decapping complex and by the exoribonuclease Xrn1, and the 3’-5’ 

decay mediated by the exosome complex. Additionally, endonucleolytic cleavage of mRNAs by 

endonucleases has been described.    
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1.3.2 Regulatory RNA motifs 

All mRNA transcripts contain cis-elements in their 5’- and 3’ UTRs. These elements are 

either secondary structures of the RNA or recurring sequence motifs that recruit trans-factors 

[167]. Examples of these cis-regulatory elements include the adenylate/uridylate-rich 

elements (AU-rich elements, AREs), GU-rich elements, constitutive decay elements (CDE), 

iron response elements (IREs), and Gamma interferon activated inhibitor of ceruloplasmin 

mRNA translation (GAIT element) [180-184]. 

AU-rich elements consist of a characteristic nucleotide pattern rich in adenosines and 

uridines [185]. AREs are grouped into different classes, depending on the deadenylation 

kinetics and the existence and organization of the canonical AUUUA pentamer. Class I AREs 

only express few AUUUA pentamers in a scattered pattern (e.g. c-myc, c-fos), while class II 

AREs contain clusters of overlapping pentamer sequences (e.g. CSF2, TNFα). Class III 

AREs do not contain the pentamer motif (e.g. c-jun) [185, 186].  AREs show a high degree of 

sequence conservation between different species, stressing their important function in mRNA 

regulation [187]. They are recognized by RBPs or complementary miRNAs [188, 189]. RNA 

binding proteins recognizing AREs are also referred to as AU-binding proteins (AUBPs) and 

include proteins mediating the degradation of the transcript, such as Tristetraprolin (TTP) 

[190], BRF1 [191], KSRP [192] and AUF1 [193], or proteins which stabilize the mRNA, such 

as HuR [194, 195], YB1 [196] and AUF2 [197]. 

While AREs were first discovered in mRNAs of cytokines and chemokines, GU-rich elements 

(GRE) are mostly associated with mRNAs of genes involved in cell growth, migration and 

apoptosis. CUG-binding protein (CUGBP1) is the best described RBP recruited to these 

motifs [181]. CUGBP1 interacts with the deadenylase PARN1 and promotes the rapid 

degradation of GRE-bearing transcripts [198, 199]. 

Unlike AREs and GREs, which are both linear mRNA sequences, the constitutive decay 

element (CDE) is a structured RNA motif mediating ARE-independent degradation of mRNA 

[182, 200]. The CDE is recognized by the two RBPs Roquin1 and Roquin 2, which recruit the 

CCR4-NOT1 deadenylase complex and promote the degradation of their target mRNAs (e.g. 

TNFα, TNFAIP3) [182, 201, 202]. 

Like the CDE, the iron responsive element (IRE) is a hairpin structure of mRNA UTRs. It is 

named after the cellular function of its target mRNAs (e.g. H-, L-ferritin), which code for 

proteins involved in the cells iron metabolism. The RBPs recognizing IREs are known as Iron 

Regulatory Proteins (IRPs) and control the transcripts stability as well as its translation rate 

[183, 203].   
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The GAIT element mediates the translational silencing of ceruplasmin mRNA by IFNγ. The 

hairpin structure is composed of 5-nt terminal loop, a 3-bp helix an asymmetric internal bulge 

and a 6-bp helix. The GAIT element has been found in a number of inflammatory mRNAs, 

including VEGF-A, and has been suggested to contribute to the resolution of inflammation 

[184, 204]. 

The above mentioned RNA motifs are predominantly located in the 3’ UTR and regulate the 

stability of the transcript as well as its translational repression. The three best studied 

elements located in the 5’ UTR are the upstream open reading frames (uORFs), internal 

ribosome entry sites (IRES) and terminal oligopyrimidine tract (TOP) motifs.   

Upstream open reading frames (uORFs) consist of a start and a stop codon located 

upstream of the AUG. uORFs induce the formation of ribosome complexes, and at the same 

time mediate termination of translation, down-regulating the translation of the main open 

reading frame [205, 206].  

Similar to the uORFs, the terminal oligopyrimidine tract (TOP) motif represses translation. It 

consists of 5-15 pyrimidines and is most renown for its role in the translational repression of 

ribosomal protein and translation elongation factors during growth arrest, differentiation and 

development [207-209]. 

Internal ribosome entry sites (IRES), on the other hand, confer a translational advantage to 

their transcripts by providing them with an alternative mechanism of translation to the 5’ cap-

dependent ribosome scanning. During mitosis and in response to stress, the conventional 

translation pathway is repressed due to hypo-phosphorylation of the translation initiation 

factor eIF-4F [210]. IRES-containing transcripts can load ribosomes independently of 

phosphorylated eIF-4F and undergo translation [211].   

The diversity and number of regulatory motifs in the UTRs of mRNAs emphasize the 

importance of stringent control at the post-transcriptional level, not only globally but in a 

transcript-selective manner, and reflect the large variety of different regulatory mechanisms 

available to a cell. The 5’ UTR and the coding region of an mRNA can bear regulatory motifs, 

but are mostly restricted by their function in translation and coding of the protein. The length 

of the 3’ UTR increases with evolutionary complexity and is approximately four times greater 

than that of the 5’ UTR, providing great potential for transcript-specific control [175, 212-214]. 

Therefore, discussion of RBPs and cellular mechanisms involved in the control of mRNAs in 

the following sections will focus on 3’ UTR-mediated regulation. 
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1.3.3 RNA binding proteins (RBPs) 

Three key functions determine the fate of an mRNA: localization, translation, and 

degradation. These three processes are coupled, as mRNAs are not translated before they 

are localized or degraded before translation is repressed. They are highly regulated by 

various RNA binding factors, which also control the transition between the three processes. 

As mentioned in 1.3.1, complexes of RBPs control localization of an mRNA by mediating 

interaction with motor or anchor proteins, efficiency of translation by recruitment of translation 

initiation factors and ribosomes, and decay by recruiting the degradation machinery.   

It is estimated that the human genome contains over than 1000 RNA binding proteins [215-

217]. The best studied group of RBPs are those binding to AU-rich elements (AUBPs). These 

contain the Tis11 family, TIA-1 and TIAR, KSRP, and HuR. Recent research also highlights 

the importance of other proteins such as Roquin 1/2 and Regnase-1. Although these proteins 

function via different mechanisms, all of them have been shown to play a role in the 

regulation of mRNA of inflammatory cytokines and chemokines in different cellular and 

environmental contexts. 

Tristetraprolin (TTP)  The Tis11 family, comprising the proteins TTP, BRF1 and BRF2, are 

zinc finger proteins which bind AREs with high specificity and promote the degradation of 

their target mRNAs [218]. Their main function is to dampen inflammation: TTP-deficient mice 

develop a phenotype of generalized inflammation due to increased levels of TNFα and GM-

CSF [219]. TTP binds to the AREs of these mRNAs and targets them to the mRNA 

degradation machinery. Loss of TTP therefore results in increased stability of TNFα and GM-

CSF and subsequently to overproduction of cytokines [220, 221]. TTP-deficient mice suffer 

from arthritis, dermatitis and cachexia [219]. Treatment with antibodies directed against TNF 

or knockdown of the TNF receptor (TNFR) show reversal of this phenotype [222]. 

Overexpression of TTP induces ARE-mediated mRNA decay (AMD) and leads to apoptotic 

cell death [223-225]. TTP mediates destabilization of its target mRNAs by binding directly to 

components of protein complexes involved in mRNA degradation, including DCP1a, DCP2 

and Xrn1 as factors of the 5’-3’ degradation pathway and RRP45 as a component of 

exosome-mediated degradation [226, 227]. Stimuli inducing TTP (e.g. TNFα, LPS) regulate 

its activity by phosphorylation of TTP at multiple serine and threonine residues [228, 229]. 

Furthermore, they lead to enhanced transcription and increased protein levels of TTP [230].   

TIA-1 and TIAR TIA-1 and TIAR are members of the RNA-recognition motif (RRM) family of 

RBPs and have been shown to rather inhibit the translation of their target mRNAs (e.g. 

TNFα, IL-1β, IL-6) than to reduce their stability. Accordingly, macrophages derived from TIA-

1- or TIAR-deficient mice show an overexpression of these pro-inflammatory proteins and 
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these mice develop a hyper-inflammatory phenotype and arthritis [231-235]. Tethering of 

TIA-1 to mRNA reporters not only inhibits their translation, but mediates their degradation by 

both 5’-3’- as well as 3’-5’ decay [236]. Translational repression by TIA-1 or TIAR is achieved 

by assembly of non-canonical pre-initiation complexes that lack selected initiation factors 

(eIF2 and eIF5). These translationally inactive complexes are assembled into stress granules 

(SGs) (see section 1.3.4) [146].    

KSRP KH-Type Splicing Regulatory Protein (KSRP) is an ARE-binding protein that was first 

identified to regulate splicing [237]. It mediates 3’-5’ degradation of its target mRNAs (e.g. 

TNFα, c-fos) via the exosome, both in vitro and ex vivo [238, 239].  

HuR The RNA-binding protein human antigen R (HuR) is one of the best studied RBPs and 

has been shown to be involved in a variety of cellular processes, including proliferation, 

senescence, stress and immune responses [240]. HuR has been primarily associated with 

the stabilization of mRNAs, including the ARE-containing transcripts of IL-8 and of GM-CSF 

[241, 242].  

Roquin Roquin (RC3H1) is a zinc finger protein that regulates stability of its target mRNAs 

independently of ARE sequences. Instead, it was shown to mediate degradation of inducible 

T-cell costimulator (ICOS) mRNA by directly binding to a hairpin structure in the 3’UTR of the 

transcript and by recruiting the degradation machinery through interaction with the P-body 

components EDC4 and DDX6 [201]. Cells expressing mutant Roquin, display enhanced T-

cell activation and increased autoimmunity [243]. More recently, Roquin was also shown to 

affect NF-κB signalling by modulating the expression of the NF-κB regulators IκBα and A20 

[202].  

Regnase-1 Regnase-1 (ZC3H12A, MCPIP1) is a zinc finger protein functioning as an 

endonuclease [244]. In TLR-activated regnase-1-deficient macrophages, IL-6 and IL-12p40 

show increased expression due to enhanced stability of their mRNA transcripts. Regnase-1-

deficient mice succumb to a chronic inflammatory condition [244]. Regulation of regnase-1 

activity was shown to be mediated by the kinase IKKβ or the para-caspase MALT1, 

depending on stimulus. In TCR signalling (PMA or ionomycin stimulation), MALT1 cleaves 

regnase-1 by an IKK-independent mechanism [245], while stimulation of T-cells with IL-1 

leads to IKK-dependent phosphorylation of regnase-1 and subsequent degradation via the 

ubiquitin/proteasome pathway [95]. 

The 3’UTRs and the RBP-recruiting motifs conserved therein are sufficient to accommodate 

several RBPs or even several RBP complexes. It was therefore postulated that different 

RBPs can compete for binding of these motifs or interact with these sequences in a 

cooperative fashion. Since individual 3’UTRs and their motifs differ considerably, each 
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mRNA transcript will recruit a different subset of RBPs, which would differentially regulate 

both translation as well as the stability of a particular mRNA [186]. In addition, post-

translational modification of these RBPs affects their expression, activity, or affinity for mRNA 

targets or protein interactors, resulting in altered stability of their target mRNAs. Inherent 

instability of an mRNA allows for rapid changes in its abundance upon altered cellular 

conditions. Remodelling of the recruited RBP complexes of an mRNA can allow for increased 

stability of a specific transcript, resulting in enhanced expression on the RNA as well as on 

the protein level. Several signalling pathways have been shown to regulate RBPs: p38 

mitogen-activated protein kinase (p38 MAPK), extracellular signal-regulated kinase (ERK) 

and Jun N-terminal kinase (JNK). For example, p21 and myogenin mRNAs, which in 

myoblasts are destabilized by KSRP, are stabilized due to p38 activation when myoblasts 

differentiate into myocytes. p38 phosphorylates KSRP and induces its dissociation from 

these mRNAs, allowing for interaction with stabilizing factors such as HuR [246, 247]. 

Stabilization of β4GalT1 mRNA in response to TNFα is achieved by PKCδ- and IKKβ-

mediated phosphorylation of 14-3-3β. Complexing of phosphorylated 14-3-3β with the 

destabilizing factor TTP leads to removal of the latter from β4GalT1 mRNA and subsequent 

stabilization of the transcript [96]. The ERK pathway has been shown to stabilize GM-CSF 

mRNA via phosphorylation of AUF1 and its subsequent dislodgement from the transcript 

[248].    

The existence of over 1000 RBPs, in combination with their regulation on the post-

translational level, and the high diversity of regulatory motifs in the UTRs of mRNAs as well 

as the expression of different mRNA isoforms make the post-transcriptional control a highly 

complex and strongly regulated process. 

  

1.3.4 RNA granules 

Translational repression of mRNAs is mediated by RBPs, which can assemble into discrete 

cytoplasmic foci, termed RNA granules. Among others, these RNA granules include 

processing bodies (P-bodies) and stress granules (SG), which have been shown to play 

important roles in the regulation of mRNA translation and degradation [6]. 

P-bodies: 

Mammalian P-bodies are small cytoplasmic foci, consisting of aggregates of translationally 

repressed mRNA and RBPs associated with the decay machinery, including components of 
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miRNA-mediated repression. They are highly conserved from yeast to human, suggesting 

important cellular functions of these structures [249].  

Formation of P-bodies depends on three factors: i) a sufficiently large pool of translationally 

repressed mRNAs ii) expression of P-body-associated proteins and iii) post-translational 

modification of involved components. P-Bodies are constitutively expressed and increase 

size (yeast) and number (mammals) in response to stress [8, 250]. In the cytoplasm, they are 

anchored to microtubules and move along the cytoskeleton [251, 252]. P-bodies are thought 

to function in degradation of mRNA, translational repression and storage, as well as in 

mRNA localization.   

Since P-bodies contain several components involved in the 5’-3’ degradation of mRNAs, they 

were initially postulated to be sites of mRNA decay. These components include complexes 

mediating deadenylation (Ccr4-Caf1, Pan2/3) [253-255], binding of mRNAs with short poly(A) 

tails (Lsm1-7) [256, 257], removal of the 5’ cap (DCP1a and DCP2 together with its 

enhancers such as EDC4) [15, 258-260], the RNA helicase DDX6 [260] and the 

exoribonuclease Xrn1, degrading decapped transcripts in 5’-3’ direction [261, 262]. The role 

of P-bodies and their components in 5’-3’ degradation is further supported by the finding that 

formation of P-Bodies is induced by inactivation of proteins involved in this pathway [254, 

263]. Furthermore, intermediate products of mRNA degradation accumulate in P-bodies 

upon depletion of DCP2 or Xrn1 [254, 259]. Inhibition of deadenylation by depletion of Ccr4 

or Caf1 reduces the number of P-bodies, indicating that deadenylation is a prerequisite for 

the formation of P-bodies [255, 262].  

The following findings confirm the notion that P-bodies serve as sites of mRNA decay:  

Firstly, intermediate products of mRNA degradation accumulate in P-bodies upon depletion 

of DCP2 or Xrn1 [254, 259]. Secondly, poly(A)-binding protein (PABP) is not recruited to P-

bodies, suggesting that mRNAs located to P-bodies are already engaged in the degradation 

process and lack long poly(A) tails [250].  Thirdly, mRNAs that are targeted by AMD localize 

to P-bodies, along with the corresponding RBPs such as TTP [264-266]. Finally, miRNA-

mediated degradation of mRNA might occur in P-bodies, since miRNAs as well as the RNA-

induced silencing complex (RISC) are targeted to P-bodies [9, 267-269]. At the same time, 

the exosome subunits required for 3’-5’ degradation are excluded from P-bodies, suggesting 

spatial segregation of the two major pathways of mRNA degradation [270, 271].  Taken 

together, deadenylation is a prerequisite for translocation of an mRNA to P-bodies. However, 

not all mRNAs recruited to P-bodies are degraded, they can also be released and re-

subjected to translation [8, 267]. In yeast, specific mRNAs can accumulate in P-bodies in 

response to stress, and exit P-bodies to re-enter the polysome pool when conditions shift [8, 

267].  
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The central proteins associated with P-bodies, namely EDC4, DCP1a, DCP2 and XRN1 will 

be discussed in greater detail in 1.3.4.1 to 1.3.4.3.  

 

Stress Granules: 

Unlike P-bodies, stress granules (SG) are not expressed under normal growth conditions, but 

can only be observed in cells undergoing stress [272-274]. Assembly of SG is conserved 

between species, suggesting an important cellular function in the stress response [275]. 

While factors of mRNA degradation, such as deadenylases, decapping proteins and 

exoribonucleases, are excluded from SG [276], they contain a subset of translation initiation 

factors (eIF4E/G/A, and eIF3/2), the 40S ribosomal subunit and PABP, which are absent 

from P-bodies [277]. Stress granules were suggested to be sites of translation initiation. P-

bodies and SG physically interact and exchange both RBPs and mRNAs, allowing for re-

initiation of translation of mRNAs that were previously stored in P-bodies in a repressed state 

[6, 278].   

 

1.3.4.1 The decapping complex 

In eukaryotes, two major pathways of mRNA degradation prevail, the 5’-3’ decay and the 3’-

5’ decay. In both cases, the poly(A) tail of the transcript is first removed by deadenylases 

[279]. In 3’-5’ decay, the deadenylated mRNA is degraded by the exosome from the 3’ end 

[280]. In 5’-3’ decay, the 5’ cap is removed by the decapping complex from the deadenylated 

transcript, followed by degradation of the decapped mRNA by the exoribonuclease XRN1 

[281]. Decapping is a highly regulated process, since it inhibits translation and commits an 

mRNA to degradation [281-283]. In the regulation of decapping, global and specific activators 

are involved, including DCP1a and EDC4 [260, 284].  

DCP2 is the catalytic subunit of the decapping complex and belongs to the Nudix family of 

pyrophosphatases. Hydrolysis of the cap structure by DCP2 releases m7GTP and a 5’-

phosphorylated mRNA [258, 285]. DCP2 consists of an N-terminal α-helical regulatory 

domain (NRD), the catalytic Nudix domain and a divergent extension at the C-terminus [258, 

285, 286]. In yeast, DCP2 can directly interact with DCP1a via its NRD [287], while EDC4 is 

required to enhance this interaction in metazoans.  

The differences in DCP1a:DCP2 interaction between yeast and metazoans correspond with 

structural differences in DCP1a between these classes. In yeast, DCP1a only contains an 

enabled/VASP homology 1 domain (EVH1 domain), whereas metazoan DCP1a additionally 
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contains a trimerization domain (TD), which is required for its interaction with DCP2 and 

EDC4 [288, 289].  

 

1.3.4.2  Enhancer of Decapping 4 (EDC4) 
The Enhancer of Decapping 4 (EDC4, HEDLS, Ge-1, RCD-8) is an essential component of 

P-bodies [15]. It was first identified in 1994 as a novel antigen by use of serum from a patient 

with Sjögren’s syndrome [290]. Its role in P-body assembly was described more than 10 

years later, in 2005 [15]. Investigation of the interactions of EDC4 with the components of the 

decapping complex, DCP1a and DCP2, and the 5’ exoribonuclease Xrn1 in human cells 

shows a function as a modular scaffold that provides binding sites for the three proteins 

[291]. EDC4 contains three regions: the N-terminal WD40 domain, the serine-rich linker, and 

the C-terminal α-helical domain [292]. The WD40 domain was shown to interact with trimers 

of DCP1a, while the α-helical domain recruits DCP2 and Xrn1 [291]. EDC4 orchestrates the 

assembly and activation of the decapping complex with the subsequent 5’-3’ degradation of 

mRNA by Xrn1. In metazoans, DCP1a and DCP2 can interact directly, in a similar manner as 

observed in yeast [287]. However, in metazoans this interaction is weak, and EDC4 is 

required to strengthen the association of DCP1a with DCP2. These observations are in 

accordance with inhibition of decapping by depletion of EDC4 in human and D. melanogaster 

cells [260, 293]. Expression of DCP2 mutants that do not interact with DCP1a function as 

dominant negative inhibitors of decapping, but only if their ability to interact with EDC4 

remains intact [260, 293]. These findings support the notion that the introduction of EDC4 to 

the decapping complex has increased the connectivity and complexity of metazoan 

decapping [283, 291]. Therefore, EDC4 enhances the opportunities for regulating assembly 

of the decapping complex and post-translational control of gene expression [291]. 

 

1.3.4.3 5’ exoribonuclease XRN1 
Removal of the 5’ cap of an mRNA is followed by 5’-3’ degradation of the transcript by the 

exoribonuclease XRN1. Decapping and degradation by XRN1 are closely coordinated, since 

decapped mRNAs are barely detectable unless XRN1 function is compromised [294]. This 

notion is further supported by the co-localization of XRN1 with the decapping complex in 

cytoplasmic P-bodies and direct interaction with the scaffold protein EDC4 [6, 292]. Mutation 

of XRN1 in yeast leads to increased half-life of specific mRNAs and results in decreased 

growth rates, while leading to an enlarged cell phenotype. The rate of protein synthesis is 

reduced, but protein levels are increased [295-298].  
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Figure 1.6 EDC4 and the assembly of the decapping complex. Top: domain organization of human 

EDC4. Human EDC4 contains an N-terminal WD40 domain (blue), a serine-rich linker (magenta) and 

a C-terminal α-helical domain (red). Adapted from [292]. Bottom: Model of activation of the decapping 

complex. EDC4 functions a scaffold protein and provides binding sites for trimerized DCP1a in its 

WD40 domain and for DCP2 and XRN1 in its α-helical domain. Activation of the complex brings the 

decapping subunits and XRN1 into close proximity, ensuring that decapped mRNAs are transferred to 

XRN1. Furthermore, EDC4 oligomerizes via an unknown mechanism. Image is taken from [291].
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2 AIM OF STUDY 

All organisms are constantly exposed to genotoxic stress. To cope with exogenous as well 

as endogenous genotoxic insults, eukaryotes developed a complex network of DNA damage 

responses. As part of these responses, activation of the transcription factor NF-κB plays a 

pivotal role in cell survival. NF-κB is activated via a bifurcated pathway, consisting of an 

ATM- and a PARP-1-dependent signalling cascade. The pathway is characterized by the 

sequential modification (SUMOylation, phosphorylation, ubiquitination) of the regulatory 

subunit of the IKK complex, IKKγ. Modified IKKγ translocates to the cytoplasm, transmitting 

the nuclear stress stimulus to a cytoplasmic signalosome containing various E3 ubiquitin 

ligases and kinases.  

The aim was to identify DNA damage-induced interaction partners of IKKγ to further 

characterize activation of NF-κB downstream of the cytoplasmic signalosome. To this 

purpose, SILAC (Stable isotope labelling with amino acids in cell culture) was coupled with 

co-immunoprecipitation experiments of IKKγ and subsequent identification of interacting 

proteins by mass spectrometry. The screen revealed potential modulators of the NF-κB 

pathway, including AIP, MDA9 and EDD (see 4.2). However we also detected interaction of 

IKKγ with a P-body component EDC4. EDC4 plays a critical role in the 5’-3’ mRNA decay.    

This study therefore aimed to elucidate the function of IKK expression and signalling in the 

regulation of mRNA stability and subsequent assembly of P-bodies. A resulting aim was to 

assess the extent of IKK-dependent regulation of mRNA stability, via the IKK/EDC4 axis and 

beyond.   

 

1. Find interaction partners of IKKγ  

2. Confirm this interaction via different methods and using different stimuli and cell lines 

3. Determine the mechanism of interaction of IKK with the novel partner 

a. is the interacting protein a substrate of the IKK kinase 

b. where does phosphorylation take place 

4. Determine how this interaction influences the DNA damage signalling pathway and 

the pathway the novel interaction partner is known to be involved in 

5. Using a transcriptome-wide screen to determine the downstream targets regulated by 

this axis 
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3 RESULTS 
 

3.1 Identification of interaction partners of IKKγ in response to DNA
damage  
To identify IKKγ interaction partners after induction of DNA double strand breaks, we 

performed co-immunopurification assays of endogenous IKKγ in a double-encoding SILAC 

format. U2OS cells were light (L) and heavy (H) SILAC labelled. The light labelled cells were 

left untreated, while the heavy labelled cells were irradiated with 20 Gy and harvested 45 min 

after treatment. Cytoplasmic extracts were prepared and immunoprecipitation of IKKγ was 

performed separately for each SILAC condition to avoid light to heavy exchange of specific 

interaction partners during the immunoprecipitation procedure. Afterwards the samples were 

mixed for elution. Eluates were characterized by mass spectrometry and detected peptides 

were grouped by their SILAC doublet peak patterns (Figure 2.1).  

 

 

Figure 2.1 Schematic diagram of the SILAC screen. U2-OS cells labelled with light or heavy 

isotopes of arginine and lysine were either left untreated (0 min) or were irradiated with 20 Gy and 

harvested 45 minutes after treatment (45 min). Cells were lysed in a hypotonic buffer in the absence of 

detergents. Immunoprecipitation of IKKγ was performed separately using IKKγ antibody FL-419 

crosslinked to protein G-coated Dynabeads. Proteins were eluted with 6 M urea/2 M thiourea and 

subjected to mass spectrometric analysis. MS measurements and MaxQuant analysis of the eluates 

were performed by Patrick Beaudette. 
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Constitutive interaction partners of IKKγ as well as unspecific background binders show no 

change between the two conditions. A specific interaction induced by the IR stimulus, on the 

other hand, results in a ratio between the IKKγ-IP with the irradiated versus the unstimulated 

cell population (H/L ratio). Via a clustergram proteins can be classified as 

constitutive/background binders or IR-induced interaction partners according to the ratios of 

irradiated to untreated samples (H/L). Values varying around 1 represent constitutive or 

background binding, while positive values constitute stimulus-induced increase in binding of 

the target protein to IKKγ. The same experiment was repeated with reversed labels to 

introduce an additional dimension of specificity and exclude potential labelling artefacts. The 

data from the forward and reverse experiments were integrated using heat maps for 

visualization (Figure 2.2a). In total, about 1800 proteins were identified, of which 76 proteins 

showed at least two-fold increase in binding to IKKγ after DNA damage in both experiments. 

Detection of IKKα and IKKβ, the two catalytic components of the IKK complex, confirmed the 

successful co-immunoprecipitation of IKKγ binding proteins. Figure 2.2a contains the DNA 

damage-induced interaction partners of IKKγ that were identified in the forward as well as in 

the reverse experiments. For additional verification, the identified interaction partners were 

analysed using the protein frequency library and the CRAPome database. Both databases 

provide annotated negative control data to filter out contaminants from affinity purification-

mass spectrometric (AP-MS) experiments. The databases combine results from more than 

400 AP-MS experiments, and percentage of occurrence of the identified IKKγ interaction 

partners induced by DNA damage is listed in the second and third column of Figure 2.2a. 

The majority of targets display low frequency of detection in these negative control 

databases, confirming the specificity of identified interactions. Furthermore, an in silico 

screen for predicted IKK phosphorylation sites in the induced interaction partners of IKKγ 

revealed that approximately 50 % of the identified interactors are potential IKK substrates 

(Figure 2.2a, column 4). GO term analysis and clustering of DNA damage-induced IKKγ 

binding proteins detected in the SILAC-MS experiment showed enrichment for proteins 

associated with expected biological processes including “response to DNA damage”, 

“regulation of apoptosis”, or “post-translational protein modification” (Figure 2.2b). 

Surprisingly, the IKKγ interactome also showed enrichment for “mRNA metabolic processes” 

or the post-transcriptional regulation of gene expression. Proteins found to be involved with 

post-transcriptional regulation are highlighted in yellow (Figure 2.2a).  
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Figure 2.2 DNA damage-induced interaction partners of IKKγ. a) Heatmap of proteins inducibly 

binding to IKKγ in response to IR. U2-OS cells were labelled with heavy and light amino acids as 

described in 2.1. For the forward experiment (fwd), heavy labelled cells were irradiated and harvested 

45 min later. Light labelled cells were left untreated. For the reverse experiment (rev), labels were 

switched. Cut-off was set for at least 2-fold change, resulting in values for the H/L ratio of at least 2 in 

the fwd and 0.5 in the rev experiment. Identified targets were scored using two repositories annotating 

the frequency of detection in co-immunoprecipitation experiments or in negative controls from large 

scale MS experiments, respectively. Targets were screened for predicted IKK phosphorylation sites 

using the dbPTM database. IKKγ interacting proteins with documented function in mRNA metabolism 

are highlighted in yellow. b) GO term clusters of interaction partners of IKKγ identified in a). The cut-off 

was set at a p-value of 0.05.  
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3.2 The IKK complex interacts with P-body component 
EDC4 

Recent work highlighted the involvement of RNA processing in the DNA damage response 

[299, 300]. Therefore, we focused on the interaction of IKKγ with EDC4 as an essential 

component in the 5’-3’ mRNA decay pathway for further analysis. To confirm the interaction 

of IKKγ with EDC4 observed in the SILAC screen (Figure 2.2a and b), IKKβ as well as IKKγ 

and EDC4 co-immunoprecipitations were performed. Since canonical NF-κB signalling 

shares high similarity with the DNA damage-induced NF-κB activation, we also tested if the 

association of the IKK complex with EDC4 is a common feature of both pathways. U2-OS 

cells were stimulated either by irradiation or with TNFα and harvested at indicated time 

points. Inducible co-precipitation of EDC4 with IKKγ as well as with IKKβ and vice versa were 

detected for both stimuli (Figure 2.3), confirming universal validity of this observation. To 

determine whether interaction of the IKK complex with EDC4 occurs in the cytoplasmic 

signalosome, TRAF6 was immunoprecipitated and analysed for interaction with EDC4 

(Figure 2.3c). Both IKKγ and EDC4 were found to show increased interaction with TRAF6 in 

response to DNA damage, suggesting recruitment of EDC4 to the cytoplasmic signalosome.  

 

   

Figure 2.3 The IKK complex interacts with P-body scaffold protein EDC4. a) Cytoplasmic /nuclear 

fractionation (CE/NE) of unstimulated and irradiated U2-OS cells was performed. Equal protein 

amounts of the cytoplasmic (CE) and the nuclear (NE) fraction were loaded as input controls (left 

panel). Cytoplasmic cell lysates were used for immunoprecipitation of IKKγ (Santa Cruz, FL-419), 



Results 

page | 36  
 

followed by SDS-PAGE western blot of IKKγ and EDC4 (right panel). Immunoprecipitation with rabbit 

IgG was performed as negative control. b) Whole cell extracts of unstimulated (ut), irradiated (IR) or 

TNFα-treated (10 ng/ml) U2-OS cells were prepared. Equal amounts of protein were loaded as input 

controls (left panel). Immunoprecipitation of EDC4 (cell signalling) or IKKβ (Santa Cruz, B-4) was 

followed by SDS-PAGE western blot of IKKβ (cell signalling) and EDC4 (Santa Cruz, F-1) (right 

panel). Immunoprecipitation with rabbit IgG was performed as negative control. Experiment was 

conducted by Marina Kolesnichenko. c) CE/NE fractionation of unstimulated and irradiated U2-OS 

cells was performed. Equal amounts of proteins of the cytoplasmic (CE) and the nuclear (NE) fraction 

were loaded as input controls (left panel). Cytoplasmic fractions were used for immunoprecipitation of 

TRAF6 (Santa Cruz, H-274), followed by SDS-PAGE western blot of EDC4 (Santa Cruz, F-1), IKKγ 

(Cell Signalling, Clone 54) and TRAF6 (Santa Cruz, D-10).    

 

3.2.1 IKK/EDC4 interaction requires the WD40 domain in EDC4 

Next, we determined the structural requirements in EDC4 for the interaction with IKKγ. EDC4 

consists of three domains, an N-terminal WD40 domain and a C-terminal α-Helix domain 

connected by a Serine-rich linker (Figure 2.4c). HA-tagged fragments of these domains were 

co-expressed with FLAG-tagged full length IKKγ (Figure 2.4b). We performed affinity 

purifications with the FLAG-tag in irradiated HEK293 cells and identified the N-terminal 

WD40 domain as IKKγ interaction site (Figure 2.4b). To determine the nature of this 

interaction, an in vitro IP of purified Strep-tagged EDC4 fragments with purified GST-tagged 

full length IKKγ was performed. The N-terminal EDC4 fragment showed the strongest 

association with the GST-tagged IKKγ, suggesting a direct interaction between the two 

proteins (Figure 2.4a).   
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Figure 2.4 The C-terminal WD40 domain of EDC4 is required for interaction with IKKγ. a) 
Recombinant Strep-tagged sub-domains of EDC4 were purified and used in an in vitro co-

immunoprecipitation assay with recombinant GST-tagged IKKγ. Immunoprecipitation was performed 

using Streptavidin beads immunoprecipitating the GST tag. Strep-tagged IKKγ was used as positive 

control, GST tag only as negative control (right panel).  Aliquots with equal amounts of protein were 

taken from the reaction mixes and loaded as input control (left panel). b) full-length FLAG-IKKγ was 

co-expressed with HA-tagged sub-domains of EDC4 in HEK293 cells. Co-expression with wildtype 

HA-IKKα served as positive control, co-expression with an empty HA vector as negative control. 

Transfected HEK293 cells were irradiated with 10 Gy and harvested 45 min later. Whole cell extracts 

were prepared and equal amounts of protein were loaded as input control (left panel). 

Immunoprecipitation was performed with anti-FLAG sepharose, followed by SDS-PAGE western blot 

of HA (Santa Cruz) and FLAG (M2). Specific bands are indicated by asterisks. c) Diagram of EDC4 

with WD40 domain (blue), serine-rich linker (purple), and α-helical domain (red), including summary of 

interaction of full length IKKγ with full length EDC4 or EDC4 domains as detected by in vitro co-

immunoprecipitation and co-expression in HEK293. 
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3.2.2 IKK/EDC4 interaction requires the C-terminal region of IKKγ 

To determine the structural requirements in IKKγ for the interaction with EDC4, N- and C-

terminal deletion constructs of IKKγ were co-expressed with the HA-tagged WD40 domain of 

EDC4 (Figure 2.5). IKKγ consists of two coiled coil regions, a leucine zipper and a zing finger 

region (Figure 2.5c). Affinity purification of the HA tag in irradiated HEK293 cells revealed 

requirement of the C-terminal region of IKKγ containing the leucine zipper and the zing finger 

for interaction with EDC4 (Figure 2.5a and b).  

 

 

Figure 2.5 The C-terminal region of IKKγ is required for interaction with the WD40 domain of 
EDC4. a) HA-tagged WD40 domain of EDC4 was co-expressed with N-terminal constructs of IKKγ 

bearing a His-tag in HEK293 cells. Co-expression with empty His vector served as negative control. 

Transfected HEK293 cells were irradiated with 10 Gy and harvested 45 min later. Whole cell extracts 

were prepared and equal amounts of protein were loaded as input control (left panel). 

Immunoprecipitation was performed with anti-HA beads, followed by SDS-PAGE western blot of HA 
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(Santa Cruz, F-7) and His (Genscript). Specific bands are indicated by asterisks. b) HA-tagged WD40 

domain of EDC4 was co-expressed with C-terminal constructs of IKKγ bearing a FLAG tag in HEK293 

cells. Co-expression with empty FLAG vector served as negative control. Transfected HEK293 cells 

were irradiated with 10 Gy and harvested 45 min later. Whole cell extracts were prepared and equal 

amounts of protein were loaded as input control (left panel). Immunoprecipitation was performed with 

anti-HA beads, followed by SDS-PAGE western blot of HA (Santa Cruz, F-7) and FLAG (M2). Specific 

bands are indicated by asterisks. c) Diagram of IKKγ with coiled coil domains (CC 1, blue; CC 2, 

violet), leucine zipper (LZ, red) and zinc finger (ZNF, green), including summary of interaction of full 

length IKKγ or IKKγ truncation mutants with the WD40 domain of EDC4  as detected by in vitro co-

immunoprecipitation and co-expression in HEK293. 

 

3.3 The IKK complex phosphorylates EDC4 

Interaction with the IKK complex suggests a stimulus-induced phosphorylation of EDC4. To 

identify sites in EDC4 phosphorylated by IKK, we performed a cold in vitro kinase assay, 

using IKKγ to precipitate the IKK complex from TNFα-stimulated cells. Purified Strep-tagged 

EDC4 fragments were used as substrates, while a GST-IκBα fragment (aa 1-53) served as 

positive control. The kinase reactions were subjected to MS analysis and the two serines 

S583 and S855 in the Serine-rich linker fragment were identified as IKK phosphorylation 

sites (Figure 2.6a). Since sequence coverage in the MS analysis only averaged about 40%, 

we repeated the in vitro kinase assay with radioactively labelled [α-32P]-ATP (Figure 2.6b). In 

addition to the serine-rich linker, the N-terminal WD40 domain was likewise phosphorylated. 

IL-1β stimulation as well as irradiation confirmed an IKK-mediated phosphorylation of both 

the WD40 domain and the Serine-rich linker in EDC4 (data not shown). In Silico analysis 

showed that EDC4 is a highly phosphorylated protein and predicted the serines 107 and 405 

to be potentially modified by IKKβ. To determine which of the sites is phosphorylated by 

IKKβ, WD40 domain mutants with either one or both serine residues substituted with 

alanines were used in an in vitro kinase assay (Figure 2.6c). The TNFα-induced 

incorporation of ortho-32P was reduced in both single mutants (S107A and S405A) and 

completely abrogated in the double mutant (S107/405A), suggesting that both serines serve 

as IKKβ substrates. 
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Figure 2.6 IKK phosphorylates EDC4 at 4 serines in the WD40 domain and in the serine-rich 
linker region. a) Identification of IKK phosphosites in EDC4 sub-domains by mass spectrometry. 

Endogenous IKK complex was purified from unstimulated or TNF-treated (10 ng/ml) U2-OS cells by 

immunoprecipitation of IKKγ and used in a cold kinase assay with recombinant EDC4 domains, 

followed by MS analysis. Top; MS spectrum for phosphorylated serine 583. Bottom; MS spectrum for 

serine 855. MS analysis was performed by Alina Dagane. b) In vitro kinase assay (KA) of endogenous 

IKK complex from unstimulated and TNFα-treated (10 ng/ml, 15 min) cells (top panel), with purified 

recombinant EDC4 domains as indicated, analysed by SDS-PAGE/ western blot. Specific bands are 

marked by asterisks. Lower panel: Cold kinase assay as above, analysed by Coomassie blue staining. 

Purified recombinant IκBα fragment was used as positive control (data not shown). KA was performed 

by Michael Hinz. c) in vitro kinase assay (KA) of endogenous IKK complex (see b)) with purified 

recombinant EDC4 WD40 domain (EDC4 1-538) and constructs bearing point mutants for predicted 

IKK phosphosites in EDC4; 1-538 S107A, EDC4 1-538 S405A and a double mutant EDC4 1-538 

S107/405A. Below:  Cold kinase assay as above, analysed by Coomassie blue staining.  
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3.4 Phosphorylation of EDC4 by IKK induces P-body 
formation 

3.4.1 DNA damage induces P-body assembly 
To determine whether phosphorylation of EDC4 by IKK leads to enhanced formation of P-

bodies, the stimulus-dependent expression of P-Bodies was examined by indirect 

immunofluorescence with antibodies targeting DDX6 as a P-body marker. Treatment of U2-

OS cells with 20 Gy led to an increase in P-body number from 2-3 foci per cell to 

approximately 7 foci 45 minutes and 90 minutes after irradiation (Figure 2.7a). DNA damage-

induced assembly of P-bodies was confirmed in primary BJ cells (Figure 2.7b) and in HeLa 

cells (Figure 2.7c). 

 

 

Figure 2.7 DNA damage induces the assembly of processing bodies. a) P-body foci visualized by 

fluorescence microscopy using anti-DDX6 antibody (green) in untreated U2-OS cells, after 45 minutes 

or 90 minutes post irradiation (IR, 20 Gy). Nuclei were stained with DAPI (blue). Right panel: 
Quantification of P-body foci from independent experiments (n=3) by ImageJ software, 100 cells per 

experiment ± s.d. Student’s t-test, *P < 0.01. b) P-body foci visualized by fluorescence microscopy 
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using anti-DDX6 antibody (red) in primary BJ cells left untreated, at 45 minutes or 90 minutes post 

irradiation (IR = 80 Gy).  Nuclei were stained with DAPI (blue). c) Visualization of P-body foci in HeLa 

cells as in a) (IR = 10 Gy).   

 

3.4.2 IKK activating stimuli induce P-body assembly 

To analyse induction of P-body formation in response to other IKK- activating stimuli, U2-OS 

cells were treated with TNFα, IL-1β or known P-body stimulus H2O2. All three stimuli led to 

activation of the IKK complex as assessed by phosphorylation of IKKα/β (Figure 2.8a-c). 

Phosphorylation levels of IKK peaked at 30-60 minutes after stimulation, therefore the same 

time points were used for immunofluorescence analysis of P-body assembly. Again, all three 

stimuli led to the formation of processing bodies (Figure 2.8d-f), suggesting a general role of 

the IKK complex in stress-induced P-body formation. 
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Figure 2.8 Canonical and alternative IKK-activating stimuli induce formation of P-bodies. a-c) 
SDS-PAGE/ western blot from whole cell extracts (WCE) of unstimulated U2-OS cells, or cells treated 

with TNFα (10 ng/ml) (a), IL-1β (10 ng/ml) (b), or H2O2 (100 µM) (c). d-f) Visualization of P-body foci of 

U2-OS cells treated with TNFα (d), IL-1β (e), or H2O2 (f). Cells were stained with antibody against 

DDX6 (green). Nuclei were visualized with DAPI (blue). 
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3.4.3 DNA damage-induced formation of P-bodies depends on the 
Expression of IKKβ/γ 

To assess whether P-body assembly in response to the abovementioned stimuli was 

mediated by IKK, we generated monoclonal U2-OS cell line harbouring doxycycline-inducible 

shRNA directed against IKKβ and IKKγ. Irradiation of wildtype cells led to an increase from 

an average of 2 P-body foci in unstimulated cells to an average of 5 foci per cell 45 minutes 

after irradiation and to 6 P-bodies per cell 90 minutes after treatment (Figure 2.9a). 

Irradiation of cells depleted of IKKβ by doxycycline treatment did not show a significant 

increase in P-body number in response to stimulus (Figure 2.9a) and the average number of 

stayed at 2 foci per cell. This confirmed that stress-induced formation of P-bodies depended 

on expression of IKKβ. Knockdown of IKKβ was confirmed by western blot analysis of IKKβ 

protein levels and phosphorylation of its substrate p65 (Figure 2.9b left panel), as well as NF-

κB DNA binding activity (Figure 2.9b right panel). Similar results were obtained with the 

doxycycline-inducible knockdown of IKKγ (Figure 2.9c left panel). Successful knockdown of 

IKKγ was confirmed by western blot analysis of IKKγ protein and phosphorylation of p65 

(Figure 2.9d, upper panel), as well as NF-κB DNA binding activity (Figure 2.9d, lower panel). 

Additional method employing transient knockdown of IKKγ via siRNA confirmed the reduction 

of DNA damage-induced formation of P-bodies observed with the doxycycline-inducible 

depletion of IKKβ and IKKγ. 
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Figure 2.9 IKKβ/γ are involved in DNA damage-induced assembly of P-bodies. a) P-bodies 

visualized by fluorescence microscopy using anti-DDX6 antibody (green) and DAPI (blue) in clonal U2-

OS cells stably expressing pTRIPZ RFP-coupled shIKKβ. To induce depletion of IKKβ, cells were 

treated with doxycycline (IKKsh) or left untreated (wt). Cells were irradiated for 45 or 90 minutes. Right 

panel: Quantification of P-body foci from independent experiments (n=3) by ImageJ software, 100 

cells per experiment ± s.d. Student’s t-test, *P < 0.01. Equivalent results were obtained by staining for 

EDC4. b) Left: SDS-PAGE/ western blot of whole cell extracts of clonal U2-OS cells stably expressing 

pTRIPZ RFP-coupled shIKKβ as used in a). Analysis of IKKβ protein levels shows reduction of IKKβ 

expression in doxycycline-treated cells. Phosphorylation levels of IKK kinase substrate are analysed 

as positive control for the loss of IKK signalling. PARP-1 serves as loading control. Right, top panel: 
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EMSA of nuclear extracts from U2-OS cells stably expressing pTRIPZ RFP-coupled shIKKβ treated 

with doxycycline (IKKsh) or left untreated (wt). Cell extracts were prepared 45 or 90 min post 

irradiation. Loss of DNA binding activity of NF-κB serves as positive control for loss of IKK signalling in 

doxycycline-treated samples. Lower panel: SDS-PAGE blot probed for PARP-1 as loading control. c) 
P-bodies visualized by fluorescence microscopy using anti-DDX6 antibody (green) and nuclei stained 

with DAPI (blue) in clonal U2-OS cells stably expressing pTRIPZ RFP-coupled shIKKγ. To induce 

depletion of IKKγ, cells were treated with doxycycline (IKKγsh) or left untreated (IKKγ wt).  Cells were 

analysed 45 or 90 min post irradiation. d) Top panel: SDS-PAGE of clonal U2-OS cells stably 

expressing pTRIPZ RFP-coupled shIKKγ, as in b). Lower panel: EMSA of nuclear extracts from clonal 

U2-OS cells stably expressing pTRIPZ RFP-coupled shIKKγ, as in b). e) P-bodies visualized by 

fluorescence microscopy using anti-DDX6 antibody (green) in U2-OS cells transfected with control 

siRNA (scr_si) or siRNA directed against IKKγ (IKKγ_si). Cells were irradiated and stained 45 min post 

irradiation or left untreated and stained. Nuclei were stained with DAPI (blue). 

 

3.4.4 IKK kinase activity is required for DNA damage-induced P-
body formation 

To analyse whether not only expression of IKKβ and IKKγ but also the kinase activity of IKK 

was required for stress-induced P-body assembly, U2-OS were pre-treated with IKK inhibitor 

BMS345541. Cells mock-treated with the solvent DMSO displayed nuclear translocation 90 

minutes after irradiation, as well as an increase in P-body number 45 and 90 minutes after 

irradiation. Pre-treatment with the IKK inhibitor led to abrogation of nuclear translocation of 

p65 in response to DNA damage and of P-body assembly (Figure 2.10). Successful inhibition 

of IKK activity was further confirmed by western blot analysis of IκBα phosphorylation and 

degradation, both of which were lost as a result of inhibitor treatment (Figure 2.10, right 

panel).  
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Figure 2.10 Kinase activity of IKK is required for the DNA damage-induced assembly of P-
bodies. Left panel: U2-OS cells were pre-treated with DMSO or IKK inhibitor for 2 hours and either left 

unstimulated or irradiated (20 Gy, time points indicated) and analysed by fluorescence microscopy. 

Cells were stained with antibodies against p65 (red), DDX6 (green) and nuclei were stained with DAPI 

(blue). Abrogation of p65 nuclear translocation in response to DNA damage is shown as positive 

control for inhibition of kinase activity of IKKβ. Right panel: SDS-PAGE western blot of whole cell 

extracts from U2-OS cells pre-treated with DMSO or IKK inhibitor and analysed 45 min after 

irradiation. Loss of phosphorylation and degradation of IκBα in response to DNA damage in cells pre-

treated with IKK inhibitor serve as positive control inhibition of IKK kinase activity. 

 

3.4.5 EDC4 is an essential component of P-bodies 

EDC4 was shown to be an essential component of processing bodies [15], and generation of 

monoclonal U2-OS cells harbouring a doxycycline-inducible shRNA plasmid directed against 

EDC4 confirmed its central function. Knockdown of EDC4 dramatically reduced P-body 

numbers already in unstimulated cells (Figure 2.11a, left panels). Irradiation did not lead to 

assembly of processing bodies in absence of EDC4 45 and 90 minutes after stimulus (Figure 

2.11 middle and right panels). Knockdown of EDC4 was confirmed by western blot analysis 

of EDC4 protein levels (Figure 2.11b). siRNA-mediated depletion of EDC4 confirmed the 

observations made with the doxycycline-inducible cell line (Figure 2.11c).  
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Figure 2.11 EDC4 is an essential component of P-bodies. a) Visualization of P-bodies in clonal U2-

OS cells stably expressing pTRIPZ RFP-coupled shEDC4. To induce depletion of EDC4, cells were 

treated with doxycycline (EDC4sh) or left untreated (EDC4 wt). Cells were irradiated for 45 or 90 

minutes. b) SDS-PAGE of clonal U2-OS cells stably expressing pTRIPZ RFP-coupled shEDC4. 

Analysis of EDC4 protein levels shows reduction of EDC4 expression in doxycycline-treated cells. 

Actin serves as loading control. c) P-bodies visualized by fluorescence microscopy using anti-DDX6 

antibody (green) in U2-OS cells transfected with control siRNA (scr_si) or siRNA directed against 

EDC4 (EDC4_si). Analysed cells were untreated or 45 min post irradiation. Nuclei were stained with 

DAPI (blue). 

 

3.4.6 Phosphorylation of EDC4 by IKK induces interaction of P-body 
components and subsequent P-body assembly 

To directly assess the contribution of phosphorylation of EDC4 by IKK to the formation of P-

bodies in response to stress, shRNA-resistant EDC4 was generated by introduction of silent 

mutations in the binding site of the shRNA. The shRNA-resistant EDC4 was cloned into a 

FLAG vector. To evaluate the contribution of phosphorylation by IKK, the four identified 

phosphosites serines 107, 405, 583 and 855 were substituted by alanines. Both constructs 

were expressed in EDC4-depleted U2-OS cells and co-immunoprecipitation experiments 

using the FLAG tag were performed after irradiation (Figure 2.12a). While wildtype EDC4 

(EDC4 wt) interacted with the components of the decapping complex (DCP1a and DCP2) 

already in unstimulated cells, and showed an increase in interaction in response to 

irradiation, the phospho-deficient mutant of EDC4 (EDC4 S/A) was not able to bind these 

components (Figure 2.12a). Analysis of P-body formation by indirect immunofluorescence of 

EDC4-deficient cells reconstituted either with wildtype EDC4 or phospho-deficient EDC4 

revealed decreased numbers of P-bodies already in unstimulated cells (Figure 2.12b, left 

panels). Irradiation let to an increase of P-bodies in cells reconstituted with the wildtype 

EDC4, while induction of P-body formation was lost when the phospho-deficient mutant was 

expressed (Figure 2.12b middle and right panels). These results suggest that 

phosphorylation of EDC4 by IKK is important for the recruitment of the decapping complex 

and subsequent formation of P-bodies. 
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Figure 2.12 Phosphorylation of EDC4 by IKK leads to increased interaction of EDC4 with the 
decapping complex and to P-body assembly. a) Immunoprecipitation performed in clonal U2-OS 

cells stably expressing pTRIPZ RFP-coupled shEDC4 to deplete endogenous EDC4 and reconstituted 

with either shRNA-resistant wild type FLAG-tagged EDC4 or FLAG-tagged EDC4 phospho-deficient 

mutant (SA). Endogenous EDC4 was depleted with doxycycline treatment prior to irradiation and co-

immunoprecipitation with anti-FLAG sepharose. Whole cell extracts were prepared from unstimulated 

and irradiated cells (20 Gy, time points indicated). Equal amounts of protein were loaded as input 

control. IP lysates were analysed by SDS-PAGE western blot with anti-FLAG (M2), anti-DCP1a 

(Bethyl) and anti-DCP2 (Bethyl) antibodies. b) P-bodies visualized by fluorescence microscopy using 

EGFP-tagged EDC4 (green) and DAPI (blue) in clonal U2-OS cells stably expressing pTRIPZ RFP-

coupled shEDC4 and reconstituted with either wildtype EGFP-tagged EDC4 or EGFP-tagged EDC4 

phospho-deficient Ser107/405/583/855Ala mutant (SA). Cells were pre-treated with doxycycline to 

deplete endogenous EDC4 prior to irradiation.   
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3.5 mRNA stability is regulated via an IKK/EDC4 axis 

3.5.1 DNA damage stabilizes IL-8 mRNA 
The enzyme complexes in P-bodies have been described to serve a dual function: 5’-3’ 

degradation of mRNA by the decapping/Xrn1 pathway as well as storage of translationally 

silenced mRNAs [301]. IL-8 mRNA is one of the first transcripts that had been shown to be 

regulated by P-bodies in a stimulus-dependent manner [17]. IKK signalling led to alterations 

of EDC4 interactions, which resulted in remodelling of P-body expression/composition 

(3.4.6). To analyse the impact of IKK/EDC4 signalling on target mRNA regulation, changes in 

IL-8 mRNA stability in response to stimulus were assessed. Transcription was blocked with 

actinomycin D, and changes in mRNA expression were measured over time by quantitative 

RT-PCR. Basal mRNA stability was determined in unstimulated U2-OS cells and in cells that 

were irradiated. The stability of the IL-8 mRNA transcript increased in response to IR 

compared to baseline stability (Figure 2.13a). In unstimulated cells, expression of IL-8 mRNA 

decreased to approximately 20 % 120 minutes after actinomycin D treatment. In cells where 

actinomycin was added 60 minutes after irradiation, IL-8 mRNA expression showed only a 

slight reduction to about 90 % 120 minutes after application of actinomycin D. IL-8 is an IR-

induced NF-κB target gene ([302], D. Heinze). To rule out transcriptional effects, the 

contribution of mature versus nascent mRNA molecules to the target mRNA pool in 

actinomycin D treated samples were assessed by comparison of exon-exon spanning versus 

exon-intron RT-PCR primers for IL-8. Introns are present exclusively in pre-mRNA and 

therefore reflect transcriptional activity. Furthermore, these experiments ensured inhibition of 

transcription by actinomycin D (Figure 2.13b). Reverse transcription in the absence of the 

reverse transcriptase allowed to assess contribution of contamination with genomic DNA to 

the RT PCR signal (Figure 2.13b). Treatment of unstimulated cells with actinomycin D led to 

a drop in mature IL-8 mRNA expression to 10 %. In irradiated cells, however, IL-8 mRNA 

was stabilized to a residual expression of 50% (Figure 2.13b, left panel). Analysis with exon-

intron primers did not give a signal for actinomycin D-treated samples (Figure 2.13b, right 

panel), clearly showing that increased mRNA levels in actinomycin-treated samples after 

irradiation result from increased stability of pre-existing IL-8 mRNA transcripts and not 

incomplete inhibition of transcription. Reverse transcription in absence of the reverse 

transcriptase did not generate a signal with the exon-exon or the exon-intron primers, 

showing that the samples were free of genomic contamination. DNA damage-induced 

stabilization of IL-8 mRNA was confirmed in primary BJ cells (Figure 2.13b), in HepG2 cells 

(Figure 2.13c) and in HeLa cells (Figure 2.13d). 
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Figure 2.13 IL-8 mRNA is stabilized in response to DNA damage. a) Quantitative RT-PCR analysis 

of IL-8 (left panel) mRNA from U2-OS cells stimulated by IR, and after 30, 60 or 120 min treated with 

actinomycin D for 0, 30, 60 or 120 min (ActD; 10 mg/ml) to inhibit transcription. Relative normalized 

expression is calculated with reference to two controls (RPL13a and HPRT1) and untreated, 

unstimulated control is set to 1. Quantification is representative for independent experiments (n>3); ± 

s.d. Student’s t-test, *P < 0.001. Right panel: Residual mRNA expression after actinomycin D 

treatment given in percent of respective untreated sample. b) Quantitative RT-PCR analysis of IL-8 

exon-exon (mature mRNA) (left panel), IL-8 exon-intron (nascent pre-mRNA) (right panel) RNA from 

U2-OS cells stimulated by IR, and 60 min later treated with actinomycin D for 120 min (ActD; 10 

mg/ml) to inhibit transcription. Relative normalized expression is calculated with reference to two 

controls (Rpl13a and HPRT1) and untreated, unstimulated control is set to 1. cDNA was transcribed in 

presence of reverse transcriptase (+RT) or without addition of reverse transcriptase (-RT). 

Quantification is representative for independent experiments (n>3); ± s.d. Student’s t-test, *P < 0.001.  
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c) Quantitative RT-PCR analysis of IL-8 mRNA from primary BJ cells stimulated by IR (80 Gy), and 

after 60 min treated with actinomycin D for 120 min (ActD; 10 mg/ml). Relative normalized expression 

is calculated with reference to two controls (Rpl13a and HPRT1) and untreated, unstimulated control is 

set to 1. ± s.d. Student’s t-test, *P < 0.001. d) Quantitative RT-PCR analysis of IL-8 mRNA from 

HepG2 cells treated as in c) (IR = 40 Gy). ± s.d. Student’s t-test, *P < 0.001.   d) Quantitative RT-PCR 

analysis of IL-8 mRNA from HeLa cells treated as in c) (IR = 10 Gy). ± s.d. Student’s t-test, *P < 0.001.   

 

3.5.2 IL-8 mRNA is stabilized in an IKK-dependent manner 

To analyse whether the other IKK- activating stimuli shown to lead to P-body assembly 

(Figure 2.8), would also affect IL-8 mRNA stability, U2-OS cells were treated with TNFα, IL-

1β or H2O2 prior to actinomycin D. Again, all three stimuli led to an increase in IL-8 mRNA 

stability in comparison to unstimulated cells (Figure 2.14). While IL-8 mRNA expression 

decreased to approximately 25 % in unstimulated cells, treatment with TNFα led to 

stabilization to 50 - 60 % expression (Figure 2.14a). Similarly, treatment with hydrogen 

peroxide led to stabilization of IL-8 mRNA from approximately 10 % expression in 

unstimulated cells to 25 % expression in hydrogen peroxide-treated cells (Figure 2.14b). The 

strongest stabilization effect was observed with IL-1β treatment, where no degradation of IL-

8 mRNA could be observed over the analysed time points (Figure 2.14b). In summary, these 

data suggest a role of the IKK complex in stress-induced P-body formation and in regulation 

of mRNA stability in response to a wide range of stimuli. 
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Figure 2.14 Canonical and alternative IKK-activating stimuli lead to stabilization of IL-8 mRNA. 
a) Right panel: Bar chart of quantitative RT-PCR analysis of IL-8 mRNA from U2-OS cells stimulated 

for 30, 60 or 120 min with TNFα (10 ng/ml), and subsequently treated with actinomycin D for 0, 30, 60 

or 120 min (ActD; 10 mg/ml). Relative normalized expression is calculated relative to Rpl13a and 

HPRT1 as references and untreated, unstimulated control is set to 1. Quantification is representative 

for independent experiments (n>3); ± s.d. Student’s t-test, *P < 0.001. Left panel: Residual mRNA 

expression after actinomycin D treatment given as percent of respective untreated sample. b) Right 

panel: Bar chart of quantitative RT-PCR analysis of IL-8 mRNA from U2-OS cells stimulated with IL-1β 

(10 ng/ml), hydrogen peroxide (H2O2, 100 µM) or left unstimulated, and subsequently treated with 

actinomycin D for 30, 60 or 120 min (ActD; 10 mg/ml). Relative normalized expression is calculated 

relative to Rpl13a and HPRT1 as references and untreated, unstimulated control is set to 1. 

Quantification is representative for independent experiments (n>3); ± s.d. Student’s t-test, *P < 0.001. 

Left panel: Residual mRNA expression after actinomycin D treatment given as percent of respective 

untreated sample. 

 

3.5.3 IKKβ/γ regulate IL-8 mRNA stability 
To determine the contribution of IKK to the regulation of IL-8 mRNA stability, actinomycin D 

chase experiments were performed in monoclonal U2-OS cell lines bearing a doxycycline-

inducible shRNA directed against IKKβ or IKKγ. IKK-depleted and wildtype cells were left 

unstimulated or irradiated with 20 Gy. One hour after stimulation, cells were incubated with 

actinomycin D for additional two hours, followed by isolation of total RNA (Figure 2.15a). 

Basal stability was defined as the residual mRNA expression after actinomycin D treatment 

in unstimulated cells, while induced stability was defined as residual mRNA expression after 

actinomycin D treatment in stimulated cells (Figure 2.15a, right panel). Low basal 

transcription of IL-8 in the absence of stimulus was detected (Figure 2.15b and d). Stable 

depletion of IKKβ resulted in stimulus independent increase of IL-8 mRNA due to enhanced 

stability already at the basal level (Figure 2.15b). Knockdown of IKKγ reduced basal 

transcription of IL-8 mRNA, but simultaneously led to increased stability of the mRNA (Figure 

2.15d). Irradiation did not lead to further stabilization in either case. These findings argue for 

a role of the IKK complex in regulation of IL-8 mRNA stability already at the basal level. 

Furthermore, these observations might suggest a reversal in function of IKK in response to 

irradiation. 
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Figure 2.15 IKKβ and IKKγ regulate stability of IL-8 mRNA. a) Schematic diagram of actinomycin D 

chase experiments to determine stability of transcripts. Clonal U2-OS cells stably expressing either 

doxycycline-inducible shIKKβ, shIKKγ or shEDC4 were left untreated (wt) or treated with doxycycline 

to induce IKKβ, IKKγ or EDC4 depletion (IKKβsh, IKKγsh, EDC4sh). At 60 min post irradiation, cells were 

treated with ActD for 0 or for 120 min prior to harvest. qRT-PCR was used to determine IKK- and 

EDC4-dependent changes in basal and induced mRNA stability in IL-8. Basal stability is defined as the 

residual expression of mRNA after actinomycin D treatment in unstimulated cells and was calculated 

according to the following formula: basal stability = ut ActD/ ut. IKK or EDC4 dependence is assessed 

by comparing basal stability in knockdown cells versus wt cells (upper panel, right). Induced stability is 

defined as the residual expression of mRNA after actinomycin D treatment in irradiated cells, 
according to the formula: Induced stability = IR ActD/ IR. IKK or EDC4 dependence is assessed by 

comparing induced stability in knockdown cells versus wt cells (lower panel, right). b) Bar chart of 
quantitative RT-PCR of IL-8 (left panel) mRNA from clonal U2-OS cells stably expressing a 

doxycycline-inducible shIKKβ left untreated (black) or treated with doxycycline to induce IKKβ 

depletion (grey). Cells were irradiated and after 60 min treated with ActD for 0 or for 120 min prior to 

harvest. Quantification is representative for independent experiments (n>3); ± s.d. Student’s t-test, *P 

< 0.001. Right panel: Residual mRNA expression after actinomycin D treatment given as percent of 

respective untreated sample. c) Quantitative RT-PCR analysis of IKKβ mRNA from clonal U2-OS cells 
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stably expressing a doxycycline-inducible shIKKβ left untreated (black) or treated with doxycycline to 

induce IKKβ depletion (grey). Cells were irradiated and after 60 min treated with ActD for 0 or for 120 

min prior to harvest. d) Same as in b) with monoclonal U2-OS cells stably expressing a doxycycline-

inducible shIKKγ. Left panel: IL-8, right panel: IKKγ, as indicated.   

 

3.5.4 EDC4 regulates IL-8 mRNA stability, partially in conjunction 
with IKK 
To assess the contribution of EDC4 expression to the regulation of IL-8 mRNA stability, 

actinomycin D chase experiments were performed in monoclonal U2-OS cell lines bearing a 

doxycycline-inducible shRNA directed against EDC4. Similar to knockdown of IKKβ, 

depletion of EDC4 led to an increase in IL-8 mRNA stability already in unstimulated cells, 

which could not be further increased by irradiation (Figure 2.16a). This observation 

suggested a role of EDC4 in the suppression of IL-8 expression in unstimulated cells. Unlike 

the knockdown of IKKβ or IKKγ, depletion of EDC4 led to a several fold increase in basal 

expression level of IL-8. This difference might be explained by the upstream role of IKK in IL-

8 transcription. Knockdown of IKKβ or IKKγ does not only alter regulation at post-

transcriptional level, but also abrogates low basal transcription mediated by NF-κB, resulting 

in reduced transcription and enhanced stability of IL-8 simultaneously (Figure 2.15b and d). 

Loss of EDC4 on the other only affects the post-transcriptional regulation of IL-8, allowing for 

accumulation of the transcript in unstimulated cells (Figure 2.16a).  

Basal regulation of IL-8 mRNA, as described above, would depend on low level IKK kinase 

activity. To differentiate if expression of IKKβ and IKKγ was sufficient to influence the stability 

of IL-8 mRNA, or whether IKKβ activity was required, actinomycin D chase experiments were 

performed in cells pre-treated with IKK inhibitor or the solvent DMSO (Figure 2.16b). 

Inhibition of IKK kinase activity let to increased basal stability of IL-8 mRNA, which could not 

be further enhanced by irradiation, supporting the notion that basal activity of IKK plays a role 

in post-transcriptional regulation in unstimulated cells. 

To determine the role of phosphorylation of EDC4, EDC4-depleted cells were reconstituted 

with wildtype EDC4 (EDC4 wt) or the phospho-deficient EDC4 mutant (EDC4 SA) (Figure 

2.16c). Reconstitution with wildtype EDC4 but not EDC4 SA rescued the inducible 

stabilization of IL-8 mRNA in response to irradiation. Expression and stability of IL-8 mRNA 

in cells expressing the EDC4 SA mutant resembled that of EDC4- and IKKβ-depleted cells. 

These results indicate that that EDC4 suppresses expression of IL-8 in unstimulated cells, as 

observed for IKK (Figure 2.15).  
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To further confirm that IL-8 stability was regulated by the decapping machinery, we knocked 

down P-body exoribonuclease Xrn1 (Figure 2.16d). As expected, this led to stabilization of 

IL-8 mRNA, confirming that both the IKK complex and P-body components negatively 

regulate IL-8 stability at the basal level, i.e. in unstimulated cells. Taken together, these data 

indicate that IKK regulates mRNA stability of IL-8 via phosphorylation of EDC4.  

 

 

Figure 2.16 EDC4 and IKK regulate stability of IL-8 mRNA in an epistatic manner. a) Bar chart of 

quantitative RT-PCR of IL-8 (left panel) mRNA from clonal U2-OS cells stably expressing a 

doxycycline-inducible shEDC4 left untreated (black) or treated with doxycycline to induce EDC4 

depletion (grey). Cells were irradiated and after 60 min treated with ActD for 0 or for 120 min prior to 

harvest. Quantification is representative for independent experiments (n>3); ± s.d. Student’s t-test, *P 

< 0.001. Right panel: Residual mRNA expression after actinomycin D treatment given as percent of 

respective untreated sample. Bottom panel: Quantitative RT-PCR analysis of EDC4 mRNA from clonal 

U2-OS cells stably expressing a doxycycline-inducible shEDC4 left untreated (black) or treated with 

doxycycline to induce EDC4 depletion (grey). Cells were irradiated and after 60 min treated with ActD 

for 0 or for 120 min prior to harvest. b) Bar chart of quantitative RT-PCR analysis of IL-8 mRNA from 

U2-OS cells pre-treated with IKK inhibitor or DMSO for 2 hours, and stimulated by IR (20 Gy), followed 

after 60 min by treatment with actinomycin D for 120 min (ActD; 10 mg/ml). Relative normalized 

expression is calculated as above. ± s.d. Student’s t-test, *P < 0.001. c) Quantitative RT-PCR of IL-8 
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mRNA from EDC4 knockdown cells (as in a)) reconstituted with shRNA-resistant wildtype EDC4 or 

phosphorylation-deficient EDC4 mutant (SA). d) Bar chart of quantitative RT-PCR analysis of IKKγ 

(left panel), EDC4 (second to left panel), Xrn1 (second to right panel), and IL-8 (right panel) mRNA 

from U2-OS cells transfected with siRNA against IKKγ, EDC4, Xrn1, or control siRNA (scr) and 

stimulated by IR (20 Gy), followed after 60 min by treatment with actinomycin D for 120 min (ActD; 10 

mg/ml). Relative normalized expression is calculated as above.  

 

3.6 IKK/EDC4 regulate scores of mRNAs at the post-
transcriptional level 
To identify the full range of transcripts posttranscriptionally regulated by IKK or EDC4 in 

response to DNA damage, we performed actinomycin D chase in wildtype, EDC4- and IKK-

depleted cells followed by RNA-seq (Figure 2.17). In total, RNA stability of 2475 and 2328 

transcripts was regulated in IKK-dependent or EDC4-dependent manner, respectively 

(Figure 2.17, left panel). Notably, 516 transcripts showed epistatic regulation (Figure 2.17, 

left panel, bottom). Overall, analysis of the global effects of IKK and EDC4 on mRNA stability 

revealed a complex picture. In unstimulated cells, 99 mRNAs were destabilized via the 

IKK/EDC4 axis, including IL-8. At the same time, stabilization of 169 transcripts depended on 

this axis (Figure 2.17, middle panel). While regulation of additional targets by EDC4 

independently of the IKK complex was expected, the large number of transcripts already 

regulated at the basal level by IKK (464 mRNAs destabilized/843 stabilized) was a surprising 

finding. Like basal control of EDC4 by IKK, the regulation of these transcripts might be 

mediated by basal activity of the IKK complex and low level phosphorylation of RBPs acting 

independently of EDC4 and P-bodies. The complexity of IKK-mediated regulation on the 

post-transcriptional level increases further upon stimulation, revealing large numbers of 

stimulus-induced targets (Figure 2.17, right panel).  
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Figure 2.17 EDC4 and IKK regulate basal and DNA damage-induced stability of multiple 
transcripts. Schematic diagram of RNA-seq results. Samples treated as in figure 2.15a. Change in 

expression calculated as in figure 2.15a.  Number of destabilized or stabilized transcripts under each 

condition is shown in red or green, respectively. Transcripts regulated by IKK and RBPs, indicate 

those that were not also regulated by EDC4 (left rectangle).  Transcripts regulated by IKK and EDC4 

are shown under the middle EDC4 rectangle.  Transcripts regulated by EDC4 alone, presented under 

the right EDC4 rectangle.  Right panel: regulation presented as in the left panel.  Yellow insert: Total 

number of mRNAs regulated (positively or negatively) via EDC4 or IKK, and those regulated in an 

epistatic manner by EDC4 and IKK. Total numbers include transcripts from both basal state and from 

irradiated cells. RNA-seq was performed by Wei Sun, data processing by Bora Uyar.  

 

GO Term analysis of transcripts epistatically regulated by IKK and EDC4 in unstimulated and 

irradiated cells (Table 2.1), revealed joint function of EDC4 and IKK in the destabilization of 

mRNAs associated with “regulation of cell proliferation”, “epithelium development”, “tube 

morphogenesis” and other differentiation and development associated terms (discussion see 

4.5).  

ENSEMBL_Gene_ID Gene Symbol basal stability induced stability 
ENSG00000002726 AOC1   + 
ENSG00000004468 CD38   - 
ENSG00000005020 SKAP2 -   
ENSG00000005102 MEOX1   - 
ENSG00000007174 DNAH9 -   
ENSG00000013297 CLDN11 +   
ENSG00000015133 CCDC88C + - 
ENSG00000027644 INSRR -   
ENSG00000038427 VCAN -   
ENSG00000041988 THAP3   + 
ENSG00000050628 PTGER3   - 
ENSG00000053438 NNAT   - 
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ENSG00000054598 FOXC1   + 
ENSG00000054938 CHRDL2   + 
ENSG00000057468 MSH4   - 
ENSG00000061455 PRDM6 +   
ENSG00000064205 WISP2 +   
ENSG00000066405 CLDN18   + 
ENSG00000070031 SCT -   
ENSG00000071203 MS4A12 +   
ENSG00000072952 MRVI1 +   
ENSG00000075673 ATP12A +   
ENSG00000077327 SPAG6   - 
ENSG00000077935 SMC1B -   
ENSG00000078579 FGF20   - 
ENSG00000081059 TCF7 -   
ENSG00000081853 PCDHGA2   - 
ENSG00000081985 IL12RB2   + 
ENSG00000082684 SEMA5B   + 
ENSG00000086159 AQP6   + 
ENSG00000087074 PPP1R15A   + 
ENSG00000088002 SULT2B1   - 
ENSG00000089169 RPH3A +   
ENSG00000091536 MYO15A -   
ENSG00000095739 BAMBI + + 
ENSG00000099840 IZUMO4   - 
ENSG00000099860 GADD45B   + 
ENSG00000099953 MMP11   - 
ENSG00000099960 SLC7A4 -   
ENSG00000100033 PRODH   - 
ENSG00000100078 PLA2G3 -   
ENSG00000100739 BDKRB1   + 
ENSG00000100884 CPNE6   - 
ENSG00000101188 NTSR1 -   
ENSG00000101440 ASIP -   
ENSG00000102195 GPR50   - 
ENSG00000102802 MEDAG   - 
ENSG00000104237 RP1   - 
ENSG00000104327 CALB1   - 
ENSG00000104848 KCNA7   - 
ENSG00000105967 TFEC +   
ENSG00000106236 NPTX2 -   
ENSG00000106484 MEST   + 
ENSG00000107859 PITX3   + 
ENSG00000108244 KRT23   - 
ENSG00000108381 ASPA   - 
ENSG00000108688 CCL7 -   
ENSG00000108950 FAM20A   - 
ENSG00000109047 RCVRN - - 
ENSG00000109163 GNRHR   - 
ENSG00000109991 P2RX3   - 
ENSG00000110665 C11orf21   - 
ENSG00000111783 RFX4   - 
ENSG00000112195 TREML2 +   
ENSG00000113763 UNC5A -   
ENSG00000113924 HGD   - 
ENSG00000113946 CLDN16 -   
ENSG00000114737 CISH   + 
ENSG00000115112 TFCP2L1 +   
ENSG00000115263 GCG +   
ENSG00000115607 IL18RAP   + 
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ENSG00000115738 ID2 + + 
ENSG00000115963 RND3 + + 
ENSG00000116039 ATP6V1B1 -   
ENSG00000116721   -   
ENSG00000116771 AGMAT -   
ENSG00000116991 SIPA1L2 +   
ENSG00000117152 RGS4 +   
ENSG00000117600 PLPPR4 -   
ENSG00000117601 SERPINC1 +   
ENSG00000117983 MUC5B -   
ENSG00000118004 COLEC11   - 
ENSG00000118137 APOA1   - 
ENSG00000118515 SGK1 + + 
ENSG00000118733 OLFM3 -   
ENSG00000119614 VSX2   - 
ENSG00000119922 IFIT2   - 
ENSG00000120057 SFRP5 -   
ENSG00000121270 ABCC11   - 
ENSG00000121310 ECHDC2   + 
ENSG00000121905 HPCA   + 
ENSG00000122548 KIAA0087   - 
ENSG00000123500 COL10A1   - 
ENSG00000123999 INHA   + 
ENSG00000124091 GCNT7   - 
ENSG00000124232 RBPJL   - 
ENSG00000124343     - 
ENSG00000124749 COL21A1 +   
ENSG00000125207 PIWIL1   - 
ENSG00000125337 KIF25 -   
ENSG00000125378 BMP4 +   
ENSG00000125398 SOX9 + + 
ENSG00000125780 TGM3 +   
ENSG00000125850 OVOL2 -   
ENSG00000126368 NR1D1   + 
ENSG00000126803 HSPA2   + 
ENSG00000126950 TMEM35   - 
ENSG00000128045 RASL11B   + 
ENSG00000128052 KDR +   
ENSG00000128218 VPREB3 -   
ENSG00000128594 LRRC4 +   
ENSG00000128714 HOXD13   - 
ENSG00000128917 DLL4   - 
ENSG00000128965 CHAC1 + + 
ENSG00000129048 ACKR4 -   
ENSG00000129514 FOXA1 -   
ENSG00000129951 PLPPR3   - 
ENSG00000129991 TNNI3   + 
ENSG00000130164 LDLR   + 
ENSG00000130518 KIAA1683   - 
ENSG00000130988 RGN   + 
ENSG00000131097 HIGD1B   + 
ENSG00000131233 GJA9   + 
ENSG00000132141 CCT6B   - 
ENSG00000132437 DDC -   
ENSG00000132854 KANK4 - - 
ENSG00000132958 TPTE2   - 
ENSG00000133561 GIMAP6   + 
ENSG00000134215 VAV3 - - 
ENSG00000134258 VTCN1   - 
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ENSG00000134259 NGF   + 
ENSG00000134323 MYCN +   
ENSG00000134508 CABLES1 +   
ENSG00000134539 KLRD1 +   
ENSG00000134551 PRH2   - 
ENSG00000134709 HOOK1   + 
ENSG00000134864 GGACT -   
ENSG00000135094 SDS   - 
ENSG00000135914 HTR2B   - 
ENSG00000136297 MMD2   - 
ENSG00000136546 SCN7A   + 
ENSG00000136688 IL36G + - 
ENSG00000136750 GAD2 - - 
ENSG00000136997 MYC   + 
ENSG00000137078 SIT1 -   
ENSG00000137331 IER3   + 
ENSG00000137673 MMP7 +   
ENSG00000137747 TMPRSS13   - 
ENSG00000138061 CYP1B1 -   
ENSG00000138379 MSTN   - 
ENSG00000139219 COL2A1   + 
ENSG00000139567 ACVRL1   - 
ENSG00000139767 SRRM4 -   
ENSG00000140030 GPR65 +   
ENSG00000140254 DUOXA1 - + 
ENSG00000141582 CBX4 + + 
ENSG00000142319 SLC6A3 -   
ENSG00000142513 ACPT -   
ENSG00000142611 PRDM16   - 
ENSG00000143001 TMEM61   + 
ENSG00000143226     - 
ENSG00000143365 RORC   - 
ENSG00000143632 ACTA1   + 
ENSG00000144355 DLX1 -   
ENSG00000144550 CPNE9   - 
ENSG00000145700 ANKRD31   - 
ENSG00000145945 FAM50B -   
ENSG00000145949 MYLK4   - 
ENSG00000145965     - 
ENSG00000146192 FGD2   - 
ENSG00000146221 TCTE1   + 
ENSG00000146477 SLC22A3 +   
ENSG00000146904 EPHA1   + 
ENSG00000147689 FAM83A   - 
ENSG00000147697 GSDMC +   
ENSG00000148482 SLC39A12 -   
ENSG00000148735 PLEKHS1   + 
ENSG00000148795 CYP17A1   - 
ENSG00000149124 GLYAT - + 
ENSG00000149295 DRD2   + 
ENSG00000149527 PLCH2 +   
ENSG00000150594 ADRA2A -   
ENSG00000150656 CNDP1 -   
ENSG00000150687 PRSS23   - 
ENSG00000150783 TEX12   - 
ENSG00000150991 UBC + + 
ENSG00000152518 ZFP36L2 + + 
ENSG00000153060 TEKT5 -   
ENSG00000153292 ADGRF1 -   
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ENSG00000153446 C16orf89 -   
ENSG00000153820 SPHKAP - - 
ENSG00000153976 HS3ST3A1   - 
ENSG00000154025 SLC5A10 -   
ENSG00000154252 GAL3ST2 -   
ENSG00000154451 GBP5   - 
ENSG00000154493 C10orf90 +   
ENSG00000155052 CNTNAP5 -   
ENSG00000155090 KLF10   + 
ENSG00000155918 RAET1L   + 
ENSG00000156006 NAT2   + 
ENSG00000156206 CFAP161   - 
ENSG00000156219 ART3   - 
ENSG00000156427 FGF18   + 
ENSG00000157856 DRC1 +   
ENSG00000158050 DUSP2   + 
ENSG00000158516 CPA2   - 
ENSG00000158578 ALAS2   - 
ENSG00000159173 TNNI1 -   
ENSG00000159197 KCNE2   - 
ENSG00000159374 M1AP   - 
ENSG00000159713 TPPP3 -   
ENSG00000160013 PTGIR - + 
ENSG00000160868 CYP3A4   - 
ENSG00000160883 HK3 -   
ENSG00000160951 PTGER1 -   
ENSG00000161570   +   
ENSG00000161594 KLHL10   - 
ENSG00000161940 BCL6B   - 
ENSG00000162078 ZG16B   + 
ENSG00000162391 FAM151A   + 
ENSG00000162783 IER5   + 
ENSG00000162882 HAAO   + 
ENSG00000162913 C1orf145 +   
ENSG00000163395 IGFN1 +   
ENSG00000163518 FCRL4 -   
ENSG00000163581 SLC2A2 -   
ENSG00000163632 C3orf49 -   
ENSG00000163817 SLC6A20   - 
ENSG00000163885 CFAP100 -   
ENSG00000164078 MST1R -   
ENSG00000164185 ZNF474 +   
ENSG00000164400 CSF2   + 
ENSG00000164442 CITED2   + 
ENSG00000164530 PI16   + 
ENSG00000164556 FAM183BP -   
ENSG00000164591 MYOZ3 -   
ENSG00000164743 C8orf48 + + 
ENSG00000165030 NFIL3 +   
ENSG00000165061 ZMAT4 +   
ENSG00000165164 CFAP47 +   
ENSG00000165182 CXorf58   - 
ENSG00000165194 PCDH19   - 
ENSG00000165509 MAGEC3 +   
ENSG00000165655 ZNF503 + + 
ENSG00000165799 RNASE7 +   
ENSG00000166145 SPINT1 -   
ENSG00000166159 LRTM2 +   
ENSG00000166748 AGBL1   + 
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ENSG00000166920 C15orf48 +   
ENSG00000167580 AQP2 -   
ENSG00000167642 SPINT2 -   
ENSG00000167858 TEKT1   - 
ENSG00000167880 EVPL   - 
ENSG00000167945 PRR25   - 
ENSG00000168135 KCNJ4 +   
ENSG00000168298 HIST1H1E   - 
ENSG00000168329 CX3CR1 -   
ENSG00000168334 XIRP1 +   
ENSG00000168421 RHOH -   
ENSG00000168539 CHRM1   - 
ENSG00000168546 GFRA2   - 
ENSG00000168621 GDNF   - 
ENSG00000168631 DPCR1   - 
ENSG00000168743 NPNT -   
ENSG00000169035 KLK7 -   
ENSG00000169122 FAM110B +   
ENSG00000169181 GSG1L -   
ENSG00000169248 CXCL11 -   
ENSG00000169393 ELSPBP1 -   
ENSG00000169429 CXCL8 +   
ENSG00000169554 ZEB2 +   
ENSG00000169618   -   
ENSG00000169752 NRG4   - 
ENSG00000170209 ANKK1   + 
ENSG00000170262 MRAP +   
ENSG00000170289 CNGB3   - 
ENSG00000170324 FRMPD2 -   
ENSG00000170373 CST1   - 
ENSG00000170419 VSTM2A   + 
ENSG00000170426 SDR9C7   - 
ENSG00000170477 KRT4   - 
ENSG00000170482 SLC23A1   - 
ENSG00000170950 PGK2   - 
ENSG00000171049 FPR2   - 
ENSG00000171124 FUT3 +   
ENSG00000171223 JUNB   + 
ENSG00000171345 KRT19   - 
ENSG00000171757 LRRC34 -   
ENSG00000171819 ANGPTL7   - 
ENSG00000171847 FAM90A1   - 
ENSG00000172216 CEBPB   + 
ENSG00000172232 AZU1 -   
ENSG00000172247 C1QTNF4 -   
ENSG00000172318 B3GALT1   + 
ENSG00000172458 IL17D   - 
ENSG00000172716 SLFN11   - 
ENSG00000172717 FAM71D -   
ENSG00000173110 HSPA6   + 
ENSG00000173540 GMPPB   - 
ENSG00000173809 TDRD12   - 
ENSG00000173825 TIGD3 + + 
ENSG00000173890 GPR160   + 
ENSG00000174016 FAM46D - - 
ENSG00000174332 GLIS1 -   
ENSG00000174473 GALNTL6   + 
ENSG00000174521 TTC9B   + 
ENSG00000174776 WDR49   - 
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ENSG00000174844 DNAH12 +   
ENSG00000175229 GAL3ST3   - 
ENSG00000175426 PCSK1 -   
ENSG00000175746   -   
ENSG00000175906 ARL4D +   
ENSG00000176040 TMPRSS7 -   
ENSG00000176236     + 
ENSG00000176294 OR4N2   + 
ENSG00000176485 PLA2G16 +   
ENSG00000176788 BASP1 +   
ENSG00000177212 OR2T33 -   
ENSG00000177294 FBXO39   - 
ENSG00000177398 UMODL1 - - 
ENSG00000177483 RBM44   - 
ENSG00000177688 SUMO4   + 
ENSG00000178021 TSPYL6 +   
ENSG00000178055 PRSS42   + 
ENSG00000178257 PRM3 -   
ENSG00000178562 CD28 -   
ENSG00000178597 PSAPL1 -   
ENSG00000178772 CPN2   - 
ENSG00000178860 MSC - - 
ENSG00000178997 EXD1 +   
ENSG00000179044 EXOC3L1   - 
ENSG00000179097 HTR1F   - 
ENSG00000179165 PXT1 -   
ENSG00000179564 LSMEM2   + 
ENSG00000179580 RNF151 -   
ENSG00000179774 ATOH7   - 
ENSG00000179776 CDH5 -   
ENSG00000180638 SLC47A2   - 
ENSG00000180660 MAB21L1 +   
ENSG00000180861 LINC01559   + 
ENSG00000180919 OR56B4 -   
ENSG00000182053 TRIM49B -   
ENSG00000182218 HHIPL1 +   
ENSG00000182329 KIAA2012 -   
ENSG00000182583 VCX -   
ENSG00000182585 EPGN -   
ENSG00000182810 DDX28   + 
ENSG00000182851     - 
ENSG00000182950 ODF3L1 -   
ENSG00000183246 RIMBP3C -   
ENSG00000183560 IZUMO1R   + 
ENSG00000183562   +   
ENSG00000183625 CCR3 + + 
ENSG00000183783 KCTD8   + 
ENSG00000183977 PP2D1   - 
ENSG00000184012 TMPRSS2 -   
ENSG00000184040   -   
ENSG00000184108 TRIML1 -   
ENSG00000184206 GOLGA6L4   - 
ENSG00000184224 C11orf72   - 
ENSG00000184374 COLEC10 -   
ENSG00000184524 CEND1   - 
ENSG00000184564 SLITRK6   - 
ENSG00000184697 CLDN6   - 
ENSG00000184881 OR51B2   - 
ENSG00000184925 LCN12 -   
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ENSG00000184954 OR6C70   - 
ENSG00000185038 MROH2A - + 
ENSG00000185055 EFCAB10   - 
ENSG00000185198 PRSS57   - 
ENSG00000185507 IRF7 -   
ENSG00000185681 MORN5   - 
ENSG00000185924 RTN4RL1 -   
ENSG00000186288 PABPC1L2A -   
ENSG00000186407 CD300E -   
ENSG00000186710 CFAP73   - 
ENSG00000186765 FSCN2   + 
ENSG00000186818 LILRB4   - 
ENSG00000186891 TNFRSF18   + 
ENSG00000186912 P2RY4   - 
ENSG00000187010 RHD -   
ENSG00000187021 PNLIPRP1   - 
ENSG00000187066 TMEM262   - 
ENSG00000187135 VSTM2B -   
ENSG00000187699 C2orf88 +   
ENSG00000187758 ADH1A -   
ENSG00000187902 SHISA7   - 
ENSG00000187942 LDLRAD2 -   
ENSG00000188508 KRTDAP -   
ENSG00000188649 CC2D2B - - 
ENSG00000188730 VWC2 -   
ENSG00000188770 OPTC -   
ENSG00000188816 HMX2   + 
ENSG00000188921 HACD4   - 
ENSG00000188959 C9orf152   + 
ENSG00000189139 FSCB   - 
ENSG00000196176   +   
ENSG00000196366   -   
ENSG00000196374     - 
ENSG00000196431 CRYBA4   - 
ENSG00000196482 ESRRG +   
ENSG00000196622     + 
ENSG00000196666 FAM180B -   
ENSG00000196834 POTEI - + 
ENSG00000196844 PATE2 -   
ENSG00000196934   -   
ENSG00000196966     - 
ENSG00000196987   +   
ENSG00000197181 PIWIL2   - 
ENSG00000197238 HIST1H4J -   
ENSG00000197273 GUCA2A -   
ENSG00000197584 KCNMB2 + + 
ENSG00000197846   -   
ENSG00000198010 DLGAP2 +   
ENSG00000198216 CACNA1E -   
ENSG00000198355 PIM3   + 
ENSG00000198435 NRARP -   
ENSG00000198750   -   
ENSG00000198754 OXCT2   + 
ENSG00000198797 BRINP2   - 
ENSG00000198798 MAGEB3 +   
ENSG00000198842 DUSP27   - 
ENSG00000203301   -   
ENSG00000203697 CAPN8 -   
ENSG00000203737 GPR52   - 
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ENSG00000203859 HSD3B2   - 
ENSG00000203883 SOX18   + 
ENSG00000203952 CCDC160   + 
ENSG00000204038     - 
ENSG00000204175 GPRIN2   - 
ENSG00000204385 SLC44A4 -   
ENSG00000204397 CARD16 -   
ENSG00000204475 NCR3 -   
ENSG00000204532     + 
ENSG00000204533     - 
ENSG00000204632 HLA-G -   
ENSG00000204950 LRRC10B -   
ENSG00000204961 PCDHA9   - 
ENSG00000205081   +   
ENSG00000205085 FAM71F2   - 
ENSG00000205108 FAM205A   - 
ENSG00000205129 C4orf47   - 
ENSG00000205238 SPDYE2 +   
ENSG00000205549 C9orf92 +   
ENSG00000205693 MANSC4 - - 
ENSG00000205856 C22orf42 -   
ENSG00000214510 SPINK13   - 
ENSG00000214562 NUTM2D +   
ENSG00000214708   +   
ENSG00000214787 MS4A4E -   
ENSG00000215014   -   
ENSG00000215568 GAB4 - + 
ENSG00000215912 TTC34 -   
ENSG00000217442 SYCE3   - 

ENSG00000218357 
LL22NC03-
75H12.2 -   

ENSG00000218416 PP14571 -   
ENSG00000221946 FXYD7 -   
ENSG00000221953     + 
ENSG00000224130     - 
ENSG00000224474   -   
ENSG00000225899 FRG2B   - 
ENSG00000226742 HSBP1L1 +   
ENSG00000227059 ANHX +   
ENSG00000227507 LTB   - 
ENSG00000227782     - 
ENSG00000228120   -   
ENSG00000230510 PPP5D1   + 
ENSG00000231738 TSPAN19   - 
ENSG00000231997   -   
ENSG00000234237     - 
ENSG00000234469 CLDN34   + 
ENSG00000235098 ANKRD65   - 
ENSG00000235568 NFAM1   - 
ENSG00000235631 RNF148 -   
ENSG00000236311 TLX1NB -   
ENSG00000239332 LINC01119 -   
ENSG00000239474 KLHL41 +   
ENSG00000239605 C2orf61 +   
ENSG00000239732 TLR9   - 
ENSG00000240764 PCDHGC5   - 
ENSG00000242419 PCDHGC4 -   
ENSG00000244476 ERVFRD-1 -   
ENSG00000248099 INSL3 -   
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ENSG00000249109     - 
ENSG00000249679   -   
ENSG00000251606   -   
ENSG00000253276 CCDC71L +   
ENSG00000253309 SERPINE3 + - 
ENSG00000253379     - 
ENSG00000253873 PCDHGA11   - 
ENSG00000254997 KRTAP5-9 +   
ENSG00000255046   +   
ENSG00000255398 HCAR3 +   
ENSG00000255974 CYP2A6 -   
ENSG00000256515     - 
ENSG00000256530   -   
ENSG00000256715     + 
ENSG00000257242 LINC01619 +   
ENSG00000257594 GALNT4 -   
ENSG00000258572     - 
ENSG00000258643 BCL2L2-PABPN1 +   
ENSG00000258708 SLC25A21-AS1 +   
ENSG00000258792 LOC105370616   - 
ENSG00000259224 SLC35G6   - 
ENSG00000259649   +   
ENSG00000260240   +   
ENSG00000263264   +   
ENSG00000265629     - 
ENSG00000267140     + 
ENSG00000267561   -   
ENSG00000267710     - 
ENSG00000267882 LOC100131496 -   
ENSG00000267908   - - 
ENSG00000268172     - 
ENSG00000268265     + 
ENSG00000268358   -   
ENSG00000268402   +   
ENSG00000268457     - 
ENSG00000268656     - 
ENSG00000268838   -   
ENSG00000268856     - 
ENSG00000268953   -   
ENSG00000269028 MTRNR2L2   - 
ENSG00000269155     - 
ENSG00000269337     + 
ENSG00000269559     - 
ENSG00000269783     - 
ENSG00000269846   -   
ENSG00000272636 DOC2B -   

Table 2.1 IKK and EDC4 co-regulate a subset of targets in an epistatic manner. Summary of IKK- 

and EDC4-regulated target groups that show epistatic regulation in unstimulated or irradiated cells. 

Stabilization upon loss of IKKβ and EDC4 (+); Destabilization upon loss of IKKβ and EDC4 (-). 

 

Similarly, transcripts stabilized via the IKK/EDC4 axis in unstimulated cells encompass terms 

such as “response to wounding”, “response to axon injury” and “chemotaxis” (discussed in 

4.5). 
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Transcripts whose stability was increased in response to DNA damage via the IKK-EDC4 

axis were enriched for GO terms “response to wounding” and “cell adhesion”, but more 

surprisingly, terms associated with targets destabilized by IKK/EDC4 in response to IR 

included “anti-apoptosis” and “negative regulation of cell death” (also discussed in 4.4). 

 

 

Figure 2.18 GO term analysis for biological processes of targets epistatially regulated by IKK 
and EDC4. P-values as calculated by DAVID analysis are given as –log values, the cut-off for p-value 

was set at 0.05 (grey line). Diagrams show the top ten significant GO terms.  

 

As demonstrated in detail for IL-8 (Figure 2.15 and Figure 2.16), a large fraction of transcripts 

was already regulated at a basal level by EDC4 and IKK (Figure 2.17). This group contained 

numerous cytokines and chemokines. It was previously shown that mRNAs of cytokines are 
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enriched for AU rich elements in their 3’ UTRs [4]. AREs are known to regulate RNA stability 

in both positive and negative manner [10-13] (discussed in 1.3.2 and 4.4). To determine 

whether AREs in the 3’ UTR would be overrepresented in the abovementioned groups of 

transcripts, we analysed the occurrence of the annotated ARE motifs, using 1000 randomly 

selected 3’ UTRs as control (Figure 2.19). We found that transcripts were destabilized by IKK 

and EDC4 at basal level showed a significant enrichment for AREs.  Many of these targets 

were cytokines and chemokines including IL-1α, IL-8, IL-15 and IL-17D. Of the ARE-rich 

transcripts whose basal stability was negatively regulated, 138 were co-

regulated/destabilized by both IKK and EDC4. We did not detect enrichment of AREs in 

transcripts stabilized or destabilized by EDC4- or IKK in response to stress. 

 

ARE motif 
EDC4sh basal 
stability up 

IKKsh basal 
stability up 

[AT][AT][AT][AT][AT]TTT[AT][AT][AT][AT][AT] 
 

0.014016998 
[AT][AT][AT][AT]TTT[AT][AT][AT][AT] 0.04153196   
[AT][AT][AT]TTT[AT][AT][AT] 

 
0.013523421 

[AT][AT]TTT[AT][AT] 
 

  
[AT]TT[ACGT]TT[AT] 

 
0.023217502 

[AT]TT[CG]TT[AT] 
 

  
[AT]TT[GT]TT[AT] 

 
  

[AT]TTT[AT] 
 

0.004106553 
A[AT]TAAA 9.63298E-06 1.05924E-05 
ATTTA 0.002650247 0.036945328 

Figure 2.19 The 3’UTRs of mRNAs destabilized by IKK and EDC4 in unstimulated cells are 
enriched for ARE motifs. AU-rich element (ARE) search and comparison was performed by Bora 

Uyar. Shown are the nine annotated ARE motifs (left column) and significant p-values in the two 

groups showing enrichment for ARE motifs. Cut-off was set at p-value < 0.005  

 

Although a subgroup of transcripts whose stability was increased via the IKK-EDC4 axis 

(those enriched for GO terms “response to wounding”, “immune response”, and “cell 

adhesion”) included numerous targets of NF-κB, about 80% of IKK-regulated transcripts are 

not known as NF-κB target genes. Therefore, post-transcriptional regulation via the 

IKK/EDC4 axis does not only precede transcription and functions in an NF-κB-independent 

manner, but it also outscores NF-κB-mediated transcription in response to DNA damage in 

terms of the number of regulated targets. 
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4 DISCUSSION 

 

4.1 Model of post-transcriptional regulation by IKK 
The IKK kinase complex is  a known regulator of transcription, mainly through the activation 

of NF-κB. Here, I presented evidence for an NF-κB-independent function of the IKK complex. 

IKK interacts with EDC4, a scaffold protein playing a pivotal role in mRNA regulation, and 

thus regulates numerous targets at the post-transcriptional level.    

 

 

Figure 3.1 Posttranscriptional gene regulation by IKK. Proposed model for IKK in the regulation of 

mRNA stability versus transcription. IKK phosphorylates inhibitor of NF-κB proteins (IκBs), prompting 

their degradation. Subsequently, NF-κB translocates to the nucleus where it promotes transcription of 

dozens of target genes. Concurrently, IKK interacts with and phosphorylates EDC4, leading to an 

increase in P-bodies. Recruited mRNAs are either degraded or stored in a translationally repressed 

state. This results in differential regulation of stability of hundreds of transcripts. In addition, IKK 

regulates various other RBPs contributing to the posttranscriptional regulation of mRNA levels. 
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Based on the presented study, the following model can be proposed: Upon activation of the 

IKK complex by TNFα, IL-1β, hydrogen peroxide or ionizing irradiation, IKK promptly 

phosphorylates EDC4. This modification precedes the activation of NF-κB and induction of 

transcription. Phosphorylation of EDC4 promotes the recruitment of other protein factors, 

including components of the decapping complex (DCP1a, DCP2), leading to the enhanced 

assembly of single mRNPs and later of microscopically detectable processing bodies. IKK-

mediated interaction of EDC4 with these other RBPs results in stimulus-dependent post-

transcriptional regulation of distinct groups of target mRNAs (see 3.6, 4.2, 4.3).  

In response to stress, specific mRNAs can accumulate in P-bodies, which correlatively 

increase in size and number [8, 250]. When conditions shift, these mRNAs can exit the P-

bodies and re-engage in translation [8, 267]. Moreover, in the late phase of IL-4 or TNFα 

signalling in human bronchial epithelial cells, a global decrease in mRNA turnover occurs, 

accompanied by increased translation and decreased P-body expression [303]. This 

observation raises the possibility that P-bodies might serve as a transient reservoir of 

translationally repressed mRNAs. Other studies show a correlation between the increase in 

P-body number and the stabilization of various mRNAs [278]. These observations can be 

reconciled when timing is taken into consideration.  Correlation between the increase in P-

body number and mRNA stability was primarily observed at early time points in response to 

stimulus. mRNAs engaged in translation are localized in polysomes and distributed 

throughout the cytoplasm. Upon stress, protein synthesis is globally repressed, accompanied 

by selective translation of mRNAs important for cell survival and stress response [304]. At 

early time points after stress, translationally repressed mRNAs recruit components of P-

bodies and assemble into a “translationally quiescent P-body mRNP” [278], which can 

subsequently aggregate into microscopically visible P-bodies. mRNA contained in this P-

body mRNP can either be decapped and degraded or stored for return to translation [6]. 

These newly formed P-bodies are likely to differ from those expressed in an unstimulated 

cell, not only in the mRNAs contained therein, but also in recruited RBPs and their post-

translational modifications. Pre-existing P-bodies might disassemble upon stress and release 

mRNAs which are repressed in the unstimulated cell, but which are required for the rapid 

response to stress and cell survival. The release from P-bodies might allow the mRNA to 

load translation initiation factors. Under conditions where translation stalls, the mRNPs 

accumulate into stress granules [278]. At later time points, when the stress is resolved, 

mRNAs stored in P-Bodies that were formed in response to stress are either degraded or re-

enter translation and P-bodies are allowed to disassemble. This hypothesis could reconcile 

the observed correlations between stabilization of mRNAs with an increase as well as with a 

decrease in P-body number. 
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Several aspects of the proposed model deserve special consideration, adding to the 

complexity of post-transcriptional regulation of gene expression. For one, other signalling 

pathways and RBPs are activated by the stimuli employed in this study. It is very likely that 

they contribute to the tailored regulation of mRNA transcripts depending on cellular context. 

Furthermore, IKK and EDC4 do not only affect mRNA stability in response to stimulus, but 

appear to control the half-life of distinct groups of mRNAs already at the basal level. While 

the observed increase in P-body number in response to stimulus is clearly dependent on 

IKK, its function is less clear. Whether assembly of single mRNPs into P-bodies serves 

additional functions in comparison to the single mRNPs by themselves is still a matter of 

debate. The groups of target mRNAs regulated either in an epistatic manner via the 

IKK/EDC4 axis or by IKK or EDC4 alone, reveal potential functions of post-transcriptional 

regulation and allow for speculation on the phenotype of organisms lacking the essential 

components of processing bodies.   

These aspects will be addressed in the context of post-translational regulation of RBPs (4.2), 

and of known mechanisms and functions of P-body assembly (4.3). Additionally, feedback 

regulation of the involved signalling cascades by post-transcriptional regulation will be 

discussed as it relates to the regulation of mRNA stability by IKK and EDC4 (4.4). Finally, the 

function of IKK, components of P-bodies, and the IKK/EDC4 axis in post-transcriptional 

regulation and their impact on biological processes will be put into context by discussion of 

different animal models (4.5).  

 

4.2 Novel Interaction partners of the IKK complex 
IKKγ is a central component in the activation of NF-κB in response to DNA damage. The 

sequential modification of IKKγ (SUMOylation – phosphorylation – monoubiquitination – 

linear ubiquitination) and its translocation from nucleus to cytoplasm are essential for the 

activation of NF-κB. Yet, understanding of proteins and mechanisms mediating modification 

and nuclear export of IKKγ remains fragmentary. To elucidate these processes and identify 

the proteins involved, co-immunoprecipitation of IKKγ was coupled with MS analysis (3.1). 

GO term analysis confirmed association of IKK binding proteins with DNA damage signalling, 

control of apoptosis or post-translational modification of proteins. Several of the proteins 

comprising these groups were already shown to be involved in NF-κB signalling and are 

likely to contribute to the signalling events shaping the NF-κB response following DNA 

damage. Furthermore, in addition to EDC4, various factors regulating different post-

transcriptional processes were identified as interaction partners of IKKγ in response to DNA 
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damage. Examples of IKKγ-interacting proteins involved in regulation of NF-κB or post-

transcriptional processes are given in table 4.1. 

Protein Function  Reference 

BIRC6 Enhancer of NF-κB activity [305] 
ALL1 Fused Gene From Chromosome 1q 
(AF1q) 

Enhancer of NF-κB activity [306] 

Grancalcin (GCA) Enhancer of NF-κB activity [307] 
AKT2 Enhancer of NF-κB activity; interacts with 

and increases activity of IKKα, thereby 
increasing production of p52 

[308] 

AIP Enhancer of NF-κB activity; interacts with 
CARMA1 and enhances formation of the 
CBM complex, promotes optimal IKK/NF-
κB signalling 

[309] 

Melanoma Differentiation-Associated 
Protein 9 (MDA9) 

Enhancer of NF-κB activity [310] 
Repressor of NF-κB activity; interacts with 
TRAF6 

[311] 

Tumor Susceptibility 101 (TSG101, 
TNIP2, ABIN2) 

Enhancer of NF-κB activity [312] 
Repressor of NF-κB activity [312] 

Methionyl Aminopeptidase 2 (METAP2, 
p67) 

Repressor of NF-κB activity [313] 

Cullin Associated And Neddylation 
Dissociated 1 (CAND1) 

Repressor of NF-κB activity [314] 

N-Myc Downstream Regulated 1 
(NDRG1, CAP43) 

Repressor of NF-κB activity [315] 

Rho-associated coiled-coil containing 
protein kinase 1 (ROCK1) 

Nuclear import of NF-κB [316] 

Importin 8 (IPO8) Nuclear import of NF-κB [317] 
E3 Component N-Recognin 5 (UBR5, 
EDD) 

Interaction with p100 Y. Tsunami 
Processing of p105 [318] 
Nuclear import [319] 

   
DIS3 3’-5’ decay, exosome component [320] 
GTPBP1 3’-5’ decay, exosome component [321] 
RNase Inhibitor 1 (RNH1) Inhibition of RNases [322, 323] 
Signal recognition particle 14 (SRP14) SG assembly; regulation of Alu mRNA [324] 
DEAD-box helicase 20 (DDX20) miRNA-mediated silencing [325] 

Repressor of NF-κB activity [325] 
PCBP1 P-body component, stabilizes target 

mRNAs 
[326] 

YWHAZ P-body component, alters morphology of 
P-bodies, inhibits miRNA-mediated 
silencing, and changes protein-protein 
interactions 

[326, 327] 

Table 4.1 Interaction partners of IKKγ involved in regulation of NF-κB or post-transcriptional 

processes 
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Like the classical IKK target IκBα, phosphorylation of these repressors of NF-κB activity 

might lead to their proteasomal degradation, releasing the break on NF-κB signalling.  

Common to all of these groups is the high number of proteins involved in the ubiquitin-

proteasome system. The importance of different ubiquitin species in the nuclear-cytoplasmic 

signalling pathway of NF-κB activation is well established. A number of ubiquitin ligases 

conferring modification with different ubiquitin species (TRAF6 – K63 [132], cIAP1 – 

monoubiquitination [132], LUBAC – linear ubiquitination [142] (see 1.2.3.2)) is known to be 

involved in this pathway, yet it seems that the scope of ubiquitination is not yet fully 

elucidated. K11- and K27 ubiquitin chains might play a role in non-degradative signalling 

processes, phosphorylation of E2 and E3 enzymes by IKK could regulate their specificity for 

certain targets and contribute to the IKK-mediated activation of NF-κB as well as link IKK 

signalling to yet other signalling pathways. 

In addition to the numerous NF-κB-associated proteins, various factors regulating different 

post-transcriptional processes were identified as interaction partners of IKKγ in response to 

DNA damage. These link the IKK complex to additional regulatory mechanisms on the post-

transcriptional level, suggesting a broad function of IKK in control of mRNA.  

While P-bodies increased in number in response to DNA damage (3.4.3), stress granules 

(SG) do not form. One of the IKKγ-interacting proteins might be involved in the suppression 

of SG assembly. SRP14 was shown to localize to stress granules in complex with SRP9 in 

response to arsenite. This localization depends on the ability of SRP14 to bind the 40S 

subunit of the ribosome. The SRP9/14 complex can also bind Alu RNA. The interaction with 

the 40S subunit and Alu RNA is mutually exclusive, and a model was suggested in which 

SRP9/SRP14 binding to 40S promotes SG assembly, whereas the increase in cytoplasmic 

Alu RNA following stress promotes disassembly of SGs by disengaging SRP9/14 from 40S 

[324]. This model provides a potential explanation why SGs are not detectable in response to 

DNA damage. Phosphorylation or ubiquitination of SRP14 shift binding of the SRP9/14 

complex from 40S to Alu mRNA.  

In addition to EDC4, several proteins associated directly or indirectly with P-bodies were 

identified as binding partners of IKKγ. One of these proteins is the DEAD-box helicase 20 

(DDX20). It has been indirectly linked to P-bodies by its involvement in miRNA-mediated 

silencing. Interestingly, it was also shown to indirectly suppress NF-κB activity via regulation 

of miRNA-140 [325]. This mechanism might provide another example of feedback regulation 

of NF-κB signalling via P-bodies (see 4.5). Although many proteins found in P-bodies are 

involved in the degradation of mRNA, some P-body components stabilize their target 

transcripts. One of these proteins is PCBP1 [326]. IKK associates with PCBP1, and this 
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interaction might lead to stabilization of mRNAs in P-bodies in response to DNA damage. 

This function would be consistent with the notion that P-bodies can serve as temporary sites 

of mRNP storage [6, 328]. Another example of P-body-associated proteins interacting with 

IKKγ is YWHAZ. This factor belongs to the 14-3-3 family of proteins, which bind to proteins 

containing phosphorylated serines and threonines [329]. Binding of 14-3-3 proteins to 

scaffold proteins in P-bodies alters morphology of P-bodies, inhibits miRNA-mediated 

silencing, and changes protein-protein interactions [326, 327]. Co-localization of these 

components of P-bodies with protein modification factors in IKKγ complexes – including 

members of the 14-3-3 protein family, E2/E3 ubiquitin enzymes and kinases – suggests that 

phosphorylation and ubiquitination may modulate the dynamics of P-body formation [326, 

330].  

 

4.3 Regulation of RNA binding proteins and mRNA stability 
in response to stress 
Classical depiction of stress responses were until recently believed to converge on activation 

of kinases and ending in altered gene expression driven by diverse transcription factors.  

Over the past couple of years many of the kinases were found to regulate stress responses 

on a post-transcriptional level. These include p38 mitogen activated protein kinase (p38 

MAPK), extracellular signal-regulated kinase (ERK), and Jun N-terminal kinase (JNK). All 

three of them were shown to be involved in post-transcriptional gene regulation, of which 

some examples were given in 1.3.3 [331-335]. Additionally, the DNA damage-induced kinase 

ATM was shown to play a role in post-transcriptional mRNA regulation [148, 336]. In a 

phospho-proteomic mass spectrometry screen for DNA damage-induced substrates of ATM, 

ATR and DNA-PK, the largest identified subset of substrates was proteins linked to post-

transcriptional regulation of gene expression [148, 336]. Similarly, a study of the DNA 

damage-induced phospho- and acetylation-proteome confirmed phosphorylation of protein 

groups associated with regulation of mRNA turnover. Interestingly, sequence motif analysis 

of phosphorylated proteins suggested that phosphorylation of MAP kinase substrates and of 

substrates of cyclin-dependent kinase is reduced after DNA damage [299]. Comparison of 

these datasets with the phospho-proteomic analysis of TNFα signalling suggests that both 

pathways share kinase substrates, including P-body component EDC4 [337]. In the latter 

study, phosphosites of EDC4 were compared between samples of cells stimulated with TNFα 

or pre-treated with an IKK inhibitor before TNFα. Surprisingly, the analysis revealed 

differential regulation of different phosphorylation events in EDC4 in response to TNF. While 

some sites showed an increase in phosphorylation of approximately 1.8 fold and over 50% 
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reduction in phosphorylation upon inhibition of IKKβ, others displayed reduced 

phosphorylation rates in response to TNF. Similarly, DCP1a seems to undergo 

dephosphorylation as result of TNF signalling [337]. In unstimulated cells, EDC4 and DCP1a 

are both hyperphosphorylated during mitosis, potentially by CDK1 and ERK [338-340]. 

Dephosphorylation of those sites in response to stimulus might allow to abrogate P-body 

activity as part of the cell cycle programme, and to rapidly switch to a function in the stress 

response, aided by phosphorylation of other sites by stress-activated kinases.  

Here, I show that the IKK kinase complex interacts with EDC4 endogenously in response to 

stimulus and that EDC4 is a bona fide substrate of IKKβ. The detected interaction between 

these proteins appeared weak, however that is likely due to the fact that these contacts are 

transient; EDC4 is a substrate of IKK, not a constitutive interaction partner like IKKα or IKKβ. 

As was shown for IκBα, recruitment of EDC4 to the kinase complex via interaction with IKKγ 

might ensure stimulus-specific phosphorylation by IKKβ [58]. Furthermore, many P-body 

components contain SLiM motifs (short linear motifs), sequences of 3 to 10 amino acids in 

length, which mediate transient low affinity interactions. Yet, these interactions can be highly 

specific and are easily modified by post-translational modifications, including phosphorylation 

[283]. Co-immunoprecipitation of endogenous DCP1a and DCP2 with EDC4 only revealed 

weak interaction between these proteins, other studies so far relied on overexpression of 

tagged constructs to analyse their interaction. The transient nature of these interactions 

would argue for a high level of regulation and allow for a great flexibility, making P-bodies 

excellent hubs for signal integration. As discussed above, several kinases were shown to 

modulate the activity of single RBPs, some of which are known to recruit their targets to P-

bodies, and of P-body components themselves. While ubiquitination was shown to play a 

role in degradation of P-body components (DCP2) as well as in the assembly of P-bodies 

(DCP1a), involvement of other post-translational modifications and corresponding enzymes 

in P-body formation would not be surprising.  Accordingly, a number of P-body components 

including PAT1, LSM1, LSM7 and EDC3 were shown to bind to the recombinant SUMO 

protein in a proteome-wide screen for SUMO binding partners [341]. 

Furthermore, decreased phosphorylation of some serines in EDC4 in response to TNF would 

argue for the involvement of phosphatases. Upregulation of phosphorylation by stress-

induced kinases and simultaneous removal of other phosphates that were added to EDC4 in 

unstimulated cells, likely during transition through the cell cycle, would additionally argue for 

a switch in function and/or target mRNAs as a result of altered interactions in response to 

TNF. This notion is further supported by the groups of target mRNAs regulated by EDC4 in 

unstimulated cells. Transcripts controlled by EDC4 showed significant enrichment for GO 

terms encompassing inflammation and immune response. It is feasible that EDC4 and the P-
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body machinery suppress cytokine mRNAs that are produced in low quantities by basal 

transcription. As part of the stress response, these targets are de-repressed upon DNA 

damage, resulting in increased stability. Although reports describing murine and human 

phenotypes arising from mutations or loss of the decapping components are lacking, one can 

speculate that mutations in the decapping machinery and specifically in EDC4 would 

contribute to inflammatory and autoimmune disorders, characterized by increased 

cytokine/chemokine production.  

 

 

4.4 Assembly and function of P-Bodies 

Protein factors involved in mRNA decay, translational repression and miRNA-mediated 

silencing can aggregate into cytoplasmic foci known as processing bodies (P-bodies) [301]. 

However, important points regarding these structures are currently not well understood: the 

functional significance of aggregation into larger order structures remains elusive, and 

signalling events inducing P-body formation other than those increasing the pool of 

untranslated mRNAs are not well characterized.   

It is well established that certain forms of cellular stress result in an increase of P-body 

number and size, and the molecular mechanisms conferring the assembly of the core 

components of P-bodies into large aggregates is well understood. Yet, it is not clear what 

functions these aggregates fulfil. Originally, P-bodies were identified as sites of mRNA 

decapping and 5’-3’ degradation [259], and shortly thereafter as sites of miRNA-mediated 

translational repression [342], giving rise to speculations on whether high concentration of 

mRNAs and effector proteins in P-bodies was required for post-transcriptional regulation. 

Furthermore, number and size of P-bodies were found to be proportional to and dependent 

on the pool of untranslated mRNAs [8, 343]. However, assembly of P-bodies has been 

shown not to be the cause but rather the consequence of mRNA regulation, putting their 

claimed functions into question. 5’-3’ degradation as well as miRNA-mediated silencing occur 

in cells devoid of detectable P-bodies [344]. These opposing findings and positions are 

reflected in the literature regarding RBPs functioning via P-bodies, for example UPF1, TTP or 

Roquin [10, 345-349].  

UPF1, an RNA helicase mediating nonsense mediated decay (NMD), was shown to target 

premature termination codon (PTC)-containing mRNAs to P-bodies, identifying them as sites 

of NMD [348]. In yeast, depletion of DCP1 leads to major defects in NMD [345, 346], while 

disruption of P-bodies in mammalian cells by knockdown of EDC4 did not affect mRNA levels 
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of NMD substrates [347]. Similarly, other RBPs, including TTP and Roquin, were shown to 

target their substrate mRNAs for decapping to P-bodies, but evidence for the requirement of 

these larger order structures is still lacking [10, 349].   

In case of NMD, these controversial findings can be explained by the multitude of 

mechanisms employed by UPF1 to degrade its target mRNAs. 5’-3’ degradation could be 

substituted for by endonucleolytic cleavage and deadenylation [350, 351]. For RBPs that are 

known to target their substrates for decapping to P-bodies, including for TTP and Roquin, 

these proteins were shown to directly interact with the decapping complex and the 

exoribonuclease Xrn1. Knockdown of any of these components leads to defects in TTP- or 

Roquin-mediated mRNA regulation [201, 226]. While these findings prove the importance of 

an intact decapping complex for efficient degradation of TTP or Roquin substrates, the 

question whether formation of individual P-body mRNPs is sufficient for decapping or 

whether assembly into microscopically visible foci is required for this regulation remains 

unanswered.    

The on-going dispute regarding the correlation of P-body number and post-transcriptional 

gene regulation results from different experimental approaches and the associated technical 

restrictions: Decapping can occur without formation of higher order structures, as long as the 

enzymes involved in the 5’-3’ degradation pathway are not depleted themselves and other 

alternative mechanisms are not available. Yet, the only way to interfere with the 

assembly/disassembly of P-bodies is through depletion of essential components or through 

reduction of the pool of available mRNA by blocking transcription or by trapping mRNAs in 

polysomes. These experimental procedures do not only affect the function of the 

microscopically visible P-bodies, but also of the submicroscopic single mRNPs, making it 

impossible to conclusively distinguish P-body function from that of the single mRNPs.  

It was suggested to retract from the definition of processing bodies as microscopically 

detectable structures, but to favour a definition based on function instead [328]. The authors 

reasoned that the original definition would cause a P-body observed in one microscope to 

cease being a P-body when observed in a less powerful microscope. Following their 

reasoning, a P-body could be anything from an assembly of two or more mRNPs, with the 

microscopically detectable foci being only the tip of the iceberg. Analogous to the recently 

described NEMO lattice structures [48], preformed P-body mRNPs might allow for the 

efficient and exquisite response to external stimuli. The recent advances in light microscopy 

techniques that allowed for the identification of the NEMO lattices, might also enable us to 

gain further insight into the function of these mRNPs.  
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These opposing findings and the dearth of clear cut answers seem to separate the field into 

two parties:  1) P-body assembly is simply a consequence of the activity of P-body 

components and aggregation of these components does not actually serve a function itself 

[344], or 2) P-bodies are highly conserved structures that can be expected to serve functions 

exceeding those of its enzymatic components by themselves [6]. Such functions might 

encompass a more robust inhibition of translation due to compartmentalization of the mRNA, 

reducing its accessibility by the translation machinery. Also, organisation in P-bodies might 

allow for reorganization of the mRNP and subsequent regulation [352]. Additionally, P-bodies 

are viewed as sites of storage of translationally repressed mRNAs. In these models, 

decapping of a transcript is prevented by proteins that bind the cap structure and block 

access of the decapping complex. It could be argued that binding of the cap structure would 

be sufficient to prevent decapping of the transcript, and that accumulation of mRNAs bound 

by these proteins in P-bodies was a result of blocked degradation, as observed for Xrn1 or 

Dcp1a depletion. However, interaction of the cap-binding protein eIF4E with eIF4E-binding 

proteins such as 4E-T, FAST or YB-1 in mammalian cells or CUP in D. melanogaster was 

suggested to not only lead to recruitment of the translationally silenced complexes into P-

bodies, but also to induce their formation (although 4E-T was also shown to promote mRNA 

degradation) [353-357]. Localization of eIF4E in P-bodies was therefore suggested to be an 

indicator for translationally repressed mRNPs [6]. Additionally, a recent study revealed a role 

of EDC3 and Lsm4 in mRNA stabilisation, suggesting additional mechanisms allowing for 

involvement of P-bodies in mRNA stabilisation [358]. Moreover, P-bodies were shown to be 

highly motile structures that play a role in mRNA localization [250, 251, 359]. Yet, it is not 

clear why cellular structures that were described as “factories of mRNA decay” [301] would 

actively recruit protein factors blocking decapping. Furthermore, transport of P-body mRNPs 

aggregated into bulky structures would require more energy than localization of single 

components. This raises the question, why for example the focused localization of oskar 

mRNA to the posterior pole of a D. melanogaster embryo depends on the assembly of P-

bodies [360]. It’s conceivable to think that recruiting translationally silenced mRNA, protected 

from decapping by YB-1 or other cap-binding proteins, to these “decay factories” is the 

easiest way to protect the transcript from degradation. When decapping is blocked, and other 

endo- or exonucleases or regulating factors are thwarted from accessing the transcript, it is 

protected from degradation by other pathways. Storing such an mRNA in P-bodies would be 

more efficient than covering the mRNA with different RBPs to block all potential degradation 

pathways. Moreover, several transcripts could be stored in one P-body focus. Sequestration 

and storage of transcripts allows for energy-efficient storage maintenance of mRNA, keeping 

protein factors available to the cell, and providing it with higher flexibility. P-body assembly 

might not only protect the mRNAs stored within these structures, but also the protein 
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components that constitute the P-body. Expression and activity of the decapping enzyme 

DCP2 are determined by competition between complex assembly and degradation. DCP2 

turnover is mediated by ubiquitination of its C-terminus and subsequent proteasomal 

degradation. Interaction with EDC4 stabilizes DCP2 protein [361]. It would not be surprising if 

other components of P-bodies were regulated by similar mechanisms, and if assembly of P-

bodies would prevent their degradation due to blocking interaction with E3 ubiquitin ligases 

or other enzymes. In case of mRNA localization, the highly restricted localization of oskar 

mRNA could also depend on degradation of oskar mRNA not localized to the posterior pole. 

Alternatively, transport in P-bodies might make the process itself more robust by protecting 

the mRNA from degradation via other pathways and by sequestering it away from the 

translation machinery, thus reducing the risk of untimely translation. Although single mRNPs 

could mediate the transport of the mRNA, they run a higher risk of premature translation or 

degradation of the transported transcript.  

It has been shown that P-bodies and stress granules interact and exchange mRNPs [278]. In 

yeast, deletion of proteins essential for P-body formation also prevents assembly of stress 

granules, suggesting that stress granules form from pre-existing P-bodies [278]. Therefore, 

assembly of the different protein complexes into P-bodies seems to be required for the re-

initiation of translation of silenced mRNAs.  

In the present work, we show that phosphorylation of the scaffold protein EDC4 by the IKK 

complex leads to the assembly of processing bodies in response to diverse stimuli. 

Concurrently, this modification of EDC4 alters the stability of hundreds of mRNAs, both 

stabilizing and destabilizing scores of transcripts. Substitution of the phosphorylated serines 

by alanines prevents the stress-induced formation of P-bodies. While wild type EDC4 shows 

increased interaction with the two components of the decapping complex, DCP1a and DCP2, 

none of these interactions can be observed for the phospho-deficient mutant of EDC4. In 

light of the above mentioned findings, it is very plausible that the phosphorylation of EDC4 by 

IKK serves several functions. Stress-induced interaction of EDC4 with DCP1a and DCP2 

might stabilize these proteins and promote their interaction, thereby enhancing their 

enzymatic activity and subsequent degradation of specific transcripts. Assembly into 

microscopically visible P-bodies might depend on these interactions as well. EDC4 was 

shown to self-dimerize via its C-terminal domain [362]. Co-expression of HA- and FLAG-

tagged EDC4 wt and phospho-deficient mutant showed that oligomerization of EDC4 does 

not depend on its phosphorylation. Oligomerization of scaffold proteins is not sufficient for P-

body formation, translationally repressed mRNA is strictly required. DCP1a is the RNA-

binding subunit of the decapping complex, and interaction of wild type EDC4 with DCP1a 

increases in response to the stimuli employed in this study, potentially due to increased 
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affinity of phosphorylated EDC4 for DCP1a. DCP1a might therefore provide the mRNA 

required for the assembly of single P-body mRNPs into higher order structures. Furthermore, 

EDC4 might function as a platform recruiting additional mRNA binding proteins via direct 

protein-protein interactions as shown for Roquin or DDX6/4E-T. In human embryonic stem 

cells EDC4 is required for increased interaction of the decapping complex subunits with 

mRNA [363]. One could extrapolate that increased binding to mRNA by DCP1a and DCP2 in 

response to a stimulus depends on EDC4. Combined with the findings in the present study, 

phosphorylation of EDC4 by IKK enhances interaction with DCP1a and DCP2 and increases 

the number of processing bodies. Possibly, upregulation of DCP:RNA interaction is promoted 

by these IKK-mediated phosphorylation events. Whether the recruited mRNAs are degraded 

or stored might depend on additional factors recruited by EDC4. We observed hundreds of 

target mRNAs displaying reduced half-lives in response to DNA damage. In those cases, 

assembly into P-bodies might enhance the efficiency of degradation, but formation of single 

EDC4 mRNPs might be sufficient to allow for transcript degradation. In case of the hundreds 

of mRNAs which show increased stability in response to DNA damage, assembly into P-

bodies might be a requirement. As discussed earlier, EDC4 and other scaffold proteins could 

function as platforms recruiting cap-binding proteins that block decapping. Recruitment into 

P-bodies would protect the transcripts from other degradation pathways, keeping them 

available for future return to translation.  

 

4.5 Feedback regulation of signalling pathways 
Phosphorylation of RNA binding proteins in response to various stimuli frequently leads to 

change in abundance of their target mRNAs. These targets do not only include transcripts 

encoding effector proteins such as chemokines and cytokines, but also components of 

signalling pathways including kinases themselves, in some cases resulting in activation of 

either positive or negative feedback loops. As described in 1.3.3, the ARE-binding proteins 

HuR and TTP belong to the best studies RBPs and their regulation through phosphorylation 

has been extensively demonstrated. Numerous kinases regulating these proteins were 

identified (MEKK, PI3K, AKT, p38, CHK, JNK) [364]. Phosphorylation of RBPs can alter their 

affinity for their target mRNAs, their localization or their ability to interact with other RNA 

binding proteins [228, 365, 366]. HuR and TTP primarily regulate mRNAs that contain ARE 

motifs (see 1.3.2) in their 3’ UTR, including transcripts encoding kinases and phosphatases. 

In response to T cell activation, these transcripts display a transiently increased expression, 

followed by a drop in expression at later stages [364]. It seems that both increased 

transcription as well as enhanced mRNA stability contribute to their elevated expression, 

probably due to phosphorylation-mediated inactivation of TTP and CELF1 in the immediate 
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early phase of the T cell response [367, 368]. When TTP and CELF1 become 

dephosphorylated in later phases of T cell activation, they regain their ability to promote 

degradation of their target mRNAs. This switch in TTP and CELF1 activity leads to 

downregulation of transcripts encoding for signalling components of the pathway, resulting in 

a feedback inhibition of kinase signalling [364, 369]. Comparison of TTP or CELF1 targets 

with those of HuR revealed a large overlap between these groups, suggesting a competition 

of TTP and CELF1 with HuR for transcripts [368, 370, 371]. Depending on abundance of the 

competing proteins and affinity for the targets, these transcripts may undergo degradation or 

stabilization. Phosphorylation of TTP, CELF1 and HuR was suggested to lead to a shift in the 

balance between the three proteins, resulting in transient stabilization and increased 

expression of components of the signalling pathway.  

An example for feedforward regulation of signalling pathways by RBPs is Roquin-1. PAR-

CLIP experiments revealed increased binding of Roquin-1 to A20 and IκBα mRNA in 

response to DNA damage [202]. Both proteins are negative regulators of NF-κB, the main 

transcription factor activated by genotoxic lesions. Induction of Roquin-1 leads to decreased 

expression of A20 and subsequently to increased activity of the IKK complex, resulting in the 

enhanced transcription of NF-κB target genes.  

Similarly, Regnase-1 might be involved in feedback signalling to the NF-κB signalling 

pathway. It was shown to bind to several potential regulators of NF-κB activation in response 

to IL-1 treatment [349]. Amongst others, Reg1 seems to regulate NFKBIZ mRNA encoding 

for IκBζ, which is induced by γ-irradiation and shown to be essential for nuclear NF-κB 

activity in ABC DLBCL [372, 373].  

Interestingly, TTP is not only indirectly regulated by IKK and associated with P-body 

mediated regulation of its target mRNAs, but it is a transcriptional target of NF-κB in 

response to DNA and TNF (D. Heinze, unpublished data). It might therefore function in 

feedback signalling on the IKK/NF-κB axis, via its localization to processing bodies. Similar 

assumptions can be made for Roquin-1, which was shown to associate with components of 

and localize to P-bodies [201, 349]. These interactions result in degradation of target mRNAs 

of Roquin, including the inhibitors of NF-κB signalling A20 and IκBα. Regnase-1 on the other 

hand is degraded upon phosphorylation by IKK [95], potentially leading to stabilization and 

subsequent upregulation of IκBζ, which was suggested to enhance NF-κB transcriptional 

activity [372]. Interestingly, IκBζ expression was shown to be induced by γ-irradiation, 

coinciding with the interaction of IKKγ and Regnase four hours after DNA damage [373, 374]. 

These findings leave room for speculation on IKK/Regnase-1-mediated regulation at the 

post-transcriptional level at a later phase of DNA damage-induced NF-κB signalling. 

Similarly, potential regulators of IKK/NF-κB signalling are affected by the IKK/EDC4 axis, 
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suggesting the existence of feed-forward mechanisms by stabilization of enhancers and 

destabilization of inhibitors of NF-κB activation. In addition, signalling of other kinases known 

to regulate RBPs and to contribute to P-body formation in response to stress could be 

enhanced by the induced destabilization of negative regulators. One such target is the dual 

specificity phosphatase 2 (DUSP2, MKP-2), which was shown to negatively regulate 

members of the MAP kinase family. Down-regulation of DUSP2 by IKK/EDC4 signalling 

could lead to enhanced or prolonged JNK activation, which was shown to phosphorylate 

DCP1a at serines 315 and 319, increasing the localization of DCP1a to P-bodies. It was 

claimed that phosphorylation of these sites by JNK would induce P-body formation, yet 

depletion of DCP1a or substitution of these serines did not affect P-body number in S. 

cerevisiae, C. elegans or mammalian cells [278, 340, 375]. At best, a more diffuse 

appearance, vaguely suggesting alterations in the underlying morphology, was reported 

[278]. A comparison of the different studies is complicated due to differences in model 

systems, in stimuli used and in the analysed time points. While deletion of P-body 

components or expression of mutated versions thereof in yeast are not biased by residual 

expression of endogenous protein, expression of mutant proteins was performed on 

endogenous background. Simultaneous activation of different signalling pathways and 

kinases by the different stimuli likely leads to post-translational modification of various P-

body components by one enzyme as well as modification of the same protein by different 

kinases. In case of DCP1a, the MAP kinases JNK and ERK were both shown to 

phosphorylate DCP1a at serines 315 and 319, potentially allowing for substitution of one 

kinase by the other.  A model where P-bodies act as hubs for signal integration and which 

incorporates a temporal component could reconcile these findings. An initial formation of P-

bodies might depend on the post-translational modification of their components or associated 

RBPs by stress-induced kinases. However, continued expression or dispersal of P-bodies 

could be mediated by enzymes activated at later time points or by altered abundance of 

RBPs or P-body components. Owing to the highly dynamic nature of P-body assembly and 

composition, changes in the expression and activity of negative regulators of kinases or 

enhancers of transcription could be easily integrated in P-bodies at the post-transcriptional 

level. 

 

4.6 Phenotypes 

P-bodies and their components are highly conserved. Most factors, including the 

components of the decapping complex DCP1a and DCP2, are found in all eukaryotic cells 

from yeast to human. Although EDC4 is highly conserved amongst higher order eukaryotes, 
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it is absent in yeast. The addition of EDC4 to the decapping complex might be due to the 

increased complexity of regulation in multicellular organisms. While DCP1a and DCP2 can 

interact and decap their target mRNAs in absence of EDC4 in yeast, its expression is 

important for association of DCP1a with DCP2 and efficient decapping in metazoans. EDC4 

as a scaffold protein of the decapping machinery also provides opportunity for a more 

complex regulation of mRNA targets. It recruits various RBPs, including TTP and Roquin, 

and these interactions are directed by the post-translational modification of EDC4. Consistent 

with this notion, the rewiring of decapping seems to evolutionarily coincide with the 

occurrence of new regulators, including the IKK complex. The newly found link between IKK 

and the post-transcriptional control of gene expression presented here might provide 

explanation for some phenotypes observed in mouse models of IKK that could not be 

reconciled with function of NF-κB. Animal models of mutant or depleted P-body proteins are 

embryonic lethal. Nevertheless, the phenotypes observed in lower eukaryotes for loss or 

mutation of components of the decapping complex, provide hints regarding the potential role 

of IKK/EDC4 signalling in development and disease. 

Mutations in the 5’-3’ exoribonuclease Xrn1, which degrades mRNAs after cap removal by 

the decapping complex, were analysed in a variety of organisms including S. cerevisiae, D. 

melanogaster and C. elegans. In yeast, mutations in Xrn1 result in different phenotypes, 

suggesting multifarious functions. Disruption of Xrn1 decreases the rate of growth, while 

leading to an enlarged cell phenotype with reduced protein synthesis rates but higher protein 

levels [295-297]. It was later found that the half-lives of specific mRNAs were increased, and 

the observed phenotypes were ascribed to the deregulation of these mRNAs and their 

protein targets, rather than Xrn1 itself performing a spectrum of various functions [298]. 

Deletion of Xrn1 was also found to decrease the transcription rate of specific target genes 

due to the accumulation of long, antisense non-coding RNAs, termed Xrn1-sensitive unstable 

transcripts (XUT) [376]. Xrn1 also plays an important role in the post-transcriptional 

regulation of specific mRNA transcripts in development, as demonstrated in C. elegans [377]. 

Ventral enclosure is one of the processes found to depend on Xrn1 expression and is 

analogous to dorsal closure in D. melanogaster [378]. Mutation of pacman, the orthologue of 

Xrn1 in D. melanogaster, causes defects not only during dorsal closure in the embryo, but 

also impaired wound healing, with pacman mutants suffering from reduced survival after 

wounding [379].  

IKKβ is not expressed in C. elegans, and the number of studies on its D. melanogaster 

orthologue Ird5 is limited. Xrn1 function in the development of mammals is not assessed so 

far, yet it is to be expected that its mutation or loss in mammals or that of other essential P-

body components including EDC4 would affect processes related to ventral closure in C. 
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elegans or dorsal closure and wound healing in D. melanogaster. Such related processes 

would include hind brain closure and wound healing [378]. Indeed, 70 % of embryos from 

homozygous mice carrying null alleles of both IKK1 and IKK2 (IKK1-/- IKK2-/-) revealed failure 

of closure of the neural tube in the hind brain [380]. One could speculate that these effects 

are not only caused by defects in NF-κB activation, but are at least partly caused by 

deregulation of P-bodies and associated post-transcriptional regulation of mRNAs. This 

notion might be further supported by the observation that the defects in hind brain closure 

are caused by elevated apoptosis, but cannot be rescued by triple knockout of IKK1, IKK2 

and the TNF receptor (IKK1-/- IKK2-/- TNFR-/-). Surprisingly, bioinformatic analysis of target 

mRNAs found to be epistatically regulated by IKK and EDC4 revealed association with GO 

terms such as ‘tube morphogenesis’, ‘epithelium development’, or ‘response to axon injury’. 

Xrn1 and IKK were previously shown to be involved in neurulation processes [377, 379, 380]. 

Therefore it is possible that IKK/EDC4 axis plays a role in development via regulation of 

mRNA stability.  

A role for IKKβ in wound healing distinct from its function in the recruitment of cells of the 

immune system was shown in triple transgenic mice in which the IKKβ gene can be inducibly 

ablated specifically in corneal epithelial cells. The immune privileged corneal epithelium is 

widely used as an in vivo system to assess the epithelial cell responses to injury in absence 

of an inflammatory environment. Injury to the corneal epithelium only induces mild 

inflammatory responses and does not lead to severe inflammatory cell infiltration [381-383]. 

This mild cytokine response can promote re-epithelialization and subsequent healing [384-

386]. Loss of IKKβ significantly delayed healing, and subsequent in vitro studies revealed a 

requirement of IKKβ for cytokine-induced cell migration and wound closure [387]. Similar as 

for the neurulation processes regulated by both the IKK complex and P-body enzymes, GO 

terms associated with wound closure and cytokine-mediated cell migration including the 

terms ‘cell motion’, ‘chemotaxis’ and ‘response to wounding’ were found for mRNAs 

regulated via the IKK/EDC4 axis, again suggesting an involvement of IKK-mediated mRNA 

regulation in wound healing.  

IKK activity and function of P-body components could also be linked in autoimmune diseases 

or other inflammatory maladies. Cytokine and chemokine mRNAs frequently contain AREs, 

which are preferentially targeted to P-bodies (see 1.3.2). We found that stabilized transcripts 

in both the EDC4 and IKK-depleted cells were enriched for AREs. Many of these ARE-rich 

transcripts, including those of IL-8, MMP7 and BMP4 fell into the category of secreted factors 

or cytokines and were stabilized in both EDC4 and IKK-depleted cells. The importance of 

these cis-elements and post-transcriptional regulation of inflammation was demonstrated in 

mice lacking these regulatory elements. In absence of external stimuli, expression of pro-



Discussion 

page | 86  
 

inflammatory cytokines is dampened on the post-transcriptional level to prevent pathological 

overexpression and potential harm to the organism. Overexpression of TNFα, results in 

inflammatory arthritis [388]. Contribution of ARE-mediated post-transcriptional control of 

TNFα was demonstrated by analysis of knock-in mice bearing TNFα alleles lacking the ARE 

motif in the 3’UTR (TNFΔARE). Immune cells of these mice overexpress TNFα and the 

animals develop inflammatory arthritis and inflammatory bowel disease [389]. Another mouse 

model demonstrating the importance of post-transcriptional regulation of cytokine mRNAs 

are TTP knock-out mice. These mice develop cachexia, arthritis and dermatitis as a result of 

TNFα overexpression [219]. Treatment with neutralizing antibodies directed against TNFα or 

double transgenic mice lacking TTP as well as the TNF receptor (TTP-/- TNFR-/-) could 

rescue this phenotype [222]. Similarly, IKKβ depletion but not IKKα depletion in embryos can 

be rescued from embryonic lethality by inactivation of the TNFR1 gene (IKK2-/- TNFR-/-) [76, 

380]. Triple transgenic mice (IKK1-/- IKK2-/- TNFR-/-) display a mixed phenotype, extending 

the lifespan of the embryo from E11.5 to E16.5 without rescuing the neural tube defect (NTD) 

described above [380]. Embryonic lethality around E11.5 in IKK2-/- and IKK1-/- IKK2-/- mice is 

ascribed to liver dysfunction due to TNFα-induced apoptosis [75]. While NF-κB activity was 

shown to be required for the protection of the liver from TNFα-induced apoptosis, neural tube 

defects in absence of NF-κB signalling have not been reported so far [390]. IKKγ-deficient 

mice display a similar phenotype to IKK1-/- IKK2-/- mice in terms of TNFα-induced liver 

apoptosis, but not NTD, suggesting that this phenotype might at least partially be caused by 

an NF-κB-independent mechanism of the IκB kinases [380, 391]. Furthermore, the IKK-NF-

κB axis is known as a crucial inducer of cytokine expression. However, studies using IKKγ-

deficient mice demonstrated that these succumb to cutaneous inflammation driven by 

inflammatory cytokines in the absence of activated NF-κB [392]. These observations could 

be explained by a contribution of altered transcript stability due the lack of IKKγ. Indeed, we 

observed increased expression of cytokine mRNAs in IKK-depleted cells, indicating that IKK 

can also function as a negative regulator of cytokine expression through regulation of mRNA 

stability. 

Finally, a surprising finding is the putative pro-apoptotic function of IKK and EDC4 by 

destabilizing anti-apoptotic mRNAs in stimulated cells, since IKKβ signalling is mainly 

associated with anti-apoptotic signalling via the NF-κB axis. Yet, studies on IKKβ-/- mice 

revealed a dual role of IKKβ in response to injury and environmental stress, resulting in either 

protective or destructive cell decisions. While IKKβ fulfils an anti-apoptotic function for 

example in response to bacterial infection in intestinal and gastric epithelial cells [393, 394], it 

has been shown to mediate pro-apoptotic signalling in germ cells in response to ionizing 

radiation [395]. 
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Overall, addition of EDC4 to the decapping complex in higher eukaryotes allows for the 

regulation of the highly complex processes in multicellular organisms. Animal models of 

regulatory cis-elements in P-body-regulated mRNAs, of RBPs mediating the degradation of 

their target mRNAs via P-bodies, and of essential components of P-bodies support this 

notion. P-bodies or P-body mRNPs play an important role in developmental processes, in 

wound healing and in the suppression of deregulated immune responses. Similar 

observations were made for the IKK complex, but could not be fully reconciled by its function 

in NF-κB activation. In light of the findings presented here, IKK function in the 

abovementioned processes can be explained by its NF-κB-independent signalling via EDC4.  

 

4.7 Conclusion and Perspectives 

In this study, novel interaction partners of IKKγ were identified, revealing a new function of 

the IKK complex in the regulation of mRNA at the post-transcriptional level. Here, IKK 

function is examined in regulation of mRNA stability and P-body formation via the IKK/EDC4 

axis. However, other identified binding partners of IKKγ such as the RNA helicase DDX20, 

the exosome components Dis3 and GTBP1, or the RNAse inhibitor RNH1 suggest a broad 

involvement of IKK in post-transcriptional regulation via different mechanisms. This notion is 

supported by the large number of mRNAs found to be regulated in an IKK-dependent 

manner. Further analysis of these interactions and associated mechanisms is of great 

importance to fully understand the regulation of gene expression in response to stress. 

Intriguingly, IKK affects the stability of a large number of mRNAs already in unstimulated 

cells. A recent study reported the ubiquitin-dependent existence of pre-formed IKKγ 

scaffolds, which are essential for the stimulus-induced activation of NF-κB. These scaffolds 

might also play an important role as interaction platform for different enzymes and RBPs in 

unstimulated cells, and might provide a kinase-independent function of the IKK complex. 

Symptoms of diseases caused by mutation of IKK components such as incontinentia 

pigmentii might not only originate from loss of NF-κB activation but from deregulated mRNA 

control. Revisiting such disease models while incorporating the findings from this study might 

shed a new light on IKK-related diseases and the treatment of associated symptoms.  

Another intriguing question is the potential phenotype of EDC4- deficient or mutated 

organisms. While no animal models are available, the targets regulated by EDC4 would 

suggest developmental defects and autoimmune diseases to result from malfunction of 

EDC4. It would be highly interesting to elucidate how EDC4-dependent localization, 

degradation or stabilization of specific mRNAs would affect these biological processes.  
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Furthermore, several proteins associated with activation of NF-κB, including various E2 and 

E3 ligases, were identified as interaction partners of IKKγ in response to DNA damage. It 

would be of great interest to analyze their contribution to the activation of NF-κB and the 

impact of IKK on their regulation of NF-κB-independent targets. 

Therefore, this study does not only provide impetus for further analysis and understanding of 

IKK-mediated NF-κB activation via novel players, but links IKK signalling to a relatively young 

field of research, the post-transcriptional control of stress responses. This link opens up 

intriguing possibilities in the understanding of NF-κB-independent roles of IKK in 

development and disease.   
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5 SUMMARY 

The IKK complex is deemed to regulate gene expression through the activation of the 

transcription factor NF-κB. Here I describe an NF-κB-independent function of the IKK 

complex in regulating mRNA stability across different cell types and stimuli. A SILAC-MS  

screen  for  interaction  partners  of  the  regulatory  subunit  IKKγ  revealed  an  inducible 

interaction with Enhancer of mRNA Decapping 4 (EDC4). EDC4 is an essential component 

of cytoplasmic processing bodies (P-bodies). P-bodies function as sites of mRNA storage, 

degradation and miRNA-mediated silencing.  Interaction between IKKγ and EDC4 can be 

induced by various stimuli, including DNA damage, TNFα and IL-1β. EDC4 was identified as 

a novel IKK substrate and four IKKβ phosphorylation sites were determined by mass 

spectrometry and in kinase assays. Stable inducible cell lines, transient transfection and 

kinase inhibitors were used in different human cancer and  in  primary cell lines and 

demonstrated that phosphorylation of EDC4 by IKK is essential for formation of P-Bodies in 

response to numerous stimuli. mRNA stability assays confirmed stress-induced changes in 

the half-life of target mRNAs and revealed common regulation of mRNA stability by IKK and  

EDC4. The transcriptome-wide reach of this joint regulation was assessed via RNA-Seq 

analysis. 
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6 ZUSAMMENFASSUNG  
Bisher wurde davon ausgegangen, dass der IKK-komplex durch Regulation des 

Transkriptionsfaktors NF-κB die stressinduzierte Expression von Zielgenen steuert. Im 

Rahmen der hier vorgelegten Dissertation konnte jedoch gezeigt werden, dass der IKK-

Komplex unabhängig von seiner Rolle in der NF-κB-Aktivierung die Stabilität einer Vielzahl 

von mRNAs kontrolliert. Mittels der Kombination von Ko-Immunopräzipitationsstudien und 

SILAC-MS konnte die induzierte Interaktion der regulatorischen Untereinheit des IKK-

Komplexes IKKγ mit dem Gerüstprotein EDC4 (Enhancer of Decapping 4) nachgewiesen 

werden. EDC4 ist eine essentielle Komponente sogenannter zytoplasmatischer „Processing 

Bodies“ (P-Bodies). Diese fungieren als Depots für die Speicherung von mRNAs, aber auch 

als Orte der mRNA-Degradation und der miRNA-vermittelten Repression spezifischer 

Zielgene. Die Interaktion von IKKγ mit EDC4 konnte durch verschiedene Stimuli induziert 

werden. Dazu zählen DNA-Schäden durch Doppelstrangbrüche, aber auch die Aktivierung 

von Oberflächenrezeptoren durch TNFα und IL-1β. EDC4 dient darüber hinaus als Substrat 

der Kinase IKKβ. Mittels Massenspektrometrie und Kinaseassays konnten vier IKK-

abhängige Phosphorylierungsstellen identifiziert werden. Die IKK-vermittelte 

Phosphorylierung von EDC4 ist essentiell für die Regulation von mRNAs und die damit 

verbundene Bildung der zytoplasmatischen P-Bodies. Diese Befunde konnten sowohl in 

stabilen induzierbaren Zelllinien, mittels transienter Transfektion und durch den Gebrauch 

von Kinaseinhibitoren in primären als auch in Krebszelllinien bestätigt werden. mRNA-

Stabilitätsassays und eine RNA-Seq Analyse bestätigten die stressinduzierten Änderungen 

in den Halbwertszeiten spezifischer Transkripte und offenbarten einen gemeinsamen 

Regulationsmechanismus des IKK-Komplexes mit EDC4.
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7 MATERIALS AND METHODS 

7.1 Materials 

7.1.1 Instruments and Equipment 

Agarose Gel Camera GelDoc 2000 Herolab 

Agarose Gel Chambers BioRAD 

Agarose Gel  

Bacterial Incubators Infors HT; Memmert 

Blood irradiator STS OB 29, 137Cs-Quelle 

Cell culture plates BD Falcon; TPP 

Centrifuges Eppendorf 5402 

Eppendorf 5417R 

Eppendorf 5810R 

Eppendorf 5416  

Beckman Avanti J-26XP 

Beckman J6-HC 

CFX96 RealTime PCR Machine BioRAD 

CO2 Incubators Binder 

Coverslips Nunc 

Cryotubes Nalgene 

Cryo boxes Nalgene 

Freezers Forma Scientific 

Fridges Liebherr 

Fusion Vilber Lourmat 

Gel dryer Hoefer Slab Gel Dryer GD2000 

Glass homogenizers Wheaton 

Heat blocks Techne DB3 

Laminar flow hood BDK 

Magnetic Particle Concentrator 6 (MPC) Dynal 

Magnetic stirrer Heidolph 

Microcentrifuge NeoLab 

IEC MicroMax 

Microscopes Zeiss TELAVAL 31 

Zeiss Axioplan2 

Microscope slides superfrost plus  



Materials and Methods 

page | 92  
 

Microseal ‘B‘ seal for RT PCR plates BioRAD 

Microtiter plates TPP 

Microwave Privileg 9029GD 

Nitrogentank CRONOS 

Overhead rotator Neo lab 

PCR tubes 0.65 ml Sorenson Bioscience 

Petri dishes Peske Medizintechnik 

pH-meter Knick 

Photometer Amersham Biosciences Novaspec Plus 

Plastic cuvettes Sarstedt 

Polystyrene round bottom 15 ml tubes BD Falcon 

Power supplies BioRad Modell 200/2.0 Power Supply 

ST305 Pharmacia Electrophoresis Power 

Supply EPS3500 

Biometra Standard Power Pack P25 

Precision scales Sartorius AC 210P 

Sartorius BP 310S 

Scaltec SP061 

Protein gel chambers BioRad  

PVDF Membrane Millipore 

reaction tubes (1.5 ml, 2 ml) Eppendorf 

Roller Mixer SRT 1  Stuart Scientific 

Rotation wheel Fröbel Labortechnik; Herolab 

RT PCR plates (96 well) Biozym 

Scintillation counter Beckmann LS 6000LL 

Semi-dry blotting apparatus PHASE 

Shakers Edmund Bühler WS5 and KL2 

Uniequip Unitwister 

Sonicator Dr. Hielscher 

Thermocycler Biometra T3 and T3000 

Thermomixer Eppendorf 5436 

Tissue culture hood BDK 

Vortex Heidolph Reax 2000 

Water bath  Haake F3 

Julabo MP 
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7.1.2 Chemicals 

[α-32P] dATP NEN (Perkin-Elmer) 

[γ-32P] dATP NEN (Perkin-Elmer) 

Actinomycin D Calbiochem 

Acrylamide/Bisacrylamide Roth 

Agarose Bioline 

Ammonium peroxodisulfate (APS) Roth 

Ampicillin sodium sulfate Roche 

ATP Sigma 

Autoradiography films MP, ECL GE Healthcare 

Bacto agar BD 

Bacto tryptone Roth 

Bacto yeast extract BD 

β-Glycerophosphate Sigma 

β-Mercaptoethanol Merck 

Boric acid Roth 

Bovine Serum Albumin (BSA) Sigma 

Bradford reagent BioRad 

Bromphenol blue BioRad 

CalyculinA Cell Signaling Technology 

CHAPS  

Chloroform  

Complete protease inhibitor tablets -EDTA Roche 

DAPI Roche 

ddH2O, HPLC grade Roth 

Dimethylpimelimidatdihydrochloride (DMP) Thermo Fisher Scientific 

DMEM Gibco 

DMSO Sigma 

DNA 1kb+ ladder Invitrogen 

dNTPs  

DTT Sigma 

Dynabeads Protein G Invitrogen 

EDTA Amresco 

Ethanol Merck 

Ethanolamine Merck 

Ethidium bromide Roth 
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Fetal bovine calf serum (FCS) Gibco; Sigma 

Flag-M2 agarose beads Sigma 

Glycerol Merck 

Glycine Roth 

HEPES Roth 

HCl (Hydrochloric acid) Roth 

IKK inhibitor BMS345541 (Sigma) 

INTERFERin Polyplus-transfection 

Isopropanol Roth 

Imperial protein stain Pierce 

Kanamycin PAA 

KCl (potassium chloride) Roth 

KH2PO4 (potassium dihydrogen phosphate) Roth 

L-Glutamine PAA 

Lipofectamine RNAiMAX Invitrogen 

Luminol Sigma 

MgCl2 (magnesium chloride) Merck 

Methanol Roth 

Milk powder Fluka 

Mowiol Calbiochem 

NaCl (sodium chloride) Roth 

NaF (Sodium fluoride) Sigma 

Na2HPO4∙2H2O (disodium phosphate) Merck 

Na3Va4 (sodium vanadate) Sigma 

NEM Roth 

NP-40 Fluka 

NP-40 substitute 

N-TER Nanoparticle siRNA Transfection 

System 

Opti-MEM 

PageRulerTM Prestained Protein Lader 

Sigma 

Sigma 

 

Gibco 

Fermentas 

Paraformaldehyde Sigma 

Pefabloc Roche 

Polyethylenimine (PEI) Polysciences Inc. 

Penicillin/Streptomycin Gibco 

Poly[dI-dC] Roche 

Protein molecular weight marker MBI Fermentas 
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Protein-A-Sepharose CL-4B Amersham Biosciences 

Protein G-Sepharose Amersham Biosciences 

PVDF membranes Roth, Millipore 

Restore PLUS Western Blot Stripping Buffer Thermo Scientific 

RNAse Zap Ambion 

Saponin Sigma 

SDS ultra pure Roth 

TEMED BioRad 

TNFα Alexis 

Trietholamine Merck 

Tris Roth 

Trizol  

Trypan blue Sigma 

Trypsin/EDTA PAA 

Tween 20 Sigma 

Urea   Roth 

Whatman paper Roth 

7.1.3 Kits and Enzymes 

DpnI NEB 

EcoRI NEB 

GoTaq qPCR Master Mix Promega 

Immobilon-HRP Western Detection System Millipore 

iScript cDNA Synthesis Kit   BioRAD 

Kleenow Fragment, DNA Polymerase I New England Biolabs 

PeqGOLD miniprep kit I PeqLab 

Platinum Pfx DNA Polymerase Invitrogen 

Qiagen plasmid maxiprep kit Qiagen 

Qiaquick gel extraction and PCR purification 

Kit 

Qiagen 

Qiaquick Nucleotide Removal Kit Qiagen 

Qiagen PCR purification Kit Qiagen 

Qiagen RNeasy Mini Kit Qiagen 

QuikChange Site-Directed Mutagenesis Kit Qiagen 

SalI NEB 

Shrimp alkaline phosphatase (SAP) USB 
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T4-DNA ligase and buffer NEB 

TrueStart Taq Polymerase Fermentas 

 

7.1.4 Eukaryotic Cell Lines and Bacterial Strains 

BJ human primary fibroblast cell line 

HEK293 human embryonic kidney cell line 

HeLa Human cervical adenocarcinoma cell line  

HepG2 human hepatocellular carcinoma cell line  

U2OS human osteosarcoma cell line  

  

E.coli DH5α 

(F-  endA1 glnV44 thi-1 recA1 relA1 gyrA96  

deoR nupG  Φ80dlacZΔM15 Δ(lacZYA-argF)  

U169,  

hsdR17(rK- mK+),λ–) 

GIBCO 

  

E.coli BL21(DE3)pLysS 

(F-ompT gal dcm lon hsdSB(rB
-mB

-)  

λ(DE3) pLysS(CamR)) 

Novagen 

 

7.1.5 Vectors and Oligonucleotides    

7.1.5.1 NF-κB probe (EMSA) 

H-2K κB (from MHC I-Promoter) 

5´- GATCCAGGGCTGGGGATTCCCCATCTCCACAGG-3´ 

3´- GTCCCGACCCCTAAGGGGTAGAGGTGTCCCTAG-5´ 

 

7.1.5.2 siRNAs 

si-EDC4_1 5’ GGAUGGAGAUCGGCAUAAU 3’ 

si-EDC4_2 5’ GGCUCUGGUUAAUGGCAAA 3’ 

si-EDC4_4 5’ GCAGCAUGAAAGAGAACAU 3’ 
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si-EDC4_5 5’ GGUGCUGUAUGUGUGUGAA 3’ 

si-IKKβ 5’ CUUAGAUACCUUCAUGAAA 3’ 

si-IKKγ_1 5’ GGAAGAGCCAACUGUGUGA 3’ 

si-IKKγ_2 siRNA ID S16186 from Thermoscientific 
si-Xrn1 siRNA ID s29015 from Thermoscientific  

Scrambled (allstars negative control siRNA) Qiagen 

 

7.1.5.3 Vectors and Plasmids 

CMV-Sport6 EDC4 Harvard 

pCIneo-lambdaN-HA-HsEDC4 Gift from E. Izaurralde 

pCIneo-lambdaN-HA-HsEDC4 1-538 Gift from E. Izaurralde 

pCIneo-lambdaN-HA-HsEDC4 532-979 Gift from E. Izaurralde 

pCIneo-lambdaN-HA-HsEDC4 974-1401 Gift from E. Izaurralde 

pcDNA3-FLAG EDC4 (sh-resistant) PCR-cloned from CMV-Sport6 EDC4 

between EcoRI/SalI restriction sites; silent 

mutations conferring resistance against 

pTRIPZ sh_EDC4 introduced by site-directed 

mutagenesis 

pcDNA3-FLAG EDC4 S/A (sh-resistant) Serines 107, 405, 583 and 855 substituted 

with alanine in pcDNA3-FLAG EDC4 (sh-

resistant) by site-directed mutagenesis 

EGFP-EDC4 (sh-resistant) Cloned from pcDNA3-FLAG EDC4 (sh-

resistant) between EcoRI/SalI restriction sites 

EGFP-EDC4 S/A (sh-resistant) Cloned from pcDNA3-FLAG EDC4 S/A (sh-

resistant) between EcoRI/SalI restriction sites 

pASK-IBA17+ Strep-EDC4 1-538 PCR-cloned from CMV-Sport6 EDC4 

between EcoRI/SalI restriction sites 

pASK-IBA17+ Strep-EDC4 532-979 PCR-cloned from CMV-Sport6 EDC4 

between EcoRI/SalI restriction sites 

pASK-IBA17+ Strep-EDC4 974-1401 PCR-cloned from CMV-Sport6 EDC4 

between EcoRI/SalI restriction sites 

pcDNA3-FLAG IKKγ Sebastian Tegethoff 

pcDNA3-FLAG IKKγ C1 Sebastian Tegethoff 

pcDNA3-FLAG IKKγ C2 Sebastian Tegethoff 

pcDNA3-FLAG IKKγ C3 Sebastian Tegethoff 

pcDNA4-His IKKγ Sebastian Tegethoff 
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pcDNA4-His IKKγ N1 Sebastian Tegethoff 

pcDNA4-His IKKγ N2 Sebastian Tegethoff 

pcDNA4-His IKKγ N3 Sebastian Tegethoff 

pTRIPZ EDC4 Dharmacon 

pTRIPZ IKBKB Dharmacon 

pTRIPZ IKBKG Dharmacon 

 

7.1.5.4 Cloning and Sequencing Primers 

EcoRI_EDC4_FL_fwd 5’ GAT GAT GAA TTC CGC CTC CTG CGC 
GAG CAT CGA C 3’ 

EcoRI_EDC4_532-979_fwd 5’  GAT GAT GAA TTC CGT GGC CCC ACT 

GCC  3’ 

EcoRI_EDC4_974-1401_fwd 5‘  GAT GAT GAA TTC CCG TCT GTG TAC 

CCA ACT CGA AGG  3’ 

SalI_EDC4_FL_Stop_rev 5‘  GAT GAT GAA TTC CCG TCT GTG TAC 

CCA ACT CGA AGG  3’ 

SalI_EDC4_532-979_Stop_rev 5’ GGT GGT GTC GAC CTA GAG TTG GGT 

ACA CAG ACG CTG 3’ 

SalI_EDC4_1-538_Stop_rev 5’  GGT GGT GTC GAC CTA GTG GGT 
GGG CAG TGG  3’ 

EDC4_sh_res_1_fwd 5‘ GCA GAA AGC CCC AGG AAT GGA TTT 
CAG GAA AAG CAC AAG AAG 3‘ 

EDC4_sh_res_1_rev 5‘ CTT CTT GTG CTT TTC CTG AAA TCC 
ATT CCT GGG GCT TTC TGC 3‘ 

EDC4_sh_res_2_fwd 5‘ GCA GAA AGC CCC AGG AAC GGA TTT 
CAA GAA AAG CAC AAG AAG 3‘ 

EDC4_sh_res_2_rev 5‘ CTT CTT GTG CTT TTC TTG AAA TCC 
GTT CCT GGG GCT TTC TGC 3‘ 

EDC4_S107A_fwd 5‘ GTG GCT AGC AGT GAC  TCT GCC ATT 
TCA AGC AAG GCC CGG 3‘ 

EDC4_S107A_rev 5’ CCG GGC CTT GCT TGA AAT GGC AGA 
GTC ACT GCT AGC CAC 3’ 

EDC4_S405A_fwd 5‘ GAT ATC TTC AGC TCA GTG GCT GTG 
CCC CCT AGC CTC AAG 3’ 

EDC4_S405A_rev 5‘ CTT GAG GCT AGG GGG  CAC AGC 
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CAC TGA GCT GAA GAT ATC 3’ 

EDC4_S583A_fwd 5‘ GCA CCT GCC GAC TTC CTC GCT CTG 
AGC AGT GAG ACC AAG 3‘ 

EDC4_S583A_rev 5’ CTT GGT CTC ACT GCT CAG AGC GAG 
GAA GTC GGC AGG TGC 3‘ 

EDC4_S855A_fwd 5’ CTT CAG GAA AAG CAC AAG GCC TTC 
CAC CGA CCA C 3‘ 

EDC4_S855A_rev 5’ G TGG TCG GTG GAA GGC CAG GGC 
CTT GTG CTT TTC CTG AAG 3‘ 

EBV_rev_rev_compl 5’ GAT GAG TTT GGA CAA ACC AC 3’ 

 

7.1.5.5 RT PCR Primers 

EDC4_P2_fwd 5’ AGCCAAGGTGTCTGCACGAG 3’ 

EDC4_P2_rev 5’ AAACCTTGAGGCTAGGGGGC 3‘ 

HPRT1_fwd 5’ TGTAATGACCAGTCAACAGGG 3’ 

HPRT1_rev 5’ GGATTATACTGCCTGACCAAGG 3’ 

IKBKB Gift from A. Löwer 

IKBKG_fwd 5’ GGTGATCGATAAGCTGAAGGAG 3’ 

IL8_P5_fwd 5’ AGCCTTCCTGATTTCTGCAG 3’ 

IL8_P5_rev 5’ GTCCACTCTCAATCACTCTCAG 3’ 

RPL13A_fwd 5’ AAAGCCAAGATCCACTACCG 3’ 

RPL13A_rev 5’ GGAATTAACAGTCTTTATTGGGCTC 3’ 

Xrn1_fwd 5’ TCCCCCACCTACTGCTAATATAATG 3’ 

Xrn1_rev 5’ CACACCCCCTGGTATTCCCC 3‘ 

  

 
Primers for references and IL-8 were designed by Eva Kärgel and Daniel Heinze 

 

7.1.6 Antibodies 

DCP1a D-13 (Santa Cruz) 

 A303-592A (Bethyl) 

DCP2 V-25 (Santa Cruz) 

A302-597A (Bethyl) 
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DDX6 A300-460A (Bethyl) 

EDC4 F1 (Santa Cruz) 

2548 (Cell Signaling) 

FLAG M2 (Sigma) 

HA 12CA5 (Roche) 

Y-11 (Santa Cruz) 

His A00186-SZ (Genscript) 

p-IKKα/β Ser176/180, 16A6 (Cell Signaling) 

IKKγ FL-419 (Santa Cruz), M-18 (Santa Cruz), 

C54 (BD Transduction Labs) 

p65 C-20 (Santa Cruz) 

P-p65 (Cell Signaling) 

PARP-1 288 (V. Schreiber), CII-10 (V. Schreiber) 

TRAF6 (Santa Cruz) 

Goat IgG control  

Mouse IgG control  

Rabbit IgG control  

anti-rabbit HRP-conjugate JacksonImmunoResearch 

anti-mouse HRP-conjugate JacksonImmunoResearch 

anti-goat HRP-conjugate JacksonImmunoResearch 

Alexa Fluor 488 donkey anti-rabbit Invitrogen 

Alexa Fluor 546 goat anti-mouse Invitrogen 

Alexa Fluor 546 goat anti-mouse Invitrogen 

Alexa Fluor 546 donkey anti-goat Invitrogen 

Alexa Fluor 546 donkey anti-rabbit Invitrogen 

  

7.1.7 Buffers and Solutions 

Antibody Dilution Buffer (milk): 

1x TBS; 1 % (w/v) milkpowder 

 

Antibody Dilution Buffer (BSA): 

1x TBS; 1 % (w/v) BSA 

 

Blocking Buffer (milk): 

1x TBS; 5 % (w/v) milk powder 
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Blocking Buffer (BSA): 

1x TBS; 3 % (w/v) BSA 

 

Blotting Buffer: 

48 mM Tris (pH 8.3), 39 mM Glycine, 20 % Methanol, 0.037 % SDS (w/v) 

Buffer A: 

10 mM Tris-HCl (pH 7.9); 1.5 mM MgCl2; 10 mM KCl; 0.5 mM DTT; 0.4 mM Pefabloc 

 

Buffer C: 

20 mM Tris-HCl (pH 7.9); 25 % Glycerol; 0.42 M NaCl; 1.5 mM MgCl2; 0.2 mM EDTA; 0.5 

mM DTT; Protease Inhibitor Cocktail; 10 mM NaF; 20 mM β-Glycerophosphat; 300 μM 

Na3VO4 

 

CHAPS Buffer: 

150 mM NaCl, 50 mM Tris-HCl pH 6.9, 1.5 mM MgCl2, 1 mM EDTA, 1 % CHAPS 

 

Dilution Buffer: 

20 mM Tris-HCl (pH 7.9); 25 % Glycerol; 1.5 mM MgCl2; 0.2 mM EDTA; 0.5 mM DTT; 

Protease Inhibitor Cocktail; 10 mM NaF; 20 mM β-Glycerophosphat; 300 μM Na3VO4 

 

ECL Solution A: 

50 mg Luminol in 200 ml 0.1 M Tris pH 8.6 

 

ECL-Solution B:  

11 mg para hydrobenzoic acid in 10 ml DMSO 

 

2x EMSA Buffer: 

40 mM HEPES pH 7.9; 120 mM KCl, 8 % Ficoll (v/v) 

 

High Salt Buffer:  

20 mM HEPES pH 7.9; 350 mM NaCl; 20 % Glycerol; 1 mM MgCl2; 0.5 mM EDTA; 0.1 mM 

EGTA; 1 % NP-40 

IF Fixation Buffer: 

4 % Paraformaldehyde in PBS 

 

IF Permeabilization Buffer: 
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0.12 % Glycine; 0.2% Saponin in PBS 

 

IF wash Buffer: 

0.2% Saponin in PBS 

 

IF Blocking Buffer: 

10 % FCS; 0.2 % Saponin in PBS 

 

IF Antibody Buffer: 

5 % FCS; 0.2 % Saponin in PBS 

 

LB Agar: 

LB medium + Bacto agar (15 g/l) 

 

LB Medium: 

5 g/l Bacto yeast extract; 10 g/l Bacto tryptone; 10 g/l NaCl 

 

Mowiol: 

2,4 g Mowiol, 6g Glycerin, 12ml 0,2 M Tris pH 8.5 

 

PBS: 

137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.7 mM KH2PO4 

 

RIPA Buffer: 

50 mM Tris pH 8, 150 mM NaCl, 1 % NP-40, 0.5 % DOC, 0.1 % SDS, 10 % Glycerine 

 

SDS-PAGE Buffer: 

25 mM Tris, 192 mM Glycine, 0.1 % SDS, pH 7.3 

 

SDS sample buffer (6x): 

10 % (w/v) DTT; 12 % (w/v) SDS; 300 mM Tris pH 6.8; 12 mM EDTA; 40 % (v/v) Glycerol; 1 

% (w/v) Bromphenol blue 

 

TBE: 

50 mM Tris, 50 mM Boric acid, 1 mM EDTA 
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TBST: 

100 ml TBS; 100 ml 0.1% ((v/v) Tween-20 
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7.2 Cell Culture Techniques 

7.2.1 Maintenance 

Cells were maintained in 20 ml medium per 15 cm plate. The following media were used: 

Cell line Medium 

BJ MEM supplemented with 10 % FCS and 1 % Pen/Strep (100 U/ml and 

100 μg/ml) (complete medium) 

HEK293 

HeLa 

U2-OS 

DMEM supplemented with 10 % FCS and 1 % Pen/Strep (100 U/ml and 

100 μg/ml) (complete medium) 

HepG2 RPMI 1640 medium supplemented with 10 % FCS and 1 % Pen/Strep 

(100 U/ml and 100 μg/ml) (complete medium) 

 

Cells were grown to 80 % confluency and then split by trypsinization. For this purpose, 

medium was removed and plates washed twice with 5 ml sterile PBS. Cells were incubated 

in 3 ml trypsin for 5 min at 37°C to detach cells from plate. Trypsin was then inactivated by 

adding complete medium, and transferred to new cell culture plates according to the 

appropriate dilution factor. 

 

7.2.2 Freezing and thawing of cells 

For storage of cells, aliquots of 2 x 106 cells / ml freezing medium were prepared for storing 

in liquid nitrogen. To this purpose, cells were trypsinized as described in 7.2.1, and 

transferred to 50 ml falcon tubes following inhibition of trypsin. The cell solution was 

centrifuged at 1050 rpm for 5 min at room temperature, the cell pellet was resuspended in 

the appropriate volume of freezing medium (70 % plain medium, 20 % FCS, 10 % DMSO) 

and transferred to cryovials. The cryovials were stored in cryoboxes at -80°C for at least 72 h 

before transferring them to liquid nitrogen for long-term storage. 

To thaw cell stocks, cryovials were incubated in a 37°C water bath for a few seconds, 

followed by dilution of freezing medium in 4 ml complete medium. The diluted aliquot was 

centrifuged at 1050 rpm for 5 min at room temperature, the pellet resuspended in 20 ml 

complete medium, transferred to a 15 cm plate and subsequently stored at 37°C, 5 % CO2. 
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7.2.3 Stimulation of cells 

To activate stress signalling, cells were either irradiated to cause DNA damage or treated 

with chemical agonists. To induce DNA damage, cells were γ-irradiated employing the blood 

irradiator OB29 (HEK293, HeLa: 10 Gy; U2-OS: 20 Gy; BJ, HepG2: 40 Gy). The chemical 

agonists TNFα (final concentration 10 ng / ml), IL-1α (final concentration 10 ng / ml) and 

hydrogen peroxide (H2O2, final concentration 100 µM) were directly added to the medium. 

 

7.2.4 Transient Transfection 

24 hours before transfection, cells were trypsinized and counted by trypan blue staining 

using a neubauer chamber. 2 x 105 cells were seeded in 2 ml complete medium per well of a 

6-well plate. Cells were grown overnight, followed by siRNA transfection as described below. 

 

7.2.4.1 siRNA Transfection with Interferin 

For transient siRNA transfection using Interferin, 200 µl Opti-MEM were added to an 

Eppendorf tube. Per well of a 6-well plate, 2 µl of 10µM siRNA solution and 10 µl Interferin 

were added to Opti-MEM and mixed by vortexing. To allow transfection complexes to form, 

the siRNA / Interferin mix was incubated for 10 min at room temperature. During that time, 

the growth medium was removed from cells and replaced by 1.8 ml of pre-warmed Opti-

MEM. 200 µl of the reaction mix were then added to the well and mixed by gently swirling the 

plate. The plate was incubated at 37°C overnight, before replacing the transfection medium 

with complete medium. Additional 48 h later, cells were harvested. 

 

7.2.4.2 siRNA Transfection with Lipofectamine RNAiMAX 

For transient siRNA transfection using Lipofectamine RNAiMAX, 150 µl Opti-MEM were 

added to two Eppendorf tubes. 9 µl RNAiMAX reagent were added to one tube, 3 µl 10 µM 

siRNA solution to the other. Both solutions were mixed at a 1:1 ratio and incubated for 5 min 

at room temperature. During that time, growth medium was replaced by 1.7 ml pre-warmed 

Opti-MEM. The reaction mix was added to the well and mixed by gently swirling the plate. 

The plate was incubated at 37°C overnight, before replacing the transfection medium with 

complete medium. Additional 48 h later, cells were harvested.   
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7.2.5 Stable shRNA transfection with pTRIPZ  

The following work was performed in S2 in accordance with S2 safety protocols.  

HEK293T cells were transfected with Calcium Phosphate (see below), helper plasmids mix 

from Dharmacon (helper plasmid mix contains pTLA1-PAK, pTLA-ENZ, pTLA-ENV, pTLA-

TOFF, and pTLA-TAT EEV plasmids) and a pTRIPZ vector in serum free DMEM.  16 hours 

later medium was changed to DMEM complete. 48 hours later supernatant was aspirated 

and centrifuged for 3 hours at 17000 rpm at 4°C. The pellet was resuspended in 100 µl 

medium.  MOI was determined according to manufacturer’s protocols. Target cells were 

infected at low MOI to avoid multiple integration events.  

Transduction was performed in Optimem. Medium was changed 24h later. 48 hours later 

cells were screened by puromycin 2 µg/ml.   

Clonal selection: cells were either sorted into 96 well plates by FACS facility (MDC) or 

colonies arising from single cells were picked manually and propagated.  Positive clones 

were checked for expression by first treating cells with doxycyline and then checking 

knockdown by SDS-PAGE western blot or by qRT-PCR.  

 

7.2.6 Plasmid transfection with PEI 

For transient transfection of plasmids using Polyethylenimine (PEI), 3 x 106 cells were 

seeded per 15 cm plate 24 h before transfection. For co-transfection of two plasmids, 2 ml of 

plain medium were added to two 15 ml falcons.  10 µg of each plasmid were added to the 

first tube and 120 µl PEI to the second tube. Both solutions were mixed and incubated at 

room temperature for 10 min. During that time, growth medium was replaced by 10 ml pre-

warmed plain medium. The reaction mix was added drop-wise and mixed by gently swirling 

the plate. The plate was incubated at 37°C for 4 h, before replacing the transfection medium 

with complete medium. 24-48 h later, cells were harvested.  

 

7.2.7 Plasmid transfection with Calcium phosphate  

For transient co-transfection of two plasmids using the calcium phosphate method, 10 µg of 

each plasmid were mixed with 105 µl 2 M CaCl2 and sterile ddH2O was added to a volume of 

1050 µl in a 15 ml falcon tube. 1050 µl 1x HBSS were added drop-wise to the mix while 

vortexing the falcon tube at low speed. The reaction mix was incubated for 10 min at room 

temperature. During that time, growth medium was replaced by 10 ml pre-warmed plain 
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medium. The reaction mix was added drop-wise and mixed by gently swirling the plate. The 

plate was incubated at 37°C and harvested 24-48 h later. 
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7.3 Molecular Biology Methods 

7.3.1 Determination of Protein Concentration 

To determine the protein concentration of cell lysates, Bradford reagent was used according 

to manufacturers’ instructions. The absorption of the Bradford-protein mix was measured at 

595 nm. 

 

7.3.2 Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis 
(SDS-PAGE) 
To separate proteins in cell extracts, IPs and solutions of recombinant proteins according to 

their size, SDS polyacrylamide gel electrophoresis (SDS-PAGE) was used. Gels were 

prepared by crosslinking acrylamide and N,N’-methylenebisacrylamide by adding ammonium 

peroxodisulfate (APS) and tetramethylethylenediamine (TEMED) to catalyse the 

polymerization reaction. To alter pore size and separation range of the gels, different 

concentrations of the acrylamide mix were used. For initial focusing of the proteins, the 

separation gel was topped by a 4 % stacking gel (pH 6.8). Prior to loading protein lysates on 

the SDS-PAGE gels, they were mixed with 6x Laemmli sample buffer and boiled for 5 min at 

95°C. To estimate the size of proteins, prestained protein ladder was loaded in parallel to the 

analysed samples. Electrophoresis was performed in SDS-PAGE buffer at 70-80 V for the 

initial 15 min (stacking gel), and then at 120-130 V for 60-90 min (separation gel).  

 

7.3.3 Western Blotting 

Following separation of proteins by SDS-PAGE, they were transferred to PVDF membranes 

for subsequent immunodetection. To this purpose, PVDF membranes were activated in 

methanol and soaked in transfer buffer, together with 4 pieces of whatman filter paper. 2 

pieces of filter paper soaked in transfer buffer were transferred to a semi-dry blotting 

apparatus. The SDS gel was rinsed in transfer buffer and laid on top of the filter paper. The 

activated PVDF membrane was placed on top of the gel, followed by the two remaining 

pieces of filter paper. The electrotransfer of proteins from the gel to the membrane was 

performed at 70 mA for 90 min.  
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7.3.4 Immunodetection of Proteins 

Following electrotransfer, the membrane was blocked for 1 h either in 5 % milk in TBST or 3 

% BSA in TBST to minimize unspecific binding of antibodies during immunodetection. 

Blocked membranes were incubated in primary antibody solution (1:500-1:5000 dilution, 

depending on antibody) at 4°C overnight. Following three consecutive washes in TBST (10 

min each, room temperature), the membrane was incubated in secondary antibody solution 

(1:10000) for 1 h at room temperature. After 3 consecutive washes in TBST (10 min each) 

and a last wash in PBS, the membrane was incubated in Millipore Immobilon solution.  

 

7.3.5 Polymerase Chain Reaction (PCR) 
Polymerase chain reaction (PCR) was employed to amplify specific regions of double-

stranded DNA from a template. To this purpose, primers of approximately 30 bp length were 

designed. The 5’ end of each primer contained the sequence of a restriction site, followed by 

a sequence complementary to the start (forward primer) or end (reverse primer, here reverse 

complement to target sequence) of the target, introducing restriction sites to the PCR 

product. PCR reactions were set up as follows: 

  

PCR reaction mixture 

Template DNA 100-200 ng 

10x Pfu Ultra Buffer 10 µl 

Forward Primer 50 pmol 

Reverse Primer 50 pmol 

dNTPs (10 mM) 2 µl 

 

Cycles # Temp time Process 

1 94˚C 4 min Denaturing 

 

35 

94˚C 30 s Denaturing 

56˚C 45 s Annealing 

72˚C 2min/kb Elongation 

1 72˚C 10 min Elongation 

hold 4˚C   
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7.3.6 Site-directed Mutagenesis 

To introduce point mutations into a plasmid, the Quikchange Mutagenesis kit (Qiagen) was 

used. Mutagenesis primers were designed and mutagenesis PCR and DpnI digest were 

performed according to manufacturers’ instruction. Digest with DpnI to remove the parental 

DNA was followed by transformation of 100 µl DH5α E.coli (as described below) with 5 µl of 

the reaction mix. Transformed bacteria were plated onto LB agar plates containing a 

selection antibiotic. Colonies were grown overnight at 37°C and single colonies were picked 

for colony PCR and DNA isolation by miniprep. 

   

7.3.7 PCR Purification and Restriction Enzyme Digest 

PCR products were purified using the PCR purification kit from Qiagen, following the 

manufacturers’ instructions. Purified PCR products were eluted with 50 µl of nuclease-free 

water, and directly subjected to double digest with the appropriate restriction enzymes. 5 µg 

of target vector were digested in parallel. For restriction digest, Fast digest enzymes from 

NEB were used, allowing for incubation times of 15-20 min at 37°C to digest PCR products 

and vector. To minimize the risk of self-ligation, RE-digested vector was subsequently 

dephosphorylated by addition of shrimp alkaline phosphatase (SAP, 10 U) and incubation for 

1 h at 37°C.  

 

7.3.8 Agarose Gel Electrophoresis and Gel purification of PCR and 
vector DNA 
To remove restriction enzymes, SAP and buffer components before ligation, the digested 

fragments and vectors were gel purified. Depending on the size of the fragment, a 1 % - 2 % 

agarose gel was prepared. 0.6-1.2g agarose was dissolved in 60 ml TBE by boiling the 

mixture. 0.2 µg / ml ethidium bromide were added to allow visualization of DNA under UV 

light. The solution was poured into a pre-cooled horizontal mini-agarose gel chamber to 

solidify. Prior to loading DNA on the gel, DNA samples were mixed with 6x DNA loading 

buffer. Gel electrophoresis was performed at 90 V for approximately 15 min. Desired bands 

were cut out from the gel and purified according to manufacturers’ using the gel purification 

kit from Qiagen. 
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7.3.9 Ligation 

To insert the purified PCR product into the target vector, 50 ng of vector were mixed with 

insert in 5-6 molar excess in presence of T4 DNA ligase. The reaction mixture was either 

incubated for 2 h at room temperature or at 4°C overnight. 

Ligation Mixture 
vector 50 ng 
Insert 5-6 molar excess 
10x T4 DNA Ligase Buffer 2 µl 
T4 DNA Ligase 1 µl (2 U) 
ddH2O Fill up to 20 µl 

 

7.3.10 Transformation of compentent bacteria 

For transformation of competent DH5α or BL21 E.coli, 5 µl of the ligation reaction were 

added to 100 µl of bacteria and incubated on ice for 20 minutes. Bacteria were heat shocked 

by incubation at 42°C for 30-45 seconds, followed by incubation on ice for 5 minutes. 

Bacteria were then transferred to LB agar plates containing the appropriate selection 

antibiotic and colonies were grown overnight at 37°C.  

 

7.3.11 Colony PCR 

To test if a colony carried the vector with the ligated insert, colony PCR was performed. PCR 

tubes were prepared, and colonies picked with a sterile tip were first dipped into the empty 

PCR well and the tip was then stored at 4°C for the duration of the colony PCR. The PCR 

mix was added to the PCR tubes. Following PCR, products were analysed by agarose gel 

electrophoresis.  

 

7.3.12 Mini prep 

The tips of positive tested colonies in 7.3.11 were used for inoculation of 2 ml LB medium 

containing the appropriate selection antibiotic. Bacteria were incubated overnight at 37°C at 

220 rpm. For preparation of small amounts of DNA, the PeqGOLD DNA minipreparation kit 

from PeqLab was used according to manufacturers’ instruction.  
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7.3.13 Maxi prep 

For preparation of large amounts of DNA, 120 ml LB medium containing the appropriate 

selection antibiotic were inoculated and incubated at 37°C overnight at 220 rpm. To isolate 

the DNA, the mxiprep kit from Qiagen was used according to manufacturers’ instructions.  

 

7.3.14 RNA Extraction 

To isolate total RNA from cells, TRIzol reagent from Thermo Fischer was used according to 

manufacturers’ instructions. RNA concentration was measured using NanoDrop at OD260. 

Quality was accessed by RNAse-free agarose gel electroporation and OD260/280 and OD260/230 

ratios to exclude contamination with protein or chemical reagents.  

 

7.3.15 Reverse Transcription (synthesis of complementary DNA 
(cDNA)) 
To generate cDNA from the isolated RNA, iScript cDNA synthesis kit from Promega was 

used according to manufacturers’ instructions. 

 

7.3.16 Quantitative Real-Time PCR (qRT-PCR)  

Primers for qRT-PCR analysis were designed according to MIQE guidelines (Minimum 

Information for Publication of qRT-PCR Experiments) using NCBI primer blast, choosing a 

melting temperature of 62°C. The DNA folding tool from the mfold server 

(http://unafold.rna.albany.edu/?q=mfold/DNA-Folding-Form) was used to exclude primers 

forming secondary structures. By using three serial dilutions of cDNA, primer efficiencies 

were determined, only primers with efficiencies varying around 100% were used for analysis. 

To determine fold induction of target genes, two reference genes with an m value lower than 

0.5 were used (RPL13A, HPRT1).  

qRT-PCR reaction mix 
GoTaq qPCR mix 5 µl 
Primer mix (fwd + rev, 3 µM) 1 µl 
Nuclease-free ddH2O 2 µl 
cDNA (1.25 ng / µl) 2 µl 

 

 

http://unafold.rna.albany.edu/?q=mfold/DNA-Folding-Form
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Step temperature Time 
1 95 C 2 min 
2 95 C 3 s 
3 62 C 30 s 
4 Plate read  
5 Melt curve 60.0 to 90.0 C, increment 1 C 

For 10 s + plate read 
END 

 

7.3.17 Radioactive labelling of DNA Fragments 

To radioactively label DNA fragments for the use as baits in EMSA experiments, the 5’ 

overhangs of double-stranded oligonucleotides were filled in the presence of [α-32P] dATP 

using the Klenow fragment from E.coli DNA Polymerase I. The reaction was incubated for 30 

min at 30°C, followed by purification of the labelled fragments using the Qiaquick nucleotide 

removal kit from Qiagen. Radioactivity was measured in a scintillation counter. 

Radioactive Labelling Reaction Mixture 
dsDNA oligonucleotide 200 ng 
10x Klenow Buffer 2.5 µl 
Klenow fragment 1 U 
dNTP w/o dATP 250 µM 
[α-32P] dATP 40 µCi 
ddH2O Fill up to 25 µl 

 

7.3.18 Electrophoretic Mobility Shift Assay (EMSA) 

5  µg of total protein extract were used to set up the EMSA reaction mixture as following: 

EMSA Reaction Mixture 
Protein extract 5-10 µg 
2x shift buffer 10 µl 
BSA (10 mg / ml) 1 µl 
DTT (100 µM) 1 µl 
Poly(dIdC) (2 mg / ml) 1 µl 
32P-labelled oligonucleotide 32.000 cpm 
Nuclease-free ddH2O Fill up to 20 ul 

 

The reaction mixtures were incubated at 37°C for 30 min and then loaded onto a native 

polyacrylamide gel. Electrophoresis was performed in TBE buffer at 25mA / 220V for 90 – 

120 minutes. Subsequently, the gel was dried on whatman filter paper. The dried gel was 
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exposed to autoradiography films to visualize the binding of proteins to the radioactively 

labelled oligonucleotides. 

 

7.3.19 In vitro Kinase Assay 

To determine if a specific protein or fragment is directly phosphorylated by the IKK kinase 

complex, the potential substrate fragments were recombinantly expressed and purified. The 

purified fragments were incubated with the IKK complex, which had been 

immunoprecipitated from cells with an IKKγ antibody, in presence of [α-32P] dATP. A purified 

IκBα fragment was used as positive control. After incubation with the kinase, 3 µl 6x Laemmli 

buffer were added and samples were boiled at 95°C for 5 minutes. Samples were loaded 

onto 12 % SDS gels, dried and exposed to autoradiography films to visualize the covalent 

attachment of radioactive phosphate groups to the recombinant substrate, which would 

indicate direct phosphorylation by the IKK complex. 

 

7.3.20 Whole Cell Extracts 

7.3.20.1 Baeuerle Extracts 

To prepare whole cell extracts, cells were washed twice with ice-cold PBS, scraped in 500 µl 

PBS and transferred to an Eppendorf tube. Cells were pelleted by centrifugation for 30 

seconds at 4°C and 14000 rpm. Supernatant was removed and the cell pellet resuspended in 

3 volumes Baeuerle lysis buffer. Lysates were incubated on a shaker at 4°C for 30 min, 

followed by centrifugation for 10 minutes at 4°C and 14000 rpm. Supernatants containing the 

soluble proteins were transferred to a new reaction tube. 

 

7.3.20.2 CHAPS Lysis 

For interaction studies, whole cell extracts were prepared using CHAPS lysis buffer. Cells 

were washed twice with ice-cold PBS, before scraping in 500 µl CHAPS lysis buffer. Lysates 

were incubated on ice for 30 minutes prior to centrifugation for 10 minutes at 4°C and 14000 

rpm. Supernatants containing the soluble proteins were transferred to a new reaction tube. 
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7.3.21 Nuclear-Cytoplasmic Cell Fractionation 

For subcellular fractionation of cells, plates were washed twice with ice-cold Buffer A, 

followed by scraping in 500 µl Buffer A. Lysates were incubated on ice for 15 min to allow 

cells to swell, before adding NP-40 to a final concentration of 0.5 % and vortexing for 10 

seconds. Lysates were spun down at 14000 rpm and 4°C for 30 seconds, and supernatants 

containing the cytoplasmic fraction were transferred to new reaction tubes. The pellet was 

washed once with 1 ml Buffer A (30 seconds, 14000 rpm, 4°C), resuspended in 3 volumes 

Buffer C and incubated on a shaker for 30 minutes at 4°C. Before insoluble nuclear debris 

were pelleted by centrifugation at 14000 rpm, 4°C for 10 minutes, one volume of Buffer A 

was added to adjust the concentration of NaCl to approximately 150 mM. The supernatants 

containing the nuclear fraction were transferred to new reaction tubes. 

 

7.3.22 (Co)-Immunoprecipitation (IP) 

For the co-immunoprecipitation of protein complexes, either cytoplasmic or CHAPS lysates 

were prepared as described in 7.3.21 and 7.3.20.2, and protein concentration was 

determined as described in 7.3.1. Volume-matched lysates with equal amounts of protein 

were then pre-incubated with 20 µl of a 1:1 slurry solution of Protein G Sepharose. 

Incubation was done for 1 h on a rotation wheel at 4°C. Following pre-clear, the samples 

were centrifuged at 1500 rpm and 4°C for 2 min. Pre-cleared lysates were transferred to new 

reaction tubes and 20 µl of Protein G Sepharose and 1 µg of antibody specific for the target 

protein were added. Incubation of the IP reaction was done overnight at 4°C on a rotation 

wheel. IP samples were washed 3-5 times in IP wash buffer and centrifuged between wash 

steps at 1500 rpm, 4°C for 2 minutes. Beads were resuspended in 12 µl 3x Laemmli buffer 

and boiled for 5 min at 95°C.  

 

7.3.23 Covalent Conjugation of Antibodies to „Dynabeads Protein 
G“ 

To covalently crosslink antibody to magnetic  Dynabeads coated with Protein G, Dynabeads 

were transferred to an Eppendorf tube and washed with 500 µl PBS. The beads were then 

resuspended in 50 µl PBS, 50 µl antibody (0.2 mg / ml) was added and the mix was 

incubated for 2 h at 4°C, shaking gently. Following incubation, the Dynabeads were washed 

once with 800 µl PBS and twice with 800 µl 0.2 M sodium borate (pH 9.0) to remove 
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unbound antibody. To crosslink antibody attached to the Dynabeads, they were resuspended 

in 800 µl 0.2 M sodium borate supplemented with dimethyl pimelimidate (DMP) and rotated 

for 45 minutes at room temperature. The Dynabeads were washed once in 800 µl 0.2 M 

sodium borate and the crosslinking step was repeated. Following crosslinking, the 

Dynabeads were washed twice with 0.2 M ethanolamine (pH 8.0) to saturate the N-reactive 

groups of the binding matrix. The beads were then washed once with PBS before being 

resuspended in 100 mM glycine (pH 3.0) to remove non-covalently bound antibody. To 

neutralize the reaction and avoid denaturation of the antibody, beads were washed in 100 

mM Tris pH 7.4. The beads were again washed twice with PBS, before being resuspended in 

100 µl PBS and stored at 4°C.  

 

7.3.24 SILAC (Stable isotope labelling with amino acids in cell 
culture) 

U2-OS cells were split into two aliquots and cultured in one of the following media (DMEM + 

10 % dialysed FCS): 

i) light medium: contains Arg-0 and Lys-0; no shift in a mass spectrum 

ii) heavy medium: contains Arg-10 and Lys-8; shifts arginine peptides in a mass 

spectrum by 10 Da, and lysine peptides by 8 Da 

Cells were passaged at least three times in the respective medium to ensure complete 

labelling of proteins. SILAC experiments were performed in a forward and a reverse reaction: 

for the forward experiment, heavy-labelled cells were irradiated with 20 Gy and harvested 45 

minutes after irradiation, while light-labelled cells were left untreated. In the reverse 

experiment, labels were swapped and light-labelled cells were irradiated, while heavy-

labelled cells were left untreated. The cells were subjected to nuclear cytoplasmic 

fractionation as described in 7.3.21 and cytoplasmic fractions were used for co-

immunoprecipitation as described in 7.3.22. For the SILAC-IP, IKKγ FL-419 crosslinked to 

Dynabeads (see 7.3.23) was used to precipitate the IKK complex and its interaction partners. 

Following the immunoprecipitation reaction, the two IPs for the forward experiment (light –

unstimulated, heavy – irradiated) and the reverse experiment (heavy – unstimulated, light – 

irradiated) were united, respectively. To allow for in solution digest of the IP samples for 

subsequent MS analysis, proteins were eluted in 3 consecutive incubations with 100 µl 6 M 

urea / 2 M thiourea. Incubation was performed at room temperature for 30 minutes. Eluates 

were pooled and stored at -80°C. 
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Samples were further processed and mass spectrometrically analysed by Patrick Beaudette.  

 

7.3.25 Immunofluorescence (IF) 

2 x 105 cells were seeded in 6-well plates on sterilized cover slips 48 h before experiment. 

After treatment of cells according to experiment, the plate was put on ice and washed twice 

with ice-cold PBS. 4 % PFA in PBS was added and cells were fixed for 10 minutes at room 

temperature. Following two wash steps with PBS, cells were incubated with 0.12 % glycine in 

0.2 % saponin for 15 min at room temperature. After washing the cells twice with 0.2 % 

saponin, they were incubated for 1 hour in blocking solution (10 % filtered FCS, 0.2 % 

saponin). The cells were again washed with 0.2% saponin and the cover slips were 

transferred upside down to a drop of 0.2 % saponin containing the primary antibodies. After 

incubation at 4°C overnight, cover slips were washed 5 times in 0.2 % saponin before being 

transferred to a drop of 0.2 % saponin containing the secondary antibodies. Cover slips were 

incubated in secondary antibody for 1 hour at room temperature, followed by 5 wash steps in 

0.2 % saponin and a last wash step in ddH2O. Samples were then fixed on glass slides using 

mowiol supplemented with DAPI (1:5000). Cover slips were allowed to dry in the dark at 

room temperature before analysis using the Zeiss Axioplan 2. 
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8 ABBREVIATIONS 

aa   amino acid 

ABIN   A20 Binding and Inhibitor of NF-κB 

ActD   actinomycin D 

AIP   Aryl Hydrocarbon Receptor Interacting Protein 

AKT   V-Akt Murine Thymoma Viral Oncogene Homolog 

AMD   ARE-mediated decay 

APS   Ammonium peroxodisulfate 

AR   Ankyrin Repeat 

ARD   Ankyrin repeat domain 

ARE   AU-rich element 

Arg   Arginine 

Arg-0   non-isotope labelled arginine 

Arg-6   isotope labelled arginine with a mass shift of 6 Da  

Arg-10   isotope labelled arginine with a mass shift of 10 Da 

ATM   Ataxia Telangiectasia Mutated 

ATMi   ATM inhibitor 

ATP (ADP)   Adenosine tri (-di)phosphate 

AUBP   AU-binding proteins 

AUF1/2  AU-rich element RNA-binding protein ½ 

AU-rich  adenylate/uridylate-rich 

β4GalT1  Beta-1,4-Galactosyltransferase 1 

Bcl-3     B-cell chronic lymphocytic leukemia/lymphoma associated 3 

BIRC6   Baculoviral IAP Repeat Containing 6 

BMP4   Bone Morphogenetic Protein 4 

BRCA   Breast Cancer 

bp    Base pair(s) 

BRF1   RNA Polymerase III Transcription Initiation Factor 90 KDa Subunit 

BSA   bovine serum albumin 

CAF-1   chromatin assembly factor 1 

CAND1  Cullin Associated And Neddylation Dissociated 1 

CARMA1  CARD-containing MAGUK protein 1 

CBM   CARMA1-Bcl10-MALT1 

CC   coiled coil domain 

CCR4-NOT  Negative Regulator Of Transcription complex 

CD40   B Cell Surface Antigen CD40 
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CDC53  Cell division control protein 53 

CDE   constitutive decay elements 

cDNA    Complementary DNA 

CE   cytoplasmic extract 

CELF1   CUG Triplet Repeat, RNA-Binding Protein 1 

CFI   cleavage factor I 

Chk2   Checkpoint Kinase 2 

cIAP   Cellular Inhibitor of Apoptosis 

co-IP    Co-immunoprecipitation 

cpm   Counts Per Minute 

CPSF   cleavage/polyadenylation specificity factor 

CUGBP1  CUG Triplet Repeat, RNA-Binding Protein 1 

Cul-1   Cullin 1 

CstF   cleavage stimulation factor 

C-Terminus  Carboxyl-Terminus 

dATP   Desoxyadenosine triphosphate 

Da   Dalton 

DAPI    4′,6-Diamidin-2-phenylindo 

DAVID   Database for Annotation, Visualization, and Integrated Discovery 

DCP1a  Decapping mRNA 1A 

DCP2   Decapping mRNA 2 

DD   Death domain 

DD   Dimerization domain 

DDR    DNA damage response 

DDX6   DEAD-Box Helicase 6 

DDX20  DEAD-Box Helicase 20 

DEAD-Box  (asp-glu-ala-asp)-Box 

DIS3   DIS3 Homolog, Exosome Endoribonuclease And 3'-5' Exoribonuclease 

DMEM   Dulbecco´s Modified Eagle Serum 

DMP   Dimethyl pimelimidate 

DMSO   Dimethyl sulfoxide 

DNA   Deoxyribonucleic acid 

DNA-PK  DNA-dependent protein kinase 

dNTP   Deoxynucleotide triphosphate 

DOC   Deoxycholate 

DSB   DNA double strand break 

dsDNA   Double stranded DNA 
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DTT   1,4-Dithiotreitol 

DUSP   Dual specificity protein phosphatase 

ECL   Enhanced Chemiluminescence 

EDD   E3 identified by differential display 

EDC3   Enhancer of Decapping 3 

EDC4   Enhancer of Decapping 4 

EDTA   Ethylene diamine tetraacetic acid 

EGTA   ethylene glycol-bis(β-aminoethyl ether)-N,N,N',N'-tetraacetic acid  

eIF   Eukaryotic Translation Initiation Factor 

EJC   Exon junction complex 

EMSA   Electrophoretic Mobility Shift Assay 

ERK    Extracellular-signal-regulated kinase 

EVH1   enabled/VASP homology 1 domain 

FACS   Flourescence Activated Cell Sorting 

FC    Fold change 

FCS   Fetal Calf Serum 

GAIT   gamma interferon inhibitor of translation element 

GCA   Grancalcin 

GM-CSF  Granulocyte-Macrophage Colony Stimulating Factor 

GO    Gene ontology  

GRE   GU-rich element 

GRR    Glycine-rich region 

GTPBP1  GTP Binding Protein 1 

GU-rich  guanine and uridine rich  

Gy   Gray 

h    Hour(s) 

H2A   Histone 2A 

γ-H2AX  phosphorylated Histone 2AX 

H2O2   hydrogen peroxide 

HA   Hämagglutinin 

HCT   Human Colon Tumor 

HDF   human dermal fibroblasts 

HEK   Human Embryonic Kidney 

Hep   Human Hepatocellular Carcinoma 

HEPES  2-[4-(2-Hydroxyethyl)-1-piperazino]-ethansulfonic acid 

His   Histidine 

HLH   Helix Loop Helix 
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HOIL   Haem-oxidized IRP2 Ubiquitin-Ligase 1 

HOIP   HOIL-1 Interacting Protein 

HR   Homologous Recombination 

HRP   Horseradish Peroxidase 

HuR   Hu-Antigen R 

IAP    Inhibitors of Apoptosis 

ICOS   inducible T-cell costimulator 

IFNγ   Interferon γ 

Ig   Immunglobulin 

IκB   Inhibitor of NF-κB 

IKK   IκB-Kinase 

IL-1β   Interleukin 1β 

IL-1R   IL-1-Rezeptor 

IL-1RacP  IL-1 Receptor-associated Protein  

IL-6   Interleukin 6   

IL-8   Interleukin 8 

IP   Immunoprecipitation 

IPO3   Importin 3 

IPO8   Importin 8 

IR   ionizing radiation 

IRAK   IL-1 Receptor-associated Kinase 

IRE   iron response element 

IRES   internal ribosome entry sites 

IRP   Iron Regulatory Protein 

JNK    c-Jun N-terminal kinase 

kb    Kilo bases 

KCl   Potassium chloride 

KD   Kinase domain 

kDa   Kilodalton 

KH2PO4  Potassium dihydrogenphosphate 

KSRP   KH-type splicing regulatory protein 

LB    Luria-Bertani medium 

LPS   Lipopolysaccharide 

LSM   Lymphocyte Separation Medium 

Lsm4   U6 snRNA-associated Sm-like protein 

LUBAC  Dimeric Linear Ubiquitin Chain Assembly Complex 

Lys   Lysine 
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Lys-0   non-isotope labelled Lysine 

Lys-4   isotope labelled arginine with a mass shift of 4 Da 

Lys-8   isotope labelled arginine with a mass shift of 8 Da 

LZ   Leucine Zipper 

MAIL   Molecule Possessing Ankyrin Repeats Induced by Lipopolysaccharide 

MALT1  Mucosa-associated lymphoid tissue lymphoma translocation protein 1 

MAPK   Mitogen Activated Protein Kinase 

MBq   Megabecquerel 

MCPIP1  MCP Induced Protein 1 (Reg1, ZC3H12A) 

MDA9   Melanoma Differentiation Associated Protein-9 

MEF   Murine Embryonic Fibroblasts 

MEKK   Mitogen-activated protein kinase kinase 

METAP2  Methionyl Aminopeptidase 2 

MgCl2   Magnesiumchloride 

min   minute(s) 

MIQE  Minimum γormation for Publication of Quantitative Real-Time PCR 

Experiments 

MKP2 MAP Kinase Phosphatase 2 (DUSP4) 

MMP7 Matrix Metallopeptidase 7 

MOD minimal oligomerization domain 

MRN   Mre11/RAD50/NBS complex 

mRNA   Messenger RNA 

mRNP   messenger ribonucleoprotein 

miRNA   microRNA 

MS   Mass spectrometry 

MyD88   Myeloid Differentiation Factor 88 

Na   Sodium 

Na2HPO4∙2H2O Sodium hydrogen phosphate dihydrate 

Na3VO4  Sodium vanadate 

NaCl   Sodium chloride 

NaF   Sodium fluoride 

NaOH   Sodium hydroxide  

NDRG1  N-Myc Downstream Regulated 1 

NE   Nuclear extract 

NEM   N-Ethylmaleimide 

NEMO   NF-κB Essential Modulator 

NF-κB   Nuclear Factor κB 
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NHEJ   Non-homologous End Joining 

NIK1   NF-κB-inducing Kinase 

NLS   Nuclear localization sequence 

NP-40   Nonidet P-40 

NRD   N-terminal regulatory domain 

N-Terminus  Amino Terminus 

NTD    N-terminal domain 

NTD   neural tube defect 

NUB   NEMO ubiquitin binding domain 

OD   Optical density 

ORF    Open reading frame 

PAT1   Protein Associated With Topoisomerase II Homolog 1 

P-body   Processing Body 

PABP   Poly(A) Binding Protein 

PAGE   Polyacrylamide Gel electrophoresis 

PAN2/3  Poly(A) Specific Ribonuclease complex 

PAR   Poly(ADP-Ribose) 

PARBM  PAR binding domain 

PARG   Poly(ADP-Ribose)-Glycohydrolase 

PARN1  PolyA-specific ribonuclease 

PARP-1  Poly(ADP-Ribose)-Polymerase 1 

PBS   Phosphate Buffered Saline 

PCBP1  Poly(RC) Binding Protein 1 

PCR    Polymerase chain reaction 

PEI    Polyethylenimine  

PEST    Region rich in proline, glutamic acid, serine and threonine residues  

Pen/Strep  Penicillin/Streptomycin 

PFA    Paraformaldehyde 

PI3K   Phosphinositide 3 Kinase 

PIASy   Protein Inhibitor of Activated STAT y 

PKC   Protein kinase C 

Pol II   DNA-Directed RNA Polymerase 2 

Poly(A)  poly adenosine 

Poly[dI-dC]  Polydeoxyinosindeoxycytidil-Säure 

PP2A   Proteinphosphatase 2A 

PTEN   Phosphatase and Tensin Homologue 

PTM   PTM Posttranslational modification 
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Q/N-rich  glutamine and asparagine-rich 

qRT-PCR   Quantitative real-time PCR 

RBP   RNA binding protein 

RBX1   RING Box Protein 1 

RC3H1 RING Finger and CCCH-Type Zinc Finger Domain-Containing  

Protein 1 

RHD    Rel Homology Domain   

Reg1   Regnase-1 (ZC3H12A, MCPIP1) 

RING   Really Interesting New Gene 

RIP1    Receptor interacting serine/threonine-protein kinase 1   

RNA    Ribonucleic acid  

RNH1   Ribonuclease/Angiogenin Inhibitor 1 

ROCK1  Rho Associated Coiled-Coil Containing Protein Kinase 1 

ROS    Reactive oxygen species 

rpm    Rounds per minute   

RT    Room temperature 

SAP    Shrimp alkaline phosphatase 

SCFβ-TrCP   Skp1/Cul1/F-box-protein, β-transducin repeat containing protein  

scr   scrambled siRNA 

SDD   scaffold/dimerization domain 

SDS    Sodium dodecyl sulfate  

SDS-PAGE   SDS-polyacrylamide-gel electrophoresis 

SG   Stress Granule(s) 

SHARPIN   SHANK-associated RH domain interactor 

SILAC   Stable isotope labelling with amino acids in cell culture 

siRNA    Small interfering RNA  

SKP1   S-Phase Kinase-Associated Protein  

Smad   Sma- And Mad-Related Protein 

snRNP   small nuclear ribonucleo proteins 

SRD    Signal response domain  

SRP   Signal Recognition Particle 

STAT    Signal transducers and activators of transcription 

SUMO   Small ubiquitin-related modifier 

TAB    TAK1 binding protein  

TAD    Transactivation domain  

TAK1    Transforming growth factor-β activated kinase 1    

TBE    Tris borate EDTA  
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TD    Tetramerization domain  

TD   Trimerization domain 

TEMED   N,N,N’,N’-tetramethylethylendiamine 

TGFβ   Transforming Growth Factor Beta 1 

TIA-1   T-Cell-Restricted Intracellular Antigen-1 

TIAR   TIA-1-Related Protein 

TIR   Toll/IL-1R domain 

TIS11   TPA-induced sequence 11 

T-Loop   telomere loop 

TLR   Toll-like receptor 

TNFα   Tumor necrosis factor alpha 

TNFAIP3  TNF Alpha Induced Protein 3 

TNF-RI   TNF receptor I 

TOP   terminal oligopyrimidine tract 

TRADD   TNF receptor associated protein with death domain  

TRAF    TNF receptor associated factor   

Tris    Tris(hydroxymethyl)-aminomethane 

TSG101  Tumor Susceptibility 101 

TTP   Tristetraprolin 

Ub    Ubiquitin 

UBAN    Ubiquitin binding in ABIN and NEMO UBD Ubiquitin binding domain  

Ubc 4/5  Ubiquitin-Conjugating Enzyme E2D 2 

UBR5   Ubiquitin Protein Ligase E3 Component N-Recognin 5 

Uev1a   Ubiquitin-Conjugating Enzyme E2 Variant 1 

ULD   ubiquitin-like domain 

uORF   upstream ORF 

ut    Untreated  

UTR    Untranslated region  

UV    Ultraviolet 

VEGF-A  Vascular Endothelial Growth Factor A 

WB    Western Blotting, Western Blot   

WD40   beta-transducin repeat, (tryptophan-aspartic acid) 

WT     Wild type 

Xrn1   5'-3' exoribonuclease 1 

XUT   Xrn1-sensitive unstable transcripts 

YWHAZ Tyrosine 3-Monooxygenase/Tryptophan 5-Monooxygenase Activation 

Protein Zeta 

https://en.wikipedia.org/wiki/XRN1
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ZC3H12A  Zinc Finger CCCH-Type Containing 12A (Reg1, MCPIP1) 

ZF   zinc finger 
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