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1. Introduction 

The discovery of a DNA binding activity towards a DNA element from the ĸ light-chain gene, 

which was known to confer transcription activity in B cells, led to the identification of the NF-

ĸB (Nuclear Factor kappa-light-chain-enhancer of activated B cell) (Sen and Baltimore, 1986). 

NF-ĸB was then identified as a transcription factor with DNA-binding and transcriptional 

activity to non-immunoglobulin genes(Kawakami et al., 1988). NF-ĸB expression indeed is not 

restricted to B cell lineages and its inducible activity orchestrates the expression of a broad 

spectrum of genes linked with many biological pathways (Zhang et al., 2017). NF-ĸB mediates 

innate and adaptive immune responses drive inflammation and are involved in wound healing 

and embryonic development, while its dysregulation contributes to the pathogenesis of many 

autoimmune disorders, chronic inflammatory syndromes, and various types of cancers 

(Grivennikov et al., 2010). More than three decades of intensive research in the NF-ĸB field 

have revealed myriad aspects of this signaling pathway. Nevertheless, there are still many 

biological functions to be discovered and the rapid development of molecular biology 

techniques in the new era will decipher many more features of the NF-ĸB signaling systems 

(Hayden and Ghosh, 2012).  

1.1. NF-ĸB: Master Regulator of Immunity, Cell Survival, and Proliferation 

Organisms adapt to the environmental changes and stress conditions by inducible gene 

expression (Chen and Chen, 2013). Signaling pathways are central mediators of such 

adaptations. They often utilize preexisting protein complexes to rapidly respond to the 

activating stimuli. One of the most important and evolutionarily conserved ways of dealing 

with stress conditions, including pathogens and DNA damage, is to activate the NF-ĸB signaling 

pathway.  

1.1.1. Members of the NF-ĸB pathway 

The NF-ĸB family of proteins includes NF-ĸB1 (p105, p50), NF-ĸB2 (p100, p52), RELA (also 

called p65), RELB, and c-REL (Hayden and Ghosh, 2012). NF-ĸB1 and NF-ĸB2 are synthesized 

as precursor proteins p105 and p100 and proteolytically processed into mature p50 and p52 

subunits in the proteasome (Zhang et al., 2017). The NF-ĸB subunits form heterodimers or 

homodimers and are kept in the cytoplasm through association with IĸB proteins (Hayden and 

Ghosh, 2012). Stimulus-dependent activation of these complexes requires phosphorylation, 

ubiquitination, and proteasome-mediated degradation of IĸB proteins (Ghosh et al., 2012). 
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Released NF-ĸB dimers translocate to the nucleus and regulate the expression of target genes 

by binding to DNA ĸB sites with the consensus sequence 5´-GGGRNWYYCC-3´(where N is any 

base, R is a purine, W is adenine or thymine, and Y is a pyrimidine) in their promoters or 

enhancers (Ghosh et al., 2012).   

The NF-ĸB subunits are characterized by a conserved N terminal Rel homology region (RHR) 

(Oeckinghaus and Ghosh, 2009). The RHR comprises approximately 300 amino acids and 

mediates essential functions, including DNA binding and interaction with IκBs (Huxford and 

Ghosh, 2009). The RHR consists of three structural domains, an N-terminal domain (NTD), a 

dimerization domain (DD) and a nuclear localization signal (NLS) (Oeckinghaus and Ghosh, 

2009). NF-ĸB exists and functions only as dimers (Ghosh et al., 2012). RelA, RelB, and c-Rel 

contain a transcriptional activation domain (TAD), while p50 and p52 lack this motif (Caamaño 

and Hunter, 2002). Instead, they reveal conserved glycine-rich regions (GRR) as remnants of 

the proteasomal processing of the precursor p105 and p100 respectively (Figure 1) 

(Oeckinghaus et al., 2011). Consequently, NF-ĸB dimers that contain at least one of the TAD 

containing members function as transcriptional activators while p50 and p52 containing 

dimers, the abundant p50:p50 homodimer and to a lesser extent p52:p52 and p50:p52 

homodimer, and heterodimer respectively,  generally act as transcriptional repressors (Ghosh 

et al., 2012). Thus, the choice of different dimer compositions enables cell type-specific 

responses to varying stimuli (Ghosh et al., 2012).  
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Figure 1:  Members of the NF-ĸB family. The NF-ĸB family consists of the five members RelA, RelB, c-Rel, NF-ĸB1 
(p105/p50) and NF-ĸB2 (p100/p52). NF-ĸB1 and NF-ĸB2 are synthesized as precursor proteins p105 and p100. 
They are processed into the mature products p50 and p52, respectively. NF-ĸB subunits are characterized by an 
N-terminal Rel homology region (RHR) consisting of an N-terminal domain (NTD), a dimerization domain (DD) 
and a nuclear localization signal (NLS). RelA, RelB and c-Rel contain a transactivation domain (TAD), while both 
p105/p50 and p100/p52 lack a TAD. Instead, both p105 and p100 possess a C-terminal IĸB-like domain consisting 
of seven ankyrin repeats. Removal of the C-terminal region by the proteasome yields mature p50 and p52 from 
p105 and p100 respectively. LZ,; leucine zipper; GRR, glycine-rich region; ANK, ankyrin; DeD, death domain 
(Ghosh et al., 2012). 

The prototypical NF-ĸB pathway is regulated by members of the IĸB protein family in the 

cytoplasm (Hinz et al., 2012). The IκB family is characterized by conserved ankyrin repeat 

domains (ARD) that enable binding to NF-κB dimers to sequester them in the cytoplasm (Hinz 

et al., 2012). The IκB family consists of eight members including IκBα, IκBβ, IκBε, IκBγ, IκBNS, 

Bcl3, and precursor NF-κB proteins p105 and p100 (Naumann et al., 1993). IĸBα, IĸBβ, and IĸBε 

are the classical IĸBs that mediates the prototypical function of the IĸB family by binding to 

NF-ĸB dimers and masking their nuclear localization signal (Huxford and Ghosh, 2009). The 

NF-ĸB dimers that are bound to the classical IĸBs contain at least one RelA or c-Rel (Huxford 

et al., 1998). The classical IĸBs have six ARD domains and a consensus sequence in the N-

terminal flexible region that are the sites for IKKβ phosphorylation (Jacobs and Harrison, 

1998). Proline, glutamic acid, serine, and threonine rich region (PEST), which is common to 

many proteins with rapid turnover, exits in the C-terminus of the classical IĸBs such as IĸBα 

and IĸBβ (Ghosh et al., 2012). The unprocessed precursor proteins p105 and p100 act as IκB-

like molecules (Huxford and Ghosh, 2009). They belong to the IĸB family due to their highly 
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conserved C-terminal regions that contain the ARD domain with seven ankyrin repeats (Hinz 

et al., 2012). Unlike the oligomerization of the classical IĸBs, where one NF-ĸB dimer 

oligomerizes with one of the classical IĸB subunits, it is assumed that both p100 and p105 

assemble into larger protein complexes (Savinova et al., 2009). There are three more 

polypeptides with conserved IκB-like ARD domains namely IκBNS, IκBζ and Bcl3, which 

associate with NF-κB dimers (Malek et al., 2003). They display a binding specificity with a 

preference towards p50 and p52 homodimers (Haruta et al., 2001). These proteins are 

predominantly nuclear IĸBs and are not proteolytically degraded upon cellular stimulation 

(Yamazaki et al., 2001) (Figure 2).  

 

Figure 2: The IĸB protein family. The IĸB family shares a conserved ankyrin repeat domain (ARD). IĸBα and IĸBβ 
also share a C-terminal proline, glutamic acid, serine, and threonine rich region (PEST), which is a domain typical 
for proteins with fast turnover. Both p105 and p100 contain N-terminal domain (NTD), dimerization domain (DD), 
nuclear localization signal (NLS), and glycine-rich region (GRR) (Ghosh et al., 2012).   

1.1.2. Members of the IKK kinase complex 

Phosphorylation-dependent degradation of IĸBs is a prerequisite step for the NF-ĸB activation. 

This is achieved by an IĸB kinase (IKK) complex (Hinz and Scheidereit, 2014). Initial biochemical 

studies revealed a high-molecular-weight kinase complex of approximately 700 kDa for the 

site-specific phosphorylation of IĸBα (Chen et al., 1996). IKKα (IKK1) and IKKβ (IKK2) are the 
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catalytic members of the prototypic IKK complex (Zandi et al., 1997). They are 

serine/threonine kinases of 85 and 87 kDa respectively (Zandi et al., 1998). A third component 

of the IKK complex is IKKγ (NF-κB essential modulator, a.k.a IKKγ), identified by a 

complementation cloning assay using an NF-κB unresponsive cell line (Yamaoka et al., 1998) 

(Rothwarf et al., 1998). IKKγ is a non-enzymatic regulatory subunit of the IKK complex (Hinz 

and Scheidereit, 2014).    

IKKα and IKKβ have a tri-modular structure, containing an N-terminal kinase domain (KD), a 

central ubiquitin-like domain (ULD), and a C-terminal α-helical scaffold/dimerization domain 

(SDD) (Ghosh et al., 2012). IKKγ is largely α-helical and consists of two coiled-coil domains (CC), 

a leucine zipper domain (LZ), and a zinc-finger (ZF) at the C-terminus (Israël, 2010). 

Additionally, IKKγ contains a kinase binding domain (KBD) (Rushe et al., 2008), a minimal 

oligomerization domain (MOD), and an-N terminal dimerization domain required for the high-

order oligomer formation (Figure 3) (Tegethoff et al., 2003).  

 

Figure 3: Domain organization of the prototypical IKK complex. IKKα and IKKβ contain a kinase domain (KD) 
typical for serine/threonine kinases, a ubiquitin-like domain (ULD), and a scaffold dimerization domain (SDD). 
IKKγ contains two helical interaction domains (HLX), two coiled-coil domains (CC1, CC2), a leucine zipper region 
(LZ), and a C-terminal Zinc-finger (ZF) region (Hinz and Scheidereit, 2014).  

The main function of the active IKK complex is to phosphorylate the small IκBs and the NF-κB 

precursors p100 and p105 (Hinz and Scheidereit, 2014). IKKs can also directly modulate NF-κB 

activity (Hinz and Scheidereit, 2014). For instance, phosphorylation of RelA Ser 536 by IKKβ 

enhances its transactivation role, while IKKα dependent phosphorylation of RelA and c-Rel 

abrogates their transcriptional activity (Sakurai et al., 1999) (Lawrence et al., 2005). In addition 

to the core components of the IKK complex, different subcomplexes target IKKs to varying 

substrates (Teo et al., 2010). Consequently, the action of IKK kinases is not restricted to 

signaling towards NF-κB. For instance, the IKK complex can also control gene expression at a 



Introduction 

11 
 

posttranscriptional level by phosphorylating a Processing (P) body scaffold protein known as 

an enhancer of decapping 4 (EDC4) (Mikuda et al., 2018).  

NF-ĸB dimers recruit histone acetyltransferases (HAT) including PCAF, CBP, and p300, and 

histone deacetylases (HDAC), including HDAC1 and HDAC3, to the promoters and enhancer 

regions of their target genes to modify the transcriptional responses (Hoffmann et al., 2006). 

Different NF-ĸB dimers exhibit different binding affinities to HATs and HDACs (Zhong et al., 

2002). The canonical p50:RelA complexes preferentially recruit CBP and p300 that enable 

open chromatin structure for transcriptional activation (Hinz and Scheidereit, 2014). In 

contrast, p50 and p52 dimers induce a closed chromatin structure by attracting HDACs to the 

target gene promoters (Ghosh et al., 2012). Post-translation modifications (PTMs) influence 

NF-ĸB dependent transcriptional responses through coregulator recruitment (Naumann and 

Scheidereit, 1994). Indeed, phosphorylation of RelA on serine 276 facilitates the binding of 

CBP and p300, and mutation on this residue diminishes inducible expression of a subset of NF-

ĸB target genes (Vermeulen et al., 2003).  

1.1.3. Signaling through NF-ĸB 

There are two general types of NF-ĸB signaling pathways, which are triggered by external 

stimuli, the canonical, also known as classical, and the non-canonical, also known as 

alternative pathways (Sun, 2017). Pro-inflammatory cytokines, such as tumor necrosis factor 

(TNF) and IL-1, trigger rapid and transient activation of the canonical pathway (Gerondakis et 

al., 2014). Tissue macrophages and other immune cells frequently produce such cytokines 

when they encounter pathogens via damage-associated or pathogen-associated molecular 

patterns (DAMPs or PAMPs respectively) (Sun, 2017). DAMPs and PAMPs act through pattern-

recognition receptors (PRRs) such as Toll-like receptors (TLRs) and NOD-like receptors (NLRs) 

(Liu et al., 2017). Activation of the canonical NF-ĸB pathway in immune cells regulates the 

expression of genes encoding proinflammatory cytokines and chemokines to alert the 

immune system against infections (Liu et al., 2017). 

On the other hand, activation of the non-canonical pathway is considerably slower, as it 

requires de novo synthesis of NF-ĸB inducing kinase (NIK) (Keats et al., 2007). A subset of 

tumor necrosis factor receptors (TNFR), including B-cell activating factor (BAFF) receptor, 

lymphotoxin-β receptor (LTβR), TNF-like weak inducer of apoptosis (TWEAK), the receptor 

activator of NF-ĸB (RANK), CD27, CD30, CD40, and OX40 (also known as CD134) activate non-
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canonical NF-ĸB signaling (L. Zhang et al., 2019). Compared to the canonical pathway, 

activation of the non-canonical NF-ĸB can be sustained for an extended period (Taniguchi and 

Karin, 2018). As a result, the non-canonical NF-ĸB pathway regulates long-term developmental 

programs including lymphoid organogenesis, B cell maturation, osteoclast differentiation, and 

chronic inflammation  (Figure 4.) (Hinz and Scheidereit, 2014). 

 

Figure 4: Canonical and non-canonical activation of the NF-ĸB pathway. Multiple agents, including cytokines, 
antigens, PAMPs (pathogen-associated molecular patterns), and DAMPs (damage-associated molecular patterns) 
rapidly and transiently activate the canonical NF-ĸB pathway through the respective receptors, including pattern 
recognition receptors (PRRs). The canonical signaling relies on the IKKγ -dependent activation of the IKK complex 
that phosphorylates IĸBα and targets it for proteasomal degradation. Hence, the NF-ĸB dimers, most prominently 
p50:RelA but also p50:c-Rel, are liberated from IĸBα and translocate to the nucleus to regulate target gene 
expression. By contrast, slow and persistent activation of the non-canonical pathway is triggered by a subset of 
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TNFR that induces the stabilization of NIK. NIK then binds to, and phosphorylates IKKα, thus activating its kinase 
function. IKKα phosphorylates the C-terminal serine residues of p100, which leads to its proteasomal processing 
to p52. The proteolytic removal of the C-terminal ankyrin repeats of p100 enables nuclear translocation of the 
generated p52:RelB and p52:p52 dimers to regulate target gene expression. During the activation of the non-
canonical NF-ĸB pathway, the precursor p105 is also processed to mature p50 in a signal-induced manner (Yılmaz 
et al., 2014). 

1.1.4. Physiological roles of the NF-ĸB pathway 

NF-ĸB-dependent regulation of gene expression affects myriad cellular and physiological 

processes. Multiple aspects of innate and adaptive immune functions and inflammatory 

responses are regulated by the NF-ĸB pathway (Liu et al., 2017). NF-ĸB induces the expression 

of proinflammatory genes, including those encoding chemokines and cytokines (Hoesel and 

Schmid, 2013). Studies in animal models that are deficient for one or more members of the 

NF-ĸB revealed key functions of this pathway in the immune system (Zhang et al., 2017). For 

instance, NIK and NF-ĸB2 knock-out mice lack humoral immune responses (Mesin et al., 2016).  

In particular,  non-canonical NF-ĸB signaling regulates the survival, maturation, and 

homeostasis of B cells in the peripheral lymphoid organs (Mesin et al., 2016). A crucial role of 

the non-canonical NF-ĸB is the formation of the germinal centers (GC) that are specific regions 

within the B cell follicles of secondary lymphoid organs (Mesin et al., 2016). Crucial events 

required for the maturation of the antigen-presenting B cells such as clonal expansion, somatic 

hypermutation, and immunoglobin class switching, as well as depletion of self-reactive B cells 

via negative selection, occur in GC (Weih et al., 2001). The non-canonical NF-ĸB pathway 

activity in both lymphoid stromal cells and B cells contributes to the formation of GC (Pickard 

et al., 2004). In stromal cells, LTβR signaling activates the non-canonical pathway, which, in 

turn, induces the expression of CXCL13 and CCL21 (Pickard et al., 2004). These chemokines 

enable the formation of the follicular DC network in GC (Liu et al., 2017). GC also alerts 

adaptive immune responses via T cell-B cell interaction at the border of B cell follicles, which 

promotes the activation, proliferation, and differentiation of antigen-presenting B cells (Liu et 

al., 2017). T follicular helper (TFH) cells, a subset of CD4+ T cells, migrate to the border of the T 

cell zone and interact with B cells to activate them through the engagement of inducible co-

stimulator (ICOS) on T cells by ICOS ligand (ICOSL) of B cells (Linterman and Vinuesa, 2010).  

High expression of ICOSL in B cells is mediated by the BAFFR- and CD40-induced non-canonical 

NF-ĸB pathway (Hu et al., 2011). Indeed, patients with loss of function mutations in the gene 

encoding NIK have reduced ICOSL expression in B cells and develop common variable 

immunodeficiency as a result of impaired TFH cell generation (Willmann et al., 2014). 
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Therefore, NF-ĸB-dependent gene expression shapes the humoral immunity both by 

activating antigen-presenting B cells and by forming secondary lymphoid organs for their 

maturation (Sun, 2017).   

In addition to its roles in immunity and inflammation, NF-ĸB directly or indirectly controls 

other biological processes such as epithelial-to-mesenchymal transition (EMT) (Scheel and 

Weinberg, 2012), angiogenesis (Huang et al., 2001), metastasis (Erez et al., 2010), cell 

metabolism (Kawauchi et al., 2008), cancer stem cell formation (Scheel and Weinberg, 2012), 

and therapy resistance (Lee et al., 2011) (Figure 5).  

 

Figure 5: Physiological roles of the NF-ĸB pathway(s). NF-ĸB regulated gene expression directly or indirectly 
controls crucial cell fate decisions which are linked to several physiological processes including, inflammation, 
angiogenesis, metastasis, therapy resistance, cancer stem cell formation, cellular metabolism, EMT, and invasion 
(Taniguchi and Karin, 2018).  

 

1.2. DNA damage-induced NF-ĸB pathway activation 

The genome of all organisms is continuously threatened by agents that cause DNA damage. 

Alteration of DNA bases, breaks of the DNA backbone as well as cross-links between DNA 

strands and proteins create harmful DNA lesions (Wang et al., 2017). Breaks of both DNA 

strands are known as DNA double-stranded breaks (DSBs) and are considered to be the most 

lethal types of DNA damage (De Bont and van Larebeke, 2004). Ionizing irradiation (IR), 
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ultraviolet light (UV), and reactive oxygen species (ROS) can create DSBs (Sancar et al., 2004). 

When cells are exposed to severe DNA damage, they undergo either apoptosis or permanent 

cell cycle arrest (senescence) to avoid malignant transformation (d’Adda di Fagagna, 2008). 

To maintain genomic integrity, DNA sensor proteins recognize genomic lesions and mobilizes 

the DNA repair machinery, and initiates the DNA damage response (DDR) (Ciccia and Elledge, 

2010). Dysregulated DDR often occurs in cancer cells and allows them to escape from 

apoptosis and senescence (Wang et al., 2017). These cells continue to proliferate while still 

harboring genomic lesions and therefore, accumulate oncogenic mutations.    

The NF-ĸB pathway plays a crucial role in the cellular stress response (Wu and Miyamoto, 

2007). A variety of DNA lesions, such as IR-induced DSBs, cisplatin-induced DNA cross-linking, 

and temozolomide-induced SN1 methylation can activate the NF-ĸB pathway in a membrane 

receptor-independent manner (Wu and Miyamoto, 2007). Together with p53, NF-ĸB regulates 

the expression of a large number of genes that are involved in various cellular processes in the 

DDR (Wu and Miyamoto, 2007).  

1.2.1. Mechanistic insights into the DNA damage-induced NF-ĸB pathway  

DNA damage-induced NF-ĸB pathway activation occurs in a canonical IKK complex-dependent 

fashion (Wang et al., 2017).  However, in contrast to the receptor-ligand initiated NF-ĸB 

signaling pathways, this genotoxic signaling is activated in the nucleus (Janssens and Tschopp, 

2006). The cascades of signaling events that lead to DNA damage-induced NF-ĸB activation 

can be categorized into major events that occur in the nucleus and cytoplasm (Wu and 

Miyamoto, 2007). In the nucleus, the DNA damage sensor proteins ATM and Poly(ADP-Ribose) 

Polymerase 1 (PARP1) play pivotal roles (Wang et al., 2017). PARP1 is an abundant chromatin-

associated enzyme that can be recruited to damaged DNA (Timinszky et al., 2009). PARP1 is 

activated at the DNA lesions and catalyzes the covalent attachment of poly-ADP-ribose (PAR) 

units to itself, histones, and non-histone proteins (Timinszky et al., 2009). PARylated PARP1 

serves as a docking platform for protein-protein interactions (Timinszky et al., 2009). In 

response to DNA damage, PARylated PARP1 forms a transient nuclear signalosome complex 

with IKKγ, ATM, and PIASy (protein inhibitor of activated STATy) (Stilmann et al., 2009). A small 

fraction of IKKγ the non-catalytic subunit of the IKK complex dissociates from IKKα/β upon 

DNA damage and translocates into the nucleus through interaction with IPO3 (Hwang et al., 

2015). IKKγ interacts with the SUMO (small ubiquitin modifier) E3 ligase PIASy through PARP1 
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signalosome (Stilmann et al., 2009).  PIASy sequentially SUMOylates IKKγ and further 

enhances its nuclear localization (Mabb et al., 2006). Increased nuclear localization of IKKγ 

enhances its association with ATM (Stilmann et al., 2009). Furthermore, the DNA damage-

induced transient interaction between IKKγ and ATM is stabilized by PARP1 (Stilmann et al., 

2009). The protein-protein interaction between IKKγ and activated ATM leads to ATM-

dependent phosphorylation of IKKγ on Ser 85 (Hinz et al., 2010). Upon its phosphorylation by 

ATM, IKKγ is monoubiquitinated by cIAP1 (Jin et al., 2009). Although the precise function of 

IKKγ phosphorylation is not known, it is a prerequisite for subsequent monoubiquitination of 

IKKγ and NF-κB pathway activation (Hinz et al., 2010). Several studies suggested that 

monoubiquitination of IKKγ might be essential for its nuclear export to transduce the nuclear 

signaling into the cytoplasm (Wu et al., 2018).  

IKKγ and ATM are exported from the nucleus in a Ca2+ and Ran-GTP-dependent fashion (Hinz 

et al., 2010). In the cytoplasm, ATM triggers ubiquitin ligase activity of TNF receptor-associated 

factor 6 (TRAF6) and leads to its K63-linked autoubiquitination (Hinz et al., 2010). In addition 

to the K63-linked polyubiquitination, linear ubiquitin chains also contribute to the DNA 

damage-induced NF-κB activation (Niu et al., 2011). Linear ubiquitination chains are 

connected by a head-to-tail peptide bond between C-terminal Gly76 of one ubiquitin and N-

terminal α-amino group on Met1 of another ubiquitin molecule (Komander et al., 2009). The 

LUBAC protein complex, which consists of hemeoxidized IRP2 ubiquitin ligase-1 (HOIL1), 

HOIL1-interacting protein (HOIP), and shank-associated RH domain interactor (SHARPIN), is 

the only known E3 ligase that can promote linear ubiquitin chain formation (Kirisako et al., 

2006). In response to DNA damage, IKKγ is modified by linear ubiquitin chains (Mabb et al., 

2006). The K63-linked polyubiquitin chains attached to TRAF6 together with the linear 

ubiquitin chains on IKKγ may form a transient protein complex that serves as a docking 

platform for TAK1/TAB1/TAB2 and IKK complexes (Hinz et al., 2010). The formation of high-

molecular-weight protein complexes involving TAK1 and IKK leads to auto-phosphorylation 

and activation of TAK1 and subsequent TAK1-dependent DNA damage-induced IKK activation 

(Hinz et al., 2010). After the activation of the IKK complex, the downstream signaling events 

occur similar to those in the canonical NF-κB pathway (Figure 6) (Hinz et al., 2010). NF-κB 

activation by DNA damage upregulates the expression of anti-apoptotic genes like Bcl-xL, 

therefore, counteracts the killing capacity of cancer therapies that involve genotoxic agents 

(Stilmann et al., 2009). DNA damage may also activate the non-canonical NF-κB pathway 
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(Wang et al., 2017). In prostate cancer cells, ionizing irradiation induces RelB nuclear 

localization (Lessard et al., 2005) and enhanced nuclear RelB correlates with poor prognosis 

in prostate cancer patients (Holley et al., 2010). However, molecular mechanisms of the DNA 

damage-induced non-canonical NF-κB activation remain elusive. Possibly, the non-canonical 

NF-κB pathway can be activated through the canonical NF-κB pathway, which may induce the 

expression of one or more genes encoding a subset of TNF superfamily members. The 

presence of those ligands in the tissue microenvironment may activate the non-canonical NF-

κB pathway in a paracrine manner.    

Recent studies of the DNA damage-induced NF-κB pathway proposed novel components that 

are involved either in PARP1 signalosome formation or the regulation of the cytoplasmic 

TRAF6-ATM module. For example, Src-associated-substrate-during-mitosis-of-68kDa (Sam68) 

was proposed to regulate DNA damage-induced NF-κB pathway activation by controlling PAR 

formation (Fu et al., 2016a). Although the molecular mechanism of Sam68 mediated 

PARylation is not further elucidated, Sam68 knock-out mice fail to activate the NF-κB pathway 

and PAR formation in response to DNA damage (Fu et al., 2016b). In another recent study, the 

DNA sensing adaptor protein STING was proposed to be involved in the DNA damage-induced 

NF-κB pathway (Dunphy et al., 2018). ATM-induced non-canonical activation of STING was 

proposed to occur in response to DNA damage (Dunphy et al., 2018). Furthermore, STING 

contributes to the DNA damage-induced NF-κB activity through TRAF6-mediated K63-linked 

polyubiquitination and binding to the TRAF6-ATM cytoplasmic module (Dunphy et al., 2018). 

Although more work is needed to understand the mechanisms of these novel components, 

these recent studies further highlighted the transient nuclear PARP1 signalosome complex 

and ATM-TRAF6 cytoplasmic module as cornerstones for the activation of the DNA damage-

induced NF-κB pathway.   
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Figure 6:  Mechanistic insights into the DNA damage-induced NF-κB pathway. DNA sensor proteins PARP1 and 
ATM are activated by genomic lesions. PARP1 catalyzes the covalent attachment of poly-ADP-ribose (PAR) units 
to itself. PARylated PARP1 dissociates from the DNA and forms a transient nuclear signalosome complex with 
PIASy, IKKγ, and activated ATM. IKKγ is phosphorylated by ATM and SUMOylated by PIASy in the PARP1 
signalosome complex. IKKγ and ATM are exported from the nucleus in a Ran-GTP and Ca2+ dependent manner. 
In the cytoplasm, ATM triggers K63-linked autoubiquitination of TRAF6. Linear ubiquitin chains are synthesized 
by the LUBAC protein complex. Together with K63-linked polyubiquitin chains of TRAF6, they serve as a docking 
platform for Tak1/Tab1/Tab2 and IKK complex. Formation of high-molecular-weight protein complexes leads to 
TAK1 autoactivation and subsequent TAK-1 dependent activation of the IKK complex. Upon DNA damage-induced 
activation of the IKK complex, downstream signaling events, such as IKK-dependent phosphorylation and 
degradation of IκBα, occur similarly to those in the canonical NF-κB pathway. 
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1.2.2. Mechanisms of Poly-ADP-Ribosylation (PARylation) 

Poly (ADP-ribose) polymerases (PARPs) are a protein family of 17 members in humans (Daniels 

et al., 2015). PARPs regulate widespread biological processes majority of which are vital for 

cellular stress responses (Luo and Kraus, 2012). PARPs are multidomain enzymes that share a 

conserved catalytical domain (Bai, 2015). Other common domains in PARPs enable protein-

protein interactions, protein-nucleic acid interactions, and protein-metabolite interactions 

(Bai, 2015).   

PARP enzymes hydrolyze NAD+ to nicotinamide (NAM) and ADP-ribose (ADPR) and attach one 

or more ADPR units to acceptor proteins (Hottiger et al., 2010). Depending on the number of 

attached ADPR units, this process results in mono, oligo, or poly ADP-ribosylation (Leung et 

al., 2011). Branched poly ADP-ribose (PAR) units can only be synthesized by PARP1, PARP2, 

tankyrase 1 (TNK1), and tankyrase 2 (TNK2) (Alemasova and Lavrik, 2019). The rest of the 

PARPs are either mono or oligo ADPR-transferases, except for PARP13 which is inactive 

(Todorova et al., 2015). The majority of cellular PARP activity is exerted by PARP1 (85%-90%) 

and PARP2 (10%-15%) (Kamaletdinova et al., 2019). The contribution of other PARPs appears 

to be negligible when compared to the total ADPR level (Zandarashvili et al., 2020).     

PARP1 consists of an N-terminal DNA-binding domain, a nuclear localization signal (NLS), a 

central automodification domain, a leucine zipper region, a BRCA1 C-terminal phosphopeptide 

binding motif, and a C-terminal catalytic domain (Zandarashvili et al., 2020). The central 

automodification domain of PARP1 contains several glutamate, aspartate, and lysine residues 

as putative acceptors for auto(ADP-ribosyl)ation (Altmeyer et al., 2009).  The catalytic domain 

of PAPR1 contains a tryptophan-, glycine-, and, arginine-rich (WGR) region and a PARP 

signature motif that is a shared protein sequence in the PARP protein family (D’Amours et al., 

1999). The PARP signature motif of PARP1 is required for NAD+ binding and catalysis of PAR 

synthesis (Kim et al., 2005) (Figure 7A). 

PARP1 catalyzes the PARylation of itself and other acceptor proteins including histones, DNA 

repair proteins, transcription factors, and chromatin modulators (Alemasova and Lavrik, 

2019). Covalent attached PAR can be hydrolyzed to free PAR or mono (ADP-ribose) by PAR 

glycohydrolase (PARG) and PAR hydrolase (ARH3), which have both endoglycosidase and 

exoglycosidase activities (Botta and Jacobson, 2010) (Figure 7B). Free or protein-bound PAR 

polymers interact with other proteins that contain PAR recognition modules (Lang and Munro, 
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2017). PAR is a negatively charged polymer that can alter the biochemical properties of the 

modified or interacting proteins and serves as a signal transducer by modulating their 

function, interaction, localization, and structure (Kamaletdinova et al., 2019).  

 

Figure 7: Structural organization and enzymatic function of PARP1. A. PARP1 has an N-terminal DNA binding 
domain, which contains three zinc-finger motifs and a nuclear localization signal, an automodification domain, 
which contains a BRCT motif, and a C-terminal catalytic domain which contains a WGR motif and a PARP signature 
sequence required for PARylation. B. The PARylation reaction requires a turnover cycle for NAD+. NMN is 
synthesized from nicotinamide (NAM) and 5-phosphoribosyl-1-phosphate (PRPP) by nicotinamide 
phosphoribosyltransferase (NAMPT). The NMNAT group of enzymes then synthesizes NAD+ using NMN and ATP 
as substrates. PARP1 uses NAD+ for the covalent attachment of PAR on acceptor proteins (also known as 
PARylation) with the concomitant release of nicotinamide. Protein-attached PAR can be hydrolyzed by PARG and 
ARH3 (Botta and Jacobson, 2010). 

PARP1 plays a key role in cellular stress responses including those initiated by DNA damage. 

Under genotoxic stress conditions, the binding of PARP1 to damaged DNA activates its 

catalytic activity and results in PARylation of PARP1 and other chromatin-associated proteins, 

such as histones (D’Amours et al., 1999). PAR chains attached to PARP1 and to histones in the 

DNA lesion region serve as a docking platform for the recruitment of proteins that are involved 

in DNA damage response (DDR) processes, including chromatin remodeling, transcriptional 

regulation, DNA repair, senescence, cell cycle arrest, and cell death (Ray Chaudhuri and 

Nussenzweig, 2017). Proteins with PAR recognition modules act as readers of the PAR signal 

and mediate the downstream signaling events of the DDR (Ray Chaudhuri and Nussenzweig, 

2017). PAR-binding zinc fingers (PBZ), PAR-binding motifs (PBMs) and macrodomains are the 

most investigated PAR recognition modules (Li et al., 2010).  Both ATM and PIASy contain PBM 

(Stilmann et al., 2009). Among others, XRCC1, which contains a PBM domain, is a prominent 
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PAR reader. In the case of single-strand breaks (SSBs), XRCC1 is recruited to DNA lesions by 

binding to PAR chains that are longer than 7 units and mediates base excision repair (BER) 

(Kim et al., 2015). Several chromatin remodeling enzymes also comprise PAR binding features 

(Gottschalk et al., 2009). For instance, amplified in liver cancer 1 (ALC1) is an SNF2 family 

ATPase nucleosome remodeling enzyme and has a macrodomain (Ahel et al., 2009). 

Interaction of ALC1 with PAR leads to ALC1 recruitment to the DNA lesions and ALC1-

dependent nucleosome remodeling which may facilitate chromatin remodeling at the sites of 

DNA repair (Ahel et al., 2009). Except for BER, PARP1 also plays pivotal roles in the repair of 

DNA double-strand breaks (DSBs) via homologous recombination (HR) and non-homologous 

end-joining pathways (NHEJ) (Beck et al., 2014).   

Since PARP1 is a central component of stress pathways, its activity is tightly regulated. Several 

activation and deactivation mechanisms for PARP1 has been proposed. Firstly, the dynamic 

interaction between PARP1 and different chromatin components such as histones modulates 

the PARP1 activity by enrichment in specific regions on the chromosome (Kotova et al., 2011). 

For instance, the histone variant H2Av (Drosophila homolog of both mammalian H2Az and 

H2Ax) promotes the localization of PARP1 to H2Av-enriched nucleosomes at certain gene 

promoters (Pinnola et al., 2007). During genotoxic stress or heat shock, H2Av is 

phosphorylated. Conformational changes in H2Av expose the H4 N-terminal tail and induce 

PARP1 catalytic activity (Pinnola et al., 2007).  

Covalent attachment of several post-translational modifications (PTMs) to PARP1 is the other 

mechanism to control PARylation (Luo and Kraus, 2012) (Figure 8). Among others, auto-ADP-

ribosylation of PARP1 is the prominent PTM observed for PARP1 (Altmeyer et al., 2009). 

During DNA damage, auto-ADP-ribosylation of PARP1 inhibits its DNA binding activity and 

enables PARP dissociation from the DNA lesions (Zandarashvili et al., 2020).  The potential 

sites for the automodificaiton of PARP1 are Lys 498, Lys 521, and Lys 524 (Zandarashvili et al., 

2020).  In addition to the automodification, PARP1 can be trans-ADP-ribosylated by other 

PARP family members (Schreiber et al., 2002).  For instance, PARP1 heterodimerizes with 

PARP2 and they ADP-ribosylate each other (Schreiber et al., 2002). The trans-ADP-ribosylation 

of PARP1 and PARP2 was proposed to regulate base excision DNA repair (BER) (Ménissier de 

Murcia et al., 2003).  The cross-modification can also occur between another NAD+ consumer, 

SIRT6, and PARP1 (Mao et al., 2011). SIRT6 is a sirtuin family of proteins that has both 
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deacetylase and mono(ADP-ribosyl) transferase functions (Mao et al., 2011). During oxidative 

stress, SIRT6 is recruited to the DNA double-strand breaks (DSBs) and mono-ADP-ribosylates 

PARP1 at Lys521 (Mao et al., 2011).  This modification enhances PARP1-mediated double-

strand break repair under oxidative stress conditions (Tennen and Chua, 2011).  

 

Figure 8: Regulation of PARP1 activity through posttranslational modifications. Key posttranslational 
modifications of PARP1 are illustrated along the PARP1 structural organization. Four types of posttranslational 
modifications, including phosphorylation, SUMOylation, ADP ribosylation, and acetylation, are shown. Enzymes 
that add or remove the respective modification are depicted with arrows (Luo and Kraus, 2012). 

Signal induced phosphorylation, acetylation, ubiquitylation, and SUMOylation are the other 

PTMs that regulate PARP1 activity (Luo and Kraus, 2012). A phosphoproteomic screen initially 

identified a variety of sites on PARP1 and PARG that are phosphorylated (Gagné et al., 2009). 

Phosphorylation of PARP1 on Ser 372 and Thr 373 residues by ERK1/2 enables maximum 

PARP1 activation after DNA damage (Kauppinen et al., 2006). However, phosphorylation does 

not always increase PARP1 activity (Luo and Kraus, 2012). For example, protein kinase C 

mediated phosphorylation of PARP1 decreases its catalytic activity and DNA binding capacity 

(Beckert et al., 2006).  

Acetylation of PARP1 seems to be related to DNA damage-independent functions of PARP1 

(Kamaletdinova et al., 2019). For example, acetylation of PARP1 increases its interaction and 

functional cooperativity with the Mediator complex (Hassa et al., 2005). In this context, PARP1 
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functions as an acetylation-activated coactivator for target gene expression (Hassa et al., 

2005).     

The polypeptide protein modifiers ubiquitin and SUMO as well as the E3 ligases that promote 

their covalent attachment to PARP1, constitute another level of complexity for the regulation 

of PARylation (Bai, 2015). Ubiquitin E3 ligase RNF146 is a key component that mediates the 

interplay between PARylation and ubiquitination (Wang et al., 2012). RNF146 interacts with 

several proteins that are either PARylated or bound noncovalently to PAR (Wang and Xu, 

2018). Under genotoxic stress conditions, DNA damage-induced increase of PARylation and 

the subsequent interaction between RNF146 and PAR induce RNF146`s E3 ligase activity, 

leading to proteasome-dependent degradation of the PAR-bound or PAR-modified proteins 

(DaRosa et al., 2015). Consequently, RNF146 mediated degradation limits the excessive DNA 

damage responses and serves as a feed-back mechanism for PARylation (DaRosa et al., 2015). 

Moreover, RNF146 promotes dynamic assembly of the DNA repair machinery at the DNA 

lesion sites (Kang et al., 2011). RNF4 is another ubiquitin ligase that was proposed to regulate 

PARP1 activity (Pfeiffer et al., 2017). Under thermal stress conditions, RNF4 regulates the 

clearance and recycling of PARP1 in gene promoters (Pfeiffer et al., 2017). More recent studies 

identified TRIP12 protein as a PAR targeted E3 ubiquitin ligase. TRIP12 seems to be involved 

in the proteasome-dependent turnover of PARP1 (Gatti et al., 2020).  

PARP1 is SUMOylated by the SUMO E3 ligase PIASy in response to thermal or genotoxic stress 

(Stilmann et al., 2009). However, studies on DNA-dependent SUMO modification of PARP-1 

proposed that the effect of SUMOylation on PAPR1 activity and DNA binding might be 

negligible (Zilio et al., 2013). Moreover, structural analysis reveals an insignificant impact of 

SUMO on the conformation of PARP1 (Zilio et al., 2013). Nevertheless, Lys203 and Lys486 of 

PARP1 are heat-shock induced SUMO acceptor sites and SUMOylation of PARP1 might serve 

as a prerequisite for other downstream signaling events (Martin et al., 2009).      

1.2.3. Mechanisms of action of the Tumor Susceptibility Gene 101 (TSG101) gene product 

In the following, an overview of the TSG101 gene product, which was identified in this thesis 

as a novel essential PARP1 regulator, is provided.  

The multidomain protein Tumor Susceptibility Gene 101 (TSG101) is ubiquitously expressed 

and mediates diverse intracellular processes (Ferraiuolo et al., 2020). The mouse and human 

TSG101 genes encode approximately 50 kDa proteins with more than 94% similarity 
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(Ferraiuolo et al., 2020). The TSG101 protein has several conserved domains (Koonin and 

Abagyan, 1997) (Figure 9). The N-terminal region contains a ubiquitin-conjugating enzyme E2 

like (UEV) domain, which lacks the catalytic activity due to the absence of active site cysteine 

residue that is required for the ubiquitin transfer (Ponting et al., 1997). TSG101 can bind to 

free or protein-bound ubiquitin via the UEV domain (Sundquist et al., 2004). Based on the 

unique structural feature of the UEV domain, the interaction between TSG101 and ubiquitin-

bound proteins prevents their further ubiquitination (L. Li et al., 2001). The UEV domain of 

TSG101 also contains a hydrophobic groove that enables the association of TSG101 with 

polypeptides with specific PTAP or PSAP amino acid motifs (Pornillos et al., 2002b). Other 

conserved structural features of TSG101 are a proline-rich region (PRD), a coiled-coil (CC) 

domain, and a C-terminal steadiness box (SB) (Ferraiuolo et al., 2020). The PRD region is a 

common motif for surface proteins and transcription factors and facilitates the binding of 

TSG101 to certain gene promoters, like p21 (Lin et al., 2013). On the other hand, the CC 

domain of TSG101 has been shown to interact with stathmin (Maucuer et al., 1995). The C-

terminal SB domain of TSG101 plays a crucial role in the post-translational autoregulation of 

steady-state levels of TSG101 (Feng et al., 2000). Importantly, an intrinsic PTAP amino acid 

motif is located between the CC and SB (Lu et al., 2003). This unique motif was proposed to 

modulate the binding of proteins to the N-terminal UEV domain of TSG101 (Lu et al., 2003).    

 

Figure 9: Functional domains of the TSG101 protein. The N-terminal part contains a ubiquitin-conjugating 
enzyme E2 like domain (UEV). A proline-rich region (PRD) and a coiled-coil domain are located in the central part 
of the TSG101 protein.  The C-terminal part of TSG101 contains a steadiness box (SB) required for autoregulation 
(Ferraiuolo et al., 2020). 

TSG101 was initially identified as a tumor suppressor gene in an insertional mutagenesis 

screen in NIH3T3 cells (immortalized mouse embryonic fibroblast cells) (Chen et al., 1996). 

TSG101 was later classified as the mammalian orthologue of the class E Vacuolar protein 

sorting 23 (VPS23) in Saccharomyces cerevisiae (Li et al., 1999). Subsequent studies revealed 

that TSG101 is part of the Endosomal Sorting Complex Required for Transport I (ESCRT-I 

complex) (Babst et al., 2000). TSG101 was proposed to modulate the sorting of ubiquitinated 
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cargo proteins into multivesicular endosomes (Babst et al., 2000). Downregulation of TSG101 

with siRNAs causes a formation of multi-cisternal early endosomes and defects in protein 

sorting (Doyotte et al., 2005). These intracellular abnormalities lead to the aggregation of the 

endocytosed and ligand-bound receptors in early endosomes (Morris et al., 2012). In the case 

of Epidermal Growth Factor Receptor (EGFR), the aggregated ligand-bound receptors enhance 

the downstream signaling in TSG101 depleted cells (Morris et al., 2012). Several TNFRs are 

also cycled through the ESCRT system and siRNA-mediated loss of TSG101 or other members 

of the ESCRT system has been proposed to intrinsically active the NF-κB pathway (Mamińska 

et al., 2016).   

On the subcellular level, TSG101 localizes in a cell cycle-dependent manner (Xie et al., 1998). 

It is found in the nucleus and Golgi complex during the S phase, and in mitotic spindles and 

centrosomes during mitosis (Xie et al., 1998). The multi-domain structure of TSG101 and its 

temporal distribution in several cellular compartments are indicative of its ESCRT-

independent roles in diverse cellular processes, which include transcription (Hittelman et al., 

1999), cell proliferation (Zhong et al., 1998), and division (Lee et al., 2008) . Most importantly, 

the ubiquitin-binding capacity of TSG101 via its UEV domain allows it to interfere with other 

ubiquitination-mediated mechanisms that don’t involve the ESCRT system (L. Li et al., 2001). 

Therefore, a huge number of predicted interaction partners of TSG101 in databases like 

PREPPI (Zhang et al., 2013) (protein-protein interaction prediction database) suggests that 

ESCRT-independent functions of TSG101 may well exceed expectations.   

1.3. Non-canonical NF-ĸB pathway activation  

The non-canonical NF-κB pathway is activated by a subset of TNF superfamily members (Liu 

et al., 2017). NF-κB-inducing kinase NIK is a central and specific member of the non-canonical 

NF-κB pathway (Sun, 2017) (see also Figure 5). At a steady-state level, newly synthesized NIK 

is rapidly ubiquitinated by the cIAP-TRAF2-TRAF3 E3 ubiquitin ligase complex and degraded in 

the proteasome (Sun, 2017). Stimulation of the non-canonical NF-κB inducing receptors with 

their cognate ligands leads to their oligomerization (Brown et al., 2003). Conformational 

changes of the receptor enable the recruitment of the cIAP-TRAF2-TRAF3 E3 ubiquitin ligase 

complex to the receptor (Sun, 2017). This transient signalosome promotes the E3 ligase 

activity of cIAP towards TRAF3 (Mao et al., 2010). As a result, TRAF3 is K48-linked 

polyubiquitinated and degraded in the proteasome (Chen, 2005). This leads to stabilization 
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and accumulation of NIK (Vallabhapurapu et al., 2008). Therefore, slow and persistent kinetics 

of the non-canonical signaling are at least in part due to the de novo synthesis of NIK (Sun, 

2017). Once stabilized, NIK activates IKKα by phosphorylating its serine 176 residue that 

triggers p100 processing (Ling et al., 1998). Activated IKKα phosphorylates p100 at serines 866 

and 870 (Xiao et al., 2001). Nuclear translocation of the NF-ĸB dimers in the non-canonical NF-

ĸB pathway critically depends on proteasomal degradation of the IκB-like C-terminal regions 

of p100, termed p100 processing (Sun, 2017). IKKα-mediated phosphorylation of p100 serves 

as a prerequisite for the p100 processing (Xiao et al., 2004). Although IKKα seems to be the 

upstream kinase for p100, the NIK-independent activation of IKKα is insufficient to trigger the 

non-canonical NF-κB pathway (Xiao et al., 2004). This might be due to NIK dependent docking 

of phosphorylated IKKα to its substrate p100 (Xiao et al., 2004).   

Alternative mechanisms were proposed for non-canonical NF-ĸB pathway activation. For 

example, during pathogen-induced activation of the complement system, the membrane 

attack complex (MAC) triggers the formation of a transient signalosome complex including 

Akt, NIK, and Rab5+ endosomes (Jane-wit et al., 2015). Akt is phosphorylated in alloantibody-

induced MACs and leads to NIK stabilization in the endosome by an unknown mechanism 

(Jane-wit et al., 2015). In contrast to TRAF-dependent non-canonical NF-ĸB activating 

mechanisms, which always take several hours to trigger NIK stabilization, MAC induced 

activation of NIK occurs in less than 30 minutes (Jane-wit et al., 2015).  On the other hand, 

several viruses such as influenza virus, HIV1, Sendai, and Herpes virus were reported to trigger 

the non-canonical NF-ĸB pathway activation through targeting its various upstream regulators 

(Sun, 2017). 

1.3.1. Mechanistic Insights into the signal-induced p100 processing  

Signal-induced removal of the IκB-like C-terminal region of p100 by the ubiquitin-proteasome 

system is the cornerstone for the aforementioned activation of the non-canonical NF-κB 

pathway. Multiple mechanisms have been proposed for p100 processing (Sun, 2017). Earlier 

ectopic overexpression studies suggested that the SCFβ-TrCP1 ubiquitin ligase complex is 

recruited to phosphorylated p100 and catalyzes its ubiquitination at K855 (Amir et al., 2004). 

The SCFβ-TrCP1-mediated ubiquitination is thought to be the ubiquitination event that is 

required for proteasomal processing of p100 (Zhang et al., 2017). However, the endogenous 

E3 was not addressed and SCFβ-TrCP1 mediated ubiquitination of other substrates such as IĸBα 
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(Suzuki et al., 1999), Cdc25a (Jin et al., 2003), and β-catenin (Salic et al., 2000) does not result 

in their partial degradation. This suggests that there might be different ubiquitin-proteasome-

system-dependent mechanisms that protect p100 from being completely degraded. 

A co-translational mechanism was defined for p100 processing (Mordmüller et al., 2003). In 

this study, translation inhibitor cycloheximide-treated Hela cells were reported to lack -LIGHT 

(homologous to lymphotoxin β)-induced non-canonical NF-κB activation and p52 generation 

(Mordmüller et al., 2003). Although the reported effect of the translation inhibition on p52 

generation was quite striking, it remained elusive whether this was due to a lack of NIK 

translation under cycloheximide treatment conditions or not. However, a pulse-chase analysis 

revealed that the addition of the stimulus only during the protein synthesis phase and not 

afterward in the chase phase resulted in p52 production. More recent studies further 

addressed this question using SILAC (Stable isotope labeling by/with amino acids in cell 

culture) based quantitative mass spectrometry approaches (Yilmaz et al., 2014). Quantitative 

analysis of several SRM (selected reaction monitoring) peptides in the C or N terminal portions 

of p100 in cellular samples by the isotope labeling revealed the existence of two distinct fates 

of p100 populations in stimulated cells (Yilmaz et al., 2014). Preexisting p100 molecules 

undergo signal-induced complete proteolytic degradation, while signal-induced p52 is derived 

from newly synthesized p100 molecules (Yilmaz et al., 2014). Therefore, p100 processing 

requires an ongoing translation (Yilmaz et al., 2014). Interestingly, ectopic expression of βTrCP 

and IKKβ led to complete proteolytic degradation of p105 (Heissmeyer et al., 2001). 

Importantly, p100 and p105 form complexes and non-canonical stimuli result in co-production 

of p52 and p50 and this depends on the C-terminal destruction box of p100 (Yilmaz et al., 

2014). p100 and p105 undergo the same fates, complete destruction of pre-existing and 

processing if de novo translated precursor populations were reported in cells stimulated with 

lymphotoxin β  (Yilmaz et al., 2014).  

Another component required for p100 processing is the mammalian transitional endoplasmic 

reticulum ATPase VCP/p97 (Yilmaz et al., 2014) (Zhang et al., 2015). Cogeneration of p50 and 

p52 depends on functional p97, as inhibition of its ATPase activity by DBeQ abrogates the 

signal-induced precursor processing (Yilmaz et al., 2014) (Zhang et al., 2015).  

The small ubiquitin-like modifier (SUMO) was proposed as a regulator of p100 processing 

(Vatsyayan et al., 2008). Basal SUMOylation was reported to be a prerequisite signaling event 
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for signal-induced p100 phosphorylation (Vatsyayan et al., 2008). In contrary to the identified 

essential upstream regulators of p100 processing, very little is known about how p100 

behaves in the proteasome. Nevertheless, yeast two-hybrid screens of proteasome subunits 

revealed that the C-terminal region of p100 interacts with Psmd11, a regulatory subunit of the 

proteasome in a stimuli-dependent manner (Fong and Sun, 2002). 

Taken together, signal-induced proteasomal p100 processing underlies complex signaling 

cascades. The preference of newly synthesized p100 for p52 production and pre-existing p100 

for complete degradation could implicate that the de novo synthesis of p100 is required for 

the generation of p52.  Although earlier overexpression studies suggested the SCFβT-rCP1 as an 

E3 ligase responsible for p100 processing, in terms of the impaired secondary lymphoid organ 

development its knock-out mouse model does not resemble the phenotype of NFKB2-

deficient mice (Guardavaccaro et al., 2003). The complete proteasomal degradation of other 

target proteins that are ubiquitinated by the SCFβ-TrCP1 complex, however, may implicate that 

SCFβ-TrCP1-mediated ubiquitination of p100 might be required for the complete degradation of 

old precursors. Therefore, it is yet an important question which E3 ligases or ubiquitination-

linked events regulate p100 processing (Figure 10).  

 

Figure 10: Regulation of signal-induced p100 proteolysis. In response to non-canonical NF-ĸB activating signals, 
pre-existing p100 molecules are phosphorylated by IKKα, ubiquitinated, and completely degraded by the 
proteasome. De novo synthesized p100 is phosphorylated by IKKα and further ubiquitinated by E3 ligases. 
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Enzymatic activity of the mammalian transitional endoplasmic reticulum ATPase p97 is also required for efficient 
p100 processing (Yilmaz et al., 2014). The co-proteolysis of p105 (Yilmaz et al., 2014) is not shown.          

1.3.2. Oncogenic addiction of Multiple Myeloma (MM) to the non-canonical NF-ĸB 

pathway   

The tumorigenic function of the NF-ĸB pathway(s) often require their constitutive activation 

(Zhang et al., 2017). Availability of NF-ĸB activating ligands in the tumor milieu (Taniguchi and 

Karin, 2018), multifunctional viral proteins (Hiscott et al., 2006), and mutations in members of 

the NF-ĸB family or its regulators may all lead to chronic NF-ĸB activation (Staudt, 2010).  

Tumors of hematopoietic and lymphoid lineages exhibit high oncogenic addiction to the NF-

ĸB pathway (Staudt, 2010). Among the other types of malignancies, multiple myeloma (MM) 

stands out, because the cellular survival advantage is provided with a high predominance by 

the non-canonical NF-ĸB pathway (Staudt, 2010).   

MM is caused by hyperproliferative bone marrow plasma cells, which are post-germinal center 

mature B cells and account for 10% of all hematological malignancies (Riccomi et al., 2019). 

MM is characterized by increased monotypic plasma cells in the bone marrow, decreased 

normal immunoglobin levels, and lytic bone disease (Kyle and Rajkumar, 2008).    

Primary tumor samples of MM patients exhibit upregulation of 80% of the NF-ĸB target genes 

(Annunziata et al., 2007). NF-ĸB activation in MM cells can be caused by signals in the bone 

marrow microenvironment and mutations in the regulators of NF-ĸB (Annunziata et al., 2007). 

The bone marrow microenvironment provides two TNF family ligands, BAFF, and APRIL that 

could potentiate NF-ĸB pathway activation (Hideshima and Anderson, 2002). Indeed, BAFF 

and APRIL receptors, BCMA and TACI respectively, are highly expressed in normal plasma cells 

(Moreaux et al., 2005). However, MM cells only variably contain those receptors. Although 

MM cells receive their prosurvival signals from the tumor milieu, the initial transformation is 

often caused by genetic aberrations in particular members of the NF-ĸB system (Hideshima 

and Anderson, 2002). 

Genetic abnormalities in CD40, TACI, LTBR, TRAF2, TRAF3, cIAP1, cIAP2, CYLD, NIK, p100, and 

p50 were all reported to cause constitutive NF-ĸB activation in MM (Keats et al., 2007). In 

most of the MM cases, MAP3K14, gene encoding NIK, exhibits a high level of amplification and 

translocations (Annunziata et al., 2007). Genomic translocations of the MAP3K14 locus often 

juxtapose this gene with strong immunoglobulin enhancers and lead to overexpression of NIK 
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(Annunziata et al., 2007). MAP3K14 translocations can also elevate or deregulate the kinase 

activity via the production of fusion proteins (Sun, 2017). For instance, MAP3K14 translocation 

to the EFTUD2 gene creates an alternative NIK that replaces its N-terminal 86 amino acids, but 

maintains the kinase domain (Annunziata et al., 2007). TRAF3 mediated degradation of NIK 

requires those N terminal residues for the protein-protein interaction (Liao et al., 2004). 

Therefore, the NIK fusion protein accumulates over time (Annunziata et al., 2007). Moreover, 

around 10% of MM cases have homozygous deletions or inactivating mutations in TRAF3 (Kyle 

and Rajkumar, 2008). Most of the TRAF3 mutations occur in the MATH region that mediates 

the interaction of TRAF3 with NIK and TNF family receptors (Ni et al., 2004). As a result, NIK is 

stimulus-independently stabilized and persistently activates the non-canonical NF-ĸB pathway 

(Ni et al., 2004). Less frequently, inactivating mutations also occur in BIRC2 and BIRC3, the 

genes encoding c-IAP1 and c-IAP2, respectively (Sun, 2017). Besides, genomic amplifications 

and translocations of TNFR superfamily members, such as CD40, also occur in MM, leading to 

their upregulation (Sun, 2017). In addition to the well-documented genetic aberrations in the 

upstream regulators of p100 processing, some MM primary tissues exhibit several genetic 

aberrations in the NF-ĸB2 gene (Sun, 2017). Homozygous frameshift mutations or deletions in 

the 3`exons of NF-ĸB2 result in truncated p100 production (Sun, 2017). Truncated forms of 

p100 were previously reported for other hematological cancers and MM (Migliazza et al., 

1994). In particular, truncated p100 lacks parts of the C-terminal ankyrin region and, as a 

consequence, is constitutively processed into p52 (Annunziata et al., 2007).  

Constitutively active non-canonical NF-ĸB provides survival advantages to MM cells (Kyle and 

Rajkumar, 2008). RelB:p52 dimers oligomerize with HDAC4 and maintain a repressive 

chromatin structure around pro-apoptotic genes including Bim and BMF in MM 

(Vallabhapurapu et al., 2015). Besides, the non-canonical NF-ĸB pathway induces oncomir-221 

expression in MM, which targets BMF mRNA and inhibits its translation (Gramantieri et al., 

2009). Altogether, the non-canonical NF-ĸB pathway contributes to the suppression of pro-

apoptotic signals at both the transcriptional and translational levels (Vallabhapurapu et al., 

2015).  

MM cells also exhibit constitutive canonical NF-ĸB activity, as they have a high level of IĸBα 

phosphorylation and RelA nuclear translocation (Annunziata et al., 2007). However, the non-

canonical NF-ĸB signaling in MM may cause the activation of the canonical signaling in an 
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autocrine fashion (Annunziata et al., 2007). However, RelA appears to be dispensable for the 

NF-ĸB dependent pro-survival gene expression and suppression of apoptosis in MM (Roy et 

al., 2017). Therefore, the canonical NF-ĸB signaling seems not to be the major tumor driving 

force, compared to non-canonical signaling. Hence, novel therapeutic strategies targeting 

aberrant activation of the non-canonical NF-ĸB pathway is crucial for MM.    

 

Figure 11: Genetic aberrations driving NF-κB signaling in multiple myeloma (MM). TNF receptors, including 
CD40, TACI, and LTBR, as well as NIK, are overexpressed in MM due to gene amplifications or translocations. In 
the case of gene translocations, several versions of NIK fusion proteins were reported in MM patients. Most of 
these aberrant NIK proteins are unable to interact with the c-IAP1/2-TRAF2-TRAF3 complex and, consequently, 
cannot be targeted for proteasomal degradation under steady-state levels. Furthermore, a fraction of MM 
patients harbor inactivating mutations and deletions in genes encoding CYLD, cIAP1/2, and TRAF3. Altogether, 
these mutations result in elevated NIK levels and intrinsic activation of the non-canonical NF-ĸB pathway, which 
provides prosurvival signals for the tumor cells.
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2. Materials  

2.1. Instruments and Equipment 

Instrument or Equipment Company 

Agarose gel camera Geldoc2000 

 

Herolab 

Agarose gel chambers  

 

Biorad 

Bacterial incubators  

 

Memmert 

Cell culture plates  

 

TPP 

Centrifuges  

 

Backman J6-M1 

Eppendorf 5424 

Eppendorf 5810R 

CFX96 Real-Time PCR Machine  

 

Biorad 

CO2 incubators  

 

Nuaire US Autoflow, Binder 

Flow Cytometry 

 

Fortessa 5L 

 

Live Cell Chambers Ibidi grid chamber 

Mass Spectrometry TMTpro 

Microscope Spinning Disc 

Plate Readers  Cytation 1 and Cytation 5 

 

2.2. Reagents and Chemicals 

Reagent or Chemical Company 

Acrylamide,Bisacrylamide 30%  Roth 

Accutase  Sigma 

Agarose Bioline 

Ammonium peroxidisulfate (APS) Roth 
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Ampicillin sodium sulfate  Roche 

Bacto agar BD 

Bacto tryptone Roth 

Bacto yeast extract  BD 

Bortezomib Sigma 

Bovine serum albumin (BSA) Sigma 

Bradford reagent Biorad 

Calyculin A  Cell Signaling Technologies 

Chemiluminescence film Amersham Hyperfilm MP 

CRISPRMAX Invitrogen 

Complete protease inhibitor tablets-EDTA Roche 

DBeQ Biovision Technologies 

DMSO Sigma 

DTT Sigma 

DNA ladder Invitrogen  

DNTP Biomol 

DMEM Glutamax Gibco 

Ethanol  Merck 

Ethidium Bromide  Roth 

EDTA Roth 

EGTA Sigma 

Etoposide  Sigma 

Fetal bovine serum (FBS) Gibco 

FLAG M2 agarose beads  Sigma 

Glycerol Roth 

Glycine Roth 

HEPES Roth 

HCl Roth 

Hydrogen peroxide  Roth 

Nonidet P40 (NP40) USB 

Isopropanol  Roth 
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Kanamycin PAA 

Lipofectamine 2000 Invitrogen 

Penicilin/Streptomycin  Gibco 

Polyethylenimine  PEI 

Potassium chloride (KCl) Roth 

Pre-stained protein ladder Fermantas 

Protein G Sepharose  GE Healthcare 

PVDF membranes  Roth Millipore 

RNAiMax Invitrogen 

RNAse Zap Ambion 

Skim Milk Powder  Sigma 

S.O.C bacterial cultivation medium Invitrogen 

Sodium acetate (NaOAc) Merck 

Sodium Chloride (NaCl) Roth 

Sodium dodecyl sulfate (SDS) Serva 

Sodium fluoride (NaF) Sigma 

Sodium orthovanadate (Na3VO4) Sigma 

TEMED  Roth 

TNFα Abcam 

TRIS Roth 

TRIzol Therma Fischer Scientific  

Trypan blue Sigma 

Trypsin-EDTA Gibco 

TWEAK Abcam 

Tween 20 Roth 

 

2.3. Kits and Enzymes 

Kit or Enzyme  Company 

Annexin V Apoptosis Detection Kit BD 

Dual Glo Luciferase Kit Promega 

Duolink PLA Kit  Sigma 



Materials 

35 
 

qPCR Master Mix  Promega 

Immobilien-HRP western detection system Millipore 

iScript cDNA synthesis Kit  Biorad 

Gel Extraction Kit Qiagen 

Klenow Fragment  New England Biolabs 

Lentiviral (PEG) Virus Preparation Kit Abcam 

PeqGOLD miniprep  PeqLab  

PCR Purification Kit  Qiagen  

Plasmid Maxiprep Kit Qiagen 

Restriction Endonucleases  New England Biolabs 

One Glo Tox Luciferase Kit Promega 

SAP USB 

Surveyor Mutation Detection Kit  Integrated DNA Technologies 

Q5 site-directed mutagenesis Kit  New England Biolabs  

Quick Ligation Kit New England Biolabs  

 

2.4. Bacterial Strains  

E.coli DH5α 

E.coli Dam (-), Dcm (-)  

E.coli Stable 3  

2.5. Cell Lines 

EJM: Human multiple myeloma cell line. The EJM cell line was established from the 

peritoneal fluid of a 58-year-old woman with IgG lambda myeloma in 1988 at her terminal 

refractory stage.  

HEPG2: Human hepatocellular cell line. HEPG2 cell line was established from the tumor 

tissue of a 15-year-old Argentine boy in 1975.  

L-363: Human plasma cell leukemia. The L-363 cell line was established from the peripheral 

blood of a 36-year-old woman with plasma cell leukemia (IgG) in 1977.  

MEF: Murine embryonic fibroblast cell line.  
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U2-OS: Human osteosarcoma cell line. U2-OS cell line was established in 1964 from 

osteogenic sarcoma of the tibia of a 15-year-old girl.  

293T: Human embryonic kidney cell line. 293T cell line is a highly transfectable derivative of 

293 cells and it contains the SV40 T-antigen. This cell line is competent to replicate vectors 

carrying the SV40 region of replication. It gives high titers when used to produce viruses.  

293TN, NF-κB Luc-GFP: Human embryonic kidney cell line. This cell line is a derivative of 293 

cells and it contains an inducible Luciferase and turbo GFP reporter genes under the control 

of NF-κB inducible minimal CMV promoter.  

2.6. CRISPR guide RNA Target Genes and Sequences in pLentiCRISPRv2 

 

Gene Name  Gene ID  Guide number  Target Sequence 

IKBKB 3551 Guide 1 GATTTGGAAATGTCATCCGA 

KDM2A 22992 Guide 1  ACGCTACTATGAGACCCCAG 

KDM2A 22992 Guide 2 TATGGCAGGGAGTCGTCGCA 

KDM2A 22992 Guide 3 GTAACGAATCCTTTCTTCTT 

TSG101 7251 Guide-1 TATTTGGTGGCCCCGTTGCC 

TSG101 7251 Guide-2 TCCAGTAGCCATAGGCATAT 

 

2.7. Plasmids 

Plasmid 

Number  

Plasmid  Insert and Citation  

1 psPAX2 2nd generation lentiviral helper plasmid (kindly 

provided by Didier Trono) 

2 pVSV-G 2nd generation lentiviral helper plasmid(Stewart et al., 

2003) 

3 pEGFP-PARP1 Wild type human PARP1(Stilmann et al., 2009b) 

4 pEGFP-PARP1 

E988K 

Enzymatic activity mutant human PARP1(Stilmann et 

al., 2009b) 

5 pEGFP-C3 PARP1 DNA binding deficient human PARP1(Stilmann et al., 

2009b) 
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6 pEGFP EGFP  

7 pRenilla Renilla 

8 HA-NEDD4L HA-tagged wild type human NEDD4L(Gao et al., 2009) 

9 HA-RNF113A HA-tagged human RNF113A(Brickner et al., 2017) 

10 Flag-RNF113A Flag-tagged human RNF113A(Brickner et al., 2017) 

11 pLenti CRISPR v2  Wildtype Cas9 and guide RNA cloning backbone(Ran 

et al., 2013)  

12 Flag-p100 Flag-tagged human p100(Yilmaz et al., 2014) 

13 PRK NIK-myc Myc tagged human NIK(Yilmaz et al., 2014)  

14 Flag-p100K81A Flag-tagged p100 lysine to arginine mutation on K81 

15 Flag-p100K143A Flag-tagged p100 lysine to arginine mutation on K143 

16 Flag-p100K229A Flag-tagged p100 lysine to arginine mutation on K229 

17 Flag-p100K252A Flag-tagged p100 lysine to arginine mutation on K252 

18 Flag-p100K296A Flag-tagged p100 lysine to arginine mutation on K296 

19 Flag-p100K321A Flag-tagged p100 lysine to arginine mutation on K321 

20 Flag-p100K741A Flag-tagged p100 lysine to arginine mutation on K741 

 

2.8. Primers  

2.8.1. CRISPR Cloning Primers  

Primer Name  Sequence 

hIKBKBg1F CACCGGATTTGGAAATGTCATCCGA 

hIKBKBg1R AAACTCGGATGACATTTCCAAATC 

GLIS2g1r CACCGGCAGTACCCCGCATCCTTCT 

GLIS2g1f AAACAGAAGGATGCGGGGTACTGCC 

hKDM2Ag1F CACCGACGCTACTATGAGACCCCAG 

hKDM2Ag1R AAACCTGGGGTCTCATAGTAGCGTC 

hKDM2Ag2F CACCGTATGGCAGGGAGTCGTCGCA 

hKDM2Ag2R AAACTGCGACGACTCCCTGCCATAC 

hKDM2Ag3F CACCGGTAACGAATCCTTTCTTCTT 

hKDM2Ag3R AAACAAGAAGAAAGGATTCGTTACC 

NAA15g2f CACCGGATTCAAATGCGAGATCTTG 
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NAA15g2r AAACCAAGATCTCGCATTTGAATCC 

ZKSCAN4g1f CACCGATACTCACCTCTATCGTGTA 

ZKSCAN4g1r AAACATACTCACCTCTATCGTGTAC 

ZNF180g1f CACCGTGTCCGATGCGCGCATGCGC 

ZNF180g1r AAACGCGCATGCGCGCATCGGACAC 

ZNF180g2f CACCGAGAGATTATCATCAAAGTCG 

ZNF180g2r AAACCGACTTTGATGATAATCTCTC 

ZNF319g1f CACCGAGTACGCACTGATGCGCCAC 

ZNF319g1r AAACGTGGCGCATCAGTGCGTACTC 

ZNF319g2f CACCGGTTCGCAAAGCGTGCAGCGC 

ZNF319g2r AAACGCGCTGCACGCTTTGCGAACC 

ZNF552g1f CACCGCTGAACGGGGAACCTTAGCG 

ZNF552g1r AAACCGCTAAGGTTCCCCGTTCAGC 

ZNF552g2f CACCGAGAGAAAAACCTTATACGTG 

ZNF552g2r AAACCACGTATAAGGTTTTTCTCTC 

 

2.8.2. Real-Time PCR Primers  

Gene Name Type Sequence 

hB2M Intron Inclusion TGAGTATGCCTGCCGTGTGA 

GCGGCATCTTCAAACCTCCAT 

hBAFF No Preference AGGGGAAGTGCCCTAGAAGA 

ATGTCCCATGGCGTAGGTCT 

hCXCL1 Intron Inclusion AAAGCTTGCCTCAATCCTGC 

TCAGGAACAGCCACCAGTGAG 

hCXCL2 Intron Inclusion CTCAACCCCGCATCGCC 

TCCTTCAGGAACAGCCACCAAT 

hCCL20 Intron Inclusion CATCAATGCTATCATCTTTCACACA 

CAAGTGAAACCTCCAACCCCA 

hCXCL12 Exon-exon span TGCCCTTCAGATTGTAGCCCG 

CTCAGGCGTCTGACCCTCTC 

hCXCL13 Exon-exon span TGACTCTGCTAATGAGCCTGGAC 
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GCAGCATGAGAAGCAGAGATGT 

hHPRT1 Intron Inclusion TGTAATGACCAGTCAACAGGG 

GGATTATACTGCCTGACCAAGG 

hNFKB1 Intron Inclusion CATCCACCTTCATTCTCAACTTG 

CCATCTATGACAGTAAAGCCCC 

hNFKB2 Intron Inclusion CCGGATCTCGCTCTCCACCGGA 

GGGCTAGGCCCGGCTCTGTCTA 

hRel Exon-exon span ATGGCCTCCGGTGCGTATAA 

GGAATGCTGCCTGCTGATCG 

hRelA Intron Inclusion CCTGTCCTTTCTCATCCCATC 

ACCTCAATGTCCTCTTTCTGC 

hRelB Exon-exon span CTACAACGCTGGGTCCCTGA 

TAGACGGGCTCGGAAAGCAC 

hRPL13A Intron Inclusion AAAGCCAAGATCCACTACCG 

GGAATTAACAGTCTTTATTGGGCTC 

hTBP Intron Inclusion GGGTTTTCCAGCTAAGTTCTTG 

CTGTAGATTAAACCAGGAAATAACTCTG 

hTNFAIP3 Exon-exon span TCCTGCCTTGACCAGGACTTG 

CATTGTGCTCTCCAACACCTCT 

hVCAM1 Exon-exon span TGGAAATGACCTTCATCCCTACCA 

TCTCTGGGGGCAACATTGACA 

hYWHAZ Intron Inclusion CTACCGTTACTTGGCTGAGG 

GTATGCTTGTTGTGACTGATCG 

 

2.8.3. CRISPR Cell Line Genotyping Primers  

Primer Name  Sequence 

KDM2APCRg1F TGTCTTTCCCATTCTTTGTGATTTG 

KDM2APCRg1R ACAACCCTTTTGGTGACAATGAC 

KDM2APCRg3F ACTTGCCCAAGAGCAGAAAGG 

KDM2APCRg3R CTCTGGTGCACAGAAAAGTCAC 

RNF113APCRg1F TTTTCAAAAAGCCTGGGCGG 
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RNF113APCRg1R AGAGGCATTGCCCATAGACG 

RNF113APCRg2F TGTCTTTTGCTTCGACTCCCG 

RNF113APCRg2R CAGCTGTCGCTCCCATATCC 

2.9. Antibodies 

Antibody                   Product Number  Company 

Alexa 488_ goat anti-rabbit A11008 Invitrogen 

Alexa 488_donkey anti-goat A11055 Invitrogen 

Alexa 488_donkey anti-rat A21208 Invitrogen 

Alexa 546_goat anti-chicken A11040 Invitrogen 

Alexa 546_goat anti-rabbit A11010 Invitrogen 

Alexa 555_goat anti-rabbit A31572 Invitrogen 

ATM (2C1) sc-23921 Santa Cruz 

ATM / ATR (P- (Ser / Thr) 

ATM/ATR) 
2851S Cell Signalling 

BAK sc-832 Santa Cruz 

Bax (N-20) sc-493 Santa Cruz 

Bcl-xL (H-5) sc-8392 Santa Cruz 

Bcl-xl (H62) sc-7195 Santa Cruz 

Non-phospho (Active) β-

Catenin (Ser33/37/Thr41)  D13A1 Cell Signaling 

β-Catenin 610154 BD Bioscience 

β-Actin 

4970 

 

Cell Signaling 

Caspase 8 ALX-804-447-c100 Enzo 

Caspase 8 (Ab-3) AM 46-100 µg Oncogene 

Caspase-2 PC107 Calbiochem 

Caspase-3 9662 Cell Signalling 

Caspase-3, cleaved C. (Asp175) 9661 Cell Signalling 

Caspase-3, cleaved C. (D175) 9661 Cell Signalling 

Caspase-8 p18 (D-8) sc-5263 Santa Cruz 

Caspase-8 p18 (T-16) sc-6134 Santa Cruz 
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Caspase-8 p18 (H-134) sc-7890 Santa Cruz 

Caspase-8, cleaved C. (Asp 387) 9429 Cell Signalling 

c-IAP Eppi RD systems 

cIAP-1 315301 RD systems 

c-IAP-1  66791A BD Pharmingen 

c-IAP-1 (H-83) sc-7943 Santa Cruz 

c-IAP-1 (N-19) sc-1867 Santa Cruz 

cIAP1 (Birc2) 10022-1-AP Proteintech Group 

H2A.X (p-H2A.X) (S139) 

 
JBW301 Merck 

IκBα (C-15) 

 

sc-203 

 

Santa Cruz 

IKKβ (H-470) 

 

sc-7607 

 

Santa Cruz 

IKKα (B-8) 

 

sc-7606 

 

Santa Cruz 

 

IL13 555054 BD Pharmingen 

IL6 AB3300067 Sigma 

IL8 ab 52612-100 Abcam 

KDM2A 

 

ab191387 

 

Abcam 

LC3 
NB100-2220 

 

Novus Biologicals 

 

LDH-A (E-9) 

 

sc-137243 

 

Santa Cruz 

 

Myc 
sc-40 

 

Santa Cruz 

 

NIK 

 

4994 

 

Cell Signalling 

 

p21 556431 BD Pharmingen 

p21 ab7960 abcam 

p21 (AB-9) RB-032-P901 Neo Markers 

p21 (C-19) - G sc-397-G Santa Cruz 

p21 (F-5) sc-6246 Santa Cruz 
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p21 (H-164) sc-765 Santa Cruz 

PAR (p(ADP)r 

 

10H Abcam 

PARP1 sc-8007 Santa Cruz 

PARP1 AB16661 Merck 

PIAS4 PAB2257 Abnova 

p50 (D-17) X sc-1192X Santa Cruz 

p50 (E-10) sc-8414 Santa Cruz 

p52 
05-361 

 

Merck 

 

p52   

 

06-413 

 

Merck 

p65 (F-6) 

 

sc-8008 

 

Santa Cruz 

 

p-IKKα 
ab38515 

 

Abcam 

p-IKKα/β(S176/180 ) 
2694S 

 

Cell Signalling 

 

p-p100 (Ser866/870) 4810 Cell signaling 

p-p53 (Ser 15) 9284 Cell Signaling 

p-p65 (Ser 536) 3033 Cell Signaling 

RNF113A ab85797 Abcam 

RNF115 
ab187642 

 

Abcam 

SMURF2 

 

D8B8 

 

Cell Signalling 

 

TSG101 (c2)  

 

sc-7964 

 

Santa Cruz 

 

TSG101 HPA006161 Merck 

Tubulin (α-tubulin) (B-7) 

 

sc-5286 

 

Santa Cruz 

 

Ubc13 4919 Cell Signaling 

Vinculin  

 

V9131 

 

Sigma 
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2.10. Buffers and Solutions  

 

2.10.1. Bacterial Cultivation  

Super Optimal Broth (SOB) Medium ph: 7.0 

 20 mg/ml Bacto tryptone  

 10 mg/ml Bacto yeast agar  

 10 mM NaCl  

 2.5 mM MgCl2 

 10 mM MgSO4 

Transformation Buffer (TB) 

 10 mM PIPES ph: 6.7 

 10 mM MnCl2 

 55 mM CaCl2 

 15 mM CaCl2 

 250 mM KCl 

Lysogeny Broth (LB) Medium for 1 liter 

 10 gr Bacto tryptone  

 5 gr Bacto yeast extract  

 10 gr NaCl 

TSS Buffer (50ml) 

 5 gr PEG8000 

 1.5 ml MgCl2 

 2.5ml DMSO 

 Add LB to 50 ml  

 Filter the content through 0.22µm filter 

LB Agar Medium for 1 liter 

 1 liter of LB medium  

 15 gr bacto agar  
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Bacterial Selection Antibiotic Stock Solutions 

 Ampicillin: 100 mg/ml  

 Kanamycin: 20 mg/ml   

2.10.2. Cell Lysis Buffers  

Whole Cell Extraction Buffer  

 20 mM HEPES ph: 7.9 

 450 mM NaCl  

 20% Glycerol  

 1 mM MgCl2 

 1 mM EDTA  

 0.5 mM EGTA  

 1% NP-40 

 Complete Protease inhibitors cocktail-EDTA 1X (1 tablet/50ml) 

 PhosSTOP (1tablet/10ml) 

 20 mM β-Glycerophosphate  

 10 mM NAF 

 1 mM DTT 

 200 µM NaV 

Nuclear Cytoplasmic Fractionation Buffer A 

 10 mM HEPES ph: 7.9  

 10 mM KCl 

 0.1 mM EDTA 

 0.2 mM EGTA  

 Complete Protease inhibitors cocktail-EDTA (1 tablet/50ml) 

 PhosSTOP (1tablet/10ml) 

 20 mM β-Glycerophosphate 

 10 mM NAF 

 1mM DTT 

 200 µM NaV 
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Nuclear Cytoplasmic Fractionation Buffer C  

 20 mM HEPES ph: 7.9  

 420 mM NaCl 

 25% Glycerol  

 1 mM EDTA 

 Complete Protease inhibitors cocktail-EDTA (1 tablet/50ml) 

 PhosSTOP (1tablet/10ml) 

 20mM NaF 

 200 µM NaV  

 1 mM DTT  

Whole Cell Lysis Buffer for M2 Agarose Beads  

 50 mM Tris HCl ph 7.4 

 150 mM NaCl 

 1 mM EDTA 

 1% Triton X-100 

 Complete Protease inhibitors cocktail-EDTA (1 tablet/50ml) 

2.10.3. Cell Culture Cultivation 

Phosphate Buffered Saline (PBS)  

 137 mM NaCl 

 2.7 mM KCl 

 10 mM Na2HPO4 

 1.7 mM KH2PO4 

2.10.4. Western Blotting Buffers  

Resolving Gel Buffer 

 1.5 M Tris-HCl ph: 8.8  

Stacking Gel Buffer 

 1 M Tris-HCl ph: 6.8  

Resolving Gel Recipe 8% gel, 10 ml  
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 4.6 ml H2O 

 2.7 ml Acrylamide (30%)  

 2.5 ml Separating gel buffer  

 100 µl SDS (10% w/v)  

 100 µl APS (10% w/v)  

 6 µL TEMED  

Stacking Gel Recipe 5 ml  

 3.4 ml H2O  

 830 µl Acrylamide (30%)  

 630 µl Stacking gel buffer  

 50 µl SDS (10% w/v) 

 50 µl APS (10% w/v) 

 4 µl TEMED  

6X Laemmli Sample Loading Dye  

 300 mM Tris-HCl ph:6.8  

 12 mM EDTA  

 40% Glycerol (v/v) 

 12% SDS (w/v)  

 10% DTT (w/v)  

 Trace amount of bromophenol blue  

SDS Running Buffer 10X 

 25 mM Tris ph: 7.3  

 0.1% SDS (w/v)  

 192 mM Glycine  

Western Blotting Transfer Buffer 10X 

 48 mM Tris ph: 8.3  

 0.037% SDS (w/v)  

 39 mM Glycine  
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Western Blotting Transfer Buffer 1X  

 100 ml of Western Blotting 10X Transfer Buffer  

 200 ml Methanol  

 700 ml H2O 

Tris-Buffered Saline (TBS) 10X 

 24.2 gr Tris base  

 80 gr NaCl  

 Add 800 ml ultrapure H2O  

 Adjust the ph to 7.6  

 Volume up to 1 liter H2O 

Tris-Based Immunoblot Wash Buffer (TBST)  

 100 ml TBS 10X buffer 

 5 ml Tween 20 0.05% v/v  

 Volume up to 1 liter H2O 

Primary and Secondary Antibody Dilution Buffer  

 1% BSA or Skim Milk Powder (w/v) in 1 X TBST  

Blocking Buffer  

 5% BSA or Skim Milk Powder (w/v) in 1 X TBST   

Solution A for Developing  

 100 mM Tris-HCl ph: 8.6  

 250 µg/ml Luminol  

Solution B for Developing  

 1.1 mg/ml Para-hydroxy-coumaric acid in DMSO  

ECL Solution  

 10 ml Solution A  

 100 µl Solution B  
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 3 µl H2O2   

2.10.5. EMSA Buffers 

Running Buffer 10X TBE  

 60.5 gr Tris base  

 30.85 Boric Acid  

 20 ml of 0.5 M EDTA ph: 8.0  

 Adjust ph to 8.3 and bring the final volume to 1 liter  

Annealing Buffer  

 50 mM Tris-HCl ph: 8.0  

 70 mM NaCl  

2X Shift Buffer  

 40 mM HEPES ph: 7.9  

 120 mM KCl  

 8% Ficol (w/v)  

EMSA Running Gel  

 44 ml H2O  

 6 ml Running Buffer 10 X TBE  

 10 ml Acrylamide (30%)  

 Take 3 ml of the above solution and add 5 µl TEMED and 50 µl APS 10% (w/v) as a 

foot gel  

 450 µl APS 10% (w/v)  

 50 µl TEMED   

Shift Reaction for 1 sample  

 10 µl 2X Shift buffer  

 0.2 µl BSA 10 µgr/µl 

 0.4 µl DTT 100 mM  

 1 µl Poly dI-dC 2 µgr/µl  

 Sum of H2O and lysate volume to 8.2 µl  
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2.10.6. Staining Buffers 

Crystal Violet Staining for 50 ml Solution 

 0.125g Crystal violet powder  

 20% Methanol 

Crystal Violet Lysing Solution (200ml)   

 5.88g Sodium citrate  

 100ml 50% Ethanol  

 100ml H2O 

ph Adjustment to 4.2 with HCl
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3. Methods  

3.1. Cell Culture Techniques  

3.1.1. Maintenance of cell lines  

293T, 293 TN NF-κB Luc-GFP, HepG2, MEF, and U2-OS cells were cultivated in Dulbecco`s 

Modified Eagle Medium (DMEM) with Glutamax and were supplemented with 10% fetal 

bovine serum (FBS) and 100 unit/ml penicillin and 100 µg/ml streptomycin. EJM cells were 

grown in 80-90% Iscove`s MDM and were supplemented with 20% FBS. L-363 cells were grown 

in 85% RPMI medium and were supplemented with 15% heat-inactivated FBS.  

3.1.2. Sub-culturing  

293T and 293 TN NF-κB Luc-GFP cell lines were passaged every 48 hours. EJM, L-363, MEF, 

HepG2, and U2-OS cell lines were passaged every 72 hours. For adherent cells (293T, 293 TN 

NF-κB Luc-GFP, EJM, L-363, MEF, HepG2, and U2-OS), the medium was aspirated and cells 

were washed twice with 1X PBS. Then, trypsin was added. After detaching the cells, the 

respective medium was added to inactivate the trypsin. Cell/medium suspension was then 

transferred to a new flask in a 1:10 ratio for 293T and 293 TN NF-κB Luc-GFP cell lines, 1:6 

ratio for HepG2, and U2-OS cell lines, and 1:3 for MEF cell line. For suspension cells (EJM and 

L-363), a 2:3 ratio of cell/medium suspension was taken after thoroughly mixing it. An equal 

volume of fresh respective medium was then added to the same flask (Table 1).  

 

 

Plate Surface-Area (mm2) Trypsin (ml) Growth Medium 

12-well 401 0.2 2 

6-well 962 0.3 3 

60 mm  2827 0.5 3-5 

100 mm 7854 1 5-10 

150 mm 17671 2 15-20 

Table 1: Amount of Trypsin and Medium Based on Surface Area of Cultured Plates 

3.1.3. Cell freezing and thawing  

Cells were collected as described in section 8.1.2. and were centrifuged. The cell pellet was 

resuspended in 1 ml of freezing medium containing 80% DMEM, 10% DMSO and 20% FBS. 

Cells were then aliquoted to cryovial tubes and were placed in -80°C for at least 48 hours inside 
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a frosting box. The frozen cells were transferred to liquid nitrogen. For thawing the cells, the 

frozen cell vial was placed at 37°C until the medium was completely thawed. Then cells were 

transferred to a plate with an adequate amount of respective medium. One day later, the 

medium was replenished with a fresh medium to remove the remnant DMSO.  

3.1.4. Treatment of cells with inhibitors  

Depending on the respective follow-up experiment cells were seeded into varying plates 

with varying confluency. Cells were treated with 50µM Etoposide for 90 minutes, 10 µM 

Bortezomib for 4 hours, 10 µM DbeQ for 8 hours, 10ng/ml TNFα for 20 minutes, 20ng/ml 

TWEAK for 24 hours, and 20Gy irradiation dose.  

3.1.5. Transient transfection  

 Cells were seeded in 2x105/ml density into each well of a 6-well plate one day before the 

transfection. 3 µgr of plasmid was added into 150µl OPTIMEM medium. 9 µl of lipofectamine 

2000 was also added into 150 µl OPTIMEM medium in a separate tube. The first tube 

containing the plasmid/OPTIMEM mix was then added to the second tube with lipofectamine 

2000/OPTIMEM mix and was incubated at room temperature for 5 minutes. The mixture was 

then added to the cells in a dropwise manner. The medium was replenished with a fresh 

DMEM with Glutamax containing 10% FBS and 100 units/ml penicillin and 100 µg/ml 

streptomycin to avoid the cytotoxic effect of remnant lipofectamine on cells. Plasmid 

expression was then analyzed 24 hours after transfection for live-cell imaging experiments 

and 48 hours after transfection for analysis of protein or RNA. For the generation of p52 by 

co-transfection of NIK and p100 plasmids, each plasmid was added equally to the reaction mix 

with the 3 µgr total plasmid quantity in the end.   

3.1.6. Transient knock-down by siRNAs  

2x105 cells were seeded into each well of a 6-well plate one day before the transfection. 10µM 

of working solutions for each siRNA was prepared. 3 µl of siRNA working solution was added 

to 150 µl of OPTIMEM. 9 µl of RNAimax was also added into 150 µl OPTIMEM medium in a 

separate tube. The first tube containing the siRNA/OPTIMEM mix was then added to the 

second tube with RNAimax/OPTIMEM mix and was incubated at room temperature for 5 

minutes. The mixture was then added to the cells in a dropwise manner. Subsequent 

experiments were done 72 hours post-transfection.  
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3.1.7. Stable and inducible knock-down by shRNAs  

All TRIPZ inducible shRNA clones were grown at 37°C in 2XLB (low salt) medium including 25 

µg/ml Zeocin and 100 µg/ml carbenicillin to provide maximum stability of the clones. Growth 

plates were replicated by dispensing approximately 160 µl of 2X LB (low salt) medium 

including 25 µg/ml Zeocin and 100 µg/ml carbenicillin.  To prepare plasmid DNA from the 

desired shRNA clone, glycerol stock was thawed and 10 µl from the stock was inoculated into 

3-5 ml 2XLB (low salt) medium with 100 µg/ml carbenicillin. The bacterial culture was then 

incubated at 37°C for 18-19 hours while vigorously shaking. The bacterial culture was 

centrifugated and plasmid extraction was performed from the bacterial pellet using a 

miniprep plasmid isolation kit according to the manufacturer's recommendations. 3-5 µl of 

plasmid DNA was run in 1% agarose gel. The pTRIPZ plasmid with shRNA is 13320 bp for the 

empty vector and 13362 bp with hairpin shRNA. Restriction digestion for diagnostic quality 

may be recommended at this step. GIPZ shRNA clone was also isolated using a Plasmid 

Miniprep isolation kit. Double digestion was performed using 1 µl of each MluI and XhoI 

enzymes. The reaction mix was incubated at 37°C for 5 minutes. Digestion reactions were run 

in 1.5% agarose gel and two bands were detected 345 bp and 11.4 kb respectively. 345 bp 

band was extracted from the gel by using a gel extraction kit. The empty pTRIPZ plasmid was 

also digested by using MluI and XhoI enzymes to create sticky ends in the receiver plasmid. 

The receiver plasmid empty pTRIPZ was run in 0.8% agarose gel and isolated from the gel after 

observing a linear 13,061 bp band. The shRNA insert was ligated into the previously gel-

extracted pTRIPZ vector with a 7.4 ng to 250 ng ratio. The ligation mix was then transformed 

into chemically competent E. coli cells. The transformed cells were plated into agar containing 

100µg/ml carbenicillin and 25 µg/ml Zeocin and were incubated at 37°C overnight. Positive 

clones were verified by using the following primer; 5`GGAAAGAATCAAGGAGG3`. In each well 

of a 24-well plate, 5x104 cells in 0.5 ml of growth medium were seeded 24 hours before the 

transfection.  Dilution of 1 µg of DNA in 50 µl of serum-free DMEM was prepared. DharmaFECT 

transfection reagent was mixed and 3 µl of it was added to the transfection mix. This 

transfection mix was incubated 10 minutes at room temperature. Meanwhile, the growth 

medium was replenished with a 0.45 ml fresh growth medium and the transfection mix was 

applied to the cells in a dropwise manner. Transgene expression was analyzed 48 hours after 

transfection.  
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For packaging lentivirus, the pTRIPZ vector is tat dependent, so that it was used with a 

lentiviral packaging system that expresses the tat gene. 293T packaging cell line was used to 

generate HIV1 based lentiviral particles. One day before the transfection, 5x104 293T cells 

were seeded into each well of a 24-well plate in DMEM with 10% FBS and 1% pen-strep.   

293T cells were seeded into 24 well plate at 5x104 cells per/well density in DMEM with 10% 

FBS and 1% pen-strep one day before the viral transduction. The growth medium was 

replenished with 225 µl of serum and antibiotic-free medium on the day of viral transduction. 

Pre-diluted 25 µl of the viral mix was then added to cells. The medium containing viruses was 

collected and cells were washed with PBS to remove the viral particles. A growth medium with 

10 % FBS, 1 % pen-strep, and 1 µg/ml doxycycline were then added to the cells. RFP expressing 

cells were analyzed 72 hours after lentiviral transduction.        

3.1.8. Generation of knock-out cell lines by CRISPR/Cas9  

The transfer vector of lentiCRISPRv2 containing guide RNA for each respective gene was 

cloned as defined in section 8.2. Molecular Biology Methods. 293T cells were seeded into a 15 

cm plate at 7x106 cells/plate density in DMEM supplemented with 10% FBS, one day before 

the transfection. The transfer vector lentiCRISPRv2 and 2nd generation viral packaging 

plasmids psPAX2 and VSV.G were used to produce viruses. 30 µg of transfer vector, 20 µg of 

psPAX2 and 10 µg of VSV.G plasmids were added to 2.85 ml DMEM without FBS and pen-strep 

supplementation. 90 µl of PEI was then added to the transfection mix and it was incubated 20 

minutes at room temperature. The transfection mix was then added to the 293T cells in a 

dropwise manner. The medium was replenished with 20 ml of DMEM supplemented with 10% 

FBS 20-24 hours after transfection to allow the release of newly made viral particles to this 

medium. Viruses were harvested 72 hours after the transfection.  The medium was collected 

into a 50 ml tube and it was passed through a 0.45 µm size filter to remove the residual 293T 

cells. 10 ml of the filtered medium was added to 2.5ml of Abcam PEG solution for lentivirus 

concentration and it was incubated at 4°C overnight. Incubated PEG/virus solution was then 

centrifuged at 3200 g at 4°C for 30 minutes. The suspension medium was aspirated, and the 

white pellet was concentrated in 100 µl of Abcam viral concentration solution and aliquoted 

in cryovials.  

For viral transduction, HepG2 and U2-OS cells were used as host cell lines. Target cells were 

seeded into a 24-well plate at 5x104 cells/well density one day before the viral transduction in 



Methods 

54 
 

DMEM supplemented with 10 % FBS. The medium was replenished on the day of viral 

transduction with 470µl of DMEM supplemented with 10 % FBS and 10 µM polybrene. 30 µl 

of the concentrated virus was mixed with the cells by making 30 times pipetting the virus into 

the well.  

Virus containing medium was incubated with cells for 72 hours and then cells were seeded 

sparsely to 15 cm plates and they were treated with 2 µg/ml puromycin for 3 days. Remaining 

cells were then collected and diluted until 5 cells/ml density in 10 ml total volume before they 

were distributed into 96-well plates. Single-cell clones emerged from those 96 -well plates 2 

to 3 weeks after the single-cell seeding procedure. Diagnostic experiments and 

characterization of CRISPR clones with the homozygotic gene of interest deletions were 

described in section 8.2 for Molecular Biology Methods.              

3.1.9. Apoptosis assay with PI/Annexin V staining  

Cells were seeded at a suitable confluence the day before the induction of apoptosis. 

Apoptosis was induced by etoposide in wild-type control cells as well as CRISPR knock-outs of 

candidate genes.  After induction of apoptosis cell culture medium was collected into 15ml 

tubes. Cells were washed with PBS and the accutase enzyme was added to detach the cells. 

Cells were incubated in accutase for 1-2 minutes at room temperature. An equal volume of 

normal growth medium was then added to the cells and the content was transferred to the 

respective 15 ml tubes and centrifuged at 300 g for 5 minutes at room temperature. The 

supernatant was discarded, and the pellet was washed two times with cold PBS. The cell pellet 

was then resuspended in 1 X binding buffer at a concentration of 1x106 cells/ml. 100 µl of this 

solution was transferred to a 1.5 ml tube and 5 µl of each annexin V and PI was added for 

staining. The mixture was incubated at room temperature for 15 minutes while it was 

protected from light. After staining, 400 µl of 1X binding buffer was added to each staining 

tube and was analyzed in flow cytometry.   

3.1.10. Crystal Violet Staining  

The growth medium was gently aspirated. Cells were washed two times with cold PBS and 

fixed with ice-cold methanol for 10 minutes. Cells were then moved to room temperature and 

incubated with the crystal violet staining solution for 10 minutes. The staining solution was 

removed, and cells were washed with water until the dye stopped coming off.  
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3.1.11. Luciferase Transactivation Assay (LTA)  

NF-κB luciferase reporter cell line was used in luciferase transactivation experiments. This cell 

line is referred to as a reporter cell line. The reporter cells were seeded at 5000 cells/well 

density into 96-well plates with black walls and bottom to reduce the cross-contamination of 

the signal between wells. The knock-down of target genes were then performed as described 

in Section 8.1.6. (Transient knock-down using siRNAs) in four replicates 20-24 hours after 

seeding the cells. The NF-ĸB induction was done by using the following stimulators: Etoposide, 

Irradiation, TNF-α and TWEAK. Treatment conditions were described in Section 8.1.4. 

(Treatment of cells with inhibitors). For the luciferase experiments, 8 hours of treatment was 

selected as a time point. Treatment was performed using 100 µl of medium containing the 

respective stimulator. After the treatment, a tox kit was prepared by diluting GF-FC dye in TOX 

substrate buffer in a 1:200 ratio and 20 µl of this solution was applied to each well. A separated 

well was filled with an equal volume of DMEM and it was treated with the GF-FC dye to obtain 

the background signal from DMEM. The plate was mixed and incubated at 37°C for 30 minutes. 

The Tox signal was measured using a plate reader. Subsequently, 100 µl of the luciferase 

substrate was added to each well and the plate was incubated at room temperature for 3 

minutes. Luciferase signal was also measured by the plate reader. Background tox signal of 

the medium was subtracted from all the tox signals of all the other wells. Luciferase signal was 

then divided by the respective tox signal obtained from the same well. An average of four 

replicates was taken as single measurements and each luciferase experiment was 

independently repeated three times.  

 

3.2. Molecular Biology Methods  

3.2.1. Polymerase chain reaction (PCR) 

PCR reactions were performed by using high fidelity Q5 enzymes. PCR primers were designed 

by using publicly available online PCR tools. PCR reaction was set up according to table 2. 

 

Component  Volume 

5X Q5 Reaction Buffer 10 µl 

10mM dNTPs 1 µl 
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10µM Forward Primer 2.5 µl 

10µM Reverse Primer 2.5 µl 

Template DNA  1 µg 

Q5 High-Fidelity DNA Polymerase 0.5 µl 

5X Q5 High GC Enhancer (optional)  10 µl 

Nuclease-Free Water To 50µl 

Table 2: Components of the PCR reaction  

Q5 High-fidelity DNA polymerase was added at last and the PCR reaction was run in the 

described thermocycling condition in table 3. The melting temperature was decided by the 

result of the online PCR tool for each PCR reaction respectively.  

STEP Temperature  Time 

Initial denaturation  98°C 30 seconds 

25-35 cycles  98°C 

50-72°C 

72°C 

5-10 seconds 

10-30 seconds 

20-30 seconds 

Final Extension  72°C 2 minutes 

Hold 4-10°C  

Table 3: Thermocycler settings for the PCR reactions  

3.2.2. Site-Directed Mutagenesis 

New England Biolab`s (NEB) Exchanger kit was used to generate single amino acid mutations 

in plasmids. First, the respective plasmid was sequenced using common sequencing primers. 

Based on the sequencing information, the respective codon of the target amino acid that was 

aimed to be mutated was identified.  The target sequence and the desired changes in the 

respective sequence were uploaded to the NEB Exchanger Software. Primer sequences for 

exponential amplification and kinase ligase DPNI (KLD) treatment were then acquired from 

the software. The reaction for the first step of the mutagenesis is described in table 4. 

Thermocyling conditions for the exponential amplification PCR is described in table 5. The 

melting temperature of the exponential amplification was determined by the NEB Exchanger 

Software.  

Component Volume  Final Concentration 

Q5 Hot Start High-Fidelity 2X Master Mix  12.5µl 1X 
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10µM Forward Primer  1.25µl 0.5µM 

10µM Reverse Primer  1.25µl 0.5µM 

Template DNA (1-25 ng/µl) 1µl 1-25ng 

Nuclease-free water 9µl  

Table 4: Exponential amplification for the side-directed mutagenesis  

STEP Temperature Time  

Initial Denaturation 98°C 30 seconds 

25 Cycles  98°C 

50-72°C 

72°C 

10 seconds 

10-30 seconds 

20-30 seconds/kb 

Final Extension  72°C 2 minutes 

Hold  4-10°C  

Table 5: Cycling conditions of the PCR reaction for the site-directed mutagenesis 

KLD treatment was then performed on the PCR product after the exponential amplification. 

The reaction was set up as described in table 6.  

Component  Volume  Final Concentration 

PCR Product  1µl  

2X KLD Reaction Buffer 5µl 1X 

10X KLD Enzyme Mix  1µl 1X 

Nuclease-free water  3µl  

Table 6: KLD reaction conditions  

KLD reaction was incubated at room temperature for 5 minutes and 5 µl of the reaction was 

then added to 50 µl of chemically competent cells which were then incubated on ice for 30 

minutes. The reaction was then heat-shocked for 30 seconds at 42°C and incubated for 5 

minutes on ice. 950 µl of SOC medium was added to the competent cells and the reaction was 

incubated at 37°C for 1 hour while gently shaking. The transformed bacterial cells were then 

spread to an appropriate selection plate for overnight growth at 37°C. Selected colonies were 

sequenced to verify the mutagenesis.    

3.2.3. Cloning of gRNAs into lentiCRISPR version 2  

Transfer vector lentiCRISPR version 2 was cut with BSMBI restriction digestion enzyme, as 

described in table 7. The reaction mix was incubated for 30 minutes at 37°C and was heat-
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inactivated. The reaction was then loaded to a 1% agarose gel and the 2 kb filler band as 

observed. The larger band was purified from the gel as described in section 3.2.5.    

Component  Volume or Quantity  

plentiCRISPR version 2  3 µg 

Fast Digest BSBMI enzyme  3 µl 

FastAP 3 µl 

10X Fast Digest Buffer  10 µl 

100mM DTT (freshly prepared) 0.6 µl 

Nuclease-free water  To 60 µl 

 Table 7: Restriction digestion reaction for the plentiCRISPR version 2 plasmid 

DNA sequences that contain the 20 bp guide RNA sequence and respective overhangs for 

BSMBI restriction enzyme digestion were synthesized as a single-stranded oligonucleotide. 

Annealing reaction for the oligonucleotides was set up as described in table 8. The reaction 

mix was incubated at 37 °C for 30 minutes and at 95°C for 5 minutes. The temperature in the 

thermocycling condition was then ramped down to 25°C at a speed of 5°C decreases per 

minute. The reaction mixture was then diluted at a 1:200 ratio using nuclease-free water.  

Component  Volume 

Oligo 1 (50µM) 2µl 

Oligo 2 (50µM) 2µl 

10X T4 Ligation Buffer  1µl 

T4 PNK  0.5µl 

Nuclease-free water  4.5µl 

Table 8: Annealing reaction for the single-stranded guide RNA oligonucleotides  

Ligation of the cut lentiCRISPR version2 plasmid and annealed oligonucleotides were done as 

described in section 8.2.9. for ligation of plasmid and insert. The ligated plasmid was 

transformed to Stable 3 strain of the chemically competent E. coli as described in section 3.2.8 

for the transformation of competent E. coli strains. 

3.2.4. PCR Clean-up 

Qiagen PCR clean-up kit was used for all PCR purification experiments according to the 

manufacturer`s protocol.   
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3.2.5. Gel Extraction 

Qiagen gel extraction kit was used for all gel extraction experiments according to the 

manufacturer`s protocol.  

3.2.6. Plasmid Isolation  

PreGold plasmid extraction kit was used for all miniprep plasmid isolation experiments 

according to the manufacturer`s protocol. Qiagen plasmid extraction kit was used for all 

maxiprep plasmid isolation experiments.  

3.2.7. Chemically competent E. coli preparation 

A 5ml bacterial culture was inoculated in RB medium overnight at 37°C while shaking at 250 

rpm. The bacterial culture was grown until saturation and it was diluted at a ratio of 1:100 in 

20-50 ml fresh LB medium. The diluted bacterial culture was grown until it reached to OD600: 

0.2-0.5. All subsequent steps were carried out at 4°C. The diluted bacterial culture was 

incubated on ice for 10 minutes and it was centrifuged for 10 minutes at 3000 rpm at 4°C. The 

supernatant was removed, and the bacterial cell pellet was resuspended in TSS buffer. The 

volume of TSS buffer was 10% of the bacterial cell pellet volume. Cells were aliquoted and 

were snap-frozen in a liquid nitrogen tank.   

3.2.8. Transformation of competent E. coli strains  

Chemically competent bacterial cells were thawed on ice for 20-30 minutes. 1 µg of plasmid 

DNA or 5 µl of the ligation reaction was added to 50 µl of competent cell and was incubated 

on ice for 20-30 minutes. The mixture was heat-shocked for 45 seconds at 42°C. The cells were 

then incubated on ice for 2 more minutes. 500 µl of LB medium was added and cells were 

incubated for 45 minutes at 37°C while vigorously shaking. After the recovery growth in an 

antibiotic-free medium, cells were spread to an appropriate selection agar plate for overnight 

growth.    

3.2.9. Ligation of plasmid and insert  

NEB quick ligation kit was used for the ligation of plasmid and insert. The reaction condition 

was performed as described in table 9. The ligation reaction was incubated for 10 minutes at 

room temperature. Ligated products were transformed into chemically competent cells as 

described in section 3.2.8. for the transformation of competent E. coli strains.  

Component  Volume or Quantity 
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Digested plasmid 50 ng 

Annealed oligo duplex  1 µl 

2X Quick Ligase Buffer  5 µl 

Nuclease-free water  To 10 µl 

Quick Ligase  1 µl 

Table 9: Plasmid and insert ligation reaction conditions  

3.2.10. Surveyor Assay for CRISPR target genes  

Single cell clones of CRISPR knock-out cells were grown for 2-3 weeks in the presence of 2 

µg/ml puromycin as described in section 3.1.8. for the generation of knock-out cell lines by 

CRISPR/Cas9. Genomic DNA was isolated from the single-cell clones as described in section 

8.2.19. for genomic DNA isolation. Primer pairs were designed approximately 400 bp up- and 

down-stream of the respective guide RNA target sequence for each guide RNA. The extracted 

DNA concentration was normalized to 100-200 ng/µl with nuclease-free water. SURVEYOR 

PCR was performed as described in table 10.    

Component  Volume  Final 

Concentration 

Herculase II PCR Buffer 5X 10 µl 1X 

dNTP 100mM, (25mM each) 1 µl 2 mM 

Forward Primer, 10µM  1 µl 0.2 µM 

Reverse Primer, 10µM 1 µl 0.2 µM 

Herculase II fusion polymerase 1 µl  

MgCl2, 25mM 2 µl 2 mM 

DNA Template  1 µl 2 ng/µl 

Nuclease-free water 33 µl  

Table 10: Surveyor assay reaction conditions  

PCR was performed in general cycling conditions as described in table 3. A small portion of the 

PCR product was run on a 1% agarose gel to check a single-band. The PCR product was then 

purified as described in section 3.2.4. for PCR clean-up. Eluted products were normalized to 

20 ng/µl with nuclease-free water. A DNA heteroduplex formation reaction was set up as 

described as in table 11.    

Component  Volume  
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Taq PCR buffer, 10X 2 µl 

Purified PCR product, 20 ng/µl 18 µl 

Table 11: DNA heteroduplex formation reaction of the Surveyor assay  

The heteroduplex formation was performed in the described thermocycling condition in table 

12.   

Cycle Number  Condition 

1 95°C, 10 minutes 

2 95-85°C, -2°C/second 

3 85°C, 1 minute 

4 85-75°C, -0.3°C/second 

5 75°C, 1 minute 

6 75-65°C, -0.3°C/second 

7 65°C, 1 minute 

8 65-55°C, -0.3°C/second 

9 55°C, 1 minute 

10 55-45°C, -0.3°C/second 

11 45°C, 1 minute 

12 45-35°C, -0.3°C/second 

13 35°C, 1 minute 

14 35-25°C, -0.3°C/second 

15 25°C, 1 minute 

16 25-4°C, -0.3°C/second 

17 4°C, Hold 

 Table 12: Thermocycling conditions for DNA heteroduplex formation  

DNA heteroduplexes were subjected to nuclease S digestion, as described in table 13.  

Component Volume Final Concentration 

Annealed DNA Heteroduplex 20 µl  

MgCl2, 0.15 M 2 µl 15 mM 

Nuclease-free water 0.5 µl  

SURVEYOR nuclease S 1 µl 1X 
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SURVEYOR enhancer S 1 µl 1X 

Table 13: Nuclease S digestion reaction of the Surveyor DNA heteroduplexes  

Nuclease S digested SURVEYOR assay products were visualized in 2% agarose gels. The 

following two-step formula was used to determine knock-out efficiencies. First, the 

function cut (fcut) was determined by the formula fcut= (b+c)/(a+b+c), where a is the 

integrated intensity of the undigested PCR product and b and c are the integrated 

intensities of each cleavage product. The following formula was then used to estimate the 

insertion and deletion (indel) occurrence: Indel (%) = 100x(1-√(1 − 𝑓𝑐𝑢𝑡)) 

3.2.11. Characterization of CRISPR clones  

Cas9 cleavage of target sites was assessed by Sanger sequencing. Target site amplification was 

done as described in section 3.2.1. Overhangs for HindIII and EcoRI restriction sites were 

added to the forward and reverse primers of this PCR, respectively. Target site PCR products 

were purified as described in section 3.2.4. Purified PCR products were then digested with 

HindIII and EcoRI restriction enzymes as described in table 14.   

Component Volume 

Fast Digest Buffer, 10X 3 µl 

Fast Digest EcoRI 1 µl 

Fast Digest HindIII 1 µl 

Purified PCR Product, 20ng/µl 10 µl 

Nuclease-free water  15 µl 

Table 14: Restriction digestion reactions of the PCR products for the Sanger sequencing-based 
characterizations of the CRISPR knock-out cells  

The pUC19 plasmid was used as a receiver plasmid for the Sanger sequencing and it was 

digested with HindIII and EcoRI restriction enzymes as described in table 15.   

Component Volume 

Fast Digest Buffer, 10X  3 µl 

Fast Digest EcoRI  1 µl 

Fast Digest HindIII 1 µl 

FastAP alkaline phosphate 1 µl 

pUC19 vector (200ng/µl) 5 µl 

Nuclease-free water  20 µl 
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Table 15: Restriction digestion reaction of pUC19 plasmid  

The reaction was incubated at 37°C for 15 minutes and purified as described in section 3.2.4. 

For a higher concentration, six reactions were combined. The ligation of the PCR product to 

the purified and cut pUC19 vector was performed as described in table 16.  

Component Volume 

Digested pUC19  50 ng 

Digested PCR Product  X (1:3 vector:insert molar ratio) 

T7 ligase  1 µl 

Rapid ligation buffer, 2X 10 µl 

Nuclease-free water Up to 20 µl 

 Table 16: Ligation reaction of the pUC19 plasmid and the PCR product of the Sanger sequencing-based 
characterization of the CRISPR knock-our cells 

The ligation products were transformed into chemically competent cells as described in 

section 3.2.8 and were spread to the appropriate selection plates. Bacterial colonies were 

inspected on the following day and were sent for sequencing.   

3.2.12. Genomic DNA Isolation 

The Qiagen gel extraction kit was used for all gel extraction experiments according to the 

manufacturer`s protocol.  

3.2.13. RNA Extraction 

RNA extraction was performed with TRIzol. The cell medium was aspirated and washed with 

PBS. 1 ml TRIzol was then added to cells and the cell/TRIzol mixture was transferred to 1 ml 

tube. In the phase separation step, 0.2 ml of chloroform was added and mix thoroughly for 15 

seconds. Samples were then incubated at room temperature for 2-3 minutes and were 

centrifuged at 12.000 g for 20 minutes at 4°C. Following the centrifugation, the mixture 

separated into a lower red, phenol-chloroform phase, interphase, and colorless aqueous 

phase. RNA remains exclusively in the aqueous phase. Therefore, the aqueous phase was 

taken into a separate tube where 0.5ml isopropanol was added for homogenization. Samples 

were incubated at -80°C for 10 minutes at this step and then were centrifugated at 12.000 g 

for 10 minutes at 4°C. The supernatant was discarded and the RNA containing pellet was 

washed two times with 1 ml of 70% ethanol. The RNA pellet was air-dried and was dissolved 

in nuclease-free water.        
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3.2.14. cDNA Synthesis 

To synthesize cDNA, 1 µg of RNA was used in each experiment. The BioRAD iSCRIPT kit was 

used for the synthesis reaction according to the manufacturer`s protocol.  

3.2.15. Quantitative Real-Time PCR (QRT-PCR)  

cDNAs were diluted in nuclease-free water to a 1:20 ratio for each qRT-PCR experiment. 

Samples were run in triplicates in 96-well plates. 2 µl of the sample was added to the 

respective well. 8 µl of a master-mix containing 2 µl of nuclease-free water, 1 µl of the 

respective primer pairs (3 µM), and 5 µl of 2X SYBR green reaction buffer was added to each 

well.  

3.3. Biochemistry Methods  

3.3.1. Whole-cell extraction 

Cells were washed once with PBS and an adequate volume of trypsin was added to each well. 

Cells were then incubated at 37°C for 5 to 10 minutes or until they detach. Trypsin was 

inactivated by adding a normal growth medium to the well and cells were transferred to 15 

ml tubes. Cells were centrifuged and cell pellets were resuspended in a whole-cell extraction 

buffer using three times the volume of each pellet. Lysates were then transferred to 1.5 ml 

tubes and shaken at 4°C for 20 minutes. Afterward, lysates were centrifuged at 14.000 rpm 

for 10 minutes at 4°C. Supernatants were transferred to different tubes as whole-cell extracts.  

3.3.2. Nuclear/Cytoplasmic Fractionation 

Cell pellets were obtained as described in section 3.3.1. and the pellets were resuspended in 

Buffer A using ten times the volume of each pellet.  Cells were briefly vortexed and spun down. 

The supernatant was taken as a cytoplasmic extract. The pellet was washed three times with 

Buffer A and resuspended in Buffer C and left for incubation while shaking at 4°C. Lysates were 

then centrifugated at 14.000 rpm for 10 minutes at 4°C. The supernatant was taken as a 

nuclear extract.  

3.3.3. Co-Immunoprecipitation (Co-IP)  

Cells were grown in 15 cm plates for Co-IP experiments. Two 90-100% confluent plates were 

used for each condition in the Co-IP experiments. The growth medium was aspirated and the 

cells were washed two times with cold PBS. Cells were then scraped in the presence of 4 ml 

PBS and collected in 15 ml tubes and centrifuged at 300g for 5 minutes at 4°C. The pellet was 

resuspended in whole-cell extraction buffer for M2 agarose beads using three times the 
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volume of each pellet and transferred to 1.5 ml tubes. Lysates were shaken for 20 minutes at 

4°C and centrifuged at 14.000 rpm for 10 minutes at 4°C. The supernatant was taken as a 

whole-cell extract for interaction studies. Protein quantification was done as described in 

section 8.3.4. and equal volume and quantity (1 mg of protein lysate in 1 ml lysis buffer) were 

used for each sample in Co-IP. 40 µl per sample of Flag-tagged agarose beads were transferred 

to a 1.5 ml tube and washed two times with TBS. The pellet was dissolved in an equal volume 

of whole-cell extraction buffer for M2 agarose beads and 40 µl of it was added to each protein 

lysate. 1ml of whole-cell extraction buffer for M2 agarose beads and lysate obtained from flag-

empty vector expressing cells served as the negative controls in the Co-IP. Lysates were 

incubated with flag tagged agarose beads overnight at 4°C while rotating and washed five 

times with the lysis buffer. Centrifugation steps were carried out at 8.200 g for 30 seconds at 

4°C. The agarose pellet after the last washing step was diluted in 12µl of 2X SDS Laemmli Buffer 

and boiled at 95°C for 3 minutes. Co-IPs and 20 µg of input protein lysates were loaded into 

10% SDS gel. Western blotting was performed as described in section 3.3.5.  

3.3.4. Protein Quantification 

Biorad`s 5X Bradford reagent was diluted in water and 1ml of it was distributed to cuvettes. 

1µl of protein lysates were also added to each cuvette and mixed. Bradford 1X reagent was 

used as a blank. BSA was used as a standard and the standard curve was drawn by measuring 

the BSA serial dilutions 1 µ,2 µ,3 µ,4 µ, and 6 µl of BSA (1 mg/ml) per cuvette. Based on the 

standard curve, protein lysates were measured in triplicate and an average value for the 

measurement was taken into consideration for the downstream experiments.      

3.3.5. Western Blotting  

Protein lysates were quantified as described in section 8.3.4. and 20-40 µgr of proteins were 

mixed with 6X SDS Laemmli buffer and incubated for 5 minutes at 95°C. Lysates were loaded 

and run in SDS-PAGE gels for 90 minutes and transferred to PVDF membranes for 15 to 300 

minutes using a semi-dry system. Membranes were then blocked with 5% BSA or Milk for 1 

hour at room temperature and incubated with primary antibody overnight at 4 °C. Membranes 

were then washed three times with TBST, 5 minutes each, and incubated with secondary HRP 

linked antibody for 1 hour at room temperature. The secondary antibody washed away and 

membranes were washed three times with TBST and once with PBS. ECL solution was added 

to the membrane and protein bands were visualized using the Fusion system.  
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3.4. Microscopy and Imaging-based assays  

3.4.1. Proximity ligation assay (PLA) 

Cells were grown in coverslips. The growth medium was washed away, and cells were fixed 

with 4% PFA for 10 minutes at room temperature. PFA was then removed and cells were 

washed two times with PBS and permeabilized in 1% Triton in PBS solution for 10 minutes at 

room temperature. One drop ~40 µl of Duolink Blocking solution was added to each coverslip 

and incubated in a heated humidity chamber for 1 hour at 37°C. Two steps of primary antibody 

dilution was done with the following formula for antibodies with 1 mg/ml concentration.  

 Step1a: 1 µl of the primary antibody of mouse origin + 44 µl antibody diluent  

 Step1b: 1 µl of the primary antibody of rabbit origin + 44 µl antibody diluent  

 Step2: 5.5 µl from Step1a + 5.5µl from Step1b + 69 µl antibody diluent.  

One drop of the diluted antibody mixture was added to each coverslip and incubated 

overnight at 4°C. Duolink PLUS and MINUS probes were diluted using the antibody diluent. For 

a 40 µl reaction, 8 µl of PLA MINUS stock and 8 µl of PLA PLUS stock were added to 24 µl of 

antibody diluent.  Coverslips were washed with Wash Buffer A two times for 5 minutes. Wash 

buffer was removed, and coverslips were incubated with the diluted PLUS and MINUS probes 

in a pre-heated humidity chamber for 1 hour at 37°C. Coverslips were then washed two times 

for 5 minutes with Wash Buffer A at room temperature. Duolink Ligation buffer was diluted in 

high purity water at a 1:5 ratio and ligase was added to the diluted buffer at a 1:40 ratio. 

Coverslips were incubated with the ligation solution in a pre-heated humidity chamber for 30 

minutes at 37°C. Coverslips were washed two times with Wash Buffer A at room temperature. 

DNA polymerase was diluted in the Duolink amplification buffer at a 1:80 ratio. One drop of 

amplification solution was added to the coverslips and incubated in a pre-heated humidity 

chamber for 100 minutes at 37°C. All the downstream steps were carried out in light-sensitive 

conditions. Coverslips were washed twice with Wash Buffer B for 10 minutes and with 0.01 X 

Wash Buffer B for 1 minute and incubated with minimal volume of Duolink DAPI Mounting 

Medium for 15 minutes. Images were obtained using confocal microscopy (Zeiss) with a 20 X 

or 40 X objective. 

3.4.2. Indirect Immunofluorescence   

Cells were grown in coverslips and fixed with 4% PFA for 10 minutes at room temperature.  

First, cells were incubated with a quenching buffer (0.12% glycine, 0.2% saponin in PBS) for 10 
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minutes at room temperature. Cells were then incubated with a permeabilization buffer (0.2% 

saponin in PBS) for 10 minutes at room temperature and washed three times with PBS (5 

minutes each). Cells were incubated with a blocking buffer (10% FBS, 0.2% saponin in PBS) for 

1 hour at room temperature. The respective antibody was diluted in the blocking solution 

according to the manufacturer`s dilution range recommendations. Coverslips were embedded 

in the prediluted primary antibody solution and incubated at 4 C° overnight. Coverslips were 

collected and washed three times with the permeabilization buffer (10 minutes each). A FITC 

conjugated secondary antibody recognizing the host species of the respective primary 

antibody was diluted in the blocking buffer according to the manufacturer`s dilution range 

recommendations. Samples were incubated with the prediluted secondary antibody solution 

for 1 hour at room temperature and washed three times with the permeabilization buffer (10 

minutes each). Coverslips were mounted in DAPI containing mounting media and images were 

obtained as described in section 3.4.2.  

3.4.3. Laser microirradiation and live-cell imaging  

EGFP fusion proteins of PARP1 and XRCC1 were used in laser microirradiation experiments. 

Cells were grown using DMEM supplemented with 10% FBS in 8-well gridded chambers and 

plasmids were transfected as described in section 8.1.5. Before the live-cell imaging, cells were 

sensitized with 10 minutes of DAPI (10 µg/ml) treatment. DAPI containing medium was 

replenished with normal growth medium. Cells were placed in a Spinning Disc Microscope 

under 100X objective. Cells were kept at 37°C and supplemented with 5% CO2 during the live-

cell imaging. Before the laser microirradiation, EGFP expressing cells were centered and 20 

slices of Z-stacks were automatically selected towards the top and bottom sides of the cells. 

Laser microirradiation was triggered by a 405 nm laser wavelength of the confocal microscope 

on the pre-selected area in the nucleus. Stimulation was performed using 10 to 50% of laser 

power for 500 µs Dwell time for one loop. Images were acquired using a 488 nm laser line. For 

each cell, an image before the laser microirradiation experiment was acquired. Several time 

points were selected for the images that are obtained after the laser microirradiation. For the 

early recruitment kinetics of the DNA repair factors, an image was obtained 1 second after the 

laser microirradiation and 10 images were obtained every 10 seconds. For the longterm 

dissociation kinetics of the DNA repair factors, 14 images were obtained every 1 minute.  

Image analysis was done as described in section 3.4.3.  



Methods 

68 
 

3.4.4. Live-cell image analysis  

The Imaris program was used for the live-cell image analysis. The surface function was used 

to create a region of interest (ROI) in the images. Two different ROIs were created. First, the 

DNA repair factor (PARP1 or XRCC1) recruited region was selected as an ROI, and then the 

nucleus of the respective cell was selected as a normalization ROI. A diameter was 

approximately calculated for each ROI and used as a threshold. Signals coming from 

neighboring nucleoli or high backgrounds were further eliminated using the size exclusion 

function.  The mean intensity of the ROIs was obtained from this analysis. The mean intensity 

of the DNA repair factor`s ROI was then normalized to the mean intensity of the nucleus of 

the same cell.  

3.5. Screening Methods  

3.5.1. Genome-wide RNAi Screening Methods 

The screening was performed using Ambion Silencer R Human Genome siRNA library v3 

(Thermo Fisher) composed of siRNAs targeting approximately 21000 human genes arrayed on 

189-384 well plates. 293 TN NF-ĸB Luc-GFP reporter cells from Biosciences were used in the 

screening. Cells were treated with Etoposide or TNFα as described in section 3.1.4. for 4.5 

hours to the NF-ĸB pathway. For library transfection, on a Freedom EVO 200 workstation 

(Tecan) 5 µl of 500 nM library-siRNA-OptiMEM solution was mixed in each well of the 384-

well assay plate with 0.05 µl Lipofectamine RNAiMAX transfection reagent previously diluted 

in 4.95 µl OptiMEM. Subsequently, 1000 cells/well in 40 µl antibiotic-free growth medium 

were seeded onto the pre-dispensed transfection mixture using EL406TM dispenser (Biotek) 

resulting in a 50 nM final siRNA concentration in each well.  

The screening was performed in a duplicate. The first replicate was analyzed in a luciferase 

assay while the second replicate was used for imaging to enable visual inspection of the 

transfected cells. The NF-κB reporter assays were performed 72 hours post-transfection. For 

luciferase measurement, ONE-GloTM (Promega) was used according to manufacturer 

instructions. Briefly, plates were equilibrated for 10 minutes at room temperature and each 

well was aspirated to 10 µl volume. 12.5 µl of ONE-Glo reagent was added to each well and 

the plate was incubated at room temperature for 30 minutes. Luminescence was measured 

using the Safire2 (BioTek) microplate reader with 100 ms integration time. For imaging, the 

second replica plate was processed as in the first replicate and fixed using 35 µl/well 4% PFA 



Methods 

69 
 

for 30 minutes at room temperature. Cells were stained with 10 µM Hoechst for 1 hour at 

room temperature. Plates were then sealed ad scanned using ArrayScanTM XTI High Content 

Platform (Thermo Fisher).     

3.5.2. CRISPR Screening Methods of Ubiquitination (Ub) and Deubiquitination (Dub) 

Components   

Three different arrayed CRISPR knock-out libraries, EditR Ubiquitin Enzyme library 

(Dharmacon), Deubiquitinating Enzymes library (Syntego), and Ubiquitin Ligases library 

(Syntego) were used in the screening. Genes encoding E1 ubiquitin-activating enzymes, E2 

ubiquitin-conjugating enzymes, E3 ubiquitin ligases, deubiquitinating enzymes (DUBs) as well 

as subunits of proteasome and ribosome were targeted by 3 to 4 independent guide RNAs, 

respectively, arrayed on 384-well plates. TWEAK-induced nuclear localization of p52 in U2-OS 

cells was used as a readout in the screening. To enable gene knock-out with the arrayed guide 

RNAs, U2-OS cells were lentivirally transduced with plentiCRISPRv2 vector as described in 

section 3.1.8. For library transfection, on a Freedom EVO 200 workstation (Tecan) 5 µl of 500 

nM library-CrisprRNA:TracerRNA(guide RNA)-OptiMEM solution was mixed in each well of the 

384-well assay plate with 0.05 µl Lipofectamine CRISPRMAX transfection reagent previously 

diluted in 4.95 µl OptiMEM. Subsequently, 1000 cells/well in 40 µl antibiotic-free growth 

medium were seeded onto the pre-dispensed transfection mixture using EL406TM dispenser 

(Biotek) resulting in a 50 nM final guide RNA concentration in each well. Downstream 

experiments were performed 72 hours after the library transfection.  

U2-OS Cas9 cells were treated with TWEAK as described in section 3.1.4. For imaging, cells 

were fixed using 35 µl/well 4% PFA for 30 minutes at room temperature. Cells were stained 

with an N-terminal p100 antibody as described in section 3.4.2. Moreover, Cells were co-

stained with 10 µM Hoechst for 1 hour at room temperature. Plates were then sealed ad 

scanned using ArrayScanTM XTI High Content Platform (Thermo Fisher).     

3.6. Mass spectrometry methods for the global ubiquitinome analysis  

The mass spectrometry-based ubiquitin profiling of human proteome was done in 

collaboration with Dr. Oliver Popp and Dr. Philipp Mertins from the Proteomics laboratory at 

the MDC. Cell pellets obtained from approximately 2x107 cells for each indicated treatment 

condition were washed twice with ice-cold PBS and delivered to the Proteomics facility after 
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snap-freezing. Mass spectrometric quantification of the proteome was done as previously 

described(Udeshi et al., 2020).   

3.7. Geneset enrichment analysis  

Gene names of the hits from the genome-wide RNAi screening were uploaded to the EnrichR 

database(Chen et al., 2013). The selected genes were then visualized using KEGG 2019 and 

Reactome 2016 sections in the Pathways tab. Alternatively, classification enrichment was 

determined using UniProt`s biological pathways analysis and the right-tailed Fisher`s exact 

test. The threshold for significance was applied for -log(p=0.05). 
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4. Aims  

4.1. DNA damage-induced NF-ĸB pathway 

Activation of the NF-ĸB pathway by DNA damage leads to upregulation of anti-apoptotic gene 

expression. Therefore, it counteracts the killing capacity of genotoxic agents that are used in 

cancer therapies. Although the previous studies revealed the roles of several DNA damage 

response factors such as PARP1 and ATM in this pathway, systematic identification of novel 

regulators of this signaling cascade would be crucial to propose novel therapeutic approaches 

that can exploit synthetic lethality in tumor cells.   

Since the siRNA technology has become more accessible at a large scale, genome-wide siRNA 

libraries are commercially available. The goal of this part of the study was to set up and 

optimize a screening-assay for NF-ĸB pathway activity that can be adapted to a high-

throughput scale to perform a genome-wide siRNA screen. Through using this approach in 

genotoxic agent applied cells, candidate genes encoding components and essential regulators 

required for the DNA damage-induced NF-ĸB pathway activation should be identified. 

The newly identified putative regulators have to be validated for their requirement in the DNA 

damage-induced NF-ĸB pathway. To understand the pathway specificity, the candidates 

should also be analyzed for their role in receptor-ligand-induced NF-ĸB pathways, in which 

DNA damage is not involved in the activation process. Furthermore, the effect of 

downregulation of these candidates on the previously described DNA damage response 

events required for NF-ĸB activation has to be determined. To reveal the role of these 

candidates on cell fate decisions during DNA damage, the effect of their loss has to be 

determined under genotoxic agent treatment conditions.  

Identification of novel components that are required specifically for the DNA damage-induced 

NF-ĸB pathway without any alteration on other receptor-ligand initiated NF-ĸB systems would 

be a breakthrough for cancer therapies in which genotoxic agents are used.    

4.2. Signal-induced precursor p100 processing  

The non-canonical NF-ĸB pathway activation critically depends on the signal-induced 

degradation of the C-terminal IĸB-like region of p100. This partial degradation should require 

a tightly regulated mechanism in the ubiquitin-proteasome system (UPS). Previous studies 

addressed this question by using pulldown experiments of ectopically expressed tagged fusion 

proteins and proposed several ubiquitin ligases. However, the signal-induced p100 processing 
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mechanism needs to be studied with the endogenous systems in which one or more E3 ligases 

are genetically deleted. 

Since CRISPR-based gene-editing technologies have recently become more applicable for loss 

of function screens, several CRISPR knock-out libraries targeting human ubiquitination 

enzymes are commercially available. The goal of this part of the project is to set up a robust 

CRISPR screening system that can be adopted for signal-induced p100 processing. By using a 

CRISPR knock-out library, which targets ubiquitin-related genes, E1 activating enzymes, E2 

conjugating enzymes, E3 ligases, as well as deubiquitinating enzymes (DUBs), novel 

components required for p100 processing should be identifiable. The role of newly identified 

gene products in p100 processing has to be determined by analysis of their impact on 

previously described steps in the non-canonical NF-ĸB signaling cascade. Among other 

candidates, E3 ligases that regulate proximal steps to the p100 protein itself should be 

selected for further analysis and the protein-protein association between these E3 ligases and 

p100 has to be determined. To elucidate the signal-induced ubiquitin modifications on p100 

that are mediated by these E3 ligases, mass spectrometry-based proteome-wide ubiquitin 

analysis has to be done in the absence and presence of these E3 ligases. Through this 

approach, ubiquitin modifications on p100 essential for its processing, and the E3 ligase(s) 

responsible for their attachment should be identified by targeting and analyzing endogenous 

proteins without saturating the signaling pathway with ectopic expression systems.  

Identification of E3 ligases required for signal-induced p100 processing would be a major 

discovery for cancer types such as Multiple Myeloma and Hodgkin`s lymphoma, in which 

aberrantly active non-canonical NF-ĸB promotes the tumor cell survival. 
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5. Results 

5.1. Identification of novel regulators and components of the DNA damage-induced 

NF-ĸB Pathway 

5.1.1. Establishment of a siRNA screening system  

The screening was set up at the FMP Screening Unit in collaboration with Dr. Katina Lazarow, 

who handled the automated screening, using an Ambion Silencer Human Genome siRNA 

Library V3 (Thermo Fisher). This library is composed of siRNAs targeting approximately 21000 

human genes arrayed on 189 384-well plates. Such arrayed siRNA libraries are powerful tools 

that are designed for the analysis of single-gene perturbation effects in cell signaling.   

To perform a genome-wide siRNA screen, a robust read-out assay system had to be developed 

and optimized. To this end, an NF-ĸB reporter cell line (Hek-Luc) that expresses luciferase 

under the control of an NF-ĸB inducible promoter was used. Treatment of these cells with 

potent inducers of the NF-ĸB pathway such as LPS, TNFα, and etoposide upregulated the 

expression of the luciferase gene (Figure 12A). Consequently, the elevated level of luciferase 

in these cells was measured using a luciferase transactivation assay. For the screening assay, 

cells were treated with a DNA topoisomerase II inhibitor (etoposide) to trigger the DNA 

damage-induced NF-ĸB pathway activation. During the genome-wide siRNA screening, we 

aimed to find siRNAs leading to abrogated NF-ĸB activity. First, the screening assay robustness 

was analyzed by measuring its Z’ factor as a statistical effect size. The Z’ factor is determined 

by mean values and standard deviations of both positive and negative controls in the assay 

and judges whether the response in a particular assay is large enough to warrant further 

attention. Ideally, the Z’ factor cannot exceed 1 and a Z ’factor value between 0.2 and 0.5 is 

considered to be a marginal assay setup for high-throughput screens. The Z’ factor of each 

screening plate was determined using etoposide and solvent (DMSO) treated cells as positive 

and negative controls, respectively.  

A workflow for the screening was designed. First, the siRNA library was transfected to the Hek-

Luc cells. To ensure an efficient knockdown, the luciferase assays were performed 72 hours 

after the siRNA transfection (Figure 12B).  Another important parameter was choosing an 

appropriate dosage and time-point for the activation of the DNA damage-induced NF-ĸB 

pathway in the HEK-Luc cells. Several experiments performed by Dr. Katina Lazarow at the 
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FMP resulted in an optimal treatment duration of 4,5 hours etoposide (25 µM) treatment 

(data not shown).   

To design a plate layout of the screening, siRNAs from the library were placed in the first 22 

columns of a 384-well plate.  Assay-specific controls were included in the last two columns of 

the plate. For instance, non-targeting siRNAs were used to evaluate siRNA off-target effects. 

To understand whether the reporter system efficiently worked or not, several wells in each 

plate were treated with TNFα. ‘Cell death siRNAs’ contain a mixture of siRNAs that target 

mRNAs encoding proteins essential for cell viability. Loss of cell number in the cell death siRNA 

transfected cells was analyzed by valid object count under the microscope and served as a 

control for high transfection and knockdown efficiency. IKKγ is required for DNA damage-

induced NF-ĸB activation (Hinz and Scheidereit, 2014). Therefore, three independent siRNAs 

targeting IKKγ were used as assay-specific positive controls. Several mock-transfected cells 

were included in the screening. The Z’ factor for each assay plate was determined by analyzing 

the statistical effect size of mock-transfected etoposide and DMSO treated cells (Figure 12C). 

Under these conditions, a prescreen was performed. Etoposide treatment in mock-

transfected cells yielded a high luciferase reporter activity, which was abrogated with three 

independent siRNAs against IKKγ. The non-targeting siRNAs resulted in similar luciferase 

activity as in the mock-transfected cells, indicating a minimal off-target effect of the siRNAs 

(Figure 12D). Cell death siRNAs resulted in a significant loss of cell number (data not shown). 

A Z-score, which describes a value`s relationship to the mean of a group of values, was 

calculated for each sample. The Z-score showed distribution of siRNAs which negatively or 

positively affect DNA damage-induced NF-κB activation.   
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Figure 12: Principle of the genome-wide siRNA screening assay read-out. A. HEK cells stably express luciferase 
reporter gene under the control of a minimal promoter m(CMV) that contains multiple NF-ĸB response elements. 
Treatment of these cells with various NF-ĸB activating stimuli led to increased levels of luciferase enzyme which 
was then analyzed in a luciferase reporter assay and considered as a readout for NF-ĸB pathway activation. B. In 
the workflow of the screening, the genome-wide siRNA library was transfected to the HEK-Luc cells in the first 
step. Hek-Luc cells were then treated with Etoposide (25 µM) for 4,5 hours and the luciferase reporter assay was 
performed to analyze NF-ĸB pathway activation upon genome-wide siRNA-mediated knock-down. C. Several 
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controls were used in the layout of each screening plate. Those controls include non-targeting siRNA, TNFα 
treatment, Mock, siIKKγ, and cell death siRNA. All wells in columns 1-23 were treated with etoposide, well in 
column 24 with solvent only, as indicated. D. Heatmap results of a prescreen displayed NF-ĸB activation. Relative 
luciferase activity for the indicated samples is shown. 

5.1.2. Genome-wide siRNA Screening  

The primary genome-wide siRNA screen was performed by testing the complete Ambion 

Silencer Human Genome siRNA Library V3 in a luciferase reporter assay-based system. First, 

the reproducibility of the screening was analyzed. Several screening plates were randomly 

selected and retested. Results of replicate experiments were plotted in the same graph and a 

strong Spearman`s rank correlation coefficient was observed between replicate screens 

(Figure 13A).   

The Ambion Silencer Human Genome siRNA Library V3 contains 189 384-well plates. 

Therefore, the Z’ factor was individually calculated for the etoposide or DMSO treated mock-

transfected samples in each plate. Approximately 70% of the screening plates had a Z ’factor 

larger than 0.2. (Figure 13B). Plates with a Z’ factor lower than the marginal 0.2 level were 

repeated until they pass this threshold.  The genome-wide screening was done in 189 pairs of 

plates. Therefore, a plate-wise normalization was done (Figure 13C).  

 

Figure 13. Primary genome-wide siRNA screening. A. Spearman’s rank correlation coefficiency showed 
screening assay reproducibility between several retested screening plates. B. Summary of Z’ factor distribution 
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for the screening plates. 3 plates had a Z’ factor between 0.8 and 1, 38 plates had a Z’ factor between 0.6 and 
0.8, 85 plates had a Z’ factor between 0.4 and 0.6, 60 plates had a Z’ factor between 0.2 and 0.4, and 79 plates 
had a Z´ factor lower than 0.2. Altogether, the high number of Z‘ factors in most of the plates implicated that the 
overall quality of the screening was good. C. For a plate-wise normalization, the data obtained in the genome-
wide screen were processed on the KNIME Analytics Platform (KNIME). The Z-scores were calculated from the 
luminescence values as follows by an insert into the Z-score formula the following values; x, the luminescence 
value, µ, the median and MAD, the median absolute deviation of all sample wells in the plate. Screening results 
obtained from each plate were then visualized in a single bar graph. Each screening plate was shown in a yellow 
or blue-colored bar. Z-scores of out-layer samples, which are potential positive (Z-score lower than -1) or negative 
regulators (Z-score higher than +1), were shown on the X-axis.  

Screening results were sorted by target gene name and ranked individually by the Z-score of 

each of the three siRNAs. The ranking of the hits revealed both putative positive and negative 

regulators of the NF-ĸB pathway.  The list for positive regulatory hits included known members 

of the NF-ĸB family such as RelA. Known negative regulators of the NF-ĸB pathway, such as 

TRAF3 (Vallabhapurapu et al., 2008) and CYLD (Kovalenko et al., 2003).  

A basic gene set enrichment analysis (GSEA) was performed using EnrichR(Chen et al., 2013). 

1000 genes with the lowest Z-score (positive regulators) were selected. For each protein-

coding gene, the keywords from the category “biological process” were derived from the 

UniProt knowledgebase (Magrane and UniProt Consortium, 2011). and the abundance of 

these among the 1000 candidate genes was compared to the human genome to find 

enrichments (Figure 14B). As expected, many of the hits were ruled out by one or more 

criteria. For instance, siRNAs against several ribosomal proteins led to significantly reduced Z-

score due to poor cell growth or increased cell death. On the other hand, siRNAs targeting 

subunits of the Pol II complex as well as gene products required for general gene expression 

processes, such as mRNA transport, splicing, and processing, also yielded a low Z-score that 

was caused by reduced transcription of the luciferase reporter.  
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Figure 14: Primary genome-wide siRNA screening results. A. Screening results were ranked individually by the 
Z-score of each of the three siRNAs. Candidates with decreased Z-scores were identified as putative positive
regulatory hits (red circle), while candidates with increased Z-score were identified as putative negative
regulatory (blue circle). B. Classification enrichment was determined using EnrichR (Chen et al., 2013), UniProt
(Magrane and UniProt Consortium, 2011), and right-tailed Fisher`s exact test. The threshold of significance was
applied for -log(p=5).

5.1.3. Identification of DNA damage selective hits by a counter screening with TNFα  

To obtain candidates with a specific role in the DNA damage-induced NF-ĸB pathway, it was 

necessary to eliminate hits corresponding to gene products required for either expression of 

the reporter system or general NF-ĸB pathway activation steps. For this reason, 320 hits 

selected from the 1000 putative positive regulators were tested in a counter screen. TNFα 

stimulation was used as a DNA damage-independent NF-ĸB inducer in the counter screening 

(Figure 15). 

Figure 15: Counter screening with TNFα. Selection of 320 candidate hits, including pathway-specific regulators 
(MAP3K7, TIFA, TRAF6, and XRCC5), for a counter screening with TNFα. The counter screening was performed in 
three biological replicates by using independent siRNAs that were split in different 384-well plates. A parallel 
etoposide screen was also performed for each plate.  

The screen was performed in three independent replicates. For each counter screening plate, 

a parallel etoposide screening was conducted using the same siRNAs. Hits, which did not result 
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in a significant decrease in etoposide-induced relative luciferase activity, were eliminated. The 

remaining candidates were then ranked according to their effects on TNFα-induced relative 

luciferase activities. The list of 320 genes that were tested in the counter screening included 

previously proposed regulators of the DNA damage-induced NF-ĸB pathway such as MAP3K7 

(Hinz et al., 2010), TIFA (Fu et al., 2018), ATM (Hinz et al., 2010), TRAF6 (Hinz et al., 2010), and 

XRCC5 (Nakad and Schumacher, 2016).  

However, one major limitation of this approach was a requirement of long exposure times of 

cells to TNFα stimulation since the NF-κB-driven transcription and translation of the luciferase 

and GFP reporters reach a significant level at least 4 hours post-treatment. This time-point is 

beyond the TNFα-induced canonical activation of the NF-κB pathway which takes 20 to 30 

minutes in most of the immortalized murine and human cell lines (Hayden and Ghosh, 2014). 

Indeed, prolonged exposure to TNFα amplifies the NF-κB response in a paracrine fashion 

(Caldwell et al., 2014). Therefore, TNFα treatment in our counter screen demonstrated such 

a strong NF-κB-driven luciferase activity in the scrambled siRNA-transfected control cells 

(Figure 16A left panel). Consequently, most of the candidates showed a significant decrease 

in NF-κB activity when compared to these control cells in the TNFα counter screen. However, 

depletion of pathway-specific controls such as ATM and TRAF6, which are essential 

components for the DNA damage-induced activation of the NF-κB pathway but does not play 

any role in the TNFα signaling (N. Li et al., 2001) (Hinz et al., 2010), showed a moderate 

decrease in TNFα-induced NF-κB activity. Therefore, we reevaluated the counter screening 

results and reduced the acceptance threshold to a level that is comparable to the TNFα-

induced NF-κB activity of the siTRAF6 or siATM-transfected cells (Figure 16A right panel) 

(Supplementary table 1 for RLU levels of the compouns).  

Since the counter screening was performed in triplicates, several candidates were identified 

multiple times while others were identified only once. Therefore, three confidence levels 

emerged.  Genes identified in all three replicates constitute the high confidence hit group. This 

was followed by a medium confidence-hit group with two-times identification and a low 

confidence-hit group with a one-time identification. Therefore, candidates that were obtained 

in all screens were grouped as high-confidence hits. This group included NAA15 (Figure 1D) 

that is an auxiliary subunit of the N-terminal acetyltransferase A (Nat A) complex (Arnesen et 

al., 2005).   
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Figure 16: Counter screening with TNFα. A. Representative relative luciferase unit (RLU) levels of the counter 
screen of the 320 pre-selected hits were shown. The RLU of hits was displayed for both screens; etoposide (left 
panel) and TNFα (right panel). RLU levels of the treatment controls were highlighted with the red lines (Mock 

DMSO ≈ 1x104, Mock Etoposide ≈ 1,2x105, and Mock TNFα ≈ 9,4x105). Hits with the +/- 10% of the RLU level of 

the etoposide-treated control cells are considered as abrogated DNA damage-induced NF-κB activity. These hits 
were classified in group-I. In the TNFα counter screen, hits, which had more NF-κB activity than the siTRAF6-

transfected cells (RLU ≈ 1,1x105), constituted group-II. B. The intersection yielded the putative DNA damage-

specific regulators of the NF-κB pathway. Representative high-confidence DNA damage-selective hits were 
shown for both etoposide (left panel) and TNFα (right panel) screens. The conditions were compared with an 
ordinary one-way ANOVA (ns, p > 0.05; *p < 0.05; **p < 0.01, ***p < 0.001; ****p < 0.0001). C. Z-scores of the 
best scoring sRNAs were shown for the selected previously known and newly identified regulators. The 
highlighted hits includes known regulators of the NF-κB pathway such as VPS28 (Mamińska et al., 2016), CYLD 
(Hinz and Scheidereit, 2014), TRAF3 (Vallabhapurapu et al., 2008), N4BP1 (Shi et al., 2021), and NFKBIA (Hinz and 



Results 

81 
 

Scheidereit, 2014) for negative regulators of general IKK/NF-κB regulation, TANK (Wang et al., 2015), SENP1 (Lee 
et al., 2011), and PARG (Cortes et al., 2004) for the negative regulators specifically of the genotoxic stress-induced 
IKK/NF-κB pathway, RELA (Ghosh et al., 2012), TIFA (Fu et al., 2018), CHUK (Hinz and Scheidereit, 2014), TRAF6 
(Hinz et al., 2010), IKBKG (Mabb et al., 2006) for expected factors required for NF-κB pathway activation.    

5.1.4. TSG101 is essential for the DNA damage-induced NF-κB pathway activation  

In the counter screening approach, TSG101 was identified as a putative positive regulator of 

the DNA damage-induced NF-ĸB pathway. First, TSG101’s regulatory role was verified using a 

low throughput NF-ĸB-luciferase reporter assay. Irradiation (IR) served as a DNA damage-

generating agent. The IR-induced NF-ĸB pathway activity was indeed abrogated in cells 

transfected with siRNAs against TSG101. An ATM knock-down was used as a positive control 

(Figure 17A). The knock-down efficiency of TSG101 was analyzed by western blotting. (Figure 

17B).  

DNA damage-induced phosphorylation of p65 by IKK at serine 536, which is a crucial step 

required for NF-ĸB pathway activation, was analyzed in U2-OS cells. The etoposide-induced 

p65 phosphorylation was abrogated in ATM or TSG101 knock-down cells. Protein levels of 

TSG101 and p-ATM were efficiently depleted in cells transfected with corresponding siRNAs 

(Figure 17C). As a further note, the knockdown of ATM and TSG101 did not affect each other’s 

expression levels (Figure 17B and C). To investigate the role of TSG101 in NF-ĸB target gene 

expression, RNA was extracted from cells analyzed in Figure 17C. As expected for a pathway 

impairment, the expression of NFKBIA and CXCL10 was downmodulated in the ATM or TSG101 

knock-down cells when exposed to DNA damage (Figure 17D). In agreement with these data, 

knock-down ATM or TSG101 also abrogated the irradiation-induced expression of NF-κB target 

genes including CCL2, CXCL10, ICAM1, IL-8, and NFKBIA (Figure 18). Together, these data 

reveal an essential role of TSG101 in the DNA damage-induced IKK-NF-κB pathway. 
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Figure 17: TSG101 is essential for DNA damage-induced NF-ĸB pathway activation. A. IR-induced NF-ĸB 
pathway activation was analyzed via luciferase activity of HEK-luciferase (Hek-Luc) NF-ĸB reporter cells. Cells 
were transfected with the indicated siRNAs. To induce the NF-ĸB pathway, cells were irradiated (20 Gy) for 8 
hours. Relative viable cell number was quantified for each condition using TOX fluorescence dye. The luciferase 
activity was then normalized to the viable cell number. The data represent three biological and five technical 
replicates. B. HEK-Luc cells were transfected with the same transfection mixes used in panel A at a larger scale 
to enable sufficient protein extraction. To control TSG101 knock-down efficiency, whole-cell extracts were 
immunoblotted with TSG101 antibody. C. U2-OS cells were transfected with the indicated siRNAs. The NF-ĸB 
pathway was activated by 90 minutes of treatment with 50 µM etoposide. Whole-cell extracts were obtained 
and immunoblotted with the indicated antibodies. D. RNA was extracted from the cells in C. Expression of CXCL10 
and NFKBIA was analyzed using QRT-PCR. The mRNA expression of these genes was normalized to the expression 
of three housekeeping genes, B2M, RPL13A, and TBP.  
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Figure 18:  TSG101 is essential for DNA damage-induced NF-ĸB pathway activation. U2-OS cells were 
transfected with the indicated siRNAs. The NF-ĸB pathway was activated by irradiation (20 Gy for 90 minutes). 
Expression of indicated genes was analyzed using QRT-PCR. The mRNA expression of these genes was normalized 
to the expression of three housekeeping genes, Actin, RPL13A, and TBP. Data are representatives of three 
independent biological experiments +/- SEM.    

5.1.5. TSG101 regulates the DNA damage-induced NF-κB pathway by controlling 

PARylation 

To find the role of TSG101 in the DNA damage-induced NF-ĸB pathway activation, we analyzed 

the previously described upstream events in the signaling cascade. PolyADP ribosylation 

(PARylation) is required for the DNA damage-induced formation of a transient nuclear 

signalosome complex involving ATM, IKKγ, PIASy, and PARP1 (Wang et al., 2017). Firstly, the 

formation of PAR chains was analyzed by using a 10H antibody that recognizes ADP ribose 

units that are 10 units or longer. Interestingly, in the absence of TSG101, cells were unable to 

form poly(ADP-ribose) chains (Figure 18A). Besides, loss of PARylation was not only observed 

after DNA damage generation in the TSG101 knock-down cells, but also at a basal level. The 

high level of PARylation in basal conditions may be attributed to the absence of PARP 

inhibitors in the lysis buffers. Thus, the shearing of DNA during cell lysis might cause PAR 

formation despite fast and gentle sample handling (Jungmichel et al., 2013).  
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ADP ribosylation of several proteins occurs simultaneously in the cells (Lang and Munro, 

2017). PARP1 catalyzes the covalent attachment of ADP-ribose units to most of the target 

proteins (Kim et al., 2005).  To reveal the role of TSG101 in protein ADP-ribosylation, we used 

a PAN ADPr reagent that can recognize mono-ADP-ribose adducts and short oligomers in 

western blotting applications. Interestingly, the formation of ADP-ribose units was abrogated, 

both under DNA damage condition and at basal levels in cells lacking TSG101 (Figure 18B). To 

investigate DNA damage-induced ADP-ribose modifications of histone molecules, the lower 

part of the membrane was immunoblotted with the PAN ADPr reagent. As expected (Gibbs-

Seymour et al., 2016), in control cells, increased ADP ribosylation of histones was observed in 

response to DNA damage (third and fourth lanes in Figure 18C). However, histone ADP 

ribosylation was abrogated in TSG101 knock-down cells (first and second lanes in Figure 18C). 

Together, these data reveal that TSG101 is required for PARP1 activation, which in turn is 

requisite to IKK/NF-κB activation by DNA double-strand breaks.  

ATM export to the cytoplasm is a second crucial upstream event required for DNA damage-

induced NF-ĸB pathway activation. To investigate the role of TSG101 in this step, nuclear and 

cytoplasmic fractionation of cells was performed. Loss of TSG101, as well as the inhibition of 

PARylation by olaparib, neither affected activation of nuclear ATM, nor the cytoplasmic export 

of phosphorylated ATM in the etoposide-treated cells (compare lanes 3 with 6 and 10 with 

lane 12 in Figure 18D).       
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Figure 19: TSG101 regulates the DNA damage-induced NF-ĸB pathway through controlling PARylation. A.  U2-
OS cells were transfected with TSG101-directed or scrambled siRNAs DNA damage was induced by 10 minutes 
of etoposide (50 µM) treatment. Whole-cell extracts were then obtained and immunoblotted with the indicated 
antibodies.  B. Whole-cell extracts were obtained as in A and immunoblotted with PAN ADPr reagent. C. To 
analyze ADP-ribosylation of histone proteins, the 25 to 15 kDa range of proteins was immunoblotted with the 
PAN ADPr reagent. D. Nuclear/cytoplasmic fractionation was performed with U2-OS cells. Cells were transfected 
with the TSG101 or scrambled siRNA. Inhibition of PARylation for the indicated samples was done by 24 hours of 
PARP1 inhibitor (Olaparib, 10 µM) treatment. To induce cytoplasmic export of phosphorylated ATM, cells were 
treated with etoposide (50 µM) for 45 minutes. The efficiency of the fractionation was determined by analyzing 
the respective subcellular marker proteins, such as nuclear PARP1 and cytoplasmic LDH-A. 

To address whether the proposed mechanism for TSG101 is related to its function in the ESCRT 

complex, we analyzed PARylation in the absence of VPS28, which is another member of the 

ESCRT-I complex (Ferraiuolo et al., 2020). However, knockdown of VPS28 led to destabilization 

and loss of TSG101 protein (Figure 20B). Consistent with our previous data, irradiation-

induced PARylation was diminished in the absence of TSG101 (Figure 20A). As a further notice, 
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siRNA-mediated knock-down VPS28 did not affect the mRNA level of TSG101 (Figure 20C), 

indicating the loss of TSG101 expression in siVPS28-transfected cells is due to a post-

translational mechanism.   Taken together, our data show that TSG101 functions like a 

cofactor for PARylation, and it likely regulates DNA damage-induced NF-κB pathway activation 

by enabling PAR-dependent interactions between ATM, PARP1, IKKγ, and PIASy.   

 

Figure 20: TSG101 regulates the DNA damage-induced NF-ĸB pathway through controlling PARylation. A. U2-
OS cells were transfected with the indicated siRNAs. The indicated cells were irradiated (20 Gy for 10 minutes). 
Whole-cell extracts were immunoblotted with the indicated antibodies. B. Untreated samples from A were 
immunoblotted with the indicated antibodies. C. Total RNA was extracted from the untreated samples in A. 
Expression of TSG101 was analyzed in QRT-PCR and normalized to three housekeeping genes, Actin, RPL13A, and 
TBP.       

5.1.6. TSG101 interacts with PARP1 

To investigate a potential protein-protein interaction between TSG101 and PARP1, we 

performed protein immunoprecipitations (IP). Interestingly, TSG101 interacted with PARP1 

both, in unstimulated cells and after DNA damage generation in an enhanced manner (Figure 

21A). Interestingly, we recently identified TSG101 as a DNA damage-induced interaction 

partner of IKKγ in a SILAC- mass spectrometry-based IP analysis (Mikuda et al., 2018). In 

response to DNA damage, IKKγ transiently interacts with PARP1 to form a nuclear signalosome 
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complex (Wang et al., 2017).  Therefore, to find out if TSG101 participates in the formation of 

the PARP1 signalosome complex, we pulled down TSG101 and performed IKKγ western 

blotting. This co-immunoprecipitation analysis revealed that TSG101 interacts with IKKγ 

already in unstimulated cells, but binding is strongly enhanced following irradiation, thus 

similar to its interaction with PARP1 (Figure 21B). Furthermore, we analyzed the PARP1-

TSG101 protein interaction using a proximity ligation assay as an alternative method to 

visualize immediate proximity in intact cells. Indeed, TSG101 interacted with PARP1 in the 

nucleus and this interaction was independent of the induction of DNA damage or inhibition of 

PARylation (Figure 21C).  

 

Figure 21: TSG101 interacts with PARP1. A. U2-OS cells were irradiated (20 Gy) for 10 minutes or left untreated. 
Endogenous PARP1 or TSG101 proteins were immunoprecipitated from whole-cell extracts using respective 
antibodies. IP samples were analyzed by immunoblotting with a PARP1 antibody. The IP was performed by 
Marina Kolesnichenko. B. U2-OS cells were irradiated (20 Gy) for 10 minutes or left untreated. Endogenous IKKγ 
or TSG101 proteins were immunoprecipitated from whole-cell extracts using respective antibodies. The IP 
samples were analyzed by immunoblotting with IKKγ antibody. C. Proximity ligation assay (PLA) of unstimulated 
(UT), etoposide-treated (Eto, 50 µM for 10 minutes), and etoposide plus olaparib-cotreated (50 µM for 10 
minutes with etoposide, 10 µM for 24 hours with olaparib) U2-OS cells. The red dots represent PARP1-TSG101 
interaction and the nucleus is shown by DAPI blue staining. As negative controls, PLA was performed without 
primary PARP1 or TSG101 antibodies, as indicated.  

To find out which subregions of TSG101 are essential for its interaction with PARP1, several 

domain deletions were generated using a mCherry-tagged TSG101 expression plasmid. 

Expression of the TSG101 domain deletion constructs was confirmed by imaging via confocal 

microscopy (Figure 22). Analysis of the subcellular localization of these truncated forms of 
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TSG101 revealed that nuclear localization of TSG101 is determined by its domain status. For 

example, in the absence of the UEV domain (ΔUEV domain construct), TSG101 was restricted 

in the cytoplasm (Figure 22, panels 9 and 10). On the other hand, the single UEV domain was 

largely localized in the nucleus (Figure 22, panels 3 and 4). Furthermore, a comparison of the 

effect of CC and SB domains (ΔCC and ΔSB domain constructs, Figure 22, panels 11, 12, 13, 

and 14) on TSG101 subcellular localization revealed that the presence of the UEV domain 

alone is not sufficient for the nuclear localization of TSG101 as the ΔCC form was only found 

in the cytoplasm (Figure 22, panels 11 and 12). This indicates that in addition to the UEV 

domain, the coiled-coil (CC) domain of TSG101 is also essential for its nuclear localization. 

Interestingly, the other truncated form of TSG101 containing CC and PRD domains (CC+PRD) 

was translocated into the nucleus in response to DNA damage (Figure 22, panels 5 and 6). 

Collectively, analysis of the aforementioned truncated forms of TSG101 requirement of the 

UEV and CC domains for nuclear localization of TSG101. Furthermore, the generation of these 

constructs constitutes a good basis for the identification of the minimal region of TSG101 that 

is required for PARP1 interaction.   

 

Figure 22: Domain deletion constructs of TSG101. Truncated forms of TSG101 were generated using a full-length 
mCherry-tagged TSG101 plasmid. (UEV: ubiquitin-conjugating enzyme E2 like domain, CC: coiled-coil domain, 
PRD proline-rich region, and SB: steadiness box). U2-OS cells were transfected with the indicated plasmids. DNA 
damage was induced by irradiation (20 Gy for 45 minutes). The red signal represents mCherry-tagged TSG101 
and the nucleus is shown by DAPI (blue) staining. 
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Consistent with our previous data, ectopically overexpressed mCherry-tagged TSG101 

interacted with PARP1 (Figure 23A). Two domain mutants of TSG101, UEV domain alone and 

ΔUEV were transfected into cells (Figure 23B). Interestingly, expression of the delta-UEV 

domain led to substantial cleavage of PARP1 even in absence of DNA damage, and this cleaved 

fragment coimmunoprecipitated with TSG101 (Figure 23C). However, the delta-UEV domain 

did not bind to full-length PARP1, which might be due to the saturation of interaction between 

delta-UEV and the abundant cleaved fragment of PARP1 (Figure 23C, lane 5 in the IP part).  

Strikingly, PARP1-TSG101 interaction was abrogated in the UEV domain (Figure 23C). This 

implicates that the role of TSG101 in PARylation might be independent of its functions in the 

ESCRT system as the UEV domain mediates interactions with PTAP motif-containing viruses 

and ubiquitinated cargo proteins (Pornillos et al., 2002a).  Collectively, our data reveal that 

TSG101 forms a robust protein complex with PAPR1 and is involved in PARylation.  

 

Figure 23: TSG101 interacts with PARP1. A. U2-OS cells were irradiated (20 Gy) for 45 minutes or left untreated. 
Ectopically expressed TSG101 was pulled down from whole-cell extracts with mCherry antibody. The IP samples 
were analyzed with the respective antibodies. The full-length mCherry-tagged TSG101 construct was kindly 
provided by Professor Quan Lu from Harvard T. H. Chan School of Public Health. B. The indicated truncated forms 
of TSG101 were generated using the mCherry-tagged full-length TSG101 from A. UEV: ubiquitin-conjugating 
enzyme E2 like domain, CC: coiled-coil domain, PRD proline-rich region, and SB: steadiness box. Schematic 
representation of TSG101 domain mutations. C. U2-OS cells were transfected with respective plasmids. 
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Ectopically expressed TSG101 was pulled down from whole-cell extracts with mCherry antibody. The IP samples 
were analyzed with the respective antibodies. (*: antibody heavy chain, *: VPS28 specific band).      

5.1.7. TSG101 is required for PARP1 dissociation from the DNA lesions 

PARylation is a stress response-related post-translational modification that is mainly regulated 

by PARP1 (Brickner et al., 2017). There are multiple signaling events required for the synthesis 

and regulation of PARylation (Brickner et al., 2017). Mechanistically, the nuclear and 

chromatin abundant enzyme PARP1 constantly scans the DNA and is activated once it 

encounters any genomic lesion (Daniels et al., 2015). PARP1 then autoPARylates itself and due 

to conformational changes, it dissociates from the DNA lesion (Schreiber et al., 2002). To find 

out how TSG101 affects PARylation-dependent activities of PARP1 at damage foci, we 

analyzed recruitment and dissociation kinetics of PARP1 to the DNA lesions by using a 

quantitative live-cell imaging approach.   

Through this approach, localized nuclear ruptures were created by using the laser beam of the 

microscope, and then migration of PARP1-EGFP to these microirradiated areas was recorded 

by sequentially acquiring images from the PARP1-EGFP transfected living cells. 

Expectedly, the control cells displayed rapid and transient recruitment of PARP1 to the lesions 

(Figure 24A). However, both in TSG101 knockdown and PARP inhibitor olaparib (Daniels et al., 

2015) treated cells, PARP1 was trapped in the DNA lesions (Figure 24A). Furthermore, 

quantitative analysis of PARP1 recruitment kinetics revealed that PARP1 association with the 

DNA lesion in the absence of TSG101 occurs in a kinetically similar fashion compared to that 

of PARP inhibition by olaparib (Daniels et al., 2015). Thus, likely due to the loss of PARylation 

in both cases, more PARP1 was kept associated with the DNA lesions (Figure 24C).  
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Figure 24: PARP1 is trapped in DNA lesions in the absence of TSG101. A. Representative images of PARP1-GFP 
association with laser microirradiation sites in the presence or absence of TSG101 or PARP inhibitor (olaparib)  B. 
Kinetics of the recruitment of PARP1-EGFP to and dissociation from DNA lesions were measured over 10 minutes 
for the indicated conditions; 9 nuclei were analyzed in three biological replicates. The data are shown as 
means+SEM normalized to GFP intensity in undamaged entire reference nuclei. Differences in curve behavior 
were tested by t-test. C. Levels of EGFP-PARP1 intensities 12 minutes after the laser microirradiation were 
quantified for the indicated conditions.  

Since TSG101 is a member of one of the ‘endosomal sorting complexes required for transport 

(ESCRT complexes), we asked whether TSG101’s role in PARylation is dependent on its 

function in the ESCRT machinery or not. Therefore, we analyzed another member of the 

ESCRT-I complex, UBAP1 for the recruitment and dissociation kinetics of PARP1 to the DNA 

lesions. According to our results, the recruitment and dissociation of PARP1 to the DNA 

damage sites occurred normally in the UBAP1 knockdown cells without any PARP1 trapping 

occurring in the DNA lesions (Figure 25A).  

To understand whether TSG101 is also recruited to the DNA damage sites, we used an 

endogenous protein recruitment assay. For this experiment, we first performed a laser 

microirradiation experiment using PARP1-EGFP transfected live cells. This led to the rapid 

recruitment of PARP1 to the DNA lesion. Cells were then fixed and stained for endogenous 

TSG101. Even though TSG101 did not accumulate in the generated DNA damage lesions, as in 

the case of PARP1 or DNA repair factors, it colocalized with PARP1 in these lesions (Figure 

25B).  
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Figure 25: TSG101 is required for PARP1 dissociation from the DNA lesions A. TSG101 regulated PARylation is 
independent of its function in the ESCRT complex. Quantitative live-cell imaging was done using PARP1-EGFP-
transfected U2-OS cells. The indicated siRNAs were transfected to the cells. The indicated cells were treated with 
olaparib (10 µM) for 24 hours. Laser microirradiation was performed using a 405 nm laser in DAPI (10 µM) 
sensitized cells and sequential images were acquired. The white arrows indicate the laser microirradiated region. 
The image is representative of 4 different experiments. B. Endogenous TSG101 colocalizes with PARP1 in the 
DNA lesions. Via 405 nm laser, microirradiation was performed in PARP1-EGFP-transfected DAPI (10 µM) 
sensitized U2-OS live-cell. The microirradiation was induced along the white discontinued lines. Recruitment of 
PARP1 to the DNA lesions was recorded 1 second after the stimulation. Cells were fixed 1 minute after the laser 
microirradiation and immunofluorescence staining for TSG101 was performed.   

5.1.8. TSG101 is not required for the second phase of the DNA damage-induced NF-κB 

pathway activation   

Two phases of NF-κB activation by DNA double-strand breaks were identified by our lab 

(Kolesnichenko et al., 2021). The second phase is activated several days after the induction of 

DNA damage and upregulates the expression of senescence-associated secretory phenotype 

(SASP) genes in senescence cells (Kolesnichenko et al., 2021).  Activation of NF-κB during this 

phase is mechanistically independent of IKK, TRAF6, the nuclear PARP1 signalosome complex, 

and the proteasome (Kolesnichenko et al., 2021). Therefore, DNA damage-induced expression 

of representative SASP signature genes such as IL-6 and IL-8 was analyzed at a 7 days post-

irradiation time point. As expected from the PARP1-independent expression of SASP in 

senescence, the knockdown of TSG101 did not alter the expression of IL-6 and IL-8 (Figure 26). 

Collectively, our data revealed that TSG101 is not required for the second phase of NF-κB 

activation.   
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Figure 26: TSG101 does not affect SASP expression and the second phase of NF-κB activation by DNA damage. 
U2-OS cells were transfected with the indicated siRNAs. DNA damage was induced by a single dose of irradiation 
(20 Gy) 7 days before analysis. Expression of IL-6, IL-8 and TSG101 was analyzed using QRT-PCR. The mRNA 
expressions were normalized to the housekeeping gene RPL13A.  

5.1.9. Loss of TSG101 sensitizes cells to DNA damage-induced cell death 

After its activation by DNA damage, NF-ĸB executes a survival pathway (Hinz et al., 2010). 

Therefore, the role of TSG101 in the cell fate decision during DNA damage was analyzed. In 

agreement with its requirement for the activation of the DNA damage-induced NF-ĸB 

pathway, the knock-down of TSG101 increased cell death in response to DNA damage, 

comparable to the effect of an ATM knockdown (Figure 27A). On the other hand, the 

expression of stress and cell death-related genes including NUAK2, PTX3, and PUMA were 

upregulated in two different TSG101 CRISPR knock-out cells (Figure 27B).  
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Figure 27: Loss of TSG101 sensitizes cells to DNA damage-induced cell death. A. Clonogenic survival assay of 
U2-OS cells. Indicated siRNAs were transfected into the cells. The cells were treated with etoposide (50 µM) or 
DMSO for 72 hours. Crystal violet staining was performed to detect viable cells. B. Immunoblotting for TSG101 
was performed to analyze protein levels in CRISPR knock-out bulk cells. C. Expression levels of PTX3, PUMA, and 
NUAK2 were analyzed using QRT-PCR for the indicated post-irradiation time points in wild type and TSG101 
CRISPR knock-out bulk cells. The mRNA expression of these genes was normalized to the expression of three 
housekeeping genes, B2M, RPL13A, and TBP respectively. 

Caspase-3 is a crucial executioner of cell death via apoptosis as it is responsible for the 

proteolytic cleavage of the key proteins including PARP1 (Nicholson et al., 1995). Caspase-3 is 

cleaved and activated by initiator caspases such as Caspase-8 and Caspase-9 (O’Donovan et 

al., 2003). Cleavage of caspase-3 at an aspartate residue (D175) yields a p12 and a p17 subunit 

that form the active caspase-3 enzyme (Fernandes-Alnemri et al., 1994). Therefore, cleaved 

caspase-3 is used as a marker for the detection of apoptotic cells (Fernandes-Alnemri et al., 

1994).  

Since DNA damage caused a great reduction of cell numbers in TSG101 knock-down cells after 

several days (Figure 28A), cleavage of caspase-3 was analyzed. Indeed, loss of TSG101 further 

elevated the irradiation-induced cleaved caspase-3 levels (Figure 28A). By the end of one-

week treatment, almost half of the TSG101 knockdown cells contained cleaved caspase-3 

(Figure 28B). Importantly, in the absence of TSG101, the number of mega-sized γH2AX foci per 

cell was significantly increased (Figure 28C). This may be attributed to the loss of PARylation 

in these cells. On the other hand, irradiation-induced normal γH2AX foci formation occurred 

in all cells regardless of the TSG101 knockdown (Figure 28D).    
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Figure 28: Loss of TSG101 sensitizes cells to DNA damage-induced cell death. A. U2-OS cells were transfected 
with the indicated siRNAs. The indirect immunofluorescence was performed using the indicated antibodies (red: 
cleaved caspase-3 and green: γH2AX). The nuclei were stained with DAPI (blue). The experiment was performed 
by Dr. Marina Kolesnichenko. B. Percentage of cleaved caspase-3 stained cells for the indicated conditions C. 
Number of mega γH2AX foci per cell D. Percentage of γH2AX stained cells. Blind counting of approximately 100 
cells per condition was performed for the quantifications.   

NF-κB activation by DNA damage prevents cell death through upregulation of anti-apoptotic 

genes such as Bcl-XL (Stilmann et al., 2009). Therefore, DNA damage-induced expression of 

Bcl-XL was analyzed upon siRNA-mediated knockdown of TSG101 (Figure 29). Expectedly, the 

IR-induced mRNA expression of Bcl-XL was not occurring in the absence of TSG101 (Figure 29). 

As a further notice, the knockdown of TSG101 did not alter Bcl-XL expression at steady-state 

levels (Figure 29). Collectively, our data demonstrate that TSG101 prevents DNA damage-

induced cell death through the IKK-NF-κB signaling axis that upregulates the expression of an 

anti-apoptotic gene, Bcl-XL.  
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Figure 29: Loss of TSG101 sensitizes cells to DNA damage-induced cell death. The indicated U2-OS cells were 
transfected with siRNAs against TSG101. DNA damage was induced by irradiation (20 Gy for 1 day). Total RNAs 
were extracted and expression of Bcl-XL was analyzed in QRT-PCR. The Bcl-XL expression was normalized to three 
housekeeping genes, Actin, RPL13A, and TBP.  The statistical analysis of the indicated samples was determined 
by the Unpaired t-test with Welch`s correction.  

PARylation is also an essential PTM for DNA repair (Ray Chaudhuri and Nussenzweig, 2017). 

Particularly, PARylation is a therapeutic target for tumor types in which DSB repair pathways 

are deficient due to loss of function mutations in BRAC1 or BRCA2 (Tewari et al., 2015). 

Inhibition of PARylation in these tumors traps PARP1 in DNA repair intermediates, especially 

during base excision repair (Helleday, 2011). This obstructs replication forks that require 

BRCA-dependent homologous recombination to be resolved and in the absence of BRCA1 or 

BRCA2, accumulated DNA damage becomes toxic for these cancer cells (Helleday, 2011). 

Therefore, the impact of TSG101 in this synthetic lethality was investigated (Figure 30). Similar 

to the inhibition of PARylation, CRISPR-mediated knock-out of TSG101 in BRAC1 deficient MEF 

cells increased cell death (Figure 30A). This also implicates that the role of TSG101 in 

PARylation is not restricted to human cell types. As a second line of evidence to the synthetic 

lethality model, BRCA1/2 deficient breast cancer cells were investigated using perturbation 

effects in DepMAP database (Tsherniak et al., 2017) as cancers with homologous 

recombination deficiencies (HRD) are particularly sensitive to PARP inhibition due to the 
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synthetic lethality mechanism (Helleday, 2011). Strikingly five out of six breast cancer cell lines 

bearing BRCA1 or BRCA2 mutations (Supplementary table 2 for the mutations) showed a 

strong dependency on TSG101 (Figure 30B), while the sum of breast cancer cell lines were not 

significantly affected by the loss of TSG101 expression (Figure 30B), implying that the cellular 

integrity of the BRCA1/2 mutant breast cancer cells strongly depends on TSG101 expression.  

 

Figure 30: Loss of TSG101 increases cell death in BRCA1 deficient cells. A.  BRCA1-/- MEF cells were kindly 
provided by Dr. Michela Di Virgilio at the MDC (Callen et al., 2013). BRCA1-/- MEF cells were infected with two 
independent tsg101 CRISPR knock-out lentiviruses or left untransduced. Crystal violet cell viability assays were 
performed 7 days post-infection. B. Analysis of breast cancer cell lines bearing damaging BRCA1 or BRCA2 
mutations in the DepMAP database. The CERES score represents the gene effect which is based on cell depletion 
assays of the CRISPR (Avana) Public 21Q1 assembly. A CERES score lower than zero indicates a high likelihood 
that the gene of interest is essential for the given cell line.  Correspondingly -1 CERES score (indicated with a 
discontinued red line) is median of all pan-essential genes.  

5.1.10. Roles of other siRNA screening hits (ACADVL, NAA15, and NEDD4L) in the DNA 

damage-induced NF-κB pathway 

The genome-wide siRNA screening yielded approximately 60 other putative positive 

regulators of the DNA damage-induced NF-κB pathway. Among others, the regulatory role of 
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ACADVL, NAA15, and NEDD4L was analyzed in the pathway. For example, transient knock-

down of NEDD4L abrogated the DNA damage-induced IKK-mediated phosphorylation of p65 

(Figure 31A). Importantly, DNA damage-induced export of phosphorylated ATM to the 

cytoplasm was decreased in NEDD4L knock-out cells (Figure 31B). This indicates that NEDD4L, 

as a HECT type E3 ubiquitin ligase (Ding et al., 2013), might modulate the expression or activity 

of adaptor protein(s) required for the trafficking of ATM. Interestingly, NEDD4L`s enzymatic 

activity can be triggered by increased cellular Ca+2 levels (Escobedo et al., 2014) that is also a 

requisite for ATM export (Hinz et al., 2010). Although preliminary results implicated NEDD4L 

as a promising hit, DNA damage-induced IKK-dependent phosphorylation of p65 was not 

inhibited in a NEDD4L knock-out cell line (data not shown).  The lack of phenotype in the 

CRISPR knock-out clone may be due to functional genetic compensation mechanisms (Ma et 

al., 2019).  

 

Figure 31: Validation of NEDD4L`s role in the DNA damage-induced NF-κB pathway. A. U2-OS cells were 
transfected with the indicated siRNAs. The NF-ĸB pathway was activated by 90 minutes of treatment with 50 µM 
etoposide. Whole-cell extracts were obtained and immunoblotted with the indicated antibodies. B. Nuclear and 
cytoplasmic extraction of WT and NEDD4L CRISPR knock-out cells. To induce cytoplasmic export of 
phosphorylated ATM, cells were irradiated (20 Gy) for 45 minutes. The efficiency of the fractionation was 
determined by analyzing the respective subcellular marker proteins, such as nuclear PARP1 and cytoplasmic LDH-
A.  

NAA15 was identified as a high-confidence candidate hit in the counter screen with TNFα. To 

verify this finding, we analyzed several downstream signaling events of the DNA damage-

induced NF-ĸB pathway in NAA15-depleted cells. Knock-down of NAA15 abrogated the 

etoposide-induced IKK activation, as evidenced by a loss of induced phosphorylation of p65 

and IĸBα (Figure 32A). Intriguingly, a complete loss of PARylation was observed in cells lacking 

NAA15 expression (Figure 32B), although PARP1 expression remained unchanged (Figure 

32C). This suggests that NAA15 contributes to NF-κB activation through the PARP1 axis by 
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controlling PARP1 at the enzymatic level. In line with this, and comparable to the effects of 

TSG101, NAA15 did not abolish the DNA damage-induced export of phosphorylated ATM to 

the cytoplasm. NAA15 is an auxiliary subunit that, together with the catalytic subunits NAA10, 

or NAA10 and NAA50, forms the human N-terminal acetyltransferase A and E (NatA and NatE) 

complexes, respectively (Deng et al., 2020). Thus, it may control the stability or activity of yet 

unknown factors needed for the PARylation reaction. 

 

Figure 32: NAA15 is essential for the DNA damage-induced NF-ĸB pathway activation. A. U2-OS cells were 
transfected with the indicated siRNA. DNA damage was induced by 90 minutes of etoposide (50 µM) treatment. 
Whole-cell extracts were obtained and immunoblotting was performed with the indicated antibodies. B. U2-OS 
cells were transfected with NAA15 or scrambled siRNAs. DNA damage was induced by 10 minutes of etoposide 
(50 µM) treatment. Whole-cell extracts were obtained and immunoblotted with the indicated antibodies. C. U2-
OS cells were transfected with the indicated siRNA. To induce cytoplasmic export of phosphorylated ATM, cells 
were treated with etoposide (50 µM) for 45 minutes. The efficiency of the fractionation was determined by 
analyzing the respective subcellular marker proteins, nuclear PARP1, and cytoplasmic LDH-A. 
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The screening yielded several candidate hits that regulate metabolic pathways, particularly 

fatty acid metabolism. Among other candidate hits from the primary screening, ACADVL (Acyl-

CoA-Dehydrogenase Very Long Chain) topped up the list and ranked within the top hits along 

with RELA (data not shown). Besides, visual inspection of cells in the screening revealed that 

siRNAs, which targets ACADVL and abrogates the DNA damage-induced NF-κB pathway 

activity, do not perturb the viability of the cells (data not shown). Therefore, ACADVL was 

selected for further validation experiments.  

ACADVL is a metabolic enzyme that is located in the inner mitochondrial membrane (Souri et 

al., 1998). It is one of the acyl-CoA dehydrogenases that catalyze the first step of mitochondrial 

fatty acid beta-oxidation (McAndrew et al., 2008). Among other acyl-CoA dehydrogenases, 

ACADVL catalysis specifically acyl-CoAs with saturated 12 to 24 length primary carbon chains 

(He et al., 2011). Strikingly, the knock-down of ACADVL abolished the DNA damage-induced 

phosphorylation of IκBα (Figure 33A). Interestingly, cellular PAR levels were also abrogated 

upon siRNA-mediated knockdown of ACADVL (Figure 33B, lanes 2 and 4).  This might be due 

to the requirement of fatty acid beta-oxidation for cellular energy production, which is also 

needed for the generation of precursor metabolites during catalysis of PARylation. 

Furthermore, upon siRNA-mediated knockdown of ACADVL phosphorylation of p53 at serine 

15 was increased even in the absence of any DNA damage (Figure 33B lane 2). Mechanically, 

PARylation acts as a suppressor of replication fork speed (Maya-Mendoza et al., 2018).  The 

lack of PARylation consequently accelerates the replication fork speed above the tolerated 

threshold and initiates the DNA damage response pathways (Maya-Mendoza et al., 2018). 

Therefore, the hyperphosphorylation of p53 in the absence of ACADVL could be due to 

deprivation of energy metabolism and subsequent loss of PARylation (Figure 33B).  Altogether, 

our data support that ACADVL positively regulates the DNA damage-induced NF-κB pathway 

activation by distally mediating PARylation.   
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Figure 33: ACADVL is essential for the DNA damage-induced NF-κB pathway activation. A. U2-OS cells were 
transfected with the indicated siRNAs. DNA damage was induced by etoposide treatment (50 µM for 90 minutes). 
Whole-cell extracts were immunoblotted with the indicated antibodies. B. Samples from A (lanes 1,2,4, and 5) 
were immunoblotted with the indicated antibodies.  

5.1.11. Summary 

Proteins required for DNA damage-induced NF-κB transcription activity were revealed via a 

genome-wide siRNA screen. However, screening in a luciferase reporter-based system yielded 

hits such as subunits of the Pol II complex. To eliminate those hits and narrow down the 

number of hits in the list a counter screening with TNFα was performed. This enabled the 

identification of new DNA damage-specific regulators of the NF-κB pathway. Amongst other 

candidates, TSG101 warranted our immediate further attention as we recently also identified 

this protein as a DNA damage-induced interaction partner of IKKγ (Mikuda et al., 2018). Firstly, 

in low throughput assays, TSG101 was validated as an essential component of the DNA 

damage-induced NF-κB pathway. Subsequent biochemical assays revealed that TSG101 is a 

novel interaction partner of PARP1 that is required for PARylation. Importantly, PARP1 was 

trapped in the DNA lesions in the absence of TSG101 and due to the loss of PARP1`s enzymatic 

activity, the DNA damage-induced NF-κB signaling was abrogated. TSG101 is a member of the 

ESCRT complexes which mediates protein cargo sorting (Ferraiuolo et al., 2020). To find out 

whether the TSG101`s role in PARylation is related to its function in the ESCRT complex, the 

PARP1 recruitment assays were performed in the absence of UBAP1, which is another 

member of the same ESCRT complex. Importantly, knockdown of UBAP1 did not alter the 

recruitment kinetics of PARP1 to the DNA lesions. Furthermore, none of the other 17 members 

of the ESCRT complex were not identified as a putative positive regulator of the NF-κB 

pathway in genome-wide siRNA screening. Therefore, our data indicate that TSG101`s role in 

PARylation is independent of the ESCRT complex. Inhibition of the NF-κB pathway via targeting 
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the TSG101-PARP1 axis sensitized cells to the genotoxic stress cell death. This occurred 

through the down-regulation of NF-κB dependent anti-apoptotic gene expressions, such as 

Bcl-XL, as well as upregulation of cell death and stress-related or pro-apoptotic p53-

dependent genes. In agreement with these observations, cleaved caspase-3 levels were 

elevated in these cells. Taken together, TSG101 controls the cell fate decision in response to 

DNA damage and prevents cell death through PARP1-dependent activation of the NF-κB 

pathway.  

In addition to TSG101, other siRNA screening candidate hits such as ACADVL, NAA15, and 

NEDD4L were also analyzed in the DNA damage-induced NF-κB pathway. Firstly, the positive 

regulatory role of all these three candidates in the DNA damage-induced NF-κB pathway was 

confirmed by western blotting analysis of downstream signaling events such as IKK-mediated 

phosphorylation of p65 and IκBα. We next sought to determine which previously defined 

step(s) in the signaling cascade are altered by the loss of these candidates. In the case of 

NEDD4L, its CRISPR Cas9 knock-out significantly reduced the export of phosphorylated ATM 

in response to DNA damage, implying that NEDD4L might regulate the stability of yet unknown 

adaptor protein(s) required for trafficking of phosphorylated ATM. On the other hand, 

targeting ACADVL or NAA15 with siRNAs completely diminished cellular PARylation. 

Therefore, the abrogated DNA damage-induced NF-κB pathway activity in the absence of 

ACADVL or NAA15 might be due to a lack of PAR-dependent formation of the transient nuclear 

PARP1 signalosome complex. Taken together, through the genome-wide siRNA screening 

approach our study systematically identified novel regulators and essential components 

required for the DNA damage-induced activation of the NF-κB pathway. Furthermore, the 

involvement of most of the unbiasedly selected screening hits in the regulation of PARylation 

reflects the importance of this PTM for the activation of NF-κB by DNA damage.   

5.2. Identification of ubiquitin-proteasome system (UPS) components required for 

signal-induced p100 processing 

5.2.1. Establishment of a CRISPR-Cas9 knock-out screening system 

The screening was performed at the FMP Screening Unit by Dr. Katina Lazarow using three 

different commercially available CRISPR knock-out libraries. These libraries are composed of 

arrayed CRISPR and tracer RNAs targeting the components of the human ubiquitin-

proteasome system.   
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To perform the CRISPR knock-out screen, a robust read-out assay system was required. For 

this purpose, we used an immunofluorescence-based system to analyze TWEAK-induced 

nuclear localization of p52 as a readout for the signal-induced p100 processing. U2-OS was 

chosen as a model cell line due to its high transfection efficiency and ease of applicability to 

staining techniques. Expectedly, TWEAK treatment of U2-OS cells induced p100 processing 

and production of p52, which was independent of IKKβ (Figure 34A).   

 

Figure 34: Establishment of a CRISPR knock-out screening system. A. TWEAK-induced nuclear localization of p52 
was used as a pathway readout. U2-OS cells were treated with TWEAK (25 ng/ml) for 24 hours. An N-terminal 
antibody recognizing both p52 and p100 was used for the immunofluorescence. B. U2-OS cells were treated with 
TWEAK (25 ng/ml) for 24 hours. Whole-cell extracts were immunoblotted with the indicated antibodies. 

For the screening assay, Cas9 expressing U2-OS cells were generated to enable CRISPR-

mediated knock-out. A workflow was then designed. First, the CRISPR and tracer RNA 

constructs were transfected into the cells. Another crucial parameter was choosing an 

appropriate dosage and time-point for the signal-induced p100 processing. Several 

experiments performed by Dr. Katina Lazarow at the FMP resulted in an optimal treatment 

duration of 24 hours TWEAK (20 ng/ml) (data not shown).   

To design a plate layout of the screening, CRISPR and tracer RNAs from the knock-out library 

were transfected into cells plated in a 384-well plate. Guide RNAs targeting MAP3K14 and 

TRAF3 were used in the screening as positive and negative controls, respectively (Figure 35B). 

As a positive control for the CRISPR-mediated knock-out, cells were transfected with guide 

RNAs targeting the PLK1 gene. PLK1 is an essential protein required for cell viability. Therefore, 
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decreased viable cell numbers in PLK1 guide RNA transfected wells indicated a sufficient 

knock-out for the plate (data not shown).   

Under these conditions, a prescreen was performed. TWEAK treatment of mock-transfected 

cells yielded an accumulation of p52 in the nucleus which was abrogated in the case of 

MAP3K14 targeting guide RNAs, as expected. On the other hand, targeting TRAF3 by using 

three independent guide RNAs increased the nuclear p52 levels even in the absence of any 

stimuli, also as expected (Figure 35B). Furthermore, the prescreening displayed a very high 

statistical effect size (Z factor= 0.79) which implicated the eligibility of this assay setup for high 

throughput screens.  

 

Figure 35: Establishment of a CRISPR knock-out screening system. A. In the workflow of the screening, the 
CRISPR knock-out library of ubiquitin-proteasome system components was transfected into U2-OS cells 72 hours 
before final readout. Cells were then treated with TWEAK (25 ng/ml) for 24 hours and nuclear localization of p52 
was analyzed using a high-content imaging system. B. The CRISPR RNAs targeting assay components and 
pathway-specific controls such as guide RNAs against NIK (MAP3K14), PLK1, and TRAF3 were used in the 
screening layout. Prescreen results were displayed in a heat map for altered nuclear p52 levels. The blue color 
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indicates a low Z-score and minimal p52 nuclear localization while increased nuclear p52 is indicated by a high Z-
score in red. 

5.2.2. CRISPR screening of human ubiquitin-proteasome system components  

The CRISPR screening was performed using two different knock-out libraries. The first library 

(Library A) contained guide RNAs targeting over 600 genes encoding human ubiquitin-

proteasome system (UPS) components (E1 ubiquitin-activating enzymes, E2 ubiquitin-

conjugating enzymes, E3 ligases, and deubiquitination enzymes). On the other hand, in 

addition to the UPS components, the second knock-out library (Library B) included genes 

encoding subunits of the proteasome and the ribosome. Furthermore, several ubiquitin 

metabolism-related proteins, such as p97, were also included in the second library. 

Altogether, the second knock-out library targeted over 1200 genes. 

Screening with the first library yielded 11 putative positive regulatory hits (Figure 36A). On the 

other hand, knock-out of 58 genes led to decreased TWEAK-induced p52 nuclear localization 

in the second screen (Figure 36B). CUL1, RNF113A, and TRIM50 were identified in both screens 

(Figure 36C).   

 

Figure 36: CRISPR screening of human ubiquitin-proteasome system components A. Z-score results obtained 
from CRISPR screening using library A. Putative positive regulators are shown in red while the putative negative 
regulators are shown in blue. B. Z-score results of the second CRISPR screen with library B. Putative positive 
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regulators are highlighted with a red circle while the putative negative regulatory are highlighted with a blue 
circle. C. Venn diagram showing the intersection of both screening results.   

5.2.3. RNF113A is required for the signal-induced p100 processing 

RNF113A was identified as a novel positive regulator of the signal-induced p100 processing in 

the CRISPR screening. To validate this finding and biochemically map RNF113A in the pathway, 

we analyzed the crucial molecular steps of the non-canonical NF-ĸB pathway in its absence. 

Interestingly, knock-down of RNF113A abrogated the TWEAK-induced generation of p52 

completely, without altering the accumulation of NIK (Figure 37A, second and fourth lanes). 

The protein level of the precursor protein p100 was also diminished in TWEAK-treated 

RNF113A knock-down cells (Figure 37A). RNF113A knockdown resulted in strongly reduced 

p100 phosphorylation despite excessive levels of NIK. In agreement with this finding, TWEAK-

induced upregulation of non-canonical NF-ĸB target gene VCAM1 was also inhibited in 

RNF113A knock-down cells (Figure 37B). Taken together, our data identified RNF113A as an 

essential component for signal-induced p100 processing.  

 

Figure 37: RNF113A is required for the signal-induced p100 processing. A. U2-OS cells were transfected with 
scrambled or RNF113A siRNAs Cells were treated with TWEAK (25 ng/ml) for 4 hours. Whole-cell extracts were 
immunoblotted with the indicated antibodies. The p-p100 antibody recognizes the C-terminal phosphorylations 
generated by NIK/IKKα. B. RNA was extracted from the indicated cells used in Figure 26.A. Expression of VCAM1 
was analyzed using QRT-PCR. The mRNA expression of VCAM1 was normalized to the expression of three 
housekeeping genes, B2M, RPL13A, and TBP respectively. 

We next sought to determine if RNF113A binds to p100 in response to non-canonical NF-κB 

activating signals. Therefore, a PLA experiment was performed to investigate the protein-

protein interaction between p100 and RNF113A in intact cells. Interestingly, RNF113A is 

bound to p100 in TWEAK-treated cells (Figure 38, panel 2) and this interaction was significantly 
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enhanced by inhibition of proteasome by bortezomib cotreatment in TWEAK-stimulated cells, 

implying that the lack of p100 processing in these cells further enhances its binding to 

RNF113A (Figure 38, panel 4). Importantly, most of the interaction occurred in the cytoplasm 

(Figure 38), and the red dots around the nucleus or perinuclear area might also be cytoplasmic 

(Figure 38). Furthermore, bortezomib treatment alone also led to an interaction between 

RNF113A and p100 which might be attributed to the accumulation of NIK due to inhibition of 

the proteasome (Figure 38, panel 3) since the stabilized NIK would, in turn, phosphorylate and 

activate IKKα and p100 (Sun, 2017). The RNF113A-p100 interaction in bortezomib treated cells 

indicates that this mechanism is not specific to TWEAK stimulation, it might be rather 

conserved between other non-canonical NF-κB activating signals. Collectively, our data 

revealed that the signal-induced p100 processing requires the E3 ligase RNF113A, the absence 

of which leads to complete degradation of p100 instead of processing to p52 in TWEAK-

treated cells. The TWEAK-induced interaction between p100 and RNF113A further implicates 

that RNF113A might modulate post-translational modifications of p100 permissive for its 

signal-induced processing.  

 

Figure 38: RNF113A interacts with p100 in intact cells. Proximity ligation assay (PLA) of the vehicle (DMSO)-
treated, TWEAK-treated (20 ng/ml for 4 hours), bortezomib-treated (10 µM for 4 hours), and TWEAK + 
bortezomib-treated (20 ng/ml for 4 hours with TWEAK and 10 µM for 4 hours with bortezomib) U2-OS cells. An 
N-terminal p100 antibody, which recognizes both p100 and p52, was used for the PLA.  The red dots represent 
p100-RNF113A interaction and the nucleus is shown by DAPI (blue) staining. As a negative control, PLA was 
performed without p100 primary antibody in TWEAK+bortezomib treated cells, as indicated.   
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5.2.4. Roles of other CRISPR/Cas9 knock-out screening hits (KDM2A and RNF115) in 

the signal-induced p100 processing  

The CRISPR screening with library A yielded 13 putative positive regulators of the signal-

induced p100 processing. Among other candidate hits, the role of KDM2A and RNF115 was 

investigated in the non-canonical NF-κB pathway. KDM2A is a demethylase that preferentially 

demethylates lysine residues such as Lys-36 of histone H3 (Frescas et al., 2008). KDM2A is a 

multifunctional protein as it also contains an F-box domain that enables the formation of the 

SCF protein complexes (Skp1, Cullin, and F-box protein ligase) (Reischl and Kramer, 2015). The 

SCF complexes constitute a new class of E3 ligases (Skowyra et al., 1997).  Therefore, KDM2A 

may also recognize and bind to some phosphorylated proteins and promote their 

ubiquitination and degradation (Reischl and Kramer, 2015). Strikingly, transient knockdown 

of KDM2A significantly decreased the TWEAK-induced expression of the non-canonical NF-κB 

target genes including BAFF, Rantes, CCL2, and VCAM1 (Figure 39B). As expected from the 

downmodulation of these target genes, the signal-induced p100 processing was decreased in 

the absence of KDM2A (Figure 40A). Interestingly, loss of KDM2A largely abrogated the IKKα 

and NIK-mediated C-terminal phosphorylation of p100 (Figure 40B). Importantly, signal-

induced phosphorylation of IKKα occurred normally in the case of KDM2A knock-down (Figure 

40C lanes 6 and 8). Moreover, upstream signaling events of the non-canonical NF-κB pathway 

such as TWEAK-induced degradation of TRAF3 and stabilization of NIK occurred normally in 

the absence of KDM2A, implying that this component might act proximal to p100 during its 

processing (Figure 40B). Collectively, our data revealed that KDM2A might be required for the 

formation of a transient protein complex that enables interaction of p100 with IKKα and NIK.  
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Figure 39: KDM2A is required for the TWEAK-induced expression of known target genes of non-canonical NF-
κB. A. U2-OS cells were transfected with the indicated siRNAs. Processing of p100 is induced by TWEAK treatment 
(20 ng/ml for 4 hours). Whole-cell extracts were immunoblotted with the indicated antibodies. B. U2-OS cells 
were transfected with the indicated siRNAs. Processing of p100 is induced by TWEAK treatment (20 ng/ml for 4 
hours). Expression of non-canonical NF-κB pathway target genes (BAFF, RANTES, CCL2, and VCAM1) was analyzed 
by QRT-PCR. The experiments were performed by Yanlin Wen.    

 

Figure 40: KDM2A regulates p100 processing by enabling its phosphorylation. A. U2-OS cells were transfected 
with the indicated siRNAs. Processing of p100 is induced by TWEAK treatment (20 ng/ml for 6 hours). Whole-cell 
extracts were immunoblotted with the indicated antibodies. B. Lysates from A were immunoblotted with a p100 
antibody which detects both, precursor p100 and mature p52 via recognizing their shared N-terminal sequence. 
C. U2-OS cells were transfected with the indicated siRNAs. Processing of p100 is induced by TWEAK treatment 
(20 ng/ml for 6 hours). Total IKKα was immunoprecipitated from whole-cell extracts and lysates were 
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immunoblotted with a p-IKKα antibody that recognizes the NIK-mediated phosphorylated version of IKKα. The 
experiments were performed by Yanlin Wen.   

RNF115 is a RING finger-related E3 ligase that consists of an N-terminal BCA2 zinc-finger 

domain, a central AKT phosphorylation domain, and a C-terminal RING H2 domain (Burger et 

al., 2005). RNF115 mediates E2-dependent Lys-48 and Lys-63-linked polyubiquitination of 

substrates and might play a role in various biological processes (Burger et al., 2005). 

Interestingly, transient knockdown of RNF115 significantly decreased the TWEAK-induced 

expression of the non-canonical NF-κB target genes including Rantes and VCAM1 (Figure 41A). 

On the contrary, TWEAK-induced expression of CCL2 was not strongly reduced in the absence 

of RNF115 (Figure 41A).  As expected from the downmodulation of these genes, the signal-

induced p100 processing was decreased in the absence of RNF115 (Figure 42). Furthermore, 

loss of RNF115 did not affect TWEAK-induced stabilization of NIK, implying that RNF115, like 

the other two newly identified components, acts proximally to p100 during its signal-induced 

processing. We next investigated the protein-protein interaction between RNF115 and p100. 

Interestingly, RNF115 interacted with p100 already in unstimulated intact cells, and this 

interaction decreased to some extent in TWEAK-stimulated cells (Figure 43). Taken together, 

two more candidate hits which were identified only once CRISPR Cas9 knock-out library 

screen, were also confirmed as novel positive regulators of the signal-induced p100 

processing.   

 

Figure 41: RNF115 is required for the TWEAK-induced expression of known target genes of non-canonical NF-
κB. A. U2-OS cells were transfected with the indicated siRNAs. Processing of p100 is induced by TWEAK treatment 
(20 ng/ml for 4 hours). Expression of non-canonical NF-κB pathway target genes (VCAM1, RANTES, and CCL2) 
was analyzed by QRT-PCR. B. U2-OS cells were transfected with the indicated siRNAs. Processing of p100 is 
induced by TWEAK treatment (20 ng/ml for 4 hours). Whole-cell extracts were immunoblotted with the indicated 
antibodies The experiments were performed by Yanlin Wen.    
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Figure 42: RNF115 is required for the signal-induced p100 processing. U2-OS cells were transfected with the 
indicated siRNAs. Processing of p100 is induced by TWEAK treatment (20 ng/ml for 6 or 24 hours). Whole-cell 
extracts were immunoblotted with the indicated antibodies. The experiments were performed by Yanlin Wen. 

 

Figure 43: RNF115 interacts with p100. A. Proximity ligation assay (PLA) of unstimulated (UNT) and TWEAK-
treated (20 ng/ml for 4 hours) U2-OS cells. The red dots represent RNF115-p100 interaction and the nucleus is 
shown by DAPI blue staining. As negative controls, PLA was performed in RNF115 knock-out cells as well as 
without RNF115 primary antibody in U2-OS wild-type cells. B. Number of dots per cell was quantified by dividing 
the number of the total dots by the number of nuclei. The experiments were performed by Yanlin Wen. 

5.2.5. Mass Spectrometry-based ubiquitinome profiling approach (Ubifast) to 

decipher ubiquitin code(s) required for the signal-induced p100 processing 

To identify TWEAK-induced proteome-wide ubiquitination sites, mass spectrometry-based 

ubiquitin profiling was performed by using the UbiFast approach (Udeshi et al., 2020). The 

sample processing and analysis of this part of the study were done in collaboration with Dr. 

Oliver Popp and Dr. Philipp Mertins from the proteomics laboratory at the MDC. To enrich the 

abundance of ubiquitination sites, in addition to the TWEAK treatment, cells were co-treated 
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with the proteasome inhibitor bortezomib. Four biological replicates were analyzed by High-

field Asymmetric Waveform Ion Mobility Spectrometry (FAIMS). Through this approach, we 

aimed to identify the TWEAK-induced ubiquitination profile of the human proteome which 

then would enable an analysis of p100 ubiquitination sites at the endogenous level. In the 

second round, we aimed to repeat this experimental setup in the absence of RNF113A and 

subsequently find out the missing ubiquitination sites on p100 (Figure 44).   

 

 

Figure 44: Schematic representation of the MS-based TWEAK-induced ubiquitination profiling (UbiFast) of 
human cells. In wild-type conditions, TWEAK treatment induces generation mature p52 from p100. Ubiquitinated 
peptides were enriched by K-ε-GG antibody since those peptides contain the remnant GG residues after the 
tryptic digestion. The pre-enriched ubiquitinated peptides were then labeled with TMT and proteome-wide 
ubiquitination sites were identified by a High-resolution LC-MS/MS. Co-treatment of cells with a proteasome 
inhibitor, bortezomib, enabled further enrichment of ubiquitination sites that are essential for targeting their 
substrates to the proteasome. The UbiFast approach was repeated in the absence of RNF113A to find out 
RNF113A-mediated ubiquitination sites on p100.  

The quality of the treatment conditions was controlled in a parallel experiment. A fraction of 

the cells was taken from each condition and western blotting was performed. Expectedly, 

TWEAK treatment led to the efficient production of p52 which was then abrogated in the 

bortezomib and TWEAK co-treated cells (Figure 45). Furthermore, an increase in 

phosphorylated p100 levels in bortezomib-treated cells implicated that this single treatment 

also worked (Figure 45).   
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Figure 45: TWEAK-induced ubiquitinome profiling. Fractions of the whole-cell extracts from indicated biological 
replicates of the samples used for mass spectrometry were immunoblotted with the indicated antibodies.  

Analysis of protein expression changes in the aforementioned conditions (D: DMSO, B: 

bortezomib, TD: TWEAK+DMSO, and TB: TWEAK+bortezomib) demonstrated the effectiveness 

of the mass spectrometry approach and revealed four differently regulated protein groups 

(Figure 46). In the first group, the expression of proteins was significantly decreased by 

proteasomal inhibition, implying that their expression critically depends on proteasome-

mediated degradation of a negative regulator (Figure 46). The second class was constituted 

by proteins that are encoded by the NF-κB target genes and their protein levels were elevated 

as a result of TWEAK treatment (Figure 46).  This group included well-known targets of the NF-

κB pathway such as MMP9, PTX3, REL, and RELB. In the third group, the expression of proteins 

such as BIRC2 and TRAF2 was destabilized by TWEAK treatment. Both BIRC2 and TRAF2 are 

known negative regulators of the non-canonical NF-κB pathway which are degraded in 

response to stimulation (Sun, 2017). Interestingly, loss of BIRC2 and TRAF2 was not rescued 

by proteasomal inhibition, implying that they might be degraded through lysosomes. In the 

fourth group, the number of proteins was largely dependent on the proteasome. Expectedly, 

this group included proteins with known short half-life such as HIF1α (Huang et al., 1998) and 

MYC (Gregory and Hann, 2000). Taken together, this side analysis of proteome-wide 

expression of the ubiquitinome profiling samples implicated that the treatment conditions 

and subsequent procedures of the mass spectrometry worked as expected.    
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Figure 46:  Analysis of the protein amounts of the TWEAK-induced ubiquitinome profiling samples. Samples from 
Figure 45 were analyzed in the high-resolution LC-MS/MS. The row scaled heat map displays the abundance of 
the proteins for the indicated treatment conditions (D: DMSO, B: 10 µM bortezomib for 4 hours, TD: 20 ng/ml 
TWEAK for 4 hours+DMSO, and TB: 20 ng/ml TWEAK for 4 hours+10 µM bortezomib for 4 hours). The analysis 
was performed by Dr. Oliver Popp.  

We next analyzed the ubiquitination sites of the proteins. This analysis revealed novel lysine 

residues on p100 that were enriched by K-ε-GG pulldown such as K296 (Figure 47). The 

subsequent analysis also revealed six more lysine residues on p100 ( K81, K143, K229, K252, 

K321, and K741) whose ubiquitination signal was elevated in TWEAK and bortezomib 

cotreated cells  (data not shown). Interestingly, except K741 all of these sites were found in 

the N-terminal portion of the p100. Amongst other ubiquitinated lysine residues, levels of 

K143, K252, and K741 were significantly enhanced by bortezomib and TWEAK co-treatment 

(data not shown). The concomitant increase in K741 might be due to signal-induced 

degradation of the IκB-like C-terminal region of p100. Proteasomal inhibition of the TWEAK 

treated cells would consequently block the degradation of the C-terminal portion of p100 and 

lead to an increase in ubiquitinated sites.  
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Figure 47: Identification of a TWEAK-induced ubiquitinome. The row-scaled heatmap represents significantly 
enriched ubiquitination sites for the indicated conditions and selected proteins. B: Bortezomib, D: DMSO, TB: 
TWEAK+Bortezomib, and TD: TWEAK+DMSO treated U2-OS cells. The adjusted p-value is lower than 0.1.    

TWEAK-induced changes of the C- and N- terminal ratios of p100 prompted us to investigate 

the abundance of N and C-terminal portions of proteins in response to TWEAK stimulation in 

the mass spectrometry. Interestingly, our primary data showed that the C-terminal regions of 

approximately 100 proteins were lost in TWEAK-treated cells. Comparing the peptide ratios 

with Bortezomib treatment implicated that many of these proteins might be C-terminally 

processed by the proteasome like in the case of p100. Among others, p105 (NFKB1) topped 

up the list. Treatment of cells with TWEAK led to a significant decrease in the C-terminal 

portion of p105 (Figure 48). The TWEAK-induced decrease of the C-terminal domain of p105 

was rescued the inhibition of the proteasome (Figure 48), indicating that p105 is also 

processed in a signal-dependent manner, as was shown earlier by our laboratory using the LTβ 

receptor system (Yilmaz et al.).  
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Figure 48: Mass spectrometry analysis of N- and C- terminal peptides of p100 (NFKB2) and p105 (NFKB1). The 
N-terminal peptides are shown in red and the C-terminal peptides are shown in blue.  B: Bortezomib, D: DMSO, 
TB: TWEAK+Bortezomib, and TD: TWEAK+DMSO treated U2-OS cells. The left panel represents the p105 (NFKB1) 
peptides and the right panel represents the p100 (NFKB2) peptides.  Normalized median values of the respective 
peptides from Figure 47 were displayed. The analysis was done by Dr. Oliver Popp.  

In addition to the ubiquitinome profiling, a phosphoproteomics analysis was also performed 

using the same samples. This analysis revealed differently regulated groups of 

phosphorylations. A large number of proteasome-dependent phosphorylations constituted 

the first group. In this group, treatment of cells with the proteasome inhibitor, bortezomib, 

increased phosphorylations of these proteins from the indicated residues regardless of the 

TWEAK status (Figure 49, group I). Proteasomal inhibition increased the phosphorylation of 

p100 at 8 different residues (Figure 49, group II). These residues include the functionally 

relevant C-terminal serines of p100, S866, and S870, which are known to be phosphorylated 

by  IKKα and NIK-and requisite for the signal-induced p100 processing (Sun, 2017). 

Furthermore, our data indicate phosphorylation of consecutive serine residues in the C-

terminal region of p100 (S869, S870, and S871). Although the NFKB2 amino acid sequence 

does not contain these serine residues at these positions, they belong to other variants of 

NFKB2.   

 These phosphorylations occurred mainly in the C-terminal portion of p100 (Figure 49, group 

II). Induction of p100 phosphorylations in bortezomib-treated cells is possibly due to the 
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stabilization of NIK. Interestingly, proteasomal inhibition decreased the phosphorylation of 

several proteins at the indicated sites in group III (Figure 49, group III). This group contains 

JunB, Cd44 and TRAF1, which are encoded by NF-κB regulated genes (Zhang et al., 2017). 

Importantly, TWEAK treatment alone led to increased phosphorylation of several proteins at 

the indicated sites (Figure 49, group IV). Strikingly, most of the phosphorylation sites in this 

group belong to either RelB or p100. The absence of these phosphorylation events in the 

bortezomib-treated or bortezomib plus TWEAK-co-treated cells implies that the TWEAK-

induced phosphorylations might be due to a positive feed-forward loop in the non-canonical 

NF-κB pathway. Moreover, several phosphorylation sites were detected in KDM2A. 

Interestingly, some of these phosphorylations inversely corraleted with the proteasomal 

inhibition. However, none of these indicates phosphorylations sites were not previously 

observed in Phospho Site database (Hornbeck et al., 2012), suggesting that newly identified 

phosphorylation sites of KDM2A might be dependent on the treatment conditions that were 

used in our experiments.  Altogether, the mass spectrometry-based ubiquitinome and 

phosphoproteome profiling revealed essential modification sites that are directly regulated 

by TWEAK stimulation. Moreover, this system provides a framework for deciphering the 

RNF113A-mediated ubiquitin code of p100 that renders it permissive for signal-induced 

processing to p52 in future work.  
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Figure 49: Identification of TWEAK-induced proteome-wide phosphorylation sites by phosphoproteomic 
profiling. B: Bortezomib, D: DMSO, TB: TWEAK+Bortezomib, and TD: TWEAK+DMSO treated U2-OS cells. 
Phosphoproteomic profiling was performed using samples from Figure 47. The row scaled heatmap represents 
significantly enriched or decreased phosphorylations of proteins from the indicated residues.   

5.2.6. Summary 

E3 ligases required for the signal-induced p100 processing were revealed via a CRISPR-Cas9-

based knock-out screening. Through this approach the effect of E3 ligases on p100 processing 

was analyzed in the endogenous system, which was not possible before. Strikingly, the newly 

identified E3 ligases regulate the signal-induced p100 processing in a non-redundant manner. 

In this part of the study, two different CRISPR-Cas9 knock-out screens were performed. Since 

the second library (library B) was developed only recently, several hit candidates from library 

A were further investigated. However, screening with the second library (library B), which 

utilizes a separate CRISPR knock-out system (see Methods Section 3.5.2. for further details), 

further enhanced the significance of the findings. Hits including KDM2A, RNF113A, and 

RNF115 were confirmed as essential components that are required for the signal-induced 

p100 processing. Loss of KDM2A impaired the signal-induced phosphorylation of p100 that is 

requisite for its processing while p100 processing to p52 was abrogated in the absence of 

RNF115. Strikingly, loss of RNF113A led to complete loss of p100 in response to TWEAK 
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treatment, implying that RNF113A-mediated ubiquitination protects p100 from degradation. 

The signal-induced accumulation of NIK and degradation of TRAF3, as well as activation of 

IKKα occurred normally in the absence of each one of these E3 ligases, KDM2A, RNF113A, and 

RNF115. This indicates that all of these three E3 ligases possibly act proximal to p100 during 

its processing.  

Proximity ligation assays (PLA) then revealed that both RNF113A and RNF115 directly interact 

with p100. The interaction between RNF115 and p100 occurs already in unstimulated cells 

and decreases after TWEAK stimulation. The TWEAK-induced decrease in RNF115-p100 

interaction might be explained by the possibility that p100 interacts with RNF115 through its 

C-terminal portion. Upon stimulation with TWEAK, a significant fraction of cellular p100 is 

processed to p52, while the remaining p100 stills associates with RNF115. On the contrary, 

RNF113A interacted with p100 in a TWEAK-induced manner. Quantification of protein 

concentrations in HeLa cells indicated that p100 by far exceeds the abundance of RNF115 (134 

nM versus 7 nM). Moreover, the cellular concentration of RNF113A is almost 10-times more 

than the concentration of RNF115 (66 nM versus 7 nM) (Hein et al., 2015). Taken together, 

the relatively low concentration of RNF115 implicated that the steady-state level RNF115-

p100 interaction might be dynamic and transient. Therefore, the RNF115-mediated 

ubiquitination of p100 might be a requisite for its TWEAK-induced interaction with and further 

modification by RNF113A.  

We next sought to reveal the ubiquitin modification(s) of p100 that is modified by the newly 

identified E3 ligase RNF113A. To this end, the mass spectrometry-based TWEAK-induced 

phosphoproteome and ubiquitinome profiling (UbiFast) approach, which enabled the 

quantification of ubiquitinated peptides from endogenous protein sources, was implemented.  

To enhance the ubiquitination events, proteasomal inhibition by bortezomib treatment was 

also included in the assay setup. The blockage of the proteasome in TWEAK-co-treated cells 

would especially preserve the ubiquitination sites as neither the degradation nor the 

processing is available. Analysis of the mass spectrometry data revealed the TWEAK-induced 

human ubiquitinome that included seven novel ubiquitinated sites on p100. Furthermore, a 

comparison of the mass spectrometry-based absolute quantification of proteins between 

different conditions revealed distinguished degradation profiles of proteins that are either 

dependent or independent from the proteasome. Strikingly, analysis of the distribution of C- 



Results 

121 
 

and N- terminal peptides of the human proteome revealed that more than 100 proteins, 

including p100 (NFKB2) and p105 (NFKB1), display a TWEAK-induced decrease in their C-

terminal portion, which was then restored by proteasomal inhibition. Collectively, the 

establishment of the mass spectrometry-based ubiquitinome profiling approach will be a 

framework for a future study where cells lacking RNF113A expression are used. The 

comparison of phosphoproteomic and ubiquitinome profiling of wild type versus RNF113A 

knock-out cells could decipher the RNF113A-mediated ubiquitination events that are required 

for the signal-induced p100 processing. 
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6. Discussion 

6.1. DNA damage-induced activation of the NF-ĸB pathway 

6.1.1. Genome-wide siRNA screening approach for the identification of essential 

components and novel regulators of the DNA damage-induced NF-ĸB pathway 

Activation of the IKK-NF-κB pathway by DNA damage is a crucial event in cancer treatment 

resistance and its inhibition may provide novel therapeutic options. Herein, we systematically 

identified essential components and novel regulators of this pathway by using genome-wide 

siRNA loss of function screenings. The screening was performed in two stages. In the first 

stage, a genome-wide siRNA library was used utilizing a DNA damage-induced NF-κB-driven 

luciferase transcriptional activity assay. The genome-wide screening yielded approximately 

1000 candidate hits, whose depletion by two out of three independent siRNAs led to strongly 

diminished DNA damage-induced NF-κB pathway activation. The number of candidates was 

much more than expected as they were approximately 10% of the coding genome. However, 

many of them were ruled out by one or more criteria. Due to the utilization of a transcription-

based luciferase reporter assay in the screening, proteins needed for general transcription 

were identified in the screening. For example, almost all subunits of the Pol-II complex topped 

up the hit list. As the classification enrichment analysis revealed (Figure 14B), proteins 

required for splicing, transport, and translation of an mRNA were found in the hit list and 

subsequently excluded from further analysis. Furthermore, proteins required for cell viability 

were also found in the hit list as the increased cell death upon their siRNA-mediated silencing 

resulted in decreased NF-κB-driven luciferase signal. For instance, PLK1, which is a 

serine/threonine kinase whose depletion impairs the cellular integrity (Liu and Erikson, 2003), 

ranked among the top 150 candidates (data not shown). By using literature information, the 

unessential candidates were eliminated from further analysis. In addition to these hits that 

are assay-specific, there might be some other candidates that are shared between other NF-

κB pathways. Therefore, as the second stage of the screening, 320 candidates from the 

primary screen were tested in a counter screening with TNFα to find out the DNA damage 

specific hits (Figure 15). The counter screening eliminated the proteins whose siRNA-mediated 

knockdown also abrogated the TNFα-induced NF-κB transcriptional activity, implying that they 

were either required for the transcription of the reporter or play role in other NF-κB pathways. 

However, most of the candidates in the counter screen displayed a significant reduction in 

TNFα-induced NF-κB activation.  



Discussion 

123 
 

One major limitation of this approach was a requirement of long exposure times of cells to 

TNFα stimulation since the NF-κB-driven transcription and translation of the luciferase and 

GFP reporters reach a significant level at least 4 hours post-treatment. This time-point is 

beyond the TNFα-induced canonical activation of the NF-κB pathway which takes 20 to 30 

minutes in most of the immortalized murine and human cell lines (Hayden and Ghosh, 2014). 

Indeed, prolonged exposure to TNFα amplifies the NF-κB response in a paracrine fashion 

(Caldwell et al., 2014). Therefore, TNFα treatment in our counter screen demonstrated such 

a strong NF-κB-driven luciferase activity in the scrambled siRNA-transfected control cells. 

Consequently, most of the candidates showed a significant decrease in NF-κB activity when 

compared to these control cells in the TNFα counter screen. However, depletion of pathway-

specific controls such as ATM and TRAF6, which are essential components for the DNA 

damage-induced activation of the NF-κB pathway but does not play any role in the TNFα 

signaling (N. Li et al., 2001) (Hinz et al., 2010), showed a moderate decrease in TNFα-induced 

NF-κB activity. Therefore, we reevaluated the counter screening results and reduced the 

acceptance threshold to a level that is comparable to the TNFα-induced NF-κB activity of the 

siTRAF6 or siATM-transfected cells. This led to the identification of approximately 60 

candidate hits as putative positive regulators of the DNA damage-induced NF-κB pathway. 

Amongst other hits, we experimentally confirmed that ACADVL, NAA15, and TSG101 are 

required for the DNA damage-induced activation of the NF-κB pathway. Among the newly 

identified components, TSG101 was analyzed to a greater extent at the mechanistic level. 

6.1.2. Biochemical mapping of TSG101 in the DNA damage-induced NF-κB signaling 

cascade 

After identification of TSG101 via the siRNA screening and its subsequent validation as an 

essential component for the DNA damage-induced NF-κB pathway (Figure 17), we aimed to 

find out which of the previously described upstream signaling events in the pathway require 

TSG101. Activation of NF-κB by DNA damage is mediated by cascades of signaling events that 

involve key DNA damage sensor proteins ATM and PARP1 (Hinz et al., 2010).  Analysis of these 

upstream steps led to the unexpected discovery of the TSG101 requirement for PARylation 

(Figure 18). As previously described, in the absence of PARP1 auto PARylation, the transient 

PARP1 nuclear signalosome complex involving ATM, IKKγ, PIASy, and PARP1 itself would not 

be formed (Stilmann et al., 2009). Therefore, IKKγ would not be post-translationally modified 

by ATM and PIASy and the lack of these sequential modifications would block the IKK-
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dependent activation of the NF-κB pathway (Stilmann et al., 2009). Due to the lack of 

PARylation in TSG101 knockdown cells, DNA damage-induced NF-κB target gene expression 

and IKK-dependent phosphorylation of p65 were abrogated (Figure 17). Since the defective 

signaling in these cells is due to the loss of PARylation, all intermediate steps such as DNA 

damage-induced phosphorylation IKKγ should be inhibited in TSG101 deficient cells. On the 

other hand, DNA damage-induced PARylation-independent signaling events, such as 

activation of nuclear ATM, as well as the cytoplasmic export of its activated form, were not 

affected by the loss of TSG101 (Figure 19C). Therefore, loss of TSG101 resembles the 

consequences of the inhibition of PARylation in terms of NF-κB activation by DNA damage.  

6.1.3. The requirement of TSG101 for PARylation  

PARylation is stress response-related post-translational modification that is not only essential 

for the activation of the NF-κB pathway by DNA damage but also at the crossroads of many 

biological processes including DNA repair, chromatin modulation, and transcription (Kim et 

al., 2005). Intriguingly, analysis of PARylation in the absence of TSG101 revealed that TSG101 

is required for the synthesis of cellular PAR formation (Figure 19A). More importantly, 

PARylation of proteins, including histones, was largely abrogated upon siRNA-mediated knock-

down of TSG101 (Figure 19B and 19C). Altogether our data revealed that TSG101 serves as an 

essential cofactor for PARylation.  

TSG101 was recently identified in a SILAC-based mass spectrometry screen as a DNA damage-

induced interaction partner of IKKγ (Mikuda et al., 2018). In light of this evidence, we next 

sought to determine whether TSG101 directly interacts with the upstream regulators of the 

DNA damage-induced NF-κB pathway or not. Sequential modification of IKKγ by ATM and 

PIAS4 in the transient nuclear PARP1 signalosome complex is required for the activation of the 

NF-κB pathway by DNA damage (Stilmann et al., 2009). Due to the transient association of 

IKKγ with the members of the PARP1 signalosome complex, the possibility of interaction 

between TSG101 and the members of the PARP1 signalosome complex was taken into 

consideration. Firstly, analysis of a protein-protein interaction prediction database PrePPI 

(Zhang et al., 2013) revealed a high probability of interaction between TSG101 and other 

members of the transient nuclear PARP1 signalosome complex including ATM, PIAS4, and 

PARP1 itself.  Amongst other protein-protein interaction predictions for TSG101 and members 

of the PARP1 signalosome complex, the probability of interaction between TSG101 and PARP1 
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was the highest (96% probability). Considering also the newly discovered requirement of 

TSG101 for PARylation, the interaction between TSG101 and PARP1 was firstly analyzed. Co-

immunoprecipitation experiments of endogenous proteins revealed that TSG101 interacts 

with PARP1 (Figure 21A). This interaction occurred both at steady-state levels and after the 

induction of DNA damage (Figure 21A). To further investigate the PARP1-TSG101 interaction, 

a proximity ligation assay (PLA) was used as an alternative method. Due to the microscopy-

based visual inspection of the interaction, this method also enabled the identification of the 

subcellular compartments where the interaction occurs. The PLA assay revealed that TSG101 

interacts with PARP1 in the nucleus (Figure 21C). Furthermore, the TSG101-PARP1 interaction 

was independent of induction of DNA damage and inhibition of PARylation (Figure 21C), 

indicating that TSG101 exhibits a robust interaction with PARP1. Previously, our group 

identified the DNA damage-induced interacting proteins of IKKγ in a SILAC-based IKKγ pull-

down mass spectrometry screen and the list for the putative interactors included TSG101 

(Mikuda et al., 2018). To explore the potential interaction between TSG101 and  IKKγ, we 

performed TSG101 and IKKγ immunoprecipitation experiments which revealed that TSG101 

binds to IKKγ in a DNA damage-inducible manner (Figure 21B). This observation validated the 

mass spectrometry results from (Mikuda et al., 2018). Although the functionality of this 

interaction was not further addressed, its DNA damage-inducible fashion supports our finding 

that the TSG101-PARP1 complex exists because IKKγ is known to be inducibly associated with 

PARP1 in response to DNA damage (Stilmann et al., 2009) and TSG101 might have topped up 

in the mass spectrometry screen due to its intact association with PARP1 

Furthermore, TSG101 also interacted with IKKγ, and the interaction was greatly enhanced by 

DNA damage (Figure 21B). This DNA damage-induced interaction between IKKγ and TSG101 

might be attributed to formation of the transient PAPR1 signalosome complex (Stilmann et 

al., 2009). As TSG101 and PARP1 interacted constantly, the DNA damage-induced association 

of IKKγ with PARP1 might have consequently led to the increased interaction between IKKγ 

and TSG101.   To further investigate the PARP1-TSG101 interaction, a proximity ligation assay 

(PLA) was used as an alternative method. Due to the microscopy-based visual inspection of 

the interaction, this method also enabled the identification of the subcellular compartments 

where the interaction occurs. The PLA assay revealed that TSG101 interacts with PARP1 in the 

nucleus (Figure 21C). Furthermore, the TSG101-PARP1 interaction was independent from 
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induction of DNA damage and inhibition of PARylation (Figure 21C). Collectively our data 

suggest that TSG101 is a novel interaction partner of PARP1.  

To find out the minimal region of TSG101 required for PARP1 interaction, domain deletion 

constructs were cloned using a mCherry-tagged full-length TSG101 plasmid (Nabhan et al., 

2012). In agreement with our previous coimmunoprecipitation and PLA experiments, the 

mCherry-tagged full-length TSG101 interacted with PARP1 both at the steady-state level and 

after the induction of DNA damage (Figure 22A). Before testing the binding capacities of 

truncated forms of TSG101 to PARP1, their expression, and subcellular localization were 

analyzed by imaging of the mCherry part of the fusion protein. Strikingly, this analysis revealed 

that TSG101 truncations localize differently in the cell (Figure 23). For example, the UEV 

domain of TSG101 was mainly found in the nucleus (Figure 23). Interestingly, TSG101 does not 

have any nuclear localization signal (Kosugi et al., 2009), indicating that it could be transported 

to the nucleus by binding to a partner which contain an NLS such as PARP1.  On the other 

hand, the ΔUEV domain of TSG101 was localized only in the cytoplasm (Figure 23). Since the 

UEV domain seems to be the major determinant for the nuclear localization of TSG101 and 

the TSG101-PARP1 interaction only occurs in the nucleus, UEV and ΔUEV domain constructs 

were chosen for further interaction studies with PARP1. Interestingly, the expression of the 

ΔUEV variant increased PARP1 cleavage (approximately 70 kDa fragment) even at the steady-

state levels, and this cleaved PARP1 fragment co-immunoprecipitated with the ΔUEV variant 

of TSG101 (Figure 22B). On the other hand, both UEV and ΔUEV variant of TSG101 did not bind 

to the full-length PARP1 (Figure 22B). The complete loss of PARP1 interaction in the UEV 

domain of TSG101 indicated that the binding module required for this interaction is not within 

the N-terminal UEV domain of TSG101. The ability of the ΔUEV domain to interact with the 

cleaved fragment of PARP1 implicated that the C-terminal portion of TSG101, which contains 

the CC, PRD, and SB domains, is responsible for the PARP1 interaction. However, the lack of 

binding between the ΔUEV variant of TSG101 and the full-length PARP1 might be attributed 

to the saturation of the interaction in the presence of abundant cleaved PARP1. Furthermore, 

the interaction of the cleaved fragment of PARP1 with the ΔUEV variant of TSG101 revealed 

that TSG101 binds to the kinase domain of PARP1 as the cleaved fragment of PARP1 contains 

the enzymatic domain (Gobeil et al., 2001). The binding of TSG101 to the catalytic domain of 

PARP1 gives a hint regarding the mechanistic requirement of TSG101 for PARylation. Via 

binding to the catalytically active site of PARP1, TSG101 possibly enables the structural 
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conformation or a previously undescribed modification of PARP1 that is permissive for its 

enzymatic activity. Altogether, the binding of TSG101 to the catalytically active region of 

PARP1 suggested that TSG101 might enable the enzymatic activation of PARP1.  

6.1.4. TSG101 is needed for the dissociation of PARP1 from DNA lesions 

Most of the cellular PAR is generated by PARP1 (Altmeyer et al., 2009). The activity of PARP1 

is triggered by its interaction with the damaged DNA (Ahel et al., 2009). To investigate whether 

TSG101 has any role in the recruitment or retention of PARP1 in the DNA lesions or not, we 

used live-cell imaging and analyzed the dynamics of PARP1 enrichment at the DNA damage 

sites upon laser microirradiation (Figure 24).  In these experiments, recruitment of PARP1-GFP 

occurred normally in the absence of TSG101 (Figure 24A). This excluded the possibility that 

TSG101 might be needed for the recruitment of PARP1 to the DNA damage sites and 

therefore, inhibition of PARylation in TSG101 knock-down cells cannot be due to the loss of 

interaction between PARP1 and damaged DNA in the genomics lesion (Figure 24A). However, 

like in the inhibition of PARylation by olaparib treatment, depletion of TSG101 trapped PARP1 

in the DNA lesion (Figure 24A). These observations supported that TSG101 is required for the 

enzymatic activity of PARP1.  

We next sought to determine whether TSG101 is recruited to the laser microirradiated DNA 

lesions or not. GFP- or mCherry-tagged versions of TSG101 were used to investigate 

recruitment kinetics of TSG101 to the DNA lesions. However, these fusion proteins did not 

enrich in the laser microirradiated areas (data not shown). This might be due to a 

compensation mechanism in which the endogenous TSG101 dominates the ectopically 

expressed protein in terms of the required function. This type of mechanism was previously 

reported for several DNA repair factors including ALC1, PARP1, and XRCC1 (Mortusewicz et 

al., 2007). For example, ectopically expressed GFP-tagged PARP1 does not migrate to the laser 

microirradiated sites in wild-type cells (Mortusewicz et al., 2007). This can be overcome by 

either pretreatment of cells with high doses of DNA damage sensitizer such as thymidine 

analogs or expression of the GFP-tagged PARP1 in PARP1 knock-out background (Mortusewicz 

et al., 2007). This limitation would not easily be overcome by introducing CRISPR Cas9-

mediated knock-out of TSG101, as long-term loss of TSG101 during the generation of the cell 

line endangers cellular integrity and might have toxic effects (Hoffman et al., 2019). 

Furthermore, the absence of TSG101 leads to mitotic abnormalities and aneuploidy since 
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TSG101 together with other members of the ESCRT complex regulates the chromosome 

segregation and cytokinesis processes during cell division (Morita et al., 2010). For example, 

Arabidopsis alc/tsg101 mutants have cell division defects (Spitzer et al., 2006). Therefore, the 

generation of CRISPR Cas9-mediated knock-out from a single cell clone might not be possible 

as the cell containing TSG101 deletions at both alleles would not be expanded during clonal 

selection. Indeed, genomic insertion-deletion analysis of the TSG101 CRISPR Cas9 knock-out 

guide RNA containing virus transduced cells revealed that all of the clonally selected cells 

contain only hemizygous mutations in TSG101 and homozygotic mutations were not observed 

(data not shown). Another reason why the ectopically expressed TSG101 did not migrate to 

the DNA damage site might be the fluorescence tag that TSG101 was fused to. This tag might 

have masked the DNA binding site of TSG101 and altered its potential recruitment to the DNA 

lesions. To overcome all these limitations, an endogenous protein recruitment assay was 

implemented. In this experiment, GFP-tagged PARP1 transfected cells were fixed shortly after 

the laser microirradiation and subsequently stained with TSG101 antibodies via indirect 

immunofluorescence (Figure 25B). The strong enrichment of PARP1 to the laser 

microirradiated areas served as control showing that the DNA lesions were successfully 

generated by the laser (Figure 25B). The association of the endogenous TSG101 to these 

lesions was then analyzed under the microscope. The TSG101 stains revealed that endogenous 

TSG101 is not strongly accumulated in the DNA lesions; however, TSG101 is an abundant 

nuclear protein that colocalizes with all of the PARP1-recruiting DNA lesions analyzed in these 

experiments. DNA binding capacity of TSG101 via its proline-rich region was previously 

observed in gene promoters such as p21 (Lin et al., 2013). Therefore, the association of 

TSG101 with the damaged DNA in the genomic lesion would not be unrealistic. Furthermore, 

TSG101 could also be recruited to the DNA lesions by binding to PARP1, but then it should also 

show a similar accumulation as PARP1. However, we did not observe a similar accumulation 

for TSG101 (Figure 25B), indicating that TSG101 might be in a larger excess over PARP1 and 

the TSG101-PARP1 interaction, which is required for PARP activity, might be dynamic. 

By binding to PARP1  TSG101 might alter the structure of the enzymatic domain to facilitate 

the entrance of NAD+ to the active site. Another possibility would be a requirement of 

previously undescribed post-translational modifications, such as (mono)ubiquitination or 

SUMOylation of PARP1, that could be required for its enzymatic activity. Since TSG101 can 

alter the ubiquitination and SUMOylation status of its interaction partners by preventing the 
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elongation of these modifications (Ferraiuolo et al., 2020), such a required PTM would be 

affected by the depletion of TSG101. Future structure- and mass-spectrometry-based studies 

could reveal the exact mechanism of action of TSG101 in PARylation.  

6.1.5. TSG101’s role in PARylation is independent of its ESCRT function 

Here, we hypothesized that the newly identified role of TSG101 in PARylation does not require 

the ESCRT machinery. Firstly, based on our screening results depletion of none of the other 

seventeen ESCRT subunits affected the DNA damage-induced NF-κB activity in the same way 

as TSG101. Furthermore, ESCRT dependent functions of TSG101 such as midbody formation, 

virus budding, and cargo protein sorting to the endosomal membranes occur in the cytoplasm 

(Stuchell et al., 2004). Importantly, comparing the subcellular localization patterns of TSG101 

with other members of the ESCRT-I complex, such as UBAP1 and VPS28, in the Protein Atlas 

(Thul and Lindskog, 2018) revealed that in contrast to the other members of the ESCRT-I 

complex, TSG101 also localizes to the nucleoli in addition to the endosomes and cytoplasm. In 

agreement with this literature-based information, we observed abundant levels of TSG101 in 

the nucleus (Figure 25B). Interestingly, several ESCRT-independent functions of TSG101 were 

reported (Ferraiuolo et al., 2020). For example, the ubiquitin-binding capacity of TSG101 

allows it to interfere with other ubiquitination-mediated mechanisms that do not require the 

ESCRT complex (L. Li et al., 2001). These observations implicated that TSG101’s role in 

PARylaton might be independent of its ESCRT function.  

To experimentally prove that the ESCRT complex does not involve in the regulation of 

PARylation, we first silenced VPS28, which is another member of the ESCRT-I complex, and 

analyzed the DNA damage-induced PARylation. Strikingly, we found that siRNA-mediated 

knockdown of VSP28 diminishes the TSG101 protein level (Figure 20B) without affecting the 

TSG101 mRNA level (Figure 20C). As a result of TSG101 loss, the irradiation-induced PARylation 

was also abrogated in these cells (Figure 20A). Although this result further supported our 

finding that TSG101 is required for PARylation, it did not rule out the possibility that TSG101’s 

role in PARylation is independent of the ESCRT complex. Therefore, we targeted UBAP1 which 

is another member of the ESCRT complex (Vietri et al., 2020). Importantly, the knockdown of 

UBAP1 did not affect the TSG101 protein level (data not shown). We have demonstrated that 

loss of UBAP1 did not influence the dissociation of PARP1 from the DNA lesions (Figure 25A), 

indicating that an intact ESCRT machinery is not needed for the regulation of PARylation. 
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Moreover, the binding of TSG101 to PARP1 did not require its UEV domain (Figure 23C) which 

mediates ESCRT-related protein interactions of TSG101 during cargo protein sorting (Vietri et 

al., 2020). Collectively, our data implicated that the function of TSG101 in PARylation is 

independent of its role in the ESCRT system.  

6.1.6. Loss of TSG101 sensitizes cells to DNA damage-induced cell death  

NF-κB activation by DNA damage prevents cell death through upregulation of anti-apoptotic 

genes, such as Bcl-XL (Stilmann et al., 2009). Therefore, this cell fate decision was analyzed in 

the absence of TSG101. Expected from the abrogated DNA damage-induced NF-κB pathway 

activation in the absence of TSG101, etoposide-induced cell death was increased in siTSG101-

transfected cells (Figure 27A). Furthermore, mRNA expression of selected stress and cell 

death-related and p53-dependent genes was upregulated in irradiated TSG101 knock-out cells 

(Figure 27B). More importantly, the DNA damage-induced mRNA expression of Bcl-XL was 

downregulated in the absence of TSG101 (Figure 29). In agreement with these results, 

irradiation-induced levels of cleaved caspase-3, which is a marker for apoptotic cells (Tyas et 

al., 2000), were elevated upon TSG101 depletion (Figure 28). Besides, earlier observations in 

Saccharomyces cerevisiae revealed that UEV-1A, the yeast homolog of human TSG101, 

protects cells from UV-induced cell death (Thomson et al., 1998). Although yeasts do not have 

an NF-κB pathway, the role of TSG101 in protecting cells from DNA damage might be highly 

conserved between species. Taken together, TSG101 protects cells from DNA damage-induced 

cell death by enabling PARylation and subsequent activation of NF-κB signaling. 

Two phases of NF-κB activation by DNA double-strand breaks were identified by our lab 

(Kolesnichenko et al., 2021). The second phase is activated several days after the induction of 

DNA damage and upregulates the expression of senescence-associated secretory phenotype 

(SASP) genes in senescence cells (Kolesnichenko et al., 2021).  We showed that activation of 

NF-κB during this phase is mechanistically independent of IKK, TRAF6, the nuclear PARP1 

signalosome complex, and the proteasome, but triggered by an IκBα mRNA depletion 

mechanism (Kolesnichenko et al., 2021). As expected, analysis of the representative SASP 

signature genes IL-6 and IL-8 in knockdown cells revealed that TSG101 is not required for the 

second phase of NF-κB activation (Figure 26).  

PARylation is also an essential PTM for DNA repair (Ray Chaudhuri and Nussenzweig, 2017). 

Particularly, PARylation is a therapeutic target for tumor types in which DSB repair pathways 
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are deficient due to loss of function mutations in BRAC1 or BRCA2 (Tewari et al., 2015). 

Inhibition of PARylation in these tumors traps PARP1 in DNA repair intermediates, especially 

during base excision repair (Helleday, 2011). This obstructs replication forks that require 

BRCA-dependent homologous recombination to be resolved and in the absence of BRCA1 or 

BRCA2, accumulated DNA damage becomes toxic for these cancer cells (Helleday, 2011). 

Therefore, the impact of TSG101 in this synthetic lethality was investigated. Similar to the 

inhibition of PARylation, CRISPR-mediated knock-out of TSG101 in BRAC1 deficient MEF cells 

increased cell death (Figure 30). This also implicates that the role of TSG101 in PARylation is 

not restricted to human cell types.  

6.1.7. Roles of other siRNA screening hits (ACADVL, NAA15, and NEDD4L) in the DNA 

damage-induced NF-κB pathway 

Several candidate hits of the screening were also selected for further analysis. Amongst other 

hits, the positive regulatory role of ACADVL, NAA15, and NEDD4L in the DNA damage-induced 

NF-κB pathway was confirmed. In the case of NEDD4L, its siRNA-mediated knock-down 

diminished the DNA damage-induced IKK-dependent phosphorylation of p65 (Figure 32A). 

Furthermore, CRISPR Cas9-mediated knock-out of NEDD4L significantly decreased the 

etoposide-induced cytoplasmic export of the phosphorylated ATM (Figure 31B), which is a 

requisite for the activation of the IKK complex by DNA damage (Hinz et al., 2010). NEDD4L is 

a HECT type E3 ligase whose enzymatic activity can be triggered by increased cellular Ca+2 

levels (Escobedo et al., 2014). Transportation of ATM to the cytoplasm also requires 

intracellular Ca+2 as this process can be blocked by calcium chelators (Hinz et al., 2010). 

Therefore, NEDD4L might regulate expression levels of adaptor protein(s) required for the 

transport of phosphorylated ATM. Indeed the analysis of the E3 ligase putative substrate 

landscapes (Li et al., 2017) revealed that both ATM and ATM interacting protein ATMIN can 

be targets of NEDD4L. Indeed, the DNA damage-induced autophosphorylation site of ATM, 

which is serine 1981 (So et al., 2009), resides in between the predicted recognition and 

ubiquitination sites for NEDD4L (Li et al., 2017). Moreover, BRAT1, which is another adaptor 

protein of ATM, can be modified by other HECT-type E3 ligases such as NEDD4 and Itch (Low 

et al., 2015). Apart from marking proteins for degradation, different linkages of ubiquitin 

might change the subcellular localization of proteins that they are attached to (Swatek and 

Komander, 2016). Indeed, ubiquitination of BRAT1 by these E3 ligases was reported to play a 

role in the transport of this molecule between cytoplasm and nucleus (Low et al., 2015). Since 
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BRAT1 interacts with ATM at steady-state conditions, the reported ubiquitination-dependent 

shuttling of BRAT1 might also be related to the DNA damage-induced cytoplasmic export of 

the phosphorylated ATM. Moreover, BRAT1 was identified as a potential positive regulator of 

DNA damage-induced NF-κB in the TNFα counter screen (Figure 16). These observations 

collectively support the idea that NEDD4L-dependent ubiquitination events might be essential 

for the DNA damage-induced subcellular localization of ATM.   

The analysis of the DNA damage-induced IKK-dependent phosphorylation of p65 and IκBα 

revealed that both ACADVL and NAA15 are required for the activation of the NF-κB pathway 

by DNA damage (Figures 32 and 33). Biochemical mapping of these candidates to the DNA 

damage-induced NF-κB pathway led to their identification as novel positive regulators of 

PARylation (Figure 32 and 33). In the case of NAA15, cellular PAR levels were completely 

abrogated in siNAA15-transfected cells (Figure 32B). NAA15 is an auxiliary subunit that, 

together with the catalytic subunits NAA10, or NAA10 and NAA50, forms the human N-

terminal acetyltransferase A and E (NatA, NatE) complexes (Deng et al., 2020). Thus, it may 

control the stability or activity of yet unknown factors needed for the PARylation reaction.   

PARylation was also completely diminished in the absence of ACADVL (Figure 33). ACADVL is 

a mitochondrial enzyme that catalyzes the first step of mitochondrial fatty acid beta-oxidation 

(Schiff et al., 2013). ACADVL specifically acts on acyl-CoAs with saturated 12 to 24 carbons long 

primary chains (Schiff et al., 2013). Interestingly, a recent study has shown that mitochondria-

derived NAD+ is immediately consumed by nuclear PARP1 (Hopp et al., 2021). This supports 

our finding since fatty acid beta-oxidation is essential for maintaining the mitochondrial NAD+ 

pools (Xie et al., 2020). Moreover, fifty-five metabolic enzymes were identified as putative 

positive regulators of the DNA damage-induced NF-κB pathway in our primary screen. Most 

of these enzymes catalyze mitochondrial reactions which consume or contribute to the 

mitochondrial NAD+ pools. Therefore, we would hypothesize that these might also influence 

the nuclear functions of PARP1. Altogether, the involvement of unbiasedly selected 

candidates in the regulation of PARylation underlines the importance of this post-translational 

modification, as well as, formation of the PARP1 signalosome complex.    

6.1.8. Outlook 

The newly identified interplay between TSG101 and PARP1 provides the basis for further 

mechanistic elaboration. The presumably direct protein-protein interaction between the two 
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proteins, as indicated by the PLA data, implicated that the requirement of TSG101 for PARP1`s 

enzymatic activity might be due to conformational changes in the catalytic domain of PARP1. 

Although a protein-protein interaction between PARP2 and TSG101 was not investigated in 

this study, TSG101 may also target PARP2.  

Recent mass spectrometry-based studies revealed HPF1 as a novel interaction partner of 

PARP1 (Gibbs-Seymour et al., 2016). HPF1 promotes PARylation of histones; however, and in 

contrast to TSG101, overall PARylation is not affected by the loss of HPF1 (Gibbs-Seymour et 

al., 2016). Moreover, cellular levels of PARP1, as well as TSG101 far exceed the HPF1 level 

(Hein et al., 2015), suggesting that the TSG101-PARP1 complex might exist independently from 

the HPF1-PARP1 complex. Therefore, the TSG101-PARP1 (or PARP2) enzymatic activation 

mechanism could be independent of an HPF1-mediated bridging mechanism. A future 

structural study of the interaction between TSG101 and PARP1 could define the exact 

mechanism of TSG101 action that is required for PARylation. This is particularly important, as 

it would enable the development of drugs that can modulate the enzymatic function of PARP1. 

The clinical PARP1 inhibitors lack selectivity against PARP1 (Wahlberg et al., 2012). Due to the 

structural similarities between other PARP enzymes and Tankyrases, most of the clinically 

approved inhibitors, including olaparib, target approximately five other PARP enzymes in 

addition to PARP1 (Wahlberg et al., 2012). Interestingly, treatment of cells with one of these 

clinically approved PARP inhibitors, olaparib, did not prevent the activation of the NF-κB 

pathway by DNA damage (data not shown).  This could be explained by a lack of selectivity of 

olaparib against PARP1. On the other hand, DNA damage-induced activation of the NF-κB 

pathway even in the presence of olaparib might be due to an as yet not understood off-target 

effect of this drug, where the requirement of PARylation is bypassed by an olaparib-induced 

condition. It is well established that pharmacological PARP1 inhibition with 3-AB, EB-47, or 

PJ34 or genetic ablation of PARP1 by homologous recombination or interfering RNA (Stilmann 

et al., 2009) (Dunphy et al., 2018) all block NF-κB activation by DNA double-strand breaks. 

Targeting PARylation through selective interference with the TSG101-PARP1 signaling axis 

could be a superior approach that can exploit a synthetic lethality in cancer therapies involving 

genotoxic agents (Figure 50). 

Targeting the DNA damage-induced NF-κB activation via pharmacological inhibition or genetic 

ablation of the pathway components sensitizes cells to genotoxic stress-induced cell death 
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(Dunphy et al., 2018) (Zhang et al., 2018) (Stilmann et al., 2009). To determine whether 

TSG101 affects the cell fate decision through controlling PARylation dependent DNA damage-

induced NF-κB activation, several cell survival assays were performed in this study. These 

assays revealed that loss of TSG101, or likewise ATM, increases cell death and cleaved 

caspase-3 levels in response to DNA damage (Figures 27 and 28), implying that targeting the 

TSG101-PARylation axis sensitizes cells to DNA damage-induced cell death. 

The knock-out of TSG101 was reported to be lethal for mice (Ruland et al., 2001), making it 

difficult to investigate TSG101’s role in non-conditional tumor models. However, the TSG101-

/- embryos survived until 6.5 days of embryogenesis (Ruland et al., 2001). Strikingly, these 

embryos displayed an accumulation of p53 that is independent of MDM2 protein and p53 

transcript level (Ruland et al., 2001). It was recently discovered that a long-term loss of 

PARylation increases replication fork speed above an intolerable threshold and induces an 

intrinsic DNA damage response (Maya-Mendoza et al., 2018). Therefore, the previously 

observed hyperactivation of p53 signaling in the TSG101-/- mice might be due to the loss of 

PARylation (Ruland et al., 2001). Although conditional knock-out mouse models of TSG101 

would be crucial for further investigation of the role of TSG101 in cancer therapy resistance 

mechanisms, several pharmacological (L1000) (Subramanian et al., 2017) and CRISPR (Dep-

MAP) (Tsherniak et al., 2017) interference databases already implicate a previously unnoticed 

link between TSG101 and DNA damage response pathways. The L1000 platform compares the 

effects of various inhibitors with the effects of gene knock-outs from genome-wide CRISPR 

Cas9 screening studies (Subramanian et al., 2017). This analysis revealed that loss of TSG101 

mimics the effects of several DNA topoisomerase II inhibitors (Subramanian et al., 2017). In 

the case of DepMAP, BRCA1 and BRCA2 breast cancer tumor cells were found to be dependent 

on TSG101 expression (Tsherniak et al., 2017). This dependency might be related to a synthetic 

lethality mechanism in which targeting PARylation-dependent DNA repair pathway becomes 

toxic when the BRCA1 or BRCA2-dependent repair mechanism is blocked due to the 

tumorigenic mutations (Helleday, 2011). Therefore, the dependency of BRCA1 and BRCA2 to 

TSG101 might reflect the role of TSG101 in controlling PARylation. Taken together, our data 

revealed that TSG101 is a novel regulator of PARylation, as well as PAR-dependent cellular 

pathways, and protects cells from DNA damage-induced cell death through controlling 

PARylation-dependent activation of the NF-κB pathway.  
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Figure 50: Model for the mechanism of action of TSG101. TSG101 is essential for the activation of the DNA 
damage-induced NF-κB pathway. TSG101 binds to PARP1 already in untreated cells and stimulates its enzymatic 
activity in response to DNA damage. Via regulating PARylation, TSG101 enables the formation of a transient 
PARP1 signalosome complex containing ATM, PIAS4, and IKKγ, leading to the activation of the NF-κB pathway by 
DNA damage. In the absence of TSG101, PARP1 is trapped in the DNA lesions. Due to the loss of PARylation, the 
PARP1 signalosome does not form, activation of the IKK-NF-κB pathway is abrogated and cells are sensitized to 
DNA damage-induced cell death. The stability of TSG101 is controlled by VPS28. The siRNA-mediated knockdown 
of VPS28 also leads to loss of PARylation. Analysis of other candidate hits including ACADVL, NAA15, and NEDD4L 
revealed that they are also essential for the DNA damage-induced activation of the IKK-NF-κB pathway. Knock-
down of ACADVL or NAA15 diminishes cellular PARylation and prevents the activation of the IKK-NF-κB pathway 
by DNA damage through a failure of PARP1 signalosome formation. Loss of NEDD4L decreases the export of 
phosphorylated ATM and subsequently abrogates the DNA damage-induced activation of the NF-κB pathway.    

6.2. Signal-induced precursor p100 processing  

6.2.1. CRISPR-Cas9-based knock-out screening for the identification of ubiquitin-

proteasome system components required for p100 processing  

Proteasome-mediated signal-induced processing of p100 to p52 is a cornerstone for the 

activation of the non-canonical NF-κB pathway (Sun, 2017). Ubiquitin proteasome system 

components (UPS), which regulate the signal-induced p100 processing, have not been 

previously revealed by analysis at the level of endogenous proteins and loss of function 

studies. Although the SCFβ-TrCP1-mediated ubiquitination was proposed to be the crucial 

ubiquitination event that is required for proteasomal processing of p100 (Amir et al., 2004), 

proof by genetic depletion (and perhaps reconstitution), as well as a demonstration of action 

proximal to the substrate is needed. On the other hand, functional redundancies between E3s 



Discussion 

136 
 

which are highly related based on sequence conservation (e.g. βTrCP1 and βTrCP2) may 

impede the outcome of single-gene deletion experiments. Furthermore, quantitative analysis 

of several SRM (selected reaction monitoring) peptides in the C or N terminal portions of p100 

in cellular samples by the isotope labeling in a previous study revealed the existence of two 

distinct fates of endogenous p100 populations in stimulated cells (Yilmaz et al., 2014). 

Preexisting p100 molecules undergo signal-induced complete proteolytic degradation, while 

signal-induced p52 is derived from newly synthesized p100 molecules (Yilmaz et al., 2014).  

Therefore, p52 from the newly synthesized p100 might be regulated by other unknown 

ubiquitin ligases. To find out the UPS components required for p100 processing in an 

endogenous system, a CRISPR Cas9-mediated knock-out ubiquitin library screening was 

performed. A robust screening system that uses TWEAK-induced p100 processing and 

subsequent p52 nuclear localization as a read-out was set up. Through this approach, the 

effect of the CRISPR Cas9-mediated loss of each E3 ligase on the signal-induced p100 

processing was analyzed.  

Screening of two independent CRISPR libraries revealed several E3 ligases as putative positive 

regulators of the signal-induced p100 processing. The first CRISPR library (library A) yielded 13 

hits while 33 candidates were identified in the second library (library B) (Supplementary table 

2). Cullin1, RNF113A, and TRIM50 were found on both screens. Since Cullin1 is the scaffold of 

the SCFβ-TrCP1 complex (Swatek and Komander, 2016), its CRISPR Cas9-mediated knock-out 

might have abrogated the signal-induced p100 processing through disassembling the SCFβ-TrCP1 

which was the only reported E3 ligase complex required for p100 processing (Amir et al., 

2004). However, the loss of β-TrCP1 did not affect the p52 generation in the screen which 

might be due to redundancy between β-TrCP1 and β-TrCP2 (Butticaz et al., 2007). This result 

also emphasizes the significance and importance of the analysis of endogenous ubiquitin-

proteasome components for p100 processing.  

The contents of the employed CRISPR Cas9 knock-out libraries were not identical. Therefore, 

the candidate hits obtained from both screens did not fully match. For example, KDM2A, 

which was further analyzed and revealed as a novel regulator of signal-induced p100 

processing in this study, was not included in library B. Furthermore, library B included guide 

RNAs targeting genes encoding subunits of the proteasome and the ribosome. AKkock-out of 

ribosomal subunits abrogated the p52 generation (Supplementary Table 3), emphasizing the 
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requirement of an ongoing translation of p100 or NIK for the signal-induced p100 processing. 

On the other hand, loss of proteasome subunits had opposing effects on p100 processing 

(Supplementary Table 3). For example, the knock-out PSMB11 gene, which encodes 

proteasome subunit beta 11, significantly decreased the signal-induced p100 processing 

(Supplementary Table 3). However, loss of PSMD14 or PSMB4 further enhanced the signal-

induced p52 generation (data not shown). These observations might be useful for future 

structure-based studies aiming to determine how proteasome-p100 interactions occur during 

the signal-induced processing of p100. Altogether, putative positive regulators of signal-

induced p100 processing were identified by CRISPR Cas9-mediated knock-out screens and 

amongst other candidates, KDM2A, RNF113A, and RNF115 were selected for further analysis.      

6.2.2. RNF113A regulates p100 processing by protecting the precursor from complete 

degradation  

Knock-down of RNF113A abrogated the signal-induced p52 generation and subsequent non-

canonical NF-κB target gene expression (Figure 37). Upstream signaling events of the non-

canonical NF-κB pathway, such as TWEAK-induced stabilization of NIK, were not affected by 

the loss of RNF113A, implying that this E3 ligase acts in proximity to p100, likely direct 

interaction was identified by PLA (Figure 38). Although the microscopy does not completely 

distinguish between subcellular compartments due to an overlap of cytoplasm and nuclei, the 

RNF113A-p100 interaction was clustered in a highly predominant cytoplasmic/perinuclear 

foci, in agreement with the exclusively cytoplasmic localization of p100 (Figure 38). Strikingly, 

induction of the non-canonical NF-κB pathway by TWEAK treatment caused complete 

degradation of p100 in the absence of RNF113A (Figure 37), implying that RNF113A-mediated 

ubiquitin modification of p100 might protect it from complete degradation by the 

proteasome.  

RNF113A is an RNA binding protein that contains a C3H1-type zinc finger domain (Haselbach 

et al., 2018). This function of RNF113A also attracted our further attention as the signal-

induced p100 processing requires an ongoing translation (Yilmaz et al., 2014). Therefore, 

RNF113A could also bind either NFKB2 mRNA or even ribosomal RNA to be able to closely 

interacts with the nascent p100 at the ribosomes. Indeed, a recent study reported the stalling 

of ribosomes at the triproline-encoding motif (PPP) occurs in activated primary B cells (H. 

Zhang et al., 2019). Indeed, the mammalian p100 sequences also contain triproline-encoding 
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motif (PPP) residues close to the extreme C-terminus. The motif is located C-terminally to the 

crucial serines 866/870 that are phosphorylated by NIK/IKKα and could serve to retard the 

release of the precursor protein from the ribosome to allow subsequent processing-inducing 

ubiquitination to occur. Collectively these observations implicated that in addition to a 

ubiquitin-mediated mechanism, RNF113A might also promote the signal-induced p100 

processing through binding to and stalling the NFKB2 mRNA.  

6.2.3. KDM2A and RNF115 are essential for the signal-induced p100 processing   

The TWEAK-induced p52 generation, as well as subsequent non-canonical NF-κB target gene 

expression, was abrogated in the absence of either KDM2A and RNF115 (Figures 39, 40, 41, 

and 42).  Importantly, upstream signaling events of the non-canonical NF-κB pathway such as 

TWEAK-induced degradation of TRAF3 and subsequent stabilization of NIK were not affected 

by the loss of either KDM2A and RNF115, indicating that these E3 ligases act proximally to 

p100 during its signal-induced processing (Figures 40 and 42).  

The siRNA-mediated knockdown of RNF115 prevented the generation of p52 from p100 

(Figure 42). On the other hand, in the absence of KDM2A phosphorylation of p100 by IKKα and 

NIK was completely diminished (Figure 40), indicating that KDM2A might be required for the 

formation of a transient protein complex that enables interaction of p100 with IKKα and NIK. 

A previous study from our group revealed that the signal-induced generation of p52 requires 

functional VCP/p97 (Yilmaz et al., 2014). According to that study, ectopic expression of p97 

increased phosphorylation of p100 (Yilmaz et al., 2014). Thus, KDM2A has the same effect as 

p97 on p100. Importantly, KDM2A is a multifunctional protein as it contains both an F-box 

domain and a  JmjC domain required for lysine-specific demethylation (Frescas et al., 2008). 

Although the F-box domain of KDM2A suggests that KDM2A might regulate p100 through a 

ubiquitin-dependent mechanism, the demethylation function of KDM2A may also be involved 

in this process. Indeed, trimethylation of VCP/p97 at lysine 315 was previously observed in 

human cell lines (Kernstock et al., 2012). Since KDM2A`s demethylase function is directed 

specifically towards trimethylated lysine residues (Borgel et al., 2017), VCP/p97 might be 

regulated by KDM2A. The trimethylation of VCP/p97 was reported in all tested human cell 

lines at steady-state conditions (Kernstock et al., 2012). Therefore, removal of this 

modification by KDM2A might be a requisite for the involvement of VCP/p97 in p100 

processing and p97 might then enable the formation of a transient protein complex that 
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enables interaction of p100 with IKKα and NIK. Taken together, this work identified KDM2A 

and RNF115 as novel positive regulators of the signal-induce p100 processing.  

6.2.4. RNF113A and RNF115 are novel interaction partners of p100 

Proximity ligation assays revealed that both RNF113A and RNF115 interact with p100 (Figures 

38 and 43). The interaction between RNF115 and p100 occurred both in unstimulated cells 

and after induction of p100 processing (Figure 43A). However, the binding of RNF115 to p100 

was significantly decreased after TWEAK treatment (Figure 43B). This might be due to the 

generation of p52 which would decrease the total p100 levels. On the other hand, RNF113A 

interacted with p100 in a signal-induced manner (Figure 38), implying that a previous 

modification of p100 by RNF115 might be a requisite for the RNF113A interaction. 

Furthermore, inhibition of proteasome also enhanced the binding of RNF113A to p100, which 

might be due to the stabilization of NIK in these cells (Figure 38). This result also implicates 

that the signal-induced RNF113A-p100 interaction is not specific to TWEAK stimuli, it might 

rather be a conserved mechanism between TNF superfamily members that can activate the 

non-canonical NF-κB pathway. Taken together, these protein-protein interaction studies 

identified RNF113A and RNF115 as novel binding partners of p100, and through these 

interactions, RNF113A and RNF115 might enable ubiquitin modification of p100 that is 

permissive for its signal-induced processing.  

6.2.5. Mass Spectrometry-based analysis of ubiquitinome reveals ubiquitination sites 

of p100 required for its signal-induced processing  

To decipher the ubiquitination code of p100 required for its signal-induced processing, the 

whole ubiquitinome of the cells was analyzed using mass spectrometry. In this assay, Gly-Gly 

residues, which are remnants of conjugated ubiquitin moieties on the substrates after tryptic 

digestion of the peptides, were specifically enriched (Udeshi et al., 2020). This enabled the 

identification of TWEAK-induced ubiquitination sites in proteins. Inhibition of the proteasome 

in these TWEAK-treated cells led to an increase of ubiquitination sites on p100 (data not 

shown). In addition to the ubiquitinome, our mass spectrometry screen enabled the profiling 

of TWEAK-induced phosphoproteome  (Figures 47 and 49). Another interesting observation 

of the mass spectrometry screen was the comparison of the differences in C and N terminal 

portions of the proteins (Figure 48). Via this analysis, we were able to detect TWEAK-induced 

changes on p100 like p52 generation, as well as, blockage of the signal-induced p100 
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processing by proteasomal inhibition (Figure 48). An interesting point was the comparison 

with p105 (Figure 48). It was previously observed that p100 and p105 have similar fates in 

terms of complete proteolysis of the pre-existing molecules and processing of de novo 

translated precursor populations in Lymphotoxin β-treated murine cells (Yilmaz et al., 2014).  

The same was found in the present study using TWEAK and different mass spectrometry-

based detection system (Figure 48). Thus, it can be proposed that the signal-induced parallel 

processing is a general event in the non-canonical NF-κB signaling. Altogether, in this part of 

the study, a framework was established. In this already established system, analyzing the 

ubiquitinome as well as the phosphoproteome using RNF113A knock-out cells will reveal 

ubiquitination events that are permissive for the signal-induced p100 processing.  

6.2.6. Outlook 

The CRISPR-Cas9-based knock-out screening led to the identification of several ubiquitin-

system components required for the signal-induced processing of p100. We found that 

RNF113A is required signal-induced p100 processing.  We identified a direct interaction 

between RNF113A and p100 which indicated that RNF113A-mediated ubiquitination of p100 

might possess a protective effect on p100 in terms of its proteasomal degradation. To find out 

this unique ubiquitination code on p100, a mass spectrometry-based ubiquitinome profiling 

was carried out. Through this approach, we identified eight lysine residues on p100 that are 

ubiqutinated. The quantitative mass spectrometry analysis revealed that the signal-induced  

ubiquitination of these residues on p100 are enriched upon proteasomal inhibition, 

implicating that these ubiquitination events might be functional for p100 processing. 

Importantly, in the future, analysis of the TWEAK-induced human ubiquitinome of RNF113A 

knock-out cells will then decipher the ubiquitination events that are required for the signal-

induced p100 processing and lance the boil.  

The non-canonical NF-κB pathway is aberrantly active in and responsible for the onset of 

several malignancies, as well as autoimmune diseases (Sun, 2017). This hyperactivation of the 

pathway in most cases is thought to be caused by the uncontrolled processing of p100 to p52 

(Sun, 2017). The newly identified E3 ligases for p100 processing will not automatically enable 

novel therapeutic intervention strategies as they might be involved in many other cellular 

processes. Interestingly, gene perturbation effects in the DepMAP database RNF113A as 

essential for multiple myeloma (MM) as highly dependent lieage, as MAP3K14 (NIK), NFKB1 
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(p105), NFKB2 (p100), RELA (p65) and RELB. Therefore, analysis of the loss of these E3s in a 

disease model that is driven by the hyperactivation of the non-canonical NF-κB pathway and 

uncontrolled p100 processing, such as MM (Kyle and Rajkumar, 2008), as well as rescue 

experiments by ectopic p52 expression will reveal the potential of possible novel therapeutic 

approaches.   

 

Figure 51: Hypothetic model of the mechanism of action of the newly identified E3 ligases. KDM2A promotes 
the accumulation of phosphorylated p100 species. Both RNF113A and RNF115 interact with p100. RNF113A-
mediated ubiquitination events protect p100 from complete degradation in response to the non-canonical NF-
κB pathway activation. RNF115 is required for the signal-induced generation of p52. 
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8. Appendix 

8.1. Supplementary Tables 

Transfection Treatment Luminescence 

NIT1 Etoposide 1310300 

LAMTOR3 Etoposide 463120 

GPR37L1 Etoposide 236000 

PIK3CB Etoposide 226050 

KAT14 Etoposide 205940 

RNF149 Etoposide 194180 

TMEM63B Etoposide 185940 

FANCG Etoposide 183060 

GPSM2 Etoposide 182290 

ATP5A1 Etoposide 181950 

MKNK1 Etoposide 177200 

SCFD1 Etoposide 167940 

LRRC20 Etoposide 163890 

SLC22A20 Etoposide 161170 

Mock Etoposide 154880 

NDUFS2 Etoposide 150570 

DNAJC19 Etoposide 150270 

UBXN6 Etoposide 148990 

GFRA3 Etoposide 147150 

Mock Etoposide 146760 

Mock Etoposide 144230 

Mock Etoposide 143010 

ZNRF3 Etoposide 140430 

ZNF84 Etoposide 140190 

CPPED1 Etoposide 139770 

MALT1 Etoposide 136120 

YWHAE Etoposide 133660 

Mock Etoposide 132750 

HIP1 Etoposide 132210 

METTL3 Etoposide 132190 

MOGAT1 Etoposide 131190 

SOD1 Etoposide 130650 

MTFMT Etoposide 129750 

BAZ2B Etoposide 126780 

Mock Etoposide 126350 

EIF3K Etoposide 124870 

COX7A2 Etoposide 124220 

METTL11B Etoposide 124000 

NDUFB5 Etoposide 123670 

Mock Etoposide 123040 

MINOS1 Etoposide 122720 

SDR39U1 Etoposide 122060 

Mock Etoposide 120940 
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SSRP1 Etoposide 120550 

ZNF506 Etoposide 119280 

LRRC10 Etoposide 117330 

Mock Etoposide 114450 

SHARPIN Etoposide 114400 

MAP2K7 Etoposide 113930 

Mock Etoposide 113740 

Negative Etoposide 113740 

CSGALNACT1 Etoposide 113290 

Mock Etoposide 112420 

MCMBP Etoposide 111760 

METTL13 Etoposide 109210 

SLC25A51 Etoposide 109050 

PRMT3 Etoposide 107480 

Mock Etoposide 107110 

Negative Etoposide 106380 

SIRPB1 Etoposide 106320 

Mock Etoposide 106020 

Mock Etoposide 104920 

Mock Etoposide 104690 

SLC25A22 Etoposide 104440 

GLUD1 Etoposide 103960 

ATF6 Etoposide 103330 

BHMT2 Etoposide 103170 

UNKL Etoposide 102180 

SLC7A3 Etoposide 102130 

RNF31 Etoposide 100740 

PTPN1 Etoposide 100640 

TMEM256 Etoposide 100130 

CAND1 Etoposide 98900 

STARD8 Etoposide 94838 

SLC2A2 Etoposide 93150 

USP10 Etoposide 92992 

MRPL10 Etoposide 91753 

GPC5 Etoposide 91740 

SLC52A1 Etoposide 91646 

EXT1 Etoposide 91437 

Mock Etoposide 90792 

ZNF484 Etoposide 90555 

KDM4A Etoposide 88677 

CACNG5 Etoposide 87006 

COPB1 Etoposide 85304 

SLC4A8 Etoposide 83604 

BIRC2 Etoposide 83530 

SLC35G3 Etoposide 82975 

SDC3 Etoposide 82816 

GPR75 Etoposide 81272 
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CACNA1H Etoposide 80981 

PARP16 Etoposide 79515 

ZNF471 Etoposide 79299 

SRP14 Etoposide 79016 

SENP1 Etoposide 79016 

CA11 Etoposide 78963 

UBE2D4 Etoposide 77156 

PTPN23 Etoposide 75817 

PARP4 Etoposide 74826 

SWAP70 Etoposide 74231 

AZGP1 Etoposide 73673 

ADGRD2 Etoposide 73415 

ACSS2 Etoposide 72995 

QPCT Etoposide 71145 

SLC22A6 Etoposide 70326 

SLC4A8 Etoposide 67061 

UBE2I Etoposide 66181 

UAP1 Etoposide 62494 

TMEM51 Etoposide 60075 

CIDEA Etoposide 59520 

GAK Etoposide 59296 

SLC22A20 Etoposide 59105 

SLC6A13 Etoposide 58580 

UFM1 Etoposide 57230 

H2AFX Etoposide 56856 

KERA Etoposide 56814 

UBE2D1 Etoposide 55152 

RNF145 Etoposide 54345 

ZNF319 Etoposide 54295 

LINC00851 Etoposide 52338 

UBE2V2 Etoposide 48690 

ZNF671 Etoposide 48499 

Negative Etoposide 45287 

HSD11B2 Etoposide 45117 

CYP1A1 Etoposide 43433 

UBC Etoposide 43252 

PIAS4 Etoposide 42880 

CYP2J2 Etoposide 41722 

UQCC2 Etoposide 41088 

AKT2 Etoposide 41029 

FRYL Etoposide 40695 

PPP5C Etoposide 39942 

IKBKG Etoposide 39659 

ZNF624 Etoposide 39307 

IKBKG Etoposide 38693 

XYLT1 Etoposide 38513 

S100A7A Etoposide 37759 
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BRF2 Etoposide 37316 

PIP4K2C Etoposide 37304 

POLE3 Etoposide 36874 

CIB4 Etoposide 36200 

PARG Etoposide 35908 

BRAT1 Etoposide 35708 

MRM2 Etoposide 35606 

SERPINB12 Etoposide 35356 

RABGGTA Etoposide 35174 

IKBKG Etoposide 34914 

ROCK1 Etoposide 34440 

IKBKG Etoposide 34400 

ACAD8 Etoposide 33988 

SLC30A10 Etoposide 33898 

CHST4 Etoposide 33837 

TMEM116 Etoposide 33655 

NAP1L5 Etoposide 32993 

ASAH1 Etoposide 31244 

CMTM8 Etoposide 31225 

PLPP4 Etoposide 31164 

SLC38A7 Etoposide 30761 

ZNF552 Etoposide 30742 

IKBKB Etoposide 30741 

PTPN22 Etoposide 30200 

PI4KA Etoposide 30008 

DNAAF5 Etoposide 29877 

ST6GALNAC6 Etoposide 29576 

IKBKG Etoposide 28934 

TMEM8B Etoposide 28924 

TRAF6 Etoposide 28562 

SLC25A11 Etoposide 28561 

MAPK10 Etoposide 28140 

IKBKG Etoposide 27859 

TMEM255A Etoposide 27859 

TMEM174 Etoposide 27809 

UBA1 Etoposide 27366 

NUP160 Etoposide 27006 

ZDHHC17 Etoposide 26212 

STRADA Etoposide 26021 

SLC13A3 Etoposide 26001 

RYR3 Etoposide 25580 

S100A2 Etoposide 25058 

MED6 Etoposide 24395 

MAVS Etoposide 24334 

WWOX Etoposide 24065 

TRAF6 Etoposide 24024 

OTUD7A Etoposide 23472 
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CKAP5 Etoposide 23251 

CLCN5 Etoposide 23200 

TRIL Etoposide 22749 

GLIS2 Etoposide 22439 

UNKL Etoposide 22358 

CYP2C9 Etoposide 21675 

C1S Etoposide 21656 

ARL6IP6 Etoposide 21626 

SLC12A9 Etoposide 21596 

SATL1 Etoposide 21424 

ZKSCAN4 Etoposide 21314 

SLC27A2 Etoposide 21244 

Negative DMSO 21224 

Mock DMSO 21123 

NSL1 Etoposide 20913 

ATP5F1 Etoposide 20833 

EIF2B4 Etoposide 20703 

NLE1 Etoposide 20702 

FGF20 Etoposide 20542 

EFNA1 Etoposide 20441 

NATD1 Etoposide 20381 

SUSD4 Etoposide 20010 

AHCTF1 Etoposide 19981 

MED21 Etoposide 19820 

CYP11B1 Etoposide 19779 

DIS3 Etoposide 19739 

NAMPT Etoposide 19529 

CAMK1G Etoposide 19519 

PPM1J Etoposide 19408 

HIST1H4D Etoposide 19318 

SLC7A2 Etoposide 19157 

MAPK13 Etoposide 18806 

LEMD3 Etoposide 18566 

ADH6 Etoposide 18446 

ALOX15 Etoposide 18415 

TSG101 Etoposide 18305 

RPAP1 Etoposide 18295 

SUSD6 Etoposide 18105 

MRPL4 Etoposide 17894 

NMNAT1 Etoposide 17613 

GABRA5 Etoposide 17463 

PTPRA Etoposide 17353 

UGT1A10 Etoposide 16621 

STYXL1 Etoposide 16340 

NHLRC1 Etoposide 16220 

TMEM266 Etoposide 16019 

TRIM38 Etoposide 15989 
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RABL2B Etoposide 15929 

DESI1 Etoposide 15919 

B3GNT9 Etoposide 15919 

PCBP1 Etoposide 15819 

ATM Etoposide 15758 

SLC2A8 Etoposide 15618 

ZNF382 Etoposide 15337 

S100A3 Etoposide 15187 

NAA15 Etoposide 14826 

ZNF180 Etoposide 14726 

Negative DMSO 14686 

Mock DMSO 14646 

CYP2E1 Etoposide 14485 

Mock DMSO 14275 

SLC15A2 Etoposide 14175 

CCDC185 Etoposide 13985 

XRCC5 Etoposide 13985 

MARCH9 Etoposide 13984 

APH1A Etoposide 13914 

EYA2 Etoposide 13764 

HEXA Etoposide 13754 

SLC25A5P2 Etoposide 13694 

RNF220 Etoposide 13594 

DTX1 Etoposide 13483 

KCNK17 Etoposide 13323 

MAP3K7 Etoposide 13243 

GNA15 Etoposide 12722 

PTPRJ Etoposide 12612 

Mock DMSO 12572 

ELP4 Etoposide 12411 

POLR3F Etoposide 12361 

S1PR4 Etoposide 12181 

AURKA Etoposide 12081 

Cell Death DMSO 11960 

PTPN18 Etoposide 11960 

SLC52A2 Etoposide 11930 

MRPS17 Etoposide 11850 

HIST1H3F Etoposide 11770 

SGSM3 Etoposide 11770 

KISS1 Etoposide 11610 

Mock DMSO 11460 

DEK Etoposide 11309 

Mock DMSO 11229 

Cell Death Etoposide 11139 

SON Etoposide 10939 

CHTOP Etoposide 10899 

COX6B2 Etoposide 10879 
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Mock DMSO 10859 

MTERF3 Etoposide 10718 

PPP2R3B Etoposide 10638 

LPAR2 Etoposide 10538 

Cell Death DMSO 10468 

Mock DMSO 10388 

OGG1 Etoposide 10288 

NUP98 Etoposide 10258 

GCA Etoposide 10228 

IPO13 Etoposide 10047 

Mock DMSO 10037 

AGPAT4 Etoposide 9967 

GALT Etoposide 9797 

Mock DMSO 9617 

MARCH6 Etoposide 9547 

MARVELD3 Etoposide 9527 

DHRS13 Etoposide 9466 

NOTCH2 Etoposide 9446 

UGT3A1 Etoposide 9436 

RPS27A Etoposide 9356 

MAP2K4 Etoposide 9166 

AIP Etoposide 9126 

Negative DMSO 9066 

SLC5A5 Etoposide 9056 

CYP26A1 Etoposide 8886 

TIFA Etoposide 8775 

RAB25 Etoposide 8735 

Mock DMSO 8695 

Mock DMSO 8575 

SLC25A45 Etoposide 8365 

Cell Death Etoposide 8095 

Mock DMSO 8075 

SMAD6 Etoposide 7724 

BLOC1S4 Etoposide 7724 

FAU Etoposide 7634 

JARID2 Etoposide 7634 

Cell Death Etoposide 7504 

GCM2 Etoposide 7454 

SLC7A6OS Etoposide 7314 

SLC25A47 Etoposide 7023 

ACTBL2 Etoposide 7013 

VHL Etoposide 7013 

SLC4A1 Etoposide 7003 

Mock DMSO 6963 

Cell Death DMSO 6863 

MPST Etoposide 6843 

TICAM1 Etoposide 6763 
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TAZ Etoposide 6693 

Mock DMSO 6583 

ZNF521 Etoposide 6573 

NUP62 Etoposide 6523 

POLR2A Etoposide 6493 

NUP205 Etoposide 6473 

DDOST Etoposide 6423 

Mock DMSO 6393 

CHST14 Etoposide 6322 

RFC2 Etoposide 6252 

IKBKG DMSO 6232 

RUVBL1 Etoposide 6202 

SNRPD3 Etoposide 6192 

USP5 Etoposide 6112 

Cell Death Etoposide 6012 

TAB2 Etoposide 5782 

CTR9 Etoposide 5742 

ERAL1 Etoposide 5582 

PTPRT Etoposide 5512 

IKBKG DMSO 5432 

TAB1 Etoposide 5412 

HSPA9 Etoposide 5412 

Cell Death Etoposide 5242 

Cell Death DMSO 5242 

NUP93 Etoposide 5212 

PMPCB Etoposide 5162 

POLR2I Etoposide 5152 

UBL4A Etoposide 5112 

SMOX Etoposide 5081 

HSPG2 Etoposide 5061 

IKBKG DMSO 4981 

CYP26C1 Etoposide 4911 

NT5C2 Etoposide 4831 

PPP1R7 Etoposide 4711 

SLITRK5 Etoposide 4591 

ACADVL Etoposide 4561 

NDUFB10 Etoposide 4401 

Cell Death DMSO 4321 

NEURL1 Etoposide 4241 

Cell Death Etoposide 4201 

AGBL3 Etoposide 4051 

IKBKG DMSO 3801 

SBF1 Etoposide 3801 

SPEN Etoposide 3791 

ZNF362 Etoposide 3611 

IKBKG DMSO 3570 

UGDH Etoposide 3370 
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C16orf71 Etoposide 2840 

NUP107 Etoposide 2700 

CTNS Etoposide 2640 

DPCD Etoposide 2610 

IKBKG DMSO 2250 

Negative Etoposide 2250 

NSMF Etoposide 1940 

GPR155 Etoposide 1900 

UBB Etoposide 1680 

Cell Death DMSO 910 

Negative DMSO 680 

GPX6 Etoposide 670 

 

Transfection Treatment Luminescence 

NIT1 TNF 1983800 

MALT1 TNF 1393500 

PIK3CB TNF 1371300 

RNF149 TNF 1279700 

GPR37L1 TNF 1180500 

DNAJC19 TNF 1144600 

Negative TNF 1131700 

Negative TNF 1086100 

UBXN6 TNF 1064700 

LRRC10 TNF 1060100 

GFRA3 TNF 1034400 

SLC30A10 TNF 1029900 

Negative TNF 1025800 

CSGALNACT1 TNF 1003200 

Mock TNF 993730 

ATP5A1 TNF 988370 

Mock TNF 986100 

UNKL TNF 985820 

LRRC20 TNF 982050 

Mock TNF 967450 

NDUFS2 TNF 967260 

Mock TNF 959670 

SLC25A22 TNF 954760 

Mock TNF 948010 

Negative TNF 935450 

ZNF506 TNF 932030 

Mock TNF 928150 

Mock TNF 925030 

Mock TNF 920140 

Mock TNF 917090 

Mock TNF 913830 

Mock TNF 906700 



Appendix 

166 
 

Mock TNF 896830 

SCFD1 TNF 872050 

GLUD1 TNF 870710 

EXT1 TNF 867840 

Mock TNF 866980 

METTL13 TNF 860570 

MOGAT1 TNF 856950 

HIP1 TNF 844550 

Mock TNF 843990 

SSRP1 TNF 840950 

MKNK1 TNF 839720 

H2AFX TNF 835450 

GPSM2 TNF 833260 

FANCG TNF 828380 

TMEM256 TNF 798820 

PTPN1 TNF 791730 

Mock TNF 786160 

CAND1 TNF 782960 

KAT14 TNF 782130 

ZNF84 TNF 781100 

UBE2D1 TNF 779820 

KDM4A TNF 778960 

MINOS1 TNF 774950 

GPC5 TNF 761250 

AZGP1 TNF 758680 

SIRPB1 TNF 754480 

MCMBP TNF 752610 

Mock TNF 746180 

SLC2A2 TNF 743880 

SHARPIN TNF 739140 

CIDEA TNF 728470 

SLC25A51 TNF 703040 

SLC4A8 TNF 698150 

COX7A2 TNF 696270 

MTFMT TNF 692880 

UBE2I TNF 687810 

CACNA1H TNF 680350 

PRMT3 TNF 675020 

TMEM63B TNF 670700 

PTPN23 TNF 663490 

USP10 TNF 662770 

METTL3 TNF 660590 

DNAAF5 TNF 656930 

SOD1 TNF 638040 

CACNG5 TNF 636430 

PI4KA TNF 628150 

SWAP70 TNF 626210 
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SLC22A20 TNF 618580 

ZNF471 TNF 601170 

IKBKB TNF 598310 

ZNRF3 TNF 597220 

UFM1 TNF 592930 

GALT TNF 592830 

LAMTOR3 TNF 591910 

SLC4A8 TNF 589480 

SLC25A11 TNF 586710 

SLC7A3 TNF 584720 

ACAD8 TNF 584690 

SENP1 TNF 577280 

SLC22A20 TNF 576420 

SLC22A6 TNF 563550 

UBE2D4 TNF 561070 

ZNF552 TNF 560070 

AURKA TNF 552950 

MRPL10 TNF 543650 

MAP2K7 TNF 540690 

ACSS2 TNF 539640 

SDC3 TNF 531190 

CPPED1 TNF 516960 

YWHAE TNF 512830 

METTL11B TNF 511800 

IKBKG TNF 509570 

GAK TNF 508930 

STARD8 TNF 507260 

RNF31 TNF 503880 

CA11 TNF 502100 

UQCC2 TNF 492270 

SDR39U1 TNF 491650 

ZNF319 TNF 491530 

NAP1L5 TNF 491230 

TIFA TNF 476800 

IKBKG TNF 474190 

MAVS TNF 472080 

IKBKG TNF 471740 

EIF3K TNF 471450 

XYLT1 TNF 467070 

RABGGTA TNF 465880 

BRF2 TNF 463180 

ADGRD2 TNF 454640 

SRP14 TNF 451330 

RPAP1 TNF 449680 

SLC35G3 TNF 447660 

KERA TNF 446870 

S100A7A TNF 438720 
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CYP1A1 TNF 420440 

ZNF671 TNF 416960 

QPCT TNF 413930 

BIRC2 TNF 412530 

SLC15A2 TNF 406490 

GPR75 TNF 399700 

ATM TNF 398600 

TMEM174 TNF 385760 

NAA15 TNF 382970 

MAPK10 TNF 373450 

RNF145 TNF 371100 

CLCN5 TNF 370450 

AKT2 TNF 370350 

B3GNT9 TNF 370300 

PIP4K2C TNF 365840 

CYP2J2 TNF 365770 

IKBKG TNF 365220 

IKBKG TNF 352560 

EIF2B4 TNF 351900 

SLC12A9 TNF 348480 

ZNF484 TNF 345270 

IKBKG TNF 340040 

PPP5C TNF 339800 

TMEM51 TNF 336100 

PARP16 TNF 331400 

TRAF6 TNF 326440 

OTUD7A TNF 326360 

PARP4 TNF 324800 

BRAT1 TNF 322600 

XRCC5 TNF 321880 

NLE1 TNF 315720 

WWOX TNF 314290 

FGF20 TNF 313210 

UNKL TNF 310480 

POLE3 TNF 309530 

SATL1 TNF 304400 

ZNF382 TNF 302250 

MED21 TNF 299110 

ATF6 TNF 289170 

PARG TNF 284820 

POLR3F TNF 275700 

PTPRA TNF 270730 

PTPRT TNF 265930 

ZNF624 TNF 262390 

LEMD3 TNF 258200 

CHST4 TNF 257120 

LPAR2 TNF 254560 
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UBC TNF 252940 

SLC38A7 TNF 252190 

NAMPT TNF 251300 

TMEM8B TNF 250680 

ZDHHC17 TNF 246180 

NT5C2 TNF 241490 

UAP1 TNF 240320 

MRM2 TNF 239820 

ADH6 TNF 239280 

NDUFB5 TNF 239020 

ZKSCAN4 TNF 232960 

SUSD4 TNF 231730 

ST6GALNAC6 TNF 230530 

SERPINB12 TNF 226950 

ROCK1 TNF 220680 

PTPN18 TNF 219060 

PTPN22 TNF 218340 

PPM1J TNF 216480 

PIAS4 TNF 215050 

SLC52A2 TNF 213030 

HSD11B2 TNF 212800 

ATP5F1 TNF 209880 

DPCD TNF 209020 

TMEM255A TNF 205570 

TRIM38 TNF 202770 

ASAH1 TNF 201460 

UGT1A10 TNF 201010 

MAP3K7 TNF 195630 

CYP26A1 TNF 193220 

SLC52A1 TNF 192590 

TMEM266 TNF 191310 

UBE2V2 TNF 188470 

LINC00851 TNF 186100 

ZNF180 TNF 177210 

HIST1H4D TNF 176970 

S100A2 TNF 176390 

AIP TNF 174300 

COX6B2 TNF 174200 

NHLRC1 TNF 172420 

UGT3A1 TNF 171430 

CYP2E1 TNF 171420 

KISS1 TNF 170430 

MARCH6 TNF 169620 

CIB4 TNF 167390 

MTERF3 TNF 167070 

CKAP5 TNF 166990 

AHCTF1 TNF 165900 
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SUSD6 TNF 165060 

PLPP4 TNF 161630 

GABRA5 TNF 160960 

RABL2B TNF 156650 

SLC5A5 TNF 156530 

SLC13A3 TNF 155680 

IPO13 TNF 154950 

GCA TNF 149670 

STRADA TNF 149120 

NMNAT1 TNF 148400 

S100A3 TNF 147670 

ARL6IP6 TNF 144710 

ALOX15 TNF 144480 

EYA2 TNF 143150 

PCBP1 TNF 142680 

DTX1 TNF 139840 

DIS3 TNF 137030 

RNF220 TNF 136210 

COPB1 TNF 135440 

NUP98 TNF 134980 

GNA15 TNF 133810 

MAPK13 TNF 132660 

HSPA9 TNF 132650 

CHST14 TNF 132560 

TMEM116 TNF 130480 

TSG101 TNF 128290 

SLC2A8 TNF 127710 

RYR3 TNF 127550 

EFNA1 TNF 127190 

SLC7A2 TNF 127110 

SLC6A13 TNF 126290 

GLIS2 TNF 122640 

DHRS13 TNF 122540 

APH1A TNF 120250 

MED6 TNF 119270 

FAU TNF 118670 

NUP160 TNF 118610 

DEK TNF 117840 

ELP4 TNF 116250 

NSL1 TNF 116050 

FRYL TNF 114920 

UBA1 TNF 111780 

CHTOP TNF 109960 

DESI1 TNF 109760 

CMTM8 TNF 106120 

S1PR4 TNF 105770 

JARID2 TNF 105590 
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TRAF6 TNF 105130 

STYXL1 TNF 104340 

ZNF521 TNF 99676 

SLC4A1 TNF 99044 

RUVBL1 TNF 95469 

SLC27A2 TNF 95381 

TRIL TNF 93911 

PTPRJ TNF 92182 

RFC2 TNF 88657 

CAMK1G TNF 85660 

C1S TNF 84912 

CYP26C1 TNF 83425 

BHMT2 TNF 80128 

MAP2K4 TNF 79214 

SLC25A5P2 TNF 78888 

SON TNF 76072 

HEXA TNF 74960 

PPP2R3B TNF 74040 

GCM2 TNF 73817 

SLC7A6OS TNF 70742 

CYP11B1 TNF 70529 

NATD1 TNF 69771 

POLR2A TNF 68972 

RPS27A TNF 66871 

ACADVL TNF 65869 

ACTBL2 TNF 64586 

BLOC1S4 TNF 63621 

MARVELD3 TNF 62336 

NUP107 TNF 61315 

CCDC185 TNF 61308 

SLC25A45 TNF 61020 

MPST TNF 59499 

MARCH9 TNF 58785 

DDOST TNF 58589 

CTR9 TNF 58137 

MRPL4 TNF 57381 

SGSM3 TNF 53318 

CYP2C9 TNF 52562 

SLC25A47 TNF 50424 

NUP62 TNF 49216 

PMPCB TNF 48973 

VHL TNF 48277 

TAZ TNF 48149 

GPX6 TNF 47874 

POLR2I TNF 47230 

SMAD6 TNF 46151 

HSPG2 TNF 44623 
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TAB1 TNF 44301 

KCNK17 TNF 43585 

UGDH TNF 43453 

NEURL1 TNF 42357 

SPEN TNF 42266 

BAZ2B TNF 41622 

MRPS17 TNF 40795 

ERAL1 TNF 38282 

AGPAT4 TNF 38092 

ZNF362 TNF 37901 

NSMF TNF 36754 

OGG1 TNF 34662 

NUP205 TNF 34189 

PPP1R7 TNF 33777 

SLITRK5 TNF 33184 

HIST1H3F TNF 31828 

NUP93 TNF 31716 

AGBL3 TNF 31425 

SMOX TNF 31384 

TAB2 TNF 30440 

Mock DMSO 29928 

NOTCH2 TNF 29907 

NDUFB10 TNF 26895 

USP5 TNF 25088 

Negative DMSO 24857 

GPR155 TNF 24054 

SBF1 TNF 23551 

Negative DMSO 23503 

Mock DMSO 22238 

SNRPD3 TNF 22047 

UBL4A TNF 20823 

Negative DMSO 18857 

Negative DMSO 18015 

Mock DMSO 17223 

Mock DMSO 17012 

TICAM1 TNF 16661 

Mock DMSO 16440 

C16orf71 TNF 16340 

Mock DMSO 15899 

Mock DMSO 15668 

RAB25 TNF 15077 

Mock DMSO 14726 

Mock DMSO 14636 

Cell Death TNF 14535 

Mock DMSO 13714 

Cell Death TNF 13624 

Mock DMSO 13413 
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Cell Death TNF 12762 

Mock DMSO 12101 

Mock DMSO 11800 

Mock DMSO 11790 

Mock DMSO 10729 

Mock DMSO 10638 

CTNS TNF 10528 

Cell Death DMSO 10458 

Cell Death TNF 10067 

Cell Death DMSO 9807 

Cell Death TNF 9646 

IKBKG DMSO 9436 

IKBKG DMSO 9426 

UBB TNF 7854 

IKBKG DMSO 7594 

IKBKG DMSO 7093 

Cell Death TNF 6693 

Cell Death DMSO 6643 

IKBKG DMSO 5752 

IKBKG DMSO 4621 

Cell Death DMSO 4461 

Cell Death DMSO 4391 

Cell Death DMSO 3761 
 

Supplementary Table 1: Etoposide or TNFα-induced relative luciferase activity levels of the candidate hits in 
the counter screening were sorted by the gene name and ranked according to their NF-κB-driven luciferase 
levels. In the etoposide screen, candidates with plus or minus 10% RLU level of the etoposide-treated control 
cells were highlighted in orange. In the TNFα screen, candidates with higher RLU level than siTRAF6-transfected 
TNFα-treated sample were highlighted in green.  

 

Cell Line Mutated Gene  Type of Mutation  Variant Annotation 

HCC202 BRCA2 Frame_Shift_Ins damaging 

HCC1395 BRCA2 Nonsence_mutation damaging 

MDAMB436 BRCA1 Splice_site damaging 

SUM149PT BRCA1 Frame_Shift_Ins damaging 

HCC1954 BRCA1 Frame_Shift_Del damaging 

Cal51 BRCA2 Frame_Shift_Del damaging 
 

Supplementary Table 2: Mutated gene, type of mutation, and variant annotation of the breast cancer cell lines 
anaylzed in Figure 30B were listed.  

Gene 

Symbol Plate Well  

Rank by Z-

Score 

%Responder 

Z-Score 

%Responder  

CCNB1 UBL01 M10  1 -9.81  

INO80 UBL02 L06  2 -8.8  

CUL1 UBL01 M14  3 -7.608  
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WSB2 UBL04 M20  4 -7.122  

TRIM50 UBL04 C06  5 -6.665  

PLK1 UBL03 J03  6 -5.767  

RPL23 UBL03 N17  7 -5.635  

USPL1 UBL04 H19  8 -5.605  

USP26 UBL04 N16  9 -5.417  

CDC73 UBL01 O11  10 -5.291  

HSPA5 UBL02 F06  11 -4.932  

CDC20 UBL01 G11  12 -4.837  

UIMC1 UBL04 D15  13 -4.612  

RTF1 UBL03 G18  14 -4.552  

TRIM11 UBL04 J03  15 -4.132  

RPS3 UBL03 C18  16 -3.729  

RPL11 UBL03 M17  17 -3.377  

RPS27A UBL03 B18  18 -3.284  

PRPF8 UBL03 G04  19 -3.276  

DCAF1 UBL01 I15  20 -3.271  

AVPR2 UBL01 N06  21 -3.261  

MED10 UBL02 I16  22 -3.14  

TRAF4 UBL04 O02  23 -3.137  

TRAF6 UBL04 C03  24 -3.002  

RNF113A UBL03 G11  25 -2.96  

PAF1 UBL02 J22  26 -2.928  

CAV1 UBL01 O09  27 -2.864  

PTTG1 UBL03 C08  28 -2.862  

EIF3F DUB02 O02  29 -2.7  

TRIM8 UBL04 M07  30 -2.685  

UBA3 UBL04 O08  31 -2.649  

SUDS3 UBL03 D22  32 -2.537  

TAF1 UBL03 O22  33 -2.478  

ADRM1 UBL01 K02  34 -2.467  

UBE2L6 UBL04 O10  35 -2.43  

RPS7 UBL03 D18  36 -2.425  

RNF180 UBL03 O14  37 -2.364  

NFRKB UBL02 F20  38 -2.357  

BUB3 UBL01 I09  39 -2.329  

ASB12 UBL01 O04  40 -2.315  

KMT2D UBL02 D13  41 -2.294  

OTUD7B UBL02 H22  42 -2.237  

CDC42 UBL01 N11  43 -2.23  

OGT UBL02 K21  44 -2.215  

ARRB1 UBL01 G04  45 -2.209  

BFAR UBL01 M07  46 -2.207  

BTBD18 UBL01 O08  46 -2.207  

ASB11 UBL01 N04  48 -2.177  

PSMB11 UBL03 F05  49 -2.151  

DCAF13 UBL01 M15  50 -2.135  

FBXW8 UBL01 O23  51 -2.123  

RNF40 UBL03 C17  52 -2.117  

RNF32 UBL03 L16  53 -2.044  

NEDD8 UBL02 L19  54 -2.028  

GTPBP4 UBL02 L03  55 -2.011  
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ANAPC5 UBL01 K03  56 -2.008  

VCP UBL04 J19  57 -1.998  

NEUROD2 UBL02 C20  58 -1.943  
 

Supplementary Table 3: TWEAK-induced nuclear p52 staining levels of the CRISPR-Cas9 based knock-out 
screening, The candidates were sorted and ranked with the decreased Z-scores, which indicates the nuclear p52 
signal and was named as Z-score % Responder. In this table only the results from the library B was shown. This 
library does not contain KDM2A.  

8.2. List of Abbreviations  

ACADVL                                   Very long-chain specific Acyl-CoA Dehydrogenase, Mitochondrial  

ALC1                                        Chromodomain-helicase-DNA-binding protein 1-like 

APS                                          Amonium persulfate  

ARD                                          Ankyrin repeat domain  

BAFF                                        B-cell activating factor  

BER                                          Base excision repair 

BSA                                          Bovine serum albumin 

CC                                            Coiled-coil domain  

CMV                                        Cytomegalovirus 

Co-IP                                       Co-immunoprecipitation 

DAMP                                     Damage-associated molecular patterns 

DD                                           Dimerization domain 

DDR                                        DNA damage response 

DMSO                                    Dimethyl Sulfoxide 

DSBs                                       Double-stranded breaks 

DUB                                        Deubiquitination  

EDC4                                      Enhancer of decapping 4 

EGFR                                      Epithelial growth factor receptor 

EMT                                       Epithelial-to-mesenchymal transition 

ESCRT                                    Endosomal sorting complexes required for transport  

FBS                                         Fetal bovine serum 

Fcut                                                               Function cut 

GC                                          Germinal centers  

GRR                                        Glycine-rich region 
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GSEA                                      Gene set enrichment analysis 

HAT                                        Histone acetyltransferase 

HDAC                                     Histone deacetylase 

HLX                                         Helical interaction domain 

HOIL                                       Hemoxidized IRP2 ubiquitin ligase-1 

HOIP                                      HOIL-1 interacting protein 

HR                                          Homologous recombination  

IKK                                          IκB kinase 

Indel                                       Insertion deletion 

IR                                            Irradiation 

KBD                                        Kinase binding domain  

KD                                          Kinase domain 

KLD                                        Kinase ligase DPNI 

LTA                                        Luciferase transactivation assay 

LTβR                                      Lymphotoxin-β-receptor 

LZ                                           Leucine zipper domain  

MAC                                      Membrane attack complex 

MM                                       Multiple myeloma 

NAM                                      Nicotineamid 

NAMPT                                 Nicotineamid phosphoribosyltransferase 

NF-κB                                    Nuclear factor kappa-light-chain-enhancer of activated B-cells 

NHEJ                                      Non-homologous end-joining pathways  

NIK                                         NF-ĸB inducing kinase 

NLR                                        Nodd-like receptors 

NLS                                        Nuclear localization signal  

NTD                                       N-terminal domain 

PAMPs                                 Pattern-associated molecular patterns 

PARG                                    Poly ADP-ribose glycohydrolase 

PARP1                                  Poly (ADP-ribose) polymerase 1 

PARylation                           Poly ADP-ribosylation 
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PBM                                      PAR binding motif 

PBZ                                        PAR binding zinc finger 

PCR                                       Polymerase chain reaction 

PIASy                                    Poriten inhibitor of activated STATy 

PLA                                       Proximity ligation assay 

PBS                                       Phosphate buffered saline  

PLK1                                    Polo-like kinase 1  

PPP                                      Triproline-encoding motif 

PRD                                       Proline-rich region 

PRPP                                     5-phosphoribosyl-1-phosphate 

PRR                                       Pattern recognition receptor 

PTM                                      Post-translational modification 

QRT PCR                          Quantitative real-time polymerase chain reaction  

RHR                                     Rel homology region  

ROS                                      Reactive oxygen species 

Sam68                                Src-associated-substrate-during-mitosis-68 kDa 

SASP                                    Senescence associated secretory phenotype  

SB                                       Steadiness box 

SSBs                                    Single strand DNA breaks  

SUMO                                 Small ubiquitin-like modifier   

TAD                                   Transactivation domain  

TLR                                    Toll-like receptor  

TNFR                                 Tumor necrosis factor receptor  

TSG101                             Tumor susceptibility gene 101 

TWEAK                             TNF-like weak inducer of apoptosis 
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UEV                                  Ubiquitin-conjugating enzyme E2 like  

UPS                                  Ubiquitin proteasome system  

UV                                    Ultraviolet light  

ZF                                      Zinc finger domain  
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9. Zusammenfassung 

Als Reaktion auf DNA-Schäden aktivieren Zellen den NF-κB-Signalweg, der die apoptotischen 

Reaktionen reguliert. Die Signalwege, die die zytoplasmatischen NF-κB-Dimere als Reaktion 

auf eine Vielzahl von Immun- und Entzündungssignalen aktivieren, sind umfassend untersucht 

worden; die molekularen Mechanismen, die die nukleäre DNA mit der zytoplasmatischen 

Aktivierung von NF-κB verbinden, sind jedoch relativ wenig bekannt. Hier haben wir 

systematisch Regulatoren und essentielle Komponenten identifiziert, die für die DNA-

Schadens-induzierte Aktivierung des NF-κB-Signalwegs erforderlich sind, indem wir 

genomweite siRNA-Screens verwendeten. Unter den identifizierten Komponenten validierten 

wir, dass TSG101 die NF-κB-Aktivierung durch DNA-Schäden reguliert. Wir zeigten, dass 

TSG101 mit PARP1 interagiert und dessen katalytische Aktivität kontrolliert. Das Targeting von 

TSG101 bewirkt folglich ein Trapping von PARP1 in DNA-Läsionen und vermindert die DNA-

Schaden-induzierte NF-κB-Aktivierung, indem es vermutlich die PARylierungs-abhängige 

Bildung eines transienten PARP1-Signalosomenkomplexes unter Beteiligung von ATM, IKKγ 

und PIAS4 blockiert, der für die sequenzielle IKKγ-Modifikation erforderlich ist. In Abwesenheit 

von TSG101 fehlen den Zellen PAR-abhängige zelluläre Antworten und sie sind für DNA-

Schaden-induzierte Apoptose sensibilisiert.    

Die signalinduzierte Prozessierung von p100 ist ein wesentlicher Schritt für die Aktivierung des 

nicht-kanonischen NF-κB-Wegs. Trotz seiner Bedeutung für die Immunantwort, die 

Entwicklung sekundärer lymphoider Organe und verschiedener maligner Erkrankungen 

wurden die Komponenten des Ubiquitin-Proteasom-Systems, die die Prozessierung von p100 

zu p52 regulieren, nie auf Ebene der endogenen Systeme analysiert. In dieser Studie haben 

wir mit Hilfe eines CRISPR-Cas9-basierten Knock-out-Screening-Systems nicht-redundante E3-

Ligasen identifiziert, die für die signalinduzierte p100-Verarbeitung erforderlich sind. Wir 

zeigten, dass RNF113A die Wahl zwischen vollständigem Abbau oder Prozessierung von p100 

reguliert. Darüber hinaus wird RNF115 für die p100-Processing zu p52 benötigt, während 

KDM2A die Signal-induzierte Phosphorylierung von p100 reguliert. Wir liefern den Beweis, 

dass zwei der neu identifizierten E3-Ligasen, RNF113A und RNF115, direkt mit p100 

interagieren.  Wir charakterisierten auch das TWEAK-induzierte Ubiquitinom mittels 

Massenspektrometrie. In Zukunft wird die Analyse von Zellen, die genetische Deletionen für 

die neu identifizierten E3-Ligasen tragen, mit der etablierten Massenspektrometrie-Methode 
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den Ubiquitin-Code für p100 entschlüsseln, der für seine signalinduzierte Verarbeitung 

permissiv ist.  
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10. Summary  

In response to DNA damage, cells activate the NF-κB pathway that regulates the apoptotic 

responses. The signaling pathways that activate the cytoplasmic NF-κB dimers in response to 

a wide range of immune and inflammatory signals have been investigated extensively; 

however, the molecular mechanisms that link the nuclear DNA with cytoplasmic activation of 

NF-κB is relatively less known. Here we systematically identified regulators and essential 

components required for the DNA damage-induced activation of the NF-κB pathway using 

genome-wide siRNA screens. Amongst the identified components, we validated that TSG101 

regulates the NF-κB activation by DNA damage. We showed that TSG101 interacts with PARP1 

and controls its catalytic activity. Targeting TSG101 consequently achieves trapping of PARP1 

in DNA lesions and diminishes the DNA damage-induced NF-κB activation presumably by 

blocking the PARylation-dependent formation of a transient PARP1 signalosome complex 

involving ATM, IKKγ, and PIAS4 that is required for the sequential IKKγ modification by 

phosphorylation and SUMOylation. In the absence of TSG101, cells lack PAR-dependent 

cellular responses and are sensitized to DNA damage-induced apoptosis.   

The signal-induced processing of p100 is an essential step for the activation of the non-

canonical NF-κB pathway. Despite of its importance in immune responses, development, and 

several malignancies, the ubiquitin-proteasome system components regulating p100 

processing were never analyzed using endogenous systems. In this study, utilizing a CRISPR 

Cas9 based knock out screening system we identified non-redundant E3 ligases required for 

the signal-induced p100 processing. We showed that RNF113A regulates the choice between 

complete degradation or processing for p100. Moreover, RNF115 is needed for p100 

processing to p52, while KDM2A regulates the signal-induced phosphorylation of p100. We 

provide evidence that two of the newly identified E3 ligases, RNF113A and RNF115, directly 

interact with p100.  We also characterized the TWEAK-induced ubiquitinome via mass 

spectrometry. In the future, analysis of cells carrying genetic deletions for the newly identified 

E3 ligases with the established mass spectrometry method will decipher the ubiquitin code 

for p100 that is permissive for its signal-induced processing.   
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