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Summary

Y-box binding protein-1 (YB-1) belongs to the family of cold shock proteins that are
characterized by an evolutionary and structurally conserved cold shock domain. The
cold shock domain binds both RNA and single stranded DNA, therefore YB-1 has
pleiotropic functions in cell proliferation, differentiation, stress response, DNA repair,
and inflammation. Cell undergo stress in many ways, e.g., radiation, interferon release
in response to viral infection, and lipopolysaccharide produced by bacteria. Binding of
these factors to their receptors induces kinase activation, which phosphorylate YB-1.
The same pathways also activate nuclear factor kappa-light-chain-enhancer of
activated B cells (NF-kB), a well-known transcription factor, which regulates genes
involved in immune responses, cell proliferation, and inflammation or apoptosis. Life
or death decisions within cells are critical for development as well as in the defence
against infectious diseases and cancer formation. Apoptosis has long been considered
the only form of programmed cell death occurring during development and disease
progression. Now, in addition to apoptosis, necroptosis (a programmed form of
necrosis) can also be initiated by activation of death receptors. Survival, apoptosis,
and necroptosis are all triggered by the same cell surface receptors e.g., tumor
necrosis factor receptor 1 (TNFR1). Our novel findings showed a prominent role of
YB-1 in the TNF-induced activation and nuclear translocation of NF-kB p65. We are
the first to show that depleting YB-1 tips the balance from survival to enhanced

apoptosis in TNFR1 signaling pathway.



1. INTRODUCTION

1. Introduction

1.1 Y-box binding protein-1 (YB-1)

Y-box binding protein-1 (YB-1) belongs to the family of cold shock domain proteins,

which was first recognized as a major messenger Ribonucleoprotein (MRNP)

component [1]. YB-1 acquired its name from a DNA sequence called the Y-box to

which it was bound [2]. YB-1 is composed of an alanine/proline-rich N terminus, the

central cold shock domain (CSD), which mediates DNA and RNA binding, and a

C-terminal charged zipper that comprises alternating positively and negatively

charged amino acids (Figure 1) [3-5]. By binding to nucleic acids, YB-1 is involved in

most DNA- and mRNA- dependent processes, including DNA replication and repair,

pre-mRNA splicing, transcription, and mRNA translation. It packages and stabilizes

MRNAS, realizes global and specific regulation of gene expression at various levels.

It can both stimulate and inhibit transcription [4]. It is presumed that YB-1 regulates

transcription through its direct interaction with the specific Y-box containing regions in

gene promoters as well as with single stranded DNA regions, which are devoid of

Y-box sequences.

The participation of YB-1 in DNA repair was first hypothesized three decades ago in

1991 when YB-1 was shown to have increased affinity for DNA with apurinic sites [6,

7]. This approach was supported by the evidence that elevated YB-1 has affinity for

damaged DNA or for DNA with unpaired bases and for the ability of YB-1 to efficiently

2



1. INTRODUCTION

melt duplexes of such DNA [8-10]. In addition, YB-1 showed 3’-5’ exonuclease and
endonuclease activity on single and double stranded DNAs that may be actively
dependent on the DNA sequence and structure [8, 10, 11]. It was shown that YB-1
interacts both in vivo and in vitro with several proteins involved in DNA repair and can
influence the activity of some of them. Specifically, it interacts with proteins
participating in base and nucleotide excision repair, in mismatch repair, in single and

double strand breaks, and in DNA repair by recombination [1].

Figure 1. Structural organization of YB-1. YB-1 is a 324 amino-acid protein comprising of
the alanine/proline-rich variable N-terminal, a highly conserved nucleic acid binding cold shock
domain (CSD), and a large disordered C-terminal containing alternating clusters of positively
and negatively charged amino acid domains [1]. The nuclear localization signals are indicated

by orange boxes.

1.2 Transition from cytoplasm to nucleus

The YB-1 protein performs its functions both in the cytoplasm and the cell nucleus.
Published experiments with YB-1 fragments described that it contains three
sequences regulating its distribution between the nucleus and cytoplasm called
nuclear localization signals (NLS) [12-14]. Long ago it was shown that YB-1 can move

from the nucleus to the cytoplasm in complex with newly synthesized mRNA [15]. A
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decrease in the concentration of mMRNA in the cytoplasm due to inhibition of its

synthesis and/or enhancement of its degradation can promote mRNA release and

nuclear translocation of these proteins, which activates the transcription process. By

this mechanism, YB-1 maintains the required ratio between the synthesis rate of some

MRNAs and the content of mMRNAs in the cytoplasm. It was demonstrated that in

mature oocytes from X. laevis, in which huge amount of masked mMRNA is

concentrated in the cytoplasm, and the transcriptional activity in the nucleus is low, the

majority of frog Y-box protein 2 (FRGY2), the YB-1 homologue, is localized in the

cytoplasm [16]. The above evidence supports the retention of YB-1 in the cytoplasm

due to its binding to mRNA. Also, YB-1 selectively inhibits YB-1 mRNA translation,

while poly (A)-binding protein (PABP) stimulates it [17]. First, the pre-dominant part of

cytoplasmic YB-1 is found in complex with mRNA in HelLa cells [18]. Second, the

substitute of phenylalanine and tyrosine residues in the ribonucleoprotein (RNP) - 1

consensus sequence of YB-1, extremely reduces the protein binding to RNA in cell

lysates, resulting in the translocation of the mutant protein from the cytoplasm into the

nucleus [12]. It is likely that YB-1 can be retained in the cytoplasm due to the

interaction with its partner proteins. For e.g., FRGY2 fragments, which are incapable

of binding to mRNA, still abide in the cytoplasm [19]. Transition of YB-1 from the

cytoplasm to the nucleus is observed in the following cases: (1). It takes place at a

definite moment of the cell cycle, specifically at the G1/S phase interface. Within the
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nucleus, YB-1 promotes transcription of cyclins A and Bl genes, which supports
progression of cell cycle [20]. (2) The transition from cytoplasm to nucleus takes place
during treatment of cells with UV-radiation, DNA damaging agents, and upon oxidative
stress and hyperthermia [21-24]. In such cases, nuclear YB-1 stimulates transcription
of multidrug resistance genes and is involved in cellular repair, thus enhancing cell
viability. (3) YB-1 is also found in the nucleus after cell infection with adenovirus [25].
(4) The transition of YB-1 to the nucleus can be promoted by some of the growth

factors and cytokines, such as fetal bovine serum, IFNy, and HSc025 [26-28].

Several experiments showed that YB-1 translocation from the cytoplasm to the
nucleus was accompanied by a gradual increase or depleted amounts of mMRNAs or
proteins encoded by many genes responsible for cell division, apoptosis, immune
response, differentiation, multiple drug resistance, stress response, and tumor growth
[1]. In the case of YB-1, two research groups have demonstrated that deletion of
mouse Ybx1 has dramatic consequences [29, 30]. Firstly, disturbances in neurotubule
formation during early embryonic development was observed. Secondly, fetal growth
retardation i.e., hypoplasia and frequent prenatal deaths were reported. Despite of the
fact, YB-1 knockout in embryonic fibroblasts caused no global changes either in the
transcriptome or the proteome, it rather made the cells more sensitive to stress, e.g.

hypoxia, cisplatin treatment, and temperature [29, 31]. This signifies the involvement
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of YB-1 in triggering selective expression of genes required for cell (de)differentiation,

proliferation, and stress response, rather than in global regulation of gene expression.

Specific regulation of
mRNA translation
(YB-1, protamine,

Rous sarcoma virus,

Dengue virus)

Translational control of
the major mRNA pool

Regulation of cap-
independent
translation (Snail-1,
Twist, HIF1a mRNAs:
IRES-containing viral

RNAs)

Translational level

T T T T

YB-1/mRNA ratio

Figure 2. The mRNA translational activity is dependent on YB-1/mRNA ratio. A curve for
translational level dependence on the YB-1/mRNA ratio is bell-shaped. At a relatively low YB-
1/mRNA ratio, monomeric YB-1 interacts with its cold shock domain (CSD) and C-terminal
domain (CTD) and results in messenger ribonucleoprotein (MRNP) winding. At a higher ratio,

YB-1 undergoes multimerization with its CTD, while its CSD remain mRNA-bound [32].

1.3 Stress granules

YB-1 can be found within cytoplasmic granules. Currently, localization of YB-1 has
been identified in two kinds of such granules — stress granules (SGs) [33] and
processing bodies (PBs) [34]. SGs are produced in the cell in response to hypoxia,
heat shock, oxidative stress, viral infection, etc. Initiation of SG formation occurs
through elF2a phosphorylation, which results in the inhibition of protein synthesis at

the initiation stage [35]. It is presumed that these granules represent a type of mMRNA
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storage. These mMRNAs could be used for translation upon restoration under
favourable conditions. PBs are present in the cell almost continuously and involved in
MRNA degradation. The composition of proteins varies greatly from that of SGs. In
normal growth conditions they also contain YB-1, but in lower amounts then SGs [33,
34]. Following stress, a great part of YB-1 is associated with SG. It has been reported
that several mMRNA-associated proteins with the so-called low complexity sequence
(LCS) form reversible filaments. A specific agent, biotinylated 5-aryl-isoxazole-
3-carboxyamide, stimulated fibril formation, and its addition to cell lysates gave
precipitates like the SGs [36, 37]. YB-1 was detected within these RNA granules as
well; due to its ability to form reversible fibrils, YB-1 may participate in their formation
together with LCS proteins [38]. YB-1 was detected among specific tiRNA-binding
proteins and appeared to be the only one essential for tiRNA-induced translation
inhibition and SG formation. The A/P domain, CSD, and a fragment of C-terminal
domain (205-281) are required to localize YB-1 within PBs, whereas the CSD (44-128)
is required to localize it within SGs. In contrary, RNA associated protein 55 (RAP55)
moves swiftly from SGs to PBs upon cessation of stress. It is likely that in this way
YB-1 supports the restoration of translation and facilitates the transition of mMRNAs
from SGs to polysomes [34]. Studies showed that formation of a great number of
exceedingly small SGs are formed, and then they merge into larger granules. The

merging process is active and depends upon the assembly and disassembly of
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microtubules. It is possible that basic mMRNPs proteins, such as YB-1 and PABP,

facilitate association of stress granules with microtubules [39].

1.4 Secretion and Extracellular YB-1

YB-1 can be secreted from cells under inflammatory stress when treated with

lipopolysaccharide (LPS), hydrogen peroxide, platelet derived growth factor

(PDGF- BB) or transforming growth factor (TGF)-B [40]. The secretion of YB-1 occurs

by a non-classical pathway and not by classical protein secretion, i.e., not by trafficking

through the endoplasmic reticulum and Golgi apparatus. This is evident that brefeldin

A, which interferes with the classical secretion pathway, did not reduce, but instead,

increased the secretion of YB-1. In inflammatory stress, YB-1 is co-localized with the

protein, a marker of vesicular transport. Similar to some pro-inflammatory proteins like

IL-18, MIF, HMGB1 and FGF2, YB-1 is secreted by a non-classical mechanism within

endolysosomal vesicles. The secretion of YB-1 depends on the presence of lysine

residues 301 and 304 in its CTD, and the substitution of these lysine by alanine entirely

inhibits YB-1 export from the cell [40, 41]. It is assumed that acetylation of lysine

residues 301 and 304 plays a major role in YB-1 secretion from the cell. Extracellular

YB-1 functions as a growth factor, which when added to the cultured cells stimulates

proliferation and migration of rat mesangial and human kidney cells [40]. Acetylation

and ubiquitination of YB-1 have both been shown to play roles in regulating secretion

as well as intracellular stability [42-45]. Over the years, there have been first reports
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on YB-1 species in the sera of patients suffering from carcinomas and haematological

malignancies [46-48]. Secreted YB-1 was shown to be chemoattractive and

participates in monocyte/macrophage recruitment, and differentiation after LPS

stimulation in vitro and in an animal model of kidney inflammation in vivo, supporting

its role in immunomodulation [49, 50]. Also, YB-1 supplementation to melanoma cells

with reduced YB-1 secretion escalates the metastatic capacity of several melanoma

cells within the primary tumor [51]. YB-1 can be proteolytically cleaved and

extracellular YB-1 and/or fragments thereof are found in serum of patients, bind to cell

surface receptors, and exert extracellular activities like augmenting proliferation, and

induces migration of immune cells [14, 47, 48, 52-56]. Rauen et al., identified and

characterized an interaction of extracellular YB-1 with Notch-3 receptor, leading to

intracellular signaling [53]. Notch-3 was observed to be upregulated in human kidney

diseases and plays a role in modulating inflammation and fibrosis in tubulointerstitial

kidney injury [57]. It has been shown that extracellular YB-1 can downregulate Notch-3

expression and regulates Notch-3 signaling [58]. Recently, a new activity for

extracellular YB-1 was identified by Hessman CL et al., namely an activity influencing

TNFR1 signaling [59]. Within YB-1, five sites of Ser phosphorylation were identified

upon TNF stimulation (Table 1), including Ser165 and Serl176 [60]. Prabhu et al. and

Martin M et al. showed that phosphorylation at Serl65 and Serl76 within YB-1 is

required for NF-kB activation following IL-1BR activation [61-63]. Moreover,
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phosphorylation at these sites promotes tumor formation by regulating the expression

of NF-kB target genes. Additionally, YB-1 was also reported to be ubiquitinated and

functionally interact with other proteins upon TNF stimulation [60]. Thus, several pro-

inflammatory cytokines as well as bacterial toxins, like LPS, induce YB-1 secretion,

which extracellularly binds to TNF receptors and the Notch-3 receptors [53].

Protein ID Site of phosphorylation Amino acid
P67809 174 S
P67809 176
P67809 165 S
P67809 167 S
P67809 209 S

Site of ubiquitination
P67809 264 K
P67809 137
P67809 170 K

Table 1. Known post-translational modifications of YB-1 (adapted from [60])

1.5 Role of YB-1in Cancer and Inflammation

As mentioned above, YB-1 is a multifunctional protein and is activated by the

phosphorylation at Ser102 [64]. Upon phosphorylation, YB-1 shuttles from cytoplasm

to the nucleus where it turns into an oncogenic transcription factor by inducing the

expression of growth-promoting genes, such as HER-2, EGFR, PCNA, Cyclin A, and

Cyclin B [9, 20, 64, 65]. High levels of YB-1 expression level were reported to be

exceedingly associated with the cancer cell progression and proliferation [66]. YB-1

10
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was found to be correlated with the expression of several crucial genes including
genes responsible for infinite growth, drug resistance, cell cycle, and monitoring gene
transcription and translation in cancer cells [67, 68]. Many genes that are
overexpressed in cancer have a Y-box sequence in their promoter or enhancer region
[69, 70]. YB-1 binds to the Y-box sequences of these genes and trans-activates their
expression [71]. For example, YB-1 trans-activates the Multidrug Resistance (MDR) 1
gene, comprising a Y-box sequence in its promoter region resulting in the
overexpression of the MDR1 gene. The high MDR1 expression is associated with
many kinds of human cancer, such as osteosarcoma, lung, breast, prostate, and
synovial sarcoma cancer [72-79]. Besides strong corelation with MDR1, the nuclear
YB-1 level was reported to co-regulate growth promoting genes as well [67]. As
described by Hanahan and Weinberg the pleotropic protein YB-1 has multiple effects
on cancer cells by regulating all of the nine “Hallmarks of Cancer” [1, 80]. To tweak
the cell signaling pathways to maintain or promote malignancy in cancer cell, YB-1
plays critical role in every trait of cancer that includes uncontrolled proliferation
signaling, evading growth suppressors and cell cycle checkpoints, resisting cell death
and eluding immune destructions [81-83]. YB-1 expression is upregulated in cancer
and nuclear localization indicates a poor prognosis [84]. The YB-1 decline causes
growth repression and apoptosis in a huge number of cancer cells like colon, lung,

breast, and prostate cancer [83]. YB-1 inhibits the Fas-mediated pathway at multiple

11
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points to prevent apoptosis [85]. YB-1 promotes rampant cancer cell proliferation by
activating the E2F pathway which is a prevalent event in most types of cancer [86].
YB-1 blocks the expression of RB (gatekeeper protein) in several ways and is reported
to inhibit the expression of the p53 gene in cancer cells, thus reducing its tumour
suppression activity [87, 88]. p53 alone does not only bind to DNA, but exerts its
interactions with other transcription factor and regulators. Mutation in the p53 gene is
associated with changes in chromatin structure, leading to genetic instability and
modifications in cell cycle regulation as well as cellular metabolism. Mutant p53 has
been reported to act downstream of the TNF receptor to extend and enhance NF-kB
activation, thus driving tumor-promoting inflammation and enhancing chemokine
secretion. There are p53 pathway inhibitors available that reactivates p53 function
which in turn enhances its anti-proliferative activity and thereby sensitizing the cells to

apoptosis [89].

Inflammation is a complex phenomenon that is mainly induced to combat injuries and
infection. The process encompasses cell recruitment. Over the last years, YB-1 is
shown to play a major role in inflammatory processes [90], regulating proliferation,
chemotaxis, and matrix protein synthesis and therefore is a candidate protein involved
in the orchestration of inflammatory responses [32, 80, 83, 91-93]. Furthermore, in
hearts recovering from ischemial/reperfusion injury, YB-1 upregulation occurred

transiently in a situation of sterile inflammation [90]. It was demonstrated that this
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upregulation was accompanied by enhanced activation of YB-1 through a
posttranslational phosphorylation at S102 during the early phase of inflammatory
process [49]. It was previously shown that in mesangial and vascular smooth muscle
cells that undergo cellular stress, YB-1 is a major regulator of chemotaxis and that it
differentially regulates CCL5 in monocyte/macrophages [94, 95]. The chemokine
CCL5 plays a central role in recruiting immune cells, such as macrophages, which

strongly express the cognate receptor C-C chemokine receptor type 5.

1.6 TNF signaling pathway

TNF was first isolated and characterized in 1984. The 17 kDa secreted form of this
molecule has been recognized as a potent inflammatory cytokine. It is known to play
a critical role in the pathogenesis of chronic inflammatory diseases [96]. In the
beginning, TNF was discovered as a serum factor that induced cell death in tumour
cells and therefore was believed to be a potential targeting in cancer. Later, it was
realised to be involved for the treatment of inflammatory diseases, mainly for
rheumatoid arthritis [97]. TNF is primarily produced by monocytes/macrophages,
however T and B lymphocytes, natural killer cells, neutrophils, mast cells, fibroblasts
and osteoclasts can also secrete TNF in minor quantities [98]. TNF is produced as a
26 kDa transmembrane protein (mTNF), which is expressed on the cell surface.
Cleavage via TNF-converting enzyme (TACE) produces a 17 kDa soluble (sTNF)
homotrimer, which is then released and is detectable in blood plasma [99]. TNF
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performs cellular functions by its two receptors: TNFR1 is expressed in all human
tissues, while TNFR2 is expressed mainly in immune cells, neurons and endothelial
cells [100, 101]. Although both the receptors are similar in their extracellular structures
at the mTNF and sTNF-binding sites, they possess distinct intracellular structures,
which then bind to several adapter proteins [102]. Both receptors share a similar
structural arrangement with an N-terminal extracellular domain (ECD) composed of
four cysteine-rich domains (CRDs), an a-helical transmembrane domain and a
cytoplasmic domain [103]. However, they are most divergent in the cytoplasmic

domain, where TNFR1 consists of a death domain that is missing in TNFR2 [104].

Survival, apoptosis, and necroptosis are all triggered by the same cell surface receptor
TNFR1. Signaling via this receptor promotes pro-inflammatory responses and induces
cell death, but it can also result in cell survival [105]. Binding of TNF-a to TNFR1 leads
to the sequential recruitment of various adaptor proteins including TNF-receptor
associated death domain protein (TRADD), receptor-interacting serine/threonine-
protein kinase 1 (RIPK1), and TNF-receptor associated factor 2 (TRAF2) to the plasma
membrane (complex 1). Here, TRAF2, an E3 ubiquitin ligase, plays a central role in
the activation of NF-kB [106, 107]. TRAF2 recruits the cellular inhibitor of apoptosis
protein (clAP1/2), which ubiquitinates RIPK1. Ubiquitinated RIPK1 serves as a
scaffold for the recruitment of the linear ubiquitin assembly complex (LUBAC),

composed of Heme-Oxidized IRP2 Ubiquitin Ligase 1 (HOIL-1L)/HOIL-1-Interacting

14



1. INTRODUCTION

Protein (HOIP)/SHANK Associated RH Domain Interactor (SHARPIN). In addition,

ubiquitinated RIPK1 also serves as a platform for the assembly of downstream

signaling proteins like transforming growth factor (TGF)-B-activated kinase 1 (TAK1),

TGF-beta activated kinase binding protein (TAB) 2 and TAB 3. LUBAC generates M1-

linked linear ubiquitin chains, which recruit the IKK complex (IKK1/IKK2 and NEMO).

The recruitment of these kinase complexes leads to the activation of NF-kB and

mitogen-activated protein kinase (MAPK) signaling [108, 109]. In most cells, TNFR1

engagement promotes cell survival via the induction of NF-kB activation [110, 111].

Following the activation of NF-kB, which then orchestrate gene transcription of cellular

FLICE-like inhibitory protein (cFLIP). Protein cFLIP eventually translocates to complex

lla to prevent caspase-8 activation. Though the late NF-kB-dependent check point is

disrupted and cFLIP levels are subsequently reduced, apoptosis is initiated by

complex lla (Figure 3). The early check point occurs immediately after binding of the

ligand, initiated by the ubiquitination of RIPK1 by clAP and LUBAC [112, 113]. When

RIPK1 remains non-ubiquitinated, complex Ilb is formed; for this process to occur, the

cylindromatosis tumor suppressor protein (CYLD) enzyme deubiquitinated RIPK1,

thus allowing it to disassociate from complex | and forms complex lIb, whereby TRADD

is replaced by RIPK3, upon degradation of clAP1 and 2. This leads to the cleavage of

pro-caspase 8 to caspase-8, and activation of the caspase signaling cascade results

in apoptosis [114, 115]. To ensure that apoptosis and not necrosis (unregulated cell
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death) is induced, which mostly results in unwanted inflammation and damage to

surrounding tissues, caspase-8 in complex with cFLIP is essential to cleave RIPK1

and 3 [114]. However, RIPK1 and RIPK3 may sometimes remain uncleaved, leading

to their aggregation and formation of complexes, with the activation of mixed lineage

kinase domain-like protein (MLKL) and the induction of regulated necrotic cell death,

termed as necroptosis [116, 117].

Based on the current understanding of inflammatory diseases, novel treatment

strategies and drugs have been developed that target cytokines or interferes with

signaling cascades. Popular approaches include cytokine blocking antibodies

(Infliximab: TNF-a), soluble TNF receptors (Onercept/Etanercept) and IL-13 receptor

(Anakinra) [118, 119]. It has been observed that rheumatoid arthritis patients treated

with TNF-a blocking drugs showed improved clinical symptoms such as preventing or

controlling joint damage. Similarly, patients suffering from chronic kidney diseases

demonstrated a beneficial effect on kidney function [120]. Although all anti-TNF-a

therapies have well-established efficacy, the enhanced risk of lymphomas and

reactivation of latent infection remain major drawbacks [119, 121-123]. Therefore, drug

development has more recently been focused on interference with cytokine receptors,

thereby blocking the activation of cytokine-induced signaling pathways, thus

elimination of an inflammatory milieu. There is strong evidence for the role of

macrophage-derived TNF-a in the advancement of atherosclerosis [124-127]. In

16



1. INTRODUCTION

inflammatory models, TNF-a has been shown to be important in the upregulation of

adhesion molecules that are critical in extravasation of monocytes. This role is

mediated by the NF-kB pathway [128]. Recently it was shown that mast cells derived

TNF directly primes circulating neutrophils by TNFR1 while being vital for endothelial

cell activation [129].

Like YB-1, TNF also possesses the ability to auto-regulate its own activity. TNFR

stimulation activates NF-kB, amongst other factors, which induces the expression of

TNF mRNA. TNF stimulation of YB-1 deficient cells failed to activate NF-kB, as was

previously shown for both IGF-1 and IL-1 [61, 62, 130]. An inability to activate YB-1

and thus NF-kB, negatively effects cell survival in monocytes, macrophages and T

cells [130-132]. Nevertheless, this is not the only stage where YB-1 may affect TNF

functionality. The TNF mRNA possesses similar regulatory sequences that are found

in the mMRNA of GM-CSF, which is a known target of YB-1 [133-135].

In addition, RNA binding proteins, such as TIA-1, TIAR, and HuR, which are

components of stress granules, regulate TNF mRNA. As mentioned above YB-1

regulates stress granule formation and is found together with TIA-1, TIAR, and HuR

within these structures, there arises a strong possibility of YB-1 contributing to the

regulation of TNF mRNA [136-138]. In addition to enhancing the expression of TNF

MRNA, NF-kB also induces TRAF2 expression [119]. TRAF2 is a common signaling

component TNFR1 and TNFR2 that plays a key role in regulating canonical versus
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non-canonical NF-kB activation, as well as survival and death signaling [139]. An
induction of TRAF2 would amplify the canonical NF-kB (p50/p65) pathway. The
phosphorylation of TRAF2 by protein kinase C regulates its ability to recruit as well as
activate IKKa, which then phosphorylates inhibitor IkBa, targeting it for its degradation
and thus activating NF-kB (p50/p65) [139, 140]. It has been reported that TRAF2
mediates the recruitment of ubiquitin ligases to TNFR1 complex 1, thereby promoting
NF-kB activation [141]. Moreover, YB-1 has been shown to directly interact with p65
and act as transcriptional co-activator [142]. Several kinases (AKT, ERK, RSK, PKC,
CKIll) have been identified that phosphorylate YB-1 within its cold shock domain,
resulting in nuclear translocation [64, 143]. Therefore, it is foreseeable that the TNF
receptor oligomerization following ligand occupancy, induces the recruitment of
adaptors, such as TRAF2, which in turn recruit kinases and ubiquitin ligases that

activate both NF-kB and its trans-activator YB-1.
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Figure 3. Formation of protein complexes following TNFR1 signaling. Upon binding of
TNF to TNFR1, TNFR1 recruits TNFR1-associated death domain (TRADD), which then binds
to receptor- interacting protein kinase 1 (RIPK1), TNFR-associated factor 2 (TRAF2), and
cellular inhibitor of apoptosis protein 1 or 2 (clAP1/2) to form complex | [106, 107]. clAP1/2
and the linear ubiquitin chain assembly complex (LUBAC) add Metl and Lys63-linked
polyubiquitin chains to RIPK1. This linkage specific ubiquitination stabilizes RIPK1, amplifying
its signal. Lys63 linked chains on RIPK1 recruit the transforming growth factor-8 (TGFf)-
activated kinase 1 (TAK1) complex, comprising of TGFf -activated kinase 1 and mitogen-
activated protein kinase (MAPK)-binding protein 2 and 3 (TAB2 and 3) and TAK1. The TAK1
complex phosphorylates the IkB kinase (IKK) complex. This results in the translocation of
transcription of NF-kB into the nucleus, leading to the transcription of genes [108-111]. RIPK1
is deubiquitinated by cylindromatosis tumor suppressor protein (CYLD), facilitating its
dissociation from complex I. Recruitment of Fas-associated protein with death domain
(FADD), and caspase 8 by TRADD, results in the formation of complex lla that triggers
apoptosis by activating caspase, although additional recruitment of RIPK1 forms complex IIb
that is a potent inducer of apoptosis [114-117]. In the absence of caspase 8 protease activity,
RIPK3 and MLKL (mixed lineage kinase domain-like pseudokinase) are recruited to complex
IIb and together triggers necroptosis that is also RIPK1 dependent.

1.7 The NF-kB pathway

Sen and Baltimore first described in 1986 the NF-kB pathway [144]. These days, it is

clear that this tightly regulated pathway synchronizes, the transcription of a wide range
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of genes encoding both pro- and anti-inflammatory cytokines, costimulatory and
adhesion molecules, chemokines, and modulates apoptosis or cell proliferation [145].
The activation of NF-kB involves two major signaling pathways, denoted as canonical
and noncanonical (or alternative) pathways. Both are crucial for regulating immune
and inflammatory responses despite their differences in signaling mechanisms [146,
147]. Functional NF-kB proteins are dimers, possessing Rel homology domain at their
N-terminus, hence their classification as NF-kB/Rel proteins. There are five proteins
in the NF-kB family: RelA (p65), RelB, c-Rel, p50/p105 (NF-kB1), and p52/p100 (NF-
kB2). NF-kB1 and NF-kB2 are synthesized as large precursors (p105 and p100),
which are proteolytically cleaved to p50 and p52, respectively. NF-kB is found in the
cytoplasm of resting cells as an inactive complex. NF-kB members bind the inhibitory

IkB proteins that maintain the associated NF-kB dimers in the cytoplasm.

1.7.1 Canonical NF-kB pathway

In the canonical (or classical) NF-kB pathway activation, a variety of cell membrane
receptors (TNFR1, IL-1R, Toll like receptor etc.) lead to the phosphorylation,
ubiquitination, and subsequent proteasomal degradation of IkBa. Activation of the
canonical NF-kB pathway occurs by pro-inflammatory cytokines such as tumor
necrosis factor a (TNFa) and interleukin (IL)-1B [148-150]. Phosphorylation of IkBa is
catalyzed by IkB kinases (IKK). IKK is composed of IKKa, IKKB and the regulatory
subunit NEMO (NF-kB essential modulator; IKKy). Phosphorylation of IkBa is
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mediated by the IKK complex; predominantly by IKKB. The phosphorylated IkBa is
ubiquitinated by the E3 complex SCFB-TrCP for the lysine 48 (K48)-linkage which
mediates IKBa proteasomal degradation. This results in proteolysis of IkKBa by the 26S
proteasome. This in turn frees the NF-kB dimers, which translocate into the nucleus
where they bind to NF-kB sites on the DNA and activate gene transcription. A
noteworthy feature of NF-kB activity is the strong interaction with other signal
transduction pathways, such as MAPK signaling. Phosphorylation of TAK1 not only
leads to the activation of the IKK complex, but also activation of MAPKs [151]. The
classical pathway is important at multiple stages of development and for homeostasis
of the immune system, and when perturbed, in the induction and progression of
autoimmune pathologies [148, 152-154]. These signaling pathways are tightly
controlled processes regulated by reversible post-translational modifications, mainly
phosphorylation and ubiquitination. A schematic representation of the canonical

NF-kB pathway is shown in Figure 4.

1.7.2 Non-canonical NF-kB activation

The non-canonical pathway is largely for activation of p100/RelB complexes. It mainly
regulates lymphoid organ development, survival of B lymphocytes, and generation and
maintenance of effector and memory T-cells. This pathway proceeds through an IKK
complex that contains two IKKa subunits (but not NEMO). This type of activation is
triggered by signals of the TNF receptor family, like TNFR2, BAFFR (B-cell activator
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factor receptor), CD154, RANK (receptor activator of NF-kB), and LTBR (Lymphotoxin
B receptor) [155]. In comparison to the activation of the canonical NF-kB pathway, that
requires the phosphorylation of the IKK complex, the non-canonical pathway requires
the stabilization and accumulation of NF-kB-inducing kinase (NIK). In resting situation,
NIK is constantly bound by a complex TRAF3 (TNFR associated factor 3), TRAF2 and
clAP, which mediates NIK K48 poly ubiquitination (pUb) and consequently, its
proteasomal degradation. When stimulated, the complex gets recruited to the
receptor. The binding with the receptor induces the activation of clAP, which acts as
E3 ubiquitin ligase, transferring the K48 pUb chains to TRAF3, initiating its
proteasomal degradation and disrupting the complex. Henceforth, NIK is no longer
linked to TRAF3 and begins to accumulate in the cytoplasm and phosphorylates IKKa.
This further induces the proteasomal processing of pl00 to p52 [155, 156].
Heterodimers of p52 and RelB can then migrate to the nucleus to initiate gene

transcription.
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Figure 4. Overview on classical and alternative NF-kB pathway. (A) The classical NF-«kB
pathway is activated by a variety of inflammatory signals. The proinflammatory cytokines IL-183
and TNF-a activate NF-kB, inducing the expression of inflammatory proteins. (B) The
alternative pathway of NF-kB results in nuclear translocation of p52-RelB dimers, which is
dependent on IKKa homodimers, activated by LTa182, BAFF, and CD40L by NIK [148].

1.8 Ubiquitination

Ubiquitin is a 76 amino acid protein, highly conserved among eukaryotic organisms
from yeast to human. The process of ubiquitination is an energy-dependent
post-translational modification in which one or more ubiquitin molecules are attached
to a substrate protein. Ubiquitin has seven lysine residues, each of which can be used
to form a unique type of polyubiquitin chain that is based on its position K6, K11, K27,

K29, K33, K48, and K63, resulting in distinct linkage-specific effects (Table 2) [157].
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In addition, a donor ubiquitin can also be attached to a recipient ubiquitin at the amino
terminal methionine (M1) leading to M1 or linear Ub linkages. The process of
ubiquitination comprises of a cascade of three sequential steps that are activation,
conjugation, and ligation. These are each catalysed by different enzymes known as
El, E2, and ES3, respectively. The first step is the activation of the ubiquitin molecule
by E1 ubiquitin-activating enzyme in an ATP-dependent manner, resulting in the

formation of thioester linkage between ubiquitin and E1.
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Figure 5. Process of ubiquitination. Ubiquitination is an ATP-dependent process carried out
by three types of enzymes. (1). E1 activating enzymes form a thioester bond with ubiquitin,
following binding of ubiquitin to E2 conjugating enzymes (2). The formation of an isopeptide
bond between the carboxyl-terminal glycine of ubiquitin and a lysine residue on the substrate
protein, (3) requires E3 ubiquitin ligases [158].

There are only two E1 enzymes encoded in the human genome and they do not show
specificity for specific E2 enzymes. E2 ubiquitin-conjugating enzymes can bind

ubiquitin with its catalytic cysteine residue. There are about 40 different E2 enzymes,
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whose primary function are to determine the kind of polyubiquitin chains that are
catalysed by the E3 ligases. Lastly, the E3 ubiquitin ligases bind both E2, and the
substrate, an isopeptide bond is formed between the C- terminal glycine of ubiquitin
and a lysine residue within the target protein. The E3 ligase is responsible for substrate
specificity. Therefore, E3 ligases are the most abundant enzymes in human cells [159,
160]. The ubiquitination process is reversible and ubiquitin molecules can be removed
from the substrate by the deubiquitinating enzymes (Figure 6). Residues can be
modified with a single ubiquitin molecule (monoubiquitination), many single ubiquitin
proteins  (multi-monoubiquitination), or a chain of ubiquitin molecules
(polyubiquitination). Polyubiquitin chains are usually formed through covalent binding
of C-terminal glycine of one ubiquitin molecule to an internal lysine residue of another
ubiquitin molecule. Different linkages are linked to different physiological functions
[161]. Within the past years, a plethora of data has emerged regarding the ubiquitin

linkage types and their function [162, 163].
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Type of Ubiquitination Function
K6 PolyUb Cell cycle, DNA repair, Histone modification
[164-166]
K11 PolyUb Cell cycle, membrane trafficking, TNFR1
signaling [165, 167-169]
K29 PolyUb ER stress-mediated apoptosis, Lysosomal

degradation, mMRNP disassembly, Wnt/p-
Catenin signaling [170]

K33 PolyUb Protein trafficking, TCR signaling [171, 172]

K48 Poly Ub Proteasomal degradation, TNF signaling,
Transcription regulation [173, 174]

K63 Poly Ub Autophagy, Development, DNA replication and

repair, Innate and adaptive immunity, Signal
transduction, Spliceosome function [175-178]
M1 Poly Ub Innate immunity [179]
Mono-ubiquitination DNA replication and repair, Endocytosis,
Protein localization, Signal transduction,
Transcription regulation [180, 181]

Table 2. Ubiquitin linkages and their function

Multiple sites of ubiquitination have been identified within YB-1 [182]. Interestingly,
three of these sites were also identified to be ubiquitinated upon TNF stimulation [60].
The homologous to E6AP C-terminus (HECT) domain and ankyrin repeat containing
E3 ubiquitin ligase 1 (HACEL) is a central gatekeeper for TNFR1-induced cell death.
HACEL1 is required for the ubiquitination of TRAF2 and thereby forming the apoptotic
complex [183]. HACE1 has been shown to interact with YB-1. This involves the
polyubiquitination of the YB-1 protein through K27-linked ubiquitin chain for protein

secretion [45]. In addition, to HACEL, YB-1 al