
biomedicines

Review

The Direct and Indirect Roles of NF-κB in Cancer:
Lessons from Oncogenic Fusion Proteins
and Knock-in Mice

Tabea Riedlinger 1, Jana Haas 1, Julia Busch 1, Bart van de Sluis 2, Michael Kracht 3

and M. Lienhard Schmitz 1,*
1 Institute of Biochemistry, Justus-Liebig-University, D-35392 Giessen, Germany;

Tabea.Riedlinger@biochemie.med.uni-giessen.de (T.R.); Jana.Haas@biochemie.med.uni-giessen.de (J.H.);
Julia.Busch@biochemie.med.uni-giessen.de (J.B.)

2 Department of Pediatrics, Molecular Genetics Section, University of Groningen, University Medical Center
Groningen, Antonius Deusinglaan 1, 9713 AV, Groningen, The Netherlands; a.j.a.van.de.sluis@umcg.nl

3 Rudolf-Buchheim-Institute of Pharmacology, Justus-Liebig-University, D-35392 Giessen, Germany;
Michael.Kracht@pharma.med.uni-giessen.de

* Correspondence: Lienhard.Schmitz@biochemie.med.uni-giessen.de; Tel.: +49-641-994-7570;
Fax: +49-641-994-7589

Received: 28 February 2018; Accepted: 17 March 2018; Published: 19 March 2018

Abstract: NF-κB signaling pathways play an important role in the regulation of cellular immune
and stress responses. Aberrant NF-κB activity has been implicated in almost all the steps of cancer
development and many of the direct and indirect contributions of this transcription factor system
for oncogenesis were revealed in the recent years. The indirect contributions affect almost all
hallmarks and enabling characteristics of cancer, but NF-κB can either promote or antagonize these
tumor-supportive functions, thus prohibiting global NF-κB inhibition. The direct effects are due to
mutations of members of the NF-κB system itself. These mutations typically occur in upstream
components that lead to the activation of NF-κB together with further oncogenesis-promoting
signaling pathways. In contrast, mutations of the downstream components, such as the DNA-binding
subunits, contribute to oncogenic transformation by affecting NF-κB-driven transcriptional output
programs. Here, we discuss the features of recently identified oncogenic RelA fusion proteins and the
characterization of pathways that are regulating the transcriptional activity of NF-κB by regulatory
phosphorylations. As NF-κB’s central role in human physiology prohibits its global inhibition,
these auxiliary or cell type-specific NF-κB regulating pathways are potential therapeutic targets.
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1. The NF-κB System

The NF-κB transcription factor system represents an archetypal signaling pathway that is
evolutionary conserved, with core components occurring in insects, cnidarians, and even some
unicellular species [1]. One of its key functions is the induction of the immune system in response
to pathogens and inflammatory stimuli, but NF-κB is also activated by further adverse stimuli,
such as DNA damage and hypoxia [2,3]. The great variety of input signals is reflected by a multitude
of target genes that do not only represent inducers and effectors of the immune system, but also genes
that impact on cell survival, proliferation, and differentiation [4]. A characteristic feature of NF-κB
is the large variety of inducers that utilize a limited set of signal transduction molecules to create
transcriptional output programs that are specifically tailored to suit the particular requirements in
a specific tissue or organ. This conversion of relatively unspecific input signals to highly specific output
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programs is not really understood and employs components of the NF-κB core signaling pathways in
conjunction with multiple auxiliary systems that confer specificity.

2. The Core NF-κB Activation Pathways

Five different NF-κB DNA-binding subunits share a N-terminal NF-κB/Rel homology domain
(RHD), which mediates DNA-binding, dimerization, and the interaction with the inhibitory IκB
proteins, as schematically shown in Figure 1. The C-terminal regions of RELA (also known as p65),
RELB, and REL (also known as c-Rel) contain transactivation domains (TADs), which associate with
further regulatory proteins to trigger mRNA synthesis. The family members NF-κB1 (also known as
p105) and NF-κB2 (also known as p100) are precursor proteins that lack TADs but contain Ankyrin
repeats in their C-terminal regions [5]. These allow for them to function as IκB proteins and to
mediate protein/protein interactions. Either during translation or through phosphorylation-induced
partial proteolysis, the precursors are processed to yield their DNA-binding forms p50 and p52,
respectively [6]. As p50 and p52 also lack TADs, they cannot trigger transcription unless being
associated with a TAD-containing NF-κB family member, suggesting that constitutive binding of p50
or p52 homodimers to κB sites represses transcription [7]. Alternatively, p50 and p52 can activate
transcription upon association with IκB family members, such as Bcl3.
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Activation of NF-κB can proceed by canonical, noncanonical, and the atypical NF-κB activation
pathway [8]. All of the different NF-κB activating pathways ultimately result in the generation of
active, DNA-binding dimers, which were beforehand retained in the cytosol of unstimulated cells by
association with inhibitory IκB proteins.

In the canonical pathway, membrane anchored or cytosolic receptors sense cytokines,
pathogen-associated molecular patterns (PAMPs), or damage-associated molecular patterns
(DAMPs) [9]. Bound receptors self-associate to trigger signaling cascades, which proceed via
posttranslational modifications (PTMs), including phosphorylation and ubiquitination. A variety
of polyubiquitin chains are formed to mediate NF-κB activation including K63-branched and linear
polyubiquitin chains, which are recognized and bound by chain readers such as TAB2 (TGFβ activated
kinase 1/MAP3K7 binding protein 2) and NEMO (NF-κB essential modulator), respectively [10,11].
These events lead to activation of the so-called IKK (IκB kinase) complex, which is composed of the
catalytic subunits IKKα and IKK in association with the scaffold protein NEMO. The activated IKKs
in turn phosphorylate IκBα in order to enable its subsequent tagging with K48-branched ubiquitin
chains. This allows rapid IκBα degradation by the proteasome, allowing nuclear entry, DNA-binding
and transcriptional activity of the dimerized NF-κB DNA-binding subunits [8].

The noncanonical NF-κB pathway is activated in response to a distinct class of stimuli, particularly
in B-cells. The activation of this pathway depends on NF-κB-inducing kinase (NIK) and IKKα,
which mediate C-terminal processing of NF-κB2/p100, thereby allowing for the generation of p52/RelB
dimers [12]. The noncanonical pathway requires NF-κB-inducing kinase (NIK) and IKKα, and proceeds
with much slower kinetics [13].
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The atypical NF-κB pathway is activated by various adverse stimuli, including DNA damage,
and depends on the inducible modification of NEMO by the ubiquitin-related peptide SUMO-1
(small ubiquitin-like modifier 1). This modification process depends on the SUMO E3 ligase
PIASy (protein inhibitor of activated STAT y) [14]. In addition, DNA damage leads to ATM
(Ataxia Telangiectasia mutated)-mediated TRAF6 (TNF receptor associated factor 6) activation and
cIAP1 (cellular inhibitor of apoptosis protein-1) recruitment, which catalyzes monoubiquitination of
NEMO [15]. These modifications ultimately lead to induction of IKK activity, IκBα degradation and
the release of the DNA-binding subunits.

3. Auxiliary NF-κB Regulating Mechanisms

Any given NF-κB activating stimulus does not only activate NF-κB, but it will necessarily
trigger further signaling pathways. These additional pathways show extensive crosstalk to the
NF-κB system at all levels, as elaborated in a number of excellent reviews [16,17]. Furthermore,
any NF-κB activating pathophysiological situation, such as an infection, will elicit a complex mixture of
NF-κB activating agents and receptors, thus leading to NF-κB activation amidst multiple co-regulated
pathways that serve to dampen, trigger, or shape the NF-κB response. As a result of NF-κB activation,
the DNA-binding subunits, released from their inhibitor, will bind to their cognate κB genomic binding
site, which is conventionally a GGGRNNYYCC (R = purine, N = any nucleotide, Y = pyrimidine)
motif [18]. Binding of NF-κB dimers to the genomic κB site is not only dictated by the accessibility of
the site and by interaction with other transcription factors, such as AP1, but also by the composition
of the κB binding sequence. The extensive characterization of NF-κB binding sites by EMSA-seq
(electrophorectic mobility shift assays coupled to sequencing) experiments uncovered the preferred
motifs for the p65/p50, p65/p65, and p65/p52 complexes [19]. For example, p65/p50 dimers
preferentially bind the motif GGGGRTTTCC, while the p65/p52 heterodimer binds to the sequence
NNNGGGGRYTT. Binding specificity is also achieved by the interaction of nuclear NF-κB subunits
with further transcription factors, such as AP1 family members [20], Erg [21], and E2F1 [22].

Moreover, the DNA-binding capacity of NF-κB DNA-binding subunits can also be regulated
in order to achieve a further level of regulation. For example, acetylation of p65 at Lys 221 causes
a conformation change that favours κB DNA binding [23]. Conversely, the DNA-binding activity
can be inhibited upon association of p65 with PIAS1 [24] or by PTMs, such as nitration of Tyr 66
and Tyr 152, or asymmetric dimethylation of Arg 30 [25,26]. The recent years have witnessed
the identification of further PTMs at the DNA-binding subunits. The PhosphositePlus® database
lists 64 different modifications for the p65 subunit and comparable numbers of PTMs for p105 (61),
p100 (49), c-Rel (22), and RelB (20). The DNA-binding subunits are modified by many different
PTMs, including phosphorylation, ubiquitination, SUMO modification, O-GlcNAcylation, and various
types of methylation. This strong increase in PTM site identification is contrasted by our limited
understanding of their physiological function. Several knock-in mouse models have been generated
that started to unravel the physiological roles of the individual PTMs.

4. Functional Analysis of p65 Phosphorylations In Vivo

The importance of individual p65 modification sites has been investigated in various knock-in
mouse models, which are summarized in Figure 2. Published data are available for five different
p65 knock-in mouse models and the observed range of phenotypes is remarkably broad. None of
these mice that are mutated in p65 phosphorylation sites recapitulate the phenotype of RelA-deficient
mice, which show embryonic lethality that is caused by massive liver degeneration with hepatocyte
apoptosis [27]. The first knock-in mouse model was published almost 10 years ago by the laboratory of
Sankar Ghosh [28]. In this animal, the phosphorylated Ser 276 was changed to a non-phosphorylatable
Ala (p65 S276A). Cells isolated from these mice display a significant reduction of NF-κB-dependent
transcription. Most of the p65 S276A knock-in embryos die at different embryonic days due to
variegated developmental abnormalities in limb or eye formation, which are due to HDAC (histone
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deacetylase)-dependent interference with gene expression. Further experiments showed that p50/p65
S276A heterodimers cannot efficiently bind to CBP/p300 and instead recruit HDACs, resulting in
aberrant repression of non-NF-κB-regulated genes through epigenetic mechanisms and the direct
repression of a subset of NF-κB target genes [28]. The recruitment of HDACs requires the DNA-binding
activity of p65, as demonstrated by the creation of a further knock-in mouse model where the
p65 S276A mutant was additionally changed at Arg 274 to Ala, thus creating a non-DNA-binding
p65 S276A/R274A double mutant [28]. These p65 S276A/R274A mice show no variegation of the
phenotype, but die during embryogenesis due to massive hepatocyte apoptosis, thus resembling
the phenotype of p65-deficient mice [27]. While the p65 S276A mice are phosphorylation-deficient,
the p65 S276D knock-in mice express a phosphomimetic form of p65. These animals are viable,
but consistent with an increased transcriptional activity of p65- show elevated expression of
proinflammatory cytokines and chemokines, resulting in a systemic hyperinflammatory phenotype
leading to death 8–20 days after birth. The lethality of the p65 S276D animals could be rescued by
crossing with a strain lacking the TNF receptor 1 (TNFR1) [29], similar to the rescue of RelA-/-/Tnfr-/-

double knockout animals [30]. However, upon aging, the p65 S276D/Tnfr-/- mice develop chronic
keratitis together with elevated expression of inflammatory cytokines in the cornea, leading to
the development of a phenotype that resembles a human disease called keratoconjunctivitis sicca
(“dry eyes”) [29]. In addition, p65 S276D mice show hyperproliferation and dysplasia of the
mouse epidermis [31]. Several mouse mutants were generated for the analysis of phosphorylated
key residues in the C-terminal TADs. Mice harboring the T505A mutation develop normally but
exhibit increased hepatocyte proliferation following damage resulting from carbon tetrachloride
treatment or liver partial hepatectomy [32]. The p65 T505A mice also show an earlier onset of
tumorigenesis in the N-nitrosodiethylamine model of hepatocellular carcinoma, as consistent with
previous data from reconstituted cells, suggesting that Thr 505 phosphorylation functions to suppress
the tumour-promoting functions of p65 [33]. A further knock-in model addressed the relevance of Ser
534 phosphorylation, a site corresponding to the well-studied Ser 536 in human p65. The p65 S534A
mice are born at normal Mendelian ratios and are healthy. Following the injection of lipopolysaccharide
(LPS) they display slightly increased expression of selective NF-κB target genes and a strongly increased
sensitivity to LPS-induced death [34]. The inhibitory activity of p65 Ser534 phosphorylation on NF-κB
activity may also be due to a decreased half-life of the p65 protein, which is a feature that can be
regulated by phosphorylation at Ser 536 and also at Ser 468 [35–37]. A regulatory effect of Ser 468
phosphorylation on the total amount of p65 was also observed in mice where Ser 467 (the mouse
homolog of human p65 Ser 468) was mutated to Ala. This substitution causes reduced de novo
synthesis of the p65 protein by an unexplored mechanism. The reduced p65 levels likely contribute
to diminished TNF-induced expression of a selected group of NF-κB dependent target genes and
also increased TNF-triggered apoptosis [38]. A serendipitous observation was the reduced weight
gain in male p65 S467A mice. Feeding a high fat diet resulted in a strong body weight increase in
wildtype animals, while male p65 S467A mice were partially protected from an increase in body
weight. This phenotype is likely due to the elevated locomotor activity of these animals, but it is
currently completely unclear why this phenotype only occurs in male mice [38]. It will be also very
interesting to study the mechanisms that are underlying this increased locomotor activity, which might
be attributable to NF-κB’s role for the brain [39].

In summary, most of the reports show a stunning biological variability of the p65 knock-in
phenotypes rather than a uniform modulation of NF-κB-mediated transcription. We anticipate that one
DNA-binding subunit can be simultaneously modified at several positions, but the typical modification
patterns must be revealed in future studies. The analysis of further p65 variants that are simultaneously
mutated at several sites will probably reveal a more complete picture of the regulatory potential of the
auxiliary NF-κB regulating pathways.
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5. The Multiple Roles of NF-κB in Cancer

The central position of NF-κB as a signaling hub in human physiology also involves this network in
several human ailments, including cancer. A Pubmed search with the keywords “NF-κB” and “cancer”
revealed >17,200 Pubmed entries for this topic. The complex role of NF-κB in cancer can be attributed
to changes in the canonical and noncanonical pathways, and to indirect and direct mechanisms.

The direct contribution of the NF-κB system to cancer was revealed by a number of genetic changes
of NF-κB regulators detected in cancer cells [40]. These changes include mutation, amplification,
and fusion of NF-κB regulators. Constitutive or chronic NF-κB activation can be achieved by
gain-of-function (GOF) mutations that lead to continuous signaling to the IKK complex. Alternatively,
the same effect can be achieved by loss-of-function (LOF) mutations disrupting negative regulators,
such as CYLD or A20, which can lead to the inappropriate termination of the NF-κB response.
The indirect contribution of NF-κB is attributable to the fact that this transcription factor contributes
to the regulation of most (but not all) classical hallmarks of cancer, as defined by the Hanahan and
Weinberg review: sustained proliferative signaling, resistance to cell death, replicative immortality,
induction of angiogenesis, activation of invasion and metastasis, and reprogramming of energy
metabolism [41]. But, also enabling characteristics, such as the acquisition of genome instability and
tumor-promoting inflammation, are processes in which NF-κB-is involved.

5.1. The Indirect Roles of NF-κB in Cancer

In this section we will discuss the indirect roles of NF-κB in cancer by describing its contribution
to the classical hallmarks and enabling characteristics, as schematically depicted in Figure 3.
Many apoptotic stimuli, including the cytokine TNF, ionizing radiation, and chemotherapeutic agents,
such as daunorubicine, trigger the anti-apoptotic functions of NF-κB [42–44]. This mechanism is
clinically important as many chemotherapeutical agents induce NF-κB, which consequently protects
cancer cells from cell death. This phenomenon has been described in numerous studies, for example
in cisplatin and camptothecin-treated lung cancer [45] and anthracycline- and taxane-treated breast
cancer [46]. These results led to the suggestion that targeting the anti-apoptotic role of NF-κB helps to
overcome therapy resistance [47]. Proof-of-concept studies showed that selective NF-κB inhibition
enhances the response to chemotherapy in gastric cancer [48] and IKK inhibition sensitizes melanoma
cells to doxorubicin-induced cell death [49]. Of note, in some settings, NF-κB can also trigger cell
death, for example in response to oxidative stress [50] or in the execution of TRAIL- and CD95-
mediated apoptosis [51].

The role of NF-κB for replicative immortality is not well established, but an extensive crosstalk
between the telomerase catalytic subunit (TERT) and NF-κB has been described. TERT activity ensures
telomere elongation and thus helps to evade tumors from the fate of replicative senescence. NF-κB
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p65 was found to modulate TNF-induced nuclear translocation as well as telomerase activity of
TERT in multiple myeloma cells [52]. The expression of the Tert gene is also directly upregulated by
NF-κB [53]. But, this regulation is mutual, as vice versa TERT directly regulates NF-κB-dependent gene
expression by binding to DNA-bound p65, potentially leading to hyperexpression of an extremely
tumor promoting set of genes [54].
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Also, the activation of invasion and metastasis involves NF-κB-dependent processes. NF-κB plays
a significant role in the regulation of epithelial-mesenchymal transition (EMT), which is an early event
in metastasis [55]. Inhibition of NF-κB signaling by expression of a dominant negative IκBα prevents
EMT in Ras-transformed epithelial cells. This study also showed that NF-κB activation increases
the transition to a mesenchymal phenotype, while its inhibition in mesenchymal cells causes even
a reversal of EMT [56]. Collectively, these data suggest that NF-κB contributes both to the induction
and also the maintenance of EMT. TNF-triggered EMT depends on NF-κB-mediated upregulation
of Twist1, which is one of the key transcription factors modulating EMT [57]. In breast cancer cells,
NF-κB activation contributes not only to expression of Twist1, but also to further EMT-regulating
transcription factors, such as SLUG and SIP1 (Smad interacting protein 1) [58]. In addition, many cell
adhesion molecules, such as integrins, selectins, ICAM-1 (intercellular adhesion molecule 1), E-selectin,
and VCAM-1 (vascular cell adhesion molecule 1) are directly regulated by NF-κB [59]. These molecules
contribute to cancer cell extravasation, but NF-κB activity is also important in the non-tumorigenic
cells at the remote sites, which are colonized by tumor cells. This was shown in a mouse model of
metastasis where the injection of lung carcinoma cells results in a reduced formation of metastatic foci
in the livers of animals with a liver-specific deletion of IKKβ [60].

More recent evidence showed a contribution of NF-κB for the remodeling of tumor metabolism.
Tumor cells often (but not always) prefer to use glycolysis instead of oxidative phosphorylation,
as initially reported in 1927 by Otto Warburg [61]. The preferential use of glycolysis leads to a reduced
ATP production, but might allow tumor cells to survive under hypoxic conditions and also to
deliver substrates and intermediates for various anabolic pathways [62]. The shift from oxidative
phosphorylation to glycolysis is mainly mediated by p53 and hypoxia inducible factor (HIF)-1, but also
NF-κB participates in this regulation. Knockdown of NF-κB p65 in mouse embryonic fibroblasts
causes cellular reprogramming to aerobic glycolysis, thus recapitulating the Warburg effect [63].
After glucose starvation, NF-κB p65 triggers p53 expression, which in turn leads to the mitochondrial
upregulation of cytochrome c oxidase 2 [63], which is a crucial component of the electron transport
chain. Another report showed that loss of p53 leads to p65-triggered expression of the glucose
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transporter GLUT3 (glucose transporter 3) in tumor cells, resulting in increased glucose consumption
and anaerobic glycolysis [64]. The p65 protein can also be transported into the mitochondria in
the absence of p53. Mitochondrial p65 can associate with the mitochondrial genome to repress
mitochondrial gene expression and oxidative phosphorylation [65], and it will be interesting to study
the molecular mechanisms allowing p65 entry into the mitochondria.

NF-κB also sustains proliferative signaling, but this is seen only in specific cell types, such as
lymphocytes. An example for a direct and cell-specific effect of NF-κB is provided by mice that are
lacking the DNA-binding subunit c-Rel, which display defects in B-cell proliferation [66,67]. Similarly,
also RelB-deficient mice show defective proliferative responses in B cells [68]. In addition, Rel-/- mice
show reduced keratinocyte proliferation and epidermal thickness [69]. Growth inhibitory roles of
NF-κB have also been reported in mice expressing a dominant-negative IκBα protein. These mice
show hyperplasia of the epidermal epithelium, suggesting that NF-κB restricts the proliferation of this
cell type in vivo [70]. In addition to its importance for proliferation of specific cell types, NF-κB might
also be relevant for proliferation of cancer cells, although this aspect is not fully explored. For example,
RelB is required for proliferation of endometrioid adenocarcinoma [71] and overexpression of
dominant-negative IκBα interferes with the proliferation of cervix carcinoma cells [72].

Many solid tumors induce angiogenesis in order to ensure the supply of nutrients and oxygen
as well as to evacuate carbon dioxide and metabolic wastes [41]. This process is antagonized by
NF-κB, as revealed in a study using mice expressing a dominant-negative IκBα protein exclusively in
endothelial cells, resulting in the selective repression of NF-κB in endothelial cells. Inoculated tumors
grow faster and more aggressive in these transgenic mice, concomitant with a striking increase in
tumor vascularization [73]. Therefore, angiogenesis repression by NF-κB challenges the paradigm that
systemic NF-κB inhibition can serve as a universal anti-cancer strategy.

But, NF-κB also regulates two cancer enabling characteristics of cancer cells. The contribution
of NF-κB for tumor-promoting inflammation is very well documented and also covered by
a number of excellent reviews [74,75]. In order avoid repetition and redundancy, we refer to these
articles, which convincingly summarize how cells of the immune system create a tumor-promoting
microenvironment by the NF-κB-dependent production of growth and survival factors.

The enabling characteristics of cancer include the acquisition of genetic instability, which confers
selective advantage on cell subclones to enable their outgrowth and succession of clonal expansions [41].
NF-κB is activated by DNA damage, for example, by an ATM-mediated pathway in response to DNA
double strand breaks induced by oxidative stress. In addition, NF-κB also contributes to the repair of
double-strand breaks by homologous recombination. DNA damage triggers the association of p65 with
the CtIP-BRCA1 complex and thus stimulates DNA repair [76]. A role of NF-κB for genome stability
was revealed by the analysis of p65-deficient mouse and human cells, which show all of the signs of
genomic instability, including high frequencies of gene deletions, DNA mutations, and chromosomal
translocations [77]. The molecular mechanisms explaining the contribution of p65 for genomic stability
are not clear and need to be elucidated in the future.

In summary, numerous studies have revealed an important contribution of NF-κB to many aspects
of cancer biology. Although the majority of features are consistent with a tumor-promoting function of
this transcription factor, a global inhibition of NF-κB is not possible, as it would foster angiogenesis
and genetic instability.

5.2. The Direct Roles of NF-κB in Cancer

The direct contribution of the NF-κB system to cancer is seen by the direct mutation of NF-κB
regulatory proteins [40]. Many of these mutations lead to lymphomas, which likely have its cause in
the important role of the NF-κB pathway in normal lymphocyte development and activation. A review
by Neil Perkins makes the important point that single mutations in NF-κB DNA-binding subunits
are relatively rare, as they cannot adequately mimic the diverse nature and complexity of the NF-κB
response [78]. Thus, the majority of NF-κB-driven cancers are induced by gain-of-function (GOF)
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mutations in the upstream activators of NF-κB. While GOF mutations of upstream activators lead
to tumor formation that is dependent on the simultaneous induction of further signaling pathways,
mutations of the DNA-binding subunits can trigger oncogenesis without the requirement for additional
signals, as summarized in Figure 4.

The contribution of NF-κB for tumorigenesis by upstream activators is exemplified by mutations
that are found in components of the so-called CBM complex, which is essential for NF-κB activation in
lymphocytes by activation of the T-cell receptor (TCR) or B-cell receptor (BCR) [79]. The CBM complex
is composed of the scaffold protein CARMA1/CARD11 (CARD-MAGUK1/caspase recruitment
domain family member 11), the adaptor protein BCL10 (B-Cell CLL/lymphoma 10) and MALT1
(mucosa-associated lymphoid tissue lymphoma translocation protein 1), which has a dual role as
a scaffold protein and a paracaspase [80,81].
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Figure 4. Schematic display of mutations occurring at upstream or downstream components of
the NF-κB system. Mutations of upstream regulators are exemplified by the gain-of-function
(GOF) mutations in the CBM complex that typically lead to activation of further tumor-promoting
signaling pathways.

Receptor activation leads to the recruitment of CARMA1 to lipid rafts, followed by its
phosphorylation, which induces a conformational change, thus allowing for its oligomerization,
the formation of BCL10 filaments and the attachment of MALT1 [82]. The BCL10/MALT1 filaments
are further decorated by the ubiquitin E3 ligase TRAF6, which likely results in the all-or-none
activation of the downstream pathways [82]. Active TRAF6 mediates the attachment of K63-branched
polyubiquitin chains at the C-terminus of MALT1, which allows for further protein/protein interactions
and the activation of NF-κB and JNK/AP1 (c-Jun N-terminal kinase/activator protein 1) signaling.
The MALT1 protein has proteolytic activity and cleaves its substrate proteins after a positively charged
arginine residue in the P1 position [80,81]. Mutations leading to the constitutive activation of the
CBM complex are frequently found in lymphoid malignancies. GOF mutations of CARMA1 often
occur in diffuse large B-cell lymphoma, B-cell lymphoproliferative disorders, and also in T-cell
leukemia/lymphomas [83,84]. But, also the other members of the CBM complex are frequently
found to be mutated, overexpressed, or affected by chromosomal translocations (MALT1-API2 or
c-IAP2-MALT1). The GOF mutations of CBM members promote lymphomagenesis and MALT1
inhibitors have shown to allow for new treatment options for patients with refractory t(11;18)-positive
MALT1 lymphoma [85–87]. The constitutively active CBM complex leads to constant activation of
NF-κB and also to the permanent induction of the JNK/AP1 pathway and expression of RNA-binding
proteins (Roquin-1 and -2, Regnase-1), which mediate the stabilization of several NF-κB-dependent
transcripts. Of note, constitutive activation of NF-κB alone is not sufficient for lymphomagenesis
and requires further JNK-derived signals. This was revealed in a mouse model where the transgenic
expression of the constitutively active CARMA1 mutant CARMA1 (L225LI) is sufficient to trigger
aggressive B-cell lymphoproliferation. Inhibition of either NF-κB or JNK blocks proliferation of the
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CARMA1 (L225LI)-expressing B-cells, showing that only cooperative NF-κB and JNK activation drives
the malignant growth [88].

While mutation of the upstream activators of NF-κB necessarily affects the co-regulatory pathways,
there is also evidence for an oncogenic function of the DNA-binding subunits, as summarized in
Figure 5. The DNA-binding subunits represent the endpoint of the NF-κB cascade and their ability
to mediate oncogenic transformation shows the importance of NF-κB-dependent transcriptional
programs. Soon after cloning of the avian retroviral protein v-Rel it became clear that retroviruses
encoding v-Rel are highly oncogenic and transform chicken cells in vitro and in vivo [89,90].
Transgenic mice expressing v-Rel in T-cells develop immature, multicentric aggressive T-cell
leukemia/lymphomas, showing that ectopic expression of v-Rel alone is sufficient for oncogenic
transformation [91]. Constitutive p50/v-Rel DNA-binding is induced upon v-Rel epression, but the
transforming activity also occurs in transgenic thymocytes lacking p50. The ability of v-Rel to trigger or
repress gene expression depends on the cell type [92], but v-Rel-mediated induction of gene expression
seems not to be as potent as gene induction by p65 [93]. Transformed chicken spleen cells show
v-Rel localization in the nucleus and also in the cytoplasm. [94], but a threshold nuclear level of
the v-Rel oncoprotein is required for the transformation of avian lymphocytes [95]. In the nucleus,
v-Rel cooperates with many transcription factors, such as the AP1 subunits c-Fos and c-Jun, IRF4,
and SP1 to mediate oncogenic transformation [96–98].
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Figure 1, the v-Rel protein contains short sequence remnants from the REV env (envelope) gene at the
N- and C-termini. Different parts of the C11ORF95 proteins, which contain zinc fingers (ZnF) are fused
to the N-termini of p65.

From all five different DNA-binding subunits, only the v-Rel homologue c-Rel has the ability
to transform avian lymphoid cells dependent from the presence of both C-terminal TADs [99,100].
However, the removal of either of the 2 C-terminal TADs from c-Rel augments its transforming
activity, suggesting that a chronic low-level of transcriptional activation is optimal for oncogenic
transformation [101]. The c-Rel encoding REL locus is frequently altered (rearranged, amplified,
mutated) in a variety of B- and T-cell malignancies. The REL locus at the chromosomal position
2p16.1-15 is amplified in Hodgkin’s lymphoma (~46%) and diffuses large B cell lymphoma (DLBCL)
(~15%) [101]. Also, T-cell lymphomas (natural killer, peripheral T cells, anaplastic large cells) show
the frequent amplification of the REL locus [102]. Increased c-Rel expression has been observed in
Hodgkin lymphoma where the REL locus was found to be translocated to a position near the light chain
enhancer [103], or alternatively by integration of an EBV genome near to the c-Rel encoding region [104].
Experimental proof for a causative role of c-Rel overexpression in the process of tumorigenesis has
been obtained in a mouse model. Overexpression of c-Rel under the control of a hormone-responsive
mouse mammary tumour virus promoter led to the induction of mammary tumors, but these develop
with a long latency, suggesting the requirement of secondary events [105]. Also, nuclear localisation of
c-REL is frequently observed in cancer cells.
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Furthermore, oncogenic fusion proteins have been described for c-Rel and p65. A chimeric
c-REL-ANKRD36 protein occurs in the RC-K8 DLBCL cell line due to a deletion on chromosome 2 [106].
Interestingly, the fusion partner ANKRD36 has several ankyrin repeats, which are also found in p100,
p105 and the IκB proteins. However, it is unclear whether this fusion protein is responsible for the
proliferation of the RC-K8 cells. Another oncogenic fusion protein, C11orf95-RELA, is expressed in
more than two-thirds of supratentorial ependymomas, a rare brain tumor, where C11orf95-RELA
accumulates in the nuclei [107]. A causative role of C11orf95-RELA for tumorigenesis was shown in
experiments where the expression of the fusion protein in mouse forebrain neural stem cells converted
them to brain tumor cells, probably by driving an aberrant transcription program [107]. The various
C11orf95-RELA fusion proteins contain one or two zinc finger domains, raising the possibility that this
fusion can alter the DNA-binding specificity of NF-κB. It will thus be interesting to characterize the
genomic binding sites of C11orf95-RELA and to compare them to the binding sites of the wildtype
p65 protein in healthy tissue. The finding that C11orf95-RELA expression generates only one highly
specific cancer type also illustrates the high plasticity and diversity of the NF-κB response.

6. Concluding Remarks

The NF-κB transcription factor system is of broad relevance for the formation and maintenance
of many tumor entities. Its broad relevance for central physiological processes does not allow for its
global inhibition and raises the need for the development of highly pathway-specific and cell-type
specific components as exemplified by MALT1 inhibitors, which are currently tested in clinical trials
for the treatment of lymphomas. Further work is needed in order to identify and characterize the
auxiliary components that help to specify and regulate the transcriptional output programs of NF-κB,
as these proteins could be additional druggable targets.

Acknowledgments: The work from M. Lienhard Schmitz and Michael Kracht is supported by grants from the
Deutsche Forschungsgemeinschaft SFB/TRR81, SFB1021, SFB1213 and the Excellence Cluster Cardio-Pulmonary
System (ECCPS, EXC 147/2). The work of M. Lienhard Schmitz is supported by grants from the Deutsche
Forschungsgemeinschaft (SCHM 1417/8-3), the Deutsche Krebshilfe (111447) and the IMPRS-HLR program of the
Max-Planck Society.

Author Contributions: Tabea Riedlinger has conceived the concept and prepared the figures, M. Lienhard Schmitz
has written the first draft of the manuscript, Jana Haas, Julia Busch, Bart van de Sluis and Michael Kracht have
provided substantial help for the correction of the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Gilmore, T.D.; Wolenski, F.S. NF-κB: Where did it come from and why? Immunol. Rev. 2012, 246, 14–35.
[CrossRef] [PubMed]

2. D’Ignazio, L.; Rocha, S. Hypoxia Induced NF-κB. Cells 2016, 5, 10. [CrossRef] [PubMed]
3. Miyamoto, S. Nuclear initiated NF-κB signaling: NEMO and ATM take center stage. Cell Res. 2011, 21,

116–130. [CrossRef] [PubMed]
4. Mitchell, S.; Vargas, J.; Hoffmann, A. Signaling via the NF-κB system. Wiley. Interdiscip. Rev. Syst. Biol. Med.

2016, 8, 227–241. [CrossRef] [PubMed]
5. Grimm, S.; Baeuerle, P.A. The inducible transcription factor NF-κB: Structure-function relationship of its

protein subunits. Biochem. J. 1993, 290, 297–308. [CrossRef] [PubMed]
6. Yilmaz, Z.B.; Kofahl, B.; Beaudette, P.; Baum, K.; Ipenberg, I.; Weih, F.; Wolf, J.; Dittmar, G.; Scheidereit, C.

Quantitative dissection and modeling of the NF-κB p100-p105 module reveals interdependent precursor
proteolysis. Cell Rep. 2014, 9, 1756–1769. [CrossRef] [PubMed]

7. Schmitz, M.L.; Baeuerle, P.A. The p65 subunit is responsible for the strong transcription activating potential
of NF-κB. EMBO J. 1991, 10, 3805–3817. [PubMed]

8. Hayden, M.S.; Ghosh, S. NF-κB, the first quarter-century: Remarkable progress and outstanding questions.
Genes Dev. 2012, 26, 203–234. [CrossRef] [PubMed]

http://dx.doi.org/10.1111/j.1600-065X.2012.01096.x
http://www.ncbi.nlm.nih.gov/pubmed/22435545
http://dx.doi.org/10.3390/cells5010010
http://www.ncbi.nlm.nih.gov/pubmed/27005664
http://dx.doi.org/10.1038/cr.2010.179
http://www.ncbi.nlm.nih.gov/pubmed/21187855
http://dx.doi.org/10.1002/wsbm.1331
http://www.ncbi.nlm.nih.gov/pubmed/26990581
http://dx.doi.org/10.1042/bj2900297
http://www.ncbi.nlm.nih.gov/pubmed/8452515
http://dx.doi.org/10.1016/j.celrep.2014.11.014
http://www.ncbi.nlm.nih.gov/pubmed/25482563
http://www.ncbi.nlm.nih.gov/pubmed/1935902
http://dx.doi.org/10.1101/gad.183434.111
http://www.ncbi.nlm.nih.gov/pubmed/22302935


Biomedicines 2018, 6, 36 11 of 15

9. Schmitz, M.L.; Kracht, M.; Saul, V.V. The intricate interplay between RNA viruses and NF-κB.
Biochim. Biophys. Acta 2014, 1843, 2754–2764. [CrossRef] [PubMed]

10. Ikeda, F. Linear ubiquitination signals in adaptive immune responses. Immunol. Rev. 2015, 266, 222–236.
[CrossRef] [PubMed]

11. Rittinger, K.; Ikeda, F. Linear ubiquitin chains: Enzymes, mechanisms and biology. Open. Biol. 2017, 7,
170026. [CrossRef] [PubMed]

12. Senftleben, U.; Cao, Y.; Xiao, G.; Greten, F.R.; Krahn, G.; Bonizzi, G.; Chen, Y.; Hu, Y.; Fong, A.; Sun, S.C.; et al.
Activation by IKKα of a second, evolutionary conserved, NF-κB signaling pathway. Science 2001, 293,
1495–1499. [CrossRef] [PubMed]

13. Xiao, G.; Harhaj, E.W.; Sun, S.C. NF-κB-inducing kinase regulates the processing of NF-κB2 p100. Mol. Cell
2001, 7, 401–409. [CrossRef]

14. Mabb, A.M.; Wuerzberger-Davis, S.M.; Miyamoto, S. PIASy mediates NEMO sumoylation and NF-κB
activation in response to genotoxic stress. Nat. Cell Biol. 2006, 8, 986–993. [CrossRef] [PubMed]

15. Hinz, M.; Stilmann, M.; Arslan, S.C.; Khanna, K.K.; Dittmar, G.; Scheidereit, C. A cytoplasmic
ATM-TRAF6-cIAP1 module links nuclear DNA damage signaling to ubiquitin-mediated NF-κB activation.
Mol. Cell 2010, 40, 63–74. [CrossRef] [PubMed]

16. D’Ignazio, L.; Bandarra, D.; Rocha, S. NF-κB and HIF crosstalk in immune responses. FEBS J. 2016, 283,
413–424. [CrossRef] [PubMed]

17. Oeckinghaus, A.; Hayden, M.S.; Ghosh, S. Crosstalk in NF-κB signaling pathways. Nat. Immunol. 2011, 12,
695–708. [CrossRef] [PubMed]

18. Natoli, G. Tuning up inflammation: How DNA sequence and chromatin organization control the induction
of inflammatory genes by NF-κB. FEBS Lett. 2006, 580, 2843–2849. [CrossRef] [PubMed]

19. Wong, D.; Teixeira, A.; Oikonomopoulos, S.; Humburg, P.; Lone, I.N.; Saliba, D.; Siggers, T.; Bulyk, M.;
Angelov, D.; Dimitrov, S.; et al. Extensive characterization of NF-κB binding uncovers non-canonical motifs
and advances the interpretation of genetic functional traits. Genome Biol. 2011, 12, R70. [CrossRef] [PubMed]

20. Stein, B.; Baldwin, A.S., Jr.; Ballard, D.W.; Greene, W.C.; Angel, P.; Herrlich, P. Cross-coupling of the NF-κB
p65 and Fos/Jun transcription factors produces potentiated biological function. EMBO J. 1993, 12, 3879–3891.
[PubMed]

21. Dryden, N.H.; Sperone, A.; Martin-Almedina, S.; Hannah, R.L.; Birdsey, G.M.; Khan, S.T.; Layhadi, J.A.;
Mason, J.C.; Haskard, D.O.; Gottgens, B.; et al. The transcription factor Erg controls endothelial cell
quiescence by repressing activity of nuclear factor (NF)-κB p65. J. Biol. Chem. 2012, 287, 12331–12342.
[CrossRef] [PubMed]

22. Lim, C.A.; Yao, F.; Wong, J.J.; George, J.; Xu, H.; Chiu, K.P.; Sung, W.K.; Lipovich, L.; Vega, V.B.; Chen, J.; et al.
Genome-wide mapping of RELA(p65) binding identifies E2F1 as a transcriptional activator recruited by
NF-κB upon TLR4 activation. Mol. Cell 2007, 27, 622–635. [CrossRef] [PubMed]

23. Chen, L.F.; Mu, Y.; Greene, W.C. Acetylation of RelA at discrete sites regulates distinct nuclear functions of
NF-κB. EMBO J. 2002, 21, 6539–6548. [CrossRef] [PubMed]

24. Liu, B.; Yang, R.; Wong, K.A.; Getman, C.; Stein, N.; Teitell, M.A.; Cheng, G.; Wu, H.; Shuai, K. Negative
regulation of NF-κB signaling by PIAS1. Mol. Cell Biol. 2005, 25, 1113–1123. [CrossRef] [PubMed]

25. Park, S.W.; Huq, M.D.; Hu, X.; Wei, L.N. Tyrosine nitration on p65: A novel mechanism to rapidly inactivate
nuclear factor-κB. Mol. Cell Proteom. 2005, 4, 300–309. [CrossRef] [PubMed]

26. Reintjes, A.; Fuchs, J.E.; Kremser, L.; Lindner, H.H.; Liedl, K.R.; Huber, L.A.; Valovka, T. Asymmetric
arginine dimethylation of RelA provides a repressive mark to modulate TNFα/NF-κB response. Proc. Natl.
Acad. Sci. USA 2016, 113, 4326–4331. [CrossRef] [PubMed]

27. Beg, A.A.; Sha, W.C.; Bronson, R.T.; Ghosh, S.; Baltimore, D. Embryonic lethality and liver degeneration in
mice lacking the RelA component of NF-κB. Nature 1995, 376, 167–170. [CrossRef] [PubMed]

28. Dong, J.; Jimi, E.; Zhong, H.; Hayden, M.S.; Ghosh, S. Repression of gene expression by unphosphorylated
NF-κB p65 through epigenetic mechanisms. Genes Dev. 2008, 22, 1159–1173. [CrossRef] [PubMed]

29. Dong, J.; Jimi, E.; Zeiss, C.; Hayden, M.S.; Ghosh, S. Constitutively active NF-κB triggers systemic
TNFα-dependent inflammation and localized TNFα-independent inflammatory disease. Genes Dev. 2010, 24,
1709–1717. [CrossRef] [PubMed]

30. Rosenfeld, M.E.; Prichard, L.; Shiojiri, N.; Fausto, N. Prevention of hepatic apoptosis and embryonic lethality
in RelA/TNFR-1 double knockout mice. Am. J. Pathol. 2000, 156, 997–1007. [CrossRef]

http://dx.doi.org/10.1016/j.bbamcr.2014.08.004
http://www.ncbi.nlm.nih.gov/pubmed/25116307
http://dx.doi.org/10.1111/imr.12300
http://www.ncbi.nlm.nih.gov/pubmed/26085218
http://dx.doi.org/10.1098/rsob.170026
http://www.ncbi.nlm.nih.gov/pubmed/28446710
http://dx.doi.org/10.1126/science.1062677
http://www.ncbi.nlm.nih.gov/pubmed/11520989
http://dx.doi.org/10.1016/S1097-2765(01)00187-3
http://dx.doi.org/10.1038/ncb1458
http://www.ncbi.nlm.nih.gov/pubmed/16906147
http://dx.doi.org/10.1016/j.molcel.2010.09.008
http://www.ncbi.nlm.nih.gov/pubmed/20932475
http://dx.doi.org/10.1111/febs.13578
http://www.ncbi.nlm.nih.gov/pubmed/26513405
http://dx.doi.org/10.1038/ni.2065
http://www.ncbi.nlm.nih.gov/pubmed/21772278
http://dx.doi.org/10.1016/j.febslet.2006.02.072
http://www.ncbi.nlm.nih.gov/pubmed/16530189
http://dx.doi.org/10.1186/gb-2011-12-7-r70
http://www.ncbi.nlm.nih.gov/pubmed/21801342
http://www.ncbi.nlm.nih.gov/pubmed/8404856
http://dx.doi.org/10.1074/jbc.M112.346791
http://www.ncbi.nlm.nih.gov/pubmed/22337883
http://dx.doi.org/10.1016/j.molcel.2007.06.038
http://www.ncbi.nlm.nih.gov/pubmed/17707233
http://dx.doi.org/10.1093/emboj/cdf660
http://www.ncbi.nlm.nih.gov/pubmed/12456660
http://dx.doi.org/10.1128/MCB.25.3.1113-1123.2005
http://www.ncbi.nlm.nih.gov/pubmed/15657437
http://dx.doi.org/10.1074/mcp.M400195-MCP200
http://www.ncbi.nlm.nih.gov/pubmed/15657065
http://dx.doi.org/10.1073/pnas.1522372113
http://www.ncbi.nlm.nih.gov/pubmed/27051065
http://dx.doi.org/10.1038/376167a0
http://www.ncbi.nlm.nih.gov/pubmed/7603567
http://dx.doi.org/10.1101/gad.1657408
http://www.ncbi.nlm.nih.gov/pubmed/18408078
http://dx.doi.org/10.1101/gad.1958410
http://www.ncbi.nlm.nih.gov/pubmed/20713516
http://dx.doi.org/10.1016/S0002-9440(10)64967-X


Biomedicines 2018, 6, 36 12 of 15

31. Poligone, B.; Hayden, M.S.; Chen, L.; Pentland, A.P.; Jimi, E.; Ghosh, S. A role for NF-κB activity in skin
hyperplasia and the development of keratoacanthomata in mice. PLoS ONE 2013, 8, e71887. [CrossRef]
[PubMed]

32. Moles, A.; Butterworth, J.A.; Sanchez, A.; Hunter, J.E.; Leslie, J.; Sellier, H.; Tiniakos, D.; Cockell, S.J.;
Mann, D.A.; Oakley, F.; et al. A RelA(p65) Thr505 phospho-site mutation reveals an important mechanism
regulating NF-κB-dependent liver regeneration and cancer. Oncogene 2016, 35, 4623. [CrossRef] [PubMed]

33. Msaki, A.; Sanchez, A.M.; Koh, L.F.; Barre, B.; Rocha, S.; Perkins, N.D.; Johnson, R.F. The role of RelA (p65)
threonine 505 phosphorylation in the regulation of cell growth, survival, and migration. Mol. Biol. Cell 2011,
22, 3032–3040. [CrossRef] [PubMed]

34. Pradere, J.P.; Hernandez, C.; Koppe, C.; Friedman, R.A.; Luedde, T.; Schwabe, R.F. Negative regulation of
NF-κB p65 activity by serine 536 phosphorylation. Sci. Signal 2016, 9, ra85. [CrossRef] [PubMed]

35. Geng, H.; Wittwer, T.; Dittrich-Breiholz, O.; Kracht, M.; Schmitz, M.L. Phosphorylation of NF-κB p65 at
Ser468 controls its COMMD1-dependent ubiquitination and target gene-specific proteasomal elimination.
EMBO Rep. 2009, 10, 381–386. [CrossRef] [PubMed]

36. Lawrence, T.; Bebien, M.; Liu, G.Y.; Nizet, V.; Karin, M. IKKα limits macrophage NF-κB activation and
contributes to the resolution of inflammation. Nature 2005, 434, 1138–1143. [CrossRef] [PubMed]

37. Mao, X.; Gluck, N.; Li, D.; Maine, G.N.; Li, H.; Zaidi, I.W.; Repaka, A.; Mayo, M.W.; Burstein, E. GCN5 is
a required cofactor for a ubiquitin ligase that targets NF-κB/RelA. Genes Dev. 2009, 23, 849–861. [CrossRef]
[PubMed]

38. Riedlinger, T.; Dommerholt, M.B.; Wijshake, T.; Kruit, J.K.; Huijkman, N.; Dekker, D.; Koster, M.;
Kloosterhuis, N.; Koonen, D.P.Y.; de Bruin, A.; et al. NF-κB p65 serine 467 phosphorylation sensitizes
mice to weight gain and TNFα-or diet-induced inflammation. Biochim. Biophys. Acta 2017, 1864, 1785–1798.
[CrossRef] [PubMed]

39. Kaltschmidt, B.; Kaltschmidt, C. NF-κB in Long-Term Memory and Structural Plasticity in the Adult
Mammalian Brain. Front. Mol. Neurosci. 2015, 8, 69. [CrossRef] [PubMed]

40. Courtois, G.; Gilmore, T.D. Mutations in the NF-κB signaling pathway: Implications for human disease.
Oncogene 2006, 25, 6831–6843. [CrossRef] [PubMed]

41. Hanahan, D.; Weinberg, R.A. Hallmarks of cancer: The next generation. Cell 2011, 144, 646–674. [CrossRef]
[PubMed]

42. Beg, A.A.; Baltimore, D. An essential role for NF-κB in preventing TNF-alpha-induced cell death. Science
1996, 274, 782–784. [CrossRef] [PubMed]

43. Van Antwerp, D.J.; Martin, S.J.; Kafri, T.; Green, D.R.; Verma, I.M. Suppression of TNF-alpha-induced
apoptosis by NF-κB. Science 1996, 274, 787–789. [CrossRef] [PubMed]

44. Wang, C.Y.; Mayo, M.W.; Baldwin, A.S., Jr. TNF- and cancer therapy-induced apoptosis: Potentiation by
inhibition of NF-κB. Science 1996, 274, 784–787. [CrossRef] [PubMed]

45. Yan, H.Q.; Huang, X.B.; Ke, S.Z.; Jiang, Y.N.; Zhang, Y.H.; Wang, Y.N.; Li, J.; Gao, F.G. Interleukin 6 augments
lung cancer chemotherapeutic resistance via ataxia-telangiectasia mutated/NF-κB pathway activation.
Cancer Sci. 2014, 105, 1220–1227. [CrossRef] [PubMed]

46. Montagut, C.; Tusquets, I.; Ferrer, B.; Corominas, J.M.; Bellosillo, B.; Campas, C.; Suarez, M.; Fabregat, X.;
Campo, E.; Gascon, P.; et al. Activation of nuclear factor-κB is linked to resistance to neoadjuvant
chemotherapy in breast cancer patients. Endocr. Relat Cancer 2006, 13, 607–616. [CrossRef] [PubMed]

47. Godwin, P.; Baird, A.M.; Heavey, S.; Barr, M.P.; O’Byrne, K.J.; Gately, K. Targeting nuclear factor-κB to
overcome resistance to chemotherapy. Front Oncol. 2013, 3, 120. [CrossRef] [PubMed]

48. Sohma, I.; Fujiwara, Y.; Sugita, Y.; Yoshioka, A.; Shirakawa, M.; Moon, J.H.; Takiguchi, S.; Miyata, H.;
Yamasaki, M.; Mori, M.; et al. Parthenolide, an NF-κB inhibitor, suppresses tumor growth and enhances
response to chemotherapy in gastric cancer. Cancer Genom. Proteom. 2011, 8, 39–47.

49. Enzler, T.; Sano, Y.; Choo, M.K.; Cottam, H.B.; Karin, M.; Tsao, H.; Park, J.M. Cell-selective inhibition of
NF-κB signaling improves therapeutic index in a melanoma chemotherapy model. Cancer Discov. 2011, 1,
496–507. [CrossRef] [PubMed]

50. Kaltschmidt, B.; Kaltschmidt, C.; Hofmann, T.G.; Hehner, S.P.; Droge, W.; Schmitz, M.L. The pro- or
anti-apoptotic function of NF-κB is determined by the nature of the apoptotic stimulus. Eur. J. Biochem. 2000,
267, 3828–3835. [CrossRef] [PubMed]

http://dx.doi.org/10.1371/journal.pone.0071887
http://www.ncbi.nlm.nih.gov/pubmed/23977171
http://dx.doi.org/10.1038/onc.2015.526
http://www.ncbi.nlm.nih.gov/pubmed/26853469
http://dx.doi.org/10.1091/mbc.E11-04-0280
http://www.ncbi.nlm.nih.gov/pubmed/21737676
http://dx.doi.org/10.1126/scisignal.aab2820
http://www.ncbi.nlm.nih.gov/pubmed/27555662
http://dx.doi.org/10.1038/embor.2009.10
http://www.ncbi.nlm.nih.gov/pubmed/19270718
http://dx.doi.org/10.1038/nature03491
http://www.ncbi.nlm.nih.gov/pubmed/15858576
http://dx.doi.org/10.1101/gad.1748409
http://www.ncbi.nlm.nih.gov/pubmed/19339690
http://dx.doi.org/10.1016/j.bbamcr.2017.07.005
http://www.ncbi.nlm.nih.gov/pubmed/28723419
http://dx.doi.org/10.3389/fnmol.2015.00069
http://www.ncbi.nlm.nih.gov/pubmed/26635522
http://dx.doi.org/10.1038/sj.onc.1209939
http://www.ncbi.nlm.nih.gov/pubmed/17072331
http://dx.doi.org/10.1016/j.cell.2011.02.013
http://www.ncbi.nlm.nih.gov/pubmed/21376230
http://dx.doi.org/10.1126/science.274.5288.782
http://www.ncbi.nlm.nih.gov/pubmed/8864118
http://dx.doi.org/10.1126/science.274.5288.787
http://www.ncbi.nlm.nih.gov/pubmed/8864120
http://dx.doi.org/10.1126/science.274.5288.784
http://www.ncbi.nlm.nih.gov/pubmed/8864119
http://dx.doi.org/10.1111/cas.12478
http://www.ncbi.nlm.nih.gov/pubmed/24988892
http://dx.doi.org/10.1677/erc.1.01171
http://www.ncbi.nlm.nih.gov/pubmed/16728586
http://dx.doi.org/10.3389/fonc.2013.00120
http://www.ncbi.nlm.nih.gov/pubmed/23720710
http://dx.doi.org/10.1158/2159-8290.CD-11-0143
http://www.ncbi.nlm.nih.gov/pubmed/22389871
http://dx.doi.org/10.1046/j.1432-1327.2000.01421.x
http://www.ncbi.nlm.nih.gov/pubmed/10849002


Biomedicines 2018, 6, 36 13 of 15

51. Jennewein, C.; Karl, S.; Baumann, B.; Micheau, O.; Debatin, K.M.; Fulda, S. Identification of a novel
pro-apoptotic role of NF-κB in the regulation of T. Oncogene 2012, 31, 1468–1474. [CrossRef] [PubMed]

52. Akiyama, M.; Hideshima, T.; Hayashi, T.; Tai, Y.T.; Mitsiades, C.S.; Mitsiades, N.; Chauhan, D.; Richardson, P.;
Munshi, N.C.; Anderson, K.C. Nuclear factor-κB p65 mediates tumor necrosis factor alpha-induced nuclear
translocation of telomerase reverse transcriptase protein. Cancer Res. 2003, 63, 18–21. [PubMed]

53. Yin, L.; Hubbard, A.K.; Giardina, C. NF-κB regulates transcription of the mouse telomerase catalytic subunit.
J. Biol. Chem. 2000, 275, 36671–36675. [CrossRef] [PubMed]

54. Ghosh, A.; Saginc, G.; Leow, S.C.; Khattar, E.; Shin, E.M.; Yan, T.D.; Wong, M.; Zhang, Z.; Li, G.;
Sung, W.K.; et al. Telomerase directly regulates NF-κB-dependent transcription. Nat. Cell Biol. 2012,
14, 1270–1281. [CrossRef] [PubMed]

55. Yang, J.; Weinberg, R.A. Epithelial-mesenchymal transition: At the crossroads of development and tumor
metastasis. Dev. Cell 2008, 14, 818–829. [CrossRef] [PubMed]

56. Huber, M.A.; Azoitei, N.; Baumann, B.; Grunert, S.; Sommer, A.; Pehamberger, H.; Kraut, N.; Beug, H.;
Wirth, T. NF-κB is essential for epithelial-mesenchymal transition and metastasis in a model of breast cancer
progression. J. Clin. Investig. 2004, 114, 569–581. [CrossRef] [PubMed]

57. Li, C.W.; Xia, W.; Huo, L.; Lim, S.O.; Wu, Y.; Hsu, J.L.; Chao, C.H.; Yamaguchi, H.; Yang, N.K.;
Ding, Q.; et al. Epithelial-mesenchymal transition induced by TNF-alpha requires NF-κB-mediated
transcriptional upregulation of Twist1. Cancer Res. 2012, 72, 1290–1300. [CrossRef] [PubMed]

58. Pires, B.R.; Mencalha, A.L.; Ferreira, G.M.; de Souza, W.F.; Morgado-Diaz, J.A.; Maia, A.M.; Correa, S.;
Abdelhay, E.S. NF-κB Is Involved in the Regulation of EMT Genes in Breast Cancer Cells. PLoS ONE 2017,
12, e0169622. [CrossRef] [PubMed]

59. Collins, T.; Read, M.A.; Neish, A.S.; Whitley, M.Z.; Thanos, D.; Maniatis, T. Transcriptional regulation of
endothelial cell adhesion molecules: NF-κB and cytokine-inducible enhancers. FASEB J. 1995, 9, 899–909.
[CrossRef] [PubMed]

60. Maeda, S.; Hikiba, Y.; Sakamoto, K.; Nakagawa, H.; Hirata, Y.; Hayakawa, Y.; Yanai, A.; Ogura, K.; Karin, M.;
Omata, M. Ikappa B kinasebeta/nuclear factor-κB activation controls the development of liver metastasis by
way of interleukin-6 expression. Hepatology 2009, 50, 1851–1860. [CrossRef] [PubMed]

61. Warburg, O.; Wind, F.; Negelein, E. The metabolism of tumors in the body. J. Gen. Physiol 1927, 8, 519–530.
[CrossRef] [PubMed]

62. Liberti, M.V.; Locasale, J.W. The Warburg Effect: How Does it Benefit Cancer Cells? Trends Biochem. Sci. 2016,
41, 211–218. [CrossRef] [PubMed]

63. Mauro, C.; Leow, S.C.; Anso, E.; Rocha, S.; Thotakura, A.K.; Tornatore, L.; Moretti, M.; De, S.E.; Beg, A.A.;
Tergaonkar, V.; et al. NF-κB controls energy homeostasis and metabolic adaptation by upregulating
mitochondrial respiration. Nat. Cell Biol. 2011, 13, 1272–1279. [CrossRef] [PubMed]

64. Kawauchi, K.; Araki, K.; Tobiume, K.; Tanaka, N. p53 regulates glucose metabolism through an IKK-NF-κB
pathway and inhibits cell transformation. Nat. Cell Biol. 2008, 10, 611–618. [CrossRef] [PubMed]

65. Johnson, R.F.; Witzel, I.I.; Perkins, N.D. p53-dependent regulation of mitochondrial energy production by
the RelA subunit of NF-κB. Cancer Res. 2011, 71, 5588–5597. [CrossRef] [PubMed]

66. Köntgen, F.; Grumont, R.J.; Strasser, A.; Metcalf, D.; Li, R.; Tarlinton, D.; Gerondakis, S. Mice lacking the c-rel
proto-oncogene exhibit defects in lymphocyte proliferation, humoral immunity, and interleukin-2 expression.
Genes Dev. 1995, 9, 1965–1977. [CrossRef] [PubMed]

67. Tumang, J.R.; Owyang, A.; Andjelic, S.; Jin, Z.; Hardy, R.R.; Liou, M.L.; Liou, H.C. c-Rel is essential for B
lymphocyte survival and cell cycle progression. Eur. J. Immunol. 1998, 28, 4299–4312. [CrossRef]

68. Snapper, C.M.; Rosas, F.R.; Zelazowski, P.; Moorman, M.A.; Kehry, M.R.; Bravo, R.; Weih, F. B cells lacking
RelB are defective in proliferative responses, but undergo normal B cell maturation to Ig secretion and Ig
class switching. J. Exp. Med. 1996, 184, 1537–1541. [CrossRef] [PubMed]

69. Fullard, N.; Moles, A.; O’Reilly, S.; van Laar, J.M.; Faini, D.; Diboll, J.; Reynolds, N.J.; Mann, D.A.; Reichelt, J.;
Oakley, F. The c-Rel subunit of NF-κB regulates epidermal homeostasis and promotes skin fibrosis in mice.
Am. J. Pathol. 2013, 182, 2109–2120. [CrossRef] [PubMed]

70. Seitz, C.S.; Lin, Q.; Deng, H.; Khavari, P.A. Alterations in NF-κB function in transgenic epithelial tissue
demonstrate a growth inhibitory role for NF-κB. Proc. Natl. Acad. Sci. USA 1998, 95, 2307–2312. [CrossRef]
[PubMed]

http://dx.doi.org/10.1038/onc.2011.333
http://www.ncbi.nlm.nih.gov/pubmed/21822306
http://www.ncbi.nlm.nih.gov/pubmed/12517770
http://dx.doi.org/10.1074/jbc.M007378200
http://www.ncbi.nlm.nih.gov/pubmed/10970902
http://dx.doi.org/10.1038/ncb2621
http://www.ncbi.nlm.nih.gov/pubmed/23159929
http://dx.doi.org/10.1016/j.devcel.2008.05.009
http://www.ncbi.nlm.nih.gov/pubmed/18539112
http://dx.doi.org/10.1172/JCI200421358
http://www.ncbi.nlm.nih.gov/pubmed/15314694
http://dx.doi.org/10.1158/0008-5472.CAN-11-3123
http://www.ncbi.nlm.nih.gov/pubmed/22253230
http://dx.doi.org/10.1371/journal.pone.0169622
http://www.ncbi.nlm.nih.gov/pubmed/28107418
http://dx.doi.org/10.1096/fasebj.9.10.7542214
http://www.ncbi.nlm.nih.gov/pubmed/7542214
http://dx.doi.org/10.1002/hep.23199
http://www.ncbi.nlm.nih.gov/pubmed/19821485
http://dx.doi.org/10.1085/jgp.8.6.519
http://www.ncbi.nlm.nih.gov/pubmed/19872213
http://dx.doi.org/10.1016/j.tibs.2015.12.001
http://www.ncbi.nlm.nih.gov/pubmed/26778478
http://dx.doi.org/10.1038/ncb2324
http://www.ncbi.nlm.nih.gov/pubmed/21968997
http://dx.doi.org/10.1038/ncb1724
http://www.ncbi.nlm.nih.gov/pubmed/18391940
http://dx.doi.org/10.1158/0008-5472.CAN-10-4252
http://www.ncbi.nlm.nih.gov/pubmed/21742773
http://dx.doi.org/10.1101/gad.9.16.1965
http://www.ncbi.nlm.nih.gov/pubmed/7649478
http://dx.doi.org/10.1002/(SICI)1521-4141(199812)28:12&lt;4299::AID-IMMU4299&gt;3.0.CO;2-Y
http://dx.doi.org/10.1084/jem.184.4.1537
http://www.ncbi.nlm.nih.gov/pubmed/8879226
http://dx.doi.org/10.1016/j.ajpath.2013.02.016
http://www.ncbi.nlm.nih.gov/pubmed/23562440
http://dx.doi.org/10.1073/pnas.95.5.2307
http://www.ncbi.nlm.nih.gov/pubmed/9482881


Biomedicines 2018, 6, 36 14 of 15

71. Ge, Q.L.; Liu, S.H.; Ai, Z.H.; Tao, M.F.; Ma, L.; Wen, S.Y.; Dai, M.; Liu, F.; Liu, H.S.; Jiang, R.Z.; et al.
RelB/NF-κB links cell cycle transition and apoptosis to endometrioid adenocarcinoma tumorigenesis.
Cell Death. Dis. 2016, 7, e2402. [CrossRef] [PubMed]

72. Kaltschmidt, B.; Kaltschmidt, C.; Hehner, S.P.; Droge, W.; Schmitz, M.L. Repression of NF-κB impairs
HeLa cell proliferation by functional interference with cell cycle checkpoint regulators. Oncogene 1999, 18,
3213–3225. [CrossRef] [PubMed]

73. Kisseleva, T.; Song, L.; Vorontchikhina, M.; Feirt, N.; Kitajewski, J.; Schindler, C. NF-κB regulation of
endothelial cell function during LPS-induced toxemia and cancer. J. Clin. Investig. 2006, 116, 2955–2963.
[CrossRef] [PubMed]

74. Grivennikov, S.I.; Greten, F.R.; Karin, M. Immunity, inflammation, and cancer. Cell 2010, 140, 883–899.
[CrossRef] [PubMed]

75. Taniguchi, K.; Karin, M. NF-κB, inflammation, immunity and cancer: Coming of age. Nat. Rev. Immunol.
2018. [CrossRef] [PubMed]

76. Volcic, M.; Karl, S.; Baumann, B.; Salles, D.; Daniel, P.; Fulda, S.; Wiesmuller, L. NF-κB regulates DNA
double-strand break repair in conjunction with BRCA1-CtIP complexes. Nucleic Acids Res. 2012, 40, 181–195.
[CrossRef] [PubMed]

77. Wang, J.; Jacob, N.K.; Ladner, K.J.; Beg, A.; Perko, J.D.; Tanner, S.M.; Liyanarachchi, S.; Fishel, R.;
Guttridge, D.C. RelA/p65 functions to maintain cellular senescence by regulating genomic stability and
DNA repair. EMBO Rep. 2009, 10, 1272–1278. [CrossRef] [PubMed]

78. Perkins, N.D. The diverse and complex roles of NF-κB subunits in cancer. Nat. Rev. Cancer 2012, 12, 121–132.
[CrossRef] [PubMed]

79. Afonina, I.S.; Elton, L.; Carpentier, I.; Beyaert, R. MALT1–a universal soldier: Multiple strategies to ensure
NF-κB activation and target gene expression. FEBS J. 2015, 282, 3286–3297. [CrossRef] [PubMed]

80. Coornaert, B.; Baens, M.; Heyninck, K.; Bekaert, T.; Haegman, M.; Staal, J.; Sun, L.; Chen, Z.J.; Marynen, P.;
Beyaert, R. T cell antigen receptor stimulation induces MALT1 paracaspase-mediated cleavage of the NF-κB
inhibitor A20. Nat. Immunol. 2008, 9, 263–271. [CrossRef] [PubMed]

81. Rebeaud, F.; Hailfinger, S.; Posevitz-Fejfar, A.; Tapernoux, M.; Moser, R.; Rueda, D.; Gaide, O.; Guzzardi, M.;
Iancu, E.M.; Rufer, N.; et al. The proteolytic activity of the paracaspase MALT1 is key in T cell activation.
Nat. Immunol. 2008, 9, 272–281. [CrossRef] [PubMed]

82. David, L.; Li, Y.; Ma, J.; Garner, E.; Zhang, X.; Wu, H. Assembly mechanism of the
CARMA1-BCL10-MALT1-TRAF6 signalosome. Proc. Natl. Acad. Sci. USA 2018, 115, 1499–1504. [CrossRef]
[PubMed]

83. Juilland, M.; Thome, M. Role of the CARMA1/BCL10/MALT1 complex in lymphoid malignancies.
Curr. Opin. Hematol. 2016, 23, 402–409. [CrossRef] [PubMed]

84. Meininger, I.; Krappmann, D. Lymphocyte signaling and activation by the CARMA1-BCL10-MALT1
signalosome. Biol. Chem. 2016, 397, 1315–1333. [CrossRef] [PubMed]

85. Lim, S.M.; Jeong, Y.; Lee, S.; Im, H.; Tae, H.S.; Kim, B.G.; Park, H.D.; Park, J.; Hong, S. Identification of
beta-Lapachone Analogs as Novel MALT1 Inhibitors To Treat an Aggressive Subtype of Diffuse Large B-Cell
Lymphoma. J. Med. Chem. 2015, 58, 8491–8502. [CrossRef] [PubMed]

86. Nagel, D.; Spranger, S.; Vincendeau, M.; Grau, M.; Raffegerst, S.; Kloo, B.; Hlahla, D.; Neuenschwander, M.;
Peter von Kries, J.; Hadian, K.; et al. Pharmacologic inhibition of MALT1 protease by phenothiazines as
a therapeutic approach for the treatment of aggressive ABC-DLBCL. Cancer Cell 2012, 22, 825–837. [CrossRef]
[PubMed]

87. Saba, N.S.; Wong, D.H.; Tanios, G.; Iyer, J.R.; Lobelle-Rich, P.; Dadashian, E.L.; Liu, D.; Fontan, L.;
Flemington, E.K.; Nichols, C.M.; et al. MALT1 Inhibition Is Efficacious in Both Naive and Ibrutinib-Resistant
Chronic Lymphocytic Leukemia. Cancer Res. 2017, 77, 7038–7048. [CrossRef] [PubMed]

88. Knies, N.; Alankus, B.; Weilemann, A.; Tzankov, A.; Brunner, K.; Ruff, T.; Kremer, M.; Keller, U.B.; Lenz, G.;
Ruland, J. Lymphomagenic CARD11/BCL10/MALT1 signaling drives malignant B-cell proliferation via
cooperative NF-κB and JNK activation. Proc. Natl. Acad. Sci. USA 2015, 112, E7230–E7238. [CrossRef]
[PubMed]

89. Gilmore, T.D.; Temin, H.M. Different localization of the product of the v-rel oncogene in chicken fibroblasts
and spleen cells correlates with transformation by REV-T. Cell 1986, 44, 791–800. [CrossRef]

http://dx.doi.org/10.1038/cddis.2016.309
http://www.ncbi.nlm.nih.gov/pubmed/27711077
http://dx.doi.org/10.1038/sj.onc.1202657
http://www.ncbi.nlm.nih.gov/pubmed/10359527
http://dx.doi.org/10.1172/JCI27392
http://www.ncbi.nlm.nih.gov/pubmed/17053836
http://dx.doi.org/10.1016/j.cell.2010.01.025
http://www.ncbi.nlm.nih.gov/pubmed/20303878
http://dx.doi.org/10.1038/nri.2017.142
http://www.ncbi.nlm.nih.gov/pubmed/29379212
http://dx.doi.org/10.1093/nar/gkr687
http://www.ncbi.nlm.nih.gov/pubmed/21908405
http://dx.doi.org/10.1038/embor.2009.197
http://www.ncbi.nlm.nih.gov/pubmed/19779484
http://dx.doi.org/10.1038/nrc3204
http://www.ncbi.nlm.nih.gov/pubmed/22257950
http://dx.doi.org/10.1111/febs.13325
http://www.ncbi.nlm.nih.gov/pubmed/25996250
http://dx.doi.org/10.1038/ni1561
http://www.ncbi.nlm.nih.gov/pubmed/18223652
http://dx.doi.org/10.1038/ni1568
http://www.ncbi.nlm.nih.gov/pubmed/18264101
http://dx.doi.org/10.1073/pnas.1721967115
http://www.ncbi.nlm.nih.gov/pubmed/29382759
http://dx.doi.org/10.1097/MOH.0000000000000257
http://www.ncbi.nlm.nih.gov/pubmed/27135977
http://dx.doi.org/10.1515/hsz-2016-0216
http://www.ncbi.nlm.nih.gov/pubmed/27420898
http://dx.doi.org/10.1021/acs.jmedchem.5b01415
http://www.ncbi.nlm.nih.gov/pubmed/26496175
http://dx.doi.org/10.1016/j.ccr.2012.11.002
http://www.ncbi.nlm.nih.gov/pubmed/23238017
http://dx.doi.org/10.1158/0008-5472.CAN-17-2485
http://www.ncbi.nlm.nih.gov/pubmed/28993409
http://dx.doi.org/10.1073/pnas.1507459112
http://www.ncbi.nlm.nih.gov/pubmed/26668357
http://dx.doi.org/10.1016/0092-8674(86)90845-7


Biomedicines 2018, 6, 36 15 of 15

90. Stephens, R.M.; Rice, N.R.; Hiebsch, R.R.; Bose, H.R., Jr.; Gilden, R.V. Nucleotide sequence of v-rel:
The oncogene of reticuloendotheliosis virus. Proc. Natl. Acad. Sci. USA 1983, 80, 6229–6233. [CrossRef]
[PubMed]

91. Carrasco, D.; Rizzo, C.A.; Dorfman, K.; Bravo, R. The v-rel oncogene promotes malignant T-cell
leukemia/lymphoma in transgenic mice. EMBO J. 1996, 15, 3640–3650. [PubMed]

92. Walker, W.H.; Stein, B.; Ganchi, P.A.; Hoffman, J.A.; Kaufman, P.A.; Ballard, D.W.; Hannink, M.; Greene, W.C.
The v-rel oncogene: Insights into the mechanism of transcriptional activation, repression, and transformation.
J. Virol. 1992, 66, 5018–5029. [PubMed]

93. Ballard, D.W.; Dixon, E.P.; Peffer, N.J.; Bogerd, H.; Doerre, S.; Stein, B.; Greene, W.C. The 65-kDa subunit
of human NF-κB functions as a potent transcriptional activator and a target for v-Rel-mediated repression.
Proc. Natl. Acad. Sci. USA 1992, 89, 1875–1879. [CrossRef] [PubMed]

94. Gilmore, T.D.; Temin, H.M. v-rel oncoproteins in the nucleus and in the cytoplasm transform chicken spleen
cells. J. Virol. 1988, 62, 703–714. [PubMed]

95. Sachdev, S.; Diehl, J.A.; McKinsey, T.A.; Hans, A.; Hannink, M. A threshold nuclear level of the v-Rel
oncoprotein is required for transformation of avian lymphocytes. Oncogene 1997, 14, 2585–2594. [CrossRef]
[PubMed]

96. Hrdlickova, R.; Nehyba, J.; Bose, H.R., Jr. Interferon regulatory factor 4 contributes to transformation of
v-Rel-expressing fibroblasts. Mol. Cell Biol. 2001, 21, 6369–6386. [PubMed]

97. Liss, A.S.; Tiwari, R.; Kralova, J.; Bose, H.R., Jr. Cell transformation by v-Rel reveals distinct roles of AP-1
family members in Rel/NF-κB oncogenesis. Oncogene 2010, 29, 4925–4937. [CrossRef] [PubMed]

98. Sif, S.; Gilmore, T.D. Interaction of the v-Rel oncoprotein with cellular transcription factor Sp1. J. Virol. 1994,
68, 7131–7138. [PubMed]

99. Fan, Y.; Gelinas, C. An optimal range of transcription potency is necessary for efficient cell transformation
by c-Rel to ensure optimal nuclear localization and gene-specific activation. Oncogene 2007, 26, 4038–4043.
[CrossRef] [PubMed]

100. Starczynowski, D.T.; Reynolds, J.G.; Gilmore, T.D. Deletion of either C-terminal transactivation subdomain
enhances the in vitro transforming activity of human transcription factor REL in chicken spleen cells.
Oncogene 2003, 22, 6928–6936. [CrossRef] [PubMed]

101. Gilmore, T.D.; Gerondakis, S. The c-Rel Transcription Factor in Development and Disease. Genes Cancer 2011,
2, 695–711. [CrossRef] [PubMed]

102. Mao, X.; Orchard, G.; Lillington, D.M.; Russell-Jones, R.; Young, B.D.; Whittaker, S. Genetic alterations in
primary cutaneous CD30+ anaplastic large cell lymphoma. Genes Chromosomes. Cancer 2003, 37, 176–185.
[CrossRef] [PubMed]

103. Martin-Subero, J.I.; Klapper, W.; Sotnikova, A.; Callet-Bauchu, E.; Harder, L.; Bastard, C.; Schmitz, R.;
Grohmann, S.; Hoppner, J.; Riemke, J.; et al. Chromosomal breakpoints affecting immunoglobulin loci
are recurrent in Hodgkin and Reed-Sternberg cells of classical Hodgkin lymphoma. Cancer Res. 2006, 66,
10332–10338. [CrossRef] [PubMed]

104. Luo, W.J.; Takakuwa, T.; Ham, M.F.; Wada, N.; Liu, A.; Fujita, S.; Sakane-Ishikawa, E.; Aozasa, K. Epstein-Barr
virus is integrated between REL and BCL-11A in American Burkitt lymphoma cell line (NAB-2). Lab Investig.
2004, 84, 1193–1199. [CrossRef] [PubMed]

105. Belguise, K.; Sonenshein, G.E. PKCtheta promotes c-Rel-driven mammary tumorigenesis in mice and humans
by repressing estrogen receptor alpha synthesis. J. Clin. Investig. 2007, 117, 4009–4021. [PubMed]

106. Kalaitzidis, D.; Gilmore, T.D. Genomic organization and expression of the rearranged REL proto-oncogene
in the human B-cell lymphoma cell line RC-K8. Genes Chromosomes Cancer 2002, 34, 129–135. [CrossRef]
[PubMed]

107. Parker, M.; Mohankumar, K.M.; Punchihewa, C.; Weinlich, R.; Dalton, J.D.; Li, Y.; Lee, R.; Tatevossian, R.G.;
Phoenix, T.N.; Thiruvenkatam, R.; et al. C11orf95-RELA fusions drive oncogenic NF-κB signalling in
ependymoma. Nature 2014, 506, 451–455. [CrossRef] [PubMed]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1073/pnas.80.20.6229
http://www.ncbi.nlm.nih.gov/pubmed/6312449
http://www.ncbi.nlm.nih.gov/pubmed/8670867
http://www.ncbi.nlm.nih.gov/pubmed/1321284
http://dx.doi.org/10.1073/pnas.89.5.1875
http://www.ncbi.nlm.nih.gov/pubmed/1542686
http://www.ncbi.nlm.nih.gov/pubmed/2828665
http://dx.doi.org/10.1038/sj.onc.1201108
http://www.ncbi.nlm.nih.gov/pubmed/9191058
http://www.ncbi.nlm.nih.gov/pubmed/11533227
http://dx.doi.org/10.1038/onc.2010.239
http://www.ncbi.nlm.nih.gov/pubmed/20562914
http://www.ncbi.nlm.nih.gov/pubmed/7933095
http://dx.doi.org/10.1038/sj.onc.1210164
http://www.ncbi.nlm.nih.gov/pubmed/17173064
http://dx.doi.org/10.1038/sj.onc.1206801
http://www.ncbi.nlm.nih.gov/pubmed/14534540
http://dx.doi.org/10.1177/1947601911421925
http://www.ncbi.nlm.nih.gov/pubmed/22207895
http://dx.doi.org/10.1002/gcc.10184
http://www.ncbi.nlm.nih.gov/pubmed/12696066
http://dx.doi.org/10.1158/0008-5472.CAN-06-1992
http://www.ncbi.nlm.nih.gov/pubmed/17079453
http://dx.doi.org/10.1038/labinvest.3700152
http://www.ncbi.nlm.nih.gov/pubmed/15241441
http://www.ncbi.nlm.nih.gov/pubmed/18037997
http://dx.doi.org/10.1002/gcc.10051
http://www.ncbi.nlm.nih.gov/pubmed/11921291
http://dx.doi.org/10.1038/nature13109
http://www.ncbi.nlm.nih.gov/pubmed/24553141
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	The NF-B System 
	The Core NF-B Activation Pathways 
	Auxiliary NF-B Regulating Mechanisms 
	Functional Analysis of p65 Phosphorylations In Vivo 
	The Multiple Roles of NF-B in Cancer 
	The Indirect Roles of NF-B in Cancer 
	The Direct Roles of NF-B in Cancer 

	Concluding Remarks 
	References

