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Simple Summary: Signals that determine cell survival or death are essential for maintaining tissue
homeostasis. Cell death promotes the removal of unwanted cells; however, a failure of cells to die
or cells dying when they should not can exacerbate inflammation, and the former is a causative
factor in cancerous diseases. YB-1 plays critical roles in cell proliferation and differentiation, stress
responses, and tumorigenesis. In this review, we have summarized recent insights into the role of
YB-1 in signaling cell survival and apoptosis.

Abstract: YB-1 belongs to the evolutionarily conserved cold-shock domain protein family of RNA
binding proteins. YB-1 is a well-known transcriptional and translational regulator, involved in cell
cycle progression, DNA damage repair, RNA splicing, and stress responses. Cell stress occurs in many
forms, e.g., radiation, hyperthermia, lipopolysaccharide (LPS) produced by bacteria, and interferons
released in response to viral infection. Binding of the latter factors to their receptors induces kinase
activation, which results in the phosphorylation of YB-1. These pathways also activate the nuclear
factor kappa-light-chain-enhancer of activated B cells (NF-«B), a well-known transcription factor. NF-
kB is upregulated following cellular stress and orchestrates inflammatory responses, cell proliferation,
and differentiation. Inflammation and cancer are known to share common mechanisms, such as the
recruitment of infiltrating macrophages and development of an inflammatory microenvironment.
Several recent papers elaborate the role of YB-1 in activating NF-«B and signaling cell survival.
Depleting YB-1 may tip the balance from survival to enhanced apoptosis. Therefore, strategies
that target YB-1 might be a viable therapeutic option to treat inflammatory diseases and improve
tumor therapy.
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1. Introduction

Y-box binding protein-1 (YB-1, YBX1) belongs to the evolutionarily conserved family
of cold-shock domain proteins, which engage in DNA and RNA binding activity [1,2].
In eukaryotes, the protein is composed of an alanine/proline-rich N terminus, a central
cold-shock domain (CSD) that binds DNA and RNA, and a C-terminal charged zipper
characterized by alternating stretches of positively and negatively charged amino acids
(Figure 1) (for more information on the structure of the CSD and its nucleic acid binding
properties, see [2]). Thus, YB-1 functions as a nucleic acid chaperone and, via its inter-
action with numerous proteins, exerts pleiotropic functions in cellular processes such
as proliferation, differentiation, DNA damage repair, RNA splicing, and cellular stress
responses [3,4].
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Figure 1. Structural organization of YB-1. YB-1 is a 324 amino-acid protein comprising an alanine/proline-rich N-terminus,
a highly conserved nucleic acid binding cold-shock domain (CSD, blue), and a large, disordered C-terminus [5]. YB-1
contains three nuclear localization signals (orange), which comprise stretches of positively charged amino acids. Numerous
post-translational modifications have been identified, several of which are shown here along with the known activities.
Figure 1 residues, modification types, and corresponding references are shown in Table A1.

In healthy tissue, YB-1 is primarily cytoplasmic, where it plays an important role
in regulating various aspects of RNA biology [6]. Together with polyA-binding protein
(PABP), YB-1 is a major constituent of the cytosolic mRNA-containing ribonucleoprotein
(mRNP) complexes. A high YB-1:mRNA ratio represses translation, whereas low levels of
YB-1 facilitate the translation of certain genes. Examples of YB-1-regulated genes include
the epithelial-to-mesenchymal transition factors SNAIL, TWIST, and ZEB2, as well as those
contributing to metastasis, i.e., NRF2, HIF1e, and G3BP1 [7,8]. The ability of multiple YB-1
molecules to bind a single mRNA to form filament-like structures appears to be regulated
in part by charged residues within the C-terminal domain [9,10]. This domain also appears
responsible for the binding of poly(ADP-ribose) (PAR) [11]. Phosphorylation of YB-1
also appears to play a role in regulating its nucleic acid binding activities, as well as its
subcellular localization [12-14] (for a more detailed discussion on YB-1 RNA /DNA binding,
see [3,14]). Upon activation, YB-1 translocates to the nucleus, where it can influence the
transcription of genes involved in cell division, immune response, apoptosis, multidrug
resistance, and tumor growth [12]. YB-1 stimulates poly(ADP-ribose) polymerase 1 (PARP1)
activity, thereby influencing DNA damage repair, which also results in the PARylation
of YB-1 [11]. YB-1 is upregulated in tumors and its nuclear localization is associated
with a more aggressive phenotype indicating a poor prognosis [15-17]. Whether YB-1
exerts its influence solely via RNA regulation or also via ssDNA is still being debated [18].
Furthermore, YB-1 is secreted from cells and is highly abundant in serum. The acetylation
and ubiquitination of YB-1 play a central role in regulating protein secretion, as well as
intracellular stability [19,20]. Notably, four independent studies employed genome-wide
proteomic profiling to examine ubiquitination and identified several sites on YB-1 [21-24].
One of these studies found that retinoblastoma binding protein 6 (RBBP6), an E3 ubiquitin
ligase, interacts with YB-1, resulting in its ubiquitination and proteasomal degradation [25].
Recently, Breitkopf et al. identified a specific guanidinylation of YB-1 at residues K53 and
K58, which lie within the highly conserved cold-shock domain [26]. This modification was
observed in sera from lupus-prone mice and patients with SLE, correlating with disease
activity, especially in patients with lupus nephritis. Extracellular YB-1 acts as a ligand for
membrane receptors, such as Notch3 and TNFR1, thereby activating intracellular signaling
cascades [27,28]. Thus, YB-1 is a key player in orchestrating inflammatory processes
and immune cell phenotypes. Inflammation and cancer are known to share common
pathomechanisms, such as the recruitment of infiltrating macrophages and development
of an inflammatory microenvironment. Here, since YB-1 is linked to both fields, we will
summarize and combine recent results to provide new insights.

In serum samples from cancer patients, a fragment of YB-1/p18 has been detected
with a high prevalence in a variety of cancers [29,30]. These findings hint at a prominent
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role for secreted YB-1 and its metabolites. However, it has not been established whether
YB-1 is cleaved intracellularly and p18 secreted, or if YB-1 is secreted and then cleaved to
p18 in serum.

2. Extracellular YB-1

YB-1 is secreted via a non-classical secretion pathway in diverse cell types, e.g., by
granulocytes, lymphocytes, monocytes, renal, and hepatic cells, in response to inflam-
matory stimuli such as PDGF, TGF-f3, and LPS [31,32]. Post-translational modifications
of YB-1, such as acetylation and ubiquitination, have been shown to regulate its secre-
tion [20,31]. Extracellular YB-1 engages in chemoattractant activity [32,33] and displays
pro-mitogenic effects, exhibiting involvement in tumor progression [31]. In contrast, a
recent study showed that extracellular YB-1 from HEK293T cells significantly inhibited the
proliferation of receiving cells, and that such inhibition was associated with a G2/M cell
cycle arrest [34]. Importantly, the observed effect was not cell specific.

Extracellular YB-1 functions as a non-canonical ligand for the Notch3 receptor and
thereby modulates Notch3 signaling [28,35]. Although Notch3 appears to play an im-
portant role in tumorigenesis and chemotherapy resistance, the molecular mechanisms
by which it exerts these effects are less clear [36]. In human kidney diseases, Notch3
has been shown to be upregulated and to modulate inflammation and fibrosis during
kidney injury [37]. Secreted YB-1 also contributes to monocyte/macrophage recruitment
and differentiation after LPS-stimulation in vitro and, in a mouse model of kidney inflam-
mation in vivo, supports the kidney’s immunomodulatory function [32,38]. The recent
study by Hessman et al. identified a novel role of extracellular YB-1, which, together with
progranulin, interferes with the binding of tumor necrosis factor (TNF) to its receptor
TNEFR1 [27]. Oligomerization of the TNF receptor is necessary to induce signaling. This
requires both dimerization of the receptor chains, via the pre-ligand assembly domain,
and ligand binding [39]. Thus, it may be that YB-1/progranulin interferes with oligomer
formation, thereby preventing signal transduction, although whether this occurs in an
autocrine or paracrine manner is unclear. Here, a more detailed analysis of the secretion
kinetics is required. One can envision that a delayed release of YB-1/PGRN with respect to
TNF could be an effective means to terminate TNFR signaling. In addition to the ability of
YB-1 to influence the binding of TNF to its receptor extracellularly, the signals transduced
by TNFR1 have also been shown to be altered in the absence of YB-1 intracellularly [40].

3. TNF Receptor-1 (TNFR1) Signaling Pathway

TNF is produced as a 26 kDa transmembrane protein (mTNF). It is expressed on
the cell surface, where it is actively cleaved, via the TNF-converting enzyme (TACE), to
produce a 17 kDa soluble (sTNF) homotrimer, which is then released and is detectable in
blood plasma [41]. The secreted form of this molecule is a potent inflammatory cytokine.
TNF is involved in a variety of cellular processes, such as inflammation, cell proliferation,
differentiation, and the induction of apoptosis. It is known to play a critical role in the
pathogenesis of chronic inflammatory diseases and cancer [42-44]. TNF exerts cellular
activities by its two receptors: TNFR1 is expressed in all human tissues, whereas TNFR2 is
expressed mainly in immune cells, neurons, and endothelial cells [45,46]. Both receptors
share a similar structure in their N-terminal extracellular domain (ECD), which is composed
of four cysteine-rich domains (CRDs), and a single «-helical transmembrane domain [47].
However, they differ in the cytoplasmic domain, where TNFR1 possesses a death domain
(DD) and TNFR2 does not [48]. Death domains are common to all death receptors, being
found in Fas/Apo-1/CD95, TNFR1, TRAIL-R2, DR6, p75-nerve growth factor receptor
(NGFR), and ectodermal dysplasia receptor (EDAR), which all belong to the TNFR su-
perfamily and can induce apoptosis. Signaling via TNFR1 initiates pro-inflammatory
responses and induces cell death, but it can also promote cell survival [49].

Upon TNF-induced receptor oligomerization, signaling proteins such as the TNF receptor-
associated death domain protein (TRADD) and receptor-interacting serine/threonine-protein
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kinase 1 (RIPK1), and TNF receptor-associated factor 2 (TRAF2) are recruited to the mem-
brane forming complex I (Figure 2). Here, TRAF2, an E3 ubiquitin ligase, plays an important
role in the activation of NF-«kB [50,51], by recruiting the cellular inhibitor of the apoptosis
protein (cIAP1/2). Together, cIAP1 and 2 attach K11-, K48- and K63-linked polyubiqui-
tin to RIPK1 and to themselves [52,53]. This enables recruitment of the linear ubiquitin
assembly complex [54,55] and a complex consisting of TAK1-binding protein 1 and 2/3
(TAB1-TAB2/3)-transforming growth factor 3-activating kinase 1 (TAK1), referred to as
a TAB/TAK complex. The binding of both complexes in turn allows for the subsequent
recruitment and activation of the inhibitor of kB (IkB) kinase, IKK«/ 3, through the NF-«B
essential modulator (NEMO), forming the IKK complex [56]. This results in the activation
of canonical NF-«kB signaling and the mitogen-activated protein kinases (MAPKSs), leading
to the upregulation of a plethora of pro-survival and inflammatory genes (Figure 2) [56].
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Figure 2. Relationships of different TNFR1 complexes. Upon the binding of TNF to TNFR1, TNFR1-
associated death domain (TRADD) is recruited, which then binds to receptor-interacting protein
kinase 1 (RIPK1), TNFR-associated factor 2 (TRAF2), and the cellular inhibitor of apoptosis protein 1
and 2 (cIAP1/2) to form complex I [50,51]. cIAP1/2 and the linear ubiquitin chain assembly complex
(LUBAC) add Metl- and K63-linked polyubiquitin (Ub) chains to RIPK1. This linkage-specific
ubiquitination stabilizes RIPK1, amplifying its signal. K63-linked Ub chains on RIPK1 recruit
the transforming growth factor-p (TGFf3)-activated kinase 1 (TAK1) complex, comprising TGF[3-
activated kinase 1 and mitogen-activated protein kinase (MAPK)-binding proteins 2 and 3 (TAB2
and 3) and TAK1. The TAK1 complex phosphorylates the IkB kinase (IKK) complex. This results
in the translocation of NF-«B into the nucleus, leading to gene transcription [57-59]. 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,
results in the formation of complex Ila which triggers apoptosis; active caspase 8 also cleaves RIPK1,
preventing it from forming complex IIb [60-63]. In the absence of caspase 8 protease activity, RIPK3
and MLKL (mixed lineage kinase domain-like pseudokinase) are recruited to form complex IIb and
together trigger necroptosis. Extracellular YB-1, together with progranulin (PGRN), competes with
TNF for binding to TNFR1 [27].

For most cells, the binding of TNF to TNFR1 does not induce death, due to the presence
of two sequential checkpoints, distinguished as early and late. The early checkpoint
is transcription-independent and initiated by RIPK1 ubiquitination. The modification
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maintains RIPK1 in a survival mode and prevents it from activating downstream death-
signaling molecules. Disruption of this checkpoint switches RIPK1 into a death-inducing
molecule, which upon TNFR1 ligation is able to induce apoptosis or necroptosis. The late
checkpoint requires the transcription of pro-survival genes by NF-«kB. These gene products
inhibit the death-signaling machinery. If the late checkpoint is disrupted, e.g., by inhibiting
transcription, cells undergo apoptosis in response to TNFR1 ligation [49].

In a recent study from our group, the role of YB-1 in TNFR1 signaling by regulating
NF-«B activation in monocytes/macrophages and cancer cell lines has been described [40].
We identified a central role for YB-1 in TNFR1-mediated cell fate signaling. The loss of
YB-1 destabilizes TRAF2, thereby abrogating NF-«B activation and promoting apoptosis.
Identifying the molecular mechanism of YB-1-mediated NF-«kB activation may reveal
therapeutic targets for interventions in cancer.

Based upon our current understanding of inflammatory diseases, novel treatment
strategies have been developed that target cytokines or interfere with signaling cascades.
Popular approaches include cytokine-blocking antibodies (Infliximab: TNF-«), soluble
TNF receptors (Onercept/Etanercept) and the IL-1f3 receptor (Anakinara) [64,65]. It has
been observed that rheumatoid arthritis patients treated with anti-TNF therapy showed
improved clinical symptoms, such as reduced joint damage and bone destruction. Simi-
larly, rheumatoid arthritis patients who also suffer from chronic kidney disease showed
improved kidney function [66]. Strong evidence now exists for the role of macrophage-
derived TNF in the progression of atherosclerosis [67-70]. Despite anti-TNF therapies
having well-established efficacy, the enhanced risk of lymphomas or recurrence of latent
infection remains a major disadvantage [65,71-73]. Therefore, drug development has fo-
cused on interference with cytokine receptors, thereby blocking the activation of signaling
pathways to prevent the formation of an inflammatory milieu. In inflammatory models,
TNF-mediated NF-«kB activation upregulates adhesion molecules that are required for the
extravasation of monocytes [74]. Recently, it has been shown that mast cell-derived TNF
directly primes the circulating neutrophils by TNFR1, and is also vital for endothelial
cell activation [75]. The modulation of tumor necrosis factor receptor by YB-1 may be
relevant to numerous diseases, including diabetic nephropathy, systematic lupus erythe-
matosus, liver fibrosis, and infectious and cancerous diseases in which TNF plays a major
role in the disease pathology, e.g., by establishing an inflammatory milieu and recruiting
tumor-associated macrophages (TAMs).

4. Targeting YB-1 Influences Cell Death Decisions

Apoptosis is a form of programmed cell death that is initiated by caspases. This
protease family is subdivided into initiator caspases (e.g., caspase 8, 10) and executioner
caspases (e.g., caspase 3, 7) [76]. There are two known pathways that lead to apoptosis: the
intrinsic pathway and the extrinsic pathway. The intrinsic pathway begins when injury
within the cell results in cytochrome C release from mitochondria leading to apoptosome
activation. The extrinsic apoptotic pathway is triggered by the binding of a ligand to its
cell death-inducing surface receptors, e.g., FasL to Fas/Apo-1/CD95 or TNF to TNFR1. In
both the intrinsic and extrinsic pathway of apoptosis, signaling results in the activation
of caspases that act in a proteolytic cascade [77]. PARylation has also been implicated in
inducing necroptotic cell death, due to NAD depletion, parthanatos, and autophagic cell
death [78]. Given the ability of YB-1 to stimulate PARP1 activity and to be PARylated [11],
one could envision that YB-1 exerts an influence on these pathways as well. However, to
our knowledge, this connection has not yet been investigated.

4.1. Myeloproliferative Neoplasia (MPN)

JAK2 is required for stem cell maintenance and the mutations in JAK2 that occur with
aging pose a risk for the development of MPN. JAK2 inhibitors reduce the proliferation,
although cancer still persists. To gain insight into the underlying mechanism, Jayavelu
et al. identified ~22,000 phosphorylation sites in ~4000 proteins, of which ~5200 sites (on
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~1800 proteins) were JAK2 mutant (V617F)-specific [79]. The top 15 candidates, including
YB-1, were selected for an siRNA screening. Interestingly, only YB-1 suppression sensitized
JAK2VF cells to JAK2 inhibition. To investigate the mechanism, they then analyzed specific
changes in YB-1 phosphorylation using diverse kinase inhibitors. It was not surprising
that S165 and 5176 were among the sites listed, as these are responsible for NF-kB activa-
tion [80,81]. Here, the authors identified S30 and S34 as phospho-sites that decreased upon
MEK/ERK inhibition. YB-1 was found to be interacting with ribonucleoproteins, mRNA
splicing factors, and ribosomal proteins. To identify the targets of YB-1-mediated splicing,
they performed RNA-seq analysis. The major pathways affected were ERK signaling
and programmed cell death. Given the role of YB-1 in mRNA splicing, transcriptome
profiling of murine JAK2VF cells was performed, and led to a 70% increase in intron
retention (unspliced) compared to controls. Phosphoproteome analysis showed many of
the phospho-sites reduced in YB-1-deficient JAK2VF cells are ERK substrates, including
MKNKT1 and MCL1. Furthermore, the addition of a JAK inhibitor ablated ERK signaling.
Treatment with mRNA splicing inhibitors confirmed that MKNKI1 expression is dependent
on efficient mRNA splicing, which is mediated by YB-1. Thus, Jayavelu et al. clearly
demonstrated that YB-1 is required to maintain ERK signaling downstream of JAK2VE.
Importantly, the genetic inactivation of YB-1 did not perturb hematopoiesis. However,
combining pharmacological JAK inhibition with YB-1 inactivation leads to apoptosis in
JAK2-dependent mouse and primary human cells [79]. Thus, targeting YB-1-induced
ERK signaling in combination with JAK?2 inhibitors is an effective therapeutic strategy to
eradicate cells harboring JAK2 mutations.

4.2. Chronic Myeloid Leukemia

YB-1 regulates m6A-tagged mRNA stability by interacting with IGF2BPs. The study
by Feng et al. provides evidence that m6A modification is required for the maintenance of
BCL2 mRNA stability, which is necessary for maintaining the survival of myeloid leukemia
cells. The authors established a link between YB-1 and Bcl-2 expression. Bcl-2 is known to
be upregulated in AML and leukemia stem cells [82,83]. Inhibition of Bcl-2 by a selective
mimetic has proven to be an efficient strategy in eradicating leukemic stem cells in the
clinic [84]. It has also revealed a novel mechanism for how YB-1 selectively functions in
regulating the survival of myeloid leukemia cells and indicates a potential therapeutic
approach for treating myeloid leukemia, as well as other cancers [85-87].

4.3. Systemic Lupus Erythematosus (SLE)

In late 2020, YB-1 was shown to be responsible for the disturbed homeostasis of
activated T cells in SLE. YB-1 interacts with p53, and they regulate each other’s function [38].
In the absence of YB-1, free p53 upregulates the expression of pro-apoptotic proteins,
such as NOXA and PUMA, thereby activating the intrinsic apoptosis pathway [89,90].
Conversely, the overexpression of YB-1 markedly enhances survival in activated T cells.
YB-1 appears to support the expression of the anti-apoptotic proteins Bcl-2 and Bel-x1 [91].
Meltendorf et al. showed that YB-1 also induces the expression of Akt, which is a survival
factor in CD4* T cells [92]. In this line, knockdown of YB-1 was found to reduce Akt
expression, which suggests this protein—protein interaction has a stabilizing effect [13,93].
Aktl overexpression has been shown to partially rescue SLE T cells from apoptosis. PI3K
inhibition enhances apoptosis in control cells, suggesting this pathway is involved in
regulating CD4" T cell survival. YB-1 expression in CD4" T cells has also been shown to
correlate strongly with survival and cytokine production [90]. Acetylation of YB-1 has also
been shown to block the replication of HIV in CD4" T cells [94].

4.4. T Cell Leukemia

YB-1 is a central player in driving the proliferation of primary and malignant T cells.
Within activated T cells, the extrinsic apoptotic pathways regulate homeostasis. One path-
way is activation-induced cell death (AICD), which is triggered by the binding of FasL to its



Cancers 2021, 13, 3306

7 of 13

death-inducing receptor Fas/Apo-1/CD95, or by the binding of TNF to TNFR1. Since both
ligands and receptors are upregulated during T cell activation, they can counteract excess
clonal T cell expansion and restore homeostasis. Patients whose AICD pathway is defective
suffer from autoimmune lymphoproliferative syndrome (ALPS) [95]. Stimulation of pri-
mary CD4" T cells has been shown to induce YB-1 expression. This observation is similar
to the stimulation-dependent YB-1 enhancement seen in non-lymphoid cells [96-99]. Low
constitutive YB-1 levels may be required for T cell homeostasis [100,101]. Co-stimulation
with CD3/CD28 significantly induces YB-1 protein expression, compared to stimulation
with CD3 alone. This suggests that YB-1 mediates the proliferative effects of CD28, such
as IL-2 mRNA stabilization and expression [102], which are required for clonal T cell
expansion [89].

4.5. Ovarian Cancer

Seeking to improve the potency of a lead compound as a treatment for ovarian cancer,
Tailor et al. [54] used bioisosterism to generate SU056, which induces cell cycle arrest
and apoptosis in cancer cell lines, and demonstrates an improved ability to inhibit tumor
growth in mice. A cellular thermal shift assay identified six proteins as targets of SU056,
including YB-1. Given the prominent role of YB-1 in cancer, the authors focused on this
candidate, showing that SU056 binds to YB-1, thereby resulting in an enhanced proteolytic
degradation of the YB-1 protein. The loss of YB-1 results in a subsequent reduction in the
expression of YB-1 target genes, including multidrug resistance 1 (MDR1) and multiple
components of the spliceosome. In contrast to other studies, an upregulation of the pro-
apoptotic protein Bax was observed, with no loss of Bcl2. Regardless, the end effect is
that SU056 treatment sensitizes tumors to chemotherapy. It will be interesting to see how
effective this compound is against myeloproliferative neoplasia and leukemia.

5. Outlook

To date, there are no established therapies in clinical practice that specifically target
YB-1 [79]. However, the genetic inactivation of YB-1 does not appear to perturb steady-state
hematopoiesis and no functional impairment of hematopoietic stem and progenitor cells
has been observed. Thus, YB-1 appears to be a safe target. In cancer, higher YB-1 expression
and nuclear localization have been linked its ability to induce multi-drug resistance and to
a poor prognosis [88,103,104]. Thus, drugs enforcing a cytosolic localization of YB-1 should
be more effective at preventing YB-1’s pro-survival signaling. Several inhibitors have been
reported that influence the subcellular localization of YB-1 [105]. These compounds belong
to two categories: (1) molecules that induce nuclear translocation, e.g., HSc025, which
disrupts YB-1's binding to poly(A)-binding protein (PABP), thereby disrupting its cytosolic
retention; and (2) molecules that promote cytoplasmic retention, e.g., fisetin, which binds
to the cold-shock domain and prevents the phosphorylation of Ser102, which precludes
nuclear translocation [89,106,107]. Recently, theaflavin-3-gallate (TF2A), derived from
black tea, has been shown to improve the stability of YB-1. This study suggests that YB-1
might be a potential molecular target modulating hypothalamic neural stem/progenitor
cell (htNSC) senescence [108]. Of note, determining the molecular mechanism underlying
the YB-1-mediated NF-«B activation we described for TNFR1 signaling should aid in
identifying new therapeutic targets for intervention in cancer. We predict that targeting
YB-1 should sensitize cells to TNF-induced apoptosis, a potent strategy to attack cancer
cells [4,88,109].

The recent findings from several studies provide novel insights into YB-1’s functions,
but also raise new questions. Concerning extracellular YB-1, how many post-translational
modifications does it possess, which enzymes are responsible, and how do these modifica-
tions affect protein stability and receptor affinity? Could differences in post-translational
modifications be responsible for the differences in the observed activities of extracellular
YB-1 that have been reported? Do these modifications contribute to the development of
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autoantibodies against YB-1 [110-112], and what is the relationship between the presence
of autoantibodies in serum and disease progression?

Numerous post-translational modifications are also reported for intracellular YB-1.
Are specific modifications associated with distinct activities or subcellular compartments
of YB-1? Here, extensive work is required to assign functions to the known modifications,
and to define the mechanisms by which the known modifications exert their function. Do
these modifications function independently of one another, or are they part of larger, as
yet uncharted, regulatory networks? To date, only a handful of receptors are known that
utilize YB-1 as a signaling component. Whether or not YB-1’s role in signal transduction
is independent of its mRNA splicing and translational regulatory activities is yet to be
demonstrated, but clearly each of these activities can impact upon the life and death
decisions of the cell.

6. Conclusions

From the discovery of new post-translational modifications and activities, the recent
advances in the literature have clearly shown us one thing: we still have a lot to learn
about YB-1! From the concept of “one protein: one function”, YB-1 has stepped outside
the box and pushed the limits of our creativity, forcing us to design novel concepts to
explain the multiplicity of functions that one protein can fulfill. We must keep this in mind
when interpreting the results of studies in which YB-1 expression has been manipulated
using shRNA or similar strategies. How does the absence of cold-shock proteins affect
the expression of other proteins? Whose expression is now induced or inhibited, whose
splicing is altered, and if so, is the function of that protein also altered? Take MCL1, for
example: the long isoform is anti-apoptotic, whereas its shorter isoforms are pro-apoptotic.
Thus, it appears that only through the use of RNA sequencing, combined with -omics
technologies, will we be able to gain a complete view of the changes occurring within these
model cell systems. Certainly, the application of inducible knockout mouse models will
also help us to gain a broader view, particularly when it comes to cell—cell interactions and
inter-organ crosstalk.

In the field of cancer research, the results delivered in recent studies are quite encour-
aging. YB-1 appears to be an ideal target which, in combination therapy, may break the
proliferative cycle of malignancies. Clearly, there is now a great need to identify specific
inhibitors that selectively target YB-1 or, alternatively, to find combination therapies, such
as ruxolitinib and trametinib (combined JAK and ERK inhibition), that target activities
mediated by YB-1 [79]. The translation of these studies into the clinic and their application
to other cancer models will soon reveal the efficacy of these strategies. Have we finally
found the “magic bullet” that so many previous reports have promised? Time will tell.
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Appendix A

Table A1. The residue, type of modification, and corresponding references to Figure 1.

Site on YB-1 Type of PTM Ref.
532 Phosphorylation [79]
S36 Phosphorylation [79]
K53 Guanidinylation [26]
K58 Guanidinylation [26]
K81 Acetylation [7]
5102 Phosphorylation [93]

K118 Ubiquitination [81]
K137 Ubiquitination [24]
K170 Ubiquitination [24]
5165 Phosphorylation [81]
S167 Phosphorylation [24]
S174 Phosphorylation [24]
5176 Phosphorylation [80]
S209 Phosphorylation [24]
K264 Ubiquitination [24]
K301 Acetylation [31]
K304 Acetylation [31]
5314 Phosphorylation [79]

References

1. Budkina, K.S.; Zlobin, N.E.; Kononova, S.V.; Ovchinnikov, L.P.,; Babakov, A.V. Cold Shock Domain Proteins: Structure and
Interaction with Nucleic Acids. Biochemistry 2020, 85, S1-519. [CrossRef] [PubMed]

2. Heinemann, U.; Roske, Y. Cold-Shock Domains-Abundance, Structure, Properties, and Nucleic-Acid Binding. Cancers 2021, 13,
190. [CrossRef] [PubMed]

3. Mordovkina, D.; Lyabin, D.N.; Smolin, E.A.; Sogorina, E.M.; Ovchinnikov, L.P.; Eliseeva, I. Y-Box Binding Proteins in mRNP
Assembly, Translation, and Stability Control. Biomolecules 2020, 10, 591. [CrossRef] [PubMed]

4. Sangermano, F; Delicato, A.; Calabro, V. Y Box Binding Protein 1 (YB-1) Oncoprotein at the Hub of DNA Proliferation, Damage
and Cancer Progression. Biochimie 2020, 179, 205-216. [CrossRef]

5. Eliseeva, I.A.; Kim, E.R.; Guryanov, S.G.; Ovchinnikov, L.P,; Lyabin, D.N. Y-Box-Binding Protein 1 (YB-1) and Its Functions.
Biochemistry 2011, 76, 1402-1433. [CrossRef] [PubMed]

6. Singh, G.; Pratt, G.; Yeo, G.W.; Moore, M.]. The Clothes Make the mRNA: Past and Present Trends in mRNP Fashion. Annu. Rev.
Biochem. 2015, 84, 325-354. [CrossRef]

7.  El-Naggar, A.M.; Veinotte, C.J.; Cheng, H.; Grunewald, T.G.; Negri, G.L.; Somasekharan, S.P.; Corkery, D.P,; Tirode, F.; Mathers,
J.; Khan, D.; et al. Translational Activation of HIFlalpha by YB-1 Promotes Sarcoma Metastasis. Cancer Cell 2015, 27, 682-697.
[CrossRef]

8. Evdokimova, V.; Tognon, C.; Ng, T.; Ruzanov, P.; Melnyk, N.; Fink, D.; Sorokin, A.; Ovchinnikov, L.P.; Davicioni, E.; Triche,
T.J.; et al. Translational Activation of Snaill and Other Developmentally Regulated Transcription Factors by YB-1 Promotes an
Epithelial-Mesenchymal Transition. Cancer Cell 2009, 15, 402—415. [CrossRef]

9. Kretov, D.A.; Curmi, P.A.; Hamon, L.; Abrakhi, S.; Desforges, B.; Ovchinnikov, L.P; Pastre, D. mRNA and DNA Selection via
Protein Multimerization: YB-1 as a Case Study. Nucleic Acids Res. 2015, 43, 9457-9473. [CrossRef]

10. Kretov, D.A; Clement, M.].; Lambert, G.; Durand, D.; Lyabin, D.N.; Bollot, G.; Bauvais, C.; Samsonova, A.; Budkina, K.; Maroun,
R.C,; et al. YB-1, an Abundant Core mRNA-Binding Protein, Has the Capacity to Form an RNA Nucleoprotein Filament: A
Structural Analysis. Nucleic Acids Res. 2019, 47, 3127-3141. [CrossRef]

11.  Naumenko, K.N.; Sukhanova, M.V.; Hamon, L.; Kurgina, T.A.; Alemasova, E.E.; Kutuzov, M.M.; Pastre, D.; Lavrik, O.I. Regulation
of Poly(ADP-Ribose) Polymerase 1 Activity by Y-Box-Binding Protein 1. Biomolecules 2020, 10, 1325. [CrossRef]

12.  Zhang, J.; Fan, ].S; Li, S.; Yang, Y.; Sun, P; Zhu, Q.; Wang, J.; Jiang, B.; Yang, D.; Liu, M. Structural Basis of DNA Binding to

Human YB-1 Cold Shock Domain Regulated by Phosphorylation. Nucleic Acids Res. 2020, 48, 9361-9371. [CrossRef]


http://doi.org/10.1134/S0006297920140011
http://www.ncbi.nlm.nih.gov/pubmed/32087051
http://doi.org/10.3390/cancers13020190
http://www.ncbi.nlm.nih.gov/pubmed/33430354
http://doi.org/10.3390/biom10040591
http://www.ncbi.nlm.nih.gov/pubmed/32290447
http://doi.org/10.1016/j.biochi.2020.10.004
http://doi.org/10.1134/S0006297911130049
http://www.ncbi.nlm.nih.gov/pubmed/22339596
http://doi.org/10.1146/annurev-biochem-080111-092106
http://doi.org/10.1016/j.ccell.2015.04.003
http://doi.org/10.1016/j.ccr.2009.03.017
http://doi.org/10.1093/nar/gkv822
http://doi.org/10.1093/nar/gky1303
http://doi.org/10.3390/biom10091325
http://doi.org/10.1093/nar/gkaa619

Cancers 2021, 13, 3306 10 of 13

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Evdokimova, V.; Ruzanov, P.; Anglesio, M.S.; Sorokin, A.V.; Ovchinnikov, L.P,; Buckley, J.; Triche, T.].; Sonenberg, N.; Sorensen,
PH. Akt-Mediated YB-1 Phosphorylation Activates Translation of Silent mRNA Species. Mol. Cell Biol. 2006, 26, 277-292.
[CrossRef] [PubMed]

Lyabin, D.N.; Eliseeva, I.A.; Ovchinnikov, L.P. YB-1 Protein: Functions and Regulation. Wiley Interdiscip. Rev. RNA 2014, 5, 95-110.
[CrossRef] [PubMed]

Fujii, T.; Yokoyama, G.; Takahashi, H.; Namoto, R.; Nakagawa, S.; Toh, U.; Kage, M.; Shirouzu, K.; Kuwano, M. Preclinical Studies
of Molecular-Targeting Diagnostic and Therapeutic Strategies against Breast Cancer. Breast Cancer 2008, 15, 73-78. [CrossRef]
[PubMed]

Kashihara, M.; Azuma, K.; Kawahara, A.; Basaki, Y.; Hattori, S.; Yanagawa, T.; Terazaki, Y.; Takamori, S.; Shirouzu, K.; Aizawa, H.;
et al. Nuclear Y-box Binding Protein-1, a Predictive Marker of Prognosis, is Correlated with Expression of HER2/ErbB2 and
HER3/ErbB3 in Non-Small Cell Lung Cancer. J. Thorac. Oncol. 2009, 4, 1066-1074. [CrossRef]

Hohlfeld, R.; Brandt, S.; Bernhardt, A.; Gorny, X.; Schindele, D.; Jandrig, B.; Schostak, M.; Isermann, B.; Lindquist, J.A.; Mertens,
PR. Crosstalk between Akt Signaling and Cold Shock Proteins in Mediating Invasive cell Phenotypes. Oncotarget 2018, 9,
19039-19049. [CrossRef]

Dolfini, D.; Mantovani, R. Targeting the Y/CCAAT Box in Cancer: YB-1 (YBX1) or NF-Y? Cell Death Differ. 2013, 20, 676-685.
[CrossRef]

Dong, W.; Wang, H.; Shahzad, K.; Bock, E; Al-Dabet, M.M.; Ranjan, S.; Wolter, J.; Kohli, S.; Hoffmann, J.; Dhople, V.M.; et al.
Activated Protein C Ameliorates Renal Ischemia-Reperfusion Injury by Restricting Y-Box Binding Protein-1 Ubiquitination. J. Am.
Soc. Nephrol. 2015, 26, 2789-2799. [CrossRef]

Palicharla, V.R.; Maddika, S. HACE1 Mediated K27 Ubiquitin Linkage Leads to YB-1 Protein Secretion. Cell Signal. 2015, 27,
2355-2362. [CrossRef]

Kim, W.; Bennett, E.J.; Huttlin, E.L.; Guo, A,; Li, J.; Possemato, A.; Sowa, M.E.; Rad, R.; Rush, J.; Comb, M..; et al. Systematic and
Quantitative Assessment of the Ubiquitin-Modified Proteome. Mol. Cell 2011, 44, 325-340. [CrossRef]

Shi, Y.; Chan, D.W,; Jung, S.Y.; Malovannaya, A.; Wang, Y.; Qin, J. A Data Set of Human Endogenous Protein Ubiquitination Sites.
Mol. Cell Proteom. 2011, 10, M110.002089. [CrossRef]

Hansen, EM.; Tanzer, M.C.; Bruning, E; Bludau, I.; Stafford, C.; Schulman, B.A.; Robles, M.S.; Karayel, O.; Mann, M. Data-
Independent Acquisition Method for Ubiquitinome Analysis Reveals Regulation of Circadian Biology. Nat. Commun. 2021, 12,
254. [CrossRef]

Wagner, S.A.; Satpathy, S.; Beli, P.; Choudhary, C. SPATA2 Links CYLD to the TNF-Alpha Receptor Signaling Complex and
Modulates the Receptor Signaling Outcomes. EMBO ]. 2016, 35, 1868-1884. [CrossRef]

Chibi, M.; Meyer, M.; Skepu, A.; DJ, G.R.; Moolman-Smook, J.C.; Pugh, D.J. RBBP6 Interacts with Multifunctional Protein YB-1
through its RING Finger Domain, Leading to Ubiquitination and Proteosomal Degradation of YB-1. J. Mol. Biol. 2008, 384,
908-916. [CrossRef]

Breitkopf, D.M.; Jankowski, V.; Ohl, K.; Hermann, J.; Hermert, D.; Tenbrock, K; Liu, X.; Martin, .V.; Wang, J.; Groll, F; et al. The
YB-1:Notch-3 Axis Modulates Immune Cell Responses and Organ Damage in Systemic Lupus Erythematosus. Kidney Int. 2020,
97, 289-303. [CrossRef]

Hessman, C.L.; Hildebrandyt, J.; Shah, A.; Brandt, S.; Bock, A.; Frye, B.C.; Raffetseder, U.; Geffers, R.; Brunner-Weinzierl, M.C.;
Isermann, B.; et al. YB-1 Interferes with TNFalpha-TNFR Binding and Modulates Progranulin-Mediated Inhibition of TNFalpha
Signaling. Int. J. Mol. Sci. 2020, 21, 7076. [CrossRef]

Rauen, T.; Raffetseder, U.; Frye, B.C.; Djudjaj, S.; Muhlenberg, PJ.; Eitner, F.; Lendahl, U.; Bernhagen, J.; Dooley, S.; Mertens, P.R.
YB-1 Acts as a Ligand for Notch-3 Receptors and Modulates Receptor Activation. J. Biol. Chem. 2009, 284, 26928-26940. [CrossRef]
[PubMed]

Tacke, E; Kanig, N.; En-Nia, A.; Kaehne, T.; Eberhardt, C.S.; Shpacovitch, V.; Trautwein, C.; Mertens, P.R. Y-Box Protein-1/p18
Fragment Identifies Malignancies in Patients with Chronic Liver Disease. BMIC Cancer 2011, 11, 185. [CrossRef] [PubMed]
Tacke, F.; Galm, O.; Kanig, N.; Yagmur, E.; Brandt, S.; Lindquist, ]J.A.; Eberhardt, C.S.; Raffetseder, U.; Mertens, P.R. High
Prevalence of Y-box Protein-1/p18 Fragment in Plasma of Patients with Malignancies of Different Origin. BMC Cancer 2014, 14,
33. [CrossRef] [PubMed]

Frye, B.C.; Halfter, S.; Djudjaj, S.; Muehlenberg, P.; Weber, S.; Raffetseder, U.; En-Nia, A.; Knott, H.; Baron, ].M.; Dooley, S.; et al.
Y-Box Protein-1 is Actively Secreted through a Non-Classical Pathway and Acts as an Extracellular Mitogen. EMBO Rep. 2009, 10,
783-789. [CrossRef]

Hanssen, L.; Alidousty, C.; Djudjaj, S.; Frye, B.C.; Rauen, T.; Boor, P.; Mertens, P.R.; van Roeyen, C.R.; Tacke, F; Heymann, F; et al.
YB-1 is an Early and Central Mediator of Bacterial and Sterile Inflammation In Vivo. J. Immunol. 2013, 191, 2604-2613. [CrossRef]
[PubMed]

van Roeyen, C.R; Eitner, F.; Martinkus, S.; Thieltges, S.R.; Ostendorf, T.; Bokemeyer, D.; Luscher, B.; Luscher-Firzlaff, ] M.; Floege,
J.; Mertens, PR. Y-Box Protein 1 Mediates PDGF-B Effects in Mesangioproliferative Glomerular Disease. . Am. Soc. Nephrol. 2005,
16, 2985-2996. [CrossRef] [PubMed]

Guarino, A.M.; Troiano, A.; Pizzo, E.; Bosso, A.; Vivo, M.; Pinto, G.; Amoresano, A.; Pollice, A.; La Mantia, G.; Calabro, V.
Oxidative Stress Causes Enhanced Secretion of YB-1 Protein that Restrains Proliferation of Receiving Cells. Genes 2018, 9, 513.
[CrossRef]


http://doi.org/10.1128/MCB.26.1.277-292.2006
http://www.ncbi.nlm.nih.gov/pubmed/16354698
http://doi.org/10.1002/wrna.1200
http://www.ncbi.nlm.nih.gov/pubmed/24217978
http://doi.org/10.1007/s12282-007-0015-y
http://www.ncbi.nlm.nih.gov/pubmed/18224398
http://doi.org/10.1097/JTO.0b013e3181ae2828
http://doi.org/10.18632/oncotarget.24886
http://doi.org/10.1038/cdd.2013.13
http://doi.org/10.1681/ASN.2014080846
http://doi.org/10.1016/j.cellsig.2015.09.001
http://doi.org/10.1016/j.molcel.2011.08.025
http://doi.org/10.1074/mcp.M110.002089
http://doi.org/10.1038/s41467-020-20509-1
http://doi.org/10.15252/embj.201694300
http://doi.org/10.1016/j.jmb.2008.09.060
http://doi.org/10.1016/j.kint.2019.09.031
http://doi.org/10.3390/ijms21197076
http://doi.org/10.1074/jbc.M109.046599
http://www.ncbi.nlm.nih.gov/pubmed/19640841
http://doi.org/10.1186/1471-2407-11-185
http://www.ncbi.nlm.nih.gov/pubmed/21595987
http://doi.org/10.1186/1471-2407-14-33
http://www.ncbi.nlm.nih.gov/pubmed/24443788
http://doi.org/10.1038/embor.2009.81
http://doi.org/10.4049/jimmunol.1300416
http://www.ncbi.nlm.nih.gov/pubmed/23872051
http://doi.org/10.1681/ASN.2004111009
http://www.ncbi.nlm.nih.gov/pubmed/16093451
http://doi.org/10.3390/genes9100513

Cancers 2021, 13, 3306 11 of 13

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.
50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.
62.

Raffetseder, U.; Liehn, E.A.; Weber, C.; Mertens, P.R. Role of Cold Shock Y-Box Protein-1 in Inflammation, Atherosclerosis and
Organ Transplant Rejection. Eur. J. Cell Biol. 2012, 91, 567-575. [CrossRef] [PubMed]

Aburjania, Z.; Jang, S.; Whitt, J.; Jaskula-Stzul, R.; Chen, H.; Rose, ].B. The Role of Notch3 in Cancer. Oncologist 2018, 23, 900-911.
[CrossRef]

Djudjaj, S.; Chatziantoniou, C.; Raffetseder, U.; Guerrot, D.; Dussaule, ].C.; Boor, P.; Kerroch, M.; Hanssen, L.; Brandt, S.; Dittrich,
A.; et al. Notch-3 Receptor Activation Drives Inflammation and Fibrosis Following Tubulointerstitial Kidney Injury. J. Pathol.
2012, 228, 286-299. [CrossRef]

Ou, Y; Zhao, Z.; Zhang, W.; Wu, Q.; Wu, C.; Liu, X,; Fu, M.; Ji, N.; Wang, D.; Qiu, J.; et al. Kindlin-2 Interacts with Beta-Catenin
and YB-1 to Enhance EGFR Transcription during Glioma Progression. Oncotarget 2016, 7, 74872-74885. [CrossRef]
Karathanasis, C.; Medler, J.; Fricke, F; Smith, S.; Malkusch, S.; Widera, D.; Fulda, S.; Wajant, H.; van Wijk, S.J.L.; Dikic, L; et al.
Single-Molecule Imaging Reveals the Oligomeric State of Functional TNFalpha-Induced Plasma Membrane TNFR1 Clusters in
Cells. Sci. Signal. 2020, 13. [CrossRef]

Shah, A.; Plaza-Sirvent, C.; Weinert, S.; Buchbinder, J.H.; Lavrik, LN.; Mertens, P.R.; Schmitz, I.; Lindquist, J.A. YB-1 Mediates
TNF-Induced Pro-Survival Signaling by Regulating NF-kappaB Activation. Cancers 2020, 12, 2188. [CrossRef]

Black, R.A. Tumor Necrosis Factor-Alpha Converting Enzyme. Int. J. Biochem. Cell Biol. 2002, 34, 726-729. [CrossRef]

Bradley, ].R. TNF-Mediated Inflammatory Disease. J. Pathol. 2008, 214, 149-160. [CrossRef]

Laha, D.; Grant, R.; Mishra, P.; Nilubol, N. The Role of Tumor Necrosis Factor in Manipulating the Immunological Response of
Tumor Microenvironment. Front. Immunol. 2021, 12, 6908. [CrossRef]

Chen, A.Y.,; Wolchok, J.D.; Bass, A.R. TNF in the Era of Immune Checkpoint Inhibitors: Friend or Foe? Nat. Rev. Rheumatol. 2021,
17,213-223. [CrossRef] [PubMed]

Carpentier, I.; Coornaert, B.; Beyaert, R. Function and Regulation of Tumor Necrosis Factor Receptor Type 2. Curr. Med. Chem.
2004, 11, 2205-2212. [CrossRef] [PubMed]

Faustman, D.; Davis, M. TNF Receptor 2 Pathway: Drug Target for Autoimmune Diseases. Nat. Rev. Drug Discov. 2010, 9, 482-493.
[CrossRef]

Bodmer, J.L.; Schneider, P.; Tschopp, J. The Molecular Architecture of the TNF Superfamily. Trends Biochem. Sci. 2002, 27, 19-26.
[CrossRef]

Brenner, D.; Blaser, H.; Mak, T.W. Regulation of Tumour Necrosis Factor Signalling: Live or Let Die. Nat. Rev. Immunol. 2015, 15,
362-374. [CrossRef] [PubMed]

Ting, A.T.; Bertrand, M.].M. More to Life than NF-kappaB in TNFR1 Signaling. Trends Immunol. 2016, 37, 535-545. [CrossRef]
Chung, J.Y.;; Lu, M,; Yin, Q.; Wu, H. Structural Revelations of TRAF2 Function in TNF Receptor Signaling Pathway. Adv. Exp. Med.
Biol. 2007, 597, 93-113. [CrossRef] [PubMed]

Hsu, H.; Xiong, J.; Goeddel, D.V. The TNF Receptor 1-Associated Protein TRADD Signals Cell Death and NF-Kappa B Activation.
Cell 1995, 81, 495-504. [CrossRef]

Bertrand, M.].; Milutinovic, S.; Dickson, KM.; Ho, W.C.; Boudreault, A.; Durkin, J.; Gillard, ].W.; Jaquith, ].B.; Morris, S.J.; Barker,
P.A. cIAP1 and cIAP2 Facilitate Cancer Cell Survival by Functioning as E3 Ligases that Promote RIP1 Ubiquitination. Mol. Cell
2008, 30, 689-700. [CrossRef]

Varfolomeev, E.; Goncharov, T.; Fedorova, A.V.; Dynek, ].N.; Zobel, K.; Deshayes, K.; Fairbrother, W.J.; Vucic, D. c-IAP1 and
c-IAP2 are Critical Mediators of Tumor Necrosis Factor Alpha (TNFalpha)-Induced NF-kappaB Activation. J. Biol. Chem. 2008,
283, 24295-24299. [CrossRef] [PubMed]

Tailor, D.; Resendez, A.; Garcia-Marques, EJ.; Pandrala, M.; Going, C.C.; Bermudez, A.; Kumar, V.; Rafat, M.; Nambiar, D.K;
Honkala, A.; et al. Y Box Binding Protein 1 Inhibition as a Targeted Therapy for Ovarian Cancer. Cell Chem. Biol. 2021. [CrossRef]
Iwai, K.; Fujita, H.; Sasaki, Y. Linear Ubiquitin Chains: NF-kappaB Signalling, Cell Death and Beyond. Nat. Rev. Mol. Cell Biol.
2014, 15, 503-508. [CrossRef]

Haas, T.L.; Emmerich, C.H.; Gerlach, B.; Schmukle, A.C.; Cordier, S.M.; Rieser, E.; Feltham, R.; Vince, J.; Warnken, U.; Wenger, T.;
et al. Recruitment of the Linear Ubiquitin Chain Assembly Complex Stabilizes the TNF-R1 Signaling Complex and is Required
for TNF-Mediated Gene Induction. Mol. Cell 2009, 36, 831-844. [CrossRef] [PubMed]

Emmerich, C.H.; Schmukle, A.C.; Haas, T.L.; Gerlach, B.; Cordier, S.M.; Rieser, E.; Walczak, H. The Linear Ubiquitin Chain
Assembly Complex Forms Part of the TNF-R1 Signalling Complex and is Required for Effective TNF-Induced Gene Induction
and Prevents TNF-Induced Apoptosis. Adv. Exp. Med. Biol. 2011, 691, 115-126. [CrossRef] [PubMed]

Van Antwerp, D.J.; Martin, S.J.; Kafri, T.; Green, D.R.; Verma, M. Suppression of TNF-Alpha-Induced Apoptosis by NF-kappaB.
Science 1996, 274, 787-789. [CrossRef]

Vucic, D.; Dixit, V.M.; Wertz, LE. Ubiquitylation in Apoptosis: A Post-Translational Modification at the Edge of Life and Death.
Nat. Rev. Mol. Cell Biol. 2011, 12, 439-452. [CrossRef]

Micheau, O.; Tschopp, J. Induction of TNF receptor I-mediated apoptosis via two sequential signaling complexes. Cell 2003, 114,
181-190. [CrossRef]

Pasparakis, M.; Vandenabeele, P. Necroptosis and Its Role in Inflammation. Nature 2015, 517, 311-320. [CrossRef]

Sun, L.; Wang, H.; Wang, Z.; He, S.; Chen, S.; Liao, D.; Wang, L.; Yan, J.; Liu, W,; Lei, X,; et al. Mixed Lineage Kinase Domain-like
Protein Mediates Necrosis Signaling Downstream of RIP3 Kinase. Cell 2012, 148, 213-227. [CrossRef]


http://doi.org/10.1016/j.ejcb.2011.07.001
http://www.ncbi.nlm.nih.gov/pubmed/21943779
http://doi.org/10.1634/theoncologist.2017-0677
http://doi.org/10.1002/path.4076
http://doi.org/10.18632/oncotarget.12439
http://doi.org/10.1126/scisignal.aax5647
http://doi.org/10.3390/cancers12082188
http://doi.org/10.1016/S1357-2725(01)00097-8
http://doi.org/10.1002/path.2287
http://doi.org/10.3389/fimmu.2021.656908
http://doi.org/10.1038/s41584-021-00584-4
http://www.ncbi.nlm.nih.gov/pubmed/33686279
http://doi.org/10.2174/0929867043364694
http://www.ncbi.nlm.nih.gov/pubmed/15279559
http://doi.org/10.1038/nrd3030
http://doi.org/10.1016/S0968-0004(01)01995-8
http://doi.org/10.1038/nri3834
http://www.ncbi.nlm.nih.gov/pubmed/26008591
http://doi.org/10.1016/j.it.2016.06.002
http://doi.org/10.1007/978-0-387-70630-6_8
http://www.ncbi.nlm.nih.gov/pubmed/17633020
http://doi.org/10.1016/0092-8674(95)90070-5
http://doi.org/10.1016/j.molcel.2008.05.014
http://doi.org/10.1074/jbc.C800128200
http://www.ncbi.nlm.nih.gov/pubmed/18621737
http://doi.org/10.1016/j.chembiol.2021.02.014
http://doi.org/10.1038/nrm3836
http://doi.org/10.1016/j.molcel.2009.10.013
http://www.ncbi.nlm.nih.gov/pubmed/20005846
http://doi.org/10.1007/978-1-4419-6612-4_12
http://www.ncbi.nlm.nih.gov/pubmed/21153315
http://doi.org/10.1126/science.274.5288.787
http://doi.org/10.1038/nrm3143
http://doi.org/10.1016/S0092-8674(03)00521-X
http://doi.org/10.1038/nature14191
http://doi.org/10.1016/j.cell.2011.11.031

Cancers 2021, 13, 3306 12 of 13

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

Wang, C.Y.; Mayo, M.W.,; Baldwin, A.S., Jr. TNF- and Cancer Therapy-Induced Apoptosis: Potentiation by Inhibition of
NF-kappaB. Science 1996, 274, 784-787. [CrossRef]

Khraishi, M. Comparative Overview of Safety of the Biologics in Rheumatoid Arthritis. J. Rheumatol. Suppl. 2009, 82, 25-32.
[CrossRef]

Sedger, L.M.; McDermott, M.F. TNF and TNF-Receptors: From Mediators of Cell Death and Inflammation to Therapeutic
Giants—Past, Present and Future. Cytokine Growth Factor Rev. 2014, 25, 453-472. [CrossRef]

Kim, HW.; Lee, CK.; Cha, H.S.; Choe, ].Y.; Park, E.J.; Kim, J. Effect of Anti-Tumor Necrosis Factor Alpha Treatment of Rheumatoid
Arthritis and Chronic Kidney Disease. Rheumatol. Int. 2015, 35, 727-734. [CrossRef] [PubMed]

Ross, R. The Pathogenesis of Atherosclerosis: A Perspective for the 1990s. Nature 1993, 362, 801-809. [CrossRef] [PubMed]
Ross, R. Atherosclerosis—An Inflammatory Disease. N. Engl. J. Med. 1999, 340, 115-126. [CrossRef]

Schreyer, S.A.; Peschon, J.J.; LeBoeuf, R.C. Accelerated Atherosclerosis in Mice Lacking Tumor Necrosis Factor Receptor p55. |.
Biol. Chem. 1996, 271, 26174-26178. [CrossRef]

Tipping, P.G.; Hancock, W.W. Production of Tumor Necrosis Factor and Interleukin-1 by Macrophages from Human Atheromatous
Plaques. Am. ]. Pathol. 1993, 142, 1721-1728. [PubMed]

Askling, J.; Bongartz, T. Malignancy and Biologic Therapy in Rheumatoid Arthritis. Curr. Opin. Rheumatol. 2008, 20, 334-339.
[CrossRef] [PubMed]

Askling, J.; Dixon, W. The Safety of Anti-Tumour Necrosis Factor Therapy in Rheumatoid Arthritis. Curr. Opin. Rheumatol. 2008,
20, 138-144. [CrossRef]

Matteson, E.L.; Bongartz, T. Tumor Necrosis Factor Antagonists and Cancer in Patients with Rheumatoid Arthritis. Nat. Clin.
Pract. Rheumatol. 2007, 3, 14-15. [CrossRef] [PubMed]

Collins, T.; Read, M.A.; Neish, A.S.; Whitley, M.Z.; Thanos, D.; Maniatis, T. Transcriptional Regulation of Endothelial Cell
Adhesion Molecules: NF-Kappa B and Cytokine-Inducible Enhancers. FASEB J. 1995, 9, 899-909. [CrossRef] [PubMed]
Dudeck, J.; Kotrba, J.; Immler, R.; Hoffmann, A.; Voss, M.; Alexaki, V.I.; Morton, L.; Jahn, S.R.; Katsoulis-Dimitriou, K.; Winzer,
S.; et al. Directional Mast Cell Degranulation of Tumor Necrosis Factor into Blood Vessels Primes Neutrophil Extravasation.
Immunity 2021, 54, 468-483.e465. [CrossRef]

Elmore, S. Apoptosis: A Review of Programmed Cell Death. Toxicol. Pathol. 2007, 35, 495-516. [CrossRef]

Peter, M.E. Programmed Cell Death: Apoptosis Meets Necrosis. Nature 2011, 471, 310-312. [CrossRef] [PubMed]

Virag, L.; Robaszkiewicz, A.; Rodriguez-Vargas, ].M.; Oliver, E]. Poly(ADP-ribose) Signaling in Cell Death. Mol. Asp. Med. 2013,
34, 1153-1167. [CrossRef] [PubMed]

Jayavelu, A.K; Schnoder, TM.; Perner, F,; Herzog, C.; Meiler, A.; Krishnamoorthy, G.; Huber, N.; Mohr, ].; Edelmann-Stephan, B.;
Austin, R.; et al. Splicing Factor YBX1 Mediates Persistence of JAK2-Mutated Neoplasms. Nature 2020, 588, 157-163. [CrossRef]
[PubMed]

Martin, M.; Hua, L.; Wang, B.; Wei, H; Prabhu, L.; Hartley, A.V,; Jiang, G.; Liu, Y.; Lu, T. Novel Serine 176 Phosphorylation of
YBX1 Activates NF-kappaB in Colon Cancer. J. Biol. Chem. 2017, 292, 3433-3444. [CrossRef]

Prabhu, L.; Mundade, R.; Wang, B.; Wei, H.; Hartley, A.V.; Martin, M.; McElyea, K.; Temm, C.J.; Sandusky, G.; Liu, Y.; et al. Critical
Role of Phosphorylation of Serine 165 of YBX1 on the Activation of NF-kappaB in Colon Cancer. Oncotarget 2015, 6, 29396-29412.
[CrossRef]

Campos, L.; Rouault, ].P; Sabido, O.; Oriol, P.; Roubi, N.; Vasselon, C.; Archimbaud, E.; Magaud, ].P.; Guyotat, D. High Expression
of Bcl-2 Protein in Acute Myeloid Leukemia Cells is Associated with Poor Response to Chemotherapy. Blood 1993, 81, 3091-3096.
[CrossRef] [PubMed]

Lagadinou, E.D.; Sach, A.; Callahan, K.; Rossi, R.M.; Neering, S.J.; Minhajuddin, M.; Ashton, ].M.; Pei, S.; Grose, V.; O'Dwyer,
K.M.; et al. BCL-2 Inhibition Targets Oxidative Phosphorylation and Selectively Eradicates Quiescent Human Leukemia Stem
Cells. Cell Stem Cell 2013, 12, 329-341. [CrossRef] [PubMed]

Pollyea, D.A.; Stevens, B.M.; Jones, C.L.; Winters, A.; Pei, S.; Minhajuddin, M.; D" Alessandro, A.; Culp-Hill, R.; Riemondy, K.A.;
Gillen, A.E.; et al. Venetoclax with Azacitidine Disrupts Energy Metabolism and Targets Leukemia Stem Cells in Patients with
Acute Myeloid Leukemia. Nat. Med. 2018, 24, 1859-1866. [CrossRef] [PubMed]

Feng, M,; Xie, X.; Han, G.; Zhang, T; Li, Y,; Li, Y; Yin, R.; Wang, Q.; Zhang, T.; Wang, P et al. YBX1 is Required for Maintaining
Myeloid Leukemia Cell Survival by Regulating BCL2 Stability in an m6A-Dependent Manner. Blood 2021. [CrossRef]

Ban, Y.; Tan, P; Cai, J.; Li, J.; Hu, M.; Zhou, Y.; Mei, Y.; Tan, Y,; Li, X.; Zeng, Z.; et al. LNCAROD is Stabilized by m6A Methylation
and Promotes Cancer Progression via Forming a Ternary Complex with HSPA1A and YBX1 in Head and Neck Squamous Cell
Carcinoma. Mol. Oncol. 2020, 14, 1282-1296. [CrossRef]

Li, N.; Zhan, X. Identification of Pathology-Specific Regulators of m(6)A RNA Modification to Optimize Lung Cancer Management
in the Context of Predictive, Preventive, and Personalized Medicine. EPMA . 2020, 11, 485-504. [CrossRef]

Lasham, A.; Print, C.G.; Woolley, A.G.; Dunn, S.E.; Braithwaite, A.-W. YB-1: Oncoprotein, Prognostic Marker and Therapeutic
Target? Biochem. ]. 2013, 449, 11-23. [CrossRef]

Gieseler-Halbach, S.; Meltendorf, S.; Pierau, M.; Weinert, S.; Heidel, EH.; Fischer, T.; Handschuh, J.; Braun-Dullaeus, R.C.;
Schrappe, M.; Lindquist, J.A.; et al. RSK-Mediated Nuclear Accumulation of the Cold-Shock Y-Box Protein-1 Controls Proliferation
of T Cells and T-ALL Blasts. Cell Death Differ. 2017, 24, 371-383. [CrossRef]


http://doi.org/10.1126/science.274.5288.784
http://doi.org/10.3899/jrheum.090128
http://doi.org/10.1016/j.cytogfr.2014.07.016
http://doi.org/10.1007/s00296-014-3146-4
http://www.ncbi.nlm.nih.gov/pubmed/25292347
http://doi.org/10.1038/362801a0
http://www.ncbi.nlm.nih.gov/pubmed/8479518
http://doi.org/10.1056/NEJM199901143400207
http://doi.org/10.1074/jbc.271.42.26174
http://www.ncbi.nlm.nih.gov/pubmed/8506944
http://doi.org/10.1097/BOR.0b013e3282f7c706
http://www.ncbi.nlm.nih.gov/pubmed/18388527
http://doi.org/10.1097/BOR.0b013e3282f4b392
http://doi.org/10.1038/ncprheum0376
http://www.ncbi.nlm.nih.gov/pubmed/17203002
http://doi.org/10.1096/fasebj.9.10.7542214
http://www.ncbi.nlm.nih.gov/pubmed/7542214
http://doi.org/10.1016/j.immuni.2020.12.017
http://doi.org/10.1080/01926230701320337
http://doi.org/10.1038/471310a
http://www.ncbi.nlm.nih.gov/pubmed/21412328
http://doi.org/10.1016/j.mam.2013.01.007
http://www.ncbi.nlm.nih.gov/pubmed/23416893
http://doi.org/10.1038/s41586-020-2968-3
http://www.ncbi.nlm.nih.gov/pubmed/33239784
http://doi.org/10.1074/jbc.M116.740258
http://doi.org/10.18632/oncotarget.5120
http://doi.org/10.1182/blood.V81.11.3091.3091
http://www.ncbi.nlm.nih.gov/pubmed/7684624
http://doi.org/10.1016/j.stem.2012.12.013
http://www.ncbi.nlm.nih.gov/pubmed/23333149
http://doi.org/10.1038/s41591-018-0233-1
http://www.ncbi.nlm.nih.gov/pubmed/30420752
http://doi.org/10.1182/blood.2020009676
http://doi.org/10.1002/1878-0261.12676
http://doi.org/10.1007/s13167-020-00220-3
http://doi.org/10.1042/BJ20121323
http://doi.org/10.1038/cdd.2016.141

Cancers 2021, 13, 3306 13 of 13

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.
102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

Meltendorf, S.; Fu, H.; Pierau, M.; Lindquist, J.A.; Finzel, S.; Mertens, P.R.; Gieseler-Halbach, S.; Ambach, A.; Thomas, U.; Lingel,
H.; et al. Cell Survival Failure in Effector T Cells from Patients With Systemic Lupus Erythematosus Following Insufficient
Up-Regulation of Cold-Shock Y-Box Binding Protein 1. Arthritis Rheumatol. 2020, 72, 1721-1733. [CrossRef]

Billen, L.P; Kokoski, C.L.; Lovell, ].E; Leber, B.; Andrews, D.W. Bcl-XL Inhibits Membrane Permeabilization by Competing with
Bax. PLoS Biol. 2008, 6, €147. [CrossRef] [PubMed]

Pandiyan, P.; Gartner, D.; Soezeri, O.; Radbruch, A.; Schulze-Osthoff, K.; Brunner-Weinzierl, M.C. CD152 (CTLA-4) Determines
the Unequal Resistance of Th1 and Th2 Cells against Activation-Induced Cell Death by a Mechanism Requiring PI3 Kinase
Function. J. Exp. Med. 2004, 199, 831-842. [CrossRef] [PubMed]

Sutherland, B.W.; Kucab, J.; Wu, J.; Lee, C.; Cheang, M.C.; Yorida, E.; Turbin, D.; Dedhar, S.; Nelson, C.; Pollak, M.; et al. Akt
Phosphorylates the Y-Box Binding Protein 1 at Ser102 Located in the Cold Shock Domain and Affects the Anchorage-Independent
Growth of Breast Cancer Cells. Oncogene 2005, 24, 4281-4292. [CrossRef] [PubMed]

Poudyal, D.; Yang, J.; Chen, Q.; Goswami, S.; Adelsberger, ] W.; Das, S.; Herman, A.; Hornung, R.L.; Andresson, T.; Imamichi, T.
IL-27 Posttranslationally Regulates Y-Box Binding Protein-1 to Inhibit HIV-1 Replication in Human CD4+ T Cells. Aids 2019, 33,
1819-1830. [CrossRef]

Ben-Mustapha, I.; Agrebi, N.; Barbouche, M.R. Novel Insights into FAS Defects Underlying Autoimmune Lymphoproliferative
Syndrome Revealed by Studies in Consanguineous Patients. J. Leukoc. Biol. 2018, 103, 501-508. [CrossRef]

Ito, K.; Tsutsumi, K.; Kuzumaki, T.; Gomez, P.E; Otsu, K.; Ishikawa, K. A Novel Growth-Inducible Gene that Encodes a Protein
with a Conserved Cold-Shock Domain. Nucleic. Acids Res. 1994, 22, 2036-2041. [CrossRef] [PubMed]

Keilhoff, G.; Titze, M.; Esser, T.; Langnaese, K.; Ebmeyer, U. Constitutive and Functional Expression of YB-1 in Microglial Cells.
Neuroscience 2015, 301, 439-453. [CrossRef]

Raffetseder, U.; Rauen, T.; Djudjaj, S.; Kretzler, M.; En-Nia, A.; Tacke, F.; Zimmermann, H.W.; Nelson, PJ.; Frye, B.C.; Floege, ].;
et al. Differential Regulation of Chemokine CCL5 Expression in Monocytes/Macrophages and Renal Cells by Y-Box Protein-1.
Kidney Int. 2009, 75, 185-196. [CrossRef]

Stenina, O.I.; Poptic, E.J.; DiCorleto, PE. Thrombin Activates a Y Box-Binding Protein (DNA-Binding Protein B) in Endothelial
Cells. J. Clin. Invest. 2000, 106, 579-587. [CrossRef]

Sprent, J.; Surh, C.D. Normal T Cell Homeostasis: The Conversion of Naive Cells into Memory-Phenotype Cells. Nat. Immunol.
2011, 12, 478-484. [CrossRef] [PubMed]

Surh, C.D.; Sprent, J. Homeostasis of Naive and Memory T Cells. Immunity 2008, 29, 848-862. [CrossRef]

Chen, C.Y,; Gherzi, R.; Andersen, ].S.; Gaietta, G.; Jurchott, K.; Royer, H.D.; Mann, M.; Karin, M. Nucleolin and YB-1 are Required
for JNK-Mediated Interleukin-2 mRNA Stabilization during T-cell Activation. Genes Dev. 2000, 14, 1236-1248. [PubMed]
Johnson, T.G.; Schelch, K.; Mehta, S.; Burgess, A.; Reid, G. Why Be One Protein When You Can Affect Many? The Multiple Roles
of YB-1 in Lung Cancer and Mesothelioma. Front. Cell Dev. Biol. 2019, 7, 221. [CrossRef] [PubMed]

Maurya, PK.; Mishra, A.; Yadav, B.S,; Singh, S.; Kumar, P; Chaudhary, A.; Srivastava, S.; Murugesan, S.N.; Mani, A. Role of Y Box
Protein-1 in Cancer: As Potential Biomarker and Novel Therapeutic Target. J. Cancer 2017, 8, 1900-1907. [CrossRef] [PubMed]
Brandt, S.; Mertens, P.R. A Remedy for Kidney Disease Successfully Alters the Cold Shock Protein Response during Inflammation.
Kidney Int. 2016, 90, 1148-1150. [CrossRef]

Khan, M.I;; Adhami, V.M.; Lall, RK.; Sechi, M.; Joshi, D.C.; Haidar, O.M.; Syed, D.N.; Siddiqui, I.A.; Chiu, S.Y.; Mukhtar, H.
YB-1 Expression Promotes Epithelial-to-Mesenchymal Transition in Prostate Cancer that is Inhibited by a Small Molecule Fisetin.
Oncotarget 2014, 5, 2462-2474. [CrossRef] [PubMed]

Sechi, M; Lall, RK.; Afolabi, S.0.; Singh, A.; Joshi, D.C.; Chiu, S.Y.; Mukhtar, H.; Syed, D.N. Fisetin Targets YB-1/RSK Axis
Independent of its Effect on ERK Signaling: Insights from In Vitro and In Vivo Melanoma models. Sci. Rep. 2018, 8, 15726.
[CrossRef]

Xiao, Y.Z.; Yang, M.; Xiao, Y.; Guo, Q.; Huang, Y.; Li, C.J.; Cai, D.; Luo, X.H. Reducing Hypothalamic Stem Cell Senescence
Protects against Aging-Associated Physiological Decline. Cell Metab 2020, 31, 534-548.e535. [CrossRef]

Kuwano, M.; Shibata, T.; Watari, K.; Ono, M. Oncogenic Y-Box Binding Protein-1 as an Effective Therapeutic Target in Drug-
Resistant Cancer. Cancer Sci. 2019, 110, 1536-1543. [CrossRef]

Morgenroth, R.; Reichardt, C.; Steffen, J.; Busse, S.; Frank, R.; Heidecke, H.; Mertens, P.R. Autoantibody Formation and Mapping
of Immunogenic Epitopes against Cold-Shock-Protein YB-1 in Cancer Patients and Healthy Controls. Cancers 2020, 12, 3507.
[CrossRef]

Nguyen, H.H.; Shaheen, A.A.; Baeza, N.; Lytvyak, E.; Urbanski, S.J.; Mason, A.L.; Norman, G.L.; Fritzler, M.].; Swain, M.G.
Evaluation of Classical and Novel Autoantibodies for the Diagnosis of Primary Biliary Cholangitis-Autoimmune Hepatitis
Overlap Syndrome (PBC-AIH OS). PLoS ONE 2018, 13, e0193960. [CrossRef] [PubMed]

Bloch, D.B.; Nobre, R.A.; Yang, WH. GW /P-Bodies and Autoimmune Disease. Adv. Exp. Med. Biol. 2013, 768, 61-70. [CrossRef]
[PubMed]


http://doi.org/10.1002/art.41382
http://doi.org/10.1371/journal.pbio.0060147
http://www.ncbi.nlm.nih.gov/pubmed/18547146
http://doi.org/10.1084/jem.20031058
http://www.ncbi.nlm.nih.gov/pubmed/15007096
http://doi.org/10.1038/sj.onc.1208590
http://www.ncbi.nlm.nih.gov/pubmed/15806160
http://doi.org/10.1097/QAD.0000000000002288
http://doi.org/10.1002/JLB.5MR0817-332R
http://doi.org/10.1093/nar/22.11.2036
http://www.ncbi.nlm.nih.gov/pubmed/8029009
http://doi.org/10.1016/j.neuroscience.2015.06.023
http://doi.org/10.1038/ki.2008.457
http://doi.org/10.1172/JCI9075
http://doi.org/10.1038/ni.2018
http://www.ncbi.nlm.nih.gov/pubmed/21739670
http://doi.org/10.1016/j.immuni.2008.11.002
http://www.ncbi.nlm.nih.gov/pubmed/10817758
http://doi.org/10.3389/fcell.2019.00221
http://www.ncbi.nlm.nih.gov/pubmed/31632972
http://doi.org/10.7150/jca.17689
http://www.ncbi.nlm.nih.gov/pubmed/28819388
http://doi.org/10.1016/j.kint.2016.07.041
http://doi.org/10.18632/oncotarget.1790
http://www.ncbi.nlm.nih.gov/pubmed/24770864
http://doi.org/10.1038/s41598-018-33879-w
http://doi.org/10.1016/j.cmet.2020.01.002
http://doi.org/10.1111/cas.14006
http://doi.org/10.3390/cancers12123507
http://doi.org/10.1371/journal.pone.0193960
http://www.ncbi.nlm.nih.gov/pubmed/29554146
http://doi.org/10.1007/978-1-4614-5107-5_5
http://www.ncbi.nlm.nih.gov/pubmed/23224965

	Introduction 
	Extracellular YB-1 
	TNF Receptor-1 (TNFR1) Signaling Pathway 
	Targeting YB-1 Influences Cell Death Decisions 
	Myeloproliferative Neoplasia (MPN) 
	Chronic Myeloid Leukemia 
	Systemic Lupus Erythematosus (SLE) 
	T Cell Leukemia 
	Ovarian Cancer 

	Outlook 
	Conclusions 
	
	References

