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Preface to “Roles of NF-kB in Cancer and Their
Therapeutic Approaches”

Although mortality rates have declined in recent years, the majority of cancers are still difficult to
treat and the medical need for better cancer treatment is evident. The current anticancer armamentarium
includes many active agents that are applied across tumor types. However, most of these broadly active
anticancer drugs have a small therapeutic index and barely discriminate between malignant and normal
cells. In recent years, the focus has shifted to the development of rationally designed, molecularly-targeted
therapy for the treatment of a specific cancer, therefore offering the promise of greater specificity coupled
with reduced systemic toxicity. The NF-kB transcription factor family has emerged as a promising target
for cancer therapy.

More than thirty years after their discovery, it is evident that the importance of the NF-kB
transcription factors is continuing to grow due to their central role in many situations of cellular and
organismal challenge. NF-kB plays a critical role in the immune and inflammatory responses, but also
controls cell growth and protects cell from apoptosis. More recently, the relevance of NF-kB in tumor
maintenance, tumor development and possibly even in tumor initiation is becoming more evident. It has
also been shown that NF-«xB plays an important role in inducing resistance to conventional anti-cancer
treatments.

The seventeen articles gathered in this volume explore the routes from NF-kB basic research, cancer
research and oncogenomics into the development of NF-kB-based cancer therapeutics and biomarkers.

We hope you will enjoy reading this Special Issue and learn more about the exciting era that we are
experiencing in the field of NF-kB and its application in cancer research.

The editor and all participants look forward to meeting the NF-kB community in Grasse in October
2018 for the 4th edition of the European NF-kB subunit workshop and discussing further developments in
this rapidly moving field.

Véronique Baud

Special Issue Editor






M biomedicines @"y

Review

Unlocking the NF-kB Conundrum: Embracing
Complexity to Achieve Specificity

Federica Begalli, Jason Bennett, Daria Capece, Daniela Verzella, Daniel D’Andrea,
Laura Tornatore and Guido Franzoso *

Centre for Cell Signalling and Inflammation, Department of Medicine, Imperial College London,
London W12 ONN, UK; f.begalli@imperial.ac.uk (EB.); j.bennett@imperial.ac.uk (J.B.);
d.capece@imperial.ac.uk (D.C.); d.verzella@imperial.ac.uk (D.V.); d.dandrea@imperial.ac.uk (D.D.);
l.tornatore@imperial.ac.uk (L.T.)

* Correspondence: g.franzoso@imperial.ac.uk; Tel.: +44-(0)20-3313-8421

Received: 30 June 2017; Accepted: 10 August 2017; Published: 22 August 2017

Abstract: Transcription factors of the nuclear factor kB (NF-«kB) family are central coordinating
regulators of the host defence responses to stress, injury and infection. Aberrant NF-«B activation
also contributes to the pathogenesis of some of the most common current threats to global human
health, including chronic inflammatory diseases, autoimmune disorders, diabetes, vascular diseases
and the majority of cancers. Accordingly, the NF-kB pathway is widely considered an attractive
therapeutic target in a broad range of malignant and non-malignant diseases. Yet, despite the
aggressive efforts by the pharmaceutical industry to develop a specific NF-kB inhibitor, none has
been clinically approved, due to the dose-limiting toxicities associated with the global suppression
of NF-kB. In this review, we summarise the main strategies historically adopted to therapeutically
target the NF-«kB pathway with an emphasis on oncology, and some of the emerging strategies and
newer agents being developed to pharmacologically inhibit this pathway.

Keywords: nuclear factor kB; NF-kB inhibitors; cancer; IkB kinase; Gadd4503; ubiquitin

1. Introduction

Just over 30 years ago, Ranjan Sen and David Baltimore discovered a protein complex that
bound to a conserved immunoglobulin regulatory DNA sequence in activated B lymphocytes and
that they referred to as “Nuclear Factor binding to the k-Light-chain-enhancer B site” or, in short,
nuclear factor kB (NF-«B) [1]. Decades of research into this factor have subsequently elucidated the
multiple mechanisms of action of the signalling pathways NF-«kB embodies, its ubiquitous presence
in tissues and the pivotal roles it plays in governing a myriad of physiological processes ranging
from the regulation of the immune system and inflammatory response to the regulation of autophagy,
senescence, cell survival, cell proliferation, and cell differentiation [2-5].

Considering the multitude of stimuli that are capable of inducing NF-kB and the vast spectrum
of functions NF-«B plays in normal tissues, it is perhaps unsurprising that these key features of
the NF-«B pathway are frequently hijacked by cancer [6]. Indeed, aberrant NF-«B activation is a
hallmark of most human neoplasias, where it drives oncogenesis, disease recurrence and therapy
resistance, largely by inducing a transcriptional programme that suppresses apoptosis of cancer cells
and orchestrates the inflammatory reaction in the tumour microenvironment (TME) [7]. There is also
evidence that NF-«B can promote tumour cell proliferation, local invasion, metastatic dissemination,
metabolism reprogramming and the epithelial-mesenchymal transition (EMT), thereby contributing
to essentially all hallmarks of cancer [8-10]. In certain cancer types, such as multiple myeloma,
diffuse large B-cell lymphoma (DLBCL), Hodgkin’s lymphoma and glioblastoma multiforme (GBM),
NF-«B is frequently stably activated by recurrent genetic alterations of upstream regulators of its
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pathway [6,11-20]. More commonly, however, constitutive NF-kB activation in cancer ensues from
inflammatory stimuli and other cues emanating from the TME or oncogenic alterations lying outside
the traditional NF-kB pathway, such as RAS and PTEN mutations. These mechanisms are often
responsible for inducing stable NF-«B activation in various types of solid malignancy, including
colorectal, pancreatic, ovarian and breast carcinoma [11]. Indeed, the wealth of available genetic,
biochemical and clinical evidence provides a compelling rationale for therapeutically targeting
NF-kB in a wide range of human malignancies. Nevertheless, developing a specific and clinically
useful NF-«kB inhibitor has proven a seemingly insurmountable problem. Historically, the challenge
with conventional NF-kB-targeting strategies has been to achieve contextual, selective inhibition of
the NF-kB pathogenetic activities, given the pleiotropic physiological functions and ubiquitous nature
of the NF-«B pathway.

This review will examine the main strategies historically adopted to therapeutically target
the NF-«B pathway in cancer, illustrating the principal classes of synthetic compounds and natural
products that have been developed to inhibit oncogenic NF-kB signalling, and focusing on some of
the more promising emerging approaches being developed to overcome the historical limitations of
conventional NF-kB-targeting therapeutics. For a more general overview of the NF-«kB pathway and
its regulation and functions throughout the course of oncogenesis, we refer to the excellent reviews
that have already extensively covered these topics [21-29].

2. The Nuclear Factor kB (NF-kB) Pathway

In mammals, NF-kB comprises a family of five proteins, namely RelA /p65, RelB, p50/NF-«B1
(p105), p52/NF-kB2 (p100), and c-Rel, which form virtually all possible combinations of homo- and
hetero-dimeric NF-«kB complexes [5,30]. The members of this family are characterised by the presence
of a highly conserved 300-amino acid N-terminal region known as the Rel-homology domain (RHD),
which is responsible for the dimerization, DNA binding and nuclear translocation of NF-«kB subunits,
as well as their interaction with IkB regulatory proteins [4]. In resting cells, NF-kB complexes
are normally held inactive in the cytoplasm by binding to members of the IkB family of proteins,
including IkBx, IkBB and IkBe. These proteins all contain a so-called ankyrin repeat domain
(ARD), which interacts with NF-«B dimers and blocks their nuclear import by masking their nuclear
localization signals (NLS) [4]. IkB proteins can also prevent nuclear NF-kB complexes from binding
to DNA and can shuttle them out of the nucleus by means of their nuclear export signal (NES) [4].
The C-termini of the p105 and p100 precursor proteins also contain IkB-like ankyrin repeats, which
must be degraded in order to generate the mature p50 and p52 subunits, respectively [8,28].

NF-kB can be activated from these latent cytoplasmic pools in response to a large variety of stimuli
capable of causing the phosphorylation of IkB proteins on conserved serine residues by the IkB kinase
(IKK) complex [31,32]. The site-specific IkB phosphorylation by IKK in turn creates a destruction motif,
which is recognised by the SKP1-Cullin 1-F-box protein (SCF) E3 ubiquitin-protein ligase complex,
SCFRTCP comprising the core subunits, SKP1 and Cullin 1 (CUL1), the RING component, RING-box
protein 1 (RBX1; also known as ROC1/HRT1), and the F-box protein, 3-transducin repeat-containing
protein (BTrCP), in conjunction with a member of the Ubc4/5 family of E2 ubiquitin-conjugating
enzymes, leading to the K48-linked polyubiquitination of IkBs at conserved lysine residues and their
subsequent proteolytic degradation by the 26S proteasome [4,21,25,26,33-38].

Following the removal of IkBs, the released NF-«xB complexes are free to enter the nucleus [4],
where they bind to distinctive decameric DNA elements, known as kB sites, and regulate transcription
of a diverse array of genes, encoding numerous inflammatory mediators, immunoregulators, apoptosis
inhibitors, developmental factors and other genes responsible for moulding the host defence responses
to stress, injury and infection [4,5]. Notably, the outcome of NF-kB activation is the induction
of diverse and tightly controlled transcriptional programmes, which exhibit a wide degree of
tissue- and context-specificity. Precisely how ubiquitous NF-xB complexes achieve this transcriptional
diversity in tissues is not completely understood, but appears to hinge at least in part upon the
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specific composition of the NF-kB dimers being activated, their post-translational modification
state, their interaction with other transcription factor pathways, and the specific configuration of
the chromatin [5].

2.1. The Canonical NF-xB Pathway

The pathways of NF-«kB activation are broadly classified as the canonical or classical pathway
and the non-canonical or alternative pathway, depending upon the nature of the IKK complexes and
IkB proteins involved. In the canonical NF-kB pathway, exposure to inflammatory cytokines such
as tumour necrosis factor-« (TNF-«) and interleukin 1 (IL-1p), antigen or other immune signals,
and microbial products such as pathogen-associated molecular patterns (PAMPs), leads to the rapid
activation of an IKK complex typically comprising the two homologous catalytic subunits, IKK« and
IKK, and the regulatory scaffold subunit, IKKy (also known as NEMO) [32]. Upon engagement of
their cognate receptors, these ligands trigger a signalling cascade that culminates with the K63-linked
polyubiquitination of IKKy/NEMO [39], a reaction that, unlike K48-linked ubiquitination, does not
target proteins for degradation by the proteasome, but rather causes post-translational modifications,
which enable IKKy/NEMO to interact with other signalling effectors, leading to the downstream
activation of IKKf by site-specific phosphorylation on serine residues, S177 and 5181, within the
activation loop (Figure 1) [4,21,27,34,38,40,41].
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Figure 1. The canonical NF-kB pathway. Schematic representation of the three main upstream
pathways of canonical NF-kB activation through: (a) IL-13R and TLR receptors; (b) TNF-R1 receptor;
(c) the antigen receptors, in B and T cells; (d) genotoxic stress. As results of the exposure to activating
stimuli, NEMO is recruited to the respective proximal signalling complexes, bound to the receptors,
through non-degradative polyubiquitin chains. The recruitment of the IKK complex via NEMO then
allows the TAK1 kinase to activate IKK( by the phosphorylation on specific T-loop serine residues,
leading to IkBs” phosphorylation and degradation, thereby freeing the active NF-«B dimers. NF-«B,
nuclear factor kB; TLR, toll-like receptor; NEMO, NE-«B essential modulator; IKK, IkB kinase; TAK1,
Transforming growth factor 3-activated kinase 1.

The main physiological function of canonical IKK activation is to enable the IKKf-mediated
phosphorylation of IkBa on S32 and S36, thereby targeting the inhibitor for SCFBTP-dependent
K48-linked ubiquitination at conserved lysine residues, K21 and K22, and subsequent proteolysis by
the proteasome [8,34]. Biochemical and genetic studies have shown that IKKf3 is both necessary and
sufficient for IkBa phosphorylation through a mechanism that strictly depends upon IKKy/NEMO.
By contrast, IKKe is not involved in IkBx phosphorylation, but rather contributes to canonical
NF-kB-mediated transcriptional responses by directly modulating the activity of NF-«B subunits,
histones, transcriptional co-activators/co-repressors, and other non-IkB substrates [21,28]. While both
IKK« and IKK( have the ability to phosphorylate NF-«B subunits, such as RelA and c-Rel, and engage
in crosstalk with other signalling pathways, such as the mammalian target of rapamycin (mTOR) and
mitogen-activated protein kinase (MAPK) pathways, only IKK« is capable of accumulating in the
nucleus and phosphorylating nuclear substrates, such as chromatin components [21,23,42,43].

Conversely, in addition to targeting IkB«, activated IKKf3, but not IKK«, phosphorylates the
other canonical IkB proteins, IkBf and IkBe, which, like IkBx, contain a conserved N-terminal
signal-responsive motif, comprising two serine residues serving as target sites for IKKB-mediated
phosphorylation and one or two lysine residues that are targeted for inducible K48-linked
ubiquitination by SCFPTT and Ubc4/5-family E2 ligases [34]. Notably, whilst upon stimulation,
IkBa is subject to rapid proteolytic degradation and resynthesis, the signal-induced proteolysis and
resynthesis of IkB and IkBe occur with characteristically delayed kinetics [34]. Indeed, canonical IkB
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proteins are also functionally distinct in other important ways. For instance, unlike IkBa, nuclear IkBf3
can associate with DNA-bound NF-kB complexes at specific promoter kB sites to prolong transcription
of inflammatory genes, such as TNF-¢;, in response to bacterial lipopolysaccharide (LPS) [44]. Moreover,
the expression and function of IkBe appears to be distinctively restricted to the haematopoietic
lineage [4]. Irrespective of the mechanisms involved in the regulation and function of different IkBs,
the primary outcome of canonical NF-«B activation, which is the predominant form of NF-«B signalling,
is the release of RelA- and c-Rel-containing NF-«B dimers, the most ubiquitous and abundant of which
is the RelA/p50 heterodimer [4,8,21,25,29,45]. Upon nuclear translocation, these dimers bind to DNA
to coordinate the expression of inducible transcriptional programmes responsible for orchestrating
immune and inflammatory responses, cell survival programmes and other host defence mechanisms,
through a process that is characterised as being rapid and self-limiting [4,8,21,25,29,45].

2.1.1. NF-«kB Activation by IL-1 Receptor (IL-1BR) and Pattern Recognition Receptors (PRRs)

Multiple upstream signalling pathways, including those evoked by cell-surface receptors such as
IL-1p receptor (IL-1BR), toll-like receptors (TLRs), TNF receptor 1 (TNF-R1) and T-cell receptor (TCR),
cytoplasmic receptors such as nucleotide-binding oligomerisation domain (NOD)-like and RIG-I-like
receptors, and stress signals such as genotoxic stress, converge on the IKK complex to induce canonical
NF-«B activation [21]. Once activated, these receptors and their associated protein complexes coalesce
into intracellular signalling networks that utilise adaptor protein interactions, protein phosphorylation,
non-degradative ubiquitination and other signal-transducing mechanisms as means to attain the
downstream activation of IKK. These signalling processes hinge on the signal-induced proximity and
correct positioning of diverse multimeric units, and involve common signalling intermediates, such as
TNF receptor-associated factor (TRAF)-family ubiquitin E3 ligases and the IKK kinase, transforming
growth factor -activated kinase 1 (TAK1) (Figure 1a) [21,24,27].

In the case of IL-1fR and TLRs, cognate ligand recognition triggers the recruitment to the
receptor of the adaptor protein, myeloid differentiation primary response protein 88 (MYD88), and the
protein kinases, interleukin-1 receptor-associated kinase (IRAK)1 and IRAK4, which in turn recruit
TRAF6, thereby enabling it to oligomerise and manifest its ubiquitin E3 ligase activity [21,23,24,46].
Activated TRAF6 then catalyses its own K63-polyubiquitination as well as the K63-polyubiquitination
of its target substrates, including IKKy/NEMO and IRAKI, by operating in conjunction with
a ubiquitin E2 ligase complex comprising Ubcl3 and the Ubc-like protein, UevlA [21,24,47].
The polyubiquitin chains of IRAK1 in turn form a binding scaffold that interacts, on the one hand, with
the IKKy/NEMO ubiquitin-binding domain (UBD) to recruit the IKK complex and, on the other hand,
with the UBD of the TAK1-associated adaptor proteins, TAB2/3, to recruit the TAK1 kinase complex,
also comprising TAB1, thereby enabling TAK1 to phosphorylate IKK{ on its T-loop serine residues,
5177 and 5181, resulting in the activation of IKK (Figure 1a) [34,48,49]. The MAPKKK, MEKK3, has also
been shown to serve as an IKK kinase downstream of IL-13R and TLRs, as well as of TNF-R1 [21,24].

The innate immunity pathways of NF-«B activation initiated by the engagement of intracellular
NOD-like receptors (NLRs) and RIG-I-like receptors (RLRs) share an overall similar organisation
and common signalling intermediates, such as TRAF proteins, with the NF-«B activation pathways
triggered by IL-1BR or TLR stimulation [35]. NLRs are evolutionarily conserved cytoplasmic receptors
activated in response to PAMPs, such as intracellular bacterial peptidoglycans, and damage-associated
molecular patterns (DAMPs) such as cellular stress products [35]. Upon ligand engagement,
NOD1 and NOD2—the best-characterised NLRs—recruit the protein kinase, RIP2 (also known
as RICK), which in turn associates with TRAF2, TRAF5 or TRAF6, enabling TRAF proteins to
catalyse their own Ké63-polyubiquitination as well as that of their target proteins, including RIP2
and IKKy/NEMO, in conjunction with the Ubc13/Uev1A E2 ligase [35]. Polyubiquitinated RIP2 then
recruits the TAK1 kinase complex via TAB2/3-mediated interaction, leading to IKKf activation by
TAK1-catalysed phosphorylation.
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Likewise, cytoplasmic RIG-I-like receptors (RLRs), comprising a family of RNA helicases
(RLHs), serve as sensors of viral RNA produced during viral replication in infected cells [35].
Upon exposure to their ligands, the RLR receptors, retinoic acid-inducible gene-I (RIG-I) and melanoma
differentiation-associated gene 5 (MDAS5), associate through CARD domain-mediated interaction with
the adaptor protein, mitochondrial antiviral signalling protein (MAVS; also known as IPS-1), triggering
the formation of detergent-resistant, prion-like MAVS aggregates [35,50]. Upon polymerisation,
MAVS then recruits multiple TRAF proteins, including TRAF2, TRAF3 and TRAF6, which catalyse
the K63-linked polyubiquitination of their protein substrates, thereby creating docking sites for
UBD-containing proteins [35]. The resulting ubiquitin-mediated protein—protein interactions then
enable the assembly of multimeric signalling complexes, leading to the downstream activation of IKK,
with the release of NF-«B dimers from IkBs, and the TRAF3-dependent activation of the non-canonical
IKK kinases, TANK-binding kinase (TBK1; also known as NAK) and IkB kinase ¢ (IKK¢; also known
as IKK-i). Both TBK1 and IKKe then phosphorylate the IRF-family transcription factors, IRF3 and IRF7,
thereby enabling them to cooperate with NF-«B in triggering antiviral immune responses through the
induction of type-1 interferons and other antiviral molecules [35,51,52].

2.1.2. NF-«kB Activation by TNF-R1

Accumulating evidence reveals an increasingly greater complexity in the ubiquitin-mediated
signalling mechanisms that lead to inducible IKK activation in response to a variety of NF-kB-inducing
signals, whereby parallel, sequential, alternative or even hybrid types of ubiquitin linkage and
ubiquitin-like proteins are involved in signal propagation (reviewed in [21]. An example of this
complexity is provided by the NF-kB-inducing pathway emanating from TNF-R1 (Figure 1b). TNF-«x
recognition causes this receptor to trimerise, triggering the recruitment of the adaptor proteins,
TNF receptor-associated death domain protein (TRADD), and the ubiquitin E3 ligases, TRAF2,
TRAFS5, cellular inhibitor of apoptosis (c-IAP)1 and c-IAP2, which in turn recruit the protein
kinase, receptor-interacting protein 1 (RIP1) [35]. Upon ligand-induced signalling complex assembly
at the receptor intracellular tail, c-IAP1 and c-IAP2 catalyse the K63-linked polyubiquitination
of RIP1 on K377, operating in conjunction with a ubiquitin E2 ligase complex utilising UbcH5.
This polyubiquitination event, but interestingly not the RIP1 kinase activity, is then responsible
for TNF-a-induced NF-kB activation, which it mediates by enabling the RIP1 polyubiquitin
chains to interact with the TAK1 and IKK kinase complexes through the UBDs of TAB2/3 and
IKKy/NEMO, respectively, leading to activation of IKKf by TAKIl-mediated phosphorylation
(Figure 1b) [3,21,25,48,53-59].

Various signalling pathways involving alternative forms of non-degradative ubiquitination and
ubiquitin signalling molecules have also been shown to play an important role in NF-«kB activation by
TNF-R1 (reviewed in [21]). One such ubiquitin-dependent pathway of NF-«B activation involves the
linear M1-linked polyubiquitination of RIP1 and IKKy/NEMO by the linear ubiquitination assembly
complex (LUBAC), consisting of HOIP, HOIL-1L and Sharpin, which is recruited to the activated
TNF-R1 in a TRADD-, TRAF2- and c-IAP1/2-dependent manner, resulting in IKK{ activation by
trans-autophosphorylation [59-62]. More recently, LUBAC-mediated M1-linked ubiquitination has
been shown to also contribute to NF-kB activation by other receptors, including IL-13R and the
TNE-R-family receptors, CD40 and transmembrane activator and CAML interactor (TACL; also known
as TNFRSF13B) [21]. Additionally, TNF-& was shown to induce both the K63- and K11-linked
polyubiquitination of RIP1, suggesting that distinct TNF-a-induced populations of ubiquitinated
RIP1 and, possibly, RIP1 molecules with mixed polyubiquitin chains, contribute to regulate NF-xB
signalling [21,41]. A similar situation entailing hybrid K63- and M1-linked polyubiquitin chains has
also been reported for IRAK1, IRAK4 and MYDS88 in the context of IL-13R or TLR stimulation [21].
Furthermore, in vitro, IKKy/NEMO has been shown to be a substrate for K6- and K27-linked
polyubiquitination by c-IAP1 and tripartite motif protein 23 (TRIM23), an E3 ubiquitin ligase involved
in NF-kB activation by RIG-I-like receptors [21,41]. Indeed, since the N-terminal methionine and
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any of the seven lysine residues of ubiquitin can form ubiquitin linkages, and both ubiquitination
and deubiquitination enzymes (further discussed below) have evolved distinct ubiquitin-linkage
specificities, it is conceivable that the precise contribution of the remarkable conformational and
functional diversity of polyubiquitin chains to the regulation of NF-«B signalling has just begun to
be unravelled.

2.1.3. NF-«B Activation by Antigen Receptors

Upon antigen recognition, in the context of cognate MHC molecules, the TCR initiates a signalling
cascade that results in the activation of the serine-threonine kinase, protein kinase C (PKC)6,
within lipid raft microdomains of the immunological synapse [35,63,64]. Activated PKCO then
phosphorylates the molecular scaffold, caspase recruitment domain-containing protein 11 (CARD11;
also known as CARMAL), triggering a conformational change, which enables CARD11 to recruit
the adaptor protein, BCL10, and the paracaspase, mucosa-associated lymphoid tissue lymphoma
translocation protein 1 (MALT1), thereby forming the CARD11-BCL10-MALT1 (CBM) signalling
complex (Figure 1c) [35,64]. Genetic evidence demonstrates that each component of the CBM complex is
essential for IKKy/NEMO ubiquitination and IKK activation by TCR stimulation [35,64]. Interestingly,
multiple chromosomal and genetic abnormalities affecting each constituent of the CBM complex or
anyhow resulting in constitutive CBM complex activation have been reported in various types of
lymphoma, including DLBCL and mucosa-associated lymphoid tissue (MALT) lymphoma, where they
drive NF-kB activation and oncogenesis [16,17,35,64]. Upon CBM complex formation, BCL10 and
MALT1 undergo oligomerisation, thereby enabling MALT1 to bind to TRAF6, causing it to also
oligomerise with activation of its E3 ligase activity [35]. MALT1-associated TRAF6 then catalyses its
self-polyubiquitination as well as the K63-linked polyubiquitination of its target proteins, including
MALT1 and IKKy/NEMO, via a process that involves the E2 ligase Ubc13/Uev1A (Figure 1c) [35].
BCL10 is also inducibly polyubiquitinated in response to TCR stimulation, although it is unclear
whether TRAF6 catalyses this reaction, and both the BCL10 and MALT1 K63-polyubiquitin chains then
serve as docking sites that contribute to recruit the IKK complex via the IKKy/NEMO UBD [35,63].

While TAK1 appears to be recruited to the CBM scaffold via polyubiquitinated TRAF6-mediated
interaction with the TAB2/3 UBD, TAK1 activation in response to TCR stimulation appears to also
require a further, CBM-independent step (Figure 1c) [22]. Recent studies have suggested a role for
the serine-threonine kinase, phosphoinoisitide-dependent kinase (PDK)1, and the molecular adaptor,
adhesion- and degranulation-promoting adaptor protein (ADAP), in enabling this additional signalling
step by promoting the PKC0-mediated recruitment of CARD11 and TAKI1 to the PKC0 signalosome,
thereby resulting in TAK1 activation and IKK{ phosphorylation [22]. There is also evidence of a role for
caspase-8, an initiator caspase involved in apoptosis and lymphocyte activation, in positive regulation
of NF-«B signalling downstream of the TCR, and both caspase-8 and its regulator, cellular FLICE-like
inhibitory protein (c-FLIP), have been found in association with MALT1 in TCR-activated T cells [22].
Notwithstanding, the precise role of caspase-8 in TCR-induced NF-«B activation and the molecular
details underlying this role remain to be determined [22,63,65,66]. A similar signalling pathway,
utilising many of the same signalling intermediates also involved in TCR-induced NF-«B signalling,
including the CBM complex, has been shown to mediate NF-kB activation by B-cell receptor (BCR)
stimulation in B lymphocytes (reviewed in [63]).

2.1.4. NF-«kB Activation by Genotoxic Stress

Genotoxic stress induced by ionising radiation or chemotherapeutic drugs results in canonical
NE-«B activation, which enables cells to survive while the DNA damage is being repaired. This pathway
of NF-kB activation involves the trafficking of signalling intermediates between the nucleus and the
cytoplasm (reviewed in [35,67]). The NF-kB-inducing signal is initiated in the nucleus by the DNA
damage sensors, ataxia telangiectasia mutated (ATM) kinase and poly(ADP-ribose)-polymerase-1
(PARP-1), which, upon binding to DNA strand breaks, synthesizes poly(ADP-ribose) (PAR) chains
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attached to itself and other target proteins [21,29,35,67,68]. Both enzymes are essential for DNA
damage-induced canonical NF-«B signalling [21,29,35,67,68]. Following dissociation from damaged
DNA sites, PAR-conjugated PARP-1 proteins recruit IKKy /NEMO (devoid of any IKK catalytic subunit)
to the nucleus to assemble a nuclear signalosome comprising activated ATM, IKKy/NEMO, and the
E3 small ubiquitin-like modifier (SUMO)-protein ligase, protein inhibitor of activated STAT protein
y (PIASy) [21,35,67]. PARP-1 signalosome assembly then enables the PIASy-mediated IKKy/NEMO
SUMOylation on K277 and K309 via a process that requires the E2 ligase, Ubc9, the PAR-mediated
PIASy modification, and an involvement of the death domain-containing proteins, p53-induced death
domain protein (PIDD)1 and RIP1 [35,67]. Importantly, PARP-1 signalosome assembly also enables the
ATM-dependent phosphorylation of IKKy/NEMO on S85 [35,67].

In addition to mediating this essential nuclear function, DNA damage-activated ATM is exported
from the nucleus to the cytoplasm, where it binds to TRAF6 via its TRAF-interaction motif.
This binding then activates the TRAF6 E3 ubiquitin ligase activity, leading to TRAF6-mediated
self-polyubiquitination, in a reaction catalysed in conjunction with the E2 ubiquitin-conjugating
enzyme, Ubcl3 [35,41,67]. The newly formed TRAF6 polyubiquitin chains then trigger the recruitment
of c-IAP1, resulting in the assembly of the ATM-TRAF6-c-IAP1 signalling complex, which in turn
recruits the TAK1 and IKK kinase complexes via TAB2- and IKKy/NEMO-mediated interactions,
respectively, resulting in TAK1 activation by trans-autophosphorylation [69]. However, in addition
to these cytoplasmic signalling events, efficient IKK3 phosphorylation requires the nuclear export of
SUMOylated IKKy/NEMO, generated in the PARP-1 signalosome [67,70]. Upon integration in the
cytoplasmic IKK kinase complex, SUMOylated IKKy/NEMO is monoubiquitinated on K285 by the
c-IAP1 ubiquitin E3 ligase bound to the ATM-TRAF6 signalling complex, leading to TAK1-mediated
IKK{ phosphorylation and NF-kB activation [69,71]. Therefore, IKKy/NEMO monoubiquitination
appears to integrate the nuclear signalling pathway driven by the PARP-1 signalosome, with the
cytoplasmic ATM-driven pathway induced in response to genotoxic stress [69]. Precisely how
IKKy/NEMO monoubiquitination enables IKKf3 phosphorylation is unclear. However, it is possible
that it induces a conformational change in the IKK complex that makes IKK{3 more accessible to
TAK1 [34,35,72,73].

Although canonical NF-kB activation by ionising radiation and chemotherapy is transient,
it has nonetheless been shown to contribute to both radio- and chemo-resistance in cancer [74].
This ability of NF-«B to promote tumour-cell survival following treatment with DNA-damaging
agents has been extensively demonstrated in cell lines and primary tissues, both in vitro and in vivo,
in a wide range of tumour types, including breast carcinoma, squamous cell carcinoma and thyroid
carcinoma [75-78]. Likewise, most, if not all, genotoxic therapeutic agents, including paclitaxel,
vinblastine, vincristine, doxorubicin, 5-fluorouracil, cisplatin and tamoxifen, have been shown to
induce effective NF-kB activation [75,77]. The products of various NF-«B target genes, most notably
cyclin D1, BCL-2, Bcl-X, survivin and XIAP, have been implicated, each in diverse oncological contexts,
as mediators of NF-kB-dependent tumour-cell survival leading to radiotherapy and/or chemotherapy
resistance [79,80]. Therefore, the therapeutic inhibition of the NF-«kB pathway has also been pursued in
order to enhance the clinical effects of radio- and chemo-therapy in cancer (further discussed below).

2.2. The Non-Canonical NF-xB Pathway

The non-canonical or alternative NF-«kB pathway is induced by a distinct group of TNF-family
ligands, including lymphotoxin $ (LTB), CD40 ligand (CD40L), B-cell activating factor (BAFF),
receptor activator of NF-kB ligand (RANKL), TNF-related weak inducer of apoptosis (TWEAK) and
tumor necrosis factor superfamily member 14 (TNFSF14; also known as LIGHT) [4,45], and governs
developmental and immune processes, such as secondary lymphoid organogenesis, B-cell survival
and maturation, bone morphogenesis and dendritic-cell activation [81-89]. In contrast to canonical
NEF-«B signalling, which is subject to rapid and transient activation, the non-canonical NF-«B pathway
is activated with distinctively slower kinetics. Additionally, it does not require IKK{ or IKKy/NEMO,
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nor does it involve the proteolysis of canonical IkBs. Instead, it exclusively relies on IKK«x and
the signal-induced processing of p100, which releases RelB/p52 heterodimers (Figure 2) [4,21,25,34].
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of NF-kB activation. Activation of this pathway depends on the signal-induced stabilisation of NIK
and subsequent NIK-mediated phosphorylation of IKK« on T-loop serine residues. In the absence of
receptor stimulation, NIK is constitutively degraded via the ubiquitin-proteasome pathway controlled
by the activity of the E3 ubiquitin ligase, c-IAP1/2. Upon ligand-mediated receptor engagement,
TRAF3 is degraded with subsequent stabilisation of NIK, which in turn phosphorylates IKK«, leading
to C-terminal ubiquitination and proteasome-mediated processing p100. NIK, NF-kB-inducing kinase.

Receptor engagement by ligands activating non-canonical NF-kB signalling triggers a signalling
cascade that results in the stabilisation of NF-kB-inducing kinase (NIK), which in turn, upon
accumulation in cells, phosphorylates IKKx on T-loop serine residues, 5176 and S180, leading to
IKK« activation [4,34]. Activated IKKa then phosphorylates p100 on C-terminal serine residues,
S866 and S870, thereby creating a docking site for SCFBT™P, similar to the destruction motif generated
by signal-induced phosphorylation of IkBs [25,34]. Upon recruitment to p100, SCFPTCP catalyses the
K48-linked polyubiquitination of p100 on lysine residue, K856, in conjunction with a Ubc4/5 ubiquitin
E2 ligase, thereby targeting the C-terminal, IkB-like domain of the precursor for partial proteolysis by
the proteasome [25,34]. A proteasomal stop signal, comprising a glycine rich region (GRR) present
between the RHD and ARD domains of p100, protects the p100 N-terminal domain from proteolysis,
thereby enabling the generation of the mature p52 subunit, which together with RelB forms RelB/p52
heterodimers, which translocate to the nucleus to regulate the transcriptional programme governed by
non-canonical NF-«B signalling (Figure 2) [4,45,90].

In unstimulated cells, NIK is constitutively bound to a complex comprising TRAF2, TRAF3
and c-IAP1 or c-IAP2, whereby TRAF3 serves as an adaptor interacting directly with both NIK and
TRAF2, which in turn binds to c-IAP1/2, enabling it to catalyse the NIK K48-linked polyubiquitination,
resulting in constitutive NIK degradation by the proteasome [4,21,25,27]. Upon receptor engagement,
the NIK-associated TRAF2/TRAF3/c-IAP1/2 complex is recruited to the receptor via TRAF3-mediated
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interaction, enabling TRAF2 to catalyse the non-degradative K63-polyubiquitination of c-IAP1/2.
This redirects the c-IAP1/2 E3 ligase activity from NIK to TRAF3, causing the c-IAP1/2-mediated
K48-polyubiquitination of TRAF3 [4,21,25,27]. The resulting proteosomal degradation of TRAF3
then destabilizes the TRAF2/TRAF3/c-IAP1/2 complex, leading to NIK dissociation from c-IAP1/2,
with consequent NIK stabilization and accumulation of newly synthesized NIK [4,21,25,27,91].
As the NIK kinase domain adopts an intrinsically active conformation, accumulated NIK does
not require any additional phosphorylation event for activation, and consequently binds to and
phosphorylates IKKe, leading to pl00 processing and NF-«B activation (Figure 2) [4,21,25,27].
Interestingly, a number of genetic alterations promoting NIK stabilization and p100 processing, such as
c-IAP1/2 and TRAF3 deletions and NIK amplifications, have been reported in multiple myeloma, where
they drive constitutive NF-«B activation and multiple myeloma cell survival [21,24,26,28,34,68,92].

In addition to their roles as NF-«kB precursors, both p100 and p105 can serve as IkB inhibitory
proteins by means of their C-terminal IkB-like ARD domains [4,8,25,33]. Degradative ubiquitination
of the precursors may therefore serve a dual purpose: On the one hand, it may promote their
partial proteolysis to produce active NF-«kB subunits, which can form homodimers or heterodimeric
complexes with other NF-«kB-family proteins; on the other hand, it may result in their complete
degradation, thereby liberating sequestered NF-«B dimers from their interaction with inhibitory
C-terminal IkB-like domains [4,8,25,33]. Notably, in contrast to the signal-induced processing of
p100, which is tightly regulated by the non-canonical NF-kB pathway via IKK«-mediated p100
phosphorylation, with minimal basal processing in the absence of stimulation, the processing of
p105 to p50 is largely a constitutive process that may occur either co- or post-translationally [25].
Notwithstanding, in addition to being subject to signal-induced partial proteolysis, controlled by
SCFPRTCP_dependent ubiquitination, p100 is constitutively targeted for complete degradation, which
facilitates efficient, stimulus-induced non-canonical NF-«B activation, via a process that depends
on the glycogen synthase kinase 3 (GSK3)-mediated phosphorylation of p100 at C-terminal serine
residue, 5707, and subsequent ubiquitination catalysed by an SCF complex containing the F-box
protein, FBXW7« [24,25,33].

2.3. Termination of NF-xB Signalling

The feedback control and timely termination of the NF-kB response are essential to ensure
the restoration of homeostasis and prevent excessive inflammation, tissue damage and the onset of
neoplasias. To maintain transience and ensure the prompt cessation of NF-«B signalling, multiple
negative feedback mechanisms have evolved to control the NF-«B pathway at various levels. The first
discovered and best characterised attenuation mechanism consists in the resynthesis of IkB proteins
following NF-kB activation [4,25,27,28]. All IxB genes, including those encoding canonical IkBs and
NF-«B precursors, contain kB sites in their promoters [72]. An essential negative feedback mechanism
is mediated by IkBx, which upon its resynthesis, helps to terminate the NF-«B response by virtue
of its ability to enter the nucleus, dissociate NF-kB complexes from DNA, and export them into the
cytoplasm [25,28,72].

A number of additional downstream inhibitory mechanisms are mediated by various types of
post-translational modification of NF-kB subunits, including site-specific phosphorylation, acetylation
and ubiquitination, which attenuate the NF-«kB response by directly affecting the protein stability,
DNA-binding affinity and /or transcriptional activity of nuclear NF-kB dimers and/or their interactions
with transcriptional cofactors [25,27,28]. For instance, in LPS-stimulated macrophages, nuclear IKKo
has been shown to phosphorylate the C-terminal domains of RelA and c-Rel within DNA-bound
NF-kB complexes, thereby accelerating NF-kB protein turnover with consequent downregulation of
inflammatory gene expression [93]. Nuclear RelA has also been reported to undergo proteosomal
degradation, which contributes to the termination of NF-kB-dependent transcription, through
a mechanism mediated by the ubiquitin E3 ligases, suppressor of cytokine signalling-1 (SOCS-1)
and PDZ and LIM domain protein 2 (PDLIM2) [25,27,28]. Several other mechanisms participate in
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the cessation of NF-kB signalling, including RelA acetylation, which diminishes the DNA-binding
affinity of RelA-containing complexes and affect their interaction with both histone acetyltransferases
(HATs) and histone deacetylases (HDACs) [28]. Likewise, site-specific RelA dephosphorylation
by wild-type p53-induced phosphatase 1 (WIP1) has been shown to weaken the RelA interaction
with the transcriptional coactivator, p300, resulting in an attenuation of RelA-dependent gene
transcription [29]. Moreover, the oxidation of redox-sensitive cysteine residues in the DNA-binding
domains of NF-kB subunits has been suggested to dampen the NF-«B response [28,34].

In addition to these downstream processes, multiple feedback mechanisms regulate NF-xB
signalling components operating either at the level or upstream of the IKK complex. One such
mechanism relies on the intrinsic self-limiting capacity of the IKK complex, dependent upon
the IKKB-mediated phosphorylation of IKKy/NEMO on serine residue, S68, and the IKKf
auto-phosphorylation on C-terminal serine residues, resulting in a disruption of essential structural
motifs and interactions of IKK subunits [21]. IKKf further catalyses the BCL10 phosphorylation,
which has been shown to downregulate TCR-induced NF-«kB activation [21]. Additionally, a number of
phosphatases, including protein phosphatase (PP)2A and PP2C, contribute to inhibit NF-«B activation
by dephosphorylating T-loop serines in the catalytic IKK subunits [21,23].

Notably, accumulating evidence demonstrates the importance of negative feedback mechanisms
affecting the ubiquin system. Recent studies have shown that the NEMO-like adaptor, optineurin, plays
an important role in the negative regulation of TNF-x-induced NF-kB activation by competing with
NEMO for binding to the polyubiquitin chains of several IKKy/NEMO-interacting proteins [21,27].
Additionally, several deubiquitination enzymes (DUBs), including A20 (also known as tumor
necrosis factor a-induced protein 3; TNFAIP3) and the tumour suppressor, CYLD (also known as
cylindromatosis), implicated in familial cylindromas, have been shown to control critical signalling
steps upstream of the IKK complex [4,5,35]. Both A20 and CYLD are direct transcriptional targets of
NF-«kB and, as such, are rapidly induced upon NF-kB activation, thereby providing essential feedback
mechanisms promoting the cessation of the NF-«B response. A20 and CYLD both mediate this function,
at least in part, by hydrolysing the K63-polyubiquitin chains of a number of signalling molecules
involved in IKK activation, including RIP1/2, TRAF proteins, NOD2, MALT1 and IKKy/NEMO
itself [4,21,35,65]. Interestingly, A20 may further limit NF-«B signalling by virtue of its ubiquitin-editing
function, whereby upon removing the RIP1 K63-polyubiquitin chains via the DUB activity mediated
by in its N-terminal domain, it can catalyse the RIP1 K48-linked polyubiquitination via the ubiquitin
E3 ligase activity in its C-terminal domain, thereby targeting RIP1 for proteosomal degradation [5,35].
Several other DUBs have been implicated as negative regulators of canonical NF-«kB signalling.
These include OTU domain-containing protein 7B (OTUD?7B; also known as cezanne), ubiquitin-specific
peptidase 11 (USP11), USP15 and USP21, each exhibiting distinct ubiquitin-linkage specificity [41].
Interestingly, some of the more recently identified DUBs antagonising NF-«B activation have been
shown to target M1-type ubiquitin linkages. For instance, otulin (also known FAM105B) has been
reported to HOIP-mediated interaction and specifically remove M1 linear polyubiquitin chains [5,21].
Moreover, in addition to cleaving K63 ubiquitin linkages, CYLD has been shown to degrade M1-linked
polyubiquitin chains from various components of the TNF-R1 and NOD2 signalling complexes,
including RIP1. Curiously, A20 also has the ability to bind to M1 polyubiquitin chains, but appears to
have the opposite effect on ubiquitin chain stability, by preventing their removal [41].

An additional mechanism of NF-«B inhibition that is being viewed with increasing interest
is mediated by the tumour suppressor, WW domain-containing oxidoreductase (WWOX), which
is frequently inactivated by gene mutation, deletion or chromosomal translocation in multiple
types of haematological and solid cancer [94-102]. WWOX has been shown to negatively regulate
canonical NF-«B signalling by means of its ability to directly bind to IkBx and, thereby, impede
proteasome-mediated IkBx proteolysis [94,97,98]. This inhibitory activity of WWOX has additionally
been implicated in the suppression of canonical NF-«B activation by the HTLV-1 protein, Tax,
in adult T-cell leukaemia (ATL) [94]. Therefore, genetic WWOX inactivation in cancer contributes to
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constitutive NF-kB activation. Interestingly, in addition to the aforementioned genetic mechanisms of
inhibition, WWOX is negatively regulated by non-canonical NF-«B signalling and, therefore, appears
to mediate a mechanism of cross-amplification of canonical NF-«B activity by the non-canonical NF-«B
pathway [94].

Far fewer negative feedback mechanisms have been reported for the non-canonical NF-«B
pathway. An important checkpoint in this respect is mediated by TRAF3. In addition to being
transcriptionally upregulated by NF-«kB to promote NIK degradation, leading to p100 stabilization
and attenuation of non-canonical NF-«B signalling, TRAF3 is subject to post-translational stabilisation
by means of OTUD7B, which targets TRAF3 for deubiquitination of its K48-linked polyubiquitin
chains, thereby preventing NIK accumulation and the processing of p100 [21,103]. IKKa-mediated
NIK phosphorylation has also been reported to accelerate NIK turnover, thereby contributing to
the feedback regulation of non-canonical NF-kB signalling [41]. Additionally, microRNA-146a may
negatively regulate both canonical and non-canonical NF-«B activation by downmodulating the
expression of IRAK1, TRAF6 and RelB [104].

3. Therapeutic Targeting of the NF-kB Pathway in Cancer

The central role that NF-kB plays in a vast range of human malignant and non-malignant
pathologies has catalysed an intensive effort by the pharmaceutical industry and academic laboratories
over the past two and a half decades to develop a specific NF-«B inhibitor for clinical indication in
these diseases [2,3,11,105]. In 2006, a survey had already counted no fewer than 750 candidate
therapeutics designed to target the NF-kB pathway, and this number is certain to have grown
considerably over the past decade [3]. These compounds comprise a disparate variety of chemical
classes, including peptidomimetics, small molecules, small interfering RNAs and microbial products
and their derivatives. Many of them function as general inhibitors of NF-kB signalling, while for
many others the mode of action is poorly understood [3,21,105]. Yet, notwithstanding the tremendous
progress made in recent years towards unravelling the intricate signalling networks governing the
NF-kB pathway and its functions, and the intensive efforts and mighty investments committed to
develop a specific, clinically useful NF-kB inhibitor, the output of pharmacological interventions has
been disappointingly scant, with a continuing dismaying absence of a specific NF-«B or IKK inhibitor
in the clinical anticancer armamentarium. The insurmountable challenge, having precluded the clinical
success of these NF-«kB-targeting approaches, has been to achieve contextual selective inhibition of
the NF-«B pathogenetic activity, while preserving the essential physiological functions of NF-«B.
By contrast, the efforts so far have resulted in drug candidates often causing the global suppression of
NF-«B and its pleiotropic and ubiquitous functions, leading to severe dose-limiting toxicities.

This review examines the main approaches utilised to therapeutically target NF-«kB, with a focus
on oncology, illustrating for each approach the underlying rationale and most representative classes of
compounds, while emphasising emerging strategies and some of the most promising future directions.
For ease of discussion, we have broadly classified NF-«B-targeting therapeutics on the basis of their
mode of action, depending upon the level of the NF-«kB signalling pathway at which they operate
(Figure 3). Given the breadth of the basic and translational research in this area, it has not been
possible to cover all relevant aspects of the preclinical and clinical pharmacology of the vast number of
molecules generated to inhibit NF-kB. For further information on these molecules and their effects,
we therefore refer to the excellent reviews that have previously covered these topics [2,3,105-107].
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Figure 3. Schematic representation of the main strategies utilised to therapeutically inhibit the NF-«B
signalling pathway. Depicted are the canonical (left) and non-canonical (right) pathways of NF-kB
activation. Also depicted are the main therapeutic strategies utilised to inhibit these NF-«kB signalling
pathways in the oncological context.

3.1. Inhibitors Operating Upstream of the IKK Complex

NF-kB can be activated by a multitude of stimuli, which initiate distinct signalling pathways
that converge on the IKK complex (Figures 1 and 2). From a clinical standpoint, this paradigm
provides a significant opportunity for therapeutic interventions aimed at interfering with pathogenic
NF-«B activation (Figure 3). An important area of drug discovery in this context has been the TNF-R
superfamily, which governs diverse physiological processes, including inflammation, cell survival and
lymphoid organogenesis, and drives the pathogenesis of chronic inflammatory diseases as well as
multiple cancer types [108,109]. TNF-Rs comprise a family of 29 structurally-related receptors, which
are bound by 19 ligands of the TNF superfamily [108]. Due to the important roles that TNF-Rs play
in widespread human pathologies, there has been a great deal of interest over the past few decades in
developing therapeutics targeting these receptors or their ligands [110]. The first such a therapeutic
has been infliximab, a TNF-«-specific neutralising antibody, which was approved in 1998 for the
treatment of Crohn'’s disease, followed by the approval in the same year of etanercept [108]. Both drugs
are currently in clinical use for the treatment of rheumatoid arthritis, psoriasis, psoriatic arthritis,
and other forms of chronic arthritis, and infliximab is also in clinical use for Chron’s disease and
ulcerative colitis [108]. However, patients treated with these drugs often experience significant side
effects, including fevers, chills, nausea, shortness of breath, tachycardia and hypotension. Indeed,
the dose-limiting toxicities and immunosuppressive activities of TNF-R signalling inhibitors have
precluded the broader clinical development of these agents beyond chronic inflammatory diseases,
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in particular in the area of oncology [109]. Notwithstanding, a few molecules interfering with TNF-R
signalling have found indication in niche areas of oncology. For instance, the human TNEF-o analogues,
tasonermin (Beromun), has been clinically approved as an adjunct therapy to surgery for sarcoma to
prevent or delay amputation and to treat unresectable soft-tissue sarcoma of the limbs [111]. Likewise,
brentuximab (Vedotin, Adcetris), a toxin-conjugated chimeric antibody targeting the TNF-R-family
receptor CD30 (also known as TNFRSFS), is approved for the treatment of Hodgkin’s lymphoma
and anaplastic large-cell lymphoma (ALCL) (Table 1), two cancer types that express particularly high
surface levels of CD30 [112].

Table 1. Selection of inhibitors of the NF-«B signalling pathway that are either in clinical development
or have been clinically approved.

Compound Molecular Target Cancer Type Ongoing Clinical Trials
Upstream IKKs complex
NCT01657331, NCT02462538,
. . HL, Anaplastic large cell NCT01807598, NCT02939014,
Brentuximab (Vedotin) €p30 lymphoma, etc. NCT03007030, NCT02169505,
NCT01900496, etc.
NCT02801578, NTC0275689,
NCT02943473, NCT02321540,
Ibrutinib (PCI-32765) BTK MCI\L/I'I&U;CYVI\%'CDLLCBC}' FL, NCT02558816, NCT02420912,
.3 s ete NCT02315768, NCT02451111,
NCT02356458, etc.
IMO-8400 TLR7,8,and 9 WM, DLBCL NCT02252146
) NCT02649673, NCT02890069,
LCL-161 cIAPs Ovarian cancer, MM NCTO01955434
Birinapant (TL32711) cIAPs Solid tumours and high grade NCT02587962, NCT02756130
serous carcinomas
Ubiquitin proteasome pathway
NCT02308280, NCT02535806,
NCT01736943, NCT01534260,
Bortezomib Proteasome AML tymphoma, MDS, NCT02613598, NCT02356458,
s ALL ete. NCT01241708, NCT03016988,
NCT02139397, NCT02237261, etc.
MM, neuroendocrine cancer,
NAL, DLBCL MCL FL, NCT02302495, NCT02572492,
Carfizomib Prot rioheral Tcell Tomhoma. HL NCT02318784, NCT02142530,
artizomy roteasome P L NHL sotdd pooma, NCT02867618, NCT01738594,
ce /S0 ours, NCT02512926, etc.
leukaemia, etc.
Gg:flfjfg;“; hfoﬁf&lz’ﬁml:a' NCT02630030, NCT02924272,
Ixazomib (MNL-9708) Proteasome B{e{ll o oo NCT02942095, NCT02312258,
ymp P ymphoma, NCT02477215, NCT02898259, etc.
AML, solid tumours, chronic NCT01814826, NCT02782468,
MLN4924 (Pevonedistat) NEDDS8 myelomonocytic leukaemia, NCT02610777, NCT03009240,
MDS NCT03057366
NF-«B target genes
DTP3 Gadd45p /MKK7 MM MR/L005069/1
NCT02677324, NCT02471391,
ABT199 BCL2 CLL, WM, MCL, AML, NHL, NCT02558816, NCT02203773,

DLBCL, FL, MM, MDS, etc. NCT02055820, NCT03136497,

NCT03128879, NCT02427451, etc.

In B-cell lymphoma and leukaemia, the NF-«kB pathway can be inhibited by therapeutic
agents targeting proximal signalling events downstream of the BCR. Upon antigen engagement,
the BCR triggers a signalling cascade that involves receptor-associated CD79A/B heterodimers,
SRC-family protein tyrosine kinases and Burton tyrosine kinase (BTK), which, as in the case of
TCR-induced signalling, leads to the downstream the assembly of a PKC signalosome (mediated
by PKCp, rather than PKC6, as in T cells) and the CBM signalling complex (Figure 1c) [65]. BTK is
an essential signalling intermediate in the BCR-induced pathway leading to NF-kB activation and
B-cell survival [113]. Notably, while BTK is expressed in virtually all cells of the haematopoietic
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lineage, except for T cells and plasma cells, its functions in NF-kB activation and cell survival appear
to be dispensable outside of B-cell lineage [114]. Consequently, BIK has been developed into an
effective therapeutic target upstream of IKK in various types of B-cell malignancy, including chronic
lymphocytic leukaemia (CLL), mantle-cell lymphoma (MCL), follicular lymphoma (FL), DLBCL
and acute lymphoblastic leukaemia (ALL) [113]. The first-in-class oral BTK inhibitor, ibrutinib
(PCI-32765), has demonstrated impressive clinical responses in clinical trials as a single agent and
has been subsequently approved by the FDA for the treatment of refractory MCL (November
2013), CLL (February 2014) and Waldenstrém’s macroglobulinemia (WM; January 2015) [115].
Ibrutinib irreversibly binds to cysteine residue, C481, in the active site of BTK, thereby inhibiting BTK
phosphorylation on T223 and resulting in loss of BTK function, NF-kB inhibition and induction of
tumour-cell apoptosis [114]. Owing to BTK's restricted pattern of expression, ibrutinib is generally
relatively well tolerated, causing for the most part only transient adverse effects, such as diarrhoea,
nausea, vomiting, hypertension, urinary and upper respiratory tract infections, fatigue, arthralgia,
pyrexia, and peripheral oedema [116]. However, secondary resistance is almost inevitable, and
tumours with oncogenic NF-kB-pathway alterations affecting signalling events downstream of BTK,
such CARD11 mutations and A20 mutations and deletions, are naturally refractory to this agent,
thereby limiting its clinical utility, especially in patients with aggressive NF-kB-pathway mutated
lymphomas (Table 1) [113].

The gene encoding the adaptor protein, MYD88, which mediates NF-kB and MAPK activation
downstream of all TLRs, with the exception of TLR3 [117], is recurrently mutated in haematological
malignancies, such as DLBCL, WM and CLL, where it induces constitutive NF-«B and STAT3 activation,
thereby promoting cancer-cell survival and oncogenesis [117,118]. These findings provide a strong
rationale for therapeutically targeting TLR signalling in certain types of lymphoma and leukaemia.
Congruently, preclinical studies have demonstrated that the antisense oligonucleotide TLR inhibitor,
IMO-8400, which specifically targets TLR7, TLR8 and TLR9, is effective in diminishing the growth of
WM and DLBCL xenografts, driven by gain-of-function MYD88 mutations [118]. A phase I/1I trial
of IMO-8400 is ongoing in patients in WM and DLBCL (Table 1), and second generation TLR 7/TLR
8/TLRY inhibitors are currently in development. Another strategy aimed at therapeutically targeting
TLR signalling in cancer is directed at the downstream protein kinases, IRAK1/4. This strategy has
demonstrated preclinical efficacy in tumours harbouring MYD88 mutations, and preclinical studies of
IRAK1/4 small-molecule inhibitors have reported encouraging preliminary results in melanoma [119],
myelodysplastic syndrome (MDS) [120] and T-cell acute lymphoblastic leukaemia (T-ALL) [121,122].

The non-canonical NF-kB pathway plays an important role in the pathogenesis of multiple
myeloma, where it is constitutively activated by recurrent genetic alterations, including NIK
amplifications and c¢-IAP1/2 and TRAF3 deletions [10,12,14]. Recent studies suggest an additional role
for non-canonical NF-kB signalling in other types of malignancy, such as DLBCL [45]. Within this
signalling pathway, NIK is an especially attractive target, owing to its central role in controlling IKKx
phosphorylation and p100 processing (Figure 3). Two NIK small-molecule inhibitors, which were
recently developed by Amgen, AM-0216 and AM-0561 [123], have demonstrated significant therapeutic
activity in multiple myeloma cells, in vitro [124-126]. However, further studies are required to evaluate
their potential therapeutic efficacy, in vivo.

c-IAP proteins play an important role in tipping the balance between canonical NF-«B activation
and inhibition of non-canonical signalling. Upon TNEF-R1 stimulation, receptor-associated c-IAP
proteins contribute to recruit the LUBAC complex by ubiquitinating various signalling intermediates,
resulting in NF-«kB activation [127]. By contrast, in the non-canonical pathway, c-IAP-mediated
ubiquitination reactions result in constitutive NIK degradation, thereby dampening non-canonical
NF-«B activation [45]. Underscoring these opposing functions of c-IAPs in canonical and non-canonical
NF-«B activation, c-IAP genes are subject to both amplification and deletion in human cancer [127].
Consequently, the aim of the therapeutic interventions targeting c-IAP proteins in cancer is to inhibit
canonical NF-«B activation, without interfering with non-canonical NF-«B signalling. The endogenous
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c-IAP antagonist, second mitochondria-derived activator of caspases (SMAC), provides an attractive
target for achieving this aim. In response to apoptosis-inducing stimuli, SMAC is released from
mitochondria into the cytoplasm, where it binds to the conserved c-IAP domain, baculovirus IAP
repeat (BIR), via its N-terminal AVPI tetrapeptide, thereby neutralising the prosurvival activity of
c-IAPs [128]. This paradigm has served as a reference point for the development of drug mimetics
that act as selective c-IAP inhibitors. At least two such compounds, i.e., LCL161 and birinapant
(TL32711), have now entered clinical trials in patients with solid cancers, such as ovarian serous
carcinoma (Table 1) [129]. Although these compounds have been shown to promote cancer-cell
death by stimulating an increase in cytokine production, they have also been reported to have severe
dose-limiting toxicities, in particular the onset of cytokine-release syndrome, which significantly
restrict their clinical application [130]. Other common, but less severe, side effects include vomiting,
nausea, fatigue, and anorexia [131].

Therefore, although targeting upstream NF-«B signalling components has yielded tangible clinical
results in the treatment of certain cancers and represents an attractive therapeutic strategy from the
standpoint of achieving a degree of tissue- and context-specificity, this approach has so far been limited
by the onset of dose-limiting adverse effects, inherent cancer recalcitrance and/or an early onset of
secondary drug resistance [109,113,130]. Nevertheless, as the clinical efforts in this area are relatively
new and the underlying research is constantly advancing the understanding the intricate upstream
signalling networks leading to IKK activation, targeting these networks as a means of therapeutic
intervention holds promise for the future development of safe and effective anticancer therapeutics.
While strictly speaking, most therapies interfering with upstream signalling intermediates will lack
NF-kB-selective specificity, as they will inevitably also affect pathways beyond the NF-«B pathway,
this limitation may be overcome at least in part by targeting protein-protein interactions involved
in IKK activation, an area that remains largely unexplored and is likely to deliver effective and more
specific NF-kB-targeting therapeutics. Although developing molecules that affect protein—protein
interactions presents clear challenges, the heavy reliance of NF-«B activation pathways upon adaptor
molecules and inducible formation of multimeric signalling complexes, coupled with the flourishing
progress being made in unravelling new interactions and their regulation, is certain to catalyse the
translational research efforts to develop NF-«B inhibitors in the future.

3.2. IKK Inhibitors

Owing to its central role as the signal integration hub for NF-«B activation pathways
(Figures 1 and 2), the IKK complex has been the focus of significant drug discovery efforts since
its discovery in 1996. However, while a vast spectrum of inhibitors has been developed throughout
the years, only a few of these agents have ever been entered into clinical trials, and none has been
clinically approved (Figure 3). A seminal paper by Michael Karin and colleagues in 2007 irreversibly
tempered the initial enthusiasm over these agents as candidate NF-«kB-targeting therapeutics [132].
This paper demonstrated that pharmacological IKK{ inhibition results in elevated systemic levels of
IL-1B, owing to increased pro-IL-1f3 processing and IL-1§3 secretion by macrophages and neutrophils
upon bacterial infection or exposure to endotoxin, leading to overt systemic inflammation and
lethality in mice [132]. These severe on-target toxicities of IKK inhibitors have exposed the serious
consequences of long-term IKK inhibition, which combined with the associated immunodeficiency
and increased risks of malignancies arising from the liver, skin and other tissues [9,11,107,132-134],
have irrevocably undermined any research efforts to clinically develop IKKf3-targeting therapeutics.

Despite their amino acidic sequence similarity, IKK« and IKKf play largely distinct roles in
NF-«B activation [107,135], whereby canonical NF-«B signalling strictly relies upon IKK3-mediated
phosphorylation of IkBs, while non-canonical NF-kB activation exclusively relies on IKKe.
Nonetheless, IKK« also contributes to canonical NF-kB-dependent transcriptional responses by
modulating the nuclear activities of RelA, histones and various transcriptional co-activators and
co-repressors [2,136]. While the focus of the translational research has been on developing specific
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IKKp inhibitors, these molecules often also target IKK« [3,136], owing to the high degree of similarity
between these kinases.

IKKa/IKKp inhibitors can be broadly classified into three major groups on the basis of their
mode of action: ATP analogues, allosteric modulators, and agents interfering with the kinase activation
loops [3,136]. ATP analogues are the largest group and comprise both natural products such as
[-carboline, and small-molecule inhibitors such as SPC-839 (Celgene). SPC-839 is a synthetic quinazoline
analogue, which exhibits an approximately 200-fold selectivity for IKKf over IKK« [2,3,105,137].
The imidazoquinoxaline derivative, BMS-345541, binds to an allosteric pocket present on both IKKo
and IKKf and is an example of an allosteric modulator, having a 10-fold higher selectivity for IKKf
than IKKa. Curiously, while BMS-345541 does not interfere with ATP binding to IKK, it disrupts
ATP binding to IKK« [2,3,11,105,137,138]. BMS-345541 has so far mainly been tested in vitro, and
demonstrated some efficacy against collagen-induced arthritis in mouse models [2,3,11,105,137-141].
Tiol-reactive compounds, including parthenolide, arsenite and epoxyquinoids, inhibit IKKf by
interacting with T-loop cysteine residue, C179 [3,105]. Although their exact mode of action is not well
understood, this class of compounds appears to induce post-translational modifications that curtail
IKKp activity [3,105]. Parthenolide displays poor bioavailability and therefore has limited therapeutic
application [142]. A new IKKp inhibitor more recently developed by Sanofi-Aventis, SAR-113945,
has been investigated in four different clinical trials in non-oncological patients, with initial promising
results [143]. However, SAR-113945 has failed to demonstrate clinical efficacy in follow-on clinical
trials, underscoring the challenge of striking an acceptable balance between efficacy and adverse
side-effects [143]. Overall, the disappointing clinical performance of IKKf inhibitors has considerably
dampened the interest in this class of agents, and this trend is likely to continue in the future, as shown
by the dramatic decline in the number of patent applications filed on these agents in recent years [107].

A significant effort has also been made towards developing molecules that target the
IKKy/NEMO scaffold (Figure 3), using one of three main targeting strategies aimed at perturbing
either the IKKy/NEMO interaction with catalytic IKK subunits, IKKy/NEMO dimerization,
or IKKy/NEMO ubiquitination. The IKKy/NEMO interactions with IKK«x and IKKf involve
the kinase C-terminal NEMO-binding domain (NBD), which consists of the hexapeptide amino
acid sequence, LDWSWL [135,136]. Peptidomimetics of this sequence have been shown to disrupt
the IKKy/NEMO-IKKa/IKKf interaction and accordingly inhibit NF-«kB activation by various
upstream signals. However, the therapeutic utility of these agents is limited by their poor
bioavailability and significant instability, in vivo [135]. Notwithstanding, small-molecule inhibitors
of the IKKy/NEMO-IKK«/IKK@ interaction may have the potential to provide useful agents to
pharmacologically target the NF-«kB pathway [136]. Following publication of the crystal structure of
the IKKy/NEMO-IKKS interface, four phenothiazine derivatives were developed and demonstrated
to have inhibitory effects on NF-kB activation in macrophages, in vitro [135]. However, further studies
are required to determine whether these agents retain their inhibitory activity, in vivo, and crucially
whether they are suitable for further development, especially in consideration of the safety concerns
raised by IKKf inhibitors [135]. Peptidomimetics were also developed to interfere with IKKy/NEMO
dimerisation [144]. However, to our knowledge, no significant preclinical development has ever
been reported on any of these agents. Moreover, there has been significant interest in generating
agents targeting the IKKy/NEMO UBAN (i.e., UBD in the ABIN proteins and NEMO) domain, which
transduces IKK activation signals by mediating the inducible interactions between IKKy/NEMO and
the polyubiquitin scaffolds of other signalling components [21,145]. Several agents have been shown
to disrupt these ubiquitin-dependent IKKy/NEMO interactions, including peptidomimetics [57], as
well as small molecules such as anthraquinone derivatives of emodin [145]. However, despite the
ability of some IKKy/NEMO-targeting agents to modulate NF-«B activation without interfering with
the IL-1p release, there appear to have been no clinical trials ever initiated to investigate the clinical
safety and efficacy of these molecules.
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The IKK-related kinase, TBK1 was originally discovered due to its involvement in NF-kB activation
by PKCe-mediated signals [146]. As well as IKKe, TBK1 primarily regulates the activation of
IRF-family factors, such as IRF3, IRF5 and IRF7, by RLRs and other receptors [147-149], but also
phosphorylates RelA to enhance its transcriptional activity [136,146,150]. TBK1 and IKKe share a
64% sequence identity, but display only 27% identity with classical IKKs, and are both involved in
inflammatory responses, oncogenesis, and insulin resistance [107]. Moreover, IKKe has been found
overexpressed in breast and ovarian carcinoma, while TBK1 cooperates with RAS in promoting
malignant transformation, in vitro, and is overexpressed in the carcinoma of the lung, colon and
breast [151-156]. The antiinflammatory agents, BX765 and CYT387 (momelotinib), were originally
developed as inhibitors of 3-phosphoinositide-dependent protein kinase 1 (PDK1) [157] and Janus
kinases (JAKs), respectively, but were subsequently shown to also have potent inhibitory activity
against TBK1 and IKKe [158]. Consequently, BX765 and CYT387 have been used as starting points
for the molecular design of new TBK1 and IKKe antagonists. However, similar to these prototypes,
the resulting compounds also demonstrated broad kinase target specificity [159]. Domainex and
Myrexis have since generated more selective TBK1 and IKKe inhibitors, such as DMXD-011 and
MPI-0485520, respectively [159]. DMXD-011 displays good drug-like properties, is orally bioavailable
and has shown promising therapeutic activity in in vivo inflammatory disease models [160]. Likewise,
MPI-0485520 displays good oral bioavailability and has been investigated in mouse models of
systemic lupus erythematous, rheumatoid arthritis and other autoimmune disorders, with significant
therapeutic activity demonstrated, especially in the context of especially in the context of rheumatoid
arthritis [161]. However, further investigations are required to determine the potential clinical
benefit resulting from these agents and whether their preclinical efficacy translates to the oncological
context [159].

3.3. Ubiquitin and Proteasome Pathway Inhibitors

The ubiquitin pathway provides a highly versatile and tightly regulated system of signal
propagation and protein degradation conserved throughout the eukarya dominion [162-164].
Over the past decade, this system has witnessed a burgeoning interest, not only because of its central
importance in signal transduction and protein degradation, but also due to its potential for serving
as a treasure trove of drug targets for therapeutic intervention in a wide range of malignant and
inflammatory pathologies [162,165]. The ubiquitin pathway consists of a three-step enzymatic process,
catalysed by as many protein complexes, whereby a ubiquitin-activating enzyme (E1) first binds
to and activates a ubiquitin molecule in an ATP-dependent reaction, followed by the sequential
transfer of the activated ubiquitin molecule to the active site of a ubiquitin-conjugating enzyme
(E2) and, finally, to the target protein through the site-specific recognition and correct positioning
by a ubiquitin-protein ligase (E3), which operates in conjunction with the E2 ubiquitin-conjugating
enzyme to catalyse the covalent attachment of an 8-kDa ubiquitin molecule to the target site(s) of the
protein substrate [25,33,162,165-167]. In addition to catalysing the attachment of the first ubiquitin
molecule onto the protein substrate, the same three-step enzymatic process conjugates further ubiquitin
molecules to form polyubiquitin chains [167].

Ubiquitin-mediated signalling pathways play a central role in the regulation of both canonical
and non-canonical NF-«B activation (Figures 1 and 2) [21,24]. They also regulate oncogenesis by
participating in either tumour suppression or tumour promotion [21,24,35,162]. Therefore, interfering
with the ubiquitin system can affect cancer development and progression in many different ways
(Figure 3). Notwithstanding, tumour cells that depend on constitutive NF-«B signalling for survival
often display sensitivity to inhibitors of the ubiquitin-proteasome pathway (UPP), owing to the essential
role of this pathway in the proteolytic degradation of IkB proteins [6,25,162]. The active proteasome
consists of a large 2.4-MDa protein complex, which comprises a 20S catalytic core of a cylindrical shape
and two regulatory 19S components forming a lid-like structure at both extremities of the 20S cylinder,
and catalyses the proteolysis of substrate proteins via an ATP-dependent process [167].
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The first proteasome inhibitors developed were molecules of the class of peptide aldehydes
and were subsequently extensively used for preclinical research [168]. The best characterised of
these molecules is MG132, which also served as a prototype for the generation of the next classes of
proteasome inhibitors that later found common use in the clinical practice [169]. The first proteasome
inhibitor ever tested in humans was bortezomib (velcade; formerly known as PS-341), a reversible
boronic-acid inhibitor of the 20S catalytic subunit [137,162]. Bortezomib received the approval of the
FDA in 2003 for the treatment of refractory multiple myeloma, and is currently in clinical use as a
front-line therapy in combination with other agents for the treatment of multiple myeloma and mantle
cell lymphoma (MCL) [162]. A number of clinical trials are ongoing to assess the efficacy of bortezomib
in further oncological indications, including solid cancers (Table 1). An especially promising area
of development for bortezomib and other proteasome inhibitors is their use as part of combination
therapies aimed at overcoming radio- and chemo-resistance in cancer. Indeed, bortezomib has been
shown to have a strong synergistic activity when used in combination with radiotherapy and/or
chemotherapy in various types of haematological and solid cancer [170-175]. The second-generation
proteasome inhibitor, carfilzomib (Kyprolis), was approved in 2012 as a single agent and in 2016
in combination with dexamethasone, with or without lenalidomide, for the treatment of patients
with relapsed or refractory multiple myeloma who have received at least one line of prior therapy.
Carfilzomib is an epoxyketone compound, acting as an irreversible proteasome inhibitor to afford
prolonged therapeutic inhibition [162], and is currently being investigated in multiple myeloma in
combination with other agents, as well as other oncological indications (Table 1). Since both bortezomib
and carfilzomib can be only administered intravenously or subcutaneously, the boronic proteasome
inhibitor, ixazomib (MLN-9708), was recently developed as an oral therapy and was approved by the
FDA in 2015 in combination with lenalidomide and dexamethasone for the treatment of patients with
multiple myeloma who have received at least one line of prior therapy [176]. Ixazomib is currently
being evaluated in patients with other cancer types and as part of other combination regimens (Table 1).

The human genome encodes two E1 ubiquitin-activating enzymes, UBA1 and UBA5, an estimated
fifty E2 ubiquitin-conjugating (UBC) enzymes, and more than six hundred E3 ligases, conferring a large
degree of substrate specificity to the ubiquitin cascade [11,25,166]. It follows that therapeutically
targeting individual E3s, which selectively bind to the recognition sites of protein substrates,
will achieve maximal target specificity, as compared to targeting any Els or E2s. The inhibitor of the
ubiquitin-like protein, neural precursor cell-expressed developmentally down-regulated 8 (NEDDS),
MLN4924 (pevonedistat), was developed to inhibit Cullin-RING E3 ubiquitin ligases, the largest family
of E3s, which require activation by E1/E2-mediated NEDDylation [165]. As a result of this mode
of action inhibiting multiple E3 ligases, MLN4924 has broad target specificity. Although most of its
adverse effects are mild or moderate, several higher-grade toxicities been reported, including febrile
neutropenia, thrombocytopenia and elevated circulating levels of aspartate transaminase [165,166,177].
Notwithstanding, clinical trials of MLN4924 in combination with 5-azacytidine are underway in
patients with acute myeloid leukaemia (AML) and are yielding promising initial results (Table 1) [177].

The F-box protein, 3-TrCP, is involved in the signal-dependent recognition and degradative
K48-linked ubiquitination of canonical IkBs and p100, as well as in the recognition and ubiquitination
of a large group of other target substrates, including p-catenin, Snail, Emil, Weel, Cdc25A and
Claspin [178,179]. From a theoretical standpoint at least, targeting NF-«B signalling via 3-TrCP
would represent a more specific and, possibly, safer alternative to proteasome inhibition [178,179],
although a limitation of the approach would remain the accumulation of protein substrates outside
the NF-kB pathway, such as (3-catenin, which contributes to colorectal carcinogenesis [178,179].
Notwithstanding this caveat, small-molecule inhibitors of 3-TrCP, such as GS143, have been developed
and shown to inhibit signal-induced IkBex ubiquitination [180]. However, little information is available
on the mode of action of this agent, although it seemingly involves an interaction with both 3-TrCP
and IkBa, or its further characterisation [165].
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While proteasome inhibitors, such as bortezomib, can provide significant clinical benefit
in multiple myeloma and a few other indications, these agents inhibit NF-kB and many other
essential cellular pathways that rely on the proteasome function [6,162,166], and are therefore by
no means specific for the NF-kB pathway. Moreover, proteasome inhibitors target these pathways
in normal and cancer cells alike, thereby resulting in a low therapeutic index and significant
dose-limiting toxicities [137,166,181,182]. Indeed, despite their indisputable commercial and clinical
success, proteasome inhibitors as a therapy present several limitations, which remain largely
unaddressed, including their broad cellular activities, dose-limiting side effects and the relatively
rapid onset of secondary drug resistance [6,162,165,166]. In particular, treatment with bortezomib
is often associated with peripheral neuropathy, which is a dose-limiting adverse effect, as well as
trombocytopenia, neutropenia, nausea, diarrhea, and fatigue [162]. Furthermore, drug resistance
is inevitable and generally develops within a year from the start of treatment [166]. While carfilzomib
administration is associated with different side effects and the onset of peripheral neuropathy
is significantly less frequent than with bortezomib, patients can nonetheless develop renal impairment
and cardiovascular complications [162]. Likewise, treatment with Ixazomib can induce peripheral
neuropathy, gastrointestinal adverse effects and skin rash [162].

Importantly, from a mechanistic standpoint, it is also unclear that the clinical response to
proteasome inhibitors in patients with multiple myeloma and other B-cell malignancies results from
the inhibition of NF-«B signalling, as it is becoming increasingly clear that the cellular accumulation of
undigested proteins in these immunoglobulin-producing tumours can activate the unfolded protein
response (UPR), thereby accelerating tumour-cell death [162]. Therefore, there remains a need for
novel therapeutic strategies capable of selectively targeting the NF-«kB pathway in these oncological
indications [137,166,179]. While targeting upstream components of the UPP, such as NF-kB-activating
E3 ligases, would be a preferable strategy than targeting the proteasome, as it could mitigate at least
some of the limitations of proteasome inhibition, and, more broadly, represents a highly promising
area for future drug discovery and development in oncology, this strategy would nevertheless be
unlikely to ever yield a specific NF-kB-targeting agent [137,162,165,166].

3.4. Inhibitors of NF-xB Nuclear Activities

Once liberated from IkBs, NF-kB dimers migrate into the nucleus where they regulate gene
expression. This activation step offers a significant opportunity for therapeutic intervention, since,
at least from a theoretical standpoint, a number of nuclear activities of NF-kB could be targeted
with drug agents, including the post-translational modification of NF-«B proteins and their ability
to dimerise, translocate into the nucleus, bind to DNA and interact with chromatin components,
coactivators and corepressors and other transcription factors [3,105]. While the drug development
output in this area has been relatively limited, a few examples of candidate therapeutics targeting
the nuclear translocation and DNA-binding activity of NF-kB complexes are worthy of consideration
(Figure 3). In particular, several strategies have been developed to inhibit the NF-kB nuclear
translocation, including small peptidomimetics, such as SN-50, which encompasses the NLS of
p50 [3,105,183]. At high concentrations, SN-50 has been shown to saturate the transport machinery
importing p50-containing dimers into the nucleus [3,105,183]. However, apart from the high peptide
concentrations required to achieve this effect, a drawback of SN-50 is its non-specific inhibition of
transcription factors other than NF-kB complexes, such as AP-1-family factors [3,105,183]. Additionally,
dehydroxymethylepoxyquinomicin (DHMEQ), a derivative of the antibiotic epoxyquinomicin C,
isolated from Amuycolatopsis, has been shown to exhibit a potent and specific inhibitory activity
on NF-«B nuclear import by means of its ability to directly bind to NF-kB dimers [3,105,183,184].
Studies in mouse models have demonstrated a therapeutic effect of DHMEQ in prostate carcinoma and
an immunomodulatory effect in ovarian carcinoma. Despite these promising preclinical results, to our
knowledge, no clinical trials have been initiated to evaluate DHMEQ in cancer patients [185-187].
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Furthermore, sesquiterpene lactone (SL) compounds have been shown to inhibit the DNA-binding
activity of RelA-containing NF-«kB dimers by interacting with cysteine residue, C38, within RelA’s
DNA-binding loop 1 (L1) [3,105]. By binding to homologous cysteine residues within p50 and
c-Rel, certain SL compounds have been shown to have the additional capacity to inhibit NF-xB
complexes containing these subunits [3,105]. Interestingly, some SLs, such as parthenolide, also have
the ability to inhibit IKKf [3,105]. However, while this dual effect of parthenolide on the NF-xB
pathway has attracted some interest, the poor bioavailability of this agent has precluded any further
drug development effort [142,188]. However, the search for a functionally equivalent compound
has resulted in the generation of the amino acid-analogue, dimethylaminoparthenolide (DMAPT),
exhibiting enhanced bioavailability [189]. A phase I clinical trial of DMAPT was initiated in 2009 in
patients with AML, but was then suspended later in the same year [189,190]. Another class of agents
designed to interfere with the NF-xkB DNA-binding activity consists of decoy oligodeoxynucleotides,
which can compete for binding to NF-«B complexes with kB DNA sites on specific gene promoters [2].
Most therapeutic decoy oligodeoxynucleotides were further modified to increase their in vivo
stability, as well as their affinity for NF-«B complexes [3,105]. A clinical trial of the NF-«B decoy
oligodeoxynucleotide, anesiva, was initiated in 2005 to test its efficacy as a local ointment for
the treatment of atopic dermatitis, but its clinical use was subsequently discontinued in 2014
(NCT00125333, [190]).

3.5. Inhibitors of NF-xB Downstream Effectors

Since NF-«B induces transcriptional programmes that affect all hallmarks of cancer [79,191],
an attractive alternative to therapeutically targeting NF-«kB in malignant disease would be to inhibit the
non-redundant, cancer cell-specific downstream effectors of the NF-«B oncogenic functions (Figure 3).
Given that the insurmountable challenge with conventional NF-«kB or IKKf inhibitors has been
to achieve cancer-cell specificity, due to the pleiotropic and ubiquitous functions of NF-kB [11],
agents targeting these effectors, having functional restriction to cancer cells or their microenvironment,
could provide safer and more selective anticancer therapeutics, lacking the dose-limiting toxicities of
global NF-«B inhibitors.

Our group recently sought to obtain proof-of-concept for this principle in multiple myeloma,
the paradigm of NF-kB-driven malignant diseases. Since a key pathogenetic function of NF-«B in
multiple myeloma is to upregulate genes that block apoptosis and, despite its ubiquitous nature, NF-«xB
signalling induces highly tissue- and context-specific transcriptional programs [6,11,12,14,79,192],
we targeted an essential downstream effector of this pathogenically critical activity of NF-«B, in order
to achieve cancer cell-selective therapeutic specificity and thereby circumvent the limitations of
conventional IKK/NF-kB-targeting drugs. Several years ago, we identified the immediate-early gene,
growth arrest and DNA damage 45B (GADD45B), as a novel transcriptional target of NF-«B and
effector of the NF-kB-dependent inhibitory activity on JNK signalling and apoptosis in response
to TNF-oe and other cues [193,194]. GADDA458 is a member of the GADDA45 family of proteins,
also comprising GADD45x and GADDA45y, which play distinct roles in multiple cellular functions,
including cell-cycle regulation, DNA repair, apoptosis, senescence and DNA demethylation [195-197].
Interesting, GADDA45 is the only member of this family that is largely regulated downstream of NF-«B
signalling [193,194]. A number of studies, including some from our own group, have demonstrated
that GADD45f and other members of this family play many of their important biological roles by
regulating the activity MAPK pathways, such as the JNK and p38 pathway [195,198,199]. Indeed,
more recently, we have identified the complex formed by GADD45f and the JNK kinase, MKK7, as a
functionally critical survival module downstream of NF-«kB and novel therapeutic target in multiple
myeloma [194,198,200-203]. As most normal cells do not constitutively express GADD45B [204],
and, unlike mice lacking RelA or any IKK subunit [11], Gadd45b~/~ mice are viable, fertile and die of
old age [205,206], we reasoned that, in contrast to global NF-«B blockade, pharmacological GADD45(3
inhibition would be well tolerated in vivo.
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We therefore developed the D-tripeptide inhibitor of the GADD453 /MKK?7 complex, DTP3,
which effectively disrupts this complex at nanomolar concentrations, in vitro, by binding to MKK7,
and as a result, selectively kills multiple myeloma cells by inducing MKK7 /JNK-dependent apoptosis,
without toxicity to normal tissues [200,201]. We showed that, due to this target-selective mode of action,
DTP3 displays an excellent cancer-cell selective specificity in multiple myeloma cell lines and primary
cells from patients, in vitro, and eradicates multiple myeloma xenografts in mice, with excellent
tolerability and no apparent side effects at the therapeutic doses [200,201]. The first-in-human phase
I/1Ia clinical study of DTP3 has recently been initiated in patients with refractory or relapsed multiple
myeloma, and initial results from this study preliminarily demonstrate the clinical safety of this agent,
alongside a cancer-selective pharmacodynamic response (Table 1).

Further investigations will be required to determine the potential clinical benefit resulting
from this approach in multiple myeloma patients, as well as its potential side-effects, propensity
to develop drug resistance, and therapeutic efficacy in combination with other agents [207,208].
Nevertheless, the available body of preclinical data and the encouraging initial clinical results
preliminarily demonstrate that cancer-selective inhibition of the NF-kB pathway is possible and
promises to provide an effective therapeutic strategy, with no preclusive toxicity, that could profoundly
benefit patients with multiple myeloma and, potentially, other cancers where NF-«B is a driver of
pathogenesis. Indeed, the same principle we developed of targeting an axis of the NF-kB pathway with
cancer-restricted function, rather than NF-«kB globally, could be similarly applied to also selectively
inhibit NF-«B oncogenic functions beyond the suppression of cancer-cell apoptosis [200,201], such as
functions in governing tumour-associated inflammation.

Several antiapoptotic genes, in addition to GADD45B, have been shown to be transcriptionally
regulated by NF-«B, including those encoding various BCL-2-family members such as B-cell
lymphoma-extra large (Bcl-X} ), myeloid cell leukaemia sequence 1 (MCLI), A1 (also known as BFL-1)
and, at least in certain tissue contexts, B-cell lymphoma 2 (BCL-2) itself [191,209]. These proteins are
also frequently deregulated in certain cancer types, often as a result of chromosomal translocations or
other genetic abnormalities, and promote oncogenesis by means of their ability to suppress cancer-cell
apoptosis [210-213]. BCL-2-family members have also been shown to contribute to NF-«kB-dependent
radio- and chemo-resistance in cancer [80]. Accordingly, the therapeutic inhibition of these proteins
has also been pursued as a combination therapy with radiation and chemotherapeutic drugs to
overcome resistance to these agents in recalcitrant forms of malignancy [214]. Congruently, certain
NF-kB-dependent multiple myeloma cell lines express low levels of GADD45f and are completely
refractory to DTP3-induced killing [200], confirming the existence of GADDA453-independent
mechanisms for NF-kB-dependent survival in certain subtypes of multiple myeloma, and such
mechanisms are certain to also exist in other types of malignancy. The BCL-2 family of proteins
comprises an evolutionarily conserved group of 20 members, which share one or more of four so-called
BCL-2 homology (BH) domains, referred to as BH1, BH2, BH3 and BH4, and are involved in either
suppressing or promoting apoptosis [211-213]. The members of this family can be classified into
three functionally and structurally distinct groups: prosurvival proteins such as BCL-X;, MCL1,
A1/BFL-1 and BCL-2 itself; multidomain proapoptotic effectors such as BCL-2-associated X protein
(BAX) and BCL-2 antagonist/killer (BAK); and BH3-only proteins, which convey apoptosis-initiating
signals, such as BCL-2-interacting mediator of cell death (BIM), BH3 interacting-domain death
agonist (BID), Bcl-2-associated death promoter (BAD), and p53 upregulated modulator of apoptosis
(PUMA) [211-213]. Historically, the main strategy utilised to inhibit the antiapoptotic activity of
BCL-2-family members has been to generate cell-permeable drug mimetics of the BH3 domains of
proapoptotic BCL-2-like proteins, which neutralise prosurvival BCL-2 proteins by binding to their
surface hydrophobic groove [211-213,215]. However, many of these agents have shown limited
therapeutic activity as single agents and/or significant side-effects due to their low specificity [211,215].
A notable exception in this group of molecules has been ABT-199 (venetoclax, RG7601, GDC-0199),
a potent and selective first-in-class BCL-2 inhibitor [211,213,215]. ABT-199 has demonstrated significant

22



Biomedicines 2017, 5, 50

anticancer activity in various models of lymphoma and leukaemia, both in vitro and in vivo, and
has entered clinical trials in patients with non-Hodgkin’s lymphoma, CLL, AML and T-ALL, both as
a single agent and in combination with other drugs [211,216]. ABT-199 was subsequently granted
breakthrough status designation by the FDA in 2016 for the treatment of patients with relapsed or
refractory CLL with 17p deletion (Table 1).

4. Conclusions

Given the central role of aberrant NF-«kB activation in the pathogenesis of the large majority of
human diseases, the therapeutic targeting of the NF-«B pathway has been aggressively pursued by the
pharmaceutical industry and academic laboratories for over two and a half decades. However, this goal
has proven thus far an insurmountable challenge, due to the severe dose-limiting toxicities associated
with the global suppression of NF-kB, resulting in the dismaying absence of a specific NF-«B or IKK
inhibitor in the current anticancer armamentarium. Nevertheless, the past three decades, since NF-«B
was first discovered in 1986, have witnessed tremendous advances in the understanding of the intricate
signalling networks governing the NF-«kB pathway and its multiple functions, and these efforts are
now bearing some of the long-awaited fruits in the field of translational medicine, by pointing toward
potential safer alternatives to therapeutic NF-«B inhibition. Undoubtedly, the targeting of upstream
signalling mechanisms and protein-protein interactions governing the contextual and tissue-specific
activation of NF-kB signalling and, at the opposite end of the spectrum, the non-redundant effectors
of the diverse tissue-specific transcriptional programmes that NF-«kB activates in order to exert its
biological functions are amongst the most attractive strategies being developed to achieve contextual,
cancer-cell selective therapeutic inhibition of the NF-«kB pathway, and thereby circumvent the
preclusive limitations of conventional NF-kB inhibitors. Perhaps, the most valuable lesson to be
learnt from these initial therapeutic attempts is that the complexity of the intricate signalling networks
governing the NF-«B regulation and function appears to hold the key to untangle the NF-«B therapeutic
riddle and translate it into concrete clinical benefits. Indeed, while significant ground remains to be
covered and the limited clinical successes obtained so far in select experimental clinical contexts have
yet to transform into healthcare benefit for the broader patient population, the basic and translational
knowledge unravelled by these studies on the biological complexity in the NF-«B pathway is providing
tangible new opportunities for cancer-selective therapeutic intervention, which are certain to attract
growing interest in the future and be further capitalised upon.
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Abstract: The NF-«B pathway is a critical regulator of immune responses and is often dysregulated
in cancer. Two NF-kB pathways have been described to mediate these responses, the canonical and the
noncanonical. While understudied compared to the canonical NF-«B pathway, noncanonical NF-«B
and its components have been shown to have effects, usually protumorigenic, in many different
cancer types. Here, we review noncanonical NF-kB pathways and discuss its important roles in
promoting cancer. We also discuss alternative NF-«kB-independent functions of some the components
of noncanonical NF-«kB signaling. Finally, we discuss important crosstalk between canonical and
noncanonical signaling, which blurs the two pathways, indicating that understanding the full picture
of NF-«B regulation is critical to deciphering how this broad pathway promotes oncogenesis.

Keywords: noncanonical NF-«B; cancer; cellular signaling; inflammation; tumor initiating cells; NIK;
RelB; p52

1. Introduction

The Nuclear factor kappa-light-chain-enhancer of activated B cells (NF-«B) pathway is
an important regulator of innate and adaptive immune responses, where it regulates responses
to pathogens, as well as T and B cell activation [1]. NF-kB regulates immune responses by promoting
the transcription of proinflammatory and antiapoptotic genes. Additionally, diverse stimuli such as
UV radiation, DNA damage, cytokines, growth factors, and reactive oxygen species have all been
shown to lead to NF-«kB activation [2]. Activation of NF-kB subunits leads to their nuclear translocation
and activation of transcription, and the NF-kB pathway is known to regulate the transcription of
many genes including proinflammatory cytokines and chemokines (e.g., IL-6 [3]), cell cycle genes
(e.g., cyclin D1 [4]), antiapoptotic genes (e.g., bcl-2 [5]), and extracellular proteases (e.g., MMP3 [6]).
Chronic inflammation and DNA damage have long been associated with the development of cancer,
and dysregulation of the NF-«kB pathway has important effects in cancer [7].

NF-«B pathway activation leads to transcription regulation by dimers of 5 related transcription
factors (RelA/p65, RelB, c-Rel, NFKB1/p105, and NFKB2/p100). NFKB1/p105 and NFKB2/p100
subunits require posttranslational proteolytic processing before they can support transcription
activation. NFKB1/p105 is thought to be constitutively processed into the active p50 subunit concurrent
with translation [8], whereas NFKB2/p100 remains unprocessed until noncanonical pathway activation
induces its proteasome-dependent processing into the active p52 subunit (Figure 1) [9]. Although many
combinations of dimers have been observed, the most widely studied dimers are the RelA-p50 dimer,
which is primarily activated by canonical NF-«B signaling, and the RelB-p52 dimer, which is activated
by noncanonical NF-kB signaling.

Activation of canonical NF-«B is dependent on a kinase complex that contains the scaffold
protein NF-kB essential modifier (NEMO) and the inhibitor of NF-kB kinase 3 (IKKf) and IKKe.
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Upon activation, IKKp phosphorylates the inhibitor of NF-kB « (IkBx) that binds to and inhibits
RelA-p50 dimers, confining the dimers to the cytoplasm. Phosphorylated IkB« is rapidly targeted
for degradation by the proteasome, with subsequent accumulation of nuclear RelA-p50 [10,11].
Noncanonical NF-«B, however, is dependent on the stabilization of a labile kinase, NF-kB-inducing
kinase (NIK) and the catalytic activity of IKK«.

While the canonical NF-«kB pathway is rapidly inducible and can be activated by inflammatory
cytokines and other stimuli, the noncanonical NF-kB pathway is primarily activated by a set
of cytokine/receptor pairs in the tumor necrosis factor receptor superfamily including BAFF
receptor (BAFFR), CD40, lymphotoxin B receptor (LTBR), Fnl4, and receptor activator of nuclear
factor kappa-B (RANK) [12-16]. In the absence of a stimulus, noncanonical NF-«B is kept inactive
by the continual ubiquitination and proteasomal degradation of the critical upstream kinase NIK.
TNF-receptor associated factor 3 (TRAF3) is critical for maintaining low basal NIK levels, and cells
with inactivating TRAF3 mutations have upregulated NIK protein levels [17-19]. TRAF3, however
does not have ubiquitinase activity. Instead, TRAE3 recruits NIK to a degradation complex containing
TRAF2 and cellular inhibitors of apoptosis 1 (cIAP1) and cIAP2 [20-22]. All components of this
complex are required, although cIAP1 and cIAP2 seem to have redundant functions and NIK
stabilization does not occur unless both cIAP1 and cIAP2 are reduced [20]. Upon complex formation,
NIK protein is marked for proteasome-mediated degradation with K48-linked ubiquitin chains [17].
The continual degradation of this critical kinase in the absence of a stimulus keeps the noncanonical
NF-«B pathway inactive.

Upon receptor stimulation, the NIK-degradation complex is recruited to the active receptor
complex. Instead of marking NIK for degradation, cIAP1 and cIAP2 ubiquitylate TRAF2 and TRAF3,
which are then rapidly degraded (Figure 1) [17,20,23]. Without TRAF3 recruiting NIK for destruction,
NIK protein rapidly accumulates. NIK phosphorylates residues on p100 and the downstream kinase
IKK« [9,24,25]. Phosphorylation of IKK«x activates its kinase activity and IKKo phosphorylates several
residues on the C-teminus of p100 [9]. Although NIK phosphorylates p100, IKK« activity is required
for p100 processing, and mutating IKK« phosphorylation sites on p100 prevents processing and
pathway activation (Figure 1) [9,25]. Phosphorylated p100 is recognized by the E3 ubiquitin ligase
BTRCP and processed into the p52 subunit in a proteasome-dependent manner [26]. Although IKKx
activity is required for p100 processing, and IKKf activity is not, it is unclear what the IKKo-containing
complex that phosphorylates p100 consists of. Recent work from the Ghosh lab suggests that IKK« can
form a hexamer in vitro, and IKK« mutated at residues predicted to be important for hexamerization
fails to transduce noncanonical signaling [27]. However, size exclusion chromatography shows that
overexpressed IKK o exists predominately as dimers in cells [27]. This suggests that if the hexadimeric
complexes exist, they may be transient upon noncanonical receptor stimulation. After processing,
the IkB-like inhibitory properties of p100 (see below) are lost and the RelB-p52 dimer can promote
transcription of target genes (Figure 1). Although noncanonical and canonical NF-«B regulate
different target genes, there is significant overlap in regulated genes [28]. While there is evidence
that these differences arise from small variations in the DNA sequence of kB sites [29,30], there is
still a lot unknown about how dimer specificity is determined and what the biological relevance
may be [28]. In fact, although the noncanonical pathway has been elucidated as quite separate from
the canonical NF-«B pathway, there is significant crossregulation between the components of each
pathway, emphasizing the importance of the NF-«B system as a single, highly complex system with
disease relevance in many types of cancer.

The processing of p100 is a critical event in the noncanonical NF-kB pathway, in order to generate
the functional p52 transcription factor. This processing removes C-terminal ankyrin repeats, which
are similar to those in the IkB proteins that sequester and inhibit the canonical RelA-p50 dimers.
Therefore, p100 binds and inhibits RelB in the absence of an activating signal, and p100 processing is
a critical event in the activation of the noncanonical NF-kB pathway [31-33]. Further, p100 has been
shown to inhibit the canonical pathway by binding and inhibiting RelA, an activity known as IkB9,
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through its ankyrin repeats [28,34]. In this review, we explore what is currently known about the
impact of noncanonical NF-kB components on cancer initiation, growth, and survival. We also explore
functions of noncanonical NF-«B kinases outside of their traditional roles in regulating this pathway.
Further, we explore interesting crossregulation mechanisms linking canonical NF-kB components with
noncanonical NF-«B.

Noncanonical NF-xB off Noncanonical NF-«xB on

TNFSF Ligand (RANKL, CD40L, etc.)

TNFSF Receptor TNFSF Receptor

Proteasome

Degradation‘....

Proteasome

qim Degradation ’

Proteasome

Processing

@

Figure 1. Overview of the Noncanonical NF-«B signaling pathway. In the absence of a stimulus
the critical kinase NIK is constitutively targeted for degradation by a ubiquitination complex
containing TRAF2, TRAF3, cIAP1, and cIAP2. Upon receptor activation, NIK is stabilized, leading to
IKK« activation and p100 processing to p52. RelB-p52 dimers then translocate to the nucleus and
activate transcription.

2. Noncanonical NF-kB Activation in Multiple Myeloma

Noncanonical NF-«B is critical for B-cell homeostasis as well as lymph node and germinal center
establishment [35-39]. Multiple myeloma (MM) is caused by uncontrolled proliferation of bone
marrow plasma cells, which are post germinal center mature B cells that secrete antibodies into the
serum [40]. Since both canonical and noncanonical NF-«kB are critical for B-cell development and
germinal center formation [41], it is perhaps expected that NF-«B activation would be an important
development in MM. MM cell adhesion to bone marrow stromal cells induces NF-«B activity and drug
resistance [42,43]. Further, production of the NF-«B target gene RANKL in the tumor cells activates
osteoclasts, leading to bone resorption at the sites of lesions [16,44].

Although dysregulation of the NF-kB pathway occurs in many tumor types, mutations in
NF-kB pathway regulators are rare in solid tumors [7]. However, NF-kB-activating mutations are
estimated to occur in about 20% of multiple myeloma patients [45,46]. Mutations in CD40, LTBR,
NIK, TRAF2, TRAF3, cIAP1, cIAP2, CYLD, NFKB1/p105, and NFKB2/p100 have been observed,
with TRAF3 inactivation being the most frequent alteration. NIK protein is stabilized in TRAF3 mutant
MM cell lines, which induces constitutive processing of p100 to p52 and hyperactive noncanonical
NE-«B [45,46].
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Both canonical and noncanonical NF-«B depend on proteasome activity for activation. Canonical
NF-kB requires the degradation of the IkB proteins to release the RelA-p50 dimers, whereas
noncanonical NF-kB requires the proteasome for pl00 processing to p52. The glucocorticoid
dexamethasone, which can block NF-«B signaling [47,48], and the proteasome inhibitor bortezomib
are impactful treatments for MM in the clinic [49]. Interestingly, patients with TRAF3 mutations,
and therefore hyperactive noncanonical NF-«B, are resistant to dexamethasone treatment. However,
TRAF3 mutant tumors were found to be exquisitely responsive to proteasome inhibition with
bortezomib [45]. This heightened sensitivity to proteasome inhibition in tumors with hyperactive
NF-«kB can informs treatment decisions. Further, these lessons may apply to tumor types other than
MM where NF-«B is persistently activated, even if no mutations in the pathway are present.

Even though primarily noncanonical-regulating genes are mutated in MM, activation of canonical
NF-«B is observed in many MM cells. Further, inhibition of both canonical and noncanonical pathways
is effective in reducing growth and promoting cell death in many MM cell lines [46,50], indicating
that canonical NF-«B is also critical for cell survival in many MM cells. This suggests that while MM
has a special dependence on activation of the noncanonical pathway, significant crosstalk between
the NF-«B pathways occurs, and both are often required for MM cell survival and proliferation.
Importantly, targeting NF-kB activity by inhibiting IKKs or the proteasome induces cytotoxicity in MM
cells [46,49]. Finding new methods of targeting NF-«B in multiple myeloma cells, as well as preventing
resistance to these therapies would be important to improving treatment success in this disease.

3. Noncanonical NF-kB in Other Cancers

Noncanonical NF-«kB has been shown to regulate mammary gland development [51,52]. It is,
therefore, intriguing that activity of the noncanonical NF-«B transcription factors RelB and p100/p52
(NFKB2) have been implicated in promoting breast cancer. It has been known for decades that breast
cancer cells show increased NF-«B activity, which supports growth and survival [53]. More recently,
the expression of RelB and NFKB2 was shown to be elevated in estrogen receptor negative (ER")
breast tumors, compared to ER* tumors [54]. ER™ tumors are generally more aggressive and have
a worse prognosis than ER* tumors. Additionally, estrogen receptor has been shown to repress
NF-«B activity [55], and FoxAl, a cofactor critical for estrogen receptor transcriptional activity [56],
also directly represses RelB expression [57]. RelB in turn has been shown to inhibit estrogen
receptor expression in breast cancer cells by upregulating a transcriptional repressor Blimp1 [58].
RelB expression in breast cancer cells promotes an epithelial-to-mesenchymal transition (EMT),
and supports the self-renewal of tumor initiating cells [55,59,60]. Further, patients with higher
expression of RelB and NFKB2 had decreased disease free survival as well as decreased overall
survival [54]. The noncanonical NF-kB transcription factors are upregulated in ER" breast cancers,
and they effect important processes such as EMT and self-renewal. However, since the critical upstream
kinase NIK, has not been found to be widely stabilized in breast cancer cells, more work needs to be
done to uncover the mechanisms by which RelB and NFKB2 expression and activity are promoted in
breast cancers.

The activity of another hormone receptor, androgen receptor (AR), is intimately linked with
noncanonical NF-kB signaling. Many prostate tumors are driven by AR activity, and can be effectively
treated with surgical or chemical androgen deprivation therapy [61]. Some prostate cancers will
acquire resistance and become castration-resistant tumors, often as a result of AR ligand-independent
activity [62]. Work from the Gao laboratory demonstrated that p52 expression could support tumor
growth of androgen-dependent LNCaP prostate cancer cells in castrated mice [63]. Further, p52 could
induce the nuclear localization and DNA binding activity of AR in the absence of ligand. The expression
of p52 is high in a castration-resistant subline of LNCaP cells, and importantly, knockdown of p52
in these cells reduces AR activity and DNA binding [63]. How noncanonical NF-«B is activated
in castration-resistant prostate cancer needs to be elucidated to determine whether inhibition of
noncanonical NF-kB may be a druggable pathway in castration-resistant prostate cancer.
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Activation of noncanonical NF-kB, along with NIK stabilization and constitutive p100 processing,
has also been observed in pancreatic cancer cell lines [64,65]. Interestingly, multiple mechanisms for
noncanonical NF-kB activation in pancreatic cancer cells have been discovered. First, work from the
Storz lab has shown that NIK stabilization is critical for proliferation and tumorigenicity of pancreatic
cells [66]. Further, expression of a negative regulator of NIK, TRAF2, was shown to be limited as
a consequence of constitutive degradation [66]. Work from our lab has also shown that GSK3« activity
activates both canonical and noncanonical NF-«kB signaling, and that GSK3« activity supports the
proliferation and survival of pancreatic cancer cells [67]. In addition to described roles in hematologic
malignancies, prostate cancer, breast cancer, and pancreatic cancer, the noncanonical NF-kB pathway
and its components have been shown to support the proliferation, survival, or tumor initiating cells of
glioma [68,69], ovarian [70], and endometrial cancers [71].

Recently, RelB-p52 dimers were shown to regulate a group of nucleic acid editing enzymes
(APOBECsS) that are implicated in tumor progression [72]. A growing body of evidence suggests that
APOBEC enzymes are responsible for increasing tumorigenesis by inducing mutations at cytosine
residues immediately preceded by a thymine [72], especially in breast and ovarian cancers [73].
APOBEC enzymes are a family of enzymes that deaminate cytosines on viral RNA to leave an
abundance of uracil residues. This activity behaves in practice as hypermutation of viral RNA [74].
Although they edit RNA residues, APOBEC proteins have been shown to mutate DNA in cancer,
where the resulting genomic hypermutation can drive tumor growth. Given its roles in the innate
immune response, a possible connection between APOBEC expression and NF-«B activity seems likely.
Indeed, the noncanonical NF-kB transcription factors RelB and p52 were recently shown to induce
APOBEC3B expression in some cancer cells [75]. Leonard et al. demonstrated that protein kinase
C (PKC) activation leads to increased APOBEC3B expression by inducing the binding of RelB and
P52 to several sites in the APOBEC3B promoter. Further, this activity was sensitive to both IKK
and proteasome inhibitors, indicating that IKK activation and p100 processing are required for this
activity [75].

TERT is the catalytic subunit for the telomerase enzyme, which maintains the protective telomeres
at the ends of chromosomes that would otherwise be lost progressively every cell division [76].
Maintenance of telomeres is required for the indefinite proliferative potential of cancer cells and
TERT activity can be measured in 80-90% of cancers [76,77]. In some cancers, TERT upregulation
occurs as a result of point mutations at hotspots in the TERT promoter, which allow for the binding
of new transcription factors, such as the Myc or Ets transcription factors [78,79]. Activation of
noncanonical NF-«B, but not canonical NF-«kB, was shown to increase TERT expression in glioblastoma
cells containing one of these hotspot mutations (C250T) [80]. Ets1/2 transcription factors were found
to be recruited to the mutated TERT promoter by p52 in order to induce TERT expression (Figure 2),
and reversion of the C250T promoter mutation blocked p52 binding, and noncanonical NF-«B-induced
TERT expression [80]. Further, noncanonical NF-«kB was required for in vivo tumor growth [80].
This shows that activation of noncanonical NF-«kB can support tumor growth of some glioblastoma by
upregulating TERT expression.

Although p52 has generally been shown to promote noncanonical NF-kB and oncogenic functions,
its precursor, p100, has been demonstrated to act as a tumor suppressor in an NF-kB-independent
mechanism [81]. p100, but not p52, was shown to inhibit anchorage-independent growth by
directly interacting with ERK2, and via inhibition of c-Jun/AP-1, inducing the downregulation
of miR-494. PTEN expression, normally inhibited by microRNA (miRNA) miR-494, increased [81].
Another study from the same group demonstrated that p100, but not p52, could limit the proliferation
of bladder cancer cells by promoting miR-302 production via CREB activity. Additionally, miR-302
was demonstrated to suppress cyclin D1 expression, leading to decreased proliferation [82].

The activity of RelB and NFKB2/p52 has been demonstrated in numerous cancer types, and they
regulate a diverse set of genes. When activated, these noncanonical NF-«B transcription factors
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promote tumor initiation, growth, and survival. Inhibition of their activity could yield advances in the
treatment of numerous cancers, including breast, brain, ovarian, and prostate.

Noncanonical NF-xB off Noncanonical NF-xB on

ANV AN

C250T C250T
1. Weak Ets binding 1. Cooperative Ets/p52 binding
2. Low TERT expression 2. High TERT expression

Figure 2. Cooperation of Ets and p52 in promoting TERT expression when promoter is mutated.
The C250T mutation in the TERT promoter creates a p52 binding site. When noncanonical NF-«B is
activated in C250T mutant cells, p52 can recruit Ets transcription factors to the mutated TERT promoter
and drive transcription.

4. RelB-p52 and EZH2 Cooperation in Cancer

As discussed earlier, activation of the noncanonical NF-«B transcription factors, namely RelB
and p52, can support the growth of several cancer types. Recently, a body of evidence has
emerged linking RelB-p52 activity with enhancer of zeste homolog 2 (EZH2). EZH2 is a histone
methyltransferase that, as the catalytic subunit of the polycomb repressive complex 2 (PRC2),
trimethylates H3K27 (H3K27me3) and leads to gene repression [83-86]. EZH2, through its catalytic
activity, has been shown to be a tumor promoter, because it can repress tumor suppressors such
as pl6™4a and p14ARF [87]. Tannetti et al. showed that noncanonical NF-kB promotes the
expression of EZH?2 in chronic lymphocytic leukemia (CLL) cells. Active RelB-p52 promoting EZH2
expression supports a blockade on p53-mediated entry into senescence by downregulating p53
target genes (Figure 3). ChIP analysis in human fibroblasts revealed that RelB and p52 bind to
the EZH2 promoter [88], indicating direct transcriptional regulation of EZH2 by noncanonical NF-«B.
A supporting study in melanoma cells suggests that noncanonical NF-«B upregulation of EZH2 may
be a general mechanism to bypass p53-induced senescence [89]. Interestingly, this study showed
that NIK protein was stabilized in melanoma cells and is critical for EZH2 expression. Canonical
NE-«B subunits were not found at the EZH2 promoter, and knockdown of RelA had no effect on EZH2
expression [89]. This suggests that activation of noncanonical NF-«kB can support EZH2 expression
and avoid senescence, without significant crosstalk with canonical NF-kB pathway members.

Although EZH2 is a well-established transcriptional repressor, functioning through its catalytic
activity to methylate H3K27, a growing body of evidence has shown that EZH2 has PRC2-independent
roles as a transcriptional activator. SWI/SNF mutant tumors were shown to require EZH2 for growth.
Interestingly, EZH2 depletion in some SWI/SNF mutant tumors was rescued with a catalytically
inactive mutant, suggesting alternative functions of EZH2 [90]. Further, EZH2 was found to act
as a coactivator to support the transcriptional activation of target genes controlled by Notch [91],
Wnt [92,93], estrogen receptor [92], and androgen receptor [94]. Interestingly, EZH2 was also found to
support NF-kB target gene expression in triple-negative breast cancer cells by acting as a coactivator
in a complex containing RelA and RelB (Figure 3) [95]. This was further supported by a study
from our group, which showed that EZH2 and RelA localized to the RelB promoter and supported
transcription of RelB in triple-negative breast cancer cells (Figure 3). This activity was critical for

41



Biomedicines 2018, 6, 66

the cancer cells to maintain tumor initiating cells [59]. Intriguingly, this NF-kB-supporting activity
in triple-negative breast cancer cells is independent of its methyltransferase activity, and PRC2
complex members, like SUZ12 [60,95]. Since EZH2 enzymatic activity is dispensable for this
regulatory mechanism, more work needs to be done to elucidate therapeutic mechanisms to target this
noncanonical function of EZH2.

Leukemia/Melanoma Breast Cancer

Noncanonical NFkB Off

nowwy W

EZH2 downregulated 1. p53 target genes expressed
2. Senescence initiated

NF«B Target genes
(IL-6, IL-8)

Noncanonical NFkB On

PRC2
Complex

CH; CHCH,
1. Methylates and represses
P53 target genes
2. Cell cycle entry

Figure 3. Crosstalk between EZH2 and noncanonical NF-kB components in CLL, melanoma,
and breast cancer. Work in CLL and melanoma shows that RelB-p52 dimers can promote the
transcription of EZH2. EZH2 can then promote a senescence bypass by repressing p53 target genes.

5. Noncanonical IkB Proteins

Originally discovered to inhibit the NF-«B response, IkB proteins are generally considered
to be cytoplasmic molecules that bind and inhibit the transcriptionally active RelA/p65 subunits.
However, there are several nontraditional IkB proteins that reside in the nucleus and generally
act as transcriptional activators. Two of the most well-studied nuclear IkBs are Bcl-3 and IkBC.
Bcl-3 contains several ankyrin repeat domains, like all other IkB proteins. Unlike other IkB
proteins, Bcl-3 preferentially binds p50 and p52, rather than the transcriptionally active RelA,
RelB, or c-Rel [96,97]. Since Bcl-3 was originally shown to inhibit the DNA binding of p50 homodimers,
this led to the hypothesis that Bcl-3 inhibits NF-kB activity [98]. Further Bcl-3 can blunt the
NF-kB-dependent expression of TNF« in response to LPS stimulation [99]. Bcl-3 has also been shown
to recruit repressors to viral genes and repress transcription [100]; however Bcl-3 has generally been
observed to promote transcriptional activation. Additionally, Bcl-3 expression is induced by NF-«B
activity [101]. In response to NF-kB activation, Bcl-3 binds p50 and p52 and acts as a transcriptional
activator, promoting the transcription of anti-apoptotic and proliferation genes, such as cyclin
D1 [102-105]. In this regard, Bcl-3 has also been shown to inhibit p53 by promoting the transcription of
its negative regulator, hdm2 in breast cancer cells [104]. Completing the regulatory circle, p53 has been
shown to decrease cyclin D1 by inhibiting Bcl-3. In the absence of Bcl-3, p52 associates with HDACs
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at the cyclin D1 promoter, inhibiting transcription [106]. Increased expression of Bcl-3 was observed
in breast cancer [103], skin squamous cell carcinoma [107], endometrial cancer [108], nasopharyngeal
cancer [109], and some lymphomas [110]. Although established as an oncogene, there are still many
questions as to how Bcl-3 activity is regulated. It has been known to be modulated by phosphorylation
nearly since its discovery [96], and both IKK« and IKKf have been shown to rapidly phosphorylate
Bcl-3 and stimulate Bcl-3-p50 complexes to initiate transcription [111]. Recently, work from the Ghosh
lab has given a glimpse into the complex regulation of Bcl-3 by phosphorylation. They showed that
Akt phosphorylates Bcl-3 to increase its stabilization and nuclear localization, while IKKs and ERK
phosphorylates Bcl-3 to promote its transcriptional activity [112]. Still, there is much that is unknown
as to how the oncogenic functions of Bcl-3 are regulated.

Another nuclear IkB protein, IkB(, promotes the transcription of inflammation-associated genes
like IL-6 [113,114]. In general, IkBC mRNA expression is kept silent and its mRNA is unstable.
Upon stimulation of toll-like receptors (TLRs) or IL-1§3, but not TNFe, IkB{ mRNA is stabilized and
its transcription is initiated in an NF-kB-dependent manner [115,116]. IkB( is both a target gene
of NF-«B, and a coactivator, as it is critical to proper NF-«B target gene expression downstream of
TLRs and IL-1f3 [113,117,118]. Like Bcl-3, IkB( preferentially interacts with p50 and p52, but not
RelA [119,120]. p50 homodimers, which are normally considered to be transcriptionally inactive,
activate the transcription of NF-«B target genes when associated with IkB( [118]. Recently, Nogai and
colleagues showed that IkB( expression is critical for activated B cell-like diffuse large cell B cell
lymphoma (ABC-DLBCL) cells, but not germinal cell B cell-like DLBCL (GC-DLBCL) or multiple
myeloma cells. Not only did they show that IkB( expression is critical to maintain the expression
of several NF-kB target genes, but that knockdown of IkB( caused cytotoxicity in ABC-DLBCL
cells, emphasizing its important roles in ABC-DLBCL [120]. Often overlooked in NF-kB research,
these nontraditional IkB transcription factors have important roles in supporting NF-«B responses in
immunity and disease and deserve more research.

6. Alternative Functions of the Noncanonical Kinases

6.1. Other Functions of IKKx

As the critical kinase in mediating activation of the canonical NF-kB pathway, IKK{ has been
more highly studied than IKKa. IKK« does not play a major role in controlling IkBx degradation
in response to TNF« [121,122]. However, IKKx does play a role in regulating NF-«B target
gene expression [123-125]. Interesting evidence that IKKx may shuttle into the nucleus provided
evidence of potential alternative functions [126]. Further clarification came when IKK« was found to
phosphorylate serine 10 on histone 3 (H3510), and loss of IKK« caused defects in NF-kB-dependent
transcription [127,128]. Much of this mechanistic work was done in MEFs and did not establish
whether nuclear IKK« has any consequences in cancer.

Subsequently, nuclear IKK« was observed in a prostate cancer cell line. IKKe, but not IKKf,
was found to phosphorylate the SMRT corepressor in the prostate cancer cell line DU145 in response
to laminin attachment. This phosphorylation leads to SMRT and the associated repressor HDAC3
to be exported from the nucleus, leading to optimal activation of NF-«B target genes like cIAP1/2
and IL-8. This mechanism appears to be independent of IKKo-mediated H3510 phosphorylation [129].
Additionally, interesting work in colorectal cancer cells has implicated IKKx-mediated phosphorylation
of SMRT with changes in NF-«kB-independent transcription. Nuclear IKK« and phospho-SMRT were
observed in colon cancer cell lines as well as patient samples. Upon further investigation, IKKa was
observed to phosphorylate SMRT, leading to its exclusion from the nucleus, similar to the prostate
cancer cells. Additionally, IKK« presence at Notch target genes in colon cancer cells was identified
using ChIP analysis (Figure 4). Further, IKKa was shown to promote Notch-dependent transcription
and tumorigenesis in colon cancer [130]. More recently, a truncated p45-IKK« was observed in
colorectal cancer cells. This fragment, generated by cathepsin protease activity, was shown to be
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critical for SMRT phosphorylation as well as expression of cIAP1/2 and several Notch target genes
(Figure 4) [131].

Additionally, IKK« has also been shown to suppress gene expression [132]. IKK« activity was
found to be associated with decreased expression of a metastasis-associated gene Maspin. Further,
this is dependent on both IKKa kinase activity and nuclear localization, but it does not require IKK{3
activity [132]. This fascinating result has potentially exciting consequences, as targeting this IKK«
activity in prostate cancer with small molecule inhibitors could reduce metastatic burden. However,
the mechanism by which IKKo« mediates gene repression is not known, and IKK« has not yet been
reported to bind at the Maspin locus using ChIP. It is possible these results indicate that activation
of noncanonical NF-kB mediated by IKKa could be repressing gene expression as shown in multiple
myeloma [133-135]. These mechanisms show that in addition to acting as a primary mediator for
noncanonical NF-«kB pathway activation, nuclear IKK« directly regulates gene transcription through
the regulation of histones and chromatin-associated factors.
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Figure 4. Nuclear IKKx promotes the expression of Notch target genes in colorectal cancer cells.
A truncated p45-IKKa has been shown to phosphorylate the SMRT repressor, leading to its exclusion
from the nucleus, leading to the expression of Notch target genes.

6.2. Alternative Roles for NIK

NIK is almost exclusively studied for its critical role in promoting noncanonical NF-«B.
As described earlier, NIK is expressed at low levels due to constitutive degradation until a stimulus
induces its stabilization, and as a consequence, NIK is not stabilized in many cell types. Nonetheless,
intriguing functions for NIK have been uncovered. Birbach et al. showed that NIK has a nucleolar
targeting sequence that is required for nuclear localization [136]. Interestingly, they show that a mutant
of NIK that preferentially accumulates in the nucleolus is less efficient at inducing noncanonical
NF-«kB activity, suggesting that nucleolar NIK is either less efficient at activating NF-«B, or more
interestingly, that it has alternative functions there. Further, nuclear localized NIK can be observed by
immunofluorescence in the triple-negative breast cancer cell line MDA-MB-231 [136]. This interesting
finding further suggests that nuclear localized NIK may have functions in cancer cells. Several
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other triple-negative breast cancer cells have been shown to have stabilized NIK, and NIK may
promote breast cancer stemness [137,138]. The potential impact of NIK stabilization has not been
thoroughly studied in breast cancer. Since EZH2 promotes RelB production and tumor initiating cells
in triple-negative breast cancer [60], it is interesting to consider what effects NIK stabilization may
have on EZH2-RelB crossregulation.

As discussed earlier, several reports indicate that NIK stabilization and subsequent noncanonical
NF-kB activation generally supports the growth and survival of tumor cells. However, a recent
report unexpectedly shows that NIK stabilization in certain contexts can act as a tumor suppressor.
Canonical NF-«B activity is increased in AML, and it supports survival [139]. Xiu et al. show that NIK
stabilization in AML cells induces noncanonical NF-kB, but nuclear RelA was reduced, which led to
decreased tumor growth [140]. Interestingly, RelA overexpression promoted tumor growth, whereas
RelB overexpression decreased tumor growth [140]. This has interesting implications on NF-«B biology.
As described below there is significant crosstalk between canonical and noncanonical NF-«B,
and this study suggests that in AML, there is an antagonistic relationship between canonical and
noncanonical NF-«B, and activation of canonical NF-«B is ultimately critical to tumor survival.

NIK has many interesting functions due to its role as a noncanonical NF-«kB activator. However,
its activity has also been shown to regulate processes completely independent of NF-«kB activity.
Recently, Jung et al. have shown that NIK is localized to mitochondria in a glioma cell line [141].
Not only is NIK localized to mitochondria, but it promotes mitochondrial division and invasion. NIK
does this by promoting the mitochondrial localization of Drp1, a GTPase required for mitochondrial
fission. Interestingly, this activity is not dependent on NF-«B or IKK«, but can be stimulated by the
TNF related ligand TWEAK [141]. TWEAK is a known noncanonical NF-kB inducing agent that
can stimulate NIK and IKKe activity [15]. It is interesting that TWEAK induces NIK to support
mitochondrial fission, but not NF-«B activation [141]. This intriguing study shows that NIK has
alternative functions in some cancer cells that have important effects on metabolism and invasion.
Interestingly, Drp1 activity has also been found to support glioblastoma tumor initiating cells [142]
and pancreatic tumor growth in vivo [143], highlighting the potential impact of targeting this pathway.
NIK is an understudied kinase that has complex effects on development and cancer, and more work
needs to be done to identify potential targeting agents against this interesting kinase.

7. Crosstalk between Canonical and Noncanonical NF-kB

The NF-«kB pathway involves numerous regulators and co-regulators, many of which have
additional known functions outside of NF-«B regulation. Additionally, NF-«B activation is achieved
by a variety of stumuli, and the induced target genes can vary by stimulus and cell type, thus the
NF-«B response exhibits significant complexity. The noncanonical and canonical NF-kB pathways do
not function in isolation, instead, co-regulation and crosstalk are abundant. Importantly, stimulation
of canonical NF-kB with TNF« or LPS leads to rapid nuclear accumulation of canonical RelA-p50
dimers, but not RelB [144]. However, increased transcription of RelB in response to TNFa or LPS
is dependent on RelA (Figure 5), and this leads to RelB-dependent changes in gene expression,
which requires synthesis of new RelB protein [144]. Therefore, canonical NF-kB activation can
promote noncanonical target gene expression via induction of RelB transcription. However, RelB has
also been shown to suppress RelA DNA binding activity and sequester RelA in the cytoplasm in
response to canonical stimuli such as TNFo (Figure 5) [145-147], potentially helping to blunt the strong
inflammatory response of the canonical NF-kB pathway. Interestingly, RelA-RelB heterodimerization
is dependent on contacts in the rel homology domains of each protein, and the interaction is promoted
by phosphorylation of 5276 on RelA, but inhibited by phosphorylation of RelB on S368 [148,149].
This intriguing antagonism is cell type dependent as the effect was observed in fibroblasts but not in
macrophages [145]. Additionally, the RelA-RelB heterodimer also inhibits RelB-mediated transcription
after TNFo treatment [148]. The antagonistic relationship between RelA and RelB also has disease
relevance, as was explored earlier in a discussion on acute myeloid leukemia. Canonical upregulation
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of noncanonical NF-kB subunits followed by mutual antagonism between RelA and RelB introduces
multiple layers of complexity to the NF-«kB response in cells and the regulation of the RelA-RelB
heterodimer as well as the S276 residue on RelA needs to be further elucidated to unravel how the
NF-«B response is regulated in different cell types.
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Figure 5. Canonical NF-«B activity stimulates RelB expression. Activation of RelA-p50 dimers with
TNFo induces increased expression of RelB. RelB induction serves as negative feedback by binding
RelA and sequestering it in the cytoplasm.

There is an additional system for inhibition of NF-xB mediated by the full-length precursor
molecules p105 (termed IkBy) and p100 (termed IkBbd). These molecules were observed to form
high molecular weight complexes (IkBsomes) that can bind RelA [31,150]. Further, stimulation of
canonical NF-«B can induce the expression of p100, acting as a negative feedback mechanism [151,152].
Upon LPS stimulation, IkBsomes dissociated transiently before eventually reforming [150], supporting
the hypothesis that IkBsomes can act as a mechanism to limit canonical NF-«B activation. Since the
IkBsome inhibitory complexes were found to exist in resting cells, they may also function as
reservoirs that can activate both canonical and noncanonical pathway simultaneously upon stimulation.
The existence and function of IkBsomes indicates that the NF-«B pathway is complex and that canonical
and noncanonical components contribute to the NF-«B response.

As mentioned previously, RelA promotes RelB activity upon stimulation with TNFe. Work from
the Baud laboratory showed that RelB activity downstream of TNF« stimulation is mediated through
the canonical IKK complex containing IKK«, IKKf, and NEMO, which phosphorylates RelB after
TNFo treatment at 5476 [6]. Phosphorylation at 5472 dissociates RelB-containing complexes from IkB«,
leading to NF-«B activation. Interestingly, phosphorylation at S472 promotes migration in fibroblasts by
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inducing a RelB-mediated upregulation of matrix metalloprotease 3 (MMP3), indicating an important
biological consequence of this pathway [6,153].

The distinction between the two NF-«kB pathways is blurred further when the array of subunit
dimers that have been discovered is considered. There are 15 possible NF-«kB dimer combinations,
and 12 of them have been identified [154,155]. Supershift analysis of electrophoretic mobility shift
assays (EMSA) provided evidence that alternative dimer combinations occur, even in response to
canonical stimuli like TNF [156]. Additionally, stimulation of noncanonical-activating receptors like
LTPR induces DNA-binding activity of both canonical RelA-p50 dimers and noncanonical RelB-p52
dimers [157]. The canonical RelA-p50 and noncanonical RelB-p52 dimers are probably the most
commonly observed because of binding stability [154]. In particular, structural analysis of the
RelA-p50 dimer has shown contacts create a highly stable dimer [154,158]. On the other hand, the RelB
dimerization domain differs from that of RelA, leading it to form more stable complexes with both p50
and p52 (see below) [159]. RelA, however, is generally not observed to interact with p52, although it
has been seen in RelB-deficient cells [160]. While the RelA-p50 and RelB-p52 heterodimers appear to
be the most abundant within cells, other important dimer combinations have been studied.

One of the most well-studied “alternative” dimers is the RelB-p50 dimer, in which the
noncanonical RelB molecule binds with the canonical p50. The DNA-binding activity of the
RelB-p50 dimer was observed in response to viral proteins [161], bacterial products (LPS) [162],
and cytokines [163,164]. The observed activity of the RelB-p50 dimers is usually delayed,
being observed hours after a canonical stimulus. However, in dendritic cells, which have high
levels of RelB activity, RelB-p50 dimers were found to respond rapidly to canonical stimuli, such as
LPS [165]. Interestingly, although RelB is not usually bound to IkB proteins because of the inhibitory
action of p100, low levels of p100 in dendritic cells led to RelB association with p50 as well as to IkB
proteins. These studies highlight the complexity of the NF-«kB pathway, indicating that the two NF-«B
pathways are not district entities, but rather two branches of the same pathway with many nodes
of cross-regulation.

8. Concluding Remarks

Activation of the noncanonical NF-«kB pathway has important effects in tissue development as
well as disease. Multiple myeloma in particular has a strong dependence on noncanonical NF-«B
activation. Activation of noncanonical pathway components such as NIK, RelB, or IKKx have
been shown to support tumor progression in various cancers, such as multiple myeloma, DLBCL,
glioblastoma, breast, prostate, ovarian, and colon cancers, and inhibitors of NIK or IKK« could have
therapeutic benefit for patients with these tumors. While much of the NF-«kB-related research focuses
on IKKf3 /RelA, the noncanonical NF-kB pathway has proven to be equally critical in cancer and
other diseases. More work needs to be done to elucidate how canonical and noncanonical NF-«B work
to drive tumorigenesis, and determine if they can be effectively targeted.
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Abstract: NF-«B signaling pathways play an important role in the regulation of cellular immune
and stress responses. Aberrant NF-«B 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-«B can either promote or antagonize these
tumor-supportive functions, thus prohibiting global NF-«B inhibition. The direct effects are due to
mutations of members of the NF-kB system itself. These mutations typically occur in upstream
components that lead to the activation of NF-«B 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-«kB-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-kB by regulatory
phosphorylations. As NF-kB'’s central role in human physiology prohibits its global inhibition,
these auxiliary or cell type-specific NF-kB regulating pathways are potential therapeutic targets.

Keywords: NF-«B; transcription; cancer

1. The NF-kB System

The NF-kB 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-«B 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-xB
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-«B core signaling pathways in
conjunction with multiple auxiliary systems that confer specificity.

2. The Core NF-«B Activation Pathways

Five different NF-«kB DNA-binding subunits share a N-terminal NF-«kB/Rel homology domain
(RHD), which mediates DNA-binding, dimerization, and the interaction with the inhibitory IxB
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-kB1 (also known as
p105) and NF-kB2 (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 IkB 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-«B family member, suggesting that constitutive binding of p50
or p52 homodimers to kB sites represses transcription [7]. Alternatively, p50 and p52 can activate
transcription upon association with IkB family members, such as Bcl3.
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Figure 1. DNA-binding subunits of NF-kB. The functional domains of the five DNA-binding subunits,
including the leucine zipper (LZ), the glycine-rich region (GRR), and the death domain (DD) are shown.
The number of amino acids is given for the human proteins.

p105/p50

Activation of NF-«B can proceed by canonical, noncanonical, and the atypical NF-«B activation
pathway [8]. All of the different NF-kB 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 IkB 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-«B activation including K63-branched and linear
polyubiquitin chains, which are recognized and bound by chain readers such as TAB2 (TGFf activated
kinase 1/MAP3K? binding protein 2) and NEMO (NF-«B essential modulator), respectively [10,11].
These events lead to activation of the so-called IKK (IkB kinase) complex, which is composed of the
catalytic subunits IKKo and IKK in association with the scaffold protein NEMO. The activated IKKs
in turn phosphorylate IkBe in order to enable its subsequent tagging with K48-branched ubiquitin
chains. This allows rapid IkBa degradation by the proteasome, allowing nuclear entry, DNA-binding
and transcriptional activity of the dimerized NF-«B DNA-binding subunits [8].

The noncanonical NF-kB pathway is activated in response to a distinct class of stimuli, particularly
in B-cells. The activation of this pathway depends on NF-«B-inducing kinase (NIK) and IKK«,
which mediate C-terminal processing of NF-kB2/p100, thereby allowing for the generation of p52/RelB
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dimers [12]. The noncanonical pathway requires NF-kB-inducing kinase (NIK) and IKK«, and proceeds
with much slower kinetics [13].

The atypical NF-«B 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, IkBx degradation and
the release of the DNA-binding subunits.

3. Auxiliary NF-kB Regulating Mechanisms

Any given NF-kB activating stimulus does not only activate NF-kB, but it will necessarily
trigger further signaling pathways. These additional pathways show extensive crosstalk to the
NF-«B system at all levels, as elaborated in a number of excellent reviews [16,17]. Furthermore,
any NF-«B activating pathophysiological situation, such as an infection, will elicit a complex mixture of
NF-kB activating agents and receptors, thus leading to NF-«B activation amidst multiple co-regulated
pathways that serve to dampen, trigger, or shape the NF-«B response. As a result of NF-«B activation,
the DNA-binding subunits, released from their inhibitor, will bind to their cognate kB genomic binding
site, which is conventionally a GGGRNNYYCC (R = purine, N = any nucleotide, Y = pyrimidine)
motif [18]. Binding of NF-«B dimers to the genomic kB 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 kB binding sequence. The extensive characterization of NF-kB 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-«B subunits
with further transcription factors, such as AP1 family members [20], Erg [21], and E2F1 [22].

Moreover, the DNA-binding capacity of NF-kB 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 kB 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 Rel A-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-xB-dependent
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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
deacetylase)-dependent interference with gene expression. Further experiments showed that p50/p65
S276A heterodimers cannot efficiently bind to CBP/p300 and instead recruit HDACsS, resulting in
aberrant repression of non-NF-«kB-regulated genes through epigenetic mechanisms and the direct
repression of a subset of NF-«B 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 5276D 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-«B target genes and a strongly increased
sensitivity to LPS-induced death [34]. The inhibitory activity of p65 Ser534 phosphorylation on NF-«B
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-kB 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 5467A 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-kB’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-kB-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-«B regulating pathways.
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Figure 2. Schematic summary of the phenotypes of the p65 (RelA) knock-in mice mutated at the
indicated phosphorylation sites.

5. The Multiple Roles of NF-kB in Cancer

The central position of NF-«B as a signaling hub in human physiology also involves this network in
several human ailments, including cancer. A Pubmed search with the keywords “NF-«B” and “cancer”
revealed >17,200 Pubmed entries for this topic. The complex role of NF-«B 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-«B system to cancer was revealed by a number of genetic changes
of NF-kB regulators detected in cancer cells [40]. These changes include mutation, amplification,
and fusion of NF-kB regulators. Constitutive or chronic NF-«kB 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-«B response.
The indirect contribution of NF-«B 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-kB-is involved.

5.1. The Indirect Roles of NF-xB in Cancer

In this section we will discuss the indirect roles of NF-kB 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 TNE, ionizing radiation, and chemotherapeutic agents,
such as daunorubicine, trigger the anti-apoptotic functions of NF-«B [42-44]. This mechanism is
clinically important as many chemotherapeutical agents induce NF-«kB, 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-«B helps to
overcome therapy resistance [47]. Proof-of-concept studies showed that selective NF-kB 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-«B can also trigger cell
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death, for example in response to oxidative stress [50] or in the execution of TRAIL- and CD95-
mediated apoptosis [51].

The role of NF-«B for replicative immortality is not well established, but an extensive crosstalk
between the telomerase catalytic subunit (TERT) and NF-«B has been described. TERT activity ensures
telomere elongation and thus helps to evade tumors from the fate of replicative senescence. NF-xB
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
NE-kB [53]. But, this regulation is mutual, as vice versa TERT directly regulates NF-kB-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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Figure 3. Schematic summary of the indirect roles of NF-«B for the hallmarks and enabling
characteristics of cancer. The relative thickness of the arrows indicates the estimated relative
contribution of NF-«kB for the support (arrow up) or antagonism (arrow down) for the
indicated processes.

Also, the activation of invasion and metastasis involves NF-kB-dependent processes. NF-«B plays
a significant role in the regulation of epithelial-mesenchymal transition (EMT), which is an early event
in metastasis [55]. Inhibition of NF-«B signaling by expression of a dominant negative IkBx prevents
EMT in Ras-transformed epithelial cells. This study also showed that NF-«kB 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-«B contributes both to the induction
and also the maintenance of EMT. TNF-triggered EMT depends on NF-kB-mediated upregulation
of Twist1, which is one of the key transcription factors modulating EMT [57]. In breast cancer cells,
NF-«kB activation contributes not only to expression of Twistl, 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-«kB [59]. These molecules
contribute to cancer cell extravasation, but NF-«kB 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 IKKf3 [60].

More recent evidence showed a contribution of NF-«B 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
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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-«B participates in this regulation. Knockdown of NF-«kB p65 in mouse embryonic fibroblasts
causes cellular reprogramming to aerobic glycolysis, thus recapitulating the Warburg effect [63].
After glucose starvation, NF-kB 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
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.

NEF-«B 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-«B 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-kB have also been reported in mice expressing a dominant-negative IkBx protein. These mice
show hyperplasia of the epidermal epithelium, suggesting that NF-«B restricts the proliferation of this
cell type in vivo [70]. In addition to its importance for proliferation of specific cell types, NF-kB 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 IkBx 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-«B, as revealed in a study using mice expressing a dominant-negative IkBa protein exclusively in
endothelial cells, resulting in the selective repression of NF-kB 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-«B challenges the paradigm that
systemic NF-kB inhibition can serve as a universal anti-cancer strategy.

But, NF-«B also regulates two cancer enabling characteristics of cancer cells. The contribution
of NF-kB 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-«kB-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-kB 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-«B 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-«B 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-«kB 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-«B is not possible, as it would foster angiogenesis
and genetic instability.
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5.2. The Direct Roles of NF-xB in Cancer

The direct contribution of the NF-kB system to cancer is seen by the direct mutation of NF-«B
regulatory proteins [40]. Many of these mutations lead to lymphomas, which likely have its cause in
the important role of the NF-«B pathway in normal lymphocyte development and activation. A review
by Neil Perkins makes the important point that single mutations in NF-xB DNA-binding subunits
are relatively rare, as they cannot adequately mimic the diverse nature and complexity of the NF-«B
response [78]. Thus, the majority of NF-«B-driven cancers are induced by gain-of-function (GOF)
mutations in the upstream activators of NF-kB. 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-«B 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-«B 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-kB 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 CARMALI 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-kB 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
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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 CARMAL 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
NEF-«B 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-kB-dependent
transcripts. Of note, constitutive activation of NF-«kB alone is not sufficient for lymphomagenesis
and requires further J]NK-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-kB or JNK blocks proliferation of the
CARMAT1 (L225LI)-expressing B-cells, showing that only cooperative NF-«B and JNK activation drives
the malignant growth [88].

While mutation of the upstream activators of NF-«B 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-«kB cascade and their ability
to mediate oncogenic transformation shows the importance of NF-kB-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 5. Schematic summary of oncogenic NF-kB DNA-binding subunits. The color code is similar to
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 C110RF95 proteins, which contain zinc fingers (ZnF) are fused
to the N-termini of p65.
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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.

Furthermore, oncogenic fusion proteins have been described for c-Rel and p65. A chimeric
¢-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 IkB proteins. However, it is unclear whether this fusion protein is responsible for the
proliferation of the RC-K8 cells. Another oncogenic fusion protein, C110rf95-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 C110rf95-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
C110rf95-RELA fusion proteins contain one or two zinc finger domains, raising the possibility that this
fusion can alter the DNA-binding specificity of NF-«B. It will thus be interesting to characterize the
genomic binding sites of C110rf95-RELA and to compare them to the binding sites of the wildtype
P65 protein in healthy tissue. The finding that C110rf95-RELA expression generates only one highly
specific cancer type also illustrates the high plasticity and diversity of the NF-«B response.

6. Concluding Remarks

The NF-«B 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-«B,
as these proteins could be additional druggable targets.
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Abstract: The NF-«B transcription factor family plays a crucial role in lymphocyte proliferation and
survival. Consequently, aberrant NF-«B activation has been described in a variety of lymphoid
malignancies, including diffuse large B-cell lymphoma, Hodgkin lymphoma, and adult T-cell leukemia.
Several factors, such as persistent infections (e.g., with Helicobacter pylori), the pro-inflammatory
microenvironment of the cancer, self-reactive immune receptors as well as genetic lesions altering the
function of key signaling effectors, contribute to constitutive NF-«kB activity in these malignancies.
In this review, we will discuss the molecular consequences of recurrent genetic lesions affecting key
regulators of NF-kB signaling. We will particularly focus on the oncogenic mechanisms by which
these alterations drive deregulated NF-«B activity and thus promote the growth and survival of the
malignant cells. As the concept of a targeted therapy based on the mutational status of the malignancy
has been supported by several recent preclinical and clinical studies, further insight in the function of
NF-«kB modulators and in the molecular mechanisms governing aberrant NF-kB activation observed
in lymphoid malignancies might lead to the development of additional treatment strategies and thus
improve lymphoma therapy.

Keywords: NF-«B; lymphoma; leukemia; CARMA1; CARD11; CD79; MyD88

1. NF-kB in Lymphocytes

The NF-«B transcription factors are involved in the regulation of a variety of biological processes,
such as inflammation, survival, and proliferation. The NF-«B family comprises five structurally related
members forming different homo- or heterodimers: RelA (also known as p65), c-Rel, RelB, NF-kB1
(p50 and its precursor p105), as well as NF-kB2 (p52 and its precursor p100). The NF-«B proteins share
a conserved REL homology domain required for homo- or heterodimerization, the interaction with
inhibitor of kB (IkB) proteins, nuclear localization, and DNA binding. In quiescent cells, the inactive
transcription factors are retained in the cytoplasm either by binding to the classical IkB proteins IkBe,
IkBp, and IkBe or by interaction with the inactive precursors p105 and p100. NF-«B activation in
response to extracellular cues is regulated by two distinct pathways: In the canonical NF-kB pathway,
stimulus-dependent activation of the IkB kinase (IKK) complex, comprising the catalytic subunits IKKx
and IKKf{ as well as the regulatory subunit IKKy (also known as NF-kB essential modulator; NEMO),
results in the phosphorylation and subsequent proteasomal degradation of the IkB proteins [1,2].
This allows the nuclear translocation of the NF-kB transcription factors, preferentially heterodimers
of p50 and RelA or c-Rel, as well as their subsequent DNA binding and target gene transcription.
In normal lymphocytes, stimulation-induced NF-«B activation is only transient and rapidly terminated
by feedback inhibition involving the NF-«kB-dependent expression of negative regulators, such as IkB«x,
IkBe, and A20 [3]. In contrast, activation of the non-canonical pathway involves the NF-«B inducing
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kinase (NIK)-dependent activation of IKKe and the inducible proteolytic processing of the precursor
protein p100 to generate p52, which preferentially forms transcriptionally active heterodimers with
RelB [2,4]. In addition to the classical IkB proteins, the IkB family also includes the atypical or
nuclear IkB proteins BCL3, IkB(, IkBNS, and IkBn, which are normally expressed only in response to
pro-inflammatory stimuli. Unlike the classical IkBs that function as cytoplasmic inhibitors, the atypical
IkB proteins primarily act as transcriptional co-activators or co-repressors in the nucleus, where they
modulate the expression of a subset of NF-«B target genes [5-7].

In lymphocytes, NF-kB signaling is transiently activated in response to engagement of various
receptors, such as antigen receptors, TNF receptors as well as interleukin-1 (IL-1) and Toll-like receptors
(TLRs), and plays a critical role in development, survival, and acquisition of effector functions [8].
A variety of lymphoid malignancies, however, exhibits pathological activation of NF-«B due to diverse
genetic lesions which affect key components of the NF-kB signaling pathway [9,10]. The first evidence
linking core components of the NF-kB signaling pathway to lymphomagenesis has been reported
in studies on the viral oncogene product v-Rel which causes aggressive lymphomas in birds and
other animals [11,12]. Several subsequent studies have identified genetic aberrations in the NF-«B
protein family, such as amplifications in the REL locus, in different lymphoid cancers [13,14]. To date,
several lymphoid malignancies, such as Hodgkin lymphoma (HL), diffuse large B-cell lymphoma
(DLBCL) of the activated B cell-like (ABC) subtype, lymphomas of the mucosa-associated lymphoid
tissue (MALT), primary mediastinal B-cell lymphoma (PMBL), mantle cell lymphoma (MCL), multiple
myeloma, and chronic lymphocytic leukemia (CLL), have been associated with aberrant NF-xB
signaling [15-24]. Whereas genetic aberrations affecting the NF-kB members themselves are relatively
rare, deregulated NF-«B activation is frequently achieved by oncogenic events which trigger the
constitutive activity of various upstream signaling pathways, culminating in enhanced transcriptional
activity of NF-kB [9,25]. In this review, we will describe recurrent genetic lesions driving pathological
NF-«B activation in lymphoid malignancies. We will particularly focus on the molecular mechanism of
the affected, aberrantly expressed regulators as well as their impact on the composition and function of
the signaling complexes involved in NF-«kB regulation. The exact molecular characterization of the key
oncogenic mechanisms of constitutive NF-«B activation either shared by several or unique to certain
lymphoid malignancies might allow the rational design of therapeutic strategies tailored to the specific
tumor entities and might thus significantly improve lymphoma therapy.

2. Oncogenic MyD88 Mutations

The aberrant activation of innate immune signaling cascades represents one mechanism to drive
constitutive activation of NF-«B signaling in lymphoid malignancies [10]. B cells express TLRs which
recognize a wide variety of pathogen-associated molecular patterns (PAMPs) derived from bacteria,
viruses, or fungi independently of the B-cell receptor (BCR) [26]. Structurally, TLRs are characterized
by a conserved Toll/IL-1 receptor (TIR) domain which undergoes a conformational change after
receptor ligation, providing a platform for the interaction with cytoplasmic TIR domain-containing
proteins, such as the adapter protein myeloid differentiation primary response protein 88 (MyD88) [27].
MyD88 comprises an N-terminal death domain which is connected to a C-terminal TIR domain by a
linker region [28]. Ligand binding results in dimerization of the TLRs and subsequent recruitment
of MyD88 homodimers via TIR-TIR interactions [29,30]. MyD88 forms a high-molecular weight
signaling complex, the so-called Myddosome, through a series of sequential interactions (Figure 1):
First, MyD88 oligomerizes and recruits the IL-1R-associated kinases 1, 2, and 4 (IRAK1, 2, and 4)
via a homotypic interaction involving their death domain. In the Myddosome, IRAK4 is activated
by auto-phosphorylation and in turn phosphorylates IRAK1 [28,31-34]. IRAK2 can functionally
substitute IRAK1, implicating that IRAK1 and IRAK2 are redundant for downstream signaling [35].
Once IRAKT1 is fully phosphorylated, it dissociates from the receptor complex and activates the E3
ubiquitin ligase TNF receptor-associated factor 6 (TRAF6). TRAF6-dependent lysine 63 (K63)-linked
polyubiquitination of itself and several other proteins facilitates the recruitment of the IKK complex
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and TGFp-activated kinase 1 (TAK1) via the ubiquitin binding domains of the regulatory subunit
IKKy and the adapter proteins TAK1-binding protein (TAB), respectively [36-38]. TAK1-dependent
phosphorylation activates IKK which in turn induces the proteasomal degradation of the inhibitory
protein IkBw, thus triggering canonical NF-«B activation [3,39].
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Figure 1. Oncogenic MyD88 mutations activate the canonical NF-«B pathway. Activation of canonical
NF-«B signaling can be induced by the triggering of members of the IL-1 receptor or the Toll-like
receptor family, which localize to the cell surface or, in the case of TLR7 and TLRY, to the endosomal
compartment. Ligand binding induces the recruitment of MyD88 to the activated receptor via its TIR
domain and triggers subsequent downstream signaling. MyD88 oligomers nucleate the formation of the
Myddosome which ultimately results in the activation of IRAKs and the recruitment of the E3 ubiquitin
ligase TRAF6. TRAF6 in turn recruits and activates TAK1 which mediates activation of the IKK complex
resulting in canonical NF-kB activity. The oncogenic variant MyD882%P promotes spontaneous
oligomerization and activation of downstream signaling independently of receptor stimulation. Mutant
MyD88 is denoted with a red asterisk. DD, death domain; IL-1R, interleukin-1 receptor; IKK, IkB
kinase; IRAK, IL-1R-associated kinase; MyD88, myeloid differentiation primary response protein 88;
TAK1, TGFB-activated kinase 1; TAB1/2, TAK1-binding protein 1/2; TIR; Toll/interleukin-1 receptor
domain; TLR, Toll-like receptor; TRAF6, TNF receptor-associated factor 6.

Recurrent oncogenic mutations of the adapter protein MyD88 have been identified in a variety
of B-cell malignancies. As approximately 40% of ABC DLCBL biopsies harbor MyD88 mutations,
MyD88 represents the most frequently mutated oncogene in this tumor entity [40]. Whereas different
somatic mutations of MyD88 have been reported, the most prevalent missense mutation encodes the
amino acid substitution L265P within the TIR domain [40]. The L265P mutation of MyD88 occurs
at a high frequency in ABC DLBCL (30% of cases) and in Waldenstrém’s macroglobulinemia (WM;
90%) as well as less commonly in marginal-zone lymphoma (13%), gastric MALT lymphoma (9%),
and CLL (3%) [40-44]. In contrast, gain-of-function mutations of MyD88 are rare or absent in other
DLBCL subtypes, i.e., germinal center B cell-like (GCB) DLBCL and PMBL [40,45]. Ectopic expression
of MyD882%P  but not of wild-type MyD88 in GCB DLBCL cell lines, which exhibit per se little to
no NF-kB activity, potently induces NF-kB activation, demonstrating the oncogenic capacity of this
MyD88 variant. This gain-of-function has been attributed to the ability of MyD88-2%F to spontaneously
oligomerize and thus activate IRAK1 and IRAK4 independently of a TLR ligand (Figure 1) [40,46].
In mice, expression of MyD88M252F (the orthologous position of the human L265) is sufficient to trigger
the formation of lymphoma morphologically resembling the ABC DLBCL phenotype [47]. Interestingly,
the L265P mutant TIR domain is able to recruit endogenous wild-type MyD88 to trigger downstream
signaling in vitro [46,48,49]. Whereas the kinase activity of IRAK1 is dispensable for the capacity of
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mutant MyD88 to promote the survival of ABC DLBCL, NF-«B activation driven by oncogenic MyD88
mutations critically relies on the kinase activity of IRAK4, implicating this kinase as an interesting
therapeutic target in lymphoid malignancies [40,50,51]. Indeed, the highly selective IRAK4 inhibitors
ND-2158 and ND-2110 abrogate aberrant NF-«kB activation induced by oncogenic MyD88M265P and
thus efficiently suppress the growth of ABC DLBCL cells in vitro and in vivo [50].

Similar to the requirement of chronically active BCR signaling in B-cell malignancies (discussed
in Section 3), the importance of TLR-derived signals in lymphomagenesis is under debate. On the one
hand, expression of a non-functional variant of Unc93b1, which is required for the endolysosomal
localization of TLR3, 7, and 9, as well as TLR9 deficiency block the proliferation of primary B cells
induced by the expression of ectopic MyD88M2%F in vitro, implicating a continued dependence
on upstream TLRY activation [52]. On the other hand, in vivo depletion of TLR9 in mice rather
suggests an inhibitory role of TLRs in MyD88265"-transduced B cells [53]. The exact molecular and
functional consequences of TLRs in MyD88M2%°P-mutated tumor cells need to be addressed in future
studies, especially since this could have implications for the use of TLR agonists/antagonists in
lymphoma therapy.

3. Chronic B-Cell Receptor Signaling

The B-cell receptor complex comprises an immunoglobulin molecule (IgA, IgD, IgE, IgG, or IgM),
which is anchored in the plasma membrane via a transmembrane domain, and a disulfide-linked
CD79A /CD79B heterodimer essential for signal transmission. While recognition of the cognate antigen
is achieved by the variable regions of the immunoglobulin chains (Vi and Vi, respectively), CD79A/B
contain immunoreceptor tyrosine-based activation motifs (ITAMs) within their cytoplasmic domains
which are essential for the initiation of an intracellular signaling cascade in response to receptor
engagement (Figure 2a) [54,55]. Ligand binding induces BCR clustering and phosphorylation of two
invariant tyrosine residues within the ITAMs of CD79A/B by the Src family tyrosine kinase LYN
(Figure 2b) [56,57]. Subsequently, spleen tyrosine kinase (SYK) is recruited to the phosphorylated
ITAMs via its SH2 domain, resulting in SYK auto-phosphorylation as well as phosphorylation of
several downstream mediators, such as CD19, Bruton’s tyrosine kinase (BTK) and B-cell linker
protein (BLNK) [58]. Whereas CD19 phosphorylation leads to the recruitment of phosphoinositide
3-kinase (PI3K) culminating in activation of the AKT signaling axis, BLNK serves as a scaffold that
binds both phospholipase Cy2 (PLCy2) and BTK, resulting in the BTK-dependent activation of
PLCy2 [59,60]. In turn, PLCy2 converts phosphatidylinositol 4,5-bisphosphate (PIP;) to generate
the second messengers inositol 1,4,5-trisphosphate (IP3) and diacylglycerol (DAG). Together, DAG and
an increase in the intracellular Ca?* levels induced by the action of IP; activate the protein kinase Cj3
(PKCp), which subsequently phosphorylates the scaffold protein caspase recruitment domain (CARD)
membrane-associated guanylate kinase (MAGUK) protein 1 (CARMAT1; discussed in Section 4), thus
triggering downstream NF-«B activation [61].

Due to its capacity to induce NF-«B activation, BCR signaling plays an important role in the
survival and proliferation of a subset of B-cell malignancies [21,62]. Accordingly, it has been reported
that chronic infections with viral and bacterial pathogens are often associated with lymphoma
development due to persistent antigen-driven activation and proliferation of the B cells (Figure 2b) [63].
Several foreign antigens, for instance derived from hepatitis C virus, have been reported to be
associated with certain types of lymphoma and most likely govern lymphoma proliferation and
survival in a BCR-dependent manner [63,64]. In contrast, the ABC subtype of DLBCL seems to rely on
chronic BCR signaling driven by self-antigens, since the survival of ABC DLBCL cell lines is impaired
upon substitution of the IgH variable region of their BCRs [65]. Interestingly, the BCRs of some
ABC DLBCL cell lines are reactive towards self-antigens present in apoptotic debris or towards an
invariant part of its own V region [65]. The toxicity caused by knockdown of the essential BCR subunits
CD79A/B or of downstream signaling effectors, such as BTK, SYK, and PLCy2, observed in most
ABC DLBCL cells further corroborates the notion that these lymphoid tumors critically rely on chronic
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active BCR signaling [66,67]. Conversely, the GCB subtype of DLBCL is independent of chronic BCR
activation but instead requires “tonic”, antigen-independent BCR signals which promote survival
by activating the PI3K/AKT pathway [66,68-70]. In line with chronic BCR triggering, cell lines as
well as biopsies of ABC DLBCL typically exhibit BCR clustering on the cell surface, which correlates
with increased levels of tyrosine phosphorylation and indicates sustained BCR signaling [67]. Chronic
BCR signaling also plays a crucial role in CLL, since 30% of this cancer entity express a similarly
rearranged BCR using a distinct subset of Vi, Dy, and Ji; gene segments, which can also be found in
ABC DLBCL [65,71]. These so-called “stereotyped” BCRs are thought to respond to similar antigens,
most likely presented by the tumor itself, such as proteins of apoptotic cells or an epitope of the
BCR [72-74]. Interestingly, expression of a CLL-derived IgH V region has been shown to sustain the
survival of an ABC DLBCL cell line, suggesting that a similar (self-) antigen is driving chronic BCR
signaling in a subset of CLL and ABC DLBCL [65].
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Figure 2. Mechanisms of chronic active BCR signaling in lymphoid malignancies. (a) In the absence of
its cognate antigen, proximal BCR signaling remains inactive, and thus the protein tyrosine kinase SYK
is not recruited to the co-receptors CD79A and CD79B. The Src kinase LYN prevents hyperactivation
of BCR signaling by initiation of a negative feedback loop involving CD22 phosphorylation and
subsequent activation of the phosphatase SHP-1. Tonic BCR signaling promotes B-cell survival via
the PI3K/AKT pathway in an antigen-independent manner; (b) Engagement of the BCR, for instance
by self-antigens or pathogen-derived antigens, results in receptor clustering and the induction of
an intracellular signaling cascade. The subsequent phosphorylation of tyrosine residues in the
ITAM regions of CD79A /B by Src kinases (e.g., LYN) allows the recruitment of SYK which in turn
phosphorylates the adapter protein BLNK and thus promotes the formation of a proximal signaling
complex involving BTK and PLCy2. While activation of the AKT signaling axis is achieved by the
SYK-mediated phosphorylation of CD19 and subsequent recruitment of PI3K, PLCy2 activity generates
the second messengers DAG and IP; the latter triggering the influx of Ca?* into the cell. DAG
and elevated Ca2* levels activate PKCB which induces activation of canonical NF-«B through the
CBM signalosome. Whereas overexpression of SYK augments NF-«kB activation in some lymphomas,
mutations in the co-receptors CD79A /B prevent the internalization of activated BCRs and thus promote
chronic BCR signaling. Proteins that are affected by recurrent genetic lesions in lymphoid malignancies
are denoted with a red asterisk. BCR, B-cell receptor; BLNK, B-cell linker protein; BTK, Bruton’s tyrosine
kinase; CBM, CARMA1/BCL10/MALT1; DAG, diacylglycerol; IP3, inositol 1,4,5-trisphosphate; ITAM,
immunoreceptor tyrosine-based activation motif; PI3K, phosphoinositide 3-kinase; PKCf, protein kinase
Cp; PLCy2, phospholipase Cy2; SHP-1, Src homology 2 domain phosphatase 1; SYK, spleen tyrosine kinase.

To maintain chronic BCR activation, approximately 20% of ABC DLBCL tumors exhibit somatic
mutations in the co-receptors CD79B and less commonly CD79A (Figure 2b) [67]. A frequently
occurring missense mutation present in 18% of ABC DLBCL biopsies involves the substitution of
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the membrane-proximal ITAM tyrosine (Y196) of CD79B. These CD79B mutations are associated
with increased surface expression of the BCR in the context of chronic active BCR signaling and with
a reduced activation of the tyrosine kinase LYN, which plays a dual role in BCR signaling [67,75].
Besides its positive regulatory role in the initial tyrosine phosphorylation cascade, LYN also exerts
inhibitory effects on BCR-induced signaling. On the one hand, by phosphorylation of inhibitory motifs
in CD22, LYN mediates the recruitment and activation of SHP-1, a phosphatase that quenches BCR
signaling by the removal of ITAM phosphorylation [76-80]. On the other hand, LYN activity has been
shown to promote BCR internalization, suggesting that reduced LYN activation in CD79-mutated ABC
DLBCLs results in an increased surface expression of chronically activated BCRs [67]. A recent study
has further highlighted the importance of CD79B mutations for surface expression of the BCR in ABC
DLBCL cells and provided a rationale for the frequently observed co-occurrence of CD79B and MYD88
mutations in B-cell malignancies [40]: While CD79B mutations alone are not sufficient to enhance
NF-«kB-mediated B-cell proliferation and MYD88 mutations on their own decrease surface IgM/BCR
expression reminiscent of anergic B cells, the combination of CD79B and MYD88 mutations cooperates
in plasmablastic differentiation [81]. Collectively, CD79 mutations sustain high BCR levels at the cell
surface despite chronic BCR activation and thus prolong BCR-dependent signaling. It is tempting to
speculate that the gene loss of LYN occurring in 60% of patients suffering from WM might, similar to the
CD79A /B mutations, sustain surface BCR expression and thus chronic BCR signaling [82]. Additionally,
overexpression of SYK as observed in MCL and peripheral T-cell lymphomas most likely also contributes
to NF-kB activation, even though the molecular details have not been investigated so far [83,84].

From a clinical perspective, a multitude of new inhibitors targeting chronic BCR signaling are in
the pipeline or already approved for the treatment of particular lymphoid malignancies [85]. Several
of these inhibitors target BTK, such as ibrutinib or acalabrutinib, which are currently used or have
been proposed for the treatment of CLL, MCL, WM, and DLBCL [86-90]. Other inhibitors targeting
kinases involved in the proximal tyrosine phosphorylation cascade, such as SYK and LYN, may be able
to potently reduce NF-«B activation caused by chronic BCR signaling [67]. While SYK can be targeted
with fostamatinib [85,91,92], the small-molecule inhibitor dasatinib, which was initially utilized as an
inhibitor of the oncogenic BCR-ABL fusion protein in chronic myelogenous leukemia, was shown to
inhibit also LYN and BTK in CLL [93-95].

4. Genetic Alterations Driving Constitutive NF-kB Activation via the CBM Signalosome

In lymphocytes, the activation of canonical NF-«B signaling in response to antigen receptor ligation
requires the formation of a multimeric signaling module, termed the CARMA1/BCL10/MALT1 (CBM)
complex, which functionally links antigen receptor proximal signaling events with the activation of
the IKK complex [96-98]. Antigen binding to the BCR triggers a signaling cascade involving the
activation of Src kinases and ultimately leads to the activation of PKCf (discussed in Section 3),
which in turn phosphorylates the scaffold protein CARMA1 within the flexible linker region situated
between its coiled-coil and C-terminal MAGUK domain (Figure 3) [99,100]. In quiescent lymphocytes,
CARMAL1 adopts an auto-inhibited, inactive conformation, which is stabilized by an intramolecular
interaction between its inhibitory linker and the region spanning the CARD and coiled-coil domain.
PKC-mediated phosphorylation activates CARMAL1 by triggering a conformational change that
facilitates the oligomerization of CARMALI via the coiled-coil domain [99-102]. Subsequently,
active CARMAL1 nucleates the formation of long B-cell lymphoma 10 (BCL10) filaments through
CARD-CARD-mediated homotypic interactions [103—-106]. The mucosa-associated lymphoid tissue
lymphoma translocation protein 1 (MALT1) is recruited to the fibrillary signaling complex due to its
constitutive association with BCL10 [107-109]. The assembly of a high-molecular weight complex
comprising CARMALI, oligomerized BCL10, and MALT1 is indispensable for NF-«B activation in
response to antigen receptor ligation and represents a hallmark of lymphocyte activation [61,102,110].
Within the CBM complex, MALT1 recruits the ubiquitin ligase TRAF6, which in turn mediates
polyubiquitination of MALT1, BCL10, and itself (Figure 3). These polyubiquitin chains serve as
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docking sites for the physical recruitment of the IKK complex via the ubiquitin binding motif of
the regulatory subunit IKKy [111-114]. Additionally, the linear ubiquitin chain assembly complex
(LUBAC) is recruited to the CBM signalosome and in turn promotes activation of the IKK complex
by mediating the linear ubiquitination of IKKy [115-117]. Polyubiquitination also results in the
recruitment of TAK1 via the ubiquitin binding domain of the adapter proteins TAK-binding protein
2/3 (TAB2/3). Collectively, the CBM complex serves as a signaling platform which facilitates the
activation of the IKK complex through a series of ubiquitination-dependent interactions, culminating
in TAK1-induced phosphorylation of the catalytic subunit IKKf3 [39,112,113,118].
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Figure 3. Increased activity of the CARMA1/BCL10/MALT1 signalosome drives constitutive NF-«B
activation. Antigen-dependent triggering of the BCR results in the activation of PKCp, which
phosphorylates the scaffold protein CARMAL1 at several residues within its inhibitory linker region.
Activated CARMAL1 in turn nucleates the formation of a fibrillary high-molecular weight signaling
complex (CBM complex) comprising long BCL10 filaments and MALT1. Subsequently, the E3 ubiquitin
ligase TRAF6 is recruited to the CBM complex via an interaction with MALT1 and catalyzes the
K63-linked polyubiquitination of MALT1, BCL10, and itself. These K63-linked polyubiquitin chains as
well as the linear polyubiquitin chains generated by the action of the LUBAC allow the recruitment
and activation of the IKK complex. TAKI which is recruited to the signaling complex via the
ubiquitin binding domains of its accessory proteins TAB2 and TAB3 promotes IKK activation by
phosphorylating IKKf. IKK activity in turn results in the proteasomal degradation of IkBa and
the subsequent nuclear translocation of transcriptionally active NF-«kB heterodimers. In lymphoid
malignancies, chronically active BCR signaling as well as gain-of-function mutations of the scaffold
protein CARMAL1 can lead to hyperactivation of the CBM signalosome and thus induce constitutive
NEF-«B activity. Genetic inactivation of A20, which negatively regulates IKK activity by deubiquitination
of activated signaling effectors, augments NF-«B activation in several lymphoid cancers. Additionally,
A20 can be proteolytically inactivated by the MALT1 protease, which is activated in the framework
of the CBM complex. Expression of the oncogenic cIAP2-MALT1 fusion protein induces activation of
canonical NF-kB in a TRAF6-dependent manner. The constitutive protease activity of cIAP2-MALT1
further promotes NF-«B activation by proteolytic inactivation of A20. Additionally, NIK cleavage by
cIAP2-MALT1 also promotes non-canonical NF-«kB activity. Proteins that are affected by recurrent
genetic lesions in lymphoid malignancies are denoted with a red asterisk. BCL10, B-cell lymphoma 10;
BCR, B-cell receptor; CARMAL1, caspase recruitment domain membrane-associated guanylate kinase
protein 1; cIAP2, cellular inhibitor of apoptosis protein 2; IkB, inhibitor of kB; IKK, IkB kinase; LUBAC,
linear ubiquitin chain assembly complex; MALT1, mucosa-associated tissue lymphoma translocation
protein 1; NIK, NF-«B inducing kinase; PKCf3, protein kinase Cf3; TAK1, TGFf-activated kinase 1;
TAB2/3, TAK1-binding protein 2/3; TRAF6, TNF receptor-associated factor 6.
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In activated lymphocytes, the paracaspase MALT1 plays a dual role in promoting antigen-induced
NF-«B activation: As a scaffold protein in the framework of the CBM signalosome, MALT1 on the
one hand facilitates the physical recruitment and activation of the IKK complex by providing binding
sites for the ubiquitin ligase TRAF6. On the other hand, the protease activity of MALT1 further
potentiates pro-inflammatory signaling in response to antigen receptor stimulation [114]. The central
protease domain of MALT1 shares homology with proteases of the caspase and metacaspase family
and contains conserved cysteine and histidine residues essential for its catalytic activity [107,119].
In contrast to caspases, which catalyze substrate cleavage after the negatively charged amino acid
aspartate, MALT1 cleaves its target proteins after positively charged arginine residues [61,120,121].
MALT1 dimerization via its protease domain is essential for the acquisition of a catalytically active
conformation, occurs in the context of CBM complex assembly and is promoted by mono-ubiquitination
of MALTT1 [103,104,122-124]. Intriguingly, MALT1 protease activity potentiates and sustains NF-xB
activation in an IKK-independent manner, presumably by the proteolytic inactivation of A20 and
RelB [121,125]. MALT1-dependent cleavage and subsequent proteasomal degradation of RelB,
which impedes classical NF-kB1 activation by the formation of transcriptionally inactive RelA/RelB
heterodimers and/or by competing for DNA binding sites, results in enhanced DNA binding of
RelA and c-Rel [125,126]. Additionally, proteolytic inactivation of the deubiquitinating enzyme A20,
which removes K63-linked polyubiquitin chains from key signaling mediators, such as TRAF6, IKKy,
and MALT1, and thus negatively regulates NF-«B activation, sustains maximum NF-«B induction
(Figure 3) [121,127]. Auto-processing of MALT1 is assumed to also be essential for NF-kB activation in
lymphocytes, although the molecular mechanism of this contribution remains unclear thus far [128].
In contrast to the role of MALT1 catalytic activity in promoting NF-«kB activation, MALT1-dependent
cleavage of heme-oxidized iron-responsive element-binding 2 ubiquitin ligase-1 (HOIL-1), a component
of LUBAC that promotes IKKy ubiquitination and thus activation of the IKK complex, instead
dampens NF-«B signaling and might be involved in the termination of CBM /IKK-mediated NF-xB
activity [129-131].

While CBM-mediated NF-«B activation plays a critical role in lymphocyte proliferation and
loss-of-function mutations result in immunodeficiency, aberrant constitutive NF-kB activation
is not only associated with autoimmune diseases but also with the development of lymphoid
malignancies [98,132,133]. Recurrent gain-of-function mutations in the genes encoding CBM proteins
or their upstream regulators result in constitutive CBM-dependent NF-«B activation and have been
detected in a wide range of lymphoid malignancies including ABC DLBCL, MCL, MALT lymphoma,
acute T-cell leukemia/lymphoma (ATLL), and Sézary syndrome [16,23,134,135]. The toxicity of
RNAi-mediated silencing of either CARMA1, BCL10 or MALT1 expression observed in ABC DLBCL
cell lines further demonstrates the importance of CBM-mediated signaling in this tumor entity [66].
Hyperactivity of the CBM signalosome associated with gain-of-function mutations of the central
scaffold protein CARMAL1 or its upstream regulators (e.g.,, CD79A/B, discussed in Section 3) as
well as with constitutive BCR signaling driven by self-antigens has emerged as a hallmark of
lymphomagenesis [65,67,98,136,137].

4.1. Oncogenic CARMA1 Mutations

Oncogenic CARMAT1 mutations driving constitutive signaling activity of the CBM complex have
initially been discovered in approximately 10% of patients suffering from the aggressive ABC subtype
of DLBCL which relies on constitutive NF-«B signaling for survival and proliferation [137]. At present,
several tumor entities including ABC DLBCL, ATLL, and Sézary syndrome as well as a congenital
B-cell lymphocytosis, a B cell proliferative syndrome associated with an increased risk of lymphoma
development, have been found to harbor activating missense mutations of CARMA1 [135,138-140].
The majority of the identified somatic gain-of-function mutations of CARMAL1 are located in the
proximity of or within the region spanning the CARD and the coiled-coil domain. Mechanistically,
these mutations are thought to disrupt auto-inhibition of CARMA1, thus favoring oligomerization
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and activation of downstream signaling (Figure 3) [137]. Indeed, ectopic expression of these CARMA1
mutants has been shown, one the one hand, to drive constitutive activation of CBM-mediated NF-xB
signaling independently of upstream signals and, on the other hand, to potentiate NF-«kB activation in
response to antigen receptor stimulation [137].

4.2. Overexpression of BCL10/MALT1 and cIAP2-MALT1 Fusion Protein

Another tumor entity critically relying on constitutive CBM signaling is represented by
lymphomas of the mucosa-associated lymphoid tissue, which occur most commonly in the stomach
typically due to chronic infection, e.g., with Helicobacter pylori, and can be successfully treated at early
stages by eradication of the source of inflammation [134,141,142]. At advanced stages, however, these
MALT lymphomas are associated with distinctive chromosomal translocations, which either lead to
the overexpression of BCL10 and MALT1 [143-145] or result in the generation of a constitutively active
fusion protein comprising the N-terminal part of cellular inhibitor of apoptosis protein 2 (cIAP2, also
known as API2) and the C-terminus of MALT1 [24,146,147]. The cIAP2-MALT1 fusion protein is able
to auto-oligomerize independently of BCL10 and upstream signals via the baculovirus inhibitor of
apoptosis repeat (BIR) domain of the cIAP2 moiety which binds heterotypically to the C-terminal
region of MALT1 (Figure 3) [134,148,149]. Constitutive MALT1 protease activity and the capacity of
cIAP2-MALT1 to potently activate both the canonical NF-«B1 (via the MALT1-dependent recruitment
of TRAF6 and proteolytic inactivation of A20) and non-canonical NF-kB2 pathways (discussed in
Section 5) drive the growth of these MALT lymphomas [24,107,121,148,149].

Aberrant induction of MALT1 protease activity is a major consequence of constitutive
CBM signaling and has been reported to be essential for the survival of several lymphoid
malignancies, such as ABC DLBCL, MCL, and CLL, making MALT1 an attractive therapeutic target
in lymphoma treatment [150-153]. Even though at present no MALT1 inhibitors have entered the
clinic, high-throughput screening revealed several small-molecule inhibitors targeting MALT1 protease
activity [154-156]. Indeed, pharmacological inhibition of the MALT1 protease function has been
reported to exert selective toxicity towards MALT1-dependent lymphomas both in vitro and in vivo
using xenograft mouse models [154,155].

4.3. Inactivation of TNFAIP3/A20

In addition to constitutive signaling via the CBM complex, aberrant NF-«B activity in lymphoid
malignancies can also be promoted by the genetic inactivation of A20, which negatively regulates
IKK activation most likely by removing the K63-linked polyubiquitin chains from the activated CBM
signalosome (Figure 3) [127,157-159]. Indeed, at least one allele of TNFAIP3 encoding A20 is frequently
targeted by mutations, deletions, or epigenetic silencing which result in a partial or complete loss
of its negative regulatory function in several lymphoid malignancies, such as HL (approximately
45% of cases), PMBL (30%), ABC DLBCL (25%), and MALT lymphoma (20%) [160-163]. Recent
reports suggest that loss of A20 function on its own might not result in sufficient NF-«B activation
to support lymphomagenesis [164]. Instead, inactivation of A20 is often found to be associated with
additional genetic aberrations, such as MYD88 or CD79A/B mutations, which drive constitutive NF-«B
activation [40,62]. The role of A20 as a tumor suppressor in B-cell lymphoma is further supported by
the toxicity of ectopic expression of A20 in A20-deficient ABC DLBCL cell lines [160,161].

4.4. LUBAC Polymorphism

Genetic analyses of lymphomas have recently identified rare germ line polymorphisms which are
enriched in ABC DLBCL patients and promote polyubiquitin-dependent NF-«B activation. These SNPs
cause amino acid substitutions in HOIL-1 interacting protein (HOIP, encoded by RNF31), promote
its interaction with HOIL-1 and result in an increased activity of the LUBAC [165]. Interestingly,
RNAi-mediated silencing of LUBAC expression or inhibition of its activity have been reported to
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reduce constitutive NF-kB activity and to thus induce cell death in ABC DLBCL cells, suggesting an
important role of linear ubiquitin in oncogenic NF-«B activation in these lymphomas [165,166].

5. Constitutive Activation of Non-Canonical NF-kB Signaling

In resting lymphocytes, the non-canonical, also termed alternative, NF-kB pathway is inactive,
as NF-kB inducing kinase, a central player in this pathway, is constitutively targeted for proteasomal
degradation [4,167]. Degradation of NIK relies on K48-linked polyubiquitination catalyzed by the
E3 ubiquitin ligases cIAP1 and cIAP2 which are recruited to NIK via an interaction with TRAF3
(Figure 4a) [4]. Upon activation of certain members of the TNF receptor superfamily, such as CD40
or the BAFF receptor (BAFF-R), the complex comprising TRAF3, TRAF2, and cIAP1/2 is recruited
to the receptor, resulting in the cIAP1/2-dependent K48-linked polyubiquitination and subsequent
proteasomal degradation of TRAF3 (Figure 4b) [4]. Depletion of TRAF3 abrogates the interaction
between NIK and cIAP1/2, thus stabilizing NIK which in turn phosphorylates and activates IKKox [168].
Subsequently, IKKa phosphorylates the precursor protein p100 (NF-kB2) and thus marks it for processing
by the proteasome to generate p52 which forms a transcriptionally active heterodimer with RelB [168].

Several lymphoid cancers, particularly multiple myeloma but also Hodgkin lymphoma and
cIAP2-MALT1 expressing MALT lymphoma (discussed in Section 4), harbor various genetic alterations
which affect different regulators of the non-canonical NF-«B pathway and rely on constitutive nuclear
activity of p52/RelB heterodimers [19,20,160,169,170]. Since activation of non-canonical NF-xB
signaling is primarily regulated through the tight control of NIK protein levels, most of the genetic
aberrations observed in lymphoid malignancies result in the increased expression or stabilization of
NIK (Figure 4b). Indeed, increased NIK protein levels caused by copy number gains in the MAP3K14
gene which encodes NIK or chromosomal translocations relocating MAP3K14 into the proximity of
immunoglobulin enhancer elements can be frequently observed in multiple myeloma and HL [20,170].
Similarly, a NIK fusion protein lacking the TRAF3-binding domain exhibits increased stability due to
loss of TRAF3-dependent proteasomal degradation [19,20,171]. As an alternative oncogenic mechanism
to augment NIK activity and thus non-canonical NF-kB activation, negative regulators of NIK protein
stability are frequently inactivated by deletions, loss-of-function mutations or transcriptional silencing [9].
Whereas loss-of-function mutations of TRAF2 or cIAP2 have been described in MCL and DLBCL,
inactivating mutations or homozygous deletions of the gene encoding TRAF3 have been reported in
HL (15% of cases), DLBCL (15%), and in multiple myeloma (50%) [9,19,20,23,45,160,170,172].

Stabilization of NIK and consequently increased processing of p100 can also be achieved
by overexpression or mutation of the receptors which induce non-canonical NF-«B activity in a
stimulus-dependent manner in normal lymphocytes. Mechanistically, recruitment of TRAF3, TRAF2,
and cIAP1/2 to activated or mutated TNF superfamily receptors, such as CD40, BAFF-R, RANK,
and the lymphotoxin 3 receptor (LTBR), induces the cIAP1/2-dependent degradation of TRAF3 and
promotes stabilization of NIK [19,20,160]. For instance, a missense mutation (H159Y) targeting the
cytoplasmic tail of the BAFF-R identified in follicular lymphoma, DLBCL, and less commonly in MALT
lymphoma results in the increased recruitment of TRAF2, TRAF3, and TRAF6 to the receptor [173].
Additionally, overexpression of the receptor CD40 resulting in enhanced p100 processing has been
reported in rare cases of multiple myeloma [19,20]. Similarly, genetic alterations affecting LTBR and
RANK have been reported in multiple myeloma and DLBCL [19,160].

Recently, oncogenic MyD88 mutations, such as L265P (discussed in Section 2), have been shown to
induce the activation of NIK and thus increase processing of p100 and p105 in DLBCL (Figure 4b) [174].
Interestingly, p100 processing is required to maintain the ABC phenotype, since knockdown of p100
reduced the expression of genes, such as IRF4 and BCL6, typically associated with the ABC subtype of
DLBCL. Conversely, ectopic expression of MyD88M2%5F in GCB DLBCL cell lines has been shown to
trigger p100 processing in a TAK1- and IKK«x-dependent manner and to alter the B-cell differentiation
status towards a phenotype resembling ABC DLBCL [174]. Besides genetic alterations targeting
important regulators of alternative NF-kB activation, latent infection with the Epstein-Barr virus (EBV)
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induces non-canonical NF-kB signaling by introduction of the latent membrane protein 1 (LMP1) in
approximately 40% of HL cases [175,176]. LMP1 is highly homologous to the cytoplasmic domain of
the TNF receptor CD40 and induces IKKx-dependent p100 processing via the spontaneous formation
of signaling aggregates [177-180]. Similarly, NF-«B2 activation mediated by the protein Tax of the
human T-cell leukemia virus type 1 (HTLV-1) is often associated with ATLL [181].
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Figure 4. Genetic lesions driving non-canonical NF-kB activation in lymphoid malignancies.
(a) In unstimulated cells, TRAF3 recruits NIK to an E3 ubiquitin ligase complex comprising TRAF2 and
cIAP1/2 which constantly marks NIK for proteasomal degradation by K48-linked polyubiquitination.
The heterodimer of RelB and the p52 precursor protein pl00 is sequestered in the cytoplasm;
(b) Activated or mutated members of the TNF receptor family, such as CD40, BAFF-R, LTBR, and RANK
or the EBV-encoded CD40 mimic LMP1, recruit the complex consisting of TRAF3, TRAF2, and cIAP1/2
to the cell membrane and induce the proteasomal degradation of TRAF3. In the absence of TRAF3, NIK
is released from the inhibitory E3 ubiquitin ligase complex and accumulates in the cytoplasm where it
subsequently phosphorylates and activates IKK«. In turn, IKKe phosphorylates the precursor protein
p100, thus targeting it for processing by the proteasome. Proteasomal processing of p100 generates p52
and results in the nuclear translocation of transcriptionally active p52/RelB heterodimers. Enhanced
expression of NIK due to copy number gains and loss-of-function mutations of TRAF2, TRAF3,
or cIAP2 result in increased NIK protein levels driving non-canonical activation of NF-«B in lymphoid
malignancies. Similarly, proteolytic cleavage by the constitutively active cIAP2-MALT1 fusion protein
stabilizes NIK by removal of the TRAF3-binding site. Additionally, oncogenic MyD88 mutations can
promote the activation of IKK« in a TAK1-dependent manner. In certain lymphomas aberrant activation
of non-canonical NF-«B is governed by the expression of a truncated, constitutively active version of
the precursor p100 lacking the inhibitory ankyrin repeats. Proteins that are affected by recurrent genetic
lesions in lymphoid malignancies are denoted with a red asterisk. BAFF-R, B cell-activating factor
receptor; cIAP1/2, cellular inhibitor of apoptosis protein 1/2; EBV, Epstein-Barr virus; IKK¢, IkB kinase
o; LMP1, latent membrane protein 1; LTBR, lymphotoxin 3 receptor; MALT1, mucosa-associated tissue
lymphoma translocation protein 1; MyD88, myeloid differentiation primary response protein 88; NIK,
NE-«B inducing kinase; RANK, receptor activator of NF-«B; TAK1, TGFB-activated kinase 1; TRAF2/3,
TNF receptor-associated factor 2/3.
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Furthermore, rearrangement or partial deletions within the NFKB2 gene locus which disrupt the
inhibitory ankyrin repeats at the C-terminus of the precursor p100 have been found to result in the
generation of a truncated, constitutively active p100 protein (Figure 4b) [20,182,183]. Additionally,
the deubiquitinase CYLD, which negatively regulates NF-«B activation by removing K63-linked
polyubiquitin chains from IKKy, TRAF2, and TRAF6, is frequently inactivated by deletion, mutation,
or transcriptional silencing in multiple myeloma [19,20,184-186].

Approximately 25% of gastric MALT lymphomas harbor the chromosomal translocation t(11;18)
which results in the expression of a cIAP2-MALT1 fusion protein retaining the proteolytic activity
of MALTT1 (discussed in Section 4.2) [146,147]. In addition to promoting canonical NF-«B signaling,
the cIAP2-MALTT1 fusion protein has also been found to potently induce activation of the non-canonical
NE-«B pathway (Figures 3 and 4b) [24,107]. Oligomerization of the fusion protein via the cIAP2 moiety
is assumed to stimulate constitutive protease activity of MALT1 [24,148]. Additionally, the cIAP2
portion mediates the recruitment of NIK which is subsequently cleaved by the MALT1 protease [24].
Proteolytic cleavage removes the TRAF3-binding domain while leaving the kinase domain of NIK
intact and thus generates a truncated, constitutively active NIK which is resistant to negative regulation
by proteasomal degradation and promotes constitutive p100 processing [24].

Collectively, loss of TRAF3 function, enhanced degradation of TRAF3 or increased expression
of NIK augments processing of p100 and thus the nuclear accumulation of transcriptionally active
p52/RelB heterodimers. Increased NIK activity can also promote canonical NF-«B activation, since
NIK is also able to activate IKKf [19,20,187]. As aberrant NIK activity driving constitutive activation
of both canonical and non-canonical NF-«B signaling constitutes a common consequence of most of
the genetic aberrations found in a large subset of multiple myeloma and Hodgkin lymphoma patients,
pharmacological NIK inhibition represents an attractive therapeutic strategy for the treatment of these
tumor entities. However, even though some NIK inhibitors have been developed, so far none has
entered the clinics [188,189].

6. Aberrant Expression of IkB Proteins

6.1. Classical IxB Proteins

In non-activated cells, NF-«B dimers are sequestered in the cytoplasm by an interaction with
classical IkB proteins (IkBe, IkBf, and IkBe), which mask the nuclear localization signal (NLS) of
the NF-«kB subunits and thus prevent their nuclear translocation (Figure 5a). Stimulation-dependent
proteasomal degradation of the IkB proteins allows the translocation of the NF-kB dimers to the
nucleus, where they modulate the expression of a variety of genes [2,3]. The best characterized classical
IkB protein, IkBe, is composed of a signal response domain, ankyrin repeats, a PEST domain as well as
anuclear export signal (NES) and binds preferentially RelA /p50 heterodimers. The presence of an NES
suggests that besides its function as a cytoplasmic inhibitor, IkBe is also involved in the termination of
NF-«B transcriptional activity by promoting both the dissociation of RelA/p50 complexes from the
DNA and their subsequent nuclear export [3,190-192].

In lymphoid malignancies, such as HL or DLBCL, characteristic genetic aberrations targeting
the classical IkB proteins can trigger NF-«B activation downstream of the IKK complex [193,194].
The malignant cellular entity in HL, the Hodgkin-Reed-Sternberg (HRS) cell, is present at a low
frequency (<1% of the tumor), while the bulk of the tumor is formed by activated inflammatory
cells [195]. Aberrant NF-kB activation in these malignant cells is not only driven by the inflammatory
tumor microenvironment or by latent infection with EBV, but also by somatic mutations of key
NE-«B regulators, such as classical IkB proteins [10,196-198]. In HL, various genetic lesions have been
described that result in the generation of truncated IkBo isoforms which lack part of the ankyrin repeats
and are thus unable to sequester the NF-kB dimers in the cytoplasm (Figure 5b) [193,194,199,200].
Interestingly, inactivating mutations of IkBx have been detected preferentially in EBV-negative cases
of HL (approximately 20% of cases; discussed in Section 5), suggesting that inactivation of IkB«x is
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selected for as an alternative strategy to sustain NF-«B activation [194,197,201]. Besides HL, mutations
negatively affecting the function of IkBx have been reported, albeit at lower frequency, in MALT
lymphoma and in DLBCL, similarly providing an alternative mechanism for NF-kB activation in these
tumor entities [202-204].
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Figure 5. Inactivating mutations in classical IkB proteins promote canonical NF-kB activation.
(a) The canonical NF-«B pathway is induced by the ligand-dependent activation of a variety of
receptors, such as antigen receptors, the IL-1 receptor, Toll-like receptors and members of the TNF
receptor family. Stimulus-dependent activation of the IKK complex results in the phosphorylation
and subsequent proteasomal degradation of IkBa and IkBe. This allows the nuclear translocation of
transcriptionally active RelA /p50 or c-Rel/p50 heterodimers; (b) Genetic alterations resulting in the
expression of non-functional truncated versions of IkBa and IkBe, which lack part of the ankyrin repeat
domain and are thus unable to bind to the NF-kB transcription factors, promote constitutive NF-«xB
activation in a subset of lymphoid malignancies. Proteins that are affected by recurrent genetic lesions
in lymphoid malignancies are denoted with a red asterisk. IkB, inhibitor of kB; IKK, IkB kinase.

Analogous to inactivation of IkB«, loss-of-function mutations of IkBe, which result for instance
in the expression of truncated versions lacking the ankyrin repeats essential for the interaction
with NF-kB dimers, have been reported in HL, CLL, and PMBL as well as at a lower frequency
in DLBCL and MCL (Figure 5b) [205-208]. Mechanistically, IkBe is assumed to limit the nuclear
localization of Rel-containing dimers in a manner equivalent to IkBx [206,209,210]. While IkBx,
however, predominantly regulates the cytoplasmic sequestration of RelA/p50 heterodimers, IkBe
preferentially binds to c-Rel homodimers and c-Rel/p50 complexes [206,209]. Physiologically,
stimulated B cells of IkBe-deficient mice exhibit increased proliferation and survival due to enhanced
NF-kB activity [206,211]. Collectively, loss-of-function mutations targeting the classical IkB proteins
IkBx and IkBe contribute to sustained NF-«kB activation in lymphoid malignancies, indicating an
important role of these negative regulators as tumor suppressors.

In lymphoid malignancies that rely on constitutive NF-«kB activation but express functionally
intact IkB proteins, preventing the proteasomal degradation of the IkB proteins constitutes an attractive
therapeutic strategy. The proteasome inhibitor bortezomib is able to block the degradation of the classical
IkB proteins and has been approved for multiple myeloma therapy, although it remains unclear if the
beneficial effect of bortezomib can be attributed solely to NF-«B inhibition [212-214]. In clinical trials,
bortezomib has also been shown to improve the efficacy of chemotherapy in ABC DLBCL [215].
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6.2. Atypical IxB Proteins

Not only classical IkB proteins are targeted by genetic alterations in lymphoid malignancies,
but also the expression of the so-called atypical IkBs including BCL3 and IkB( can be affected in these
cancers. Unlike the classical IkB proteins, atypical IkBs are not regulated by IKK phosphorylation
and proteasomal degradation, but rather by their inducible expression. While atypical IkB proteins
are generally not expressed in quiescent cells, they are strongly induced in the primary response
upon NF-«B activation (Figure 6a,b) [5,7]. In contrast to their classical relatives, atypical IkBs interact
with NF-kB proteins predominantly in the nucleus. Although the atypical IkB proteins were initially
defined as NF-«B inhibitors, it is by now well established that they can act also as co-activators for a
particular set of target genes [5,7]. Several studies have reported the importance of atypical IkB proteins
in immune homeostasis and there is growing evidence for an involvement of these transcriptional
regulators in the pathogenesis of lymphoid malignancies.

B-cell lymphoma 3 (BCL3) was first identified as a proto-oncogene in patients suffering from
B-cell chronic lymphocytic leukemia [216-218]. Structurally, BCL3 is characterized by a conserved NLS
and two transactivation domains (TAD) encompassing seven ankyrin repeats that mediate binding
to NF-«B proteins [7,219-221]. Through an interaction with p50 or p52 homodimers, BCL3 can act
both as an activator and as a repressor of NF-«B target gene transcription. How this dual function
of BCL3 is realized on a molecular level remains unclear. It has been reported, on the one hand,
that BCL3 is able to stabilize transcriptionally repressive p50 or p52 homodimers, and, on the other
hand, that it binds to p50 or p52 homodimers and induces the transcription of target genes via its
transactivation domains [221,222]. One explanation for the opposing BCL3 effects could lie in its
capability to recruit both co-activator and co-repressor complexes comprising chromatin modifiers,
such as p300 or HDACT1, respectively, to DNA-bound p50 and p52 homodimers in a context-dependent
manner [223-225].

Different genetic aberrations affecting the NF-xB modulator BCL3 have been observed in
lymphoid malignancies. The chromosomal translocation t(14;19)(q32;12) which juxtaposes BCL3 with
the IGH locus has been reported to result in an enhanced expression of BCL3 in a variety of lymphoid
cancers, such as CLL and less commonly follicular lymphoma as well as marginal-zone lymphoma
(Figure 6c) [226-228]. Additionally, amplification as well as alterations in the epigenetic modification
status of the BCL3 locus have been observed in HL and anaplastic large cell lymphomas [229-231].
The putative oncogenic role of BCL3 is supported by an Ex-BCL3 transgenic mouse model, which
exhibits a lymphoproliferative disorder [232]. How exactly BCL3 exerts its oncogenic role in leukemia
and lymphoma is unclear, but it has been proposed that BCL3 can promote cell proliferation and
survival by transactivating a number of different target genes [233,234].

IkB( (encoded by NFKBIZ) comprises a conserved NLS, a putative TAD as well as seven ankyrin
repeats and is thus structurally highly homologous to the atypical IkB protein BCL3 [235,236]. Like
BCL3, IkB( interacts with NF-kB proteins, in particular with p50 and p52 homodimers, and is able
to regulate the transcription of NF-«B target genes in a positive or negative manner [7]. Inhibition
of target gene expression might be mediated by the stabilization of DNA-bound transcriptionally
repressive p50 and p52 homodimers or by a competition between IkB( and activating NF-«kB members
for DNA binding sites. Two molecular mechanisms have been proposed for its role as transcriptional
activator: (I) Similar to BCL3, an intrinsic transactivation domain has been identified [237]. (II) IkBC
is capable to recruit the SWI/SNF complex, which mediates chromatin remodeling and thus allows
transcription, to NF-«kB consensus sites in the promoter of target genes [238].

In non-stimulated lymphocytes, IkB( is not expressed but is rapidly induced upon engagement of
receptors triggering NF-«kB activity, such as TLRs and the antigen receptors [239,240]. Overexpression of
IkB( has been reported in various lymphoid malignancies, including ABC DLBCL, ATLL, and primary
central nervous system lymphomas [241-243]. The expression of IkB( is either promoted by genomic
amplification of the NFKBIZ locus or by chronic NF-«B activation, which can be driven by deregulated
BCR/IL-1R/TLR signaling or by viral proteins like Tax (HTLV-1) and LMP1 (EBV) (Figure 6d) [242-244].
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The oncogenic function of IkB( is best characterized in ABC DLBCL, since silencing of IkB( reduced
the growth of ABC DLBCL cell lines. Gene expression profiling revealed that IkB{ promotes the
expression of several NF-«B target genes, including BCL-X,, IL-6, and IL-10, which represent key
regulators for ABC DLBCL survival [242].
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Figure 6. Abnormal expression of the atypical IkB proteins BCL3 and IkB( promotes NF-kB activation
in lymphoid malignancies. (a) In resting cells, DNA-bound homodimers of the NF-«B subunit p50
can be found in the nucleus due to constitutive processing of the p50 precursor p105; (b) Upon B-cell
stimulation, the activated IKK complex induces both the generation of p50 by proteasomal processing
of its precursor p105 and the proteasomal degradation of the inhibitor IkBe. This leads to the nuclear
translocation of RelA/p50 heterodimers which drive the transcription of primary response genes, such
as BCL3 and NFKBIZ. In turn, BCL3 and IkB{ modulate the secondary NF-«B response by binding
to DNA-bound p50 homodimers in the nucleus; (c) The chromosomal translocation t(14;18)(q32;q13)
juxtaposing BCL3 with the IGH locus, genomic amplifications, or epigenetic modifications result
in enhanced expression of BCL3, which in turn increases the nuclear translocation of p50 and
stabilizes DNA-bound p50 homodimers, thus augmenting the secondary NF-«B response; (d) Genomic
amplification of the NFKBIZ locus as well as the expression of oncogenic MyD882%5F or the viral
proteins Tax and LMP1 leads to increased expression of IkB( in a subset of lymphoid tumors. IkB(
promotes the secondary NF-«kB response through binding to p50 homodimers in the nucleus. BCL3,
B-cell lymphoma 3; IGH, immunoglobulin heavy chain (locus); IkB, inhibitor of «B; IKK, IkB kinase;
LMP1, latent membrane protein 1; MyD88, myeloid differentiation primary response protein 88.
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Collectively, modulation of the transcriptional activity of NF-«B in the nucleus by the atypical
IkB proteins BCL3 and IkB( potently affects the oncogenic potential of NF-kB in several lymphoid
malignancies. As important regulators of cell proliferation and survival, BCL3 and IkB{ might emerge
as attractive therapeutic targets to dampen excessive NF-«B activity in certain lymphoid cancers,
possibly by pharmacologically preventing the interaction between p50 and BCL3 or IkB( [245].

7. Conclusions and Implications for Lymphoma Therapy

To date, a large number of lymphoid malignancies has been found to harbor diverse genetic
lesions that result in aberrant NF-«B activity. While some of these alterations are unique to specific
lymphoma entities, other aberrations, such as inactivation of A20, commonly occur in a broad
range of lymphoid tumors. Since several lymphoid cancers have been found to critically rely on
constitutive NF-«kB activity for their survival and since the anti-apoptotic effects of NF-«B activation
can confer resistance towards cancer chemotherapy [246], inhibition of NF-kB activation represents
an attractive therapeutic option in many lymphoid malignancies. As a master regulator of canonical
NE-«B signaling, the IKK complex and in particular IKK{3, constitutes a promising therapeutic target.
However, the crucial and pleiotropic role of NF-«B in many physiological processes is reflected, for
instance, in the embryonic lethality associated with massive hepatocyte apoptosis in mice deficient
for IKKy and IKKf, two major constituents of the IKK complex [247-249]. The expected systemic
toxicity, immunosuppression and, paradoxically, increased IL-13-mediated inflammation critically
limit the therapeutic usefulness of general inhibition of canonical NF-«B, e.g., by pharmacological
IKK inhibitors [250-252]. Thus, targeting of deregulated upstream pathways, such as chronic active
BCR signaling, which drive constitutive NF-«B activation, potentially offers higher specificity for the
malignant cells and represents an attractive alternative in the treatment of lymphoid malignancies.
The validity of this concept has first been demonstrated by the therapeutic efficacy of the BTK inhibitor
ibrutinib in ABC DLBCL and other lymphoid cancers relying on chronic BCR signaling [67,89,253,254].
Additional therapeutic targets in lymphoid tumors addicted to chronic BCR activation include SYK,
LYN, and PKCp [67,255,256]. The occurrence of primary resistance towards BTK inhibition due
to oncogenic events targeting downstream effectors, such as CARMAL, as well as the acquisition
of secondary resistance demonstrates the necessity of alternative therapeutic strategies and the
rational stratification of patients regarding the mutational status of their lymphoid cancer [257].
While ABC DLBCL cells harboring CARMAT1 mutations are insensitive towards inhibitors targeting
upstream kinases involved in chronic BCR signaling, these cells still respond to treatment with
inhibitors targeting MALT1 protease activity [256,258]. In addition to ABC DLBCL, MALT1 protease
inhibition might also be beneficial for patients suffering from other lymphoid malignancies relying
on constitutive CBM signaling or aberrant MALT1 protease activity, such as MCL and CLL as well
as MALT lymphomas expressing the cIAP2-MALT1 fusion [150-153]. MALT1 protease inhibitors
might prove especially valuable in the treatment of lymphomas that harbor mutations in signaling
effectors downstream of BTK or that have acquired resistance towards BTK inhibition [98,136]. Besides
aberrant activity of the CBM complex, constitutive NF-kB activation can also result from deregulation
of the MyD88-IRAK4 signaling axis due to recurrent oncogenic MyD88 mutations. Recently, several
small-molecule inhibitors selectively targeting IRAK4 have been shown to effectively abrogate aberrant
NF-B activation induced by MyD882°T in ABC DLBCL, thus representing an attractive therapeutic
strategy for the treatment of MyD88 mutant lymphoid malignancies [40,50]. In addition to the genetic
lesions promoting the constitutive activation of the canonical NF-kB pathway, several lymphoid
cancers rely on the aberrant activity of non-canonical NF-kB signaling. The majority of these genetic
aberrations result in the stabilization or increased expression of the central kinase NIK, the activity
of which is essential for the survival of these lymphomas [19,20]. Even though no NIK inhibitor
has entered the clinic yet, NIK represents a promising therapeutic target that should be addressed
more vigorously, particularly regarding the treatment of multiple myeloma and MALT lymphoma
expressing the oncogenic cIAP2-MALT1 fusion protein [188,259].
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In light of the variety of genetic lesions in lymphoid malignancies which can cause constitutive
NF-«B activation through deregulation of distinct upstream signaling nodes, the ultimate goal in the
treatment of cancer, i.e., the highly specific eradication of the tumor cells by a targeted therapy, requires
the analysis of the relevant oncogenic lesions and deregulated signaling pathways in the respective
lymphoid tumor. The knowledge about how a certain oncogenic lesion drives NF-«kB activation as
well as the identification and molecular characterization of novel oncogenic mechanisms governing
lymphomagenesis will pave the way for the rational design of therapeutic strategies, for instance by
simultaneously targeting complementary signaling pathways, and thus improve lymphoma therapy.
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Abstract: NF-«B (Nuclear Factor K-light-chain-enhancer of activated B cells) transcription factors
are critical regulators of immunity, stress response, apoptosis, and differentiation. Molecular defects
promoting the constitutive activation of canonical and non-canonical NF-«B signaling pathways
contribute to many diseases, including cancer, diabetes, chronic inflammation, and autoimmunity.
In the present review, we focus our attention on the mechanisms of NF-kB deregulation in
hematological malignancies. Key positive regulators of NF-«kB signaling can act as oncogenes that
are often prone to chromosomal translocation, amplifications, or activating mutations. Negative
regulators of NF-«B have tumor suppressor functions, and are frequently inactivated either by
genomic deletions or point mutations. NF-kB activation in tumoral cells is also driven by the
microenvironment or chronic signaling that does not rely on genetic alterations.

Keywords: NF-«B; leukemia; lymphoma

1. Introduction

The NF-kB family of transcription factors coordinates inflammatory responses, innate and
adaptive immunity, cellular differentiation, proliferation, and survival in all multicellular organisms.

The NF-kB system is tightly controlled at various levels, and deregulations of NF-kB homeostasis
have been implicated in a wide range of diseases, ranging from inflammatory and immune
disorders to cancer [1,2]. In particular, NF-kB is a key link between chronic inflammation and cancer
transformation [3].

The mammalian NF-«B family is composed of five members: RelA (p65), RelB, c-Rel, NFKB1
(p105/p50), and NFKB2 (p100/p52), which form various dimeric complexes that transactivate
numerous target genes via binding to kB consensus DNA binding sites. They are tightly regulated by
the IkBs protein family including typical IkBs (IkBx, IkBf3, IkBe), the precursor proteins p100 and p105,
and the atypical IkBs (IkB(, BCL-3, IkBn). The typical IkBs and the precursors are expressed in the
cytoplasm to sequester NF-«kB dimers by masking their nuclear localization sequence. On the contrary,
the atypical IkBs are hardly expressed in resting cells, and are induced upon cell activation to interact
with NF-kB dimers within the nucleus. They can act as activators or inhibitors of NF-kB, depending
on which proteins of the transcriptional machinery they recruit.

NF-«B activation is mediated by two signaling pathways as detailed in [4-6].

The canonical or classical pathway—the most widely known route to NF-«B activation—is
essentially mediated by the action of the RelA/p50 subunits. In resting conditions, RelA/p50
dimers are retained in the cytoplasm complexed with the IkBa inhibitor. Upon cell activation by
pro-inflammatory cytokines, immune receptors engagement, and stress conditions, IkBa is first
phosphorylated on two serine residues (Ser32 and 36 in human IkB«x) by the IkB-kinase (IKK) complex,
which is composed of two kinases—IKK« (or IKK1) and IKKf (or IKK2)—associated with an essential
scaffold protein IKKy (or NEMO, NF-kB essential modulator). The activation of the IKK complex
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depends on extracellular signals: hence, T- and B-cell antigen receptors (TcR and BcR) are coupled to the
CARMA /BCL10/MALT1 (CBM) complex to activate IKKs, whereas the receptors for IL1 (Interleukin 1),
TNF« (Tumor Necrosis Factor-o), and toll-like receptors (TLRs) rather engage a signaling complex
involving TRAFs (TNF Receptor Associated Factor), IRAKs (interleukin 1 receptor associated kinase 1),
LUBAC (Linear UBiquitin Assembly Complex), and TAK1 (TGF- Activated Kkinase 1) proteins.
IkBot phosphorylation triggers the recruitment of the E3 ubiquitin ligase SCF/BTRCP (Skp, Cullin,
F-box/transducing repeat containing protein) and the subsequent polyubiquitination of IkBx, marking
it for degradation via the 26S proteasome. This degradation releases the RelA/p50 dimer that can
translocate into the nucleus to activate the transcription of target genes.

The non-canonical or alternative pathway activates mainly RelB-p52 complexes through the
inducible processing of p100. In contrast to the canonical pathway, this pathway is activated by
a more restricted number of ligands, such as the B-cell-activating factor (BAFF) belonging to the TNF
family, CD40L, lymphotoxin (3 (LTp), receptor activator nuclear factor ligand (RANKL), or CD30L.
The triggering of these cell surface molecules engages the assembly of a signaling complex that involves
cellular inhibitor of apoptosis (cIAP1 and cIAP2), TRAF2, and TRAF3. Receptor engagement leads to
the recruitment and activation of cIAP1/2 mediated by TRAF2, resulting in the degradation of TRAF3,
stopping the continuous degradation of the NF-«B-inducing kinase (NIK) that is central to this pathway.
NIK can then activate IKKa, which phosphorylates p100. This provides a signal for their recognition
by the SCF/BTRCP ubiquitin ligase complex and the proteasome-mediated processing of p100 by
in situ degradation of the IkB-like domain of the precursor proteins, producing mature p52 protein.
The mature RelB/p52 dimers are then released, translocate into the nucleus to start the transcription of
their target genes. NF-«B activation strongly relies on multiple connected biochemical reactions—in
particular on three main types of ubiquitination events to build (K63, linear) or disassemble (K48)
signaling complexes (see [7] for a review).

The two pathways are interconnected, as the canonical one regulates p100 and RelB levels [8].
Both canonical and non-canonical NF-«B activation pathways have been implicated in human
hematological malignancies, mainly lymphoid leukemia and lymphoma. Because NF-«kB regulates a
large array of target genes, the constitutive activation of NF-«B can support most steps involved in
cancer transformation: inhibition of cell differentiation and apoptosis, promotion of cell proliferation,
angiogenesis, cancer-related inflammation and metastatic potential, and resistance to treatments.
The constitutive activation may have different origins. It can result from rearrangements and mutations
in genes encoding NF-«B or IkB members, or in genes encoding upstream components of the cascade,
but it may also derive from persistent autocrine or paracrine signaling and/or hyper-activation of
immune receptors (TcR, BcR, TLRs). In this review article, we present the role of the NF-kB pathway and
subunits in human hematologic malignancies. Figure 1 summarizes the molecular partners involved
in the two pathways to NF-kB activation, as well as the dysregulations that occur in hematologic
malignancies. For a broader description of the role of NF-«B subunits in cancer, see [9].
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Figure 1. Deregulations of NF-«B in hematopoietic malignancies. The figure depicts the different actors
in the canonical and non-canonical NF-kB activation pathways and their involvement in leukemia
and lymphoma. The disease in which a given protein is involved is identified by a code number in
a yellow filled circle @. 1- CLL: chronic lymphocytic leukemia; 2- ALL: acute lymphoblastic leukemia;
3-MZL: marginal zone lymphomas; 4- DLBCL: diffuse large B-cell lymphomas; 5- HL: Hodgkin
lymphoma; 6- MM: multiple myeloma; 7- AML: acute myeloid leukemia; 8- CML: chronic myeloid
leukemia. The participation of ubiquitination reactions in signaling is not detailed but highlighted
with a green color code; K48 ubiquitination is responsible for degradation, K63 and linear are involved
in the assembly of signaling complexes. Gene amplification/deletion are indicated by Q and o,
respectively. Mutations affecting the genes for NF-«B subunits or actors of the NF-«B pathways are
mentioned as activating 3 or inactivating # mutations. — illustrates positive action whereas —1
illustrates inhibitory action. Color code: color of the arrow refers to the protein concerned by the
depicted action. Plain orange arrow shows the proteins of interest after transcription via NF-kB.
Plain red arrow shows phosphorylation events. Dotted red arrow shows tyrosine phosphorylation.
Abbreviations used are: Ag: antigen; IL: interleukin; CCL: C-C motif chemokine ligand; RANKL:
receptor activator of NF-kB ligand; TNF: Tumor Necrosis Factor; VCAM1: vascular cell adhesion
molecule 1; VLA-4: very late antigen-4; TGF: transforming growth factor; KitL: kit ligand; ICAM1:
intercellular adhesion moleculel; TcR/BcR: T-cell or B-cell antigen receptors; TNFR: TNF receptor; TLR:
toll-like receptor; CD: cluster of differentiation; $¢: common 3 chain of interleukin receptors; JAK: Janus
kinase; TK: tyrosine kinase; Flt3-ITD: colony-stimulating factor receptor 1-like-3-internat tandem repeat;
Notch: notch receptor; BAFF: B-cell activating factor; LTaR: lymphotoxin « receptor; LMP1: latent
membrane protein; TRAF: TNF receptor associated factor; c-IAP: cellular-inhibitor of apoptosis; p62
= SQSTM1: sequestosome 1; Myd88: myeloid differentiation primary response gene 88; Bcl10: B-cell
leukemia/lymphoma 10; CARD: protein with a caspase recruitment domain; Malt1: mucosa-associated
lymphoid tissue lymphoma-1; TAB: TAK1 binding protein; TAK1: TGF-f activated kinase 1; IRAK:
interleukin 1 receptor associated kinase 1; RIPK1: receptor (TNFR)-interacting serine-threonine
kinase 1; Ber-Abl: breakpoint cluster region-abelson kinase, product of the t(9; 22) translocation; NIK:
NEF-kB-inducing kinase; AML1: acute myeloid leukemia gene 1 = RUNX: Runt-related transcription
factor 1; AML-Eto: product of the t(8; 21) translocation; Tax: HTLV-1 viral protein; IKK: inhibitor of
k-B kinase; NEMO: NF-kB essential modulator/inhibitor of NF-«kB subunit y; A20 = TNFAIP3: TNF
a-induced protein 3; CYLD: cylindromatosis gene product lysine 63 deubiquitinase; IkB: inhibitor
of NF-kB; Rel: reticuloendotheliosis proto-oncogene, NF-kB subunit; C/EBP: CCAAT/enhancer
binding protein.
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2. Lymphoid Malignancies

2.1. Leukemias

Chronic lymphocytic leukemia (CLL) is characterized by the progressive accumulation of
mature monoclonal B lymphocytes in the peripheral blood (PB), bone marrow (BM), and secondary
lymphoid organs such as lymph nodes (LN). NF-kB is constitutively activated in CLL patients [10,11].
The microenvironment exerts a critical role in the natural history of CLL. Indeed, signals from multiple
receptors (BcR, TLR, CD40) result in the activation of downstream pathways, including NF-«B [12,13].
In addition, there is evidence that the NF-kB pathway and its upstream mediators can be targeted
by recurrent genetic lesions in some minor cases. For example, 3% of CLL patients display the
L265P mutation on MYD88 (MYeloid Differentiation primary response gene 88). This mutation
changes the structure of MYD88 to allow spontaneous homodimerization and recruitment of the
serine/threonine kinases IRAK1 and IRAK4 that are essential for NF-«B activation by the TLRs.
This enhances the responses to TLR ligands, leading to a higher release of cytokines (IL6—Interleukin
6—, ILIRA—Interleukin 1 Receptor Agonist—) and chemokines (CCL2/CCL3/CCL4 —Chemokine
Ligand 2/3/4—). These cytokines/chemokines have been reported to be important in attracting
other cell types (e.g., T lymphocytes) by CLL cells to create an advantageous microenvironment
supporting leukemic survival [14]. The most frequently mutated gene (7% of CLL cases) in CLL within
the NF-kB pathway is NFKBIE that encodes IkBe—a negative NF-«B regulator. NFKBIE aberrations
were highly enriched in poor-prognostic subgroups, demonstrating the supporting role of NF-«B for
transformation. These aberrations lead to reduced IkBe protein levels, diminished interactions with
RelA, as well as increased phosphorylated RelA and nuclear translocation [15]. BIRC3—Baculoviral IAP
repeat—containing protein 3—(the gene encoding for the cIAP2 ubiquitin ligase) is also mutated in CLL.
cIAP2, along with TRAF2 and TRAF3, cooperates in the same protein complex to negatively regulate
NIK, the central activator of non-canonical NF-«B signaling. All inactivating BIRC3 mutations detected
in CLL are predicted to cause the elimination or truncation of the C-terminal RING domain, the E3
ubiquitin ligase activity which is essential for NIK proteasomal degradation. The mutations impair
NIK ubiquitination, and thereby favor its stabilization, leading to the phosphorylation of NFKB2
and the processing of p100 to p52. This results in constitutive NF-«B activation, as evidenced by
the detection of a higher p52/p100 ratio in BIRC3-mutated patients [16,17]. If BIRC3 mutations are
rare in early stages of CLL, they tend to accumulate as the disease progresses, suggesting a selective
advantage for the transformed cells bearing this mutation. Finally, analysis of a cohort of 131 CLL
patients revealed that DNA binding of RelA is constitutively elevated in patients with more aggressive
disease, and is also further induced by conventional chemotherapy, which in turn seems to contribute
to the depth of response to subsequent treatment cycles. That study identified RelA as a superior
prognostic marker for the survival of CLL patients, and crucially demonstrates that RelA levels have
the potential to predict the duration of the response to therapy [18].

Some epigenetic changes and aberrant microRNA expression have also been associated with
NF-kB dysregulation in CLL. For example, the silencing of miR-9-3a tumor suppressor miRNA by
methylation may account for the constitutive upregulation of NFKB1, and hence the constitutive
activation of NF-«B in CLL patients [19]. In addition, the miR-708 enhancer is aberrantly methylated
in CLL. miR708 directly targets IKK(, and thereby leads to the repression of NF-kB signaling.
CLL patients with high methylation of the miR708 enhancer present a poor prognosis [20].

Acute lymphoblastic leukemia (ALL) is mainly a disease of childhood that arises from
recurrent genetic insults that block the differentiation of B- and T-cell precursors to drive their
aberrant cell proliferation and survival. ALL subgroups with distinct biological characteristics are
frequently characterized by dysregulated transcription factors or kinases—most prominently the
fusion proteins TEL-AML1 (Translocation Ets Leukemia-Acute Myeloid Leukemia 1 protein) encoded
by t(12;21)(p13;q22) in presumed good risk ALL, or Ber-Abl (Breakpoint cluster region-Abelson murine
leukemia virus) encoded by t(9;22)(q34;q11) and MLL-AF4 (Mixed Lineage Leukemia-ALL1 Fused
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gene on chromosome 4) by t(4;11)(q21;q23) in high risk ALL. ALL in adults is characterized by a higher
frequency of high-risk cytogenetics and a lower incidence of favorable genetic abnormalities.

The vast majority of ALL patients present a constitutive activation of the canonical NF-«B pathway
in the form of RelA/p50 complexes, which is an important switch to ensure the survival of ALL cells
by blocking apoptosis or enhancing cell proliferation [21].

T-cell acute lymphoblastic leukemia (T-ALL) is an aggressive malignancy of transformed
thymocytes that mainly affects children and adolescents. Although mutations in NF-xB genes have not
been reported in T-ALL (unlike other lymphoid malignancies), constitutive activation of NF-«B
frequently occurs in primary human T-ALL and T-ALL mouse models. Kordes and colleagues
showed by electrophoretic mobility shift assays [21] that at diagnosis, childhood T-ALL cells (11 of
13 cases) displayed a constitutive activity of NF-«B consisting of RelA-p50 dimers associated with IkBx
phosphorylation. Another study realized on human T-ALL cell lines depicted a constitutive NF-«B
activity associated with constitutive IKK activity and nuclear localization of all the NF-kB members
(p50, p105, RelA, RelB, and c-Rel), suggesting the activation of both canonical and non-canonical
pathways. Somatic activating NOTCH1 mutations are found in more than 50% of human T-ALL
cases, and they result in elevated levels of ICN1—the transcriptionally-active intracellular domain of
NOTCHI1. NOTCHI1 can mobilize both the NF-«B canonical signaling by activating the IKKo /3 /vy
complex and the non-canonical pathway by inducing the expression of RelB and NFKB2 and activating
IKK« homodimers [22]. The mechanism of Notch-induced NF-«B activation in T-ALL involves Hes1,
which transcriptionally represses CYLD (cylindromatosis), a deubiquitinase which down-regulates
NF-«B signaling by removing the activator K63 ubiquitin chains from different elements of the NF-«B
signalosome [23]. In transgenic mice, NOTCHS3 triggers both classical and alternative NF-«B activation
pathways, depending on the expression of the pre-TcR. Indeed, in the absence of pre-Ta/pre-TcR,
Notch 3 induces IKKea, inducing a higher p100 substrate processing and a release of RelB/p52
complexes [24]. Ber-Abl expression in either T-ALL or B-ALL cells triggers an IKK-dependent activation
of NF-«B that is crucial to the pathogenicity of Philadelphia positive (Ph+) leukemias [25].

Chronic inflammation directed by NF-«B is vital for the pathogenesis of adult T-cell leukemia
(ATL)—an aggressive malignancy with a poor prognosis that is induced by the human T-cell leukemia
virus type I. HTLV-1 encodes a 40 kDa oncoprotein (Tax) that regulates viral gene expression and plays
vital roles in ATL leukemogenesis. Tax interactions with Ubc13 (E2-conjugating enzyme), NEMO,
TAX;BP; (Tax Binding Protein), and NRP (NEMO related Protein) are critical for activation of the
IKK complex [26-28]. Tax also maintains persistent NF-kB activation by inactivating NF-«B negative
regulators such as TNF a-induced protein 3 (TNFAIP3) and CYLD [29].

Finally, activation of NF-kB was identified as a mechanism for resistance to IFNf in the
poor-prognosis MLL-ALL subtype (t(4;11) translocation) [30].

2.2. Lymphomas

Marginal zone lymphomas (MZLs) are indolent small B-cell lymphomas classified in three
subgroups, depending on the localization: mucosa-associated lymphoid tissue (MALT), splenic (sSMZL)
and nodal (nMZL) lymphomas. Both canonical and non-canonical NF-«B pathways can be activated
through a variety of mechanisms, from molecular alterations to epigenetic modifications—especially
in MALT and splenic MZL lymphomas.

In fact, MALT lymphomas represent an archetypal example of the link between chronic
inflammation and tumor development. In particular, gastric MALT lymphomas develop from
a background of chronic gastric infection with Helicobater pylori, while those from the skin and
ocular adnexa or diseases of the small intestine are either associated with chronic infection with
Borrelia burgdorferi, Chlamydia psittaci, or Campylobacter jejuni. The prolonged chronic microbial infection
generates immune and inflammatory responses that transform the polyclonal B-cell population
into a monoclonal B-cell lymphoma. At the early stage of MALT lymphoma, eradication of H.
pylori infection by antibiotics causes tumor regression [31]. Thereafter, acquisition of chromosomal
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translocations constitutively activating NF-kB provides antigenic independence and antibiotic
resistance. The t(11;18)(q21;q21) translocation represents the most frequent modification in 18%
of MALT lymphomas, and can be enriched to 40% in gastric MALT lymphomas. It generates an
cIAP2-MALT1 fusion which oligomerises, triggering TRAF6-dependent ubiquitination of NEMO,
leading to the activation of the canonical NF-«B pathway [32]. In addition, the auto-oligomerization
of cIAP2-MALT1 also induces the recruitment of NIK and its subsequent cleavage by the MALT1
protease domain, leading to degradation-resistant NIK kinase and deregulated non-canonical NF-«B
signaling [33]. The t(14;18)(q32;q21) chromosomal translocation is very frequent in MALT lymphoma
(10-20%), but is never found in the gastric forms. This translocation leads to the IGH-MALT1
fusion and causes MALT-1 overexpression, and thereby enhances the canonical NF-«B signaling [34].
The t(1;14) (p22;q32) translocation which juxtaposes the BCL10 (B cell lymphoma/leukemia 10) gene
under the regulatory control of the Ig heavy chain gene enhancer (BCL10-IGH) is a rare genetic
aberration. Over-expression of BCL10 causes its constitutive activation through oligomerization via its
N-terminal CARD/CARD (Caspase Activation and Recruitment Domain) interaction, and thus leads
to enhanced NF-«B activity [35]. Intriguingly, BCL10 protein is aberrantly expressed in the nuclei of
lymphoma cells, suggesting an as-of-yet unappreciated role of nuclear BCL10 in the pathogenesis of
MALT lymphoma [35].

An aberrant NF-«B activation is found in 30—40% of splenic MZL patients. This involves
dysregulation of the canonical pathways due to molecular lesions in a number of genes belonging
to the NF-«B pathway. First, inactivation of the negative regulator TNFAIP3 (A20) by non-sense
or frame-shift mutations is found in 10-15% of patients [36]. TNFAIP3 is responsible for switching
off signals converging from surface receptors on NF-«kB as well as the inhibition of NF-«B proteins.
Consequently, TNFAIP3 disruption in MZL causes supraphysiological activation of NF-kB signaling.
Two activating mutations (K171E and K171T) affecting IKK3 were found in 10% of splenic MZL [37,38].
The L265P mutation of MYD88—which affects 3% of MZL patients—changes the structure of MYD88
to allow spontaneous homodimerisation and recruitment of serine threonine kinases IRAK1 and
IRAK4 essential for NF-«B activation by the toll-like receptors [39]. In addition, CARD11 coiled-coil
domain mutations (5-10% of patients) promote spontaneous CARD11 multimerisation and association
with other components of the CBM complex, thus leading to IKK{ kinase activation and NF-«B
upregulation [39]. In some splenic MZL patients, activation of the non-canonical NF-«kB pathway has
also been described. BIRC3 RING domains mutations are found in 10-15% of patients. As detailed
above, these mutations affect NF-«B activation by stabilizing NIK. Finally, in 5% of MZL patients,
TRAFS3 is inactivated by mutations causing elimination of the C-terminal domain of the protein.
This domain is involved in the docking of NIK and its recruitment to BIRC3 degradation. So, TRAF3
mutations also stabilize NIK to upregulate non-canonical NF-kB signaling [39].

Rare mutations (0.3%) affecting an IKK phosphorylation site on c-Rel’s transactivation domain
have been described in two B-cell lymphomas [40]. Cells expressing this mutation appeared less
sensitive to TNF-x-induced apoptosis, and consequently may be more prone to transformation by
other oncogenic events affecting these cells.

Diffuse large B-cell lymphomas (DLBCL) are the most common types of non-Hodgkin lymphoma
(40% all adult cases). They are divided into three molecular sub-types: ABC (activated B-cell) GCB
(germinal center B-cell) and PMBL (primary mediastinal B-cell lymphoma). Initial evidence for the role
of the canonical NF-«B pathway in DLBCL came from gene expression profiling studies that revealed
a significant enrichment for NF-«B target genes specifically in the ABC subgroup, which display the
worst prognosis [41]. This was then confirmed by the detection of RelA /p50 complexes in the nuclei
of DLBCL tumors [42]. Constitutive NF-«B activation in ABC-DLBCL can result from mutations in
components of the BcR signaling cascade, as ABC-DLBCL cells exhibit a chronic BCR activation. It is
sustained by mutations in the two chains of the CD79 complex which forms the B-cell receptor with
the membrane IgM molecules: CD79B chains are affected in 20% of the samples, whereas mutations
in CD79A are less frequent. These mutations occur in the immunoreceptor tyrosine-based motif
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(ITAM)—a unique module linking antigen and Fc receptors to downstream tyrosine kinase signaling
cascades, in most cases replacing the first tyrosine residue (Y196) within the cytoplasmic tail [43].
In around 9% of ABC-DLBCL (and a smaller subset of GCB-DLBCL), activation of BCR and NF-«B can
be attributed to gain of function mutations within the coiled-coil domain of the CARD11/CARMA1
gene [44] component of the CBM complex. Finally, genetic gains/amplifications of the BIRC2 and
BIRC3 loci, encoding the cIAP1 and cIAP2 E3 ubiquitin ligases, respectively, were detected in as many
as 16% of ABC-DLBCL, but rarely in GCB-DLBCL [45]. In the canonical pathway, cIAP1/2 are now
recognized as integral components of CBM signaling. In ABC-DLBCL, elevated cIAP1/2 leads to K63
auto-ubiquitination and thus controls the recruitment of LUBAC and IKK to the CBM complex, thereby
inducing IKK2 activation and increasing NF-«B levels.

The MYDS88 gene coding for the adapter of TLRs is mutated in 30% of ABC-DLBC. The L265P
MYDB88 mutation induces a spontaneous activation of the downstream IRAK complex, leading to
engagement of the NF-kB pathway [46].

Bi-allelic truncating mutations or deletions have been observed in the TNFAIP3/A20 gene in
one third of ABC-DLBCL cases and fewer GBC-DLBCL cases [47]. TNFAIP3/A20 possesses dual
ubiquitin-editing functions. In particular, the N-terminal domain of TNFAIP3 is a deubiquitinating
enzyme for K63-linked polyubiquitinated signaling mediators such as TRAF2/6 and RIP1 (Receptor
Interacting Protein 1), while its C-terminal domain is a E3 ubiquitin ligase for K48-linked
degradative polyubiquitination of the same substrates. TNFAIP3 has a specificity for particular
polyubiquitinated substrates to regulate NF-«B activation in the TNF, IL-13, and TLR pathways.
TNFAIP3 mutations likely contribute to lymphomagenesis by inducing unregulated prolonged NF-«B
responses. Some DLBCL patient biopsies show a deregulation of the glycolytic enzyme GAPDH that
resulted in the activation of a NF-kB/HIF-1x (Hypoxia inducible factor 1) axis that could support
lymphoma growth and vascularization through the induction of VEGFR [48].

The non-canonical NF-kB pathway is also aberrantly dysregulated in DLBCL, as 10-15% of
GCB- and ABC-DLBCL carry genetic lesions in TRAF2 and TRAF3 associated with an activation
of this pathway [49]. Recently, a high expression of the atypical nuclear IkB{ was observed in
ABC-DLCBL [50]. The underlying molecular mechanisms for this phenomenon remain unclear.
However, the increase in IkB( is important for lymphoma survival by inducing p50-p52 homodimer
target genes.

Hodgkin lymphoma (HL) is an unusual type of lymphoid malignancy: less than 1% of the
cells in the affected lymph node correspond to malignant tumor cells—so-called Hodgkin and
Reed/Stenberg cells (HRS). Constitutive activity of NF-kB was first identified 20 years ago in Hodgkin’s
lymphoma-derived cell lines, as well as primary HRS cells [51,52]. Since then, numerous studies have
been conducted and there is now evidence that both canonical and non-canonical pathways are
enhanced in HRS cells. Indeed, RelB/p52 complexes can be found in HRS cell lines, indicating that the
non-canonical pathway contributes to the neoplastic feature of HL [53]. This is further supported by
the detection of NIK protein in HL cell lines and primary HRS cells [54].

HRS cells carry genetic lesions that lead to a gain or loss of function for several NF-«B
pathway components. In about 50% of HL cases, the REL gene displays gains or amplifications.
As a consequence, the levels of nuclear c-Rel are increased in HRS cells, likely contributing to
constitutive NF-kB activation [55]. The two inhibitors IkBe and IkBe are also targets of mutations.
Indeed, 10-20% of classical HL exhibit somatic inactivating mutations in the IxBa gene (NFKBIA),
whereas mutations in the IxBe gene (NFKBIE) have been described in only one HL cell line and in one
case of classical HL. This suggests that the genes encoding for NF-«B inhibitors may be considered
as tumor suppressors in HL [56,57]. Some BCL3 copy number gains leading to elevated expression
of the proto-oncogene have been identified [58]. Bcl3 can enhance canonical NF-kB transcription
and target gene expression after binding to p50 homodimers. Finally, recurrent deletions of the
chromosomal region 6q23 involving TNFAIP3/A20 have been found in HL cell lines and HRS cells,
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as well as inactivating TNFAIP3 somatic mutations in several HL cell lines and in about 45% of classical
Epstein-Barr virus (EBV)-negative HL cases [59].

Cell extrinsic mechanisms are also important contributors to NF-«kB constitutive activation in HRS
cells. Indeed, in a lymph node, the HRS malignant cells (less than 1% of the tumor mass) are surrounded
by infiltrating T and B lymphocytes, monocytes, eosinophils, macrophages, and dendritic cells.
These immune cells are attracted to the tumor site and activated by numerous cytokines/chemokines
secreted by HRS cells, and in turn express various ligands that favor tumor survival. For example,
CD40- and CD40L-expressing CD4* T-cells are abundant in the HL microenvironment. These T
cells surround HRS cells to form rosettes, suggesting a direct engagement of CD40 and thereby its
activation [60]. Stimulation of CD40 induces NF-kB signaling in HRS cells and promotes the expression
of its target genes coding for CD40 itself, the tandem molecules CD80 and CD86 involved in the priming
of T-cells by dendritic cells, and of a set of anti-apoptotic proteins (Bfl1/Al, Bcl-xL, cIAP1) [61,62].
Another important player in the HRS-microenvironment crosstalk is RANK (receptor activator of
NEF-«B)—a member of the TNFR family capable of activating NF-kB. RANK and its ligand RANKL
are expressed by HRS cells, suggesting an autocrine stimulation. In addition, RANKL is primarily
expressed by activated T cells and dendritic cells. In HRS cell lines the activity of NF-«B is positively
correlated with the level of RANK expression, suggesting that RANK/RANKL may contribute to the
constitutive NF-«B signaling [63].

HRS cells express both CD30 and its receptor CD30L (CD153), suggesting another autocrine
mechanism. However, the overexpression of CD30 leads to the recruitment and self-aggregation of
TRAF2 and TRAFS5, resulting in constitutive NF-kB activation and cytokine expression, independently
of CD30L [64]. In HRS cell lines, TRAF1 is induced by CD30 signaling. This leads to TRAF-dependent
processing of p100, increased p52 levels, and hence activation of the non-canonical NF-«B pathway [65].
Aberrant Notch activity is an also essential upstream regulator of non-canonical NF-«B activation in
HRS cells, as NOTCH1 induces the processing of the NFKB2 gene product p100 into its p52 active form
and leads to an enhanced DNA binding activity of RelB/p52 heterodimers [66].

In about 30—40% of classical Hodgkin lymphoma in the Western world, HRS cells are latently
infected by Epstein-Barr virus (EBV). The EBV* HRS cells express three latent proteins: the EBV nuclear
antigen (EBNA1) and the latent membrane proteins 1 and 2 (LMP1 and LMP2). The cytosolic domains
of LMP1 carry two carboxyl terminal activating regions (CTAR) which bind TRAF proteins to mediate
NF-«B activation, mimicking a constitutively-active CD40 receptor [67]. The important role of EBV
in constitutive NF-kB activity is further supported by the observation that inactivating mutations in
TNFAIP3/A20 gene and EBV positivity are largely mutually exclusive. In addition, NFKBIA mutations
are mostly found in EBV-negative cells, suggesting that EBV infection can replace the role of some
genetic lesions in HRS cells.

Multiple myeloma (MM) is an incurable plasma cell malignancy accounting for 13% of all
hematological cancers. Disease progression involves clonal expansion of transformed plasma cells
into tumors in the bone marrow. The heterogeneous tumor entity is characterized by long-lived
plasmatic B-cells in the bone marrow. Elevated levels of NF-«B activity were found in relapsing
MM, suggesting that NF-«kB could be used as a prognostic marker as well as a target for therapy to
prevent progression of the disease [68]. Constitutive activity of NF-kB has been found in multiple
myeloma cell lines—especially in chemoresistant cell lines [69]. The same lab has also identified
eight polymorphisms of the IxBa gene that were more frequently present in patients with MM [70].
The most frequent polymorphisms are located within exon 1, which encodes the N-terminal domain of
IkBa containing the ser32/36, or within exon 6, encoding the PEST region. Gene expression analyses
showed that 80% of myeloma biopsies display a high amount of RelA that correlates with enhanced
expression of anti-apoptotic genes [71]. Keats et al. identified a promiscuous array of mutations that
result in the constitutive activation of the non-canonical NF-«B pathway in approximately 20% of MM
patients (inactivation of TRAF2, TRAF3, CYLD, cIAP1/cIAP2, and activation of NFKB1, NFKB2, CD40,
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LTBR, TACI, and NIK) [72]. Another clue for the implication of the non-canonical pathway is the strong
nuclear accumulation of RelB in primary MM samples [73].

In MM, the crosstalk between malignant cells and the bone marrow stromal cells plays
an important role in the pathogenesis of the disease, and largely affects the status of NF-«B. Indeed,
NE-kB can be activated in MM cells by diverse bone marrow-derived cytokines and growth factors (e.g.,
BAFF/BAFF-R [74], APRIL/BCMA [75], CD40L/CD40 [76]) and by direct physical contact between
MM cells and stromal cells [77].

3. Myeloid Malignancies

Acute myeloid leukemia (AML) represents a heterogeneous group of clonal stem cell malignancies
arising from so-called leukemic stem cells (LSC). LSCs give rise to leukemic myeloid blasts arrested at
different maturation steps. High proliferation rates of AML blasts are responsible for the invasion of
bone marrow, and are associated with a fatal outcome.

The first observation of a constitutive NF-«B activity in AML was reported 16 years ago [78].
Indeed, Craig Jordan’s lab showed that primitive CD34*/CD38~ /CD123" AML cells aberrantly
express active NF-«B, and that in vitro cell treatment with proteasome inhibitors is sufficient to
induce rapid cell death. One year later, the first evidence of a dysregulation of IKK signaling in
AML was published [79]. An increased level of IKK activity was observed in AML blasts derived
from both BM and PB, associated with NF-«kB activation. A more extensive activation was found in
FAB (French-American-British) subtypes M4/MS5, representing myelomonocytic/monocytic blasts
compared to M1/M2.

Studies using the proteasome inhibitor (MG132) or the IKKf inhibitor (AS602868) demonstrated
that the pharmacological targeting of NF-kB induced cell death in AML cells both in vitro and in vivo,
without affecting normal bone marrow CD34*CD38~ cells [78,80,81]. This led to the conclusion that
AML cells are highly dependent on NF-«B signaling for their survival compared to normal bone
marrow cells—a dependency that constitutes a therapeutic window for NF-kB targeting strategies.

Genetic alterations of NF-xB genes have not frequently been found in myeloid leukemia,
suggesting that the origin of sustained NF-«B activation is different in AML than in other
lymphoid malignancies. NF-kB activation is therefore a direct consequence of the chromosomal
translocations/mutations that are characteristic of the different AML subtypes. The t(8;21) translocation
is one of the most frequent ones found in AML, and produces the chimeric protein AML1-ETO.
In normal hematopoietic cells, AML1 represses NF-kB signaling by interacting with the IKK complex,
preventing their activation. AML1/ETO is unable to interfere with the activation of the IKK complex,
leading to increased IKK activity, and consequently to aberrant NF-«B signaling [82].

Mutations in the C/EBPax (CCAAT /enhancer binding protein ) gene are detected in 10-15% of
AML patients. C/EBPa and C/EBP« leucine zipper mutants could bind to the p50 gene promoter,
thereby elevating the expression of p50 protein. Moreover, p50 regulates C/EBPx expression in
a positive feedback loop. It has also been shown that C/EBP« oncoproteins physically interact with
p50 homodimers at the promoter site of the anti-apoptotic genes BCL-2 and C-FLIP. As a consequence,
C/EBP« proteins have the capacity to displace histone deacetylases (HDAC) from p50 homodimers to
activate NF-kB target genes whose expression would otherwise be repressed [83,84].

Deletions involving the long arm of chromosome 5—del(5q)—are a common cytogenetic
defect in high-risk MDS/AML (Myelodysplastic Syndrome/Acute Myeloid Leukemia). del(5q)
MDS/AML employs an intrachromosomal gene network involving the loss of miR-146a and
haploid overexpression of p62 via NF-«kB to sustain a TRAF6/NF-«kB signaling for cell survival and
proliferation [85]. p62 facilitates K63-linked polyubiquitination of TRAF6, and consequently initiates
NF-«B signaling.

The receptor tyrosine kinase Fms-like tyrosine kinase 3 (FLT3) is highly expressed in most
patients with AML, and nearly 30% of them possess an internal tandem duplication (ITD) within
the juxtamembrane domain that is associated with a poor outcome. The constitutive activation of
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FLT3-ITD is responsible for IKK activation through phosphorylation, thereby inducing the canonical
NF-«B pathway [86]. However, FLT3-ITD also enhanced the phosphorylation and activation of TAK1
to activate the non-canonical NF-«B pathway [87]. TAK1-activated p52 binds to HDAC to repress
transcription of DAPK1 (Death-Associated Protein Kinase 1)—an essential player in endoplasmic
reticulum stress-induced apoptosis.

Since a proportional subset of AMLs express high levels of various cytokines, including the
NF-«kB activators TNF«, IL-1, and IL-6, autocrine signaling is also involved in constitutive NF-xB
activation [88,89].

Disease progression is supported by cross-talk between AML cells and the bone marrow
microenvironment. It has recently been shown that the engagement of VCAM-1 (vascular cell adhesion
molecule 1) on stromal cells with VLA-4 (very late antigen 4) on AML cells induces reciprocal NF-«B
activation in leukemia and stromal cells and triggers stroma-mediated chemoresistance [90].

Chronic myeloid leukemia (CML) is characterized by the chromosomal Ber-Abl translocation, leading
to the expression of the Ber-Abl fusion oncoprotein that exhibits constitutive tyrosine kinase activity.
Almost 20 years ago, NF-kB was described as an essential component of Bcr-Abl signaling [91,92].
Five years later, Kirchner et al. showed an NF-«B activation in primary CML samples from blast crisis
patients for the first time [93]. Using a Ber-Abl-transduced BaF3 cell line—an IL-3-dependent murine pro
B-cell line—they showed that NF-«B activation is IKK-independent, but instead requires Ras activation.
Nevertheless, other studies confirmed a contribution of IKKf3 to the constitutive NF-«B activity observed
in CML primary cells and cell lines. In these studies, two IKKf inhibitors (PS-1145 [94] and AS602868 [95])
were able to promote apoptosis of CML primary cells. In particular, AS602868 was also efficient on CML
cells expressing a T315I Ber-Abl mutant that is resistant to all known tyrosine kinase inhibitors [95].

The microenvironment also plays a key role in the regulation of NF-«B signaling in CML.
For instance, TNF-« supports the survival of CML stem/progenitor cells by promoting NF-xB/RelA
pathway activity and expression of the interleukin 3 and granulocyte/macrophage-colony stimulating
factor common f3-chain receptor [96]. In CML, Ber-Abl up-regulates TGF-f3 1 expression, and released
TGEF-f 1 activates a PI3K/Akt/NF-kB/MMP9 signaling pathway from the stroma that subsequently
results in the release of s-KitL and s-ICAM-1 (InterCellular Adhesion Molecule 1), ultimately enhancing
the recruitment and mobilization of tumor stem cells to the peripheral circulation [97].

4. Conclusions

While a constitutive activation of NF-«kB appears to be a frequent event in most (but not all)
hematologic malignancies, it is amazing to observe that it results from a great variety of mechanisms
and affects both the canonical and the non-canonical pathways. It is surprising that only rare
mutations have been reported in the genes coding for the kinases that govern the two flavors of
NF-kB activation—namely, IKKa and IKKf for the classical pathway, and NIK and IKKe« for the
atypical one. For instance, it would have been expected that a mutated active IKK« that could
activate both NF-«B pathways would have been found in many cases. Activating mutations have
been reported for IKKf in few (8/117) cases of MZL. It is possible that the active forms of these
three kinases are too deleterious to be selected by cancer cells. In the opposite situation, inactivating
mutations and deletions affecting the genes for IKK«, IKKf3, and NEMO have been described as
generating several inherited diseases that display immune or developmental defects [98]. Constitutive
NE-kB activation results from four main mechanisms: the presence of NF-«B activators in the leukemic
environment, activating mutations in positive NF-«B regulators, invalidating mutations in NF-xB
negative regulators, and finally, genetic defects resulting in amplifications of mutations of several
NF-kB subunits. This diversity likely allows the stimulation of specific functions of NF-«B pathways
without being too harmful. The specific consequences of activation of either the canonical or the
non-canonical pathways on transformed cells are not presently known. One possibility to explore is
that they may combine with different oncogenic events.
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Interestingly, in several situations, it appears that the dysregulation of NF-«B follows two phases.
In the first, the abnormal and sustained NF-kB activation results from influences from the leukemic
microenvironment that secretes NF-«B activators or from chronic inflammation due to a bacterial
infection and/or antigenic stimulation. Then, in a second phase, the occurrence of genetic events
provides an autonomous activation of NF-«kB that appears to lock on NF-«B activation to support
further and complete transformation of the cell. A genetic activation of NF-«B is likely to be stronger
and more sustained than upon chronic inflammation, which may result in a higher level of transcription
of target genes, but could also modify the quality of the repertoire of activated genes.

The diversity in the defects that lead to abnormal NF-«B activation makes the possibility of finding
a universal target difficult. Targeting IKKf3 to block the canonical NF-kB pathway has been tempered
by the fact that inhibition of IKKf3 leads to enhanced IL1§ expression and excessive inflammation [99].
Nevertheless, the different kinases [100] or proteases such as MALT1 [101] that participate in NF-«B
activation are being evaluated as potential targets.
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Abstract: Multiple myeloma(MM), an incurable plasma cell cancer, represents the second most
prevalent hematological malignancy. Deregulated activity of the nuclear factor kappaB (NF-«kB)
family of transcription factors has been implicated in the pathogenesis of multiple myeloma.
Tumor microenvironment-derived cytokines and cancer-associated genetic mutations signal through
the canonical as well as the non-canonical arms to activate the NF-«kB system in myeloma cells.
In fact, frequent engagement of both the NF-kB pathways constitutes a distinguishing characteristic
of myeloma. In turn, NF-kB signaling promotes proliferation, survival and drug-resistance
of myeloma cells. In this review article, we catalog NF-«B activating genetic mutations and
microenvironmental cues associated with multiple myeloma. We then describe how the individual
canonical and non-canonical pathways transduce signals and contribute towards NF-«kB -driven
gene-expressions in healthy and malignant cells. Furthermore, we discuss signaling crosstalk
between concomitantly triggered NF-kB pathways, and its plausible implication for anomalous
NF-«B activation and NF-«B driven pro-survival gene-expressions in multiple myeloma. Finally,
we propose that mechanistic understanding of NF-kB deregulations may provide for improved
therapeutic and prognostic tools in multiple myeloma.

Keywords: NF-«B; multiple myeloma; canonical; non-canonical; mutations; microenvironment;
cytokines; crosstalk; gene-expressions

1. General Introduction

Heterogeneous cancer-associated mutations often influence the interaction of malignant cells
with their microenvironment that modifies therapeutic outcomes. Therefore, an understanding
of the molecular mechanism underlying the coordinated functioning of genetic mutations and
microenvironmental cues may have significance for the effective management of neoplastic diseases.
Within the tumor microenvironment, immune cells as well as stromal cells secrete a diverse array of
pro-inflammatory cytokines, which activate key pro-survival signaling pathways in malignant cells.
Of particular importance is the NF-kB system, which forms a major link between cancer and
inflammation. Interestingly, sequencing of cancer genomes revealed recurrent gain-of-function
mutations in genes encoding key positive regulators of NF-«B signaling and inactivating genetic
aberrations in negative regulators of this pathway. Multiple myeloma (MM), a plasma cell malignancy,
provides one of the best examples where a number of mutations have been mapped onto the
NF-kB pathway. In addition, microenvironment-derived signals were also shown to modulate
NE-kB-dependent gene expressions in myeloma cells. Here, we briefly review multiple myeloma and
the NF-kB signaling system. We then discuss the NF-«B-activating genetic lesions associated with MM
and the role of the tumor microenvironment in reinforcing NF-«B signaling in cancerous cells. Finally,
we elaborate interdependent regulations of NF-«B-activating pathways in MM.
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2. Multiple Myeloma—Epidemiology and Aetiology

Multiple myeloma is the second most widespread hematologic malignancy after non-Hodgkin
lymphoma, with a global estimate of 103,826 new cases and 72,453 mortalities annually [1]. The
disease is more prevalent in men than in women, and the median age at diagnosis is 66 years [2]. The
disease incidence also varies with ethnicity, being more prevalent among Caucasians than in Asians [1].
The American Cancer Society estimates that about 30,770 individuals (16,400 men and 14,370 women)
will be diagnosed with this disease in the USA in 2018 (https:/ /cancerstatisticscenter.cancer.org /#!
/cancer-site/Myeloma; accessed on 10 March 2018). Indeed, it has been found that the incidence
and the mortality rate are significantly higher in African Americans as compared to their Caucasian
counterparts [3]. Various studies estimate that the incidence of MM in India is around 1.2-1.8 per
100,000 individuals.

MM is characterized by the clonal proliferation of cancerous plasma cells (PCs) in the bone marrow
microenvironment and an associated increase in the level of monoclonal (M) protein in blood and
serum [4]. Myeloma cells are characterized by high rates of somatic hypermutation of immunoglobulin
(Ig) genes and isotype class switching, but differ from healthy PCs with respect to the abundance
of certain cell surface molecules, including CD138 and CD38 [5,6]. In most cases, MM develops
from monoclonal gammopathy of undetermined significance (MGUS) and smouldering MM (SMM)
(Figure 1), conditions that involve high levels of M-protein and bone marrow (BM) plasmacytosis [7].
Clinical manifestations of MM include lytic bone lesions, hypercalcemia, cytopenia, renal dysfunction,
hyperviscosity and peripheral neuropathy [8].
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Figure 1. Development of multiple myeloma (MM) from plasma cells. Progression of MM from
post-germinal center plasma cells to symptomatic myeloma occurs through intermediate MGUS
(monoclonal gammopathy of undetermined significance), and SMM (smouldering MM) stages.
Plasma cells associated with MGUS and SMM may display chromosomal abnormalities, which trigger
cellular transformation. Cancerous plasma cells acquire additional, secondary genetic mutations,
which support tumor growth by activating key signaling pathways in malignant cells. Finally, cell-cell
communications, which involve physical interactions between cancerous cells and cancer-associated
stromal cells, and secretion of cytokines and other soluble factors, promote survival and proliferation
of myeloma cells within the bone marrow microenvironment.

Therapeutic intervention for MM currently involves six categories of medication—(1)
immunomodulatory drugs (IMiDs) such as lenalidomide and pomalidomide; (2) proteasome inhibitors
(PIs) such as bortezomib, carfilzomib, and ixazomib; (3) histone deacetylase inhibitors such as
panobinostat; (4) monoclonal antibodies (MAbs) such as daratumumab and elotuzumab; (5) DNA
alkylating agents; and (6) glucocorticosteroids [9]. Recent advancement in the management of the
disease led to a substantial improvement in the 5-year survival rate in MM. The 5-year relative survival
percent reported in the SEER database of the National Cancer Institute, USA steadily improved
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from 24.6% in between 1975-1977 to 52.4% in between 2008-2014 (https:/ /seer.cancer.gov/csr/1975_
2015/browse_csr.php?sectionSEL=18&pageSEL=sect_18_table.08.html; accessed on 14 May 2018).
The disease, however, remains incurable because of widespread drug-resistance and relapse in
most patients.

Although it is difficult to pinpoint the exact trigger of MM, karyotyping and DNA sequencing
studies involving patient-derived cells or MMCLs identified several genomic translocations and
mutations (Table 1 and Figure 1). The frequency and extent of these genetic aberrations were
substantially augmented in individuals with advanced-stage disease or poor prognosis and in those
with refractory MM unresponsive to therapy [10-13]. Nearly half of the MM tumors are hyperdiploid,
characterized by trisomies of chromosomes 3, 5, 7, 9, 11, 15, 19 and 21 [14]. The non-hyperdiploid
MM is associated with chromosomal translocations involving the immunoglobulin heavy-chain (IgH)
locus and the loci encoding MMSET, FGFR3, CCND3 (cyclin D3), CCND1 (cyclin D1), MAF (c-Maf)
or MAFB [15-20]. Moreover, duplications involving chromosome 1 and deletions affecting several
other chromosomal arms have been associated with the onset of the disease [21-23]. Mutational events
secondary to oncogenic transformation have also been reported in MM [24]. For example, frequent
mutations have been observed in RAS-encoding NRAS and KRAS genes that triggered aberrant
MAPK activity [25]. In addition, secondary mutations were mapped onto genes implicated in NF-kB
regulations (discussed later), CDKN2C that encodes cyclin-dependent kinase inhibitor 2C [26], TP53
expressing the tumor suppressor p53 [27] and MYC that codes for the proto-oncogene cMyc [28].
Disease progression is also influenced by physical or cytokine-mediated interactions between myeloma
cells and the bone-marrow stromal cells. These cell-to-cell communications further inform the
proliferative and anti-apoptotic program by modulating the NF-«B activity in myeloma cells.

The complex mutational landscape, which produces bioclinical heterogeneity, presents a
significant challenge in the management of multiple myeloma. Risk-prediction based on traditional
biomarkers measured using solely protein analysis and conventional cytologic assays often do not
match with the actual patient outcomes and exhibit poor correlation with the minimal residual
disease (MRD). Cutting-edge next-generation sequencing (NGS) technology has now made it possible
to acquire a more comprehensive view of genomic alterations in MM. NGS not only offers genome-scale
data but can also detect very low-frequency mutations [29]. Not surprisingly, NGS-based methods
substantially improved the sensitivity of MRD detection in MM [30]. Furthermore, NGS provides for
reliable measurement involving both bone-marrow samples and blood biopsies, enabling non-invasive
diagnosis of MM. In fact, these high-throughput sequencing technologies helped to define the
mutational landscape of bone-marrow resident as well as circulating myeloma cells at single-cell
resolution [31]. As discussed later, NGS-based studies were also instrumental in charting NF-xB
deregulating mutations in MM. In this article, we have focused on NF-kB deregulations in MM; for a
more comprehensive description of MM and the underlying genetic as well as cell-signaling anomalies,
please see [4,32].

Table 1. Genetic abnormalities in multiple myeloma (MM).

Genetic Abnormalities Genes or Chromosomes Affected Comments References
Hyperdiploidy chromosomes 3, 5,7,9, 11, 15,19, 21 :&:ﬁ:‘;’“al role in the pathogenesis of MM remains [12,14]
Monosomy chromosome 13 Functional role of remains unclear. [11]
(11;14)(q13;q32) CCND1 Upregulate the expression of oncogenes encoding [15,16]
Frequent IGH t(4;14)(p16;q32) FGFR3 cyclin D1 and fibroblast growth factor receptor 3. Y
translocations Upregulate the expression of MMSET, which
t(4;14)(p16;q32) MMSET/WHSC1 ~ methylates chromatin-associated proteins and [17]

modulates their functions.
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Table 1. Cont.

Genetic Abnormalities Genes or Chromosomes Affected Comments References
Relatively rare (14;16)(q32;q23) MAF These chromosomal translocations cause
lransloca};ions (14;20)(q32;q11) MAFB deregulated expressions of cell cycle regulators, [18-20]
(6;14)(p21;q32) CCND3 including cyclin D2 and cyclin D3.
Duplication chromosome 1 (1q) Increased incidences in advanced MM, functional 23]
roles are unclear.
1p, 6q, 8p, 12p, 14q, 16q, 17p, 20p Functional role remains unclear. [21,22]
BIRC2
BIRC3 Frequent homozygous deletions, which disrupt the 133,34]
TRAF3 function of various inhibitors of the NF-kB system. !
Deletions CYLD
Heterozygous deletions, which inactivate the
TNFAIP3 inhibitor of IKK, A20. 1351
Abrogate the function of the tumor suppressor
CDKN2C protein cyclin-dependent kinase inhibitor 2C. (201
Gain-of-function mutations in NRAS and KRAS
NRAS ) S .
trigger aberrant MAPK activity and are associated
KRAS . . L [25]
BRAF with the progression of MM, mutations in the
Gene mutations BRAF oncogene promote myeloma growth.
Abrogate the expression of p53 tumor suppressor
P53 in advanced MM. 271
8924 locus MYC Upregulate the expression of the MYC oncogene. [28]
rearrangements

3. The NF-«kB Signaling System

The nuclear factor kappa B (NF-«B) system functions in a wide variety of cells and coordinates
innate and adaptive immune responses. Not surprisingly therefore, deregulated NF-«B activities
have been implicated in several human ailments, including hematologic cancers [36,37]. The NF-«B
family consists of five structurally related monomeric subunits: RelA (also called p65), RelB, c-Rel,
p50 (encoded by NFKBI and produced as a precursor protein p105) and p52 (encoded by NFKB2
and produced as a precursor p100). Combinatorial association of the mature subunits generate
15 possible homo- or heterodimeric transcription factors, with the most prevalent being the RelA:p50
and the RelB:p52 dimers. The NF-«B proteins possess a conserved Rel homology region (RHR) in
their N-termini that contains the domains for dimerization and DNA binding as well as a nuclear
localization sequence (NLS). NF-kB dimers recognize a broad consensus DNA sequence known as the
kB motif, which is represented as: 5-GGRN(W)YYCC-3' (where R denotes A or G; N denotes A, C, G
or T; W denotes an A or T; Y denotes T or C) [38]. In resting cells, NF-«B factors are held inactive in the
cytoplasm by inhibitor proteins. Extracellular stimuli trigger the canonical (also known as classical) or
the non-canonical (also known as alternative) NF-«B pathway to induce translocation of NF-«B dimers
into the nucleus, where they mediate the expression of hundreds of immune and stress response genes
as well as immune-differentiating and pro-survival factors.

4. The Canonical NF-kB Activation Pathway

Activation of canonical NF-«B signaling: inhibitory IkB proteins, including the major isoform
IkBox as well as IkBf and IkBe, sequester pre-existing NF-«B dimers in the cytoplasm of unstimulated
cells [39]. Signals emanating from cytokine receptors such as tumor necrosis factor receptor-1 (TNFR1),
pathogen-sensing receptors such as Toll-like receptors (TLRs), and B- or T-cell antigen receptor (BCR or
TCR) engage the canonical NF-«B pathway to activate NF-«B dimers from the IkB-inhibited complexes
(Figure 2A). Central to this pathway is the trimeric IkB kinase (IKK) complex, which is comprised of
two catalytic subunits IKK1 (also known as IKK«) and IKK2 (also known as IKK{3) and a regulatory
subunit NEMO (also known as IKKy). However, the enzymatic activity of IKK2, and not IKK1,
was found to be essential for triggering of the canonical pathway. Intracellular adaptor proteins
belonging to the receptor-interacting serine/threonine-protein (RIP) and TNF receptor-associated
factor (TRAF) families promote signal-induced activation of TGFf activated kinase-1 (TAK1), which in
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turn phosphorylates and activates IKK2. In particular, K63-linked polyubiquitination of TRAF2 and
TRAF6 as well as NEMO nucleates the assembly of a receptor-proximal complex, which coordinates the
activation of upstream kinases of the canonical NF-kB pathway [40]. Indeed, deubiquitinating enzymes
such as CYLD and A20 function as important negative regulators of NF-«B signaling. The activated
IKK complex, in turn, phosphorylates IkBx, IkBf3 and IkBe that induce K48-linked polyubiquitination
and proteasomal degradation of these classical IkBs, and consequent release of the bound NF-xB
dimers into the nucleus.
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Figure 2. NF-«B activating pathways. The NF-kB system consists of (A) the canonical and
(B) the non-canonical pathways. In general, immune-activating cues activate the canonical pathway,
which stimulates the synthesis of pro-inflammatory and pro-survival factors involving the
RelA NF-«kB activity; and non-canonical signaling triggers RelB NF-kB activation during
immune differentiation.

Target genes of the canonical NF-kB pathway: in most cell-types, canonical signaling activates
RelA:p50 and c-Rel:p50 heterodimers. Once in the nucleus, these NF-«kB heterodimers induce the
transcription of an array of genes (see http://www.bu.edu/nf-kb/ for a complete list). Importantly,
IkBa itself is encoded by an NF-kB target gene; NF-kB-dependent re-synthesis of IkBa constitutes a
negative feedback loop that entails sequestration and nuclear export of NF-kB dimers by IkBx and
post-induction attenuation of the canonical NF-«B response. Indeed, coordinated degradation and
re-synthesis of classical IkBs allow a tight control over the amplitude and the duration of the NF-«B
activity induced in the canonical pathway [41]. There are several other review articles, including
that of Mitchell et al. [41], that provide further details of the regulatory mechanisms underlying the
activation and post-induction attenuation of canonical NF-kB signaling.

Other NF-«kB-target genes encode tumor-promoting, pro-inflammatory cytokines such as TNF,
IL-1 and IL-6 (Interleukin 6); growth-stimulating cytokines and factors such as IL-2, GM-CSF
(granulocyte-macrophage colony-stimulating factor), M-CSF and CD40L; cell-adhesion molecules
such as ICAM-1 (intercellular adhesion molecule-1) and stress response mediators such as iNOS
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(inducible nitric oxide synthase). In addition, NF-«kB factors also modulate cell-cycle progression
by mediating the expression of cell-cycle regulators, such as cyclin D1. Notably, NF-«B proteins
promote cell survival by triggering the expression of genes encoding anti-apoptotic proteins, such as
cFLIP (cellular FLICE (FADD-like IL-1B-converting enzyme)-inhibitory protein), Bcl-2, Bel-xL, XIAP,
cIAPs (cellular inhibitors of apoptosis) and survivin. Indeed, RelA was shown to play a critical role
in protecting cells from apoptotic death [39]. The canonical NF-«B signaling has been implicated in
both innate and adaptive immune responses to a variety of microbial substances. In particular, B cell
maturation antigen (BCMA), which activates the canonical NF-«kB pathway, was shown to be required
for the maintenance of long-lived plasma cells [42,43]. Previous studies, in fact, identified NF-xB
transcriptional signatures in plasma cells isolated from the bone marrow of healthy individuals [34].
Moreover, canonical signaling supported the survival of plasma cells in vitro [44]. These observations
indicated possible engagement of the canonical pathway in normal bone-resident plasma cells in
physiological settings.

5. The Non-Canonical NF-kB Activation Pathway

Activation of non-canonical NF-«B signaling: the non-canonical NF-«B pathway is activated
by cell-differentiating and organogenic cues, that engage B-cell maturating BAFFR (B cell activating
factor receptor), CD40 (cluster of differentiation 40), osteoclast differentiating RANK (receptor activator
of NF-kB) or lymph node-inducing lymphotoxin-f3 receptor (LTR) [45]. The Nfkb2-encoded NF-xB
molecule p100 regulates nuclear activation of RelB NF-kB dimers in the non-canonical pathway
(Figure 2B). As a constituent of the multimeric IkBsome complex, p100 utilizes its C-terminal
ankyrin repeat domain for sequestering primarily the RelB NF-«kB factors in the cytoplasm of
unstimulated cells [46,47]. Non-canonical signaling requires phosphorylation and activation of IKK1
by NF-kB inducing kinase (NIK) and does not involve IKK2 or NEMO [48]. NIK, in association
with activated IKK1, phosphorylates p100 [48-50]. Subsequent K48-linked polyubiquitination and
proteasomal action removes the C-terminal inhibitory domain of p100 that not only generates the
mature p52 NF-«kB subunit but also liberates the RelB:p52 and the RelB:p50 NF-«B heterodimers
from the IkBsome into the nucleus [51]. Unlike canonical signaling, which triggers a strong yet
transient RelA or c-Rel containing NF-«B response, non-canonical signaling elicits a sustained RelB
NF-«B activity. In physiological settings, RelB activated by non-canonical signaling isthought to play a
rather limited role in immune cell maturation and immune organogenesis, including B-cell maturation,
dendritic cell activation, bone homeostasis and lymphoid organogenesis. Importantly, IKK1 and RelB
as well as p100 have been implicated in the survival of post-germinal center plasma cells [52,53].
If the non-canonical NF-«kB pathway modulates the survival of long-lived bone marrow plasma cells,
the healthy counterpart of myeloma cells, remains unclear.

Interestingly, NIK is regulated at the level of protein stability. A complex composed of
TRAF3, TRAF2 and cIAP1/2 targets NIK for K48-linked polyubiquitination that causes proteasomal
degradation of NIK in resting cells. Non-canonical stimuli degrade TRAF3 and TRAF2 and rescue NIK
from the constitutive destruction; NIK then marks p100 for proteasome processing [54,55]. In addition,
it was proposed that IKK1-mediated phosphorylation triggers proteasomal degradation of NIK and
consequent termination of non-canonical signaling [56].

Target genes of RelB NF-«B: while immune-activating substances trigger canonical signaling,
immune-differentiating cues signal through the non-canonical pathway. RelA or c-creRel dimers
activated by canonical signaling induce the expression of a wide spectrum of immune and stress
response genes as well as pro-survival factors. It was originally suggested that RelB NF-«B dimers
activated by the non-canonical pathway induce preferentially the expression of genes encoding
organogenic chemokines and immune differentiating factors [45]. Indeed, the RelB:p52 dimer was
shown to bind to the variant kappaB site present in the promoters of homeostatic chemokine genes,
including stromal cell-derived factor 1« (SDF1w), and selectively activate their expressions [57-59].
Accordingly, it was postulated that stimulus-selective gene-expressions are achieved through the
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engagement of distinct NF-«kB dimers, which possess non-redundant DNA binding specificity [38].
However, this notion has been contested by several other studies. In fact, protein-binding microarrays
(PBMs) and surface plasmon resonance (SPR) analyses indicated that RelA:p50, c-Rel:p50 and RelB:p52
heterodimers not only bind to identical B sites, but they also show similar affinities towards
DNA [60]. Moreover, ChIP-seq analyses demonstrated that various NF-«B subunits occupy equivalent
chromatin sites in vivo [61,62]. Finally, RelB was shown to activate the expression of at least a subset
of RelA-target genes, including those encoding pro-inflammatory cytokines and pro-survival factors,
in mouse-derived knockout cells, specialized immune cells, and cancerous cells [63—-65]. Therefore,
regulatory mechanisms separate from DNA binding appear to dictate stimulus-specific expressions
of NF-kB-dependent genes [66]. It is likely that dynamical control of the activated NF-kB dimers,
signal-induced chromatin modifying events, other co-regulated transcription factors and their
potentially different interaction with NF-kB proteins impact stimulus specific gene-expressions. Clearly,
additional studies are warranted for unraveling how these individual NF-«kB-activating pathways direct
specific gene-expression programs in physiological settings. For further reading on non-canonical
NF-«B signaling, please see other review articles including that of Shao-Cong Sun [45].

6. NF-«B Deregulating Mutations in Multiple Myeloma

As early as in 2007, two research groups independently reported the presence of NF-«kB-activating
mutations in MM [33,34]. Annunziata et al. observed NF-kB-related genetic anomalies in 28% of
the MM cell lines (MMCL) and 9% of the primary MM tumors [33]. Keats et al. examined 155 MM
samples using high-resolution array-based comparative genomic hybridization (aCGH) and gene
expression profiling (GEP) [34]. Their study mapped close to 20% of the mutational events onto the
genes encoding the mediators and effectors of NF-«B signaling. These pioneering studies identified
MM-associated mutations in both canonical and non-canonical arms of the NF-«B system (Table 1).
The most common genetic abnormalities affecting the canonical pathway were: gain-of-function
mutations in the gene encoding the TACI receptor (transmembrane activator and CAML interactor)
that mediates canonical signaling; homozygous deletions of CYLD; and amplifications of NFKB1,
which produces p50. Frequently occurring genetic aberrations pertinent to the non-canonical pathway
included gain-of-function mutations and amplifications of genes encoding LTBR, CD40 and NIK;
frameshift mutations and deletions associated with NFKB2 that resulted in the production of a
truncated p100 devoid of the C-terminal inhibitory domain; and mutational inactivation or deletion of
genes encoding negative regulators, such as TRAF2, TRAF3, cIAP1 and cIAP2.

Subsequent studies substantiated the prevalence of NF-kB-activating mutations in MM.
Parallel sequencing of 38 tumor genomes catalogued 10 point-mutations and four structural
rearrangements associated with 11 distinct genes, which directly or indirectly control
NF-«B functions [67]. The deregulated genes linked to canonical signaling included TLR4;
TNFRSF1A, which encodes TNFR1, IKBKB, which expresses IKK2; IKBIP, which encodes an
IKK2-interacting protein; CARD11, MAP3K1 and RIPK4 that code for various IKK2-activating proteins;
CYLD; BTRC, which encodes a ubiquitin ligase involved in signal-induced degradation
of IkBa. The mutated genes encoding non-canonical signal transducers included MAP3K14,
which produces NIK, and TRAF3. In a separate study, samples derived from 177 and 26 myeloma
patients were subjected to whole-exome and whole-genome sequencing, respectively [25].
This high-throughput analysis identified homozygous deletions in 32 genes, including CYLD
and TRAF3. Similarly, 17% of the 463 patients enrolled in the National Cancer Research Institute (UK)
Myeloma XI trial possessed NF-kB-activating mutations, which affected most frequently CYLD and
TRAF3 [68]. Finally, a recent study identified recurrent loss-of-function mutations in the gene encoding
the negative regulator of IKK2, A20 [35].

These mutations are associated with a diverse set of genes, but result invariably in the pathological
activation of a handful of key signaling pathways, particularly the NF-kB-activating pathways.
Therefore, it is tempting to speculate that an “NF-kB-high phenotype,” and not any particular
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genetic lesion, is enriched in MM and exacerbates the disease pathogenesis. MM-associated mutations
potentially promote the nuclear activity of RelA and RelB heterodimers and trigger NF-«kB-driven
gene expressions. As such, heightened NF-«B activity has been implicated in the growth of
myeloma cells, and in their resilience against apoptotic insults. Indeed, gene expression profiling of
hyperdiploid multiple myeloma revealed a distinct patient cluster characterized by the overexpression
of NF-kB-target genes, including anti-apoptotic genes [69]. Curiously, patients belonging to this
NF-kB-signature cluster responded substantially better to bortezomib, a proteasome inhibitor that
blocks degradation of IkBs, as compared to other patient groups (70% versus 29%; p = 0.02). This study
underscored the importance of mutational activation of NF-kB signaling in the pathogenesis of MM.

7. NF-kB-Related Microenvironmental Cues in Multiple Myeloma

Unlike most other hematological malignancies, development of symptomatic myeloma
obligatorily involves a tumor-promoting microenvironment that is provided by the bone marrow
niche [70,71]. Within the bone marrow microenvironment, myeloma cells interact with accessory cells,
including bone marrow stromal cells (BMSCs), osteoclasts, osteoblasts and endothelial cells.
These physical contacts provoke tumor-associated non-cancerous cells to produce various
soluble factors, including cytokines and chemokines. Cell-cell communications involving physical
interactions as well as soluble mediators, which engage autocrine and paracrine loops, activate
NF-«B and other key signaling pathways in both non-malignant and malignant cells. Heightened
NF-«B signaling leads to further accumulation of tumor-promoting cytokines and growth factors,
which support growth, survival and drug-resistance of myeloma cells [70].

For example, IL-6 acts as an important growth and survival factor in MM. Upon adhering
to myeloma cells, BMSCs activate the canonical NF-«B pathway, which induces the expression
of IL-6 [72]. Additionally, myeloma cell-derived IL-13, also encoded by an NF-kB-target gene,
promotes IL-6 production by inducing canonical NF-«kB signaling in BMSCs [73]. In turn, IL-6
binds to the cognate receptor and induces pro-proliferative and pro-survival gene-expressions in
myeloma cells. Furthermore, IL-6 induces the production of vascular endothelial growth factor (VEGEF),
which promotes angiogenesis and neovascularization in the tumor microenvironment [74]. Importantly,
some of the VEGF isoforms are encoded by NF-«B-target genes [75]. Bone marrow stromal cells
also secrete insulin-like growth factor 1 (IGF1), which in myeloma cells induces NF-kB-dependent
expression of anti-apoptotic genes [76,77]. Pro-inflammatory cytokine TNF activates canonical NF-«B
signaling in both BMSCs as well as myeloma cells, and is also produced by the canonical pathway.
TNF not only supports the pro-inflammatory tumor microenvironment but also induces the expression
of important NF-«B-target pro-survival factors in myeloma cells [78]. Indeed, disruption of the TNF
autocrine loop was shown to sensitize myeloma cells to apoptosis-inducing anticancer drugs ex
vivo [79]. More so, it has been suggested that therapeutic efficacy of thalidomide and lenalidomide
in MM in part relies on their ability to inhibit pro-inflammatory cytokines such as TNF-a, IL-13, and
IL-6 [80,81].

MM is also associated with an increased abundance of B-cell activating factor (BAFF), which
activates non-canonical NF-«B signaling via BAFFR in addition to TACI-mediated induction of the
canonical pathway [82]. As such, BAFF is thought to support growth and survival of myeloma
cells and contribute to poor disease prognosis [83]. Importantly, a proliferation-inducing ligand
(APRIL) also signals through TACI as well as BCMA, and constitutes an important bone-marrow
microenvironmental factor in MM [70]. Of note, targeting of BCMA in chimeric antigen receptor
T cell (CAR-T cell) based therapy of MM produced promising results in initial clinical trials [84].
Moreover, myeloma cells produce RANKL, which promotes MM-associated bone loss by inducing
osteoclast differentiation through the non-canonical NF-«B pathway [85]. It was shown that physical
interaction of myeloma cells with the extracellular matrix (ECM) component fibronectin per se induces
a RelB-dependent, pro-survival NF-kB signaling in cancerous cells [86]. Finally, non-canonical signaling
in BMSCs produce the RelB-target homeostatic chemokine SDF1«, which directs homing of myeloma
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cells to the bone marrow niche [87]. In sum, autocrinal as well as paracrinal cytokine signals,
cell—cell and cell-ECM adhesion mechanisms seem to activate both canonical and non-canonical
NF-«B signaling in myeloma cells as well as in tumor-associated non-malignant cells.

8. Interactions between NF-«B Signaling Pathways and Multiple Myeloma

Concomitant activation of canonical and non-canonical NF-kB signaling in MM: a heightened
activity of the canonical NF-«B pathway has been reported in several human malignancies. In MM,
both genetic mutations and microenvironmental cues trigger this pathway. Canonical signaling induces
the RelA NF-«B activity, which stimulates the transcription of genes encoding pro-inflammatory
cytokines and pro-survival factors. However, canonical signaling generally induces a rather transient
RelA activity ex vivo owing to negative feedback regulations. Genetic lesions and to some extent, tumor
microenvironmental cues additionally activate the non-canonical NF-«B pathway in myeloma cells.
In fact, frequent engagement of non-canonical signaling constitutes a prominent feature of MM [65].
However, the non-canonical pathway induces a sustained RelB NF-«B activity, which mediates the
expression of mostly immune differentiating and immune organogenic factors in physiological settings.
Considering relatively limited physiological functions of RelB in immune maturation, a preponderance
of mutations in the non-canonical pathway in MM appears somewhat puzzling. Nevertheless,
mutational activations of non-canonical signaling have been described in other hematological
malignancies, including chronic lymphocytic leukemia (CLL), T-cell lymphoma and cutaneous B-
and T-cell lymphomas [88]. Mechanistic analyses by several groups elucidated that the canonical and
the non-canonical pathways are interdependently regulated [89]. As elaborated below (Figure 3),
we propose that dysfunctions of an integrated NF-«B system, and not that of the individual
canonical and non-canonical pathways, cause pathological NF-«B activity in MM. In other words,
an integrated NF-kB system multiplies the effect of cancer-associated non-canonical signaling and
causes deregulation of several NF-«B factors.

A dysfunctional NF-kB system in multiple myeloma
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Figure 3. A dysfunctional NF-kB system in multiple myeloma. Various biochemical mechanisms
interlink NF-«kB-activating canonical and non-canonical pathways within an integrated NF-«B system.
Also in myeloma cells, RelA and RelB containing dimers mediate expressions of overlapping
set of anti-apoptotic genes. Multiple myeloma is associated with the gain-of-function mutation
(upward directed purple arrow) of genes encoding NF-kB activators and the loss-of-function mutation
(downward directed purple arrow) of genes encoding inhibitors of the NF-«B system. In addition,
tumor microenvironment-derived factors trigger aberrant activation of cytokine receptor signaling
(blue rectangle) in myeloma cells. As such, genetic and microenvironmental factors activate both the
NEF-kB activating pathways, and interdependent regulation of these pathways promotes pathological
NF-kB activity and reinforces NF-«B-driven expressions of pro-survival genes in myeloma cells.
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RelA NF-kB activation by non-canonical signals: Mechanistic studies involving mouse
embryonic fibroblasts (MEFs) and B cells revealed that p100 retained not only RelB but also a
sub-population of RelA and c-Rel subunits within the IkBsome complex [46,90-92]. Consistently,
disruption of the IkBsome by LTBR-induced non-canonical signaling led to concomitant nuclear
activation of both RelA and RelB NF-kB dimers [90]. Furthermore, NIK was shown to modulate
directly the activity of the NEMO-IKK complex, which controls the canonical Rel A NF-«B response [93].
Mutational activation of NIK indeed induced both canonical and non-canonical NF-«B signaling in
MMCLs [94]. In comparison to targeting one or the other pathway, dual inhibition of mediators of both
the pathways achieved significantly more anti-tumor activities in preclinical studies, which involved
MMCLs, primary patient-derived cells, and xenograft murine models [95,96]. Therefore, it appears that
NF-«B activating pathways are interlinked in MM and cooperate for promoting growth and survival
of myeloma cells.

RelB:p50 NF-«B activation by canonical signals: interestingly, canonical TNF signaling induced
an additional, long-lasting RelB:p50 activity in Nfkb2”/~ MEFs, which lacked the expression of
the non-canonical signal transducer p100 [63,97]. RelB is encoded by a NF-kB target gene [98].
Mechanistic studies clarified that RelA-dependent as well as autoregulatory mechanisms strengthened
TNF-induced synthesis of RelB, which accumulated in the nucleus as an enduring NF-«B activity in
the absence of the inhibitory p100 [63]. Curiously, it was demonstrated that Foxw?7 (F-box/WD40
repeat-containing protein 7), which supports the degradative K48-linked polyubiquitination of proteins,
marked p100 for complete degradation in myeloma cells [99]. Likewise, mutational activation of
the non-canonical pathway was associated with complete degradation of p100 in MMCLs [63].
Remarkably, NF-kB dependent RelB synthesis perpetuated a sustained RelB:p50 activity upon
TNF stimulation of these myeloma cells. This TNF-induced RelB activity was implicated in the
resistance of MMCLs harboring non-canonical pathway mutations to TRAIL-mediated apoptosis.
Furthermore, RELB mRNA levels inversely correlated with the response of MM patients to therapeutic
interventions [63]. In sum, genetic aberrations chronically activated the non-canonical pathway in
myeloma cells that led to complete degradation of p100, instead of its partial processing into p52.
p100-depleted malignant cells utilized the canonical TNF signal for eliciting a sustained, pro-survival
NF-«B activity, which was composed of the RelB:p50 dimer and dependent on the NF-«B-driven RelB
synthesis. Notably, RelA-dependent RelB synthesis was implicated in the activation of the RelB:p50
dimer in transformed B-cells [100] and invasive breast cancer cells [101]. Finally, MM-associated
mutations in the non-canonical pathway seem to exacerbate the drug-resistance of malignant cells
by altering the composition, and the dynamical control of the canonical NF-«B activity induced by
microenvironmental cues, such as TNF.

Interlinked NF-kB pathways in the regulation of RelB NF-kB: canonical signaling also
modulates the RelB:p52 activity induced by non-canonical inducers. RelA upregulates the transcription
of Nfkb2, which encodes p100 [102]. It was demonstrated that BCR-induced canonical signaling
abundantly produced p100 in mature B cells, and that apt conversion of this p100 into p52 by
the BAFF-stimulated non-canonical pathway generated a robust RelB:p52 response [103]. On the
other hand, an absence of RelA abrogated RelB synthesis and LTR-induced RelB activity [97]. It was
also proposed that p50 and p52 were generated in mouse-derived cells through an interdependent
proteasomal processing mechanism involving the respective precursor proteins p105 and p100 [97,104].
Interestingly, CD40 simultaneously activates both the NF-«B pathways and is widely expressed on
myeloma cells [105,106]. Engagement of CD40 enhances adhesion of myeloma cells to extracellular
matrix proteins and BMSCs, and induces the production of IL-6 and VEGF by malignant cells. In fact,
anti-CD40 monoclonal antibodies have been evaluated in clinical trials involving MM patients [107].
Despite the role of CD40 in the pathogenesis of the disease, CD40-mediated regulation of the RelB
NF-«B activity has not been investigated in the context of multiple myeloma. It remains unclear if
CD40-activated non-canonical signaling degrades p100 completely to promote canonical RelB:p50
activation, or crosstalk between CD40-induced NF-«B pathways contributes to aberrant RelB:p52
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activation myeloma cells. It is likely that other microenvironmental and genetic factors, either alone
or in combination, concurrently activate both the pathways in multiple myeloma. In this context,
it will be important to investigate further if ongoing canonical signaling reinforces the RelB NF-«B
activity induced by the non-canonical pathway in cancerous cells. Considering that dysfunctions
associated with an integrated NF-«B system appears to cause myeloma-associated inappropriate NF-«B
activation, further studies ought to delineate the molecular connectivity between NF-«kB pathways in
diseased cells.

9. NF-kB Driven Gene Expressions in Myeloma Cells

Aberrant activation of the NF-kB family of transcription factors in myeloma cells causes
heightened expressions of a variety of tumor-promoting cytokines, which further act in an autocrine
loop on malignant cells. Clinical studies involving serum and bone marrow samples derived
from MM patients revealed a substantially augmented level of TNF, IL-1, IL-6 and BAFF [108-111].
Analysis of MMCLs confirmed that myeloma cells were indeed capable of inducing the expression
of genes encoding tumor-promoting cytokines. In addition, enduring NF-«B signaling stimulated
cancer cell-intrinsic expressions of pro-survival factors, including cFLIP, cIAP2, Bcl-xL, Bcl2 and
Gadd450 [63,65,112]. These pro-survival factors promoted myeloma growth and imparted resilience
in cancerous cells from apoptosis-inducing chemotherapeutic agents. In addition, NF-«B signaling
has been also implicated in the elevated expression of proto-oncogenes encoding c-Myc as well as
c-Myb [113,114]. Finally, cell adhesion molecules, such as ICAM1, were produced by tumor cells in a
NF-kB-dependent manner.

It is generally thought that primarily RelA-containing heterodimers mediate the transcription of
NF-«B target genes from the kB-driven promoters, while RelB heterodimers stimulate selectively the
expression of immune differentiating factors. However, biophysical and biochemical analyses pointed
out that RelA and RelB dimers possessed rather overlapping kB DNA binding specificities [60-62].
Furthermore, it was shown that a reduced p100 level in dendritic cells enabled RelB:p50 activation by
canonical signaling and that the RelB:p50 heterodimer induced by the canonical pathway mediated
the expression of certain RelA-target genes [64]. Subsequently, Roy et al. (2017) utilized a panel of
mouse-derived knockout cells devoid of one or more NF-«kB subunits to examine the gene-expression
specificity of NF-kB heterodimers [63]. Their global-scale mRNA analyses established that RelB:p50
could largely substitute the RelA:p50 heterodimer for mediating TNF-induced expressions of NF-«B
target genes, including those encoding pro-survival factors. Interestingly, over-expression of IKK,
which selectively activates canonical signaling, or the non-canonical signal transducer NIK led to
inductions of nearly overlapping set of genes in MMCLs [94]. These studies indicated that RelA and
RelB heterodimers might coordinately control NF-«B driven gene-expressions in MM.

In contrast to its rather limited physiological functions, RelB was reported to play a critical role
in promoting survival and drug resistance of myeloma cells. This pro-survival RelB function was
attributed to RelB-dependent expressions of anti-apoptotic genes [63,65,86]. Cormier et al. (2013)
demonstrated that ~40% of newly diagnosed MM patients possessed tumor cells with heightened
nuclear RelB:p50 DNA binding activity. Their analysis further disclosed that RelB directly bound to the
promoter of several NF-«B target pro-survival genes and activated their expressions in MMCLs [65].
In MMCLs harboring gain-of-function mutations in the non-canonical NF-«B module, TNF activated
the RelB:p50 heterodimer, which similarly sustained the transcription of pro-survival genes, including
CFLIP and Bcl2 [63]. These studies identified RelB as a potent activator of pro-survival genes
in myeloma cells. However, a recent study revealed that a HDAC4-RelB complex inhibited the
transcription of pro-apoptotic gene Bim in MMCLs [54]. Further mechanistic investigations are
warranted to unravel if RelB indeed functions as an activator and a repressor in different subsets of
myeloma cells. Nevertheless, not only mutations onto the non-canonical NF-«B module are prevalent in
MM, but RelB NF-«B dimers also appear to supplement pathological RelA functions in myeloma cells.
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Taken together, intimately interlinked NF-kB pathways and a set of NF-kB transcription factors with
overlapping gene-expression specificities perpetuate pro-survival signaling in myeloma cells.

10. Conclusions

Signals derived from diverse genetic and microenvironmental factors converge predominantly
onto the NF-kB system in myeloma cells, highlighting the seminal role of NF-kB in
the pathogenesis of MM. In myeloma cells, cell-intrinsic mutations activate mostly the
non-canonical NF-«kB pathway, whereas tumor microenvironment-derived cytokines trigger largely
canonical signaling. Emerging evidence suggests that crosstalk between the NF-«kB-activating pathways
integrates mutational and microenvironmental signals to provoke anomalous NF-«B activation in MM.
In particular, NIK-dependent non-canonical signaling amplifies RelA NF-«B responses and canonical
signaling reinforces RelB NF-«kB activity in myeloma cells. Importantly, RelB-containing heterodimers
play a broader role in MM. They mediate the expression of pro-survival genes, which are traditionally
thought to be RelA targets, and supplement the anti-apoptotic RelA function by protecting myeloma
cells from apoptotic, chemotherapeutic drugs. We hypothesize that an integrated NF-«B system should
be considered in sum, for understanding further NF-«B deregulations in MM.

The constituents of the non-canonical pathway contribute to the pro-survival and pro-proliferative
program of myeloma cells via the integrated NF-«B system. In fact, an overarching role of non-canonical
signaling in MM led to active consideration of NIK as a promising drug target [115]. Future studies
should further characterize interdependent regulations of NF-«B pathways in MM, as these crosstalk
connectivities may guide disease state-specific therapeutic interventions involving dual inhibition of
both the NF-kB-activating pathways. Moreover, it remains unclear if the myeloma-associated RelB only
activates the expression of RelA-target pro-survival genes or also mediates the expression of genes that
are normally not induced by RelA. Global transcriptomic and chromatin-binding analyses involving
mouse-derived knockout cells may offer valuable insights on the identity of RelA-target, RelB-target
and generic NF-kB-dependent genes. These NF-«B gene signatures can be exploited for interrogating
genome-scale data obtained from MM patients for assessing possible involvement of NF-«B pathways
in the disease pathogenesis. Based on the outcome of such studies involving longitudinal cohorts,
the NF-kB gene signatures can be further utilized as prognostic tools for predicting disease outcome,
response to therapy, and the survival parameters of newly diagnosed MM patients. Furthermore,
such analyses can potentially inform personalized treatment regimes for achieving efficacious and
specific therapeutic interventions involving the NF-kB system. Finally, it is known that only a
subset of MGUS progresses into MM. Recent high-throughput genome sequencing studies indicated
that NF-kB-activating mutations are rather rare in the MGUS stage as compared to MM [116,117].
In this context, global transcriptomic analyses ought to address whether bone marrow-derived cues
trigger uncontrolled NF-«B activation in MGUS and if such NF-«B deregulations precede the transition
of MGUS into MM. An understanding of the mechanism that drives benign MGUS into malignant MM
may enable the development of preventive measures. In conclusion, a multi-disciplinary approach,
which involves mechanistic and clinical studies, will be indispensable for improving further therapeutic
modalities in multiple myeloma.
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Abstract: Nuclear factor-kB (NF-«B) is a transcription factor regulating a wide array of genes
mediating numerous cellular processes such as proliferation, differentiation, motility and survival,
to name a few. Aberrant activation of NF-«B is a frequent event in numerous cancers, including
glioblastoma, the most common and lethal form of brain tumours of glial cell origin (collectively
termed gliomas). Glioblastoma is characterized by high cellular heterogeneity, resistance to therapy
and almost inevitable recurrence after surgery and treatment. NF-«B is aberrantly activated in
response to a variety of stimuli in glioblastoma, where its activity has been implicated in processes
ranging from maintenance of cancer stem-like cells, stimulation of cancer cell invasion, promotion
of mesenchymal identity, and resistance to radiotherapy. This review examines the mechanisms
of NF-kB activation in glioblastoma, the involvement of NF-«B in several mechanisms underlying
glioblastoma propagation, and discusses some of the important questions of future research into the
roles of NF-kB in glioblastoma.

Keywords: brain cancer; cancer stem-like cells; DNA damage repair; glioblastoma; mesenchymal
glioblastoma subtype; NF-kB (nuclear factor-«B)

1. Glioblastoma

Glioblastoma (GBM), the most common and malignant of all gliomas, is a brain cancer
characterized by remarkable cellular heterogeneity, aggressive growth, extensive invasion of brain
tissue, and almost inevitable recurrence. It is virtually untreatable, even after combined surgery,
radiation therapy and chemotherapy, and GBM patients have an average survival of less than two
years [1-3].

GBM exhibits a build-up of a variety of poorly differentiated neural cells. At a minimum, GBM
is hypothesized to contain three cell subpopulations. One pool is thought to include relatively rare
cells with self-renewing and cancer (re)populating potential (hereafter referred to as “stem-like cells”).
A separate pool, also expected to be infrequent, is proposed to harbour cells that have exited the
cell cycle, have slow cellular turnover, but are not endowed with persistent self-renewal capacity
(hereafter referred to as “quiescent cells”). The third pool is thought to be more prevalent and diverse
and to include a collection of mitotic cells exhibiting various degrees of incomplete differentiation
(hereafter operationally defined collectively as “differentiated cells”). The GBM stem-like cell pool is
thought to be responsible for tumour (re)initiation. Both stem-like and quiescent cell pools have the
potential to act as reservoirs of undifferentiated cells able to give rise to more rapidly dividing progeny
cells. The differentiated GBM cell pool is considered as the main contributor to processes underlying
GBM development, such as tumour growth and invasion [4-9].

The cellular heterogeneity of GBM is a major obstacle on the road to treatment because the
diversity of cancer cells within the same tumour implies that they may respond differently to therapy.
Current GBM treatments usually target the differentiated cell pools. Unfortunately, these approaches
have failed to treat GBM. This situation suggests that stem-like and quiescent cell pools are not targeted
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by current therapies and may represent the population(s) responsible for GBM therapy resistance
and recurrence after surgery and treatment. Unfortunately, our understanding of the pathobiology,
and contribution to tumourigenesis, of different GBM cell pools remains limited.

To add to the complexity of GBM, emerging evidence suggests that at least some of the different
GBM cell populations are in a fluent state and can switch from one phenotype to another. In this
regard, recent studies suggest that exposure of glioma cells to therapeutic doses of temozolomide,
the compound most commonly used in GBM chemotherapy, increases the stem-like cell pool as a result
of a “differentiated-to-stem-like” phenotypic shift [9-11]. These observations suggest the existence
of dynamic relationships between different GBM cell pools, a situation presenting a remarkable
challenge to current and future GBM therapies. These findings underscore the necessity to improve
our understanding of the molecular mechanisms underlying the pathobiology of different GBM cell
populations and their contributions to gliomagenesis.

Numerous oncogenic pathways are active in GBM, and several previous reviews have addressed
how they contribute to gliomagenesis by promoting processes ranging from proliferation to invasion to
therapy resistance, e.g., [2,8,9,12,13]. This review will focus specifically on the involvement of nuclear
factor-«B (NF-kB) signaling pathways in GBM and the implications of aberrant NF-kB activation in
different GBM cell populations.

2. Nuclear Factor-«B Signalling

The term NF-kB signalling refers to several mechanisms, activated by a variety of stimuli,
which ultimately converge on the NF-«kB family of transcription factors. NF-«B is a dimeric
DNA-binding complex composed of varying combinations of five family members including
p50/NFKB1 (p50 hereafter for sake of clarity), p52/NFKB2 (p52), Rel-like domain containing protein
A (RelA/RELA (RelA), RelB/RELB (RelB), and c-Rel/REL (c-Rel) [14-19]. These molecules act
frequently as heterodimers (e.g., p50:RelA), but homodimers (e.g., RelA:RelA) have also been observed.
They regulate the expression of a wide array of genes involved in important biological processes,
such as cell proliferation, apoptosis, DNA repair, and immune and inflammatory responses, to name
a few [14-19].

NF-«B dimers are expressed in many different cell types, where they are usually kept in an inactive
(non-DNA bound) state by specific inhibitors of NF-«B (IkB) until the reception of activating signals
occurs. IkB proteins such as NF-«kB Inhibitor Alpha (NFKBIA)/IkB« (IkBx) bind NF-«kB dimers and
sequester them in the cytosol, thereby preventing DNA binding and transcriptional regulation by
the latter.

In canonical NF-kB pathways, the activation of the IkB kinase (IKK/IKBK) complex (IKK)
[composed of IKK e, IKK(3, and NF-«B essential modulator (NEMO)/IKKYy subunits] leads to IkBa
phosphorylation by IKKf, ubiquitination and proteosomal degradation of IkBx, and the ensuing
dissociation of p50:RelA-containing NF-«B dimers from IkB and the translocation of NF-kB to the
nucleus [14-19]. Canonical NF-«B activation is typically observed after stimulation of surface receptors
such as the tumor necrosis factor alpha (TNF«x) receptor 1 or the interleukin-1 receptor [14-19].

Activation of NF-«B can also occur through non-canonical mechanisms, involving NF-«B-inducing
kinase (NIK; referred to as Mitogen-Activated Protein Kinase Kinase Kinase 14 (MAP3K14) in
human cells) and p52-containing NF-«B dimers. In these pathways, acting downstream of receptors
like the B cell activating factor receptor or the lymphotoxin beta receptor, phosphorylation of the
p52 precursor form, p100 (which retains p100:RelB-containing NF-«B in the cytosol), leads to p100
proteolytic cleavage, generating p52:RelB NF-«kB dimers that can translocate to the nucleus [14-19].

A third mode of NF-«B activation, termed atypical, has also been described, most characteristically
in response to DNA double-strand breaks, replication stress or reactive oxygen species. Atypical
NF-«B activation mechanisms can be divided into two main groups, depending on whether they are
dependent or independent of the activity of the IKK complex [14,20]. In the case of IKK-dependent
atypical pathways, stressful stimuli like genotoxic stress induce the NEMO protein to translocate to
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the nucleus, where it becomes sumoylated and ubiquitinated through a mechanism dependent on the
ataxia and telangiectasia mutated (ATM) kinase. The sequential phosphorylation and ubiquitination of
sumoylated nuclear NEMO results in the export of NEMO from the nucleus to the cytosol, where the
latter activates IKKf and induces NF-kB. IKK-independent atypical pathways involve p50-containing
dimers but rely on other kinases, such as casein kinase-II, for the dissociation of NF-«kB dimers from
IkB and translocation to the nucleus [14,20].

Regulation of NF-«B signalling does not only involve nuclear translocation but also includes several
other control mechanisms, ranging from post-translational modifications of specific NF-«B subunits,
protein-protein interactions occurring at specific gene regulatory sites, as well as mechanisms of nuclear
export [14-20]. Thus, different cellular responses to NF-«B usually result from a complex combination of
specific mechanisms that may differ in their upstream stimuli and/or downstream targets.

3. Activation of NF-kB in Glioblastoma

Activation of NF-kB is a frequent event in several tumours. Deregulated NF-«B activation is often
oncogenic through the promotion of tumor growth and invasion, the suppression of programmed cell
death, as well as resistance to therapy [21,22]. Consistent with the complex nature of NF-«B activation
in response to a variety of stimuli, aberrant NF-kB activity in cancer may ensue as a result of numerous
events, including mutation or deregulated expression of genes encoding the NF-«B proteins or, more
frequently, the perturbation of the mechanisms controlling the activation of NF-kB dimers [21-25].

Aberrant constitutive activation of NF-kB is a common event in GBM [26-30]. Numerous
mechanisms have been proposed to contribute to deregulated NF-«B signalling in gliomas. For instance,
receptor tyrosine kinases, most notably epidermal growth factor receptor (EGFR) and platelet
derived growth factor receptor (PDGFR), which are often aberrantly activated in GBM, have been
linked to NF-«B activation through a number of mechanisms, involving both protein kinase B/ AKT
(AKT)-dependent and -independent pathways. Oncogenic EGFR and PDGEFR signalling mechanisms
are important contributors to tumour growth and invasion in GBM, and NF-«kB is implicated in at least
some of the tumour promoting functions of these receptors [31-35].

Loss of tumour suppressors such as phosphatase and tensin homolog (PTEN) and neurofibromin 1
(NF1) has also been linked to aberrant NF-«B activation in GBM, at least in part as a result of increased
PI3-kinase (PI3K) activity [32,35]. The depletion of the tumour suppressor, Krueppel-like factor 6
(KLF6), which acts as a negative NF-«B regulator, is also postulated to contribute to NF-kB activation
in GBM [36], and so are perturbations of TP53 biology, including both the loss and activation of the
TP53-encoded protein, p53 [37-40].

Numerous other mechanisms are suggested to contribute to aberrant NF-«B signalling in GBM,
including NF-«kB activation by peptidyl-prolyl isomerase PIN1, mixed lineage kinase 4 (MLK4),
heterozygous deletion of NFKBIA, the gene encoding IkB«, high levels of micro(mi)RNA-30e*, which
targets IkBa, as well as DNA-damage [41-45].

These combined observations underscore the involvement of aberrant NF-«B pathways in multiple
processes of GBM pathogenesis and identify several mechanisms upstream and downstream of
NF-«B signalling.

4. Role of NF-kB in Glioblastoma Stem-Like Cells

4.1. Glioblastoma Patient-Derived Stem-Like Cell Cultures

Recent advances in GBM research have enabled the derivation of cultures of stem-like cells
from surgically resected brain tumours from individual patients. These patient-derived cells exhibit
stem-like cell behaviour in vitro and can serially propagate brain tumours when implanted into the
crania of host mice under limiting dilution conditions [6-9]. GBM patient-derived stem-like cells (GSCs)
share with normal neural stem cells the ability to generate progeny cultures comprised of a mixture of
stem-like and more restricted non-stem-like descendants. This thereby offers the previously unavailable

140



Biomedicines 2017, 5,29

opportunity to study the behaviour of different GBM cell populations in mixed cultures initiated by
single stem-like cells derived from individual patients. This situation provides a physiologically
informative experimental model system to study mechanisms underlying the behaviour of different
GBM cell pools contributing to tumour initiation, development and recurrence.

4.2. Involvement of NF-xB in Glioblastoma Stem-Like Cell Maintenance

Although the characterization of the precise pattern of NF-«B activation in different GBM
cell populations remains elusive in surgically resected tissues, several studies have demonstrated
the activation of NF-«B in patient-derived GSC cultures [42,46-49]. The involvement of NF-xB
in GSCs has been examined using a number of biological assays, including studies based on the
ability of cancer cells with stem-like properties to give rise to new populations of descendant cells
(referred to as “tumourspheres”) under limiting dilution conditions. In these assays, the number of
cells /well required to generate at least one new tumoursphere is taken as an indication of the frequency
of cells with repopulating ability, a typical feature of stem-like cells.

The inhibition of endogenous NF-«B activity in patient-derived GSC cultures, using the
selective IKKf3 antagonist, Compound A, or siRNA-mediated knockdown of IKKf and/or RelA,
was shown to markedly decrease tumoursphere formation frequency, suggesting that canonical NF-xB
inhibition causes a reduction in the number of cells with self-renewal capacity. A similar effect was
observed when the non-canonical NF-kB pathway was impaired through the attenuation of p52 or
RelB [48]. A role for non-canonical NF-«B signalling in GSC self-renewal was also suggested by the
independent observation that knockdown of RelB blocks the self-renewal activity of patient-derived
glioma-initiating cells [49]. Together, these studies suggest that NF-«B signalling is involved in
sustaining the GBM stem-like cell compartment and that both canonical and non-canonical branches
of the NF-«B pathway are important for this function.

Rinkenbaugh and colleagues suggested that at least one source of NF-«B activation in GSCs is the
transforming growth factor-B-activated kinase 1, a protein previously implicated in NF-«B signalling
due to its ability to activate IKK [48]. Ohtsu et al. provided evidence suggesting that non-canonical
NF-«B signalling is activated in GSCs downstream of epithelial V-like antigen 1, a protein originally
identified as an immunoglobulin superfamily member expressed in developing thymus epithelial cells
and involved in T-cell development in early mouse embryos. Epithelial V-like antigen 1 activates the
non-canonical NF-«B signaling pathway through a TNF receptor-associated factor 2/cellular inhibitor
of apoptosis-dependent accumulation of NIK [49].

Taken together, these observations suggest that a variety of mechanisms can lead to aberrant
NF-«kB activation in GSCs, consistent with the above-mentioned demonstration that a plethora of
deregulated processes, including EGFR amplification, PTEN deletion, and monoallelic NFKBIA
deletion, have been associated with deregulated NF-«B activation in GBM. It is therefore plausible that
a variety of NF-kB-regulated mechanisms, activated in response to both canonical and non-canonical
pathways, contribute to the regulation of the behaviour of GSCs.

The pathophysiological significance of these observations remains to be fully determined. NF-kB
inhibition might result in depletion of the GBM stem-like cell pool because of impaired survival of
these cells. Alternatively, the inhibition of NF-«B signalling in GSC cultures might enhance the pool
of senescent cells at the expense of the stem-like compartment, a possibility that would be consistent
with the demonstration that blockade of NF-«B signalling drives differentiating glioblastoma cells
into replicative senescence [50]. It seems less likely that the stem-like cell compartment might be
diminished as a result of an enhanced transition to a more proliferative, “transit-amplifying-like”,
state because the growth rate of NF-kB-attenuated GSCs was shown to be decreased, rather than
increased, in ex vivo brain slice explants [48]. In the future, it will be important to characterize further
the mechanisms upstream and downstream of NF-«kB activation in the GSC compartment, as well
as to perform in vivo brain tumour xenograft studies under limiting dilution conditions to better
understand the contribution of NF-«B to stem-like cells and to GBM initiation and/or recurrence.
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5. Involvement of NF-kB in Glioblastoma Invasion

5.1. Deregulated NF-xB Activation in Mesenchymal GBM Subtype

It has long been established that epithelial to mesenchymal transition (EMT) is a process associated
with advanced malignancy in numerous cancers, and that NF-«B acts to promote EMT in several
cell types [51]. Consistent with the latter finding, the examination of glioma patient-based mRNA
expression databases first suggested that aberrant NF-«B activation was preferentially associated with
GBM cases with a mesenchymal phenotype, rather than GBM subtypes with more neural features
(many of which are defined as having a proneural phenotype) [52-54]. Mesenchymal features are
a hallmark of glioma aggressiveness and are associated with poor patient outcome, due in part to the
highly invasive nature of these tumours and increased radioresistance [55].

An EMT-like proneural-to-mesenchymal phenotypic shift occurs in GBM in response to factors
in the microenvironment or cytotoxic treatments. This transition involves NF-kB, as demonstrated
by the observation that canonical TNF«/NF-«B signalling can promote a proneural-to-mesenchymal
transition in at least a subset of GBM patient-derived GSC cultures [42,47]. Moreover, RelB is highly
expressed in the mesenchymal glioma subtype and the loss of RelB significantly attenuates glioma cell
survival, motility and invasion. Importantly, RelB promotes the expression of mesenchymal genes in
glioma cells [56]. Consistent with these findings, a mesenchymal signature, including NF-«kB activation,
is correlated with poor radiation response and shorter survival in GBM patients [47,56].

Further evidence for an important role for NF-kB in mesenchymal identity in GBM was provided
by the demonstration that RelB-mediated NF-«B signalling is a critical mediator of GBM cell migration
and invasion stimulated by the SMAC (second mitochondrial activator of caspases) mimetic, BV6,
a molecule that antagonizes the inhibitor of apoptosis proteins and also triggers cell elongation,
migration and invasion in GBM [57]. BV6-stimulated NF-«kB activation leads to elevated TNFax mRNA
levels, as well as increased levels of NF-kB target genes implicated in cell migration and invasion [57].

The mechanisms responsible for the activation of NF-kB in mesenchymal GBM tumours are
beginning to be elucidated. The kinase MLK4 is overexpressed in mesenchymal, but not proneural,
GSCs, where it is important for maintenance of the mesenchymal phenotype and for self-renewal,
motility, tumourigenesis, and radioresistance. MLK4 binds to, and phosphorylates, IKKa in GSC
cultures, thereby leading to activation of NF-«B signalling [42]. The peptidyl-prolyl isomerase PIN1,
which recognizes phosphorylated Ser residues on RelA and promotes NF-«kB activation, is up-regulated
in GBM [41]. PIN1 attenuation decreases the amount of activated, phosphorylated RelA in the nucleus,
with a concomitant decrease in the expression of the NF-«B target gene, interleukin-8 (IL-8). These effects
are associated with decreased glioma cell dissemination capacity. Conversely, two negative regulators
of NF-kB signalling, inhibitor of growth family member 4 and protein inhibitor of activated STAT3,
are decreased in GBM when compared to non-cancerous cells [58-60].

5.2. Involvement of NF-kB in Transcriptional Activation of Genes Promoting Epithelial-to-Mesenchymal
Transition and Cell Motility

As discussed above, NF-«kB signalling pathways play key roles in promoting and maintaining
EMT in both healthy and cancer cells. This function is performed through regulation of the expression
of numerous epithelial and mesenchymal genes [51,61]. For instance, studies in both invertebrate and
vertebrate species identified NF-kB as a key player in the transactivation of mesenchymal genes such
as Snail, zinc finger E-Box binding homeobox 1 (ZEB1), ZEB2, Twist, and matrix metalloproteinase (MMP)-2
and MMP-9 [51,60,61].

There is evidence suggesting that NF-«B also activates the expression of mesenchymal genes in
GBM. NF-kB binds to the ZEB1 promoter in glioma cells in response to connective tissue growth factor,
which is important for glioma invasion [62]. NF-«B is also involved in the activation of MMP-2 and
MMP-9 in GBM cells, at least in part in response to protein kinase C (PKC) and mechanistic target of
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rapamycin (mTOR) signalling [63,64]. Moreover, RelB promotes the expression of the gene YKL-40,
considered as a typical marker of the mesenchymal GBM subtype [56].

NF-kB has been further implicated in promoting GBM invasion by the demonstration of its
involvement in the transactivation of the expression of several genes encoding molecules promoting
cell motility and invasion. These include fibroblast growth factor inducible 14 (FN14), a member of
the TNF receptor superfamily. FN14 is highly expressed in invading glioma cells in vivo. The FN14
promoter region contains NF-«B binding sites important for sustained overexpression of FN14 and
enduring glioma cell invasion. Consistently, FN14 gene expression levels increase with glioma grade
and inversely correlate with patient survival [65]. Activated NF-«kB in GBM also regulates other genes
involved in cell migration, such as IL-8, monocyte chemoattractant protein 1, cxc chemokine receptor 4,
to name a few [57].

In addition to controlling gene regulatory events promoting glioma invasion in a cell-autonomous
manner, NF-«B also appears to promote GBM cell invasion in a non-cell autonomous ways. Specifically,
high endogenous expression of receptor activator of NF-kB (RANKL) in GBM cells leads to the
activation of neighbouring astrocytes in the tumour microenvironment through NF-«kB signalling.
Activated astrocytes in turn signal back to the glioma cells to promote glioma invasion [66].
These findings are consistent with the demonstration that intercellular communication between
neighbouring astrocytes and GBM cells, possibly mediated by secreted extracellular vesicles, plays key
roles in GBM growth and invasion [67,68].

These combined observations provide evidence for an important role of NF-«B in the promotion of
more invasive and malignant mesenchymal features in GBM. The interpretation of these observations
is complicated in part by the lack of information about the pattern of NF-«B activation in different
GBM cell subpopulations. Presumably, enhanced dissemination potential should be a feature of more
developmentally advanced GBM cells resembling the migratory neural cells in the healthy brain
(e.g., glial precursor cells that leave their place of origin in the subventricular zone to reach their final
destinations in the brain). If this were indeed the case, it would be reasonable to assume that NF-kB
signalling is activated in, and promotes the migration of, more differentiated GBM cellular subtypes.
A similar scenario could also result, however, by the activation of NF-«B in the GBM stem-like cell
compartment, where its ability to promote proneural-to-mesenchymal transition could result in the
generation of more restricted daughter cells with enhanced dissemination potential. It is also possible
that NF-kB could enhance the migratory potential of most GBM cells in which it is activated, regardless
of their stem-like or non-stem-like state. In the future, it will be important to better characterize the
features of the cancer cells in which NF-«B is activated in GBM surgical specimens, as well as in the
heterogeneous population of cells comprising typical GBM tumourspheres studied in vitro.

6. Other Roles of NF-kB in Glioblastoma

6.1. Resistance to Radiotherapy

Radiotherapy is a customary component of GBM treatment. Unfortunately, the majority of GBM
patients exhibit radioresistance. Several mechanisms of cancer cell resistance to radiotherapy have
been described, including enhanced ability to repair DNA damage, the presence of quiescent or slowly
dividing cells that are less vulnerable to DNA damage, and resistance to apoptosis [69,70]. Numerous
lines of studies suggest that aberrant NF-«B activation may contribute to radioresistance in GBM by
modulating several of these processes.

In response to DNA damage, cells usually activate mechanisms aimed at restoring genomic
stability or, in the case of more severe damage, leading to apoptosis. DNA damage is a well-known
activator of NF-«B signalling; in turn, NF-«B plays important roles in DNA damage repair mechanisms.
For instance, the DNA damage sensor poly-(ADP-ribose) polymerase-1 (PARP1) activates NF-xB
through an ATM- and IKK-mediated pathway. NF-«B also participates in DNA repair through
interaction with breast cancer-associated gene 1 (BRCALI), at least in part via interaction with
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BRCA1-CtIP complexes, thereby promoting homologous recombination [44,71-73]. NF-kB activation
also induces the expression of BRCA2, another important DNA repair proteins, as well as ATM, the key
DNA double-strand-signalling kinase. Moreover, NF-«kB activates the non-homologous end-joining
recombination protein, ku70 [74,75]. It is worth mentioning that NF-«B also mediates chemoresistance
to alkylating agents such as temozolomide. The mutagenic effects of these compounds are inhibited
by the cellular DNA repair enzyme O-6-methylguanine-DNA-methyltransferase (MGMT), which
removes alkyl/methyl adducts from DNA. Since MGMT becomes inactivated in the process, its de
novo expression is a central mode of chemoresistance. NF-«B plays an important role in regulation of
MGMT activity in glioma cells by activating MGMT gene expression through two NF-«B binding sites
within the MGMT promoter [76].

As discussed above, NF-«B activation promotes maintenance of the GBM stem-like cell pool [48,49].
GBM stem-like cells are thought to promote radioresistance [77-79], suggesting that an additional
mechanism through which NF-«kB has an impact on GBM resistance to radiotherapy is by increasing
the fraction of cancer cells with stem-like behaviour. The important role of NF-«B in promoting
a mesenchymal GBM phenotype is also considered to be a contributor to radiation resistance because
the mesenchymal subtype is associated with poor radiation response in GBM patients [47]. It is
hypothesized that mesenchymal differentiation driven by NF-«B is associated with activation of
checkpoint pathways, leading to enhanced DNA damage repair and unperturbed cell cycle progression
in response to radiation [47].

Several lines of evidence suggest additional roles for NF-«B signalling in radiotherapy resistance
in cancers by promoting the expression of genes implicated in evasion of apoptosis, the promotion
of cell cycle progression, and the production of antioxidants [80,81]. NF-«B signalling regulates the
expression of genes important for cell survival, including Bcl2, Bel-xL, survivin and inhibitor of apoptosis
proteins, as well as cell cycle progression genes like Cyclin D1 [80-83]. Moreover, radiation-activated
NF-«kB signalling is associated with upregulated expression of NF-«B targets genes such as IL-6 and
IL-8 in GBM. It was reported that IL-6 secreted by glioma cells enhances the invasive potential of these
cells [84] and that IL-8 is important for glial tumour neovascularity and progression [85].

Together, these observations provide evidence for a role of NF-kB in numerous mechanisms
underlying resistance to radiation therapy in several cancers, including GBM. These processes are
likely to be particularly relevant in the context of the GBM stem-like cell pool, but may also impact on
other GBM subpopulations in which NF-«B is activated.

6.2. Regulation of Cell Metabolism

As is the case in other cancers, aerobic glycolysis (production of lactate from glucose in the
presence of oxygen) is a hallmark of GBM, underlying the need to synthesize molecules essential for
tumour cell proliferation, including nucleotides, fatty acids, and proteins [86]. Consistent with the
observation that NF-«B signalling plays an important role in regulating energy metabolism in several
cancers [87,88], NF-«B contributes to the promotion of aerobic glycolysis in GBM through a number
of mechanisms.

Pyruvate kinase M2 (PKM2), a member of the enzyme family regulating the rate-limiting step
of glycolysis, is overexpressed in numerous cancers, including GBM [89,90]. Activation of EGFR
in cancer cells results in increased glucose uptake and lactate production in a PKM2-dependent
manner. The aberrant activation of PKM2 expression occurs in response to EGFR-induced and
PKCe monoubiquitylation-dependent activation of RelA, which interacts with transcription factor
hypoxia-inducible factor 1-« to form a dimer that can bind to the PKM2 promoter and activate PKM2
transcription. Consistent with these findings, PKM2 expression correlates with EGFR and IKKf3 activity
in human GBM specimens and with the grade of glioma malignancy [34].

NF-kB could also contribute to energy metabolism in GBM by upregulating mitochondrial
respiration. In the presence of functional p53, RelA activates the expression of mitochondrial SCO2
(synthesis of cytochrome c oxidase assembly protein), a metallochaperone essential in the biogenesis
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of cytochrome c oxidase subunit II, enhancing oxidative metabolism [91]. Although this process may
be altered in cancer cells without a functional p53, resulting in lower oxidative phosphorylation and
increased glycolysis (possibly due to upregulation of metabolic genes such as high affinity glucose
transporter 3), the possible significance of these mechanisms in the context of GBM remains to
be defined.

In addition to glycolysis, glutamine metabolism is also important in cancer cells, both as another
major energy source through «-ketoglutarate and as a nitrogen donor for nucleic acid synthesis.
Several lines of evidence suggest an involvement of NF-«B in the control of glutamine metabolism.
Glutaminase is likely the rate-limiting enzyme for glutamine consumption in cancer cells and increased
glutaminase activity by Rho GTPase through a NF-kB-dependent mechanism was described as
a process involved in meeting the elevated glutamine demand in cancer cells [92]. Additionally,
NF-kB may exert a control on the expression of glutaminase in cancer cells through the regulation of
miRNAs. In human leukemic Jurkat cells, RelA binds to the miR-23a promoter and inhibits miR-23a
expression. In turn, miR-23 targets glutaminase mRNA and inhibits expression of glutaminase [93].

Taken together, these findings point to NF-kB as an emerging important regulator of cell
metabolism in numerous cancers, including GBM.

6.3. Involvement in Autophagy

Autophagy is an important cellular process that generally protects cells from stressful conditions
by enabling continuous overhaul of cellular constituents through the degradation and recycling of
damaged or non-essential macromolecular components, or even entire organelles such as mitochondria,
ribosomes or endoplasmic reticulum [94-96]. Autophagy can play tumour-suppressing roles by
maintaining cellular homeostasis through protection from accumulation of damaged proteins or
reactive oxygen species. In cancer cells, however, autophagy plays a variety of tumour-promoting
roles, including supporting cellular metabolism to promote cancer cell growth and survival and
contributing to therapy resistance. Autophagy can also supports metastasis by protecting detached
cells from anoikis, a form of programmed cell death [96-100].

The enhancement of pro-survival autophagy mechanisms is considered as an important
contributor to cancer-promoting metabolism alterations in GBM. The remarkable resistance of GBM
to chemo- and radiotherapy is also thought to result in part from the contribution of autophagy to
the adaptation capabilities of this cancer [99-101]. On the basis of these considerations, the goal of
inhibiting mechanisms of autophagy is emerging as an attractive therapeutic approach in GBM.

Recent studies suggest a complex interplay between NF-«B and autophagy [102]. NF-«B was
initially proposed to have a negative effect on autophagy by activating the autophagy inhibitor
mTOR [103,104]. However, more recent work has provided evidence that autophagy can activate
NF-«B [105]. In agreement with this finding, there is evidence that autophagy and NF-kB mechanisms
may cooperate in gliomas. Specifically, the mediator of autophagy, multifunctional scaffold protein
P62, plays a role in the activation of IKKs and the resulting activation of NF-«B signaling [106-108].
A complex cross-talk between NF-kB and autophagy is further suggested by the observation that
selenite-induced decrease in the expression of heat shock protein-90, which is associated with
decreased autophagy and increased apoptosis, inhibits NF-«kB signaling in human leukemia cells [109].
Consistently, selective targeting of heat shock protein-90 resulting in compensatory autophagy and
unfolded protein response in mitochondria is correlated with the repression of NF-kB-dependent
gene expression, enhanced tumor cell apoptosis, and reduced intracranial GBM growth in mice [110].
These observations suggest an important involvement of NF-«B in regulating the balance between
autophagy and apoptosis in cancer.

In conclusion, these findings underscore important, but complex, interactions between autophagy
and NF-«kB during key cellular processes in cancer, including regulation of cellular metabolism,
resistance to chemo- and radiotherapy, and/or responses to unfolded proteins. Understanding these
mechanisms may enable more effective combinatorial therapeutic strategies.
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6.4. Promotion of Angiogenesis

Angiogenesis is a common feature of the most aggressive gliomas and is correlated with poor
patient prognosis. As discussed above, NF-«B activates the expression of IL-8, a pro-angiogenic
gene, in glioma cells [85]. Moreover, NF-«B promotes the expression of vascular endothelial growth
factor (VEGF), a major driver of angiogenesis [111]. Consistently, the impairment of NF-«B signaling
significantly decreases GBM growth and angiogenesis in nude mice [111]. During the process of
glioma angiogenesis, NF-«B is induced downstream of the transcription factor, BMI1 proto-oncogene,
polycomb ring finger (BMI1), whose activity is required for expression of both NF-«B and VEGF [112].
Both the inhibition of NF-kB activity and knockdown of BMII result in decreased angiogenesis
in orthotopically transplanted human gliomas [112]. These findings are in agreement with the
demonstrated involvement of NF-«kB in angiogenesis in other cancers [113] and further underscore the
multiple roles of this transcription factor in gliomas.

Lastly, it is worth noting that several studies have shown that GSCs have the capacity to
trans-differentiate into endothelial cells (ECs) that exhibit EC molecular profiles in vitro and can
contribute to GBM vascularization in vivo [114-117]. It is possible that NF-kB may be involved in
the EC trans-differentiation potential of GSCs. This is suggested by the recent demonstration that
ovarian cancer stem-like cells can be induced to trans-differentiated into ECs by the activation of
NF-«B through an autocrine loop mediated by the chemokine CCL5 [118]. CCLS5 is synthesized and
secreted by glioma-associated microglia [119], and thus a CCL5-mediated activation of NF-«B in GSCs
may contribute to EC trans-differentiation in GBM, as is the case in other cells.

7. Concluding Comments

Aberrant NF-«B activation is a hallmark of numerous cancers, including GBM. This situation
is consistent with the involvement of NF-kB-mediated signalling pathways in the control of a broad
range of biological processes, including cell proliferation, survival, differentiation, motility, DNA
repair, inflammation and angiogenesis. The fact that multiple stimuli and conditions can lead to NF-«B
activation in GBM, often triggering multiple NF-«B pathways concurrently, implies that different
modes of NF-«B activation may impact specifically on different mechanisms of cancer propagation.
Thus, it will be of particular importance in the future to precisely understand not only the upstream
stimuli but also the downstream targets of NF-«B signalling pathways during the various processes
underlying gliomagenesis.

This information will also be essential if NF-xB-mediated pathways are to be considered as
potentially attractive targets for GBM therapy. This possibility has been the subject of substantial
interest, as addressed extensively in several previous reviews [21,23,30,120,121]. It should be
emphasized, however, that although a number of approaches targeting NF-«B have shown promise in
preclinical GBM models, those strategies that have been tested in clinical settings have thus far not
shown satisfactory advantages over other approaches (reviewed in [30,120] and references therein).
The promises and challenges of intervention strategies targeting NF-«kB pathways will rely on the
ability to design approaches directed at specific physiological mechanisms responsible for specific
pathological outcomes in response to NF-«kB activation. Moreover, given the role played by NF-kB in
several vital processes, such as cellular homeostasis and immunity, prolonged NF-«B inhibition may
possibly result in detrimental effects in tissues other than the cancerous ones.

In summary, understanding the range of contributions of NF-«kB pathways to GBM both represents
a remarkable scientific challenge and has the potential to provide important new insight into the
management of this deadly cancer.
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Abstract: Overwhelming evidence indicates that aspirin and related non-steroidal anti-inflammatory
drugs (NSAIDs) have anti-tumour activity and the potential to prevent cancer, particularly
colorectal cancer. However, the mechanisms underlying this effect remain hypothetical.
Dysregulation of the nuclear factor-kappaB (NF-«B) transcription factor is a common event in
many cancer types which contributes to tumour initiation and progression by driving expression
of pro-proliferative /anti-apoptotic genes. In this review, we will focus on the current knowledge
regarding NSAID effects on the NF-«B signalling pathway in pre-cancerous and cancerous lesions,
and the evidence that these effects contribute to the anti-tumour activity of the agents. The nuclear
organelle, the nucleolus, is emerging as a central regulator of transcription factor activity and cell
growth and death. Nucleolar function is dysregulated in the majority of cancers which promotes
cancer growth through direct and indirect mechanisms. Hence, this organelle is emerging as a
promising target for novel therapeutic agents. Here, we will also discuss evidence for crosstalk
between the NF-«B pathway and nucleoli, the role that this cross-talk has in the anti-tumour effects
of NSAIDs and ways forward to exploit this crosstalk for therapeutic purpose.

Keywords: Aspirin; non-steroidal anti-inflammatory drugs; nuclear factor kappaB; apoptosis;
colon cancer; nucleolus; nucleolar; nucleoli; sequestration; stress; RelA; p65

1. Aspirin and Cancer

Incontrovertible evidence from laboratory, clinical and epidemiological studies indicates that
aspirin and related non-steroidal anti-inflammatory drugs (NSAIDs) have anti-neoplastic properties
and considerable potential as chemopreventative/therapeutic agents [1-4]. For example, at therapeutic
concentrations, NSAIDs induce cell cycle arrest and atypical apoptosis in cancer cell lines [5-8]. In animal
studies, NSAID administration significantly reduces tumour burden in the azoxymethane-induced
rat model of colorectal cancer [9]. NSAIDs also reduce tumour burden and increase survival in the
multiple intestinal neoplasia (Min/+) model of colorectal cancer [10-12]. However, in this model
tumour burden is mostly affected when mice are exposed to NSAIDs in utero, suggesting the agents
act at the early stages of tumour development [13,14]. Meta-analysis of randomised clinical trials
(RCTs) for the prevention of vascular disease indicate daily aspirin (75 mg upwards) reduces cancer
incidence and mortality. These effects are particularly evident for colorectal cancer where a 30% to 40%
reduction in incidence and mortality are observed [15,16]. The risk of developing distant metastasis is
also reduced in aspirin users, suggesting a potential benefit for patients with established disease [17,18].
RCTs for cancer prevention indicate aspirin limits recurrence of spontaneous and hereditary intestinal
adenomas (the precursor lesion to most cancers). After long term followup, they also indicate aspirin
prevents colorectal cancer in (1) women randomised to alternate day low dose (75 mg) aspirin; and
(2) patients with Lynch syndrome (the most common type of hereditary colon cancer) [4,19-23]. The
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most compelling evidence for the chemopreventative effects of NSAIDs comes from epidemiological
studies which have consistently demonstrated reduced cancer incidence and improved survival in
persons who regularly take aspirin or other NSAIDs [16,24-26]. Again, this association is particularly
strong for colorectal cancer, with other cancer types showing less consistent risk reduction.

The predominant anti-tumour activity of NSAIDs is recognized to be the selective induction of
apoptosis in neoplastic cells [10,27]. However, the mechanisms underlying this pro-apoptotic activity
are complex, interconnected, and remain controversial [4,28,29]. In 1982, John R Vane was awarded
the Nobel Prize for discovering that aspirin irreversibly acetylates the cyclooxygenase enzymes,
thereby blocking the conversion of arachidonic acid to prostaglandins [30]. Cyclo-oxygenase-2 (COX-2
(PTGS2)), the inducible form of the enzyme, is frequently upregulated in cancer and together with
PGE,, is implicated in several aspects of malignant growth including stem cell proliferation, migration,
angiogenesis, apoptosis resistance, invasion, and metastasis [31-34]. Hence, inhibition of COX-2
activity was thought to be the main mechanism for the anti-tumour effects of NSAIDs. Indeed, a body
of literature supports this suggestion [35-39]. More recently, it was proposed that aspirin acetylation of
COX-11in platelets, and the consequent inactivation of platelet function, is the only mechanism that can
explain the anti-tumour properties of aspirin when taken at low dose [29,40,41]. However, NSAIDs
induce cell cycle arrest and apoptosis in colon cancer cell lines that do not express COX-1 or COX-2
enzymes and in mouse embryo fibroblasts that are null for both COX-1 and COX-2 genes [42—44].
The growth inhibitory properties of NSAIDs cannot be reversed by addition of prostaglandins [4,9].
Furthermore, NSAID metabolites that do not appreciably affect the catalytic activity of COXs retain
their anti-tumor properties in tissue culture [27] and animal models [45,46]. Hence, there is powerful
evidence that inhibition of COX is not the only mechanism by which NSAIDs induce apoptosis and
prevent the growth of neoplastic lesions [28,47]. A number of COX-independent targets have been
identified including the WNT [10,48], AMPK [49,50] and MTOR [51] signalling pathways (reviewed
in [4]). In the rest of this review we will focus on the role of nuclear factor-kappaB (NF-«kB). In particular,
we will examine the evidence for crosstalk between NF-«B signalling and nucleoli in the regulation of
NF-kB transcriptional activity and NSAID-mediated apoptosis.

2. NF-«B, Cancer and Aspirin

NF-kB is the collective name for a family of ubiquitously expressed, inducible transcription
factors that play a critical role in multiple processes including innate and adaptive immune response,
inflammation, differentiation, proliferation and survival [52-54]. In mammalian cells there are five
family members namely, RelA (p65), RelB, c-Rel, p105/p50 (NF-«kB1), and p100/p52 (NF-«B2) [55].
These proteins homo- and hetero-dimerize through their Rel homology domain to create a variety
of transcription factor complexes [56]. The most common form of NF-«kB is p50/RelA heterodimers.
In most cell types, this complex exists in the cytoplasm bound to a family of IkB inhibitory proteins
(IkBe, IkBp, IkBy and Bcl-3). Following cellular stimulation by a plethora of stimuli including
cytokines, pathogens, viruses and stresses, IkB proteins are phosphorylated by the IkB kinase (IKK)
complex then degraded by the 26S proteasome [57]. Subsequently, NF-«B translocates to the nucleus
where it regulates the transcription of target genes including those involved immune function,
inflammation, cell adhesion, differentiation, cell growth, and apoptotic cell death.

In healthy cells, a number of feedback mechanisms ensure that activation of the NF-«B pathway is
transient [53,56]. However, in chronic inflammatory conditions and cancer, NF-«B is aberrantly active
which contributes to disease progression by promoting inflammation, blocking differentiation, driving
stem cell proliferation and inhibiting apoptosis [53,54,58].

A substantial body of data supports a critical role for dysregulated NF-«B activity in intestinal
tumorigenesis, the cancer type most responsive to aspirin treatment. For example, a recent
meta-analysis of expression studies revealed that high expression of NF-«B is significantly associated
with late stage colorectal cancer (TNM stage III-IV) and a worse overall 3 and 5-year survival [59].
Transgenic mice with constitutively active IKK in intestinal epithelial cells develop intestinal tumours
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and show accelerated adenoma development when crossed to Min/+ mice [60]. Conversely,
inactivation of IKK in intestinal epithelial or myeloid cells attenuates inflammation-associated tumour
development [61]. Furthermore, deletion of RelA in intestinal epithelial cells prevents formation of
adenomas in the Min/+ model [62]. These data have identified inhibition of NF-«kB activity as a
promising therapeutic target for the treatment of this disease.

Targeting of the NF-kB pathway by NSAIDs was initially reported by Kopp and Ghosh in 1994,
who demonstrated that the aspirin derivative, sodium salicylate, inhibits lipopolysaccharide (LPS)
and phorbol 12-myristate 13-acetate (PMA)/phytohemagglutinin (PHA)-mediated degradation of
IkB, nuclear translocation of NF-kB and NF-«B transcriptional activity [63]. Yin et al. subsequently
demonstrated that salicylate specifically inhibits IKKf activity in cell lines in vivo and when the
agent is added to the kinase in vitro [64]. Since these early publications, NSAID modulation of the
NF-kB pathway has been widely reported [28,65]. However, these studies have produced contrasting
results dependent upon cell lines and experimental design. In most studies aimed at examining this
relationship, cells are treated with NSAIDs for 1-2 h prior to activation of the NF-«B pathway by a
potent stimulus (e.g., LPS, Interleukin-1 (IL-1), tumour necrosis factor (TNF)). Under these conditions,
NSAIDs block activation of the NF-«B pathway and there is some evidence from in vitro and animal
studies to suggest that inhibition of IkB degradation is responsible for the anti-tumour effect of the
agents [66-68] (Figure 1). However, this experimental design it is entirely inconsistent with the protocol
used to demonstrate NSAID-mediated apoptosis of cancer cells, where cells are exposed to the agents
for prolonged periods in the absence of additional stimuli [5-8].

Examination of aspirin effects on NF-«B signalling using this alternative protocol revealed that
prolonged treatment of colorectal cancer cells with pharmacologically relevant doses (0.5-5 mM) of
aspirin alone actually stimulates the NF-«B pathway, as evidenced by phosphorylation/degradation of
IkB and nuclear translocation of RelA [8] (Figure 1). Furthermore, using cells expressing degradation
resistant IkB (super-repressor), Stark et al. demonstrated that this stimulation is absolutely required for
the pro-apoptotic effects of the agent [8] (Figure 1). Interestingly, stimulation of the NF-«kB pathway by
aspirin, and the consequent induction of apoptosis, were particularly evident in colorectal cancer cells,
which is in keeping with the increased sensitivity of this cancer type to the chemopreventative effects
of the agent [7,8]. The NSAIDs diclofenac, sulindac, sulindac sulphone sulindac sulphide, Tolfenamic,
indomethacin, celocoxib and ibuprofen, which are all known to protect against colorectal cancer, have
also been shown to induce degradation of IkB and nuclear translocation of NF-«B in various cancer
cell lines in the absence of additional NF-«kB stimuli [69-75]. Furthermore, in the majority of these
studies, NSAID-mediated activation of the NF-«xB pathway was causally associated with the induction
of apoptosis.

As the above data were generated using tissue culture systems, it was argued that the conditions
are not representative of the tumour environment where inflammatory cytokines are abundant. To
address this concern, our group examined the effects of aspirin on NF-«B signalling in colorectal
neoplasia in vivo, using the HT-29 xenograft and Min/+ mouse models. We found that aspirin (at
doses resulting in serum salicylate levels relevant to humans (0.5-1.5 mM)) induces phosphorylation
and degradation of IkBa, nuclear translocation of RelA and the induction of apoptosis in xenografted
HT-29 tumours and in adenomas from Min/+ mice [76]. Sulindac sulphide has also been shown to
induce degradation of IkB and nuclear translocation of NF-«kB in the proximal colons of mice [72].
Furthermore, exposure to low dose (100 M) aspirin ex vivo was recently shown to stimulate the
NF-kB pathway, as evidenced by increased phosphorylation of RelA at serine 536, in 5 of 6 freshly
resected, human colorectal tumours [77]. These findings establish that aspirin and other NSAIDs
activate the NF-«B pathway in neoplastic epithelial cells in the context of a whole tumour setting, and
support the proposition that this effect is important for the anti-tumour activity of the agent.

In reality, NSAIDs likely both activate and suppress activation of the NF-«kB pathway in cancer
depending on the tumour type and microenvironment. Most solid malignancies require an intrinsic
inflammatory response to promote a pro-tumorigenic microenvironment [78]. NSAIDs are thought
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to act against pre-malignant lesions, at least in part, by altering this response. That is, suppressing
pro-tumorigenic immune cell populations while stimulating the adaptive immune system [79]. Notably,
colorectal cancer response to NSAIDs is associated with a reduced number of tumour infiltrating
lymphocytes [80]. Therefore, it is interesting to speculate that by blocking stimulation of the NF-«B
pathway, NSAIDs modulate the tumour microenvironment to reduce the presence of inflammatory
cells/cytokines, while stimulation of the pathway in a non-inflammatory environment mediates

apoptosis of colorectal cancer cells.
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Figure 1. Aspirin modulation of the nuclear factor-kappaB (NF-«B) pathway. (Left) The NF-«B transcription
factor, most commonly a hetero-dimer of the RelA (p65) and p50 polypeptides, is held in the
cytoplasm by the inhibitory protein IkB. When the cell is stimulated by growth factors or cytokines
(e.g., interleukin-1 (IL-1) or tumour necrosis factor (TNF)), IkB is phosphorylated by the IkB kinase
(IKK) complex, which targets it for degradation by the proteasome. This allows NF-B to translocate to
the nucleus and regulate expression of target genes. In cancer cells, NF-«B is constitutively active which

drives tumour progression. Short pre-treatment with aspirin or related non-steroidal anti-inflammatory
drugs (NSAIDs) blocks cytokine-mediated activation of the pathway by inhibiting the IKK complex,
particularly IKKf; T bar: NSAIDs inhibit IKK kinase activity. IL-1R: IL-1 receptor; TNFR: TNF receptor;
NEMO (IKKY); (Right) In contrast, prolonged exposure to NSAIDs in the absence of additional NF-«B
activators stimulates degradation of IkB and nuclear translocation of NF-«kB. This NF-«B recruits specific
complexes which lead to repression of NF-«kB-driven transcription and the induction of apoptosis.
Dotted lines: It remains unclear whether the IKK complex plays a role in the stimulatory pathway or
whether NSAIDs target IkB by another pathway.

156

h
\
)|




Biomedicines 2017, 5,43

3. Crosstalk between the NF-xB Pathway and Nucleoli

As outlined above, several lines of data indicate that NSAIDs stimulate the NF-kB pathway
in vitro and in vivo and that this is important for the anti-tumour activity of the agents. However,
in most cases, stimulation of the NF-«B pathway by NSAIDs is associated with repression of NF-«B
transcriptional activity and downregulation of NF-kB target genes [65,71,75] (Figure 1). In studies
aimed at understanding the mechanisms responsible for this repression, a role for crosstalk between
NF-«B signalling and the nuclear organelle, the nucleolus, has emerged.

The nucleolus is a highly dynamic, multifunctional organelle [81-84]. Its main role is in ribosome
biogenesis which is the most energy consuming process in the cell and as such, is tightly linked to
metabolic and proliferative activity. If cells are exposed to stresses or insults that threaten homeostasis
(e.g., Ultraviolet-C (UV-C) radiation, nutrient deprivation, toxic agents), they respond by rapidly
downregulating rDNA transcription. This triggers a cascade of nucleolar events that will either allow
the cell to repair and regain homeostasis, or, if the damage is too great, undergo apoptosis. Over half
of the 4500 proteins found within nucleoli are involved in processes out with ribosome biogenesis e.g.,
transcription, cell cycle regulation, ubiquitin modification, proliferation and apoptosis [85,86]. These
regulatory proteins flux dynamically between this and other cellular compartments depending upon
cellular environment [85,87]. While some are released from nucleoli under conditions of cell stress,
others translocate to the organelle. For example, NF-kB repressing factor has recently been shown
to accumulate in nucleoli in response to heat stress, causing repression of rDNA transcription [88].
P53 and a variety of ubiquitinated proteins accumulate in nucleoli in response to proteasome inhibition,
while exposure of cells to heat shock, hypoxia and acidosis causes the accumulation of proteins with a
specific nucleolar detention sequence (i.e., von Hippel-Lindau, DNA methyltransferase 1 (DNMT1)
and the DNA polymerase subunit POLD1) in nucleolar foci [89-93]. Indeed, nucleolar sequestration of
transcription factors and regulatory proteins is increasingly recognised as an important mechanism for
controlling gene expression and maintaining cellular homeostasis under stress conditions.

Many proteins known to shuttle through nucleoli are regulators of the NF-«B pathway.
For example, the nucleolar protein p144RF, which sequesters MDM2 in the nucleolus to regulate
p53 stability, interacts with RelA and inhibits NF-kB-driven transcription [94]. In screens for
NE-kB-interacting partners, the predominant proteins identified were the nucleolar proteins NFBP [95]
and NPM [96]. The NF-«B regulators NIK (NF-«B-inducing kinase) [97] and NRF (NF-«B repressing
factor) [98] also function through nucleolar shuttling. Disruption of nucleolar function is a common
denominator for stresses that activate the NF-«B pathway [77]. Furthermore, proteins that have a role
in stress-mediated activation of NF-«B reside within this organelle, such as CK2, which forms part of
the Poll complex and phosphorylates IkB in response to UV-C [99,100] and EIF2, that plays a role in
NEF-«B activation in response to multiple stresses [101,102].

When exploring repression of NF-kB-driven transcription associated with stimulation of the
NF-kB pathway, it was found that in response to specific pro-apoptotic stress stimuli (e.g., aspirin,
serum deprivation and UV-C radiation), the RelA component of NF-kB is sequestered in the
nucleolus [65]. A nucleolar localization signal (NoLS) was identified at the N terminus of RelA
and, using a dominant-negative mutant with a deletion of this motif, it was shown that nucleolar
sequestration of RelA is causally involved in reduced basal NF-«B transcriptional activity and the
induction of apoptosis [65] (Figure 2). Importantly, it was found that nucleolar translocation of
RelA was absolutely required for the pro-apoptotic activity of aspirin [65,103]. Since this initial
study, nucleolar localisation of RelA has been observed in response to the NSAIDs sulindac, sulindac
sulphone and indomethacin [71], the naturally occurring derivative of estradiol and antitumor agent,
2-methoxyestradiol (2ME2) [104]; a potent Trk inhibitor and anti-tumour agent, K252a [105]; expression
of the homeobox protein Hox-A5 (HOXAS) transcription factor [106], small molecule inhibitors of the
CDK4 kinase [107] and the proteasome inhibitors MG132 and lactocystin [103]. In the majority of these
studies, nucleolar sequestration of RelA is associated with a decrease in NF-«B-driven transcription.
Furthermore, in all studies, it is associated with, or causally involved in, the induction of apoptosis.
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Nucleolar sequestration of p50 has also been reported. Park et al. demonstrated that the anti-TNF
therapy, infliximab, induces “massive” nucleolar localisation of NF-kB/p50 in the hippocampus of rats
with a portacaval shunt (PCS). They also demonstrated that this nucleolar localisation is associated

with a decrease in transcription of NF-«B target genes and a reduction in neuroinflammation [108]
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Figure 2. NF-«kB-nucleolar crosstalk. Upon exposure of cells to specific pro-apoptotic stimuli, including
NSAIDs and chemo toxic agents, IkB is degraded and RelA/NF-«B translocates to the nucleus.
This induced NF-kB/RelA recruits specific co-factors (CF)/modifiers that target both constitutive
and induced RelA to the nucleolus, reducing basal NF-«B transcriptional activity [62,101]. Once in
the nucleolus, RelA induces the relocation of nucleophosmin (NPM) to the cytoplasm which in turn
binds to BAX, then transports BAX to the mitochondria to mediate apoptosis [103]. An early response
to stresses that induce nucleolar translocation of RelA is disruption of nucleolar morphology, which

may “prime” this organelle for nucleolar residency of RelA. Dashed arrows: pathways still under
exploration. Solid arrows: published pathways.

Given that nucleolar sequestration of RelA causes repression of constitutive NF-kB-driven
transcription, it was assumed that the apoptotic effects were mediated through a reduction in
transcription of NF-kB regulated, anti-apoptotic genes. However, it was found that once in the
nucleolus, RelA triggers a cascade of events that actively promotes apoptosis [109] (Figure 2). That
is, nucleolar RelA causes nucleophosmin (NPM)/B23 to relocate to the cytoplasm, bind BAX then
transport BAX to the mitochondria to initiate apoptosis [110,111]. Indeed this, and a number of
other studies have demonstrated a critical role for both BAX and NPM in the pro-apoptotic effects
of NSAIDs [112]. Together, these data identify nucleolar-NF-«B crosstalk as an important regulator
of NF-kB transcriptional activity and apoptosis and suggest that this is particular critical for the
anti-tumour effects of NSAIDs and chemotherapeutic agents.

As mentioned above, aspirin irreversibly acetylates active site serines to inhibit the activity
of cyclooxygenase enzymes. However, as an acetylating agent, it has the ability to acetylate other
amino acid side chains [113,114]. Tatham et al. (2017) recently used isotopically labelled aspirin-d3,
in combination with acetylated lysine purification and LC-MS/MS, to identify over 12,000 sites of
aspirin-mediated lysine acetylation in cultured human cells [113]. Interestingly, gene ontology (GO)
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analysis indicated that acetylation of nucleolar proteins, including nucleophosmin, was one of the
earliest responses to the agent. Immunocytochemical studies also suggest nucleolar morphology is
altered as an early response to NSAIDs [65,71], suggesting the intriguing possibility that early effects
of these agents on the organelle may enable cross-talk with the NF-kB pathway.

4. Conclusions

Despite the overwhelming proof that aspirin prevents colon and other cancers, these agents
are still not recommended for cancer prevention in the general population due to their significant
side effect profile. Identification of the precise pathway(s) by which daily aspirin inhibits the
initiation/progression of cancer is now paramount so that patient populations who may benefit
from exposure to the agent can be identified, and safer, more effective alternatives revealed. Inhibition
of the cyclooxygenase enzymes, both in platelets and cancer cells, undoubtedly plays a role. However,
given that aspirin acetylates many proteins [113,114], other pathways are more than likely involved.
Indeed, multiple lines of evidence suggest the agents act in a COX-dependent and independent manner.

There is a consensus in the literature that NSAIDs induce repression of NF-«kB-driven transcription,
although the pathway to this repression appears to be cell type and context dependent. Nonetheless,
given the critical role of de-regulated NF-«B activity in colorectal cancer initiation and progression,
it is extremely likely that this repression contributes significantly to the anti-tumour effect of the
agents in humans. There are several lines of cross-talk between the prostaglandin and NF-«B signaling
pathways and so, it may be that NSAID inhibition of cyclooxygenases inhibits tumour growth through
modulation of the NF-kB pathway. In this regard, Chan et al. suggested that NSAID inhibition
of COX activity mediates apoptosis not by reducing prostaglandin levels, but by increasing the
generation of ceramide, a potent cytotoxic agent that stimulates the NF-«B pathway to induce cell
death [115,116]. As more large scale randomised clinical trials are initiated to examine the anti-tumour
and chemopreventative effects of aspirin, it will be possible to definitively establish the effects of aspirin
exposure on these signalling pathways in human pre-cancer and cancerous lesions, to understand
their individual contributions and to determine how they may be interconnected.

Dysfunction of the nucleolus is now regarded a hallmark of cancer as it contributes to tumour
growth not only by allowing the protein synthesis required for rapid cell proliferation, but also through
de-regulation of critical nucleolar cell growth and death pathways. Hence, modulation of nucleolar
function is emerging as an innovative therapeutic strategy. Recent work has uncovered an exciting
new role for the nucleolus in the anti-tumour effects of NSAIDs and in particular, cross-talk between
nucleoli and the NF-«B pathway. This evolving field is in its infancy and there are still a number of
questions to be answered regarding the role of nucleolar sequestration of RelA in the regulation of
NF-«B activity and apoptosis in vivo, and how this contributes to the chemopreventative effect of
NSAIDs. Identification of the pathways responsible for nucleolar translocation of RelA would allow
development of small molecules that act specifically on cancer cells by targeting chromatin bound Rel A
to nucleoli. Similarly, identification of the apoptotic pathways triggered by RelA within this organelle
would allow the development of RelA mimetics that mediate apoptosis by targeting dysfunctional
nucleoli. Indeed, further understanding in this area could reveal a whole new class of targets to be
exploited for therapeutic purposes.
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Abstract: Cancer is often characterised by the presence of hypoxia and inflammation. Paramount
to the mechanisms controlling cellular responses under such stress stimuli, are the transcription
factor families of Hypoxia Inducible Factor (HIF) and Nuclear Factor of k-light-chain-enhancer
of activated B cells (NF-«B). Although, a detailed understating of how these transcription factors
respond to their cognate stimulus is well established, it is now appreciated that HIF and NF-«B
undergo extensive crosstalk, in particular in pathological situations such as cancer. Here, we focus on
the current knowledge on how HIF is activated by inflammation and how NF-«B is modulated by
hypoxia. We summarise the evidence for the possible mechanism behind this activation and how
HIF and NF-kB function impacts cancer, focusing on colorectal, breast and lung cancer. We discuss
possible new points of therapeutic intervention aiming to harness the current understanding of the
HIF-NF-«B crosstalk.
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1. NF-kB Subunits and Signalling Pathways

NF-kB is the collective name of a family of transcription factors initially discovered in 1986
by Ranjan Sen and David Baltimore as a Nuclear Factor binding to the enhancer element of the
immunoglobulin k light-chain of activated B cells [1]. Over the years, a crucial role in controlling
gene expression in response to inflammation, proliferation, differentiation, among other physiological
processes, has been assigned to the five gene members of this protein family: RelA (p65), RelB, c-Rel,
NEF-«B1 (p105) and NF-«kB2 (p100) [2,3]. All NF-«B subunits feature high structural similarity, with the
N-terminal harbouring a Rel Homology Domain (RHD). This is essential to mediate DNA binding to
kb sites in enhancers/promoters of target genes, as well as to dimerise with other subunits. In fact,
formation of homo- and heterodimers determines the specificity of the transcriptional response in
accordance with the cellular context [4]. Induction or repression of gene expression is achieved not only
through combination of different NF-«xB dimers, but also by physical association with co-activators,
co-repressors, and other transcription factors, such as Signal Transducer and Activator of Transcription
3 (STAT3), p53 [5], or HIFs [6]. A further control of the transcriptional activity also derives from the
C-terminal structure of the NF-«B subunits. In particular, RelA, RelB and c-Rel contain trans-activation
domains (TAs), whereas p105 and p100, precursors of their active forms p50 and p52, contain IkB-like
Ankyrin repeat (ANK) domains, acting as internal inhibitors. Consequently, p50 and p52 can only
function as transcriptional activators in association with other subunits or proteins containing the
trans-activation domain [5,7].

Activation of NF-kB can occur following canonical, non-canonical and atypical pathways,
all triggered by different stimuli, as elegantly reviewed elsewhere [8,9]. Here, we will briefly focus
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only on the canonical and non-canonical mechanisms of activation (Figure 1), which are more likely
to be involved in malignancies. In the canonical NF-«B signalling pathway, the binding of Tumour
Necrosis Factor « (TNF-«), Lipopolysaccharides (LPS), or Interleukin-1 (IL-1) to their specific receptors
on the cellular membrane, induces in the cytoplasm the recruitment of several adaptors and protein
kinases, serving as activation platform, ultimately leading to the phosphorylation and activation of
the Inhibition of kB Kinase (IKK) complex. The IKK complex is formed by two catalytic proteins
(IKK1/IKK« and IKK2/IKKf3) and one regulatory protein (IKKy/NEMO, NF-«B Essential Modulator).
An activated IKK complex is then able to phosphorylate the IkB inhibitor molecules, which, in quiescent
cells, hold the NF-kB subunits inactive in the cytoplasm. In humans, the most common NF-«B inhibitor
protein is IkBx. Phosphorylation of IkBx on serines 32 and 36 is the key prerequisite for the lysine-48
polyubiquitin chain formation catalysed by SCFPTCP E3 ubiquitin ligase, and subsequent degradation
mediated by the proteasomal machinery. This event makes the NF-kB dimers free to translocate into
the nucleus, binding the cognate DNA sequence to regulate gene transcription [10]. On the other
hand, the non-canonical NF-«B signalling pathway depends on activation of different membrane
receptors, such as Lymphotoxin 3-Receptor (LTBR), B-cell Activation Factor Receptor (BAFFR), TNF
Receptor 2 (TNFR2) and several others. The consequent signal transduction involves the activation
of the NF-«kB Inducing Kinase (NIK) that, in turns, phosphorylates and activates IKKax homodimers.
This event is followed by specific phosphorylation of serines 866 and 870 at the C-terminal region of
p100, resembling the phosphorylation site of IkBa. Upon binding of the SCERTICP ubiquitin ligase,
the inhibitor ankyrin repeat domain of p100 is subject to proteasomal processing. Thus, the cleaved
active form p52 originates and associates with RelB, serving as transcriptional activator heterodimer
after translocation into the nucleus [7].
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Figure 1. Activation pathways for canonical and non-canonical NF-kB signalling. Canonical NF-«B
pathway is exemplified by TNF-« binding to its reception, while non-canonical NF-«B pathway is
illustrated by binding of LT-f3 to its receptor.

In general, the fine tuning of the NF-kB response is controlled by different post-translational
modification events, such as phosphorylation, as well as by an intricate series of protein-protein
interactions and feedback loops. The fact that IkBo itself is one of the NF-«B target genes represents
an example of negative feedback. The newly synthesized IkB« is able to relocate NF-«B subunits
from the nucleus to the cytoplasm. Also, considering the important role of K63-linked or linear
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polyubiquitination as a platform for the activation of the NF-kB pathway, de-ubiquitinase (DUB)
enzymes, such as Cyld or A20, can serve as negative feedback inhibitors of the pathways [5]. When
the regulatory mechanisms described above become aberrant, NF-kB can become constitutively active
or deregulated. For instance, NF-«B is chronically activated in several inflammatory diseases, such
as arthritis, inflammatory bowel disease, asthma and many other pathological conditions, including
cancers [11,12]. Here, we will discuss the role of NF-«B in cancer, focusing on how this transcription
factor can be induced by hypoxia, and modulated by HIF, in a variety of tumour contexts.

2. NF-kB in Inflammation and Cancer

Activation of the NF-kB pathway is widely recognised as characteristic of inflammation.
Inflammation is a defensive process used by the innate and adaptive immune systems to respond
to bacterial and viral infections, facilitating wound healing or maintenance of tissue homeostasis.
In the last fifteen years, chronically prolonged inflammatory response has been identified as a
hallmark of cancer [13]. However, the role of NF-kB in malignancies remains quite controversial,
acting as tumour promotor or tumour suppressor depending on the cellular context [14]. In cancers
featuring a chronic inflammatory microenvironment, NF-«B is conspicuously activated. Thus, cancer
development is further promoted, and tumour progression is reinforced. In fact, in these tissues,
pro-inflammatory cytokines (i.e., TNF-«, IL-1, interleukin-6 (IL-6)), Reactive Oxygen and Nitrogen
Species (RONS), prostaglandins, and microRNAs accumulate, contributing to create a pro-tumorigenic
microenvironment. In particular, a constitutive activated NF-kB participates in carcinogenesis
stimulating cell proliferation, inhibiting programmed cell death, regulating angiogenesis, promoting
tumour metastasis and remodelling tumour metabolism [14]. NF-«kB influences cell proliferation
by controlling autocrine and paracrine production of cytokines, such as Interleukin-2 (IL-2) and
Granulocyte-Macrophage Colony-Stimulating Factor (GM-CSF) [15]. Additionally, NE-kB controls
gene expression of G1 cyclins, such as cyclin D1 [16], which is a crucial protein in the exit from the G1
phase of the cell cycle, frequently altered in numerous human cancers [17].

NF-«B plays a dual role in controlling apoptosis. Several reports have supported a pro-apoptotic
activity of NF-«B [18,19]. However, NF-kB ability to prevent apoptosis seems to be more often
studied, leading to the activation of target genes such as cellular Inhibitors of Apoptosis (cIAP1/2,
XIAP), cellular FLICE (Caspase8/FADD-like IL-13-Converting Enzyme)-Inhibitory Protein (c-FLIP),
and members of the Bcl2 family, such as Bcl-xL [20]. Such anti-apoptotic roles of NF-kB might be
determinant during cancer progression, when cells that have undergone DNA damage or chromosomal
rearrangements can therefore escape from apoptosis, overcoming also other checkpoint controls
normally operated by p53, a tumour suppressor mutual antagonist of NF-«B [21].

Expansion of vascular network, also termed angiogenesis, is one of the main hallmarks of tumour
growth [13]. A number of NF-«B target genes are known to be involved in this process. Among
them there are the chemokine Interleukin-8 (IL-8) [22], and the Vascular Endothelial Growth Factor
(VEGF) [23]. Anti VEGEF strategies have been successful in the clinic for treatment of patients with
several cancers, including colorectal cancer (CRC) (reviewed in [24]), in the form of Bevacizumab,
a monoclonal antibody against VEGFA, and Aflibercept, a recombinant fusion protein blocking VEGFA
and VEGEFB signalling. Interestingly, these genes can be also targets of HIF-1« [25,26], highlighting the
existence of an intricate crosstalk between inflammation and hypoxia in cancer cells (see Section 4).

NF-«B also directly regulates expression of genes encoding for matrix metalloproteinases, such
as MMP-9 [27]. Extracellular matrix remodelling not only facilitates the spread of endothelial cells
(angiogenesis), but also of cancer cells (metastasis) in the surrounding areas. Notably, a role of NF-kB in
tumour metastasis formation has been reported in human head and neck squamous cell carcinoma [28],
and breast cancer [29].

As part of the immune response, NF-kB can exert also tumour suppressing functions. In particular,
this occurs in some acute inflamed environments, when Cytotoxic T cells (CTL) are highly activated
against malignant cells [30], or in chemically induced liver and skin cancers [31,32]. However, this
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response might be not able to eradicate all aberrant cells, which then escape the immune system.
Chronic inflammation in the microenvironment, and, consequently, the increased cytokine release
elevates the NF-kB activity, resulting in tumour promotion. However, the NF-«kB activity can be
enhanced also by mutation of NF-«B pathway components and/or oncogenes [33]. Mutation of NF-«B
occurs in particular in lymphoid malignancies, such as human B cell- [34,35] or T cell-lymphomas [36].
Although less frequently, mutations of the NF-«B signalling pathway occur also in solid tumours.
For instance, mutations in NF-«kB1 have been detected in breast cancer [37]. In addition, most recently,
high expression of IKK« has been associated with poor outcome in patients with Estrogen Receptor
(ER)-positive invasive ductal breast cancer, although its expression appeared to be independent of
NIK and RelB [38]. Overall, the NF-kB pathway has been found to be fundamental in development,
maintenance, or invasiveness of multiple solid cancer types, including colon and lung cancers [39-41],
hepatocellular carcinoma [42], and melanoma [43]. While not all cancers form in inflamed tissues,
inflammation arises as a consequence of metabolic dysregulation associated with tumour development,
facilitating the progression of the tumour itself. During tumour propagation, the high demand of
oxygen and nutrients creates a pathologic hypoxic microenvironment in the tumour core, inducing the
production of angiogenic growth factors and cytokines, to form new blood vessels and recruit more
innate immune cells [44]. Indeed, hypoxia strongly impacts on tumour progression and metastasis, by
activating specific transcriptional programmes, such as HIF and NF-«B [45].

3. Hypoxia and Hypoxia Inducible Factor (HIF) Pathway

Hypoxia, or diminished oxygen availability, is a common feature of the tumour microenvironment,
where the oxygen level is often below 1%. This condition triggers a series of gene expression
changes, affecting angiogenesis and metabolism, to enable tumour survival and progression [45].
Hypoxia in tumours occurs in different areas, from anoxic regions further away from the blood
vessels to hypoxic areas, generated by highly metabolic cancer and immune cells [45,46], creating a
non-uniform tumour microenvironment. The main molecular drivers of this response belong to a
family of basic Helix-Loop-Helix-Per-ARNT-Sim (bHLH-PAS)-containing transcription factors, known
as HIFs [47]. HIF is a heterodimeric complex formed by an oxygen-dependent « subunit and an
oxygen-insensitive 3 subunit. In fact, the constitutively expressed HIF-1f (also called ARNT, Aryl
Hydrocarbon Receptor Nuclear Translocator) is the obligatory binding partner for any HIF-o. So far,
three a-forms (HIF-1«, -2 and -3) have been identified in humans. HIF-1«, the most well-studied
isoform, is ubiquitously expressed, while HIF-2x expression is restricted to endothelial cells, heart,
lung, placenta and kidney [48]. Only recently the expression profile of the several HIF-3«x spliced
variants has been elucidated, with HIF-3a predominantly expressed in kidney and lung epithelial
cells [49]. Interestingly, although HIF-1cc and HIF-2«x are structurally closely related, and despite some
redundancy in their functions with the sharing of several common target genes, they also have distinct
target gene cohorts [50]. Moreover, their roles can vary depending on tumour and cell types [51]. HIF-3x
function remained unclear for long time, being mainly considered a dominant negative regulator of
the other HIF-« isoforms, by competing for HIE-1§3 binding [50]. Only recently, a novel transactivation
activity induced by hypoxia has been attributed to HIF-3«x in zebrafish embryos, opening new scenarios
in the regulation of transcriptional response following exposure to low oxygen [52].

The cellular response to hypoxia engages HIF primarily at the post-transcriptional level, where
the HIF-« proteins stability is regulated by non-heme, Fe?* and 2-oxoglutarate (20G)-dependent
dioxygenase enzymes called Prolyl Hydroxylases (PHDs). Under normal oxygen conditions, PHDs
(PHD1, PHD2 and PHD3) hydroxylate specific proline residues within the Oxygen Dependent Domain
(ODD) of the HIF-« subunit. Thus, the hydroxylated HIF-« is recognised by the von Hippel-Lindau
(VHL) tumour suppressor protein, component of an E3-ubiquitin-ligase complex. This leads to HIF-«
Lys48-linked poly-ubiquitination and subsequent proteasomal degradation. In addition, further control
of transcriptional activity of HIFs escaping degradation is mediated by FIH (Factor Inhibiting HIF).
This 20G-dependent dioxygenase enzyme prevents HIF association with the co-activators p300/CREB
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Binding Protein (CBP), by hydroxylation of a key asparagine in the transactivation domain of HIF-«.
In hypoxia, PHDs and FIH are inactive, due to the absence of oxygen, essential cofactor for these
enzymes [53]. This enables the hypoxic transcriptional programme to occur. The stabilised HIF-
subunit translocates into the nucleus, dimerizes with HIF-1f3, and, upon binding to the consensus
hypoxia response element (HRE), transactivates downstream target genes, involved in a large variety
of processes, including glycolysis, angiogenesis, proliferation, migration, and apoptosis [54] (Figure 2).
As crucial mediators of several biological and cellular processes, both HIF-1a and HIF-2cx expression
are elevated in numerous solid tumours, such as colon, breast and lung cancers [48]. For instance, high
levels of HIF-1« correlate with poor clinical outcomes in human breast cancer, with HIF-1« being the
master regulator of Epithelial-Mesenchymal Transition (EMT), invasion, extravasation, and metastasis
in this type of tumor [55].
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Figure 2. Activation of the Hypoxia Inducible Factor (HIF) pathway in response to hypoxia. HIF-o
levels are controlled in normoxia by PHD-mediated hydroxylation (OH) and recognition by the
E3-ligase complex containing the tumour suppressor pVHL. In hypoxia, Prolyl Hydroxylases (PHDs)
and FIH are inhibited and HIF-« escapes VHL-dependent degradation. T-bars represent repression.

A relevant role as regulators of the hypoxic response has been recently attributed to the Jumonji C
(JmjC) domain containing proteins [56], many of which are 2-OG dioxygenases functioning as protein
demethylases. These enzymes, of which there are over 30 discovered in humans, mainly control histone
methylation, and they are often deregulated in many cancers (reviewed in [57]). Structural work
from the Schofield and Allshire laboratories has revealed that the domain responsible for demethylase
activity of these enzymes (JmjC domain) has a fold that is remarkably similar to the catalytic core of
FIH [58,59]. In addition, investigation of the oxygen dependency of two of these enzymes revealed a
graded drop in activity over physiologically relevant ranges of oxygen [60,61]. These studies indicate
the potential of JmjC enzymes to link chromatin structure to oxygen sensing and participate in the
hypoxia mediated transcriptional response. Indeed, an increasing number of reports found elevated
histone methylation marks in response to prolonged hypoxia [62-65], with the impaired JmjC enzyme
activity being responsible for these changes [63,65]. Interestingly, many of these enzymes are hypoxia
inducible (reviewed in [57]), with some, including Lysine (K)-specific demethylase 4B (KDM4B),
KDM4C, KDM5B, KDM3A, KDM2A and KDM2B, being HIF targets [66-71]. This may point to negative
feedback mechanism to help regulate histone methylation in a JmjC histone demethylase compromised
environment, and possibly help the cell reset its oxygen sensing and response mechanisms after
prolonged hypoxia and/or restoration of normoxia, as is seen with PHD regulation of HIE.
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4. Crosstalk between Hypoxia and Inflammation in Cancer

Recently, an increasing number of studies supported a role of HIF beyond the hypoxia
response [72]. HIF-1x activation has been detected following different bacterial infections under
normal oxygen levels [73], whereas HIF-2«c and HIF-1$3 have been found to regulate neutrophilic
inflammation and myeloid cells function in wound healing, respectively [74,75]. In inflammation,
mechanisms leading to HIF induction can be oxygen-independent, and mediated by other transcription
factors, such as STAT3 [76] and NF-«B [77,78]. In recent years, an intimate crosstalk between HIF
and NF-«B has been appreciated at different levels, as reviewed in [6]. Interestingly, this crosstalk
is bi-directional. In fact, not only does NF-«B induce HIF (Figure 3A), but HIF regulates NF-xB
(Figure 3B). Particularly, under inflammatory conditions, NF-kB transcriptional activity is restricted by
HIF-1« in vivo and in vitro [25]. To date, the knowledge concerning HIF-2« and HIF-1f3 contribution
to the NF-«B activity is still poor, despite the fact that these HIF subunits have been associated with
NF-«B [79,80].
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Figure 3. Levels of crosstalk between the HIF and the NF-«B pathways. (A) NF-«B control over the HIF
pathway; (B) Reported points of interaction and control of the HIF pathway over the NF-«B signalling
cascade. Red T-bars indicate inhibition points, whereas arrows with dashed lines indicate regulation
events that have not been proved in an in vivo system yet. Question marks are used to highlight the
unanswered questions into the HIF regulation of the NF-«B pathway.

HIF can directly contribute to the inflammatory response, inducing several pro-inflammatory
chemokines and cytokines [12]. Importantly, numerous genes transcriptionally activated by HIF are
also NF-kB target genes involved in tumorigenesis, such as IL-6, MMP9, cyclooxygenase 2 (COX2),
as well as pro-survival genes, such as Bcl-2, among others [81]. Indeed, the cooperative relationship
between HIF and NF-kB in the tumour-associated inflammation is evident. More pro-inflammatory
mediators are produced in the hypoxic areas of the tumours, resulting in the recruitment of more
immune cells at neoplastic sites. This determines a chronic inflammation in the tumour, with
consequent high activation of NF-«B [12]. As previously stated, inflammation is a key player in
tumour development and progression, therefore it is not surprising that chronic inflammatory diseases
may predispose to cancer. One example is the Inflammatory Bowel Disease (IBD), a chronic intestinal
disorder including Crohn’s disease and ulcerative colitis [11]. Patients affected by this condition
have a greater risk to develop colon cancer, particularly Colitis-Associated Colon cancer (CAC) [82].
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In colon tumorigenesis, where hypoxic inflammation is significant, both HIF-1x and HIF-2« are
expressed [48]. Notably, a recent study highlighted the importance of intestinal epithelial HIF-2« in
the recruitment of neutrophils to colon tumour sites, supporting its prominent role in the inflammatory
microenvironment [83]. Another example of hypoxia and inflammation crosstalk in cancer is observed
in Hepatocellular Carcinoma (HCC), where TNF-« is one of the cytokines constantly activated by
NF-«B, through the Tumour Associated Macrophages (TAMs). The expression of HIF-1a and HIF-2«
in these immune cells seems to be particularly important in the HCC progression [12,84]. However,
to better understand the precise mechanisms, by which hypoxia and immune cells contribute to the
intra-tumoural inflamed microenvironment, further studies are needed.

5. Hypoxia-Induced NF-xB

As mentioned earlier, NF-«B is one of several transcription factors induced by hypoxia. Although
mechanisms by which NF-«B is activated under low oxygen are still under investigation.

5.1. Role of the Oxygen Sensors in the Hypoxia Induction of NF-xB

5.1.1. Hydroxylases

20G-dependent dioxygenases, such as PHDs and FIH, function as oxygen sensors stabilizing
HIF in hypoxia, therefore these and other dioxygenases may confer oxygen sensitivity to additional
pathways regulated by oxygen availability, including NF-kB. Indeed, the discovery of new and
potential FIH and PHD targets supports this. Proteomics approaches have revealed NF-kB pathway
components, including p105 and IkBx [85] as well as an upstream regulator of the NF-«B pathway,
OTU dDe-ubiquitinase, Ubiquitin Aldehyde Binding 1 (OTUB1), as being hydroxylated by FIH [86,87].
Although these novel FIH targets provide promising links to NF-kB and oxygen sensing, with the
exception of OTUBI [87], mutational analysis has been unsuccessful in identifying any functional
significance for these modifications [85,88]. Although OTUB1 hydroxylation by FIH regulates metabolic
processes in the cell [87], a role of OTUBI in activating the NF-kB pathway under hypoxic conditions
has yet to be established. Interestingly, other players in the IL-1 pathway, the ubiquitin ligase enzymes
Uvela and Ubc13, are also targets for hydroxylation [86]. These enzymes have also been shown to be
required for hypoxia induced NF-«B activity [89,90]. Thus, although speculative, oxygen regulated
hydroxylation of these ubiquitin ligases could play a part in the NF-«kB induction by hypoxia.

As with FIH, whilst there is evidence of PHD regulation of NF-«B induction following oxygen
deprivation, a direct oxygen sensing mechanism mediated by PHD prolyl hydroxylase activity has not
been discovered yet. PHDs have been found to antagonise NF-«B activity in various cell types [91-95].
Hypoxia induction of NF-«kB via IKK activation has been shown to be regulated by PHD1 and, to a lesser
extent, by PHD2 levels [91]. The authors of this study suggested a PHD prolyl hydroxylase dependent
mechanism, providing evidence that IKK( is a potential PHD target through the identification of
conserved PHD prolyl hydroxylation motif, which is required for the hypoxia induction of IKKf levels.
Further supporting this finding, Zheng and colleagues identified IKKf among the PHD1 substrates
in a hydroxylation screening assay [96]. However, further studies are required to demonstrate IKK
hydroxylation in cells. Conversely, another group has found that PHD3 inhibits NF-«B by a prolyl
hydroxylase-independent inhibition of IKKy ubiquitination [94]. In addition, a cooperative role of
PHD2 with respect to NF-«B activity, functioning as coactivator of p65, has been shown [97]. Taken
together, these studies exemplify the cell type and context specificity of hypoxia induced NF-xB
regulation by PHDs.

5.1.2. JmjCs

The aforementioned JmjC enzymes also link NF-«kB activities” in hypoxia to oxygen sensing.
Despite methylated histone lysine residues being the prominent target for the demethylating activity
of these enzymes, non-histone targets are emerging. KDM2A has been shown to demethylate p65,
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inhibiting expression of some of its target genes [98,99]. Various methylation sites have been identified
on p65 [98,100-102]. Both K218 and K221 methylation sites are reversibly regulated by Nuclear
Receptor Binding SET Domain Protein 1 (NSD1) and KDM2A, with NSD1 methylating them in
response to IL-1f induction, aiding the activation of a subset of NF-«B target genes. Interestingly,
KDM2A is NF-kB inducible [98] as well as hypoxia inducible in HIF-1 dependent manner, as recently
shown by our group [71]. This represents another feedback loop of NF-«B regulating its own activity,
and may confer another level of crosstalk between low oxygen availability and NF-«B function.
KDM2B, the other member of KDM2 family member, is also hypoxia and NF-«B inducible [71,103];
however, it is currently unknown if this enzyme influences NF-«B activity. Another NF-«B induced
JmjC enzyme, KDM6B, promotes activation of a subset of genes in LPS activated macrophages in a
histone demethylase independent manner [104]. Furthermore, J]MJD8 has been shown to positively
regulate TNF induced NF-kB signalling, although the mechanism by which this occurs has not
been elucidated [105]. These reports further highlight some known and potential crosstalk points
between hypoxia and NF-«B. Emergence of new JmjC targets and functions may lead to new NF-«B
regulatory links.

5.2. TAK and IKK in Hypoxia Induced NF-xB

An IKK independent mechanism of action was reported when hypoxic activation of NF-«B
was initially discovered [106]. Since this seminal work, it has been shown that IKK dependent
mechanisms of NF-kB activation in response to hypoxia do occur [72,107,108]. Our laboratory has
shown that NF-«B responds rapidly to hypoxia in an IKK dependent manner in cancer and primary
cell lines. Specifically, IKK mediates hypoxia induced phosphorylation of IkBx at serine 32 and 36 and
also influences DNA binding of NF-«B [90,107]. This mechanism is dependent on the E2 ubiquitin
conjugating enzyme Ubcl3 [107], and XIAP may be one the E3 ligases interacting with Ubc13 in
hypoxia-induced NF-«kB activation [90]. We went on to show that hypoxia-induced IKK-mediated
NF-kB activation is conserved in Drosophila [109]. This work also found that the MAPK family
member TAK1 (Transforming Growth Factor-f3-Activated Kinase 1) was part of the mechanism of
hypoxia-induced NF-«kB. Further investigation into other potential regulatory mechanisms of hypoxia
induced NF-«B activation, particularly cell/tissue specific regulators, are required.

5.3. Role of IxBw in the Hypoxia Induction of NF-xB

As mentioned above, inactivation of the NF-«kB inhibitor IkBa by TAK-IKK mediated serine
phosphorylation can induce hypoxia-induced activation of NF-kB. Mutational analysis shows that
this mechanism appears to be independent of IkBa tyrosine phosphorylation [107], for which a role
was initially suggested [106]. Hypoxia induction of NF-«B is atypical since IkBx is not degraded
as ubiquitination is inhibited and replaced with sumoylation in low oxygen environments [107].
There are currently various models of IkBx sumoylation influencing NF-kB activity in different
cellular contexts [110,111]. Sumo 2/3 conjugation of IkBex may be important in hypoxia-induced
NF-«B activation, whilst Sumo 1 conjugation has been shown to inhibit NF-«B. Inactivation of Sumo
proteases in hypoxia is a potential mechanism whereby 2/3 conjugation of IkBe is present in hypoxia.
Interestingly, polycomb complex regulated transcription has been shown to be influenced by nuclear
IkBx phosphorylation and sumoylation [112]. Transcriptional control regulated by IkBx sumoylation
in hypoxia represents a new area of research in the field of inflammation following hypoxia.

6. Hypoxia-Dependent NF-«kB Activation in Cancer

6.1. Colorectal Cancer

Colorectal cancer (CRC) affects over 500,000 people each year, and is the fourth most common
cause of cancer related mortalities [113]. The intestinal lumen of a CRC patient is characterised by
both inflammatory and hypoxic regions (reviewed in [11]). NF-kB is activated in CRC in response
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to inflammation, promoting tumorigenesis and cancer progression [114]. Multiple pathways are
implicated in NF-«kB oncogenic role in CRC, including Reactive Oxygen Species (ROS) production,
activation of pro-inflammatory cytokines, cell survival, EMT, cell proliferation, migration and
angiogenesis (reviewed in [11]). Blocking NF-«B signalling has been shown to impair tumour growth
in mouse models of CRC and CAC [40,115]. Moreover, anti-inflammatory drugs are used in the
clinic to target chronic inflammation in CRC. These are mainly Non-Steroid Anti-Inflammatory
Drugs (NSAIDs), which inhibit cyclooxygenase enzymes including COX2, upregulated by NF-«B.
Like most solid tumours, hypoxia promotes tumorigenesis and progression in CRC. As mentioned
earlier, effects of HIF-1x and HIF-2x on cancer is context specific. In CRC they have antagonising
roles, with HIF-1« acting oncogenic and HIF-2« acting tumour suppressive [116]. High HIF-1«
levels are associated with poor CRC prognosis. The role of HIF-1x in potentiating CRC through
metastatic and angiogenic pathways has been characterised in several reports [117-121]. Conversely,
transcript analysis on 120 CRC patient samples found that low HIF-2a« mRNA is a prognostic factor,
correlating with increased risk of mortality [122]. Another study performed immunohistochemically
analysis on 63 primary tumour samples, finding an anti-correlation between HIF-2« levels and tumour
stage [116]. The aforementioned study also used mouse xenografts showing siRNA depletion of
HIF-1 reduces tumour growth whereas the opposite is seen in HIF-2«x depletion. Additionally,
HIF-1 knock-down in colon cancer cells increases cell proliferation, and, although HIF-2« has
no effect on cell proliferation, colony formation was increased in a soft agar assay for anchorage
independent growth [116]. Pharmacological inhibition of HIF has also been shown to result in tumour
regression in a murine model of CAC, with a reduction in TAM infiltration [123]. As the above data
demonstrates, NF-kB and HIF-1«x are key components in driving CRC development and growth.
Apoptosis, cell proliferation, angiogenesis and EMT are some overlapping pathways in the crosstalk
between inflammatory and hypoxic signalling in CRC.

Around 70% of CRCs follow a distinct mutational sequence, starting with mutations in the
tumour suppressor Adenomatous Polyposis Coli (APC) followed by V-Ki-ras2 Kirsten rat sarcoma viral
oncogene homolog (KRAS), p53 and DCC (Deleted in Colorectal Cancer) mutations. The oncogene
c-myc is also commonly overexpressed. The initial APC mutations trigger adenoma formation,
which can develop into CRC [124]. APC supresses Wnt/f3 catenin signalling, which limits cell
proliferation through the T-Cell Factor/Lymphoid Enhancer Factor (TCF/LEF) pathway [125,126].
APC, HIF-1x and f catenin are in cross regulatory network. APC is a HIF-1«x target gene repressed
in hypoxia, activating cell proliferation via increased Wnt/ 3 catening signalling [127]. Moreover,
APC can indirectly repress HIF-1a in a 3 catenin and NF-«kB dependent fashion [127]. Furthermore,
B catenin regulates NF-kB in a dose dependent manner. 3 catenin can activate NF-«B signalling
through a positive feedback loop, however at higher levels  catenin can repress NF-«kB (reviewed
in [128]). 3 catenin levels have also been recently shown to be regulated by KDM2A and KDM2B [129].
Demethylation of non-phosphorylated 3 catenin by KDM2A and KDM2B induces nuclear degradation
of 3 catenin and loss of Wnt/ {3 catenin signalling. Given the importance of APC in CRC, gaining a
better understanding of this complex crosstalk between HIF, NF-kB and APC pathways may give
better insight into understanding molecular mechanisms behind CRC.

Another connection point between HIF and NF-«kB pathways is c-myc. c-myc promotes cell
proliferation and is typically overexpressed in transformed cells. HIF-1« inhibits c-myc activity and
functioning via multiple mechanisms, including direct interaction, induction of Mx1 and activation
of p21 [130-133]. Paradoxically, in an oncogenic environment where c-myc is overexpressed, HIF
does not impair c-myc driven cell proliferation; instead, c-myc and HIF-1c collaborate to potentiate
activation of metabolic proteins, such as Pyruvate Dehydrogenase Kinase 1 (PDK1) and Hexokinase
2 (HK2), driving the Warburg effect, and VEGEF, driving angiogenesis (reviewed in [134]). c-myc is
also transcriptionally upregulated by NF-«B, along with p21, conferring cell proliferative effects of
NF-«kB [16,135]. Furthermore, c-myc transcriptional activity on a subset of its targets driving cell
growth is augmented by HIF-2« [136].
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EMT is crucial for cancer progression, enabling invasion, and thus initiation of metastasis.
The EMT driving transcription factors Snail and Twist are components co-regulated by NF-«B and
HIF with potential clinical significance in CRC. Twist enhances EMT, Snail promotes lymph node
metastasis in CRC [137]. Both are upregulated by hypoxia in a HIF dependent manner [138-140].
Also, HIF-1x upregulation of Twist in response to hypoxia or HIF-1& overexpression induce EMT and
metastatic phenotypes [139]. TNF-o induction of NF-«B signalling, stabilising Snail and {3 catenin, also
promotes EMT [141]. Moreover, high levels of Twist and NF-«B are associated with tumour metastasis
to the lymph nodes [142]. Hypoxic and inflammatory stimuli in the tumour microenvironment can
coordinate the infiltration TAMs to the tumour. TAMs can be tumour inhibitory or tumour promoting.
Furthermore, low oxygen and chronic inflammation can subvert normal macrophage function from
cancer killing (M1 classically activated) to cancer survival and growth (M2 alternatively activated).
TAMs polarized towards the M2 state potentiate immunosuppressive, metastatic and angiogenic
signals. NF-«B is activated by infiltrating macrophages and TAMs through release of growth factors
and cytokines (reviewed in [143]), and is central to subverting TAM function. As mentioned earlier,
pharmacological inhibition of HIF has also been shown to result in tumour regression in a murine
model of CAC, with a reduction in TAMs infiltration [123]. The group identified a potential mechanism
for the reduced TAM infiltration in this model through loss of Macrophage Colony Stimulating Factor
Receptor (M-CSFR), a HIF target gene that is key signal for recruitment of macrophages to a tumour
environment. The role played by TAMs in CRC progression is somewhat controversial. There is
accumulating evidence for both tumour surviving and tumour killing phenotypes. It seems that which
activity is dominant is dependent on where TAMs are located in CRC and the extent to which they
have M1 or M2 like activities. Nonetheless the role of hypoxia and inflammation in tumour promoting
functions of TAMs are well established. The development of therapies to polarize the TAM pool in
CRC towards an M1 phenotype does seem attractive.

JmjC enzymes are emerging as new therapeutic targets and potential biomarkers in several
cancers, including colon cancer. Given that KDM2A directly repressed NF-«B transcriptional activity
via p65 demethylation [98], it would be anticipated that KDM2A activity may influence NF-«kB driven
cancer phenotypes. In the same study identifying KDM2A as demethylating p65, the authors showed
that KDM2A impairs NF-kB dependent colon cancer cell growth [98]. Transcript analysis of colorectal
liver metastases has identified the HIF-1« target KDM3A, as a biomarker for hypoxic tumour cells and
potential prognostic marker and therapeutic target for CRC [69,144]. Another JmjC containing protein,
KDMEG6B, is transcriptionally induced by vitamin D, and KDM6B mediates a subset of effects of vitamin
D on colon cancer [145]. Specifically, KDM6B deletion induces the expression of pro EMT factors
including Snail, and mesenchymal markers. KDM6B depletion was also shown to block vitamin D
regulation of 3 catenin export. Moreover, KDM6B expression anti-correlates with Snail expression and
correlates with vitamin D receptor expression [142].

PHD3 may function as a tumour suppressor in CRC through inhibition of IKK3-mediated NF-«B
signalling [146]. PHD3 has reduced expression in CRC compared to normal tissue and expression of
PHD?3 anti correlates with tumour severity [146]. Furthermore, PHD3 inhibits TNF-« induced NF-«B
activity in colon cancer cell lines by blocking phosphorylation of IKKf. This mechanism was shown
to be independent of PHD3 hydroxylase activity, and via PHD3 blocking the interaction between
IKKp and Heat Shock Protein 90 (HSP90), an interaction required for IKKf phosphorylation [146].
Control of p53 regulated apoptosis is another point of potential PHD-NF-«B crosstalk with clinical
significance in CRC. PHD1 has been shown to aid the p53 mediated CRC resistance to genotoxic
agents [147]. p53 phosphorylation, mediated by p38«x kinase in response to chemotherapy, can
inhibit chemotherapy-induced apoptosis through p53-induced DNA repair. Researchers found that
silencing of PHD1, but not PHD2 or PHD3, prevented p53 activation in response to genotoxic
treatment [147]. Moreover, PHDI1 sensitized colorectal cancer to 5-FU treatment in mice [147].
Mechanistically, PHD1 was reported to enhance the p53-p38«x kinase interaction, and subsequent
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P53 phosphorylation, in response to genotoxic damage in CRC in a hydroxylation-dependent and
HIF-independent manner [147].

6.2. Breast and Lung Cancer

Breast and lung cancer are other examples of solid tumours where inflammation and hypoxia are
fundamental drivers of disease progression. HIF and NF-kB signalling pathways have been established
as playing oncogenic roles suitable for targeting. The usual players in inflammatory and hypoxic
signalling crosstalk in cancer, such as TAMs, VEGE, and p53 have mechanistic importance in these
diseases, as does the less well characterised crosstalk component, JmjC enzymes. In cell culture, IKK
inhibition blocks Erb-B2 Receptor Tyrosine Kinase 2 (ERBB2) activation of NF-«B and induces apoptosis
in ER negative ERBB2 positive breast cancer cells [148]. In vivo, inhibition of NF-kB impairs tumour
progression in a murine model of breast cancer [148]. Furthermore, NF-«xB dependent induction of
EMT has been shown in breast cancer models [29,149]. There is also evidence of Epidermal Growth
Factor (EGF) signalling enhancing NF-kB activity in breast cancer [150]. In this context, mechanism of
activation of NF-kB by EGF may be similar to that described in lung cancer, where an IKK independent
mechanism mediated by tyrosine kinase phosphorylation of IkBa is in place [151]. NF-«B activation
is particularly prevalent in lung adenocarcinomas with constitutively active EGF-Receptor (EGFR)
mutations. It can drive resistance of tumours to receptor tyrosine kinase inhibition, demonstrating the
potential of targeting NF-kB to improve patient outcome in EGFR mutant lung cancer sufferers treated
with receptor tyrosine kinase inhibitors [152]. An oncogenic role of HIF-1« in breast cancer has been
well characterised (reviewed in [153]). Drugs inhibiting HIF, namely acriflavine, digoxin and topotecan
impair tumour growth and metastasis in animal models of breast cancer [154-156]. Non-Small-Cell
Lung Carcinoma (NSCLC) is highly metastatic and the most common form of lung cancer. HIF-1x
and -2 subunits and frequently overexpressed in NSCLC, along with VEGE, which is targeted for
treatment of NSCLC. HIF signalling has been shown to induce TAM mediated angiogenesis in human
breast carcinoma models, and HIF-2«/TAM signalling may be a useful antiangiogenic breast cancer
therapy [157,158]. Along with VEGF, Arginase 1 (Argl) is transcriptionally induced by TAMs in
response to HIF signalling. Argl also contributes to the tumour survival and growth activities of
TAMs, and is elevated in mouse cancer model TAMs and in myeloid cells of breast cancer patients [159].
Several hypoxia-inducible HIF target JmjC enzymes are deregulated in breast and lung cancer. The
KDM4 family members of JmjC enzymes, targeting di- and trimethylated H3K36 and H3K9, namely
KDM4A, KDM4B and KDM4C are upregulated in breast cancer [160-162]. KDM4B has been found to
mediate oestrogen stimulated cell proliferation of mammary cancer [163]. This study also found that
KDM4B is transcriptionally induced by ER«x in MCF?7 cells and upregulates ERo target genes. Control
of ER« target gene expression in mediated by fine tuning of H3K4 and H3K9 methylation at ER target
promoters through a complex of KDM4B and the H3K4 methyltransferase MLL2 [163]. The H3K4
demethylase KDM5B has transcriptional repressor functions and is also a coactivator of the androgen
receptor. KDM5B is overexpressed in both lung and breast cancer [164,165]. Furthermore, oncogenic
functions of KDM5B have been demonstrated in vitro and in vivo. In MCF7 cells and in a mouse
breast cancer model, depletion of KDM5B inhibits cell growth [166]. This correlates with suppression
of the tumour suppressor gene BRCA1 [166]. More recently, high KDM5B expression was found to
correlate with poor prognosis in breast cancer patients and enhanced breast cancer invasiveness in
triple negative breast cancers [167]. Authors in this study also identified a mechanism for increased
breast cancer invasion involving a KDM5B-metastasis-associated lung adenocarcinoma transcription
(MALAT1)-hsa miR448 signalling axis [167]. A role of KDM5B is also present in lung cancer whereby
KDMS5B suppresses p53 expression [168]. This could have a functionally relevant link to NF-«B in lung
cancer. Concomitant loss of p53 function and constitutively active KRAS control enhanced NF-xB
activity in lung cancer cell lines and a mouse model of lung cancer [169]. Given the evidence for
KMDS5B driving cancer progression in the breast and lung cancers, it is perhaps no surprising that
small molecule inhibitors against it are in development for use as potential cancer drugs. The small
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molecule inhibitor of KDM5B, EPT-103182 [170], has yielded promising results with anti-proliferative
effects in various cancer cell lines and anti-tumour effects in mouse cancer models [171]. KDM2A
along with KDM5B, have the highest frequency of gene amplifications and over expressions in breast
cancer with respect to JmjC enzymes [172]. Interestingly the small isoform of KDM2A, which lacks the
JmjC domain, is more highly expressed than the full isoform in a subset of breast cancer, suggesting an
oncogenic role KDM2A independent of direct demethylase activity [172]. A potential mechanism for
NSCLC progression in a subset of patients overexpressing KDM2A has been reported, with KDM2A
stimulating cell proliferation through ERK1/2 signalling [173].

Studies on the importance of PHDs in breast and lung cancer are fairly limited. However, there
is evidence of an important role of PHD1 in breast cancer through regulation of cell proliferation.
Knockdown of PHD1 in breast cancer cell lines reduces cell proliferation and this correlates with
loss of cyclin D1 [174]. Cyclin D1 stimulates cell cycle progression through its interaction with
Cyclin Dependent Kinases (CDKs). Forkhead Box O3a (FOXO3a) was then identified as a new
target for PHD1 [96]. Hydroxylation of FOXO3a by PHD1 has been shown to regulate cyclin D1
transcription, representing a potential mechanism by which PHD1 loss in breast cancer can impair cell
growth. Conversely, treatment of breast cancer cell lines and a mouse xenograft model with docetaxel,
a potential breast cancer drug, causes cell death in hypoxic conditions through c-Jun N-terminal
Kinase 2 (JNK2)-PHD1 mediated HIF-1x degradation [175]. Interestingly, expression of individual
PHD isoforms associates with good breast cancer patient outcome and PHD1 and PHD3 appear
to be important in breast cancer in a HIF independent manner [176]. PHD3 is expressed highly in
breast cancer patients with good prognosis and may be an important regulator of apoptosis in breast
cancer [176]. PHD studies in the lung cancer are even more limited. Some groups have looked at the
expression of PHD isoforms in lung cancer samples [177,178]. These studies show that PHDs are highly
expressed in lung cancer compared to normal tissues, and both collective and individual PHD isoform
expression are poor prognostic factors for NSCLC survival, independent of HIF levels [177,178]. As of
yet, no clear mechanistic links between PHDs and NF-«B activity, independent of HIF, have been made
in context of lung cancer and breast cancer.

7. Future Prospective in Cancer Therapeutics: Targeting HIF and the NF-«B Pathway

Due to the substantial contribution of HIF and NF-«B in carcinogenesis, over the years new
therapeutic strategies have been developed to specifically target these two pathways. Moreover,
considering their intimate crosstalk, it is possible that some of the therapeutics and modulators used
might exert their function on both transcription factors. So far, HIF signalling has been altered mainly
through PHD inhibitors, which have been beneficial in the treatment of several cancers, including those
characterised by prominent inflammation. PHD inhibition can stabilise HIF-«, but also activate other
pathways, such as NF-«B [72,91], promoting an inflammatory resolution. To date, five PHD inhibitors
(BAY-853934, JTZ-951, FG-4592, AKB-6548 and GSK1278863) have entered clinical trials. However,
some concerns about their side or off target effects exist, considering the different substrate specificity
and cellular expression of the three enzymatic isoforms identified so far [179]. An alternative approach
to target HIF stabilisation might be via the inhibition of the HIF-E3 ubiquitin ligase responsible for
HIF degradation. Given that neddylation has been shown to modulate HIF via Cullin-2, MLN-4924,
an adenosine monophosphate analog able to deneddylate cullin proteins, can act as a potent HIF
stabilizer in vitro and in vivo, being also a viable tool in the treatment of cancer cells [180,181].
Additionally, VHL inhibitors represent an attractive alternative to PHD inhibitors. Recently, our group
described VH298, a novel potent chemical probe blocking protein-protein interaction between VHL
and HIF-«, downstream of HIF-« hydroxylation. Importantly, this small molecule highly selectively
stabilises the hydroxylated form of HIF-1a and HIF-2«, in a concentration- and time-dependent
manner, in both cancerous and non-cancerous primary cells, inducing a HIF-dependent hypoxic
response [179]. On the other hand, several studies questioned the efficacy of a therapeutic activation of
HIF, since this signaling pathway is directly involved in tumor promotion, as previously mentioned.

177



Biomedicines 2017, 5,21

Therefore, several other compounds are currently in clinical trials as HIF-1« inhibitors, although, in
many cases, they were originally intended to target different pathways (i.e., PI3K/mTOR inhibitors,
microtubules targeting agents, cardiac glycosides, topoisomerase inhibitors, among others) [182].

HIF-1 and HIF-2« have often divergent roles in tumorigenesis, hence the necessity to selectively
target one or the other. AKB-4924 is a PHD inhibitor tested in inflammation models, showing a
relative selectivity for HIF-1o versus HIF-2ox [183]. However, no HIF-1a specific inhibitors have been
discovered so far, although great efforts have been made to identify inhibitors exerting their function
by decreasing mRNA or protein level of HIF-1a, preventing its dimerization or DNA /co-activators
binding. For long time, HIF-2« has been considered undruggable, till the revolutionary discovery of
two small molecules, PT2399 and the closely related analogue PT2385. These compounds function as
potent HIF-2« antagonists, being able to bind to a large cavity located in the PAS-B domain of HIF-2«,
thus disrupting the hetero-dimerization between HIF-2 and HIF-1f3 [184,185]. These small molecules
have a promising clinical potential, considering that they reduced tumour growth and decreased
tumour vascular area in VHL ™/~ clear cell Renal Cell Carcinoma (ccRCC) patient derived xenographs,
showing even greater efficacy than conventional treatments (i.e., sunitinib) [184-186].

As previously explained, not only HIF, but also NF-«B is a key player in many aspects of
cancer development and progression. For this reason, the possibility to target directly NF-«B for
cancer therapy has been an important subject of research. On one side, due to the deep link
between inflammation and cancer, it would be ideal to prevent or treat tumour formation by
blocking inflammation [44]. On the other side, in the light of the multiple functions of NF-«B in
the innate and adaptive immune responses, the use of NF-«kB inhibitors would not be recommended
to treat malignancies, especially in the tumour-eliminating phase, when immune cells specifically
target transformed cells. Nevertheless, using chemotherapeutics in combination with inhibitors of
NF-kB seems to be currently the preferred approach, in particular when tumours feature chronic
inflammation [5]. Many well-known NSAIDs, such as aspirin and ibuprofen, can be used to this
scope. In fact, at low doses, aspirin has been suggested to prevent some types of cancer, including
colorectal cancer [187], whereas at high doses, aspirin can inhibit the kinase activity of IKK or
interfere with the degradation of IkBe, blocking NF-«B activity. Alongside NSAIDs, anti-inflammatory
and anti-cancer activities have been recognised for a number of natural products, glucocorticoids,
immunosuppressants, or inhibitors of other pathways, directly affecting the NF-«B induction or
signalling cascade, the translocation of NF-«B to the nucleus, the DNA binding of the dimers or their
interactions with the transcriptional machinery [3].

The use of NF-«B inhibitors has been shown to be important also to enhance the activity of
immunotherapy. In a recent study, a combined use of IL-18 as immunotherapeutic agent alongside
a targeted inhibition of the NF-kB pathway emerged as potentially effective against pancreatic
cancer [188]. Recently, cancer immunotherapy effectiveness has been boosted by a better understanding
of immune checkpoints. Programmed Death 1 (PD1)/Programmed Death Ligand 1 (PD-L1) and
Cytotoxic T-Lymphocyte Associated Protein 4 (CTLA-4) are the most critical immune checkpoints.
Both of them are used by tumours to escape host immune surveillance, although they have distinct
expression and mechanisms of action in the regulation of T cell activity [189]. Given the importance
of the hypoxic tumour microenvironment for TAMs and tumour-infiltrating myeloid cells, it is not
surprising that PD-L1 was identified as a direct HIF-1« target gene in myeloid-derived suppressor cells
(MDSCs) [190]. Several reports correlated a high expression of PD-L1 to a poor prognosis in a number
of solid cancers. Thus, immune checkpoint blockade with monoclonal antibodies directed against
PD-1 and PD-L1 has proven to be powerful compared to conventional chemotherapies, activating an
anti-tumour immunity able to recognise specifically tumour derived antigens, even when they have
undergone mutations [189]. Several PD1 and PD-L1 antibodies are currently in clinical trials (reviewed
in [189]), representing surely the next generation of the immune modulators. However, whether HIF
and NF-kB crosstalk extends to immunosuppression has yet to be formally investigated and surely is
an area of extreme importance.
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NF-kB signalling is upregulated in cells having a compromised expression of the tumour
suppressor pVHL, such as ccRCC cells, where VHL is inactivated [191]. In this cellular context, Vascular
Cell Adhesion Molecule 1 (VCAM-1) expression was found to be regulated by the non-canonical
NF-kB pathway. Importantly, VCAM-1 decreased following VHL loss or after hypoxia exposure
and PHD inactivation [192]. Recently, the mechanisms by which pVHL might directly impact on
the NF-kB pathways have been proposed. Wang and colleagues demonstrated that pVHL mediates
the K63-ubiquitination of IKK. Surprisingly, this modification does not lead to degradation, but
prevents TAK1-IKKf3 interaction, and consequent IKK( phosphorylation and NF-«B activation [193].
Considering this novel function of pVHL regulating the NF-«B pathway, new therapeutic possibilities
might be speculated, especially to inhibit the aberrant activation of the NF-kB pathway in some
neoplastic contexts. Therefore, further studies are needed in this promising direction, as the main
challenge for researchers in this field is still to directly target NF-«B, as well as HIF, only in
transformed cells.

8. Conclusions

NEF-«B and HIF crosstalk occurs at many levels, from shared activators to shared target genes.
However, context specificity exists and this is an important determinant in whether this crosstalk can
be used for future therapeutic intervention. Since, pharmacological interventions for both pathways are
available, future studies investigating the role of HIF modulators on the NF-«B pathway are underway
with the aim of broadening the use of these compounds in the clinic. Furthermore, the identification of
novel compounds targeting specific transcription factor dimers such as HIF-2«-HIF-1f3 also opens the
possibility of specifically targeting NF-«B dimers in the future.
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Abstract: NFkB (Nuclear Factor-x-light-chain-enhancer of activated B cells) signaling elicits global
transcriptional changes by activating cognate promoters and through genome-wide remodeling
of cognate regulatory elements called “super enhancers”. BET (Bromodomain and Extra-Terminal
domain) protein family inhibitor studies have implicated BET protein member BRD4 and possibly
other BET proteins in NFkB-dependent promoter and super-enhancer modulation. Members of the
BET protein family are known to bind acetylated chromatin to facilitate access by transcriptional
regulators to chromatin, as well as to assist the activity of transcription elongation complexes
via CDK9/pTEFb. BET family member BRD4 has been shown to bind non-histone proteins and
modulate their activity. One such protein is RELA, the NF«B co-activator. Specifically, BRD4 binds
acetylated RELA, which increases its transcriptional transactivation activity and stability in the
nucleus. In aggregate, this establishes an intimate link between NF«kB and BET signaling, at least
via BRD4. The present review provides a brief overview of the structure and function of BET
family proteins and then examines the connections between NF«B and BRD4 signaling, using the
inflammatory response and cancer cell signaling as study models. We also discuss the potential of
BET inhibitors for relief of aberrant NFkB signaling in cancer, focusing on non-histone, acetyl-lysine
binding functions.

Keywords: NF«kB; BET inhibition; transcription; chromatin looping; acetylation B cell non-Hodgkin
lymphoma

1. Introduction

Epigenetic signaling refers to the chromatin-dependent mechanisms that directly or indirectly
control genome activity. Essentially, this refers to the chemical modifications on DNA or chromatin
(histone proteins) that, together with topological organization of the chromatin fiber in the nucleus,
regulate chromatin compaction. This allows the formation of functionally distinct, dynamically
reversible chromatin states called euchromatin and heterochromatin, respectively [1]. The former is
characterized by loosely packed nucleosomes, while in heterochromatin nucleosomes are densely
packed. Nucleosomes are the basic functional unit of chromatin and are comprised of an octamer of the
core histones, H2A, H2B, H3, and H4 (two copies of each). DNA methylation and post-translational
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histone modifications allow regulation of genome function by the modulation of chromatin compaction-
and thereby access to DNA by transcription, replication, and repair factors- by serving as docking
platforms for specific chromatin-associated signaling complexes [1]. Enzymes that mediate chemical
modifications of DNA or chromatin are referred to as “writers” of epigenetic information, while those
proteins that dock or erase these chemical modifications are referred to as “readers” and “erasers” or
epigenetic information, respectively [1].

Bromodomain and extra-terminal domain (BET) proteins constitute a novel class of epigenetic
“readers” that is involved in the control of genome activity through the ability to bind acetylated lysine
residues in both histone and non-histone proteins, including transcription factors. The mechanism
by which BET proteins are recruited to acetylated lysine is discussed below. How this links to
transcriptional control by NF«B signaling is reviewed.

BET proteins have emerged as key regulators of transcriptional control in development and
cellular differentiation and have been identified as critical actors of disordered transcription in
transformed cells, thereby rendering them hypersensitive to small molecule inhibition of BET protein
activity [2,3]. Mechanisms of action are complex but rely on the capacity of these proteins to bind
acetylated histone and non-histone proteins via their double bromodomains (Figure 1) [2].
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Figure 1. Schematic of domain organization of BET (bromodomain and extra-terminal domain) family
proteins and the function of BRD4 in the regulation of promoter and enhancer activity. (A) Domain
organization of human BET family members BRD4, BRD2, BRD3, and BRDT, as indicated. BET proteins
contain two bromodomains (BD1 and BD2, respectively) and an extra-terminal domain (ET). BRD4 (long
form) contains a carboxyterminal domain (CTD) that is not present in the other BET family members;
(B) Schematic representation of the functions of BET family member BRD4 in the regulation of promoter
and enhancer function (includes “super-enhancers”; see text for details). Through its BD1 and BD2
domains, BRD4 binds to acetylated lysines (Ac) in histones or transcription factors (TF). The binding of
acetylated histones by BRD4, at transcription start sites (TSS), mediates transcriptional co-activation and
elongation via RNA polymerase II (RNA pol II) and Mediator (Med) and pTEFb signaling complexes,
respectively (see text for details). BRD4 can also bind acetylated lysines in histones or TF in enhancer
elements, thereby contributing to long-range control of gene activity (see text for details). TF binding
sites are depicted as horizontal rectangles.

2. Structure and Function of BET Proteins

The BET family of proteins comprises BRD2, BRD3, BRD4 (ubiquitously expressed), and BRDT
(testis-specific expression). BET proteins are characterized by the presence of two conserved N-terminal
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bromodomains (BD1 and BD2) and a C-terminal “extra-terminal” domain (Figure 1). The bromodomain
structure contains four alpha helices separated by a variable loop region that together allow the
formation of a hydrophobic cavity that recognizes acetyl-lysine residues [4,5]. Structural data have
established that acetylated lysine is recognized in this central hydrophobic pocket, by anchoring
to a conserved asparagine residue. The BET bromodomain proteins can bind to two acetylated
lysine histone marks that are simultaneously recognized by the same bromodomain module [5].
This property is shared by all members of the BET subclass of bromodomains. High-resolution
co-crystal structures showed that the first acetylated lysine mark of histone H4 docks directly onto
the conserved asparagine (Asn140 in the first bromodomain of BRD4). A network of hydrogen bonds
within the acetyl-lysine binding cavity link to the second acetylated lysine mark thus stabilizing
the peptide complex [4,5]. The largely hydrophobic nature of the central acetylated lysine binding
pocket of the bromodomain, which is necessary to accommodate the charge-neutralized acetylated
lysine, and the comparably weak interaction with its target sequences make these modules particularly
attractive for the development of inhibitors targeting this protein—protein interaction. The interaction
of BET proteins with mono-acetylated lysine seems to be of weak affinity compared to the interactions
that occur at multiple closely spaced acetylated lysines [4,5].

As well as interacting with acetylated lysine in histones, BET proteins also interact with members
of the transcription elongation complex and with other transcription factors. In the latter case, this can
be through lysine acetylation-dependent or -independent mechanisms. As such, BET proteins are key
“readers” of epigenetic information in both normal and transformed cells. The interaction of BDs at
acetylated chromatin either at gene promoters or in long range cis regulatory elements called enhancers
allows chromatin-dependent signaling to connect to transcription regulation [6].

2.1. BRD#4 in Transcriptional Regulation by NFxB

BRD#4 is a particularly well-studied member of the BET protein family. BRD4 contains two
bromodomains associated to an extra-terminal domain (Figure 1A). As explained above, the BD
domains allow BRD4 to interact with acetylated lysine in histone or non-histone proteins. How this
property is involved in transcriptional regulation is discussed. New findings relating to BET proteins
and pro-inflammatory- or cancer cell-specific NF«kB signaling [7] are also reviewed.

2.1.1. Transcription Initiation and Elongation

BRD4 participates in the activation and elongation of transcription via interactions with
transcription initiation and elongation complexes Mediator and pTEFb (positive transcription elongation
factor B), respectively. The pTEFb complex is composed of the cyclin-dependent kinase, CDK9, and a
regulatory subunit, Cyclin T1 or T2. The kinase activity of CDK9 inhibits negative regulators of RNA
polymerase II activity while stimulating its elongation activity by phosphorylation [8]. At least two
different regions of BRD4 interact directly with pTEFb. The C-terminal region interacts with Cyclin
T1 and CDK9 and the BD2 region interacts with the acetylated region of Cyclin T1. The BRD4/pTEFb
interaction plays a central role in the rapid initiation of transcription after the exit from mitosis [8].

The extra-terminal (ET) domain is involved in transcriptional regulation through interactions
with histone modifiers such as JMJD6 (jmjC domain-containing protein 6), an arginine demethylase,
and NSD3, a lysine methyltransferase [9,10]. Furthermore, the ET domain can associate with
ATP-dependent chromatin remodelers such as the SWI-SNF and CHD2 [10]. These interactions
are thought to allow BRD4 to remodel chromatin locally, although the regulatory significance of
these events is not well understood. One possibility is that this allows the release of paused RNA
pol II activity [9].

NFkB-dependent transcriptional control is regulated at multiple levels, including cytoplasmic
signaling events leading to the nuclear translocation of NFkB, the binding of nuclear NFkB to various
transcriptional factors or regulators, and the post-transcriptional modifications of histones and NF«B
itself [7]. Within the nucleus, NFkB recognizes the cognate NF«B sites on the enhancer or promoter
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regions of its target genes and directs the binding of co-regulators to form the transcriptional machinery
for target gene expression. In the setting of NF«kB signaling, it has been found that pTEFb can be
recruited by BRD4 to NFkB-dependent acetylated histones—a mechanism that is crucial for the
transcription of primary response genes [6], and possibly pathological NF«kB signaling in cancer cells,
although the latter has not been investigated in any detail as yet.

2.1.2. Enhancer Regulation by BRD4 and Its Role in NFkB Signaling

The genome-wide distribution of BRD4 has been studied by chromatin immunoprecipitation and
deep sequencing (ChIP-seq). These experiments have shown that BRD4 binds multiple promoters as
well as intergenic regions, particularly enhancer sequences. The Mediator complex (MED), composed
of 26 subunits in mammals, plays a key role in transcription initiation and elongation downstream of
numerous signaling cascades as well as in the functional regulation of enhancer elements. BRD4 and
MED have been found to co-occupy subsets of enhancers called “super-enhancers” [11], which are
large enhancer regions that stimulate the transcription of growth-promoting and lineage-specific
survival genes [6]. Super-enhancers are also co-enriched for histone H3 acetylated at lysine 27.
Supporting a functional interaction of BRD4 and MED at super-enhancers, BET bromodomain
inhibition releases the mediator complex from select cis-regulatory elements, at least in leukemia
cells [12]. It is interesting to note that MED complex activity at super-enhancers involves reversible
association with a subunit containing the cyclin dependent kinase CDK8 and the cofactors CCNC
(CYCLIN C), MED12, and MED13. Mutations in the gene encoding MED12 have been described
in chronic lymphocytic leukemia [13]. Furthermore, the MED complex contains both activating
and inhibiting CDKs, the latter of which appear to constrain tumor suppressor and lineage identity
gene-associated super-enhancers, which raises interest in combining BET and MED complex negative
regulatory CDK inhibitors for anti-cancer treatment [14].

Numerous oncogenes have been shown to be under the control of super-enhancer elements in
various cancer types. Remarkable examples are the deregulation of MYC in B cell non-Hodgkin
lymphoma and multiple myeloma [15,16], EVI1 in acute myeloid leukemia with the inversion of
chromosome 3q [17], and mutational processes that are predicted to alter super-enhancer activity
in breast cancer [18]. The recruitment of BRD4 to enhancer regions seems to depend, at least in
part, on the activity of specific transcription factors and on histone acetyl-transferases such as
p300/CBP [19]. The recruitment of BRD4 is essential to the activity of numerous hematopoietic
transcription factors such as PU.1, FLI1, ERG, C/EBP«, C/EBP{3, and MYB [19] and to the activity
of NFkB at cognate enhancers, downstream of inflammatory responses in endothelial cells and
macrophages [20]. Although the precise mechanism for BRD4 co-recruitment with the NF«B subunit
RELA /p65 to pro-inflammatory genes is not yet deciphered, it may relate to both BRD4-dependent
histone lysine acetylation docking as well as to the ability of BRD4 to bind acetylated p65/RELA,
as discussed in detail below [21].

NFkB-dependent enhancer remodeling during pro-inflammatory responses has been shown
to implicate the synthesis of enhancer RNA (eRNA) and local chromatin acetylation, followed by
progressive H3 lysine 4 mono and di-methylation [22]. This process requires composite binding
with other tissue-specific transcription factors. eRNAs belong to the non-coding RNAs and their
transcripts are directed by enhancers, which is thought to favor the spatial repositioning (‘chromatin
looping’) of distal enhancers close to their cognate promoters via RNA pol II. Thus, NFkB acts as
a key modulator of de novo enhancer remodeling in the setting of pro-inflammatory signaling by
modulating eRNA transcription [23].

In keeping with the above findings, BET inhibitors effectively suppress inflammatory responses
mediated by NF«kB, in particular at super-enhancers [20]. Likewise, the NF«B pathway is activated by
LPS (lipopolysaccharide), and the pan-BET inhibitor I-BET762 has been shown to prevent or diminish
the incidence of death in mice given lethal doses of lipopolysaccharide [24].
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2.1.3. BRD4 Interaction with Acetylated RELA /p65; Impact on NF«B Signaling and Sensitivity to
BET Inhibitors

BRD4/BET proteins have been shown to interact with acetylated lysines in non-histone
proteins [6]. This facet of BRD4/BET activity has not been explored in detail in cancer, but is likely
to underlie at least some of the clinical activity of BET inhibitors, in particular in relation to aberrant
NF«kB signaling. Indeed, BRD4 interacts with the NFkB subunit, p65/RELA, when the latter is
acetylated at lysine 310 [21] (and references therein). Under NFkB activation conditions, this leads
to the recruitment of pTEFb and stimulates the transcription of NF«kB target genes [21], in a BRD4-
and CDK9-dependent fashion. RELA /BRD4 co-recruitment to NF«B target promoters is observed
under a variety of NF«kB stimulation conditions and cell types, and is not observed at housekeeping
genes, supporting a necessity for defined promoter features for this interaction. Mapping and amino
acid exchange studies have identified RELA acetyl-lysine-310 as the key residue for this interaction.
Indeed, lysine substitution by an arginine residue significantly reduces BRD4 co-recruitment to an
NF«kB target promoter, as measured by ChIP assays [21]. Importantly, this does not alter the recruitment
of either CBP/p300 or non-acetylated RELA, while acetylated RELA recruitment is lost. Taken together,
this points to a critical role for acetylated RELA lysine-310 in BRD4 recruitment at NFkB response
promoters. The acetylation of RELA lysine 310 is mediated by p300/CBP (Figure 2).
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Figure 2. Schematic model for the binding of BRD4 to acetylated lysine-310 of RELA /p65 and the
role of this interaction in the transcriptional activation of NF«B. Stimulus-dependent acetylation of
RELA at lysine-310 by p300 induces the recruitment of BRD4 to the promoter via its bromodomains.
BRD4 further activates CDK9 to phosphorylate the CTD (C-terminal domain) of RNA polymerase
II and to facilitate the RNA pol II-mediated transcription of NF«B target genes. The p50 factor is a
processed form of the REL family member p105 (NFkB1) that heterodimerizes with RELA /p65 and
that is required for its transcriptional activation functions.
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Of note, both bromodomains of BRD4 are necessary for the interaction with lysine-310-acetylated
RELA, as evidenced by pull down assays using bromodomain deletion mutants, and in vivo
immunoprecipitation assays. Moreover, loss of this interaction results in the inability of BRD4 to
co-activate NFkB-dependent transcription. Structural studies have confirmed this by showing that both
BD1 and BD2 bind to acetyl-lysine-310 peptide, and that this occurs through the conserved Asn140 in
BD1 and Asn433 in BD2, respectively [25]. Consistent with this result, the dual bromodomain inhibitor
JQ1 blocks the interaction between BRD4 and acetylated RELA, coincident with the suppression of
NFkB-induced transcriptional responses [25]. Treatment with the BET inhibitor JQ1 releases RELA
for ubiquitination and proteasome-mediated degradation. RELA transcript levels are not affected.
In contrast, the levels of a second subunit of the NF«B signaling complex that binds RELA, p50,
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are unaltered. In this regard, it is worth noting that MS417, a derivative of the triazolo-thienodiazepine
compound class, also prevents BRD4 binding to acetylated NF«B, thus reducing the transcriptional
activity of this factor [26].

Previous studies have shown that the RELA /BRD4 interaction is favored by the phosphorylation
of RELA/p65 at serines 276 and 536, which allows recruitment of histone acetyl-transferase
p300/CBP [27]. Interestingly, enhanced STAT3-dependent RELA phosphorylation has been shown
to increase RELA acetylation by p300/CBP and has been implicated in constitutive NF«B activity in
human and murine tumors [25,28].

Of note, the mono-methylation of RELA lysine 310 by SETD6 has been identified and shown to
couple NF«kB activity to that of histone methyltransferase EHMT1/GLP (Euchromatic histone-lysine
N-methyltransferase 1) at chromatin, thereby leading to the tonic repression of NF«B signaling at
target promoters [29]. RELA /p65 lysine 310 mono-methylation is blocked by activation-dependent
phosphorylation at Ser311, by protein kinase C-{(PKC-{). How this impacts subsequent lysine
310 acetylation is not known in detail.

In aggregate, the above data underscore the feasibility and potential clinical interest of targeting
BRD#4 interactions with non-histone acetylated lysines in anti-cancer therapy. Targeting the BRD4/
acetylated RELA axis should be of value in NFkB-dependent cancers, such as lymphoma, where aberrant
NFkB signaling is frequent, including through genetic mechanisms [30].

3. BET Inhibition as an Anti-Cancer Therapy and Perspectives for Use in
NFkB-Dependent Cancers

Numerous studies indicate that BET inhibition is an attractive therapeutic strategy in hematological
and solid cancers. Single or dual agent therapy is showing promise pre-clinically [1,3,6,31,32].
Inhibitors are mostly small molecule inhibitors that are thought to mediate anti-cancer activity
through the interruption of interactions between BET proteins and acetylated lysine in histones at
promoters and enhancers. A number of these inhibitors are being tested in early phase clinical trials,
in hematological and solid cancers, as either single agents or in combination with other treatments
(Table 1; and https:/ /clinicaltrials.gov/ for further details on BET inhibitor trials). Although published
clinical data remain sparse, one BET inhibitor, OTX015, has shown efficacy in patients with refractory
or relapsed hematological cancers [33,34].

Table 1. Summary of BET inhibitor clinical trials (open Dec. 2017).

Compound Company Indications Phases Completion Date NCT Number

Acute Myeloid Leukemia/Acute
Myelogenous Phase 1 August 2018 NCT02543879
Leukemia/Myelodysplastic Syndrome

Forma Therapeutics, Inc.

FT-1101 (Watertown, MA, USA)

. Hoffmann-La Roche . .
RO6870810 (Basel, Switzerland) Multiple Myeloma Phase 1 15 January 2020 NCT03068351

Lymphoma Phase 1 July 2018 NCT01949883
Multiple Myeloma Phase 1 March 2019 NCT02157636
Constellation Acute Myeloid
CPI-0610 Pharmaceuticals Leukemia/Myelodysplastic
(Cambridge, MA, USA) Syndrome (MDS)/ Phase 1 January 2019 NCT02158858

Myelodysplastic/Myeloproliferative
Neoplasm, Unclassifiable/Myelofibrosis

Peripheral Nerve Tumors Phase 2 March 2020 NCT02986919

GSK525762 GSK (Brentford, UK) Cancer Phase 1 24 February 2020 NCT01943851
Carcinoma, Midline Phase 1 9 September 2019 NCT01587703

Zenith Epigenetics Metastatic Castration-Resistant .
o
ZEN003694 (San Francisco, CA, USA) Prostate Cancer Phase 1 April 2018 NCT02711956
g Bristol-Myers Squibb . - Phase

BMS-986158 (New York, NY, USA) Multiple Indications Cancer 1/Phase 2 17 December 2018 NCT02419417

* Alone or in combination with Daratumumab; ** in combination with Enzalutamide.
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In this review, by focusing on BRD4-mediated regulation of NFkB signaling via acetylated RELA,
we make a case for a second avenue of investigation for the development of therapeutic strategies
utilizing BET inhibitors. Specifically, we propose that BRD4-dependent signaling via non-histone
acetyl-lysine interactions will be of interest. Experimental data indicate that small molecule inhibition
of the RELA-BRD4 interaction offers promise for the disruption of pathological NF«B signaling in
cancer, a process which has been attributed to the inability of cancer cells to homeostatically control
NF«kB function [35]. Functional and chemical genomics approaches should allow progress in the
identification and/or design of additional agents for pre-clinical testing in NFkB-dependent cancers
such as lymphoma.
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Abstract: The NF-«B family of transcription factors regulate the expression of genes encoding
proteins and microRNAs (miRNA, miR) precursors that may either positively or negatively regulate
a variety of biological processes such as cell cycle progression, cell survival, and cell differentiation.
The NF-kB-miRNA transcriptional regulatory network has been implicated in the regulation of
proinflammatory, immune, and stress-like responses. Gene regulation by miRNAs has emerged as an
additional epigenetic mechanism at the post-transcriptional level. The expression of miRNAs can be
regulated by specific transcription factors (TFs), including the NF-kB TF family, and vice versa.
The interplay between TFs and miRNAs creates positive or negative feedback loops and also
regulatory networks, which can control cell fate. In the current review, we discuss the impact
of NF-«B-miRNA interplay and feedback loops and networks impacting on inflammation in cancer.
We provide several paradigms of specific NF-kB-miRNA networks that can regulate inflammation
linked to cancer. For example, the NF-kB-miR-146 and NF-«kB-miR-155 networks fine-tune the activity,
intensity, and duration of inflammation, while the NF-kB-miR-21 and NF-kB-miR-181b-1 amplifying
loops link inflammation to cancer; and p53- or NF-kB-regulated miRNAs interconnect these pathways
and may shift the balance to cancer development or tumor suppression. The availability of genomic
data may be useful to verify and find novel interactions, and provide a catalogue of 162 miRNAs
targeting and 40 miRNAs possibly regulated by NF-«B. We propose that studying active TF-miRNA
transcriptional regulatory networks such as NF-kB-miRNA networks in specific cancer types can
contribute to our further understanding of the regulatory interplay between inflammation and cancer,
and also perhaps lead to the development of pharmacologically novel therapeutic approaches to
combat cancer.

Keywords: miRNAs; NF-kB; transcriptional regulatory networks; oncogenic and tumor suppressor
pathways; cancer; inflammation
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1. Introduction

Carcinogenesis involves the accumulation of mutations in conjunction with epigenetic changes
resulting in dominant alterations in gene expression and cellular physiology. NF-«B TFs and their
signaling pathways play important roles in cellular growth and viability control and are often subject
to deregulation in cancer. Oncogenic driver mutations and inactivating mutations in tumor suppressor
genes along with epigenetic changes in normal cells, can lead to the growth of tumor containing
cells with distinct phenotypic characteristics, known as the hallmarks of cancer [1]. Cancer cells are
also characterized by extensive epigenetic alterations compared to their normal counterparts, as a
result of deregulated tissue-specific gene regulatory mechanisms. Elucidating the interaction between
genetic and epigenetic factors in cancer onset, development, and progression is considered as a main
challenge in both our understanding of cancer biology and for the development of new therapeutic
approaches [2,3].

Transcriptional control of gene expression involves binding of TFs to regulatory elements in
gene promoters or enhancers. NF-«kBs constitute a family of TFs that influence the expression of
genes involved in many physiological processes, such as cell proliferation, cell survival, cell adhesion,
inflammation, and immunity. The NF-«kB signaling components are aberrantly expressed and/or
activated in cancer [4-8]. NF-kBs play a central role in the regulation of inflammatory responses at the
cellular and systemic levels, and can have tumor promoting effects [9]. However, the NF-«kB biology
is strikingly complex and NF-kB TFs and their upstream activating signaling components can have
either tumorigenic or tumor suppressor roles in cell context-dependent manner and under certain
conditions [6,10].

Genes encoding ~22 bp long, small non-coding RNAs, known as microRNAs (or miRNAs or
miRs) are emerging as major epigenetic regulators of cell physiology and/or pathology [11-13].
MiRNAs regulate gene expression at the posttranscriptional level by acting as negative regulators
of mRNA translation and/or stability resulting in the suppression of translation [13,14], and play an
important role in inflammatory and immune responses [15-18] and cancer [11].

In cancer, miRNAs can act as oncogenes, targeting tumor suppressor mRNAs or as tumor
suppressors, targeting oncogenic mRNAs. MiRNA genes can also be mutated or epigenetically
altered, and suppressed or activated by transcription factors leading to changes in their expression [11].
Importantly, the balance between oncogenic and tumor suppressor miRNAs expressed in a cell,
can be a major epigenetic factor that influences cancer onset, development, and progression [11].
Hence, the specific expression of miRNAs and their interplay may tip that balance towards cell
proliferation, leading to tumor expansion, or cell cycle arrest, senescence or apoptosis leading to the
impairment of tumor growth [11].

The epigenetic mechanisms of TF or miRNA regulation, act at different stages of gene expression,
and have some unique features but also share some similarities [19]. TFs can target and regulate the
expression of specific miRNAs and, vice versa, miRNAs can target TF mRNAs. This property of TF
and miRNA regulation, offers the cells an opportunity to create genomic-scale regulatory networks in
which positive or negative feedback loops can act in concert to influence the epigenomic landscape
of cells [20]. In the current review, we discuss the specific roles of the regulatory networks between
NEF-kB TFs and miRNAs and their impact on the conditions of inflammation and cancer development,
as well as their interactions.

2. NF-«kB Signaling Pathway Activation and Its Multifaceted Functional Role in Cancer and Inflammation

The NF-«B TF family members are critical regulators of pro-inflammatory/stress-like responses.
There are three protein subfamilies involved in NF-kB signaling: The NF-kB TF subunit subfamily
(c-Rel, p65/RelA, RelB, p105/NF-kB1, and p100/NF-«B2), the regulatory family of NF-«B inhibitors,
inhibitors of kB (IkBs), and the catalytic IKK (Inhibitor of NF-«kB (IkB) kinase (IKK) complex)
subfamily comprising the NF-«B upstream activating Ser/Thr kinases IKK« and IKKf3 and a regulatory
protein NEMO (NF-«B essential modulator)/IKKy that together form a high molecular weight IKK
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signalosome complex, that activates NF-kB signaling in response to specific stimuli. Members of
the NF-«B TF subfamily bind to DNA as hetero- or homodimers and can either activate or repress
target gene transcription in different physiological contexts. Three of these NF-«B subunits (c-Rel,
p65/RelA, and RelB) contain a transactivation domain (TAD), while the other two (p50 and p52)
lack a TAD domain and are derived by proteolytic processing of the larger precursor proteins, p105/
NE-«B1 and p100/NF-kB2, respectively. Activation of NF-«B signaling occurs by two major pathways:
the canonical NF-«B pathway and the noncanonical or alternative NF-«kB pathway. In unstimulated
cells, heterodimers of p65/p50 subunits, involved in canonical NF-«B signaling, are retained in the
cytoplasm by IkBs. Pro-inflammatory and stress stimuli lead to NEMO-dependent activation of
IKK by phosphorylation of Ser177/181. Activated IKKf then phosphorylates IkBo at Ser32/36
resulting in its proteasomal degradation and the release of p65/50 heterodimer that translocates to the
nucleus where it binds and regulates target gene expression. In contrast, IKK« activation, through
phosphorylation of Ser176/180, by adaptive immune response stimuli, is mediated by the NF-«B
inducing kinase (NIK). IKK« kinase phosphorylates NF-«B2, inducing its proteasomal processing
yielding the mature p52 subunit. Active p52/RelB heterodimers translocate to the nucleus and regulate
distinct NF-«B target genes [4,6,7,21,22].

NF-«B target genes encode proteins and miRNAs that regulate a wide range of biological
effects that together can be categorized as stress-like, pro-inflammatory reaction programming.
The NF-«B signaling pathways have pleiotropic biological effects which may be context dependent.
In cancer, NF-kB can exhibit tumor promoting and tumor suppressor activities in a cell context- and
tissue-dependent manner [6]. Several mouse cancer models have shown a requirement for canonical
NF-«B signaling in tumor onset, development and progression [6,23-37].

The tumor promoting effects of NF-kB are mediated by the activities of NF-kB-regulated genes
that promote cancer cell survival, proliferation, metastasis, and angiogenesis, and modify the tumor
microenvironment by inducing the secretion of proinflammatory cytokines. NF-kB also promotes
a cancer cell metabolic switch from oxidative phosphorylation to glycolysis (Warburg effect) by
inducing the expression of glycolytic enzymes while also directly repressing mitochondrial gene
expression [38-41]. Thus, NF-«Bs function as tumor promoters within transformed cells, but also
influence the host’s innate immune response to cancer cells by regulating functions of infiltrating
lymphocytes and macrophages [22,42]. Although under physiological conditions NF-kB responses
are self-limiting via the induction of negative feedback loops, such auto-regulatory loops often
become deregulated in cancer cells. However, the regulatory circuitry that leads to dominant
IKK/NF-kB-dependent effects in cancer is impressively complex [6,7,9,23].

2.1. Oncogenic Functions of NF-xB: A Link between Inflammation and Cancer

Epidemiological, clinical, genetic, and biochemical evidence obtained from cells, tissues,
and mouse models indicate that NF-kB-dependent induction of pro-inflammatory cytokines are
pivotal links between chronic inflammation and cancer development and progression [43—48].

Inflammation can either promote tumor growth, or it may be induced as a consequence of the
tumor microenvironment leading to cancer progression [44]. Inflammation promotes cancer onset,
development, and progression, and it also affects the immune surveillance and chemotherapy
resistance of tumors. In addition, inflammation affects the crosstalk between infiltrating immune
effector cells and tumor cells thereby linking immunity to tumor development [9,22,24,49-52].

NEF-«B TFs have a central role in innate immunity, inflammation, and cancer [6-8,22,42,48-55].
NF-kBs induce inflammation and the secretion of inflammatory mediators enhances canonical NF-«B
signaling [9], a feedback mechanism acting as tumor promoter [8,25,26,48,56], and a hallmark
of cancer [1]. In chronic inflammation, canonical NF-«kB that controls production of inflammatory
mediators might prevent the elimination of genetically altered cells present in precancerous lesions by
inhibiting their apoptosis [57]. Tumor-associated macrophages (TAMs) were shown to promote tumor
growth in part by suppressing immune response to cancer cells but also by producing specific cytokines,
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most of which are dependent on IKK3-mediated canonical NF-«B signaling (e.g., IL-6) that enhance
tumor cell growth in vivo [9,56,58]. Canonical NF-kB also modifies the tumor microenvironment
by inducing the secretion of proinflammatory cytokines such as IL-6, resulting in the activation
of its responsive transcription factor STAT3 in K-Ras-mutant lung tumors [58]. IL-6 modifies the
tumor microenvironment and promotes breast and lung cancer development and progression [58,59].
NF-«B functions in K-Ras oncogene transformation by suppressing immune surveillance of both
innate and adaptive immune cells [60]. Moreover, canonical NF-kB pathway activation and the
interplay with other signaling pathways such as those of STAT3 and p53, may affect tumor onset,
development, and progression [44]. One of the critical contributing factors to the oncogenic functions of
canonical NF-kB signaling is the induction of inflammation making NF-«B as the critical link between
inflammation and cancer [27,28,44-46,48].

While the contribution of canonical NF-kB-activating IKK( as a tumor promoter in oncogene
and carcinogen-induced inflaimmation and non-small cell lung cancer (NSCLC) has been
documented [25,30,31,34] functional studies on noncanonical NF-«B [61-64] and IKK o [65-67] suggest
that they can act as tumor promoters or tumor suppressors and are involved in the resolution of
inflammation [68-72], but an evolutionary conserved mechanism of action remains largely unknown.
These different outcomes of canonical versus non-canonical NF-«B signaling pathways may be related
to the preference of NF-«B dimers for binding to xB sites contained within the promoters or enhancers
of target genes. Sensing the differences within «B sites, NF-kB dimers modulate physiological programs
by activating, repressing, and altering the expression of effector genes [73-75].

A crosstalk between canonical and noncanonical NF-«B signaling pathways has also been shown.
It was shown that NF-«kB2 [76,77] and RelB [78] gene expression is induced by canonical
NF-«B signaling. RelA/p65 suppresses RelB activity in response to TNFx and induces selective
NF-«B target gene expression [79]. It was also shown that TNFx-induced canonical NF-«B signaling
upregulates RelB expression that inhibits both basal and non-canonical NF-kB-dependent CXCL12
expression [80]. NIK which activates noncanonical NF-«B signaling may also contribute to the
activation of canonical NF-kB [81]. While IKK« activates noncanonical NF-«B signaling, evidence
show that it also inhibits the canonical NF-«B pathway [82-84]. It was also shown that nuclear IKK« is
required for p65 DNA binding in a gene-specific manner [85].

NF-kB TFs are often deregulated and constitutively activated in many different types of
cancer [4,6,53], leading to the development of different hallmarks of cancer [1]. NF-«kB’s function
as a tumor promoter is also due to its role in driving cell proliferation and protecting cells from cell
death under stress conditions by regulating the expression and activity of target genes involved in
cell cycle progression and apoptosis [5-7,9,49,86-88]. Canonical NF-«kB was shown to activate genes
involved in cell cycle progression such as CenD1 [5,86,89,90], E2F1 [5,86], and several E2F target
genes [5] and the mitotic checkpoint Ser/Thr-protein kinase BUB1 [34]. It was also shown to suppress
genes involved in apoptosis such as FOXO3a, leading to increased cell survival [4,21,91,92]. In keeping
with this, miR-155, a canonical NF-«B regulated miRNA, was identified as a negative regulator of
FOXO3a leading to increased gefitinib resistance and lung cancer stemness in vitro and in vivo [92].
NF-kB also suppresses the expression of c-Jun N-terminal kinase (JNK) via Gadd45f and blocks
apoptosis [93,94]. Canonical NF-«B also contributes to chemoresistance of tumor cells such as leukemic
cells, in part through its ability to induce p21%2{1/<iP1 [95 96] and p27XiP! [97].

NF-«B targets that play an important role in cancer progression are those involved in
epithelial-to-mesenchymal cell transition (EMT), such as Snail, Twist, matrix metalloproteinases
(MMPs) and cell adhesion molecules that promote metastasis, and pro-angiogenic genes such as
Vascular Endothelial Growth Factor (VEGEF), stimulating tumour neovascularization [8,48,98-100].
Canonical NF-kB also regulates the expression of matrix metalloproteinases involved in tissue
remodeling, inflammatory diseases and cancer [101-105]. In addition, Timp1 (tissue inhibitor of
metalloproteinase 1), was identified as a NF-«B target gene that contributes to mouse lung tumor
growth [34], and it is highly expressed, and correlates with NF-«B activation in advanced lung-cancer
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patients with poor prognosis [106,107]. NF-kB is also a critical transcriptional regulator of HIF1«,
and IKK3-mediated canonical NF-«B activation is required for the hypoxia-induced accumulation
of HIF1x and the expression of HIF1lw target genes [108,109]. Several lines of evidence suggest
a bi-directional crosstalk between NF-kB and HIF pathways, with the latter also contributing to
inflammatory responses and cancer [109-113].

In physiological conditions, NF-«B activity is tightly regulated and inhibited after a short period
of time through negative feedback loops [4]. Based on this concept, aberrant NF-«B signaling activation
leading to chronic inflammation and increased cell proliferation and survival are additional factors
contributing to the oncogenic function of NF-«B [6,23,47,48].

2.2. Tumor Suppressor Function of NF-xB

NF-kBs can also suppress tumor growth under certain conditions, a functional role dependent
on the presence and crosstalk with tumor-suppressor-proteins, such as p53, which modulate NF-«B
activity in cancer. These tumor suppressive functions of NF-«B are due to NF-kB-dependent activation
of gene expression that can lead to the inhibition of cancer cell cycle progression and proliferation,
apoptosis, suppression of cell invasion, and metastasis [6,55,114,115].

The tumor suppressive functions of canonical NF-«B may be due to the modulation of NF-«B
activity by tumor suppressors such as p53 [6,61,116-118] or due to alterations in the phosphorylation
status of NF-«B subunits [6,119-121] suppressing NF-kB’s ability to induce the expression of genes
that are associated with tumor growth and survival. Canonical NF-kB can also inhibit tumor growth
by inducing the expression of tumor suppressors such as Bach2 induced in B-cells by c-Rel or RelA
suggesting a tumor suppressive function of c-Rel in B-cell lymphoma [114]. c-Myc overexpression was
shown to sensitize cells to NF-kB-induced apoptosis, and persistent inactivity of NF-«B signaling was
shown to be a prerequisite for c-myc-mediated lymphomagenesis [122].

The tumor suppressive functions of canonical NF-«B may also be attributed to an attenuated
inflammatory response.NF-kB p50 subunit functions as a transcriptional regulator either as a
heterodimer with NF-«B subunits RelA, c-Rel, and RelB, or as a p50 homodimer. p50 heterodimers
induce gene expression and are critical in inflammatory responses, while p50 homodimers generally act
as transcriptional repressors [7,55,123]. The p50homodimer has an important function as suppressor
of inflammation through repressing proinflammatory gene expression while enhancing the expression
of anti-inflammatory genes [55,124,125]. Nfkb1(p105/p50)~/~ mice display increased inflammation and
susceptibility to DNA damaging agents, leading to cancer including lymphomas and liver cancer,
and an ageing phenotype [55,126,127]. Reduced levels of p50 were observed in human tumor tissues
from head and neck and glioblastoma cancers; and these results were further supported by xenograft
models of human glioblastoma and breast cancer cell lines in mice [128].

The tumor suppressive functions of noncanonical NF-kB may be attributed to a reduced
inflammatory response and oxidative stress [29,52,65,67,70,129,130]. For example, enforced expression
of a kinase-dead IKKx mutant protein in mice led to spontaneous lung squamous cell cancer (SCC)
development and the recruitment of TAMs, suggesting a tumor suppressor role for IKK« in lung
SCC [65,130]. IKK« loss has also been reported to promote K-Ras-initiated NSCLC development
through a redox regulatory pathway involving ROS accumulation [67].

Emerging evidence suggests that the tumor promoting or suppressive functions of NF-«B, in a
cell- and tissue-dependent context may also be determined by miRNAs and their targets. Thus the
IKK/NF-kB-miRNA transcriptional regulatory network may play a critical role in inflammation
impacting on cancer [11].

3. MiRNAs: Epigenetic Regulators in Inflammation and Cancer

MiRNAs regulate gene expression at the post-transcriptional level acting as negative regulators
of mRNA translation and/or stability by binding to complementary sequences in the 3’ untranslated
region (3’ UTR) of their target mRNAs. Individual miRNAs may target several different mRNAs to
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inhibit their translation into polypeptides, partly because target sites on an mRNA require only partial
base complementarity with their corresponding miRNAs. In cases of perfect complementarity, cleavage
of the target mRNA is induced. Moreover, individual mRNAs may contain multiple binding sites for
different miRNAs, resulting in complex regulatory networks. Conversely, binding sites for a specific
miRNA may be limited to few mRNAs, while others may target a larger number of mRNAs. Hence,
some miRNAs may regulate specific individual targets, while others can positively or negatively
regulate a variety of cellular processes [11,131]. For example, the balance between oncogenic miRNAs
(that target tumor suppressor genes) and tumor suppressive miRNAs (that target oncogenes) may
influence tumor development. Sometimes, miRNAs act in concert with transcription factors, creating
TF-miRNA transcriptional regulatory networks, such as the p53-miRNA and the NF-kB-miRNA
networks that may also interconnect and influence each other [11].

4. General Concept: NF-«kB Meets miRNAs

NF-«B TFs influence the expression of miRNAs, and importantly NF-«B signaling is also affected
by miRNAs which target either the upstream NF-kB activating kinases or other NF-«B signaling
components, in positive or negative feedback loops in several different cell types and under different
conditions [6,16,52].

4.1. MiRNAs Regulated by NF-xB

Several miRNAs, including miR-9, miR-21, miR-30b, miR-143/miR-145, miR-146a, miR-155,
miR-221/222, miR-224, miR-301a, and the miR-17-92 cluster have been validated as targets of the
NF-«B transcription factors [11,16,52].

Most of these NF-kB-targeted miRNAs have been identified by low throughput methods or
unbiased screens. Importantly, the availability of whole-genome data such as transcription factor
binding sites based on Chip-Seq experiments, or whole-genome histone modification profiles and
also RNA-Seq analyses makes it possible to objectively analyze and efficiently find transcription
factors that regulate gene expression. By employing a bioinformatics tool that is used to characterize
promoter regions of miRNAs (DIANA miRGen v3.0) [132], we additionally identified 40 miRNAs that
contain experimentally verified NF-«kB binding sites in their promoter regions (Table 1). Most of these
miRNAs are novel potential targets and need further verification. Nevertheless, these data provide an
additional, unbiased approach to verify known targets, and also to screen for possible novel targets of
specific transcription factors under certain conditions.

Oncogenic miR-21 is an established NF-«B target [42]. NF-kB-dependent induction of miR-21
expression has been detected under different conditions, such as inflammation [16] or DNA damage
responses [133] and can target multiple genes, such as BCL2, MASPIN, PDCD4, and PTEN [11].
For example, in breast cancer the NF-kB-dependent induction of miR-21 confers chemoresistance
and induces cell invasion by repressing PDCD4 expression which regulates apoptosis, and PTEN
phosphatase, an inhibitor of Akt pathway that leads to cell survival [133].

In tumor-associated inflammation, the pro-inflammatory cytokine IL-1 leads to NF-«B activation
and subsequent upregulation of miR-425 in gastric cancer cells. MiR-425 in turn acts as a tumor
promoter by targeting PTEN to enhance cell survival [134].

In addition to oncogenic miRNAs, NF-kB can also upregulate tumor suppressive miRNAs,
such as miR-143 and miR-145. The expression of these two miRNAs can lead to inhibition of cancer cell
proliferation, and also metastasis and invasion by targeting oncogenes such as MYC, ERK5, and KRAS.
Non-tumorigenic prostate cells secrete miR-143 to inhibit the growth exclusively of prostate cancer
cells that bear activated oncogenes some of which have been mentioned above [11,18].
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Table 1. MiRNAs containing experimentally verified NF-«B binding sites in their promoter (miRGen

v3.0 tool).
miRNA Name Chromosomal Location of Promoter (hg19) Strand
hsa-let-7a-1 chr9:96929483-96929484 [+]
hsa-let-7d chr9:96929483-96929484 [+]
hsa-let-7f-1 chr9:96929483-96929484 [+]
hsa-let-7i chr12:62997400-62997401 [+]
hsa-mir-101-1 chr1:65532138-65532139 [-]
hsa-mir-1204 chr8:128806768-128806769 [+]
hsa-mir-1205 chr8:128806768-128806769 [+]
hsa-mir-1206 chr8:128806768-128806769 [+]
hsa-mir-1207 chr8:128806759-128806760 [+]
hsa-mir-1208 chr8:128806759-128806760 [+]
hsa-mir-124-1 chr8:9763203-9763204 [—]
hsa-mir-125b-1 chr11:121971206-121971207 -
hsa-mir-1289-1 chr20:34042503-34042504 —
hsa-mir-135b chr1:205426509-205426510 -
hsa-mir-137 chr1:98520169-98520170 -
hsa-mir-146a chr5:159894835-159894836 +
hsa-mir-148a chr7:25990290-25990291 -
hsa-mir-193a chr17:29886484-29886485 +

hsa-mir-22
hsa-mir-223
hsa-mir-23a
hsa-mir-24-2
hsa-mir-2682
hsa-mir-27a
hsa-mir-2861
hsa-mir-29a
hsa-mir-29b-1
hsa-mir-30a
hsa-mir-30c-2
hsa-mir-3142
hsa-mir-3199-2
hsa-mir-365b
hsa-mir-3667
hsa-mir-3672
hsa-mir-3679
hsa-mir-3960
hsa-mir-4725
hsa-mir-505
hsa-mir-5194
hsa-mir-612

chr17:1618561-1618562
chrX:65219544-65219545
chr19:13953455-13953456
chr19:13953455-13953456
chr1:98520169-98520170
chr19:13953455-13953456
chr9:130548069-130548070
chr7:130794752-130794753
chr7:130794752-130794753
chr6:72130555-72130556
chr6:72130555-72130556
chr5:159894835-159894836
chr22:28315414-28315415
chr17:29886484-29886485
chr22:50051180-50051181
chrX:120325891-120325892
chr2:134877461-134877462
chr9:130548069-130548070
chr17:29886484-29886485
chrX:139015225-139015226
chr8:131028942-131028943
chr11:65190256-65190257

NF-«kB-miR-140 is another regulatory loop. MiR-140 acts as a liver tumor suppressor by negatively
regulating NF-kB activity by directly targeting DNA methyltransferase 1 (Dnmt1) expression. In this
cellular context, NF-kB suppresses miR-140 expression, resulting in the upregulation of DNMT1
and increased NF-«B activity, forming a positive feedback loop that promotes liver cancer [135,136].
Aberrant miRNAs have been detected during inflammation and hepatocellular cancer (HCC). Many of
these dysregulated miRNAs modulate the initiation and progression of inflammation-induced HCC,
the majority of which are NF-kB-regulated miRNAs [137].

Finally, an interesting example of NF-kB-regulated miRNAs is that of miR-221/222, a miRNA
family with a dual functional role, acting, in different cellular contexts, either as oncomiRs promoting
cancer progression, or as tumor suppressors, promoting cellular senescence [11,12,138-140].
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4.2. NF-xB-Regulating miRNAs

Multiple miRNAs have been shown to alter NF-«B activity. The current version of Tarbase v8
(http://carolina.imis.athena-innovation.gr/diana_tools /web/index.php?r=tarbasev8%2Findex, access
date 20 January 2018), a database comprised of experimentally validated miRNA-gene
interactions [141], contains a total of 163 miRNAs that target at least one of the main gene
components of NF-«kB signaling, either the NF-kB transcription subunits or the upstream NF-xB
activating serine/threonine kinases, IKK« and IKK( (Figure 1 and Supplementary Table S1).

IKK-targeting miRNAs
hsa-let-7 (IKKa)
hsa-miR-15a (IKKa)
Has-miR-16 (IKKa)
hsa-miR-195 (IKKa, (IKKB)
hsa-miR-199a (IKKg)
hsa-miR-497 (IKKp)
hsa-miR-223 (IKKa)
hsa-miR-424 (IKKo, IKKB)

NF-xB targeting miRNAs
hsa-let-7 (RELB, c-REL, p52)
— hsa-miR-21 (RELB, c-REL, p50)
hsa-miR-320 (RELA, c-REL)
hsa-miR-9 (p52)

> D> {Nﬁ@"tb Il

Figure 1. IKK and NF-«B targeting miRNAs. MiRNAs targeting at least one of the NF-«kB signaling
components such as one of the upstream NF-«B activating kinases, IKKx or IKKf{, or one of the
NF-«B transcription factor subunits. For a comprehensive list of NF-«B targeting miRNAs, see
Supplementary Table S1.

MiR-506 was shown to directly target and downregulate the expression of the NF-«B p65 subunit,
leading to the generation of reactive oxygen species (ROS) and the induction of p53-dependent
lung cancer cell apoptosis. Interestingly, the p53-dependent induction of miR-506, suggested that
miR-506 in lung cancer cells is part of a regulatory network linking p53 and NF-«kB signaling [142].
In prostate cancer, the tumor suppressive miR-497 regulates NF-«B signaling by targeting IKK{, which
activates canonical NF-«kB signaling leading to inhibition of prostate cancer cell proliferation, migration,
and invasion. Importantly, miR-497 expression is reduced in prostate cancer cells, leading to a more
aggressive tumor phenotype [143].

The miR-520/373 family has also been shown to act as tumor suppressors in breast cancer,
by targeting the RELA /p65 NF-kB subunit. The miR-520/373 family was identified in a genome-wide
screen of miRNAs impacting on NF-«B signaling, using a luciferase-based reporter assay in HEK293T
cells [144]. This screen identified 13 families of miRNAs, out of which let-7 and miR-181 are known to
participate in NF-«B feedback loops [145,146] (discussed in the next section). MiR-520/373 was further
analysed and was shown to inhibit NF-kB in estrogen-negative breast cancer cells, which further
resulted in downregulation of NF-«B targets such as the pro-inflammatory cytokines IL-6, IL-8, CXCL1,
and ICAM-1, leading to the inhibition of tumor-related inflammation, and suppression of tumor
growth and metastasis [144]. In another functional screen for miRNAs regulating NF-«B, using a
NE-kB reporter cell-line, miR-517a/c were found as potent activators of NF-«B signaling, upregulating
the expression of the reporter more than 40-fold. In this case, the identified target of miR-517a/c
leading to activation of NF-«kB was TNIP1, an inhibitor of NF-«B signaling [147].

MiRNA-126a was shown to target the NF-«B inhibitor, IkBx, leading to canonical NF-kB activation
thereby contributing to pathogenesis of ulcerative colitis [148], but paradoxically was shown to act as
tumor suppressor for colon cancer [149].

MiRNA-223 was shown to suppress canonical NF-«B signaling in basal keratinocytes to dampen
neutrophilic inflammation [150]. MiR-223 limits inflammation and prevents DNA damage and
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hematological and non-hematological malignancies [151]. MiR-223 is one of the most abundant
miRNAs in macrophages and responds to stimuli to control the production of IL-6 and IL-1(3 [152].
MiR-223 was also associated with macrophage differentiation through targeting IKK« [153]. However,
the role of miR-223 in cancer is cell-context dependent [150]. For example, miR-223 promotes the
migration and invasion of gastric cancer cells, but has opposite effects in esophageal cancer cells and
human cervical cancer [154-156].

Several miRNA sites were identified in IKKw« including sites for let-7, miR-223, miR-16,
and miRNA-142-5p and two target sites for miR15a, one of which overlapped the putative miR-16 site.
Further experiments showed that miR15a, miR-16 and miR-223, which target IKKx and are
downregulated during macrophage differentiation, they were responsible at least in part for the
increase in IKK o protein expression observed during macrophage differentiation [153]. Regulation of
IKK o by these miRNAs may contribute to cancer development [157].

MiR-199a negatively regulates the expression of IKKf in ovarian cancer cells, and inhibits the
secretion of pro-inflammatory cytokines, thereby causing suppression of tumor progression and
chemoresistance [158]. IKKf3 is also targeted by miR-497 in prostate cancer cells and inhibits their cell
proliferation, migration, and invasion in vitro [143].

5. NF-kB-miRNA Feedback Loops and Transcriptional Regulatory Networks

Multiple feedback loops operating in a specific cell type can act in concert, creating functional
networks that control cell fate. There are several NF-kB-miRNA feedback loops in the context
of inflammation in normal cells and also during cancer development. These NF-kB-miRNA
transcriptional regulatory loops may act in both physiological and pathological conditions, linking
pro-inflammatory responses to oncogenic signals [11].

NF-kB signaling during inflammation is self-limiting. A novel feedback loop that has been
identified recently involves miR-146a and miR-155, the combinatory action of which controls NF-«B
activity during inflammation [18]. Their action is based on a two-step mechanism. First, miR-155
is rapidly upregulated by NF-«B only within the first 12 h of inflammatory response and, by
targeting SHIP1, it activates the IKK signalosome complex in a PI3K/Akt-dependent manner, forming
a positive feedback loop necessary for signal amplification. Secondly, miR-146a is rather gradually
upregulated by NF-«B and forms a negative feedback loop by targeting IRAK1 and TRAF6, ultimately
attenuating NF-«B activity in the late phase of inflammation. The combined action of these two positive
(NF-kB-miR-155) and negative (NF-kB-miR-146a) NF-kB-miRNA regulatory loops provides optimal
NE-«B activity during inflammatory stimuli, and eventually lead to the resolution of the inflammatory
response [18].

Knockout of miR-146a in C57BL/6 mice leads to myeloid sarcomas and some lymphomas,
and the animals exhibit chronic myeloproliferation in their bone marrow. The development of
myeloid malignancies correlated with increased canonical NF-«B activity. Genetic ablation of
NF-«B p50 suppressed myeloproliferation suggesting that NF-kB was required for myeloproliferative
disease [159].

MiR-9 is induced by pro-inflammatory signals in a NF-«B-dependent manner in human
monocytes [160]. MiR-9 targets the NFKB1 gene, which encodes the p105/p50 precursor subunit
and renders lung cancer cells sensitive to ionizing radiation [160]. In ovarian cancer, miR-9 also
targets NFKB1 and its downregulation in this cancer type, as compared to normal ovarian tissue
is considered an additional tumor-promoting mechanism [161]. The fact that miR-9 is positively
regulated by inflammation-induced canonical NF-«B (RelA /65-p50) signaling, taken together with
the finding that miR-9 targets NFKB1 (p105/p50), suggests a negative feedback loop mechanism fine
tuning the inflammatory response with an impact in cancer.

Another negative feedback-loop in acute myeloid leukemia (AML), bearing KIT driver mutations,
involves miR-29b and NF-kB. MiR-29b targets the Spl transcription factor. In KIT-driven AML,
KIT upregulates Sp1, which in turn binds NF-«B and transactivates KIT. Sp1 escapes from miR-29b
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downregulation through a negative feedback loop, in which Sp1-induced NF-«B recruits HDACs in
the miR-29b promoter leading to its transcriptional repression [162].

A positive feedback loop that keeps NF-«kB in an activated state operates in breast cancer cells after
chemotherapy. In these cells, chemotherapy activates NF-kB which targets and downregulates miR-448
by binding to its promoter, leading to increased expression of the miR-448 target special AT-rich
sequence-binding protein-1 (SATB1). SATB1 upregulation ultimately leads to Twistl expression,
a regulator of EMT; and it also further enhances NF-«B activity, forming a positive feedback loop that
simultaneously promotes EMT [163].

One of the most well-defined regulatory networks that link inflammation and cancer has
been extensively studied by Iliopoulos et al. and is formed by two distinct and complimentary
feedback-loops involving either NF-«B, Lin28, let-7 miRNA and IL-6 or IL-6, miR-21, and miR-181b-1
miRNAs, PTEN, CYLD, and NF-«B [145,146]. During oncogenesis, proinflammatory signals that are
mediated by NF-«B, upregulate Lin28, which downregulates the tumor suppressor let-7 miRNA [164]
which targets IL-6. Let-7 downregulation results in increased IL-6 levels, further activating
NF-«B, generating a feedback loop that sustains inflammation and promotes oncogenesis [145].
NE-kB can also remain active by a complimentary feedback-loop that involves miR-21 and miR-181b-1.
IL-6 activates STAT3, an inducer of miR-21 and miR-181b-1 expression, which respectively target
PTEN and CYLD. PTEN and CYLD inhibition further leads to NF-kB activation [146]. Therefore,
the combined action of NF-«kB and STAT3 leading to the induction of miR-21 and miR-181b-1 and let-7
downregulation, ultimately act as a feedback mechanism linking inflammation to cancer. In addition to
NE-kB, STAT3 can also be further upregulated as a result of this feedback mechanism, since miR-181a/b
induction by STAT3 can also activate the IL-6/STAT3 signaling pathway [146]. More recently, studies
on the interplay between NF-«kB and STAT3, two of the main transcription factors that regulate
inflammation [44-46] have revealed that feedback mechanisms that involve these two factors also
include several miRNAs [165]. Studies revealed the existence of a negative feedback loop mechanism
between STAT3 and NF-kB involving miR-146b. In this mechanism, STAT3 targets miR-146b, which
downregulates NF-«B, reducing IL-6 production. The reduction of IL-6 is the final step of a negative
feedback loop, since IL-6 activates STAT3, contributing to chronic inflammation. This is also a
mechanism linking inflammation and cancer in breast tissue, whereas in normal tissue miR-146b
is upregulated, leading to resolution of inflammation, in breast cancer it is downregulated, leading to
chronic inflammation, through deregulation of the above feedback loop and cancer development [166].

A constitutively activated feedforward circuit composed of IkBa/NF-«kB(p65) and miR-196b-3p,
was shown to drive castration-resistant prostate cancer (CRPC) development. Constitutive activation
of IkBo/RelA(p65) in this circuit was independent of the activation of the canonical IKK{3 /NF-kB
pathway [167].

The availability of genomic data makes it possible to improve our knowledge of novel regulatory
networks that exist in physiological or pathological conditions. Using bioinformatics tools and analysis
we were able to identify candidate miRNAs regulated by NF-«kB (Table 1) or targeting NF-«B pathway
components (Figure 1 and Supplementary Table S1). Another such tool that offers a pathway-based
approach, is the server of Diana miRpath for finding specific miRNAs involved in pathways or
regulatory networks [168]. We believe that the exploitation of unbiased genomic data in conjunction
with experimental validation may confirm biologically relevant findings and relate them to specific
functions and (physiological or pathological) conditions.

6. Final Thoughts: Possible Therapeutic Approaches

In the current review, we focused on the interplay between NF-kB and miRNAs impacting on
inflammation and cancer development. The functional role of miRNAs in these processes is due
to their action as epigenetic switches that interconnect signaling pathways and cellular processes,
integrating in larger regulatory networks. In this conceptual framework, the expression of miRNAs
may offer the possibility to: (a) fine-tune the activity of a process in time, such as the expression of
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miR-155 and miR-146b regulating NF-kB expression and inflammation intensity and duration [18];
(b) amplify or attenuate the activity of a signaling pathway, by taking part in feedback-loops, such as
the NF-kB-miRNA amplifying loops in inflammation linked to cancer [145,146]; and (c) interconnect
TF-miRNA opposing regulatory pathways such as the p53-miRNA and NF-kB-miRNA networks.
Certain NF-kB-regulated miRNAs can regulate p53, and vice versa, hence they can shift the balance
towards apoptosis or cell survival and determine the fate of a cancer cell [11]. The complexity of
epigenetic regulation requires taking into account aspects such as the expression of specific TFs and
miRNAs and their possible interconnection.

Based on the dynamic nature of NF-«B signaling combined with the diverse actions and multiple
targets of miRNAs, we believe that the NF-kB-miRNA feedback regulatory loop mechanisms discussed
above or possibly novel ones yet to be discovered, should be considered when studying inflammatory
responses linked to cancer initiation, progression, and development. Understanding of the
NF-kB-miRNA transcription factor regulatory networks may offer opportunities for pharmacological
exploitation and personalized treatments.

Supplementary Materials: The following are available online at http://www.mdpi.com/2227-9059/6/2/40/s1,
Table S1: Validated miRNAs for targeting at least one of NF-kB signaling components. (# Denotes the number of
NF-«B genes targeted).
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Abstract: The nuclear factor kB (NF-«B) signaling pathway ubiquitously controls cell growth and
survival in basic conditions as well as rapid resetting of cellular functions following environment
changes or pathogenic insults. Moreover, its deregulation is frequently observed during cell
transformation, chronic inflammation or autoimmunity. Understanding how it is properly regulated
therefore is a prerequisite to managing these adverse situations. Over the last years evidence has
accumulated showing that ubiquitination is a key process in NF-«kB activation and its resolution.
Here, we examine the various functions of ubiquitin in NF-«kB signaling and more specifically,
how it controls signal transduction at the molecular level and impacts in vivo on NF-«B regulated
cellular processes.

Keywords: nuclear factor kB; signal transduction; ubiquitin; ubiquitination/deubiquitination

1. Introduction

Regulation of gene expression in eukaryotic cells represents an essential process for the
timely control of the production of proteins, while the fine-tuning of their final activities and/or
fate often relies upon post-translational modifications (PTM). For decades, phosphorylation and
dephosphorylation has been considered as the dominant switch controlling the fate and activity of
proteins. In the eighties, ubiquitination was identified as an additional type of PTM, although primarily
in the restricted context of protein degradation. Later, the ubiquitination/deubiquitination process was
shown to expand to the regulation of almost any protein, with its own intricate modulation allowing
the emergence of new layers of regulation.

Among the many cellular processes that are regulated by ubiquitination is signal transduction
which needs to be tightly controlled for operating properly at the right place and time. One of the
first identified and most extensively dissected signaling pathways regulated by ubiquitination is
the NF-kB pathway that plays a critical role in inflammation, immunity and control of cell death
and proliferation. Not surprisingly, this pathway represents a useful paradigm to illustrate how
ubiquitination controls protein activity. Here, we will present the main participants in the NF-xB
activation process, how ubiquitination generally operates and which specific steps of this process it
regulates. Moreover, we will describe how perturbations in ubiquitination and ubiquitin recognition
mechanisms in the NF-«kB pathway impact on human health.

2. The NF-«B Signaling Pathway

NF-kB is a generic name for a collection of inducible transcription factors formed by the dimeric
combination of members of the avian reticuloendotheliosis (Rel)/NF-«B family of proteins. The five
members of this family (RelA, RelB, c-Rel, p50 and p52) share a conserved Rel homology domain at the
N-terminus, which contains sequences involved in dimerization, nuclear localization and interaction
with NF-«B inhibitors [1] (Figure 1A). In addition, RelA, RelB and c-Rel exhibit a transcriptional
activator domain (TAD) at the C-terminus. Such a domain is absent in p50 and p52, which are both
synthesized from precursors p105 and p100, respectively.
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Figure 1. The NF-«B proteins and their inhibitors. (A) Members of the Rel/NF-«B family.
The five NF-kB subunits are presented with their functional domains. RHD = Rel homology
domain; TAD = transcription activation domain; LZ = leucine zipper; GR = glycine-rich domain;
DD = death domain. The bold arrows indicate the C-terminus of p50 and p52 after processing of
p105 and p100, respectively. (B) Members of the IkB family. The three IkB inhibitors are presented with
their functional domains. PEST = proline/glutamic acid/serine/threonine-rich sequence.

NF-«B regulates the transcription of hundreds of genes participating in immunity, inflammation,
cell proliferation and cell death and its activity is itself controlled by a plethora of stimuli such as
pro-inflammatory cytokines, pathogen-associated molecular patterns (PAMPs), and oxidative stress [2].
Fast activation of NF-kB is achieved through its ubiquitous presence in the cytoplasm of resting cells
as a latent form associated with inhibitors of the inhibitory «B (IkB) or IkB-like families, and its quick
release from them in response to stimuli to become transcriptionally competent.

Members of the IkB family of NF-«kB inhibitors are IkBe, IkBf and IkBe (Figure 1B). They all
share a similar structure with a conserved sequence at the N-terminus containing a DSGXXS motif
and a series of Ankyrin repeats at the C-terminus. These repeats are responsible for the interaction
with the Rel domain of NF-«kB proteins and the masking of their nuclear localization sequence (NLS).
Precursor proteins p105 and p100 also contain Ankyrin repeats at the C-terminus and can play the role,
before processing to generate p50 and p52, of IkB-like proteins.

Activation of NF-kB can be achieved through two distinct modes designated as “canonical” and
“non-canonical”.

2.1. The Canonical Pathway of NF-kB Activation

The canonical pathway, which is induced by a large variety of external or internal cell stimuli
(see below), involves a cytoplasmic kinase complex called IkB kinase (IKK) (Figure 2). This complex
is composed of three main subunits: two catalytic ones with related structures, IKK1 (also called
IKK ) and IKK2 (also called IKK(3), and a regulatory subunit, NF-«B essential modulator (NEMO)
(also called IKKY) [3] (Figure 3A). Upon cell activation, IKK phosphorylates the two Serine residues
located in the DSGXXS motif of IkB inhibitors and this induces their degradation by the proteasome
(see details below). Free NF-kB (usually dimers such as RelA /p50, RelA /RelA or c-Rel/p50) translocate
in the nucleus and positively or negatively regulate the transcription of numerous target genes,
encoding proteins mostly involved in immunity, inflammation, cell growth and cell survival.

In this pathway, IKK activation is often triggered by another kinase complex, the tumor
growth factor 3-activated kinase 1 (TAK1) complex, that contains, in addition to the kinase TAK1,
three regulatory subunits: TAK1 binding protein 1 (TAB1), which regulates the catalytic activity of
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TAK1, and TAB2 and TAB3, which participate in the activation of TAK1 by binding to ubiquitin
(see below) [4] (Figure 3B).

Cytoplasm

Nucleus

Figure 2. The canonical and non-canonical pathways of NF-«kB activation. On the left is presented
the canonical pathway which involves phosphorylation of IkBs by IKK to induce their degradation.
On the right is presented the non-canonical pathway which is dependent on NIK stabilization and
IKK1 activation. In each case specific NF-«kB dimers are induced that regulates different classes of genes
participating in various biological processes. Steps that are controlled by ubiquitination processes are
indicated by “Ub”. See text for details.

A
IKK1 = KD =ULD = SDD —_— 745
IKK2 = - = — 756
NEMO == Hil+ CC1 *HI2CC21z==2F 415
B
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Figure 3. The subunits of IKK and TAK1 complexes. (A) IKK complex. The three subunits of this
complex are presented with their functional domains. KD = kinase domain; ULD = ubiquitin-like
domain; SDD = scaffold/dimerization domain; N = NEMO binding domain; HI1/HI2 = Helix 1
and 2; CC1/CC2 = coiled coil 1 and 2; LZ = leucine zipper; ZF = zinc finger; (B) TAK1 complex.
The three subunits of this complex are presented with their functional domains. KD = kinase domain;
T2BD = TAB2/TAB3-binding domain; ¢PhD = pseudo-phosphatase domain; p38 = p38-interacting
domain; TkBD = TAK1-binding domain; CUE = coupling of ubiquitin conjugation to ER degradation
domain; ZF = novel zinc finger (Npl4 class).
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2.2. The Non-Canonical Pathway of NF-xB Activation

The non-canonical pathway is an alternative pathway which is activated by a limited set of
stimuli (see below) and requires a cytoplasmic kinase called NF-«B inducing kinase (NIK) [5].
Following cell stimulation, NIK, which is normally constitutively degraded, starts to accumulate
and further phosphorylates an IKK1 dimer, which in this setting, works independently from NEMO
and IKK2 (Figure 2). Activated IKK1 then acts on p100 precursor, commonly bound to RelB, to induce
its processing to p52. Active p52/RelB dimer translocate in the nucleus and regulate transcription of a
set of specific genes distinct from those regulated by the canonical pathway.

Initially, these two modules of NF-kB activation may appear quite simple. Nevertheless,
they require, in addition to phosphorylation, the linkage of various kinds of ubiquitin moieties
on a number of the main actors of these pathways at various steps (Figure 2). This feature substantially
complicates the picture and provides further layers of specificity and regulation that play a major role
in proper cell physiology. Before discussing in depth how ubiquitination impacts on NF-«B signaling
we will briefly present the basics of ubiquitin molecular machinery.

3. Ubiquitination: Players and Mechanisms

3.1. The Ubiquitination Process

Ubiquitin is an evolutionary conserved polypeptide of 76 amino acids that can be covalently
attached through its terminal Gly residue to either the e-amino group of a Lys residue (K) or to the
amino group of the first Met (M1) of a protein target [6-8]. The linkage of ubiquitin depends on the
successive action of E1 activating enzymes, E2 conjugating enzymes and E3 ligases (Figure 4A). The E1
catalyzes the ATP-dependent formation of a thioester bound between the C-terminus of ubiquitin and
the active cysteine residue of E1. The ubiquitin is then trans-thiolated to the active cysteine of an E2 [9]
and eventually transferred from the E2 to the target protein through the additional contribution of
an E3 ligase. In this process, the E2-E3 complex is the main factor determining the specificity of the
substrate. E3 ligases are quite diverse [10,11] but most of them possess a RING-finger domain and act
as a bridging factor between the E2 and the substrate allowing the direct transfer of ubiquitin from
the E2 to the target protein. Alternatively, E3 ligases possessing a homologous to the E6-AP carboxyl
terminus (HECT) domain combine E2 and E3 activities and form a thioester intermediate with the
active-site cysteine of the E3 prior to ubiquitin transfer to the substrate protein.

Ubiquitin itself contains seven Lys residues allowing for the formation of different ubiquitin
polymerized chains by extension of the E2/E3 reaction or through the action of E4 enzymes [12]
(Figure 4B). While the linkage of lysine-48-linked ubiquitin chains (Ub¥*%) drives proteins for
degradation by the proteasome, other ubiquitin moieties, such as linear (M1) linked chains,
UbX®3 linked chains or ubiquitin monomers, regulate protein activity, protein subcellular
localization or protein-protein interaction in a plethora of cellular processes, including endocytosis,
signal transduction or DNA repair [13].

At the structural level, ubiquitin displays a (3-grasp fold and possesses a hydrophobic surface
patch which mediates the interaction with ubiquitin-binding domains (UBDs) containing proteins
(see below). Ubiquitin is itself subjected to other kinds of PTMs including the linkage of ubiquitin-like
proteins (ULPs) (see below), phosphorylation and acetylation, adding further structural complexity to
the so-called “ubiquitin code” [14].

Ubiquitin proteases, also known as deubiquitinases (DUBs) catalyse the reverse reaction by
hydrolysing ubiquitin from protein or polyubiquitin chains [15]. When acting at the level of the
proteasome, they favour protein entry into the proteasome machinery and ubiquitin recycling.
Alternatively, DUBs can act at earlier steps and save protein from degradation or interfere with any
cell process. Mammalian genomes contain almost one hundred DUBs belonging to two main classes
of proteases: the metalloproteases (JAB1/MPN/Mv34 metalloenzymes (JAMMs)) and the cysteine
proteases (ubiquitin specific protease (USP), ubiquitin C-terminal hydrolases (UCHs), MIU-containing
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novel DUB family (Mindy), Machado-Joseph disease proteases (M]JDs), ovarian tumor proteases
(OTUs)], among which the USP subfamily represents the largest class [16]. DUBs contain a catalytic
domain that has sequence similarity within subfamilies and unrelated flanking sequences that typically
mediate protein-protein interaction and/or regulate the catalytic activity of the enzyme as shown for a
number of DUBs containing ubiquitin-like domains (ULDs) that share a structure similar to ubiquitin.
These flanking sequences, along with the catalytic core, can also contribute to the specific binding and
cleavage of different polyubiquitin chains (see below). Actually, DUBs activity and substrate specificity
are governed by many factors that are not fully elucidated and certainly depend on subcellular
localization and target recognition through the integration of DUBs into large protein complexes [17].
Notably, DUBs and E3 ligases targeting a common substrate sometimes act within the same protein
complex, possibly finely regulating protein activity through a ubiquitination/deubiquitination

cycle [18].
°>—wz + ATP SH _s >Ub SH
b+ S-S e — \
@—l—» — —_ —— 1
SH S SH
o
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i NH2 NH £
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Figure 4. The ubiquitination process. (A) The enzymatic machinery. The three components (E1/E2/E3)
involved in substrate (S) polyubiquitination and major steps of the ubiquitination process are shown;
(B) key amino acids of ubiquitin. Indicated are Met1 and the seven internal Lys that can be used to form
polyubiquitin chains through peptide (Met) or isopeptide (Lys) bonds involving Gly76. Main biological
functions of these chains are indicated. See text for details.

A number of ubiquitin-like proteins (ULPs) have been reported [19], sharing a similar structure
and conjugation mechanisms with ubiquitin, including the closely-related small ubiquitin-like modifier
(SUMO), which plays an essential role in DNA repair, cell cycle, and signal transduction [20], and the
neural precursor cell expressed, developmentally down-regulated 8 (NEDDS) [21], which modulates
the function of the cell cycle and embryogenesis proteins.

Importantly, the number of E3 Ligases or DUBs mutations found to be associated with human
pathologies such as inflammatory diseases, rare diseases, cancers and neurodegenerative disorders
is rapidly increasing [22-24]. There is now clear evidence that many E3s and DUBs play critical
roles in NF-kB signaling, as will be discussed in the next sections, and therefore represent attractive
pharmacological targets in the field of cancers and inflammation or rare diseases.

3.2. E3 Ligase Families in NF-xB Signaling

Specific classes of E3 ligases participating in the NF-«B signaling pathways described in the
following sections deserve a short introduction.

3.2.1. TRAFs

E3 ligases of the small TNF receptor associated factor (TRAF) family (seven members) [25] present
a conserved organization with a really interesting new gene (RING) finger domain at the N-terminus,
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followed by a variable number of zinc fingers (ZFs) and in the second half a so-called TRAF domain,
which is divided into two parts: the TRAF-N domain, which is a coiled-coil and the TRAF-C domain,
with both of them participating in oligomerization and substrate recognition. Only two TRAFs lack
one of these conserved domains: TRAF1, which does not contain any ring domain and behaves
only as an inhibitor or adaptor and TRAF7, which does not contain a TRAF-C domain and therefore
cannot necessarily be considered as a bona fide TRAF. The specific interaction of TRAFs with their
targets often involves specific motifs recognized by the TRAF-C domains. PXQXT/S represents
the consensus binding sequence for TRAF2, TRAF3 or TRAF5 whereas PXEXX acidic/aromatic is
recognized by TRAF6.

3.2.2. TRIMs

Tripartite motif proteins (TRIMs) belong to a large family of E3 ligases of more than 70 members
which display a conserved ring, B-box, coiled-coil (RBCC) domain at the N-terminus [26,27].
This domain includes a RING domain with E3 ligase activity, one or two B-box domains,
and a coiled-coil, with these two latter domains participating in dimerization and higher-order
oligomerization. The variable C-terminal regions of TRIMs, classified into 11 distinct classes,
regulate target recognition and subcellular localization.

3.2.3. LUBAC

Linear ubiquitin chain assembly complex (LUBAC) is the only E3 ligase complex described so
far that is able to synthesize M1-linked ubiquitin chains in mammalian cells [28,29]. It is composed of
three subunits, haem-oxydized IRP2 ubiquitin Ligase 1L (HOIL-1L), HOIL-interacting protein (HOIP)
and SHANK-associated RH domain interacting protein (SHARPIN), each of which exhibit specific
functions. HOIP is the subunit that contains all the catalytic machinery to synthesize M1-linked
chains of ubiquitin. This involves a ring between ring fingers (RBR) domain and the C-terminal linear
ubiquitin chain determining domain (LDD), allowing HOIP to work as a RING/HECT hybrid E3.

HOIL-IL and SHARPIN are non-catalytic subunits that associate to the ubiquitin-associated (UBA)
domain of HOIP through their ubiquitin-like (UBL) domains. The SHARPIN UBL domain may also
recognize the Npl4 Zinc Finger 2 (NZF2) domain of HOIP. Other important sequences of LUBAC
subunits are (1) the PNGase/UBA or UBX-containing proteins (PUB) domain of HOIP which interacts
with DUBs acting in NF-kB signaling, OTU deubiquitinase with linear linkage specificity (OTULIN)
and cylindromatosis (CYLD), directly in the former case and through SPATA?2 in the latter, (2) the NZFs
of HOIL-IL and SHARPIN, which recognize ubiquitin (see below), and (3) the Pleckstrin homology
(PH) domain of SHARPIN, that acts as a dimerization module. Like HOIP, HOIL-IL contains an RBR
domain at the C-terminus, but this domain is dispensable for catalysis in the context of LUBAC.

All these E3 ligases work with specific E2 conjugating enzymes to synthesize different kinds of
ubiquitin chains during the NF-«B activation process. We will not describe them exhaustively in the
following sections, mostly because they are much less characterized than the E3 ligases. Nevertheless,
two of them should be mentioned. In many situations, if not all, the specific E2 conjugating K63-linked
chains is ubiquitin-conjugating 13 (Ubc13) which forms a dimer with co-factor ubiquitin-conjugating
enzyme variant 1A (Uev1A). Ubcl13/Uev1A was originally identified as the E2 associated with TRAF6
in cell extracts used to study the activation of NF-«B [30] in vitro. Its broad involvement in NF-xB
signaling has been confirmed in vivo [31]. In addition, the main E2 conjugating M1-linked chains to
specific components of the NF-«kB pathways (see below) with LUBAC is the ubiquitin-conjugating
enzyme E2 L3 (UBE2L3) [32,33].

3.3. Ubiquitin Binding Domains in NF-xB Signaling

Interpretation of the “ubiquitin code” is achieved through the recognition of different kinds of
ubiquitin moieties by specific UBD-containing proteins [34]. UBDs are quite diverse, belonging to
more than twenty families, and their main characteristics can be summarized as follows: (1) They
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vary widely in size, amino acid sequences and three-dimensional structure; (2) The majority of them
recognize the same hydrophobic patch on the (3-sheet surface of ubiquitin, that includes Ile44, Leu8 and
Val70; (3) Their affinity for ubiquitin is low (in the higher uM to lower mM range) but can be increased
following polyubiquitination or through their repeated occurrence within a protein; (4) Using the
topology of the ubiquitin chains, they discriminate between modified substrates to allow specific
interactions or enzymatic processes. For instance, K11- and K48-linked chains adopt a rather closed
conformation, whereas K63- or M1-linked chains are more elongated.

In the NF-«B signaling pathway, several key players such as TAB2/3, NEMO and LUBAC are
UBD-containing proteins whose ability to recognize ubiquitin chains is at the heart of their functions.

Within the TAK1 complex, TAB2 and TAB3 are the UBD-containing subunits. They present
a similar secondary structure to an N-terminal coupling of ubiquitin conjugation to endoplasmic
reticulum-associated degradation (CUE) UBD, a coiled-coil, a TAK1-binding domain and, at the
C-terminus, a NZF (Figure 3B). The NZF is responsible for the interaction with ubiquitin. Recognition of
K63-linked ubiquitin chains requires binding of adjacent ubiquitin moieties by two binding sites,
both of them involving the Ile44-containing hydrophobic patch [35,36]. The distal ubiquitin occupies
the canonical NZF at residues Thr674 and Phe675 of TAB2, whereas the proximal one contacts residues
Leu681, His678 and Glu685. As a consequence, the TAB2 NZF is surrounded by three ubiquitin
molecules, two of them interacting with one NZF. This two-sided mode of interaction may be shared
by other NZF-containing proteins but, very importantly, excludes recognition of M1-linked chains of
ubiquitin in the case of TAB2/3.

Within the IKK complex, NEMO is the specialized subunit allowing protein scaffolding through
the recognition of specific partners modified by ubiquitin. The interaction of NEMO with polyubiquitin
involves two separate domains. First, the NEMO ubiquitin binding (NUB) domain, encompassing the
CC2 and leucine zipper (LZ) domains, recognizes both M1- and K63-linked chains through distinct
modes. Two M1-linked ubiquitin dimers can be recognized by the dimeric NUB domain through the
interaction of the proximal ubiquitin (residues extending from GIn2 to Glu16 plus Glu64 and Thr66)
with NEMO Arg and Glu residues located from 309 to 320 and interaction of the distal ubiquitin
through its hydrophobic patch and NEMO residues centered around Asp304 [37]. This extended
interaction interface, which also includes the linker region, explains the much higher affinity of the
NUB domain for M1-linked chains than for K63-linked chains. Indeed, in the case of K63-linked
chains, only the distal ubiquitin can be recognized because of a slight shift of the proximal ubiquitin
caused by the K63 linkage [38]. Second, the ZF located at the very end of NEMO also displays
affinity for ubiquitin, favoring recognition of K63-linked chains. Again, a two-sided interaction occurs,
with the hydrophobic patch of distal ubiquitin binding to ZF residues Val414/Met415 and residue
Phe395-centered patch connecting to the proximal ubiquitin [39]. It has been proposed that combined
recognition of polyubiquitin chains by the NUB domain and the ZF occurs in the full-length protein [40],
resulting in an affinity for both M1-linked and K63-linked chains, with a stronger affinity for the former
ones [41]. This ability to recognize both kinds of chains may prove important considering the synthesis
of mixed chains that can occur during cell stimulation (see below).

All LUBAC subunits contain similar NZFs of the Npl4 subtype but they appear to fulfill
different functions. The NZF of HOIP displays a weak affinity for K63-linked chains compared
to the ZF of SHARPIN; so SHARPIN is the driving force for recruitment to K63-linked partners [42].
Molecular characteristics of these NZF/ubiquitin interactions are not known. In contrast, HOIL-IL
specifically recognizes M1-linked ubiquitin chains through a unique mode [43]. Indeed, its NZF binds
both the canonical Ile44-centered hydrophobic surface on the distal ubiquitin and a Phe4-centered
hydrophobic patch on the proximal ubiquitin. These distinct specificities help explaining how LUBAC
operates within the NF-«B signaling pathways, as will be further detailed in Section 5.
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4. Regulated Ubiquitination of IkBs and NF-«B Precursors

4.1. Regulated Ubiquitination of IxBs

As discussed above, the critical step in NF-kB activation is the phosphorylation-induced
ubiquitination and degradation of IkBs, allowing NF-«B dimers to translocate into the nucleus. In the
case of the three classic IkB proteins, IkBe, IkBf and IkBe, a similar amino-acid sequence is targeted
for phosphorylation by IKK. It includes two serine residues located within a DSGXXS motif [44] also
found in other proteins whose activity is controlled by proteasome degradation such as (3-catenin
and mouse double minute 2 homolog (Mdm?2). This “degron” is recognized by the E3 ligase Skp,
Cullin, F-box (SCF) containing complex [45,46]. More specifically, phosphorylation of IkBs Serine
residues (Ser32/36 for IkBw, Ser19/23 for IkBf and Ser18/22 for IkBe) induces the recruitment of SCF
through B-transducing repeat-containing protein (3-TrCP), an F-box/TrpAsp 40 aa (WD40)-repeat
protein. Within the SCF complex 3-TrCP interacts with S-phase kinase-associated protein 1 (Skp1),
bringing other components such as Cullin, RING-box protein 1 (Rbx1) and the E2 conjugating enzymes
UBCHS5b, UBCHb5c or cell division cycle 34 (CDC34)/UBC3 [47] in proximity to the end-terminus of
IkB (Figure 5). This allows K48-linked chain addition to Lys21/22 of IkBx, Lys9 of IkBf and Lys6 of
IkBe for degradation by the 26S subunit of the proteasome. Differences exist between the degradation
kinetics of IkBx, IkBf and IkBe, and the generating waves of NF-«B dimers. This might be caused by
differences in degrons environment influencing their phosphorylation by IKK [48].

Figure 5. The degradation machinery of IkBs. The SCF E3 ligase complex that induces degradative
ubiquitination of IkBs is depicted. K48-linked polyubiquitination is indicated with brown hexagons.
See text for details.

The SCF activity is regulated by neddylation, a post-translational modification sharing similarities
with ubiquitination (see above). The NEDD8-conjugated subunit is Cullin [49] and neddylation
involves the E2 conjugating enzyme Ubc12, which helps recruit E3 ligases to SCF [50]. SCF activity can
also be shut-off by E3 ligase TRIMDY, at least in the brain [51]. E3 activity of TRIM9 is not required in this
case. Instead, a phosphorylated degron within TRIM9 competes for 3-TrCP binding to phosphorylated
IkB. Finally, SCF components have been shown to be targeted by viral proteins to block NF-«B function
in the anti-viral response. For instance, Non-Structural Protein 1 (NSP1), a rotavirus-derived protein
induces the ubiquitination-dependent proteasomal degradation of 3-TrCP [52].

Ubiquitination of IkBs is also attenuated by several DUBs, resulting in inhibition of
the NF-«B activation process. First, USP11 has been shown to associate with IkBa and to
catalyze its deubiquitination in the TNF-« signaling pathway [53]. Second, the constitutive
photomorphogenesis 9 (COP9) signalosome, that regulates the assembly and activity of Cullin-E3
ligases, may inhibit sustained IkBo degradation by inducing its deubiquitination by associated
USP15 [54]. Another ubiquitin moiety that may regulate IkBs degradation is monoubiquitination.
Indeed, a pool of monoubiquitinated IkBx has been identified as insensitive to TNF-«x-induced
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degradation through impaired phosphorylation [55]. Previously, it had been proposed that
sumoylation of IkBx may also influence its stability or fate [56]. These processes remain poorly
characterized, especially concerning the modified residues and the proteins involved.

4.2. Regulated Ubiquitination of p105

Processing of p105 to generate NF-kB subunit p50 occurs constitutively in resting cells, at low
level, and can be amplified to a little extent upon stimulation. In addition, p105 associates with other
NF-«B subunits, such as dimeric p50 or RelA, and can be either fully degraded or processed to p50
upon cell activation (Figure 6). Until now, how these various processes are coordinately regulated is
still poorly understood, considering their dependency on the enzymatic machinery of the proteasome
which is supposed to proteolyze its substrates to completion.

\
8 &

Active NF-kB dimers

Figure 6. Regulated processing/degradation of p105. KPC1-dependent constitutive processing of
p105 to generate p50, which can be slightly augmented upon IKK2 activation, is shown at the top.
Complete proteolysis or limited processing to release active NF-kB dimers (p50/p50 or p50/RelA)
upon cell activation is shown at the bottom. See text for details.

Originally, it was demonstrated that basal p105 processing to p50 required K48-linked
ubiquitination and involved a long Gly-Ala repeat acting as a stop signal for degradation in
the middle of the molecule [57]. Only recently the E3 ligase involved in p105 ubiquitination,
Kipl ubiquitylation-promoting complex 1 (KPC1), has been identified upon chromatographic
purification [58]. It has been shown to interact with p105 through its Ankyrin repeats. Interestingly,
this interaction is increased upon phosphorylation of p105 at Ser927 by IKK2.

In addition, p105 can also be totally degraded upon cell stimulation, releasing its associated
NF-«kB dimers [59]. In this case, an IKK2-dependent phosphorylation first occurs at residues 927 and
932, located in sequences exhibiting similarities to the IkB degrons (see above), inducing recognition
and ubiquitination by the SCF/3-TrCP complex [60,61].

It still remains to be understood how the processing versus degradation choice is made. It has
been proposed that the Gly-Ala repeats preceding, during nibbling by the proteasome, a tightly folded
domain at a precise distance would be sufficient to halt proteolysis of p105 [62], but how this can be
bypassed remains unknown.

Finally, processing and degradation of pl05 can be negatively regulated by the DUB A20.
During processing, A20 can interact with p105 through KPC1 and inhibit its ubiquitination [63].
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4.3. Regulated Ubiquitination of p100

In contrast to p105, the processing of pl00 for generating p52 is exclusively inducible and
dependent on IKK1 activation by NIK [64-66]. At the C-terminus of p100, a 3DSAYGS®”? sequence is
located, similar to the one found in IkB proteins. Upon its phosphorylation by IKK1, this sequence
is recognized by SCF™F, inducing ubiquitination of p100 with K48-linked chains and processing to
generate p52 [67,68]. As for p105, it is unclear how a limited proteolysis of p100 by the proteasome
is achieved.

The steady-state level of p100 itself is controlled by another SCF complex: SCF7 [69,70].
Precursor p100 contains two conserved sequences which exhibit similarities to the TPPLSP degron
recognized by F-box/WD repeat-containing protein 7 (Fbw7), a member of the F-box family of proteins.
Ser and Thr residues within these sequences are constitutively phosphorylated by glycogen synthase
kinase-3 (GSK3). This induces p100 recognition by SCF"7 and K48-linked polyubiquitination,
triggering p100 degradation by the proteasome. How this control of the p100 amount influences
the non-canonical NF-«B pathway remains unclear. It may limit the amount of p52 produced in the
cytoplasm. Alternatively, as proposed by Busino et al. [70], p100 elimination through SCF™""” may
occur in the nucleus, decreasing the level of an inhibitory molecule and resulting in more efficient
NF-kB activation.

In the following sections we will describe the major upstream signaling pathways activating
NF-«B, focusing on ubiquitin-related events permitting and regulating signal transduction.
The protein/protein interfaces that are involved will not be described in detail although they provide
the primary level of specificity. Instead, excellent reviews dealing with molecular organization of the
mentioned proteins will be referred to. Ubiquitin modifications affecting components of the TAK1 and
IKK complexes represent shared features of most, if not all, of the signaling pathways described and
will be presented in Section 6.

5. Regulated Ubiquitination during Intracellular Signal Transduction

5.1. The TNF-R1 Signaling Pathway

TNF-« is a pleiotropic inflammatory cytokine that binds to two distinct receptors, TNF-R1 and
TNF-R2, with TNF-R1 exhibiting the broader cellular distribution. The TNF-R1 signaling pathway
is by far the most extensively analyzed NF-«kB activation pathway and provides the best integrated
example to illustrate how various ubiquitination processes contribute to the formation of multiprotein
complexes and triggers signal transduction. So far, at least a dozen of distinct proteins has been
involved in the building and activity of the so-called TNF-R1 complex 1 that initiates NF-«B
signaling (Figure 7). They are all heavily regulated by PTMs, many of them involving ubiquitin.
These modifications, which require several E3 ligases operating at distinct levels, generate numerous
active interfaces through UBDs. Equally important is the role of negative regulators, mostly of the
deubiquitinase family, that ensure the fine-tuning of signal transduction, controlling both the level and
the duration of the activation process.

Upon TNF-a exposure TNF-R1 trimerizes and recruits the adaptor tumor necrosis factor receptor
type 1-associated death domain protein (TRADD) at its intracytoplasmic domain [71,72]. This allows
TRADD to attract both kinase receptor-interacting serine/threonine-protein kinase 1 (RIPK1) through
its death domain and E3 ligase TRAF2 through its N-terminus, with the possible participation of
adaptor Src-associated in mitosis 68 kDa (Sam68) [73]. Subsequent polyubiquitination of RIPK1 is
a key node event in signal transmission [74]. Unexpectedly, TRAF2 does not behave as the RIPK1
E3 ligase [75] in this setting. Instead, it plays a role as a scaffold protein recruiting two other E3
ligases, cellular inhibitor of apoptosis protein-1 (c-IAP1) and c-IAP2, that add K63- and K11-linked
chains to RIPK1. This TRAF2/c-IAP1/2 interaction and the resulting polyubiquitination of RIPK1
triggers the recruitment of the E3 LUBAC complex that targets several components of the complex
1, including RIPK1 and c-IAPs themselves, through the addition of M1-linked ubiquitin chains [76].
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At this stage, polyubiquitinated RIPK1 attracts kinase complexes TAK1 and IKK, through their
UBD-containing subunits TAB2/TAB3 and NEMO, respectively. This eventually triggers IKK
phosphorylation by TAK1 and NF-«B activation. Importantly, although a model describing K63-linked
ubiquitin chains attracting TAK1 through TAB2/TAB3 on one side and M1-linked chains attracting
IKK through NEMO on the other was originally proposed, the recent discovery of synthesized mixed
polyubiquitinated chains [77] suggests instead an even more promiscuous mechanism with optimal
proximity between IKK and its kinase TAK1 [78], further amplified by LUBAC-induced M1-linked
ubiquitination of NEMO itself inducing IKK auto-aggregation.

NF-xB

Figure 7. TNF-R1 signaling pathway. Components and mechanisms ensuring signal transduction
in this pathway are depicted on the left, with black arrows indicating ubiquitination processes and
grey arrows phosphorylation. M1-, K11- and K63-linked polyubiquitination is indicated with yellow,
pink and green hexagons, respectively. Components and mechanisms participating in signal shut-off
are presented on the right. An induced proteolysis of RIPK1, in addition to its deubiquitination,
is indicated although its relevance in NF-kB signaling is uncertain. K48-linked polyubiquitination is
indicated with brown hexagons. See text for details.

This set of events represents a consensual basic model of IKK/NF-«B activation upon TNEF-o
exposure (see below for its limitations and several controversial issues). In addition, several other
layers of regulation are likely to operate, involving a collection of components. At this stage, it is still
difficult to unequivocally distinguish their real contribution to the NF-«kB activation process from their
role in regulating the so-called RIPK1 «switch» that control the cell survival versus death decision [79].
Indeed, upon TNF-o exposure a cell is subject to a distinct fate depending on the post-translational
status of RIPK1 and its interaction with specific partners. As discussed above, ubiquitination of RIPK1
in complex 1 at the cell membrane contributes to NF-«B activation by allowing recruitment of IKK
and its activating kinase TAK1. Nevertheless, RIPK1 is also a critical component of the cytoplasmic
complex 2 that forms with pro-caspase 8 and Fas-associated protein with death domain (FADD) upon
TNF-« exposure and triggers apoptotic cell death. In the case of NF-«B activation, the complex 2 is
kept inactive through the neutralization of pro-caspase 8, while in contrast in the absence of NF-xB
activation, caspase 8 is activated. An additional NF-kB-related brake on complex 2 activation is the
phosphorylation of RIPK1 by IKK [80]. Another RIPK1-containing complex (complex 3) can also form,
containing the related protein RIPK3, when caspase 8 or FADD activity is abolished. It induces death
through necroptosis and involves mixed lineage kinase domain-like pseudokinase (MLKL), a substrate
of RIPK3 inducing membrane pores and cell lysis [81].

Among the regulators that affect ubiquitin-related events in NF-«B activation but also control
the RIPK1 switch are several DUBs [82]. The first to be identified was A20, also known as TNF alpha
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induced protein 3 (TNFAIP3), which is encoded by an NF-«B regulated gene and is a member of the
OTU family of deubiquitinases. It has been claimed that it also exhibits E3 ligase activity [83] but it
remains unclear whether this is an intrinsic activity within cells or an activity due to its interaction
with E3 ligases such as Itch and RING finger protein 11 (RNF11) [84]. As a consequence, A20 can
deubiquitinate the K63-linked chains of RIPK1 but may also regulate its stability through direct or
indirect induction of K48-linked polyubiquitination. Its own ubiquitin protease activity appears
regulated by IKK2-induced phosphorylation [85] providing another regulatory link between this
enzyme and the NF-kB signaling pathway. Finally, A20 interacts with A20-binding inhibitor of NF-«B
activation 1 (ABIN1), a protein with an affinity for ubiquitin, and this interaction plays a critical
function in its recruitment to TNF-R1 complex 1 and RIPK1 deubiquitination [86]. To what extent A20
impacts on NF-«B signaling remains uncertain. Wertz et al. [85] have shown that due to its specific
affinity for K63-linked chains and the absence of M1-linked chains recognition by A20, it modestly
affects the NF-«B activation process and acts mostly on TAK1 dependent signaling which also connects
to MAPK pathways.

The second DUB regulating ubiquitination process upon TNF-« stimulation is CYLD. CYLD is a
divergent member of the USP family that specifically hydrolyzes K63-linked or M1-linked chains [87].
To some extent its expression can be modulated by NF-«B but it seems to be already present
in resting cells and could limit the activation process of NF-kB by deubiquitinating RIPK1 [88].
Other CYLD substrates may include its two direct partners NEMO or TRAF2 [89]. Recently,
Spermatogenesis-associated protein 2 (SPATA2) has been identified as a critical protein for recruiting
CYLD to LUBAC within complex 1 through HOIP interaction [90]. In several instances, often linked
to cell transformation and cancer, an up-regulation of NF-«B activity has been associated with the
decreased expression or activity of CYLD [91].

OTULIN is another DUB whose function has been extensively characterized in the context of
TNF-R1 signaling. It is a member of the OTU family of DUBs that exhibits a very specific and strong
affinity for M1-linked chains [92,93]. Consequently, it regulates LUBAC-induced ubiquitination after
interacting with HOIP through a PUB/PIM interface [94,95]. Upon over-expression OTULIN blocks
NF-«B activation, whereas its down-regulation results in amplified NF-«B activation, most likely by
controlling the level of NEMO M1-linked ubiquitination.

Other USPs may also participate in the NF-kB activation process in response to TNE-« but their
exact mode of action and specific target(s) remain uncertain. USP2 has been shown to negatively
regulate NF-«kB activity in one case [96] and positively in another [97]. Again, the level of RIPK1
ubiquitination has been shown to depend on this enzyme. Two other USPs have been reported
to control the activity of the same target. First, USP4 negatively regulates TNF-x-induced NF-kB
activation by removing Ké63-linked chains on RIPK1 upon interaction [98]. Incidentally, this DUB
has been reported to also target TRAF2 [99] and additional components of the NF-kB signaling
pathway (see Sections 5.2 and 6.1). Second, USP21 also displays affinity for RIPK1 and acts as a RIPK1
deubiquitinase negatively regulating NF-«kB activation [100]. Whether these DUBs cooperate and work
in the same way in different cell types or cooperate remain unknown.

The activity/stability of other complex 1 components can also be regulated by ubiquitination
processes. First, TRAF2 has been shown to be modified by K63-linked polyubiquitin upon TNF-o
exposure and this requires its previous phosphorylation at Thr117 by protein kinase C5 (PKC9) and
PKCe [101]. The E3 ligase involved may be HECT domain and ankyrin repeat containing E3 ubiquitin
protein ligase 1 (HACEL1) [102]. K63-linked polyubiquitination of TRAF2 would help recruit TAK1 and
IKK. TRAF2 expression level can also be controlled by K48-linked phosphorylation for proteasome
recognition. This may be achieved by the carboxy terminus of Hsc70 interacting protein (CHIP),
a U-box-dependent E3 ligase that interacts with TRAF2 [103].

The regulation of c-IAPs amount and activity in the TNF-R1 signaling pathway is also controlled
by ubiquitin-related events. These proteins exhibit potent E3 ligase activity and are able to ubiquinate a
collection of partners (TRAF2 may be one of them) or to auto-ubiquitinate, for proteasomal degradation.

228



Biomedicines 2018, 6,43

This latter property, degradation through self-ubiquitination, can be exploited for therapeutic purpose
with Smac mimetics [104]. The deubiquitinase OTUB1 modulates this step by disassembling K48-linked
chains from c-IAPs [105]. USP19 has also been shown to interact with c-IAPs and to prevent c-IAP2
degradative ubiquitination, leading to protein stabilization [106]. It would be interesting to study how
USP19 impacts on NF-kB, given its influence on apoptosis.

So far, nothing has been reported regarding the control of LUBAC stability during the
normal TNF-R1 signaling process. Nevertheless, it is worth mentioning that invasion-plasmid
antigen-H proteins 1.4/2.5 (IpaH1.4/2.5), Shigella modulators of innate immune signaling, blunt the
NF-«B pathway by interacting with HOIL-1L and conjugating K48-linked chains to HOIP for
degradation [107].

Despite the wealth of data regarding the components and mechanisms involved in NF-«B
activation by TNF-«, important issues concerning the exact role of the key participants still need
to be clarified. For instance, RIPK1 has been presented above as critical in IKK activation (and it is also
crucial in cell death induction, but this is not the focus of this review) but specific situations in which it
is not required for NF-«B activation have been reported. Indeed, Wong et al. [108] have shown that
several murine cell types are still able to degrade IkBe in response to TNF-« when Ripk1 is invalidated.
One may therefore wonder whether what initially appears as a very elaborated molecular system for
recruiting kinases to activate NF-«kB, can be fairly well compensated by extensive polyubiquitination
events occurring on other components of complex 1 such as TRAF2, c-IAPs and LUBAC, with only
“subtle” effects on the timely regulation of the process. In this regard, Xu et al. [109] have shown,
using an elegant ubiquitin replacement strategy, that K63-linked poly-ubiquitination is dispensable for
TNF-x-mediated NF-kB activation. Thus, other modifications involving M1-linked ubiquitin chains
may be sufficient to induce NF-«B, at least in cell culture conditions. Something in accord with this
flexibility has been reported by Blackwell et al. [110]. Of course, these particularities may not apply to
the RIPK1 “switch” controlling cell death.

The other important question relates to the true function of TRAF2 within complex 1.
As mentioned above, TRAF2 is considered to play a role as a scaffold allowing the recruitment
of c-IAPs for RIPK1 polyubiquitination. This is based on the fact that a catalytically inactive version
of this E3 ligase, mutated in its catalytic RING finger domain, does not affect the NF-«B activation
process [75]. In contrast, it has been proposed that the E3 ligase activity of TRAF2 participates in
TNF-R1 signaling with sphingosine kinase 1 (Sphk1) as a co-factor [111]. However, recent studies
using Sphk1 KO cells do not support this model [112]. Nevertheless, TRAF2 has also been shown to
be backed up by TRAF5, at least in MEFs, and enzymatic compensation may operate [113]. Finally,
a paradoxical negative role of TRAF2 in TNF-R1 signaling has been observed in several instances.
In particular, it has been reported that Traf2 / Traf5 KO MEFS exhibit up-regulation of NF-«B before and
after TNF-o exposure [114]. Basal NF-kB activation may result from up-regulation of the non-canonical
NF-kB pathway (see Section 7) but increased response to TNF-« is more difficult to explain. In any
case, this suggests that while all primary players in the TNF-R1 signaling pathway might have been
identified, details of their molecular functions still require further investigation.

5.2. The IL-1B R/TLR Signaling Pathways

Interleukin-1f receptor (IL-1fR), the receptor for inflammatory cytokine IL-1f3, and toll-like
receptors (TLRs), the receptors involved in the recognition of PAMPs, share similarities with regard to
their mechanism of NF-«B activation [115,116]. This is due to the presence in their intracytoplasmic
domain of the so-called toll-interleukin receptor (TIR) domain which interacts with a collection of
related TIR-containing adaptor molecules [117]. These adaptors allow recruitment of the same set of
proteins to transmit the signal that activates IKK. Nevertheless, differences exist that are mostly related
to the ability of a subset of TLRs to additionally induce NF-«B from intracellular locations.

In the case of IL-1BR, interaction of a dimer composed of IL-1BR itself and IL1 receptor
accessory protein (ILIRAP) with IL-13 allows the recruitment of toll-interleukin receptor adaptor
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protein (TIRAP) and myeloid differentiation primary response 88 (Myd88) at the TIR domain of
IL-1BR, both proteins displaying TIR domains (Figure 8). The death domain (DD) of Myd88 then
attracts sequentially DD-containing interleukin-1 receptor-associated kinase 4 (IRAK4), IRAK1 and
IRAK2 kinases to form an oligomeric complex called the myddosome [118,119]. Through their
PXEXXE motifs IRAK1 and 2 induce the recruitment and multimerization-induced activation of
E3 ligase TRAF6 [120]. Concomitantly, the other E3 ligases Pellinol and 2 interact with IRAK1 or 4
through their forkhead-associated (FHA) domain [121-123] and are activated by phosphorylation.
Together with TRAF6, they synthesize K63-linked chains that are recognized by the TAK and IKK
complex, triggering IKK activation. In this context, Pellino proteins appear to play the main role in
K63-linked chain synthesis, mostly targeting IRAK1, while TRAF6 fulfills an additional scaffolding
function by recruiting LUBAC. This allows full activation of NF-«B through the synthesis of M1-linked
chains of ubiquitin and recruitment of IKK through NEMO. Again, K63- and M1-linked polyubiquitin
chains may not be synthesized independently. Indeed, it has been shown that hybrid chains are formed
and attached to IRAK1 [124]. In addition, unanchored chains are also synthesized [125] but their exact
function remains uncertain.

NF-xB

Figure 8. IL-1p3R1 signaling pathway. Components and mechanisms ensuring signal transduction in
this pathway are depicted, with black arrows indicating ubiquitination processes and grey arrows
phosphorylation. M1- and K63-linked polyubiquitination is indicated with yellow and green hexagons,
respectively. See text for details.

The whole process described here is tightly time-regulated and may rely on sub-complexes with
distinct intracellular locations. It has been proposed that after initiation of the activation process at
the membrane a TRAF6/TAK1-containing complex translocates to the cytosol [126], with this event
requiring TRAF6/c-IAP-dependent degradation of Myd88-associated TRAF3 [127].

This dependency on intracellular localization is further illustrated with data concerning signal
transmission by TLR family members. In the case of TLR4, which recognizes Gram-negative
bacteria-derived LPS in combination with myeloid differentiation factor 2 (MD2) and/or cluster
of differentiation 14 (CD14), the signaling pathway described above for IL-13R operates and generates
a first wave of NF-kB activation. Then, TLR4 is internalized and relocated to the endosome where it
generates a second wave of NF-«B activation. At this step, the TIR domain of TLR4 attracts TRIF-related
adaptor molecule (TRAM) which itself binds to protein TIR domain-containing adaptor-inducing
interferon-{3 (TRIF) [128]. TRIF-dependent signaling to NF-«B involves members of the TRAF family
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such as TRAF2 and TRAF6 which both interact with TRIF through TRAF binding domains [129].
Interestingly, TRIF also interacts with RIPK1 through RIP homotypic interaction motif (RHIM)/RHIM
homotypic binding [130,131]. K63-linked ubiquitination of TRIF and TRAF6 is supposed to allow
recruitment of TAK1 and IKK for activating IKK but molecular details are missing, especially those
concerning the exact function of RIP, maybe in relation with TRAF2. Another E3 ligase, Pellinol, has to
be considered since it is necessary for TRIF-dependent NF-«B activation and would participate in
RIPK1 recruitment and ubiquitination [132]. Intracellular members of the TLR family recognizing a
diversity of ligands such as TLR3 (ligand: double strand RNA), TLR? (ligand: single strand RNA) and
TLR9 (ligand: CpG DNA), also activate NF-«kB through this TRIF-dependent pathway.

Ubiquitin-related negative regulation of the IL-13/TLR signaling pathways occurs at several
levels. At the membrane level, membrane-associated E3 ligase membrane associated RING-CH 8
(MARCHS) down regulates ILIRAP amount through K48-linked ubiquitination [133]. This results
in decreased recruitment of Myd88 and IRAK-1 after IL-13 stimulation. After its binding to
Myd88, phospho-activated OTUD4 is the DUB that removes K63-linked ubiquitin chains from
Myd88, IRAK1 and TRAF6, decreasing IL-13R and TLR4 signaling [134]. Among these components
ubiquitinated TRAF6 represents a regulatory target for a large collection of additional proteins.
Among them are USPs such as USP2a, USP4 and USP20 that digest K63-linked ubiquitin chains
and inhibit IL-13/TLR signaling [135-137]. CYLD, A20, Itch, small heterodimer partner (SHP)
and TRAF family member-associated NF-«B activator (TANK) also negatively regulate K63-linked
ubiquitination of TRAF6 through distinct mechanisms. CYLD and A20 are DUBs, the latter one
working with Itch [138,139], whereas SHP and TANK are TRAF6-binding proteins indirectly affecting
the TRAF6 ubiquitination status [140,141]. In the case of TANK, a TANK-monocyte chemotactic
protein-induced protein-1 (MCPIP1)-USP10 complex operates, with TANK playing an adaptor role for
TRAF6 deubiquitination by USP10. Finally, RNF19A, through nod-like receptor protein 11 (NLRP11),
WW domain-containing protein ligase 1 (WWP1) and TRIM38 are E3 ligases that conjugate TRAF6
with K48-linked chains, causing its degradation [142-144].

Another component of the TLR4-dependent NF-«B activation process whose function is fine-tuned
by a ubiquitin-mediated process is TRAF3 (see above). Its ubiquitination-dependent degradation is
down-regulated by USP25 [145].

5.3. The Nod1/Nod2 Signaling Pathway

Nucleotide-binding oligomerization domain 1 (Nod1) and Nod2 are two cytoplasmic members
of the NOD-LRR (leucine-rich repeat) family with CARD (caspase recruitment domain) (NLRC) that
recognize bacterial peptidoglycans [146-148]. Nod1 detects y-D-glutamyl-mesodiaminopimelic acid
(iE-DAP) from Gram-negative bacteria and a subset of Gram-positive bacteria. Nod2 detects muramyl
dipeptide (MDP) structures from both Gram-positive and Gram-negative bacteria. They both exhibit
one (Nod1) or two (Nod2) CARD domains at the N-terminus, followed by a NOD domain and a series
of LRRs. These repeats are responsible for ligand binding.

In resting cells, Nod proteins present an autoinhibited monomeric conformation. Upon interaction
with their ligands they self-oligomerize and recruit RIPK2 through homotypic CARD-CARD
interactions. This triggers a complex set of phosphorylation and ubiquitination events whose
ultimate function is to allow the recruitment of IKK and its kinase TAK1 (Figure 9). Surprisingly,
the tyrosine kinase activity of RIPK2, but not the serine/threonine one, operates, inducing RIPK2
autophosphorylation at residue Tyr474 [149]. Ubiquitination of RIPK2, which involves residue Lys209,
also occurs upon its interaction with Nod2 [150,151]. Several distinct E3 ligases may regulate this
process. Among them are c-IAPs, X-linked inhibitor of apoptosis protein (XIAP), Pellino3 and TRAFs
such as TRAF2, TRAF5 and TRAF6. C-TIAPS have been shown to interact with RIPK2 and to induce
its K63- and K48-linked ubiquination [152]. XIAP has also been reported to interact with the kinase
domain of RIPK2 through its baculovirus inhibitor of apoptosis protein repeat 2 (Bir2) domain but it is
not clear which kind of polyubiquitin chains it adds to RIPK2 [153]. Pellino is a third E3 ligase that
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interacts with RIPK2, through its FHA domain, and triggers its K63-linked polyubiquitination [154].
All these ligases appear necessary for inducing NF-«B in response to Nod2 activation, so it is likely
that they perform distinct functions. C-IAP/RIPK2 and Pellino3/RIPK2 interactions are correlated
to K63-linked ubiquitination of RIPK2 and this may induce the recruitment of the TAK complex.
Moreover, it has been shown that c-IAP2 promotes RIPK2 tyrosine phosphorylation. In contrast,
XIAP may play a scaffold role to attract both the TAK complex though direct interaction with its Birl
domain and, more importantly, the E3 LUBAC complex [155,156]. As a consequence, LUBAC would
synthesize M1-linked chains, allowing the recruitment of IKK through NEMO. As in other signaling
pathways presented above, induced proximity of TAK and IKK complexes would result in IKK
activation. Again, hybrid ubiquitin chains may represent the genuine anchor during this process [77].

NF-xB

Figure 9. Nod1/2 signaling pathway. Components and mechanisms ensuring signal transduction in
this pathway are depicted, with black arrows indicating ubiquitination processes and grey arrows
phosphorylation. M1- and K63-linked polyubiquitination is indicated with yellow and green hexagons,
respectively. Auto-activating Tyrosine phosphorylation of RIPK2 is indicated with a red Y. See text
for details.

The role of TRAFs in Nod?2 signaling is more controversial. It was originally reported that TRAF6
was essential for NF-kB activation [157] but this has not been confirmed by other studies. In particular,
Hasegawa et al. [151] reported that instead of TRAF6, the other two TRAFs which often work jointly,
TRAF2 and TRAF5 (see Section 5.1), were the active ligases for RIPK2. Considering what is said above
about the other E3 targeting RIPK2, such observation requires further investigation.

Fine-tuning of Nod2 signaling and shut-off is achieved through several mechanisms. First,
like Nod2, RIPK2 is kept in check in the cytoplasm before cell stimulation though its interaction
with mitogen-activated protein/ extracellular signal-regulated kinase (ERK) kinase 4 (MEKK4) [158].
Upon Nod2 activation RIPK2 dissociates from MEKK4 to interact with Nod2. Second, modulation of
activity and stability of several components are regulated by complex ubiquitination processes
involving E3 ligases and DUBs. As described in other signaling pathways, OTULIN, through its
recruitment by LUBAC, can hydrolyze M1-linked chains of ubiquitin to stop signal transmission [93].
LUBAC also provides a platform for recruiting SPATA2/CYLD with the same outcome [159,160].
Moreover, E3 ligase Itch acts as an inhibitor of Nod2 signaling though ubiquitination and inactivation
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of RIPK2 [161]. Interestingly, effective function of Itch requires RIPK2 tyrosine-phosphorylation.
This suggests a dual positive and negative function of tyrosinated RIPK2: after allowing Nod2 signaling
through a still unclear mechanism it may participate in its shut-off. Since A20 has been shown to
negatively regulate Nod2/RIPK2 activity through RIPK2 deubiquitination [159,162] an A20/Itch
complex may be at play, as in the TNF-R1 signaling pathway (see Section 5.1). Another E3 ligase,
zinc and ring finger 4 (ZNRF4), also acts at the level of RIPK2 by controlling its level through K48-linked
polyubiquination [163]. The stability of active Nod2 is itself regulated by TRIM27, which conjugates
Nod2 with K48-linked polyubiquitinated chains for degradation by the proteasome [164]. Finally,
the SH2-containing inositol phosphatase (SHIP) negatively regulates the Nod2/NF-«B signaling
pathway by impairing interaction between XIAP and RIPK2 [165].

5.4. The MAVS Pathway

Intracellular retinoic-inducible gene-I (RIG-I)-like receptors (RLRs) regulate the synthesis of type-I
interferons (IFNs) following virus-derived RNA recognition [166-168]. The RLR family includes RIG-I,
melanoma differentiation-associated gene 5 (MDAS) and Laboratory of Genetics and Physiology 2
(LGP2), which all bind dsRNA through their death effector domain (DEAD)/H-box RNA helicase
domain. Through their CARD, RIG-I and MDAS then activate mitochondrial antiviral-signaling
protein (MAVS), which in turn activates both the NF-kB and IRF signaling pathways to trigger IFNs
production. LGP2, which is devoid of CARD, was originally thought to be a negative regulator of
this process but may instead facilitate viral RNA recognition by RIG-T and MDAS5 through its ATPase
domain [169].

Not surprisingly, several ubiquitination events regulate MAVS-dependent signal
transduction [170,171] (Figure 10). First, upon recognition of viral RNA exposure of CARD
domains induces K63-linked polyubiquitination of RIG-I at Lys172 by TRIM25 [172], with the help
of cyclophilin A (CypA) [173]. This induces formation of high order RIG-I oligomers through the
CARD:s of RIG-I that exhibit affinity for K63-linked chains [174]. Unanchored K63-linked chains may
also participate in this process [175]. Other E3 ligases have been shown to also induce K63-linked
polyubiquitination of RIG-I. Riplet could help opening RIG-I and facilitate its ubiquitination by
TRIM25 [176]. Following the additional identification of TRIM4 and MEX-3 homolog C (C. elegans)
(MEX3C) as E3 ligase for RIG-I[177,178] Sun et al. [179] have proposed a hierarchical model of RIG-I
activation by K63-linked ubiquitination. The same process of induced activation by K63-linked
polyubiquitination occurs with MDADS5. In this case, TRIM65 represent the active E3 ligase [180]. Then,
oligomerized RIG-I and MDAS trigger extensive polymerization of MAVS at the mitochondria surface
through a prion-like mechanism [181], allowing recruitment of proteins participating in NF-«B and/or
IRF activation.

We will focus here on the proteins involved in NF-«B activation, neglecting both their additional
function in IRF activation and the proteins specifically regulating this parallel process. Among these
participants are primarily members of the TRAF family. Indeed, MAVS harbors binding motifs
for TRAF2, TRAF3, TRAF5 and TRAF6. Mutations of all these motifs is required to completely
abolish NF-«B activation, with TRAF6, TRAF2 and TRAF5 performing redundant functions [182-184]
whereas the role of TRAF3 is still controversial. The E3 activity of TRAFs is required and K63-linked
polyubiquitination is necessary for the recruitment of IKK through NEMO but the exact modified
partner(s) is(are) unknown. Indeed, a mutated TRAF6 that cannot be ubiquitinated remains active in
this pathway. Moreover, although TRAF2 is found associated with NEMO, inhibiting its ubiquitination
does not affect the NF-«B activation process either. Nevertheless, when the same inhibition is combined
with a loss of HOIP expression, NF-kB activity is not induced [182] suggesting another layer of
redundancy involving M1-linked chains. The participation of TAK1, which often plays the role of
IKK activating kinase, is still uncertain, leaving the question open for the final step in IKK activation
and its putative similarities to those described for other signaling pathways. It is worth noting that
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a MAVS/TRAF2/TAK1 pathway controlling MAPK p38 activation has been reported but its role in
NF-«B activation has not been analyzed [185].

Modulation of MAVS activation by ubiquitin-related PTMs is complex [170]. As outlined above,
TRIM25 induces K63-linked polyubiquitination of RIG-I for initiating signaling. The amount of
TRIM25 is itself controlled by the DUB USP15, which removes K48-linked chains [186]. At this
level, LUBAC has been proposed to also act through an unorthodox dual mechanism. It could
induce TRIM25 degradation through proteasome degradation and compete with TRIM25 for RIG-I
recognition [187]. Activating K63-linked chains of RIG-I are proteolyzed by USP3, USP21 and
CYLD [188-191], whereas RNF122 and RNF125 can induce RIG-1 degradation through K48-linked
polyubiquitination [192-194]. This process is inhibited by USP4 [195].

RNF125 has a broad impact on the MAVS signaling pathway since it can also act on MDAS5 and
MAVS to induce their degradation [193,194]. It is not the only E3 ligase inducing MAVS degradation
by the proteasome. The HEC domain containing E3 ligases Smad ubiquitin regulatory factor 1
(Smurf1), through Nedd4 family interacting protein 1 (Ndfip1), [196] and Smurf2 [197] inhibit interferon
induction by promoting K48-linked polyubiquitination of MAVS. MARCHS5 binds to MAVS, only after
its polymerization, to induce its degradation [198]. RNF5 also acts after signal induction [199].
Activity of these two ligases may be controlled by inactive Rhomboid 2 (iRhom?2) [200]. Finally,
after its induced synthesis following viral infection, poly(RC) binding protein 2 (PCBP2) negatively
regulates the RIG-I/MAVS signaling pathway by interacting with MAVS and recruiting E3 ligase
atrophin-1-interacting protein 4 (AIP4) for MAVS degradation by the proteasome [201].

NF-xB

Figure 10. RIG-I/MAVS signaling pathway. Components and mechanisms ensuring signal transduction
in this pathway are depicted, with black arrows indicating ubiquitination processes. K63-linked
polyubiquitination is indicated with green hexagons. Components shown to be (formally or putatively
(question mark)) required in this pathway but whose exact relationship is not defined are shown
connected by broken lines. Red filaments represent activating double strand RNA. Activation occurs at
the surface of the mitochondria. E3 ligases TRIM4 and MEX3C may also participate in RIG-I activating
ubiquitination. See text for details.

5.5. The cGAS/STING Pathway

B-form DNA originating from invading/replicating pathogens or self-DNA causing auto-immune
response is sensed in the cytoplasm by cyclic guanosine monophosphate (GMP)-adenosine
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monophosphate (AMP) synthase (cGAS) [202-204]. This induces the production of 2'-5'-cyclic
guanosine adenosine monophosphate (2'-5'-cGAMP), an atypical cyclic dinucleotide second messenger
that is recognized by endoplasmic reticulum (ER) membrane-associated protein stimulator of interferon
genes (STING) [205] (Figure 11). Then, STING activates the NF-«B and IRF3 pathways to induce
interferon production.

Details of NF-«B activation by STING are lacking but, as for other NF-kB pathways, this process
is heavily regulated by ubiquitination. First, E3 ligases TRIM32 and TRIM56 promote K63-linked
ubiquitination of STING to induce NF-«B signaling [206,207], most likely by recruitment of IKK
through NEMO [206]. This step is negatively controlled by the DUB USP13 [208]. Second, the stability
of STING is controlled by E3 ligases RNF5 and TRIM30« (murine specific) that target STING for
degradation through K48-linked polyubiquitination [209,210]. This degradation is counteracted by E3
ligases USP18 and USP20 that deconjugate K48-linked chains from STING [211]. Through a distinct
mechanism, involving SUMOylation, TRIM38 also interfere with K48 ubiquitination of STING [212].

Upstream of STING, cGAS activity is also regulated by ubiquitination. ER-associated E3 ligase
RNF185 has been shown to induce K27-linked polyubiquitination of cGAS and to increase its
activity [213]. Moreover, degradation of cGAS by K48-linked chains, carried out by an unknown
E3 ligase, is inhibited by TRIM14 working in concert with USP14 [214].

cGAMP

NF-xB

Figure 11. cGAS/STING signaling pathway. Components and mechanisms ensuring signal
transduction in this pathway are depicted, with black arrows indicating ubiquitination processes
and grey arrows phosphorylation. K63-linked polyubiquitination is indicated with green hexagons.
Blue filaments represent activating double strand DNA. Activation occurs at the surface of the
endoplasmic reticulum. See text for details.

5.6. The TCR/BCR Pathway

The T cell receptor (TCR) and B cell receptor (BCR) expressed on lymphocytes recognize
foreign antigens and represent the pillars of adaptive immunity by allowing the mounting of
the memory response. Both trigger NF-«B activation through similar components and processes.
Proximal signaling at the TCR/BCR [215] will not be detailed here. We will only concentrate on
the shared events following PKC6 and PKCf activation in T cells and B cells, respectively [216,217]
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(Figure 12). These kinases both targets CARD-containing a membrane-associated guanylate kinase
(MAGUK) protein 1 (CARMA1), a member of a small family of adaptors displaying a MAGUK
domain. In resting lymphocytes CARMA1 adopts a closed inactive conformation associated with the
plasma membrane. Upon phosphorylation by PKC8/3, CARMAT1 opens and oligomerizes through
its CC domains [218]. This provides a raft-associated platform for attracting through CARD/CARD
interaction B cell lymphoma 10 (Bcl10), which is bound to mucosa-associated lymphoid tissue
(MALT) lymphoma associated translocation protein 1 (MALT1). This ternary complex is called the
CARMA1/Bcl10/MALT1 (CBM) complex. Through its TRAF6 binding motifs MALT1 then recruits
TRAF6, which adds K63-linked polyubiquitin chains on several components of the CBM complex,
among them MALT1 and Bcl10 [219]. MALT1/TRAF6 interaction may be reinforced by co-interaction
with USP2a [220]. The resulting cluster of ubiquitinated proteins finally attracts the TAK and IKK
complexes for NF-«kB activation. This last step may occur in the cytosol [221,222].
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Figure 12. TCR signaling pathway. Components and mechanisms ensuring signal transduction in
this pathway are depicted, with black arrows indicating ubiquitination processes and grey arrows
phosphorylation. M1- and K63-linked polyubiquitination is indicated with yellow and green hexagons,
respectively. Events occurring upstream of PKC activation are not shown and indicated by broken
arrows. See text for details.

This basic model can be further refined taking into account the following observations. First, the E3
ligase involved in K63-linked CBM ubiquitination /IKK activation may not be uniquely TRAF6 since
NF-«B activation still occurs in Traf6 KO T lymphocytes [223]. TRAF2 could play redundant functions
with TRAF6 to ensure CBM ubiquitination [219]. Alternatively, the E3 ligase mind bomb 2 (MIB2)
may also be a candidate since it interacts with Bcl10 and induces K63-linked polyubiquitination
of CBM components [224], Second, M1-linked chains of ubiquitin may also regulate TCR/BCR
signaling. Nevertheless, the published data is controversial, even considering putative different
requirements during TCR versus BCR signaling. Indeed, whereas LUBAC is necessary for TCR
signaling, the catalytic activity of HOIP subunit is not required [225], suggesting a scaffold function
of LUBAC maybe in relation with TRAF6. However, M1-linked polyubiquitination of Bcl10 has
been observed following TCR stimulation [226] and during chronic B cell activation [227] suggesting
the specific requirement of LUBAC-dependent linkage of M1 chains. A possible explanation for
the observations of Dubois et al. [225] would be that quantitative evaluation of TCR/BCR signal
transduction upon abolished E3 ligase activity of LUBAC is complicated by the remaining K63-linked
dependent activation. Finally, the identity of the kinase activating IKK is not firmly defined in
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this particular pathway. TAK1 represents an obvious candidate, given its broad involvement in
NF-kB-inducing pathways, but it is dispensable in some situations [228]. Another MEKK, MEKK3,
may fulfill the same function in parallel or redundantly [229].

Several negative regulators of ubiquitin-related processes in TCR/BCR signaling have been
identified. A20 hydrolyzes Ké63-linked chains on MALT1 to shut-off NF-kB activation [230].
This function is itself counteracted by MALT1, a member of the paracaspase family able to cleave and
inactivate A20 [231]. MALT1 also acts the same way on CYLD, which deubiquitinates TAK1 [232],
and possibly TRAF6 and NEMO during TCR signaling. In this case, the cleavage of CYLD does not
affect the amplitude of NF-«B signaling but participates in JNK activation [233]. Finally, MALT1 cleaves
HOIL-1 to generate a dominant-negative version of LUBAC [234]. Therefore, a key function of MALT1
is to control the amplitude of TCR/BCR signaling, by regulating LUBAC and A20 levels, after the
activating signal has been transmitted.

Another DUB that down-regulates NF-«B activation upon TCR stimulation is USP34 which acts
at a step downstream of IKK activation [235]. It may regulate IkBx degradation. How, and to what
extent, USP34 is specifically activated by TCR stimulation still requires further investigation.

Finally, the ubiquitin-associated and SH3 domain containing 3A (UBASH3A) is an intriguing
negative regulator of TCR signaling to NF-«kB. UBASH3A down-regulates IKK activation and
Ge et al. [236] have proposed that it may work by binding to TAK1 and NEMO, therefore hindering
their recognition of K63-linked chains. Very interestingly, the gene coding for this ubiquitin-binding
protein is located at a type 1 diabetes risk locus. In addition, genetic variants of UBASH3A are
associated with several other autoimmune diseases.

5.7. The Genotoxic Stress Pathway

DNA damaging agents, such as ionizing radiation or chemotherapeutic drugs, induce a
genotoxic stress that triggers NF-«B activation, resulting in cell protection from death [237,238].
Understanding the molecular details of this process is therefore of the utmost importance for improving
the efficiency of several cancer treatments.

In this specific situation, unusual PTMs of NEMO have been discovered to play critical functions
in NF-«B activation through IKK. More specifically, a pool of free NEMO exists in resting cells and can
shuttle between the cytoplasm and the nucleus (Figure 13). Miyamoto et al. [239] were the first to show
that NEMO sumoylation modulates this shuttling upon DNA damage, causing nuclear accumulation
of NEMO. SUMO conjugation occurs at Lys277/Lys 309 and protein inhibitor of activated STAT
(signal transducer and activator of transcription) y (PLASy) is the SUMO E3 ligase involved in this
process [240]. Interestingly, the binding site of PIASy on NEMO overlaps with its IKK binding site
confirming that sumoylation acts on a free pool of NEMO.

In the nucleus, sumoylated NEMO has been proposed to interact with P53-induced protein with
a death domain (PIDD) and RIPK1 [241] but the requirement for PIDD in the sumoylation process is
controversial [242]. Alternatively, PolyADP-ribose polymerase 1 (PARP-1) may provide a link between
DNA damage sensing and NEMO sumoylation. It has been shown that PolyADP-ribose-modified
PARP-1 triggers the formation of a complex containing NEMO, PIASy and ataxia telangiectasia
mutated (ATM), a kinase responding to DNA double strand breaks [243]. Nevertheless, Parp KO mouse
embryonic fibroblasts have been shown to properly activate NF-«kB upon exposure to DNA damaging
agents. Therefore, the identity of the proteins regulating sumoylation of NEMO in the nucleus remains
uncertain. In contrast, the role of ATM in signal transmission is firmly established. Indeed, it regulates
a NEMO-dependent activation process of NF-«B following DNA damage [244]. Moreover, the same
DNA damaging treatment induces NEMO phosphorylation by ATM at Ser85 [245]. Phosphorylation
of NEMO is not required for its sumoylation but instead, controls its monoubiquitination at Lys277
and Lys309. The identity of the E3 ligase involved in this monoubiquitination and how sumoylated
sites are converted to monoubiquitinated sites remains unclear. In any case, this PTM results in the
nuclear export of NEMO accompanied with a fraction of ATM.
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Figure 13. Genotoxic stress signaling pathway. Components and mechanisms ensuring signal
transduction in the two proposed pathways are depicted, with black arrows indicating ubiquitination
processes and grey arrows phosphorylation. M1- and K63-linked polyubiquitination is indicated
with yellow and green hexagons, respectively. Blue squares labeled S indicate sumoylation whereas
red hexagons indicate monoubiquitination. The participation of RIPK1 in the cytoplasmic events
is indicated but with a question mark since how it relates to these two pathways, or another one,
is unclear. See text for details.

How NEMO/ATM then participates in IKK activation in the cytoplasm is still a matter of debate.
Clearly, the TAK1 complex is involved in this process since Tiak1 KO cells cannot activate NF-«B upon
DNA damage. The complex NEMO/ATM may induce K63-linked ubiquitination of protein rich in
amino acids E, L, Kand S (ELKS) by E3 ligase XIAP through a mechanism that is still undefined [246].
This would then result in the recruitment and activation of TAK1. At the same time, the IKK complex
would also be recruited and activated by TAK1, similarly to what has been described in other signaling
pathways (see above). Additional proteins participate in this process. First, RIPK1, which plays a
function in the nucleus events leading to NEMO modification, has been shown to also translocate in
the cytoplasm, associated with NEMO and ATM, and is required for TAK complex recruitment [247].
Second, LUBAC also participates in the genotoxic stress pathway and modifies NEMO with M1-linked
chains [248]. Surprisingly, in the Tergaonkar/Miyamoto study (246) the NUB domain of NEMO was
shown to be dispensable for NF-«B activation upon DNA damage, something quite difficult to reconcile
with a critical involvement of M1-linked and K63-linked polyubiquitin chains in TAK1-dependent
NF-«B activation.

Alternatively, Hinz et al. [249] proposed that upon cytoplasmic release ATM interacts with TRAF6
through a TRAF6-binding domain and form a complex with c-IAP1 and NEMO to activate IKK through
a “standard” TAK1-dependent mode. Importantly, monoubiquitination of NEMO was also observed
in this study. It occurred after sumoylation, as reported by Wu et al. [245], although, in this case,
exclusively in the cytoplasm. Moreover, monoubiquitination was observed only after recruitment of
NEMO to ATM/TRAF6/c-IAP1 and required the NEMO NUB domain. The discrepancies between
these studies and the relationship between these different complexes, if indeed they represent distinct
entities, require further characterization. Interestingly, Jin et al. [250] demonstrated a non-redundant
function of cIAPs and XIAP in the genotoxic stress pathway and proposed that c-IAP1 may be the E3
ligase responsible for NEMO monoubiquitination. This would explain the sequence of events reported
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by Hinz et al. [249] and further demonstrates the high versatility of c-IAP1, also able to induce 48-,
Ké63-and, possibly, K11-linked polyubiquitination.

Negative regulation of the genotoxic stress pathway at the level of NF-«B induction is incompletely
characterized. The NEMO sumoylation step is down-regulated by desumoylase SUMO-specific
protease 2 (SENP2) [251]. Regarding the ubiquitin-related modifications, USP10 has been shown to
decrease M1-linked ubiquitination of NEMO during DNA damage induction [252]. USP10 requires
NF-kB-induced MCPIP1 for binding to NEMO, suggesting that MCPIP1 regulates a negative
feedback mechanism. Interestingly, the same authors have shown that USP10 may also target
ubiquitinated TRAF6 upon genotoxic stress through the TANK-MCPIP1-USP10 complex described
above (see Section 5.2) [141].

6. Regulated Ubiquitination of TAK1 and IKK Complexes

In the above section we examined various signaling pathways and described the ubiquitin-related
post-translational modifications of their specific components. Activation of these pathways eventually
results in the recruitment of identical proteins that channel the signal towards NF-kB. Among them
are the subunits of the TAK1 and IKK complexes, members of the TRAF family and core components
of the NF-«kB system (NF-«kB subunits and IkBs). Here, we will describe how these core actors of
NF-«B activation are modified through ubiquitination, affecting their function to impact on signaling.
The broad versus specific involvement of these modifications is often not analyzed so we will only
mention the reported associated pathways without further extrapolations to others.

6.1. Regulated Ubiquitination of TAK1 Complex Components

Not surprisingly, ubiquitination of the various components of the TAK1 complex regulates not
only their activity but also their stability, impacting on NF-kB induction [253]. Following TNF-« and
IL-1p exposure, K63-linked polyubiquitination of TAK1 occurs mainly at Lys158 but also possibly at
Lys34, Lys209 and Lys562 [254,255]. TRAF2 and TRAF6 may be the respective E3 ligases involved
in TAK1 ubiquitination but an alternative candidate is the TAK1-binding protein TRIMS8 [256].
Ubiquitination of TAK1 could help to consolidate its interaction with the IKK complex through
NEMO for full activation. As mentioned above, CYLD may negatively control this process and work
with Itch as a partner to secondarily induce TAK1 degradation through K48-linked ubiquitination.
Other deubiquitinases targeting TAK1 are USP4 and USP18. USP4, in particular, downregulates NF-«B
activation by TNF-« and IL-1f [257] while USP18 was originally described as targeting TAK1 in the
TCR pathway [258], it is also involved in TLR signaling [259]. Finally, Pellino3b negatively regulates
TAK1-dependent NF-«B activation by IL-1f3 [260].

In a specific situation, during maternal-to-zygotic transition, E3 ligase RNF114 induces TAB1
degradation through K48-linked polyubiquitination [261]. Surprisingly, this results in NF-«B activation
through a poorly defined mechanism. K63-linked polyubiquitination of TAB1 at several Lys residues
has also been reported [262] but its relevance in NF-«B signaling has not been demonstrated. The same
applies to Itch-dependent TAB1 degradation [263].

TAB2/3 stability has been shown to be controlled by at least three distinct E3 ligases. The first
one, TRIM38, interacts with TAB2/3 in the TNF-a and IL-1§3 signaling pathways and induces their
degradation by the lysosome through an E3 ligase-independent process [264]. TLR-induced TRIM30x
appears to act the same way [265]. Finally, RNF4, also targets TAB2 for degradation by the lysosome
pathways but, in this specific case, its E3 ligase activity is required [266]. This peculiar mode of disposal
and its exact association with ubiquitination processes deserves additional investigation.

6.2. Regulated Ubiquitination of IKK Complex Components

As discussed above, the main function of NEMO is to recognize polyubiquitin chains, but it can
also be modified by ubiquitination. Zhou et al. [267] were the first to identify a Bcl10-dependent site of
ubiquitination on NEMO, located in the zinc finger (Lys399) and participating in NF-kB activation
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by the TCR. It is unlikely that Bcl10 is the E3 ligase involved in this pathway as originally proposed.
Subsequently, Lys285 was identified as modified during Nod2 signaling [268]. In this situation,
TRAF6 was proposed to be the required E3 ligase although its participation in Nod1/Nod2 signaling
remains controversial (see Section 5.3). Finally, several residues targeted by TRAF6 have been reported
to be affected by a NEMO mutation causing incontinentia pigmenti pathology (see below). In all these
cases, the identified lysine residues are believed to be specifically modified by K63-linked chains.

More recently, M1-linked polyubiquitination has been shown to play a critical function in NF-«B
activation, as explained above. This process involves LUBAC and its first identified target was NEMO.
Lys285 and Lys309, which are located within the NUB domain represent preferentially modified
residues [269].

The effective participation of these different ubiquitination sites of NEMO in general or
pathway-specific NF-kB activation has been investigated in vivo. Mutating only Lys399 in mice does
not generate a severe phenotype, notably at the T cell level, but a reduced response of macrophages
to LPS is observed, which is associated with resistance to endotoxic shock [270]. Mutating both Lys
285 and 399 residues results in strong impairment of NF-«B activation, and early TNF-dependent
male lethality, similar to the one seen in Nemo KO mice [271,272]. In addition, the same mice rescued
with a Tnfrl KO display an impaired response of macrophages to Nod2, LPS or IL-1f [271]. Thus,
NEMO ubiquitination plays an important and broad role in NF-«B signaling. Although originally
identified individually, the various ubiquitinated Lys residues may fulfil a similar function, alone or in
combination, i.e., to help reinforce, through K63- and M1-linked chains, interactions between TAK1
and IKK complexes for optimal IKK activation.

Other modifications of NEMO through ubiquitination have been reported. They can positively
or negatively affect its function. First, as described in Section 5.7, NEMO can be monoubiquitinated
in the nucleus following DNA damage and this is a key activating event. Second, TRIM23 has
been shown to ubiquitinate NEMO, through K27-linked chains, in the RIG-I/MAVS pathway [273].
The precise function of this peculiar kind of modification remains unknown but it is required for NF-«B
activation. Regarding the negative regulation of NEMO function by ubiquitination, Zotti et al. [274]
have shown that atypical TRAF protein TRAF7 is a NEMO interactor able to induce its Lys29-linked
polyubiquitination for degradation by the lysosome. This results in impaired NF-«B activation
by TNF-«. In another setting, myogenic differentiation, TRAF7/NEMO interaction and NEMO
ubiquitination would instead positively regulate NF-xB [275].

Other modes of NEMO ubiquitination modulation have been shown to control its activity and
down-regulate NF-kB activation. For instance, USP18, already known to inhibit TLR signaling
by deubiquitinating TAK1, as mentioned in Section 6.1, also acts on NEMO [259]. EGL nine
homolog 3 (EGLN3), a member of a family of prolyl hydroxylase, may negatively regulate NF-xB
signaling by inhibiting NEMO ubiquitination by c-IAP1 [276]. TRIM13, an ER resident E3 ligase,
interacts with NEMO and can also induce its deubiquitination through an unknown process [277].
Finally, HSCARG has been proposed to negatively regulate TNF-a-induced NF-kB activation by
interacting with NEMO and inducing its deubiquitination through the recruitment of USP7 [278].

In contrast to the NEMO regulatory subunit, little is known regarding ubiquitin-regulated
modification of the IKK catalytic subunits. An intriguing observation made by Niida et al. [279]
suggests that TRIM21 may monoubiquitinate activated IKK2 to induce its disposal by autophagosomes.

7. Regulated Ubiquitination in the Non-Canonical Pathway of NF-«B Activation

As mentioned above, NIK is constitutively degraded in resting cells and stabilized upon
stimulation, inducing IKK1 activity. This critical switch is regulated by intricate ubiquitin-dependent
events. First, basal degradation of NIK is dependent on E3 ligase TRAF3: newly synthesized NIK
associates with TRAF3 and is ubiquitinated with K48-linked chains, inducing its degradation by
the proteasome [280]. Second, upon cell stimulation, specific receptors such as the CD40 or B-cell
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activating factor receptor (BAFF-R) recruit TRAF3 for degradation. This results in NIK accumulation
and activation of the non-canonical pathway.

This basic model has been substantially refined. Although TRAF3 is essential in controlling the
amount of NIK, it does not work alone but within a multimolecular E3 complex also including TRAF2
and cIAP1/2 [281-283]. In this complex TRAF3 is not the genuine NIK E3 ligase but plays an adaptor
role for recruiting TRAF2, which itself contains a cIAP binding site. As a consequence, cIAP1/2 bound
to TRAF2 acts on NIK to induce its degradation in resting cells. In this situation, cIAP1 and c-IAP2
appear functionally redundant.

How this degradative process is interrupted following stimulation is not fully understood.
It has been shown that when CD40 or BAFFR bind their ligands TRAF2 and TRAF3 are
recruited to the plasma membrane lipid-raft compartment [284,285]. This recruitment could initiate
TRAF2-mediated polyubiquitination of both TRAFs and their subsequent proteasome-mediated
degradation, causing NIK accumulation. Alternatively, c-IAP1/2 may be the active player at this
level also. In this case, c-IAP1/2 catalytic activity may be augmented by TRAF2-dependent K63
ubiquitination to fulfil this specific function [281,286]. TRAF3 ubiquitination following stimulation
is also supposed to help recruiting OTUD7B, an OTU domain-containing DUB, which limits TRAF3
degradation [287]. Consequently, lack of OTUD?B results in hyperactivation of the non-canonical
NF-«kB pathway.

Notably, STING also has the ability to activate the non-canonical NF-«B pathway through TRAF3,
but the molecular mechanism involved is unknown. This deserves closer examination given the
recently identified importance of the non-canonical activation of NF-«B via STING in chromosomal
instability-driven metastasis [288].

8. Regulated Ubiquitination of NF-«B Proteins

DNA transcription involves complex machinery involving core components for RNA synthesis,
transcription factors and co-regulators. Ubiquitination regulates the activity of all these elements,
including those participating in NF-kB-dependent gene transcription. Sacani et al. [289] in particular
were the first to demonstrate that the promoter bound p50/RelA can be degraded by the proteasome
for terminating the NF-«kB signaling. Thus, in situ degradation of NF-kB appears as an important
down-regulation mechanism in addition to the re-synthesis of IkB and its cytoplasm/nucleus shuttling
which participates in NF-kB-dependent transcription shut-off by dissociating NF-«B dimers from DNA.

Over the years, several E3 ligases have been identified as targeting the RelA subunit and
ensuring the proper level and timing of gene expression. They all conjugate K48-linked chains
of ubiquitin to RelA, inducing its degradation by the nuclear proteasome. Among them are
copper metabolism MURR1 domain-containing 1 (COMMD1), PDZ and LIM domain 2 (PDLIM2),
peroxisome proliferator-activated receptor (PPARy) and CHIP. COMMDI1 induces RelA degradation
by recruiting an E3 complex including Elongins B/C, Cul2 and the suppressor of cytokine signaling
1 (SOCS1) [290]. PDLIM2 binds RelA in the nucleus and promotes its ubiquitination at discrete
intranuclear compartments [291]. Interestingly, another member of the LIM family, PDLIMI,
inhibits NF-kB signaling by a different mechanism, i.e., by the sequestration of RelA in the
cytoplasm [292]. Moreover, PPARy shuts off NF-«kB signaling by binding to RelA and inducing
through Lys28 its K48-linked ubiquitination and degradation [293]. Finally, CHIP can induce the
ubiquitination and degradation of several tumour related proteins, including RelA [294]. So far,
the only identified proteins limiting the RelA degradative processes are the nuclear DUB USP48,
which works in concert with the COP9 signalosome to stabilize RelA through removal of K48-linked
chains [295], and USP7, which interacts with DNA-bound RelA and increases its residency time at
promoters by antagonizing degradative ubiquitination [296].

Monoubiquitination of RelA also occurs in the nucleus and negatively impacts on its
transcriptional activity, in particular by interfering with its ability to interact with its co-activator
CBP [297]. Since monoubiquitination of RelA has been observed on a mutated form of the protein,
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i.e., upon mutations of its phospho-acceptor sites, or following proteasome inhibition, the physiological
relevance of this observation has yet to be firmly established.

Nuclear p50 can also be modified by ubiquitination. As mentioned above, p50 does not contain
any TAD, but upon association with co-transcription activator Bcl3, participates in the positive
regulation of transcription either with RelA, as a p50/RelA heterodimer, or as a p50/p50 homodimer.
In contrast, formation of p50 dimers in the absence of Bcl3 results in negative regulation of transcription.
This situation also induces p50 destabilization by K48-linked polyubiquitination [298]. How Bcl3
protects p50 from degradation remains undefined.

Transcriptional activity of c-Rel subunit is also regulated by degradative ubiquitination. In T cells,
c-Rel is ubiquitinated upon TCR stimulation by Pelinol, which in this setting, promotes K48-linked
polyubiquitination of c-Rel and its proteasome-dependent degradation [299]. Since Pellinol is mostly
known to act through Ké3-linked polyubiquitination (see Section 5.2) how it regulates K48-linked
polyubiquitin chain formation remains unclear. This degradation process impacts mostly on late-phase
NF-«B activation, suggesting a specific effect on c-Rel-only containing NF-kB dimers. It is unknown if
this mode of c-Rel regulation is stimulus specific. This might be the case since in another cellular setting,
i.e., macrophages stimulated by LPS, c-Rel stability appears to be controlled by a distinct mechanism
involving TRAF2 in combination with TRAF3 and c-IAP1 [300,301]. Molecular details are lacking but
this TRAF2-driven degradation process of c-Rel limits the expression of proinflammatory cytokines.

Finally, RelB can be modified by ubiquitination and this affects not only its stability but also
its activity. Indeed, nuclear ubiquitination of RelB, other than K63- or 48-linked polyubiquitination,
is required for transcription [302]. Stimulus-dependent degradation of RelB can also occur [303].
Finally, sumoylation has also been reported to down-regulate RelB transcriptional activity [304].

9. In Vivo Relevance of Ubiquitin-Dependent NF-kB Processes

NEF-kB-related ubiquitination/ubiquitin recognition processes described above at the protein
level, regulate many important cellular/organismal functions impacting on human health. Indeed,
several inherited pathologies recently identified are due to mutations on proteins involved in NF-«B
signaling that impair ubiquitin-related processes [305]. Not surprisingly, given the close relationship
existing between NF-kB and receptors participating in innate and acquired immunity, these diseases
are associated with immunodeficiency and/or deregulated inflammation.

9.1. NEMO Mutations

In humans, NEMO mutations can cause two distinct pathologies [306]. Loss-of-function mutations
of NEMO induce male lethality and are responsible in females for incontinentia pigmenti (IP),
an X-linked disease mostly characterized by a severe skin inflammation starting at birth. In contrast,
hypomorphic mutations of NEMO, causing anhidrotic ectodermal dysplasia with immunodeficiency
(EDA-ID), affects surviving hemizygous males and is associated with life-threatening impaired
immune responses. In both cases, NEMO mutations have been identified as affecting either NEMO
ubiquitination or NEMO interaction with polyubiquitin chains. For instance, IP-related A323P
mutation causes impaired TRAF6-induced polyubiquitination [307] whereas an IP-related internal
deletion of NEMO disrupts its interaction with LUBAC subunit SHARPIN [308]. In addition, a large
percentage of missense NEMO mutations causing EDA-ID affects one of the residues located either
in the NUB domain or the zinc finger, producing a NEMO protein with reduced, but not completely
abolished, affinity for polyubiquitin [309]. These mutations then provoke suboptimal NF-kB activation
for a large set of signaling pathways regulating innate and acquired immunity.

9.2. LUBAC Mutations

The importance of Ml-linked polyubiquitination in vivo is illustrated in patients bearing
mutations in HOIP and HOIL-IL. In both cases, susceptibility to infection, due to T and B cell
defects, and auto-inflammation resulting from complex and cell-specific deregulations of TNF-«x
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and IL-13/TLR signaling are observed [310,311]. These phenotypes result from impaired formation of
M1-linked ubiquitin chains. Although the association of an immunodeficiency with auto-inflammation
remains incompletely understood, the immune phenotype of LUBAC mutated patients confirms the
essential modulatory function of LUBAC in immune/inflammatory processes.

9.3. OTULIN Mutations

Being identified as the only DUB able to remove M1-linked chains from LUBAC substrates,
the ubiquitin protease OTULIN when overexpressed should attenuate NF-«B signaling in response to
immune-specific receptors, whereas its reduced expression should result in up-regulation of NF-«B
targets. This is actually what has been observed on cultured cells [92]. Remarkably, patients carrying
OTULIN mutations also display such phenotypes. Indeed, the corresponding disease, called either
OTULIN-related autoinflammatory syndrome (ORAS) [312] or otulipenia [313], is characterized by the
over-production of inflammatory cytokines and autoimmunity associated with excessive M1-linked
ubiquitination of LUBAC substrates.

10. Conclusions

Over the last fifteen years a wealth of studies has confirmed the critical function of ubiquitin
in regulating essential processes such as signal transduction, DNA transcription, endocytosis or
cell cycle. Focusing on the ubiquitin-dependent mechanisms of signal regulation and regulation of
NF-«kB pathways, as done here, illustrates the amazing versatility of ubiquitination in controlling
the fate of protein, building of macromolecular protein complexes and fine-tuning regulation of
signal transmission. All these molecular events are dependent on the existence of an intricate
ubiquitin code that allows the scanning and proper translation of the various status of a given
protein. Actually, this covalent addition of a polypeptide to a protein, a reaction that may seem
to be a particularly energy consuming process, allows a crucial degree of flexibility and the
occurrence of almost unlimited new layers of regulation. This latter point is particularly evident
with ubiquitination/deubiquitination events regulating the fate and activity of primary targets often
modulated themselves by ubiquitination/deubiquitination events regulating the fate and activity of
ubiquitination effectors and so on.

Recurrent features emerge when comparing the various signaling pathways leading to NF-«B
described here. In particular, the way in which IKK integrates so many signaling inputs appears
to require a rather limited set of proteins (or protein families). In the canonical pathway of NF-«B
activation, high variability is seen at distal initiation of signaling but ultimately results in polyubiquitin
chain synthesis that attracts, in most situations the TAK1 complex and in all cases the IKK complex.
These two elements require distinct kinds of poly-ubiquitin linkages that may be present within the
same synthesized chains. The common requirement of TAK1 and IKK in most NF-«kB signaling
pathways disputes the notion that targeting the TAK1 and/or IKK complexes for therapeutic
purpose would be an adequate choice both in term of pathway specificity and adverse side effects.
Future research aimed at fully characterizing the specific components/features of each pathway is
therefore a prerequisite to efficiently translate this knowledge into valuable clinical options.

Obviously, although our focus in this review has been on ubiquitination processes, low affinity
recognition of ubiquitin on modified substrates is not enough to ensure specificity in signal
transduction. It is the combined action of UBDs and protein/protein interfaces that ultimately dictates
the efficiency of signal transduction. Such specific associations might represent encouraging targets
with regard to the aforementioned therapeutic strategies.

Also worth mentioning, are several putative extra layers of complexity that were not discussed
above. Their existence is suggested by a disparate collection of data that clearly requires further
investigation. First, as already pointed in Section 5.1 concerning the sometime dispensable role of
RIPK1, studies suggesting alternative/dual modes of NF-kB activation in major pathways have been
published. For instance, it has been claimed that kinase MEKKS3 is required for both TNF-&- and
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IL-1p-dependent NF-«B activation [314,315]. How this enzyme fits into the picture is still unclear but
two studies have proposed that it may participate in one of two parallel /sequential pathways of NF-«B
activation following IL-1f stimulation [316,317]. All this is reminiscent of what has been observed
during TLR4 signaling (see Section 5.2). Further strengthening these models of alternative /redundant
modes of activation is the recent publication of Zhang et al. [318] showing TRAF6-dependent NF-«B
activation without TAB2/3 subunits. Finally, the most provocative recent discovery, which expands
the regulatory function played by polyubiquitination in NF-«B signaling, is the formation of branched
chains of ubiquitin (with K48 and K63 links) that may favor TAK1 complex recruitment over CYLD
enzymatic activity [319]. This needs to be integrated into signaling processes depending on mixed and
unanchored chains of ubiquitin.

To the best of our knowledge the amazingly broad and intricate dependency of NF-«B signaling
on ubiquitin has not been observed in any other major signaling pathways. It remains to be seen
whether this is a unique property of the NF-«B signaling pathway or only due to a lack of exhaustive
characterization of players involved in those other pathways.

Finally, supporting the crucial function of ubiquitin-related processes in NF-«B signaling is
their strong evolutionary conservation. Indeed, the immune deficiency (imd) signaling pathway of
Drosophila melanogaster, which participates in the fight against pathogens represents the equivalent
of a mammalian NF-«B pathway [320]. This pathway shows many similarities to the TNF-R1 signaling
pathway, both regarding the nature of the proteins involved and the regulation of their activity through
ubiquitin-dependent processes.
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Abbreviations

ABIN A20-Binding Inhibitor of NF-«B activation

AlP4 Atrophin-1-Interacting Protein 4

ATM Ataxia Telangiectasia Mutated

BAFF-R B-cell Activating Factor Receptor

Bel B cell lymphoma

BCR B Cell Receptor

B-TrCP B-Transducing repeat-Containing Protein

CARD Caspase Recruitment Domain

CARMA1 CARD-containing a Membrane-Associated Guanylate Kinase (MAGUK) protein 1
CBM CARMA1/Bcl10/MALT1

CD Cluster of Differentiation

CDC Cell Division Cycle

2/-5'-cGAMP  2'-5'-cyclic Guanosine Adenosine MonoPhosphate

cGAS cyclic Guanosine MonoPhosphate (GMP)-Adenosine MonoPhosphate (AMP) Synthase
CHIP Carboxy terminus of Hsc70 Interacting Protein

c-IAP Cellular Inhibitor of Apoptosis Protein

COMMDI1 COpper Metabolism MURR1 Domain-containing 1

cor COnstitutive Photomorphogenesis

CUE Coupling of Ubiquitin conjugation to Endoplasmic reticulum-associated degradation
CYLD CYLinDromatosis

DD Death Domain

DEAD DEAth effector Domain

DUB DeUBiquitinase

EDA-ID anhidrotic ectodermal dysplasia with immunodeficiency

EGLN3 EGL Nine homolog 3
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ER

ERK
FADD
Fbw
FHA
GSK3
HACE1
HECT
HOIL-1L
HOIP
iE-DAP
IEN
IKK

1IkB
IL-1BR
IL1IRAP
Imd

i

IpaH
IRAK
iRhom2
JAMM
KPC1
LDD
LGP2
LUBAC
Lz
MAGUK
MALT
MALT1
MARCH
MAVS
MCPIP1
MDA5
Mdm2
MDP
MD2
MEKK
MEX3C
MJD
MIB2
Mindy
MLKL
Myd88
Ndfip1
NEDDS8
NEMO
NF-«xB
NIK
NLRC
NLRP
Nod
NSP
NZF

Endoplasmic Reticulum

Extracellular signal-Regulated Kinase
Fas-Associated protein with Death Domain
F-box/WD repeat-containing protein

ForkHead Associated

Glycogen Synthase Kinase-3

HECT domain and Ankyrin repeat Containing E3 ubiquitin protein ligase 1
Homologous to the E6-AP Carboxyl Terminus
Haem-Oxydized IRP2 ubiquitin Ligase 1L
HOIL-Interacting Protein
y-D-glutamyl-mesoDiAminoPimelic acid
Interferon

IkB Kinase

Inhibitory kB

Interleukin-13 Receptor

IL1 Receptor Accessory Protein

immune deficiency

incontinentia pigmenti

Invasion-plasmid antigen-H protein
Interleukin-1 Receptor Associated Kinase
inactive Rhomboid 2

JAB1/MPN/Mv34 metalloenzyme

Kipl ubiquitylation-Promoting Complex 1

Linear ubiquitin chain Determining Domain
Laboratory of Genetics and Physiology 2

Linear UBiquitin chain Assembly Complex
Leucine Zipper

Membrane-Associated Guanylate Kinase
Mucosa-Associated Lymphoid Tissue

MALT lymphoma associated translocation protein 1
Membrane Associated RING-CH

Mitochondrial AntiViral-Signaling Protein
Monocyte Chemotactic Protein-Induced Protein-1
Melanoma Differentiation Associated gene 5
Mouse double minute 2 homolog

Muramyl DiPeptide

Myeloid Differentiation factor 2
Mitogen-activated protein/ERK Kinase Kinase
MEX-3 homolog C (C. elegans)

Machado-Joseph Diseases protease

MIndBomb 2

MIU-containing Novel DUB familY

Mixed Lineage Kinase domain Like pseudokinase
Myeloid differentiation primary response 88
Nedd4 family interacting protein 1

Neural precursor cell Expressed, Developmentally Down-Regulated 8
NF-«B Essential Modulator

Nuclear Factor kB

NF-«kB Inducing Kinase

NOD-LRR (Leucine-Rich Repeat) family with CARD
Nod-Like Receptor Protein

Nucleotide-binding oligomerization domain
Non Structural Protein

Npl4 Zinc Finger
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ORAS OTULIN-Related Autoinflammatory Syndrome
ouT Ovarian TUmor proteases

OTULIN OTU deubiquitinase with LINear linkage specificity
PAMPs Pathogen Associated Molecular Patterns

PARP-1 Poly[ADP-Ribose (PAR)] Polymerase 1

PPCBP2 Poly(RC) Binding Protein 2

PDLIM2 PDZ and LIM domain 2

PIASy. Protein Inhibitor of Activated STAT (Signal Transducer and Activator of Transcription) y
PIDD P53-Induced Protein with a Death Domain

PKC Protein Kinase C

PPAR Peroxisome Proliferator-Activated Receptor

PTM Post-Translational Modifications

PUB PNGase/UBA or UBX-containing proteins

RBCC Ring, B-box, Coiled-Coil

Rbx1 RING-box protein 1

Rel avian Reticuloendotheliosis

RBR Ring Between Ring fingers

RHIM RIP Homotypic Interaction Motif

RING Really Interesting New Gene

RIPK1 Receptor-Interacting serine/threonine-Protein Kinase 1
RLRs Retinoic-Inducible Gene-I (RIG-I) Like Receptors
RNF RiNg Finger protein

Sam68 Src-Associated in Mitosis 68 kDa

SCF Skp, Cullin, F-box

SENP2 SUMO-specific Protease 2

SHARPIN SHANK-associated RH domain interacting ProteIN
SHIP SH2-containing Inositol phosphatase

Skp1 S-phase kinase-associated protein 1

Smurfl Smad ubiquitin regulatory factor 1

SOCs1 Suppressor Of Cytokine Signaling 1

SPATA2 SPermATogenesis-Associated protein 2

Sphk1 Sphingosine kinase 1

STAT Signal Transducer and Activator of Transcription
STING STimulator of INterferon Genes

SUMO Small Ubiquitin-like Modifier

TAB TAK1 Binding protein

TAD transcriptional activator domain

TAK1 Tumour growth factor-Activated Kinase 1

TANK TRAF family member-Associated NF-«B activator
TCR T cell receptor

TIR Toll-Interleukin Receptor

TIRAP Toll-Interleukin Receptor Adaptor Protein

TLR Toll-Like Receptor

TNFAIP3 TNF Alpha Induced Protein 3

TRADD Tumor necrosis factor Receptor type 1-Associated Death Domain protein
TRAF TNF Receptor Associated Factor

TRAM TRIF-Related Adaptor Molecule

TRIF TIR domain-containing adaptor-inducing Interferon-3
TRIM TRIpartite Motif protein

UBA UBiquitin-Associated

UBASH3A UBiquitin Associated and SH3 domain containing 3A
Ubc13 Ubiquitin-conjugating 13

UBD Ubiquitin-Binding Domain

UBE2L3 UBiquitin-conjugating Enzyme E2 L3
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UBL Ubiquitin-Like

UCH Ubiquitin C-terminal Hydrolases

UevlA Ubiquitin-conjugating enzyme variant 1A

ULP Ubiquitin-Like Proteins

USP Ubiquitin Specific Protease

WD40 TrpAsp 40 amino acids

WWP WW domain-containing Protein ligase

XIAP X-linked Inhibitor of Apoptosis Protein

ZF Zinc Finger

ZNRF Zinc aNd Ring Finger
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Abstract: In this review, we aim at describing the results obtained in the past years on dynamics
features defining NF-«B regulatory functions, as we believe that these developments might have
a transformative effect on the way in which NF-kB involvement in cancer is studied. We will also
describe technical aspects of the studies performed in this context, including the use of different
cellular models, culture conditions, microscopy approaches and quantification of the imaging data,
balancing their strengths and limitations and pointing out to common features and to some open
questions. Our emphasis in the methodology will allow a critical overview of literature and will
show how these cutting-edge approaches can contribute to shed light on the involvement of NF-«B
deregulation in tumour onset and progression. We hypothesize that this “dynamic point of view”
can be fruitfully applied to untangle the complex relationship between NF-«B and cancer and to find
new targets to restrain cancer growth.

Keywords: NF-«B; dynamics; live cell imaging; microfluidics; cancer; transcription

1. Introduction: NF-«B, the Importance of Being Dynamic

NEF-«B is a family of transcription factor dimers formed by the combination of p50/NFKB1,
p52/NFKB2, c-Rel, p65/RelA and RelB. These transcription factors are involved in development,
inflammation and immune response and play a crucial role in chronic inflammation as well as cancer
initiation and progression [1-4].

In physiological conditions, NE-kB homo- and heterodimers are constrained in the cytoplasm
by the interactions with IkB inhibitors (existing in three isoforms IkB«x, IkBf, IkBe) [5]. Different
extracellular signals, from inflammatory cytokines like the Tumour Necrosis Factor TNF-«, to the
component of the bacterial wall (Lipopolysaccharide, LPS) activate mainly three NF-«B family members
(RelA /p65, p50 and cRel) that translocate simultaneously into the nucleus as a result of repressors
degradation modulated by IKK kinases activity. Once in the nucleus, NF-«B activates 200-500 target
genes, including those coding for IkBs, which shape the delayed inhibitory feedback loop in the system.
Newly translated IkBs enter the nucleus, bind to NF-kB and relocate the complex in the cytoplasm [6].
A second independent negative feedback is represented by the ubiquitin-editing enzyme TNFAIP3,
historically known as A20 (Figure 1). Not to forget, the described canonical pathway is flanked by an
alternative one that is activated through different receptors (BCR, BAFFR, CD40, RANK, LTBR [7]) and
their ligands, recruits the other two NF-«kB family members, p52 and cRel and activates transcription.
However, the mentioned alternative players as well as the interactions between the canonical and
the alternative pathways have rarely been considered in dynamics studies and this underscores our
superficial knowledge on the NF-«B system in normal and cancer tissues.
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The presence of at least two strong negative feedback loops provides both system flexibility
and a tight dynamical control of the response to external stimuli. As a consequence of this sensitive
wiring, a constant stimulation with inflammatory stimuli translates in oscillations of nuclear NF-«B
concentrations that were first observed via microscopy almost 15 years ago [8] and then in a variety of
studies (revised in [9]). Importantly, it has been demonstrated that such oscillations are fundamental to
modulate gene expression [10-13] in a functionally relevant way [14], as we will discuss in detail below.

Research in the past recent years using single-cell dynamics approaches has shown that the NF-«B
circuit is one example among several that have been found to have rich dynamics [15]. Such list
includes also the tumour-suppressor pro-apoptotic p53 whose switch from oscillating to sustained
dynamics is able to determine the cell fate [16]. These approaches have also shown that the dynamics
of NF-«kB in single cells are quite heterogeneous according to each cell’s susceptibility and to the
inherent stochasticity of the system [8,14,17,18]. This heterogeneity was averaged out and hence went
unnoticed in the first biochemical studies, where NF-«B appeared almost as non-oscillating [5,19].
Further insights on the role of NF-kB dynamics have also been provided by microfluidic cell culture
technologies [20], able to reproduce, at least in part, complex time-varying signals that single cells
receive from the environment. Importantly in this context, data-driven mathematical modelling of the
NF-«kB system [8,14,19,21] has reached a considerable sophistication and has contributed to integrate
in a quantitative way all the information. This is a topic of great interest, but we will not review for
sake of space here, although we will further outline its importance later.

Figure 1. Schematic representation of NF-kB circuitry, with particular emphasis on the negative

GTurget

feedback loops controlled by IkBs and A20 proteins. Such circuitry is extended to the control of a set of
target genes IkBo, A20 and “Target” genes, suggesting that NF-kB dynamics can directly operate the
dynamics of the transcriptional output.

We will instead focus on the technological developments and the fundamental experimental
insights on the role of NF-«B, since we believe that they might have a transformative effect on how
NE-kB involvement in cancer is studied. The availability of cancer genomic and proteomic datasets has
allowed the identification of many genes in both signalling pathways that are silenced, overexpressed
or expressed below the normal threshold [22]. Since NF-«B inhibits apoptosis and fosters proliferation,
the deregulated expression of these genes become central in cancer pathobiology [3,23,24]. However,
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this again provides a quite static view of the role of NF-kB in cancer, that might be enriched by new
insights on its role as a dynamic player.

We aim at revising and highlighting recent findings on the output of NF-kB dynamics, with the
cutting-edge approaches that have made them possible. We believe that the increasing importance of
NF-«B dynamics can impact on our understanding of its involvement in cancer and would potentially
help identify new and maybe more specific targets for cancer therapies. Before starting our description,
in the next section we will briefly review the different levels at which NF-«kB regulation can be affected
in cancer.

2. NF-kB and Cancer

Many possible combinations of intrinsic and extrinsic factors account for NF-kB deregulation in
a wide variety of cancers. “Intrinsic factors” are represented by mutations or epigenetic alterations
either in the coding and regulatory sequences of genes belonging to the NF-kB pathway, or in their
targets. The NF-kB subunits RelA /p65, p52 and RelB are highly expressed and chronically activated in
almost 80% of the tumours [25-27] and thought to fosters NF-kB anti-apoptotic and pro-proliferative
activities as well as contribute to all the remaining hallmarks of cancer [28,29]. Gain-of-function
and loss-of-function mutations affecting regulatory genes like A20, IkBa and CYLD (TNFAIP3,
Nfkbia, Cyld Lysine 63 Deubiquitinase, respectively) result in the activation of both the classical
and alternative NF-kB pathways as evaluated taking into account the processing rate of p50 and
IkBa, the phosphorylation of IkBx and p65/RelA, the nuclear localization of NF-kB dimers and,
last and extremely relevant, their DNA-binding activity together with the expression of NF-kB target
genes [26,30]

Even though the abundance of mutations would argue for a prominent role of non-canonical
NF-«B signalling in cancer pathogenesis, a tight crosstalk between the two pathway leads to a diffuse
activation involving also the canonical one [24,30-34]. Indeed, the detection of mutations in specific
genes cannot predict the global outcome for NF-«kB activation, nor whether the crosstalk between the
canonical or alternative pathways might result blocked or fuelled [35] thus obliterating the relevance
of Exome, DNA or RNA sequencing at population or tissue level.

The association of NF-«B activity and cancer has been exclusively provided at population level
and inferred from static pictures of proteins localizations and dosage. Importantly, these data do
not positively contribute to the prognosis since the overexpression of one of the NF-«B proteins can
be either favourable or unfavourable in different tumours [36-40] as happens for p52/NF-«kB2 in
melanoma or renal and colorectal cancers, respectively (https://www.proteinatlas.org) or for the
tumour suppressor TP53 in endometrial cancer (favourable) and prostate cancer (unfavourable) [41].

The term “extrinsic factors” collectively includes the autocrine/paracrine signalling provided
by soluble molecules produced by the many cell types that add up to the signals originating from
cell-to-cell interactions in the ever-changing inflammatory microenvironment [42] which of course
modulates the degree and extent of NF-«B activation in all the cells. This complexity points to the
need of a deeper understanding on how intrinsic and extrinsic factors interact to produce NF-«B
deregulation in cancer [43].

As an example, regarding the complex tumour-environment interactions [44], two recent studies
on NF-«B signalling in stromal fibroblasts in colitis-associated models of cancer showed that the
inhibition IKKf, a major activator of the canonical NF-kB pathway, results in either the promotion or
the repression of cancer development. The comparison of the procedures to knock IKKf out, identified
the different time schedule of IKK[3 genetic ablation [45] as the most probable culprit and highlighted
the necessity of proper and time—defined dynamic interplay between intrinsic and extrinsic factors in
tumour onset, progression and response to therapies.

A paradigmatic example for NF-kB dependent tumour-stroma interactions is represented by
Multiple Myeloma (MM). In MM, constitutive NF-kB activity due to mutations in both pathways [23]
critically contribute to tumour progression in the bone marrow (BM) microenvironment. Indeed,
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NF-kB in plasma cells (PCs) is activated by SDF1 (Stromal Derived Factor-1 or CXCL12) released by
stromal cells in the BM. Activated PCs, in turn, produce IL-6, an inflammatory cytokine that induces
the stromal components to produce more SDE-1. This positive feedback loop, entirely based on NF-«B
activity and crucial for physiologic PCs survival and proliferation, leads to NF-«B hyperactivation in
both cell types and drives cells toward the malignant phenotypes independently from the stromal
support [46].

An additional example comes from the establishment of bone metastasis as a result of the
reciprocal engagement between tumour cells and normal host cells of the bone microenvironment
(for example, osteoclasts, stromal cells, vascular cells, etc.). In particular, cancer cells activate the
production of the NF-«kB regulated paracrine factor RANKL (Receptor Activator of NF-«kB Ligand)
in stromal cells which in turn pathologically increases osteoclasts activity and bone resorption,
both hallmarks of bone metastases and critical for metastatic establishment and progression [47,48]

Overall, this non-exhaustive list of examples highlights how NF-«B deregulation in cancer is
extremely diversified, being the result of interactions of many players at many levels: mutations can
occur in NF-kB proteins or in their target genes, either in the regulatory or in the coding sequences.
Additionally, the resulting inflammatory or perturbed microenvironment might have an unpredictable
contribution to progression.

As mentioned above, several dedicated groups [8,10-12,14,18] have shown that NF-«B signalling
dynamics at single cell level are very rich and the cell populations have heterogeneous features that
have been overlooked using the static approaches.

In our opinion, the recently developed techniques could be instrumental to untangle the complex
interaction of intrinsic and extrinsic factors in cancer onset and progression. For these reasons in
the next section we will highlight some of these techniques, summarize the main insights that have
followed and try to draw connections to potential implications in the study of cancer.

3. Single-Cell Dynamics: Experimental Methodologies

3.1. Cell Systems and Fluorescent Tags

The availability of fluorescent labels for proteins triggered the investigation on single cell
dynamics. The easiness of use made cancer-derived cell lines the preferred model for these studies.
For example, in the pioneering work of Nelson et al. [8], SK-N-AS cells (human S type neuroblastoma
cell line) and HeLa cells (human cervical carcinoma cell line) were stably transfected with a vector
expressing RelA fused at the N terminus of a red fluorescent protein [8,10]. An N-term tagged
PEGFP-RelA vector have also been used in a number of studies using HeLa cells [12,49]; liver
hepatocellular carcinoma HepG2 cells [50] and in breast tumour cell lines [51].

A first note of caution is mandatory at this point. NF-kB dynamics and transcription profiles
obtained from a cancer cell line will be informative only on that specific cell line, or on the specific
cancer the cell line it has been derived from. In fact, phenotypic and genotypic changes during cancer
development in vivo, or procedure for cell line isolation, in vitro, might have generated adaptive
pressures on the sensitive NF-«kB equilibrium that has further drifted away from the original one [52].
Therefore, it would be wise to dedicate attention at obtaining information on NF-kB dynamics also from
the normal tissue/cell line counterpart, beside the tumour one. However, significant differences in
dynamics might not emerge from the comparison until perturbations (activating stimuli) exacerbating
hidden features are applied to cells.

The wide heterogeneity in NF-kB responses among cell systems encountered in NF-«B literature
might just reflect this technical approximation. We are still far from having a clear picture of bona fide
physiological NF-kB dynamics and probably many flavours exist in unrelated cells and tissues.
We would just need to understand how NF-«B is regulated in normal tissues.

Other popular non-tumour cell lines like RAW264.7, a murine macrophage-like line, have been
used in some studies [53-55]. NIH-3T3 cells in which the RelA gene has been knock-out and its
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expression replaced by a transduced fluorescent RelA-DsRed fusion protein under control of the
endogenous RelA promoter [9,56,57] have been used as well.

The use of a fluorescently labelled p65 on a p65 knockout background would guarantee absence
of interference between the endogenous and the exogenous versions of the protein—an issue that
is seldom addressed properly. We must keep in mind, however, that p65/knock-out cells might
have adapted their natural NF-«B signalling pathway and changed their phenotype during genetic
manipulation procedures. Luckily enough, physiologic NF-«B expression level can be obtained by
tagging the endogenous protein and for this specific reason a homozygous EGFP/RelA knock-in
mouse was generated [58]. Fibroblasts (shown in Figure 2A) were derived from mouse embryos,
immortalized and successfully employed in a number of works [11,14,18]. However, studies on
primary cells from this mouse have not yet been published, presumably because they are more
challenging to culture and the necessary procedures to isolate primary cells can activate them. As a
reminder, the fluorescence intensity in homozygous knock-in cells is challenging low as expected from
cells containing 25-30,000 tagged p65 proteins (unpublished data). We must be aware that the transient
RelA expression from constitutive promoters produces a fluorescent signal that is at least 100-fold
brighter than the fluorescence in p65 knock-in cells. Therefore, the sensitive NF-kB pathway might
dramatically react to overexpression by reorganising itself.
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Figure 2. (A) Activation of GFP-p65 mouse embryonic fibroblasts upon stimulation. Untreated cells,
left panel; cells stimulated with TNF-« for 30 min, right panel. Scale bar: 10um. (B) Such activation
can be modulated via a microfluidics device that delivers squared pulses of TNF-a (red profile).
Synchronous oscillations from hundreds of cells can be measured (green lines) and compared with
the averaged profile (black line) and with the dynamics predicted using a mathematical model (black
dotted line). (C) Genome-wide gene expression profiling of the synchronized population that shows
oscillations locked to the pulsed stimulus in B, revealed that genes can be clustered in three distinct
dynamical patterns, each enriched in genes engaged in discrete cell functions.

The new CRISPR/Cas9-based gene-editing techniques [59] are expected to provide an important
methodological leap forward in this context, allowing to tag NF-«B genes in their endogenous loci
in cell types of choice, including cancer cells. This approach has been well validated to knock-out
selected genes by introducing indel mutations in the coding frame. Actually, it still is in its infancy
when a coding sequence must be inserted in frame with an endogenous gene. Unfortunately, although
extremely useful to engineer tagged genes with physiological expression, this approach seems to be still
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in its infancy and the scientific community is looking forward to further and quick improvements [60].
In sum, different strategies have been utilized to fluorescently label NF-«B, each with its advantages
and limitations that should be weighed when studying assorted aspects of NF-«kB in tumour onset
and progression.

Overall, the careful choice of the expression system for the tagged protein is necessarily a
trade-off between sensitivity, specificity and physiological conditions that should also be weighed
when studying the involvement of NF-kB in a given cancer type.

3.2. Experimental Observation and Quantification of Single-Cell NF-xB Dynamics

Once the cell line expressing NF-«B fused with a fluorescent protein is obtained, the next goal
would be to extract high-quality data on NF-kB localization, that are able to represent well the expected
heterogeneity as well as any features that would be blurred in population-level biochemical assays.

Concerning quantitative microscopy, no gold reference exists to quantify NF-«B fluorescence at
single cell level. With a fluorescence widefield microscope or with a confocal microscope with a well
open pinhole [18], it is possible to get a 2D fluorescent signal coming from the whole cell thickness.
This implies though that the layers of cytosol above and below the nucleus will contribute to the
“nuclear intensity” of the signal. This is not a problem for adherent cells as fibroblasts, where such
layers are very thin compared to nuclear thickness. However, this approach can be misleading when
round cell, such as monocytes, are observed. In this case, acquire a confocal z-stack and reconstruct
the geometry of the cells to estimate the total amount of NF-«B in each compartment would be the
solution. A note of caution in this case suggests that z-scanning requires repetitive and invasive
imaging, so photobleaching and photodamage might become an issue for cells health and signalling.

A point of particular interest that is seldom discussed in detail regards the parameters that best
describe NF-kB concentration in single cells. Being a transcriptional activator, the nuclear amount of
NF-«B is probably the most informative one and different related magnitudes have been shown to be
predictive of the transcriptional output [12,17,61]. However, in long time lapses, photobleaching plus
variations of the focus and of laser intensity might alter the proportionality between the light emitted
from a cell compartment and the protein content. That is why internally normalized measures are often
used in the field and include ratios of nuclear-to-cytoplasm intensities [8,14,50,57], nuclear-to-total
intensities [18] or average intensities [10,54]. As we reasoned elsewhere [18], the nuclear-to-total ratio is
proportional to the total nuclear amount as long as the protein amount per cell is constant throughout
the time lapse. This is taken as a given system parameter in mathematical models (see [62] and
references therein) and its constancy has been shown at population levels for cells under TNF-« [14,19].
However, a recent work [54] showed the existence of a positive feedback loop that leads to an increase
in the p65 total levels in macrophages stimulated with LPS, an increase that would be missed by using
internally normalized measures. Hence intensity ratios, although able to eliminate distortions, should
be used with awareness.

Finally, to extract information from these time-lapse experiments, most approaches require the
segmentation of nuclei (based on either nuclear dyes such as Hoechst 33342 [14,18,55] or fluorescent
histones [17,56]). Alternatively, tracks of nuclei position can be recorded without labelling before
stimulation, when the nuclei are empty and hence easily visible but only in rather immobile cells [11,55].
Dedicated software propose the automatic segmentation of nuclei and cytosols to quantify single-cell
NF-kB oscillations and can be found in a number of references [14,18,55]. However, in our experience
a visual image inspection is always appropriate and common-sense to double-check software errors
and technical flaws.

3.3. The Emerging Importance of Microfluidics Technologies

Microfluidic devices are becoming an important tool to gain further insight in the heterogeneity
of NF-«kB dynamics, potentially with single cell resolution under time-varying stimulation or multiple
stimuli [63]. Both commercial or “custom-made” microfluidic devices are reported in the literature to
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study NF-kB dynamics [56,64-69]. A pioneering example of a microfluidic platform for mammalian
cell culture is the so called “Cell Culture Chip,” with 96 individually controlled chambers that can
support the growth of 1-1,000 cells [64]. The device is made of two layers: the “flow layer”, which
contains cells and reagents and the automatically controlled “control layer” that creates microfluidic
valves. This device was used to study NF-kB dynamics in 3T3 cells expressing p65-DsRed protein
under different doses of TNF-« [17] and to analyse the dynamics under periodic (sawtooth-like) TNF-a
pulses [56,57]. A commercial alternative is the CellASIC® ONIX Microfluidic Platform (EMD- Millipore,
2018 Merck KGaA, Darmstadt, Germany) used to study NF-«B dynamics in GFP-p65 knock-in MEFs
under different periodic stimulations [14] (see Figure 2B). Time varying external stimuli can also
be obtained using a simple “custom-made” microfluidic chip, where pulses can be generated by
manipulating the relative heights of two reservoirs connected to the cell chambers and containing the
medium plus the stimulus/drug and the medium alone [49,66].

Microfluidics can also be employed for other scopes, as for the real-time imaging of host-pathogen
interactions using devices able to trap host cells and put them in contact with bacteria or LPS [53].
Interestingly, the CellASIC® ONIX system was used to generate transient interactions between
pathogenic bacteria (Salmonella typhimurium) and mammalian cells. Unexpectedly, the infected
cells showed impaired NF-«B response upon a second challenge with bacteria or inflammatory
cytokines [67].

Microfluidic devices have also been used to perform other assays and complement the information
obtained from single cell microscopy. In example, “Imstain” is a microfluidic system built for culturing,
stimulating, fixing and immunostaining of cells [65]. Furthermore, the device described in [55] adapted
a single-cell trapping for RNA-sequencing to make it also compatible with live cell imaging (before
the sequencing).

Taken together, microfluidic technologies allow a more accurate and physiologic manipulation
of cells and their environment for live cell imaging, as well as the combination with complementary
biochemical assays. Microfluidic approaches then can become a fundamental tool to study in vitro the
complex crosstalk between cancer and stroma, that we have just started to unravel.

4. Single-Cell Dynamics: Main Insights on NF-«B Regulation of Gene Expression

4.1. Single-Cell NF-xB Dynamics: Main Insights

We have seen so far that a variety of techniques have been used to quantify single-cell NF-«B
dynamics. Such techniques have been applied in a myriad of papers appearing in the last 15 years and
gave rise to important insights on NF-«B and its role. Here we will attempt to summarize some of the
main features emerging from these analyses.

NF-«B oscillates: probably the most acknowledged feature of NF-«xB dynamics is the presence of
oscillations upon external stimuli. This was predicted by mathematical models of the NF-kB regulatory
pathway [19] and later verified using microscopy approaches in single cells [8]. The oscillatory
dynamics has later been observed for different cell types [11,14,18,50,56]. The period of the oscillations
is widely accepted to be close to 90 min. The oscillatory pulses can be more or less spiky, as predicted
by mathematical models but peak shapes might be due either to the nature of quantifiers used to asses
NF-«kB dynamics or to the cell type used [18].

Heterogeneity in the response: the fraction of cells responding depends on the dose, as well as the
amplitude of the oscillatory peaks and in general the dynamics can be heterogeneous in the population
of cells [8,17,18]. However, in some of the cells responsive to TNF-a, such as the widely used HeLa
cells, sustained oscillations are infrequent upon inflammatory stimulation [8,12]. The type of dynamics
observed can be determined by the stimulus applied; for example, NF-kB nuclear localization exhibits
oscillatory dynamics when 3T3 cells are stimulated with TNF-« but a stable nuclear accumulation
occurs when cells are stimulated with LPS [68]. Moreover, Lee et al. demonstrated that molecules of
TNF-« produced during LPS stimulation lead to a secondary paracrine NF-kB activation in the cell
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neighbourhood [69]. Oscillations are not present either in LPS-stimulated murine primary pEGFP-p65
knock-in macrophages (unpublished data) and in the murine monocytic cell line RAW264.7 stimulated
with LPS [54]. Unexplained discrepancies on different dynamics in similar cell systems suggest that
our understanding of NF-«kB regulation requires further improvements. In particular the debate is still
open on whether the NF-«B oscillations are sustained, meaning that cycles would go on as long as the
cells are under stimulus, as shown for 3T3 p65 knock-out fibroblasts expressing exogenous GFP-tagged
p65 [56], or damped, meaning that the cycling oscillatory peaks tend to decrease their amplitude until
complete disappearance, as shown for immortalized MEFs in [14]. We feel confident to exclude that
dampening might be due to TNF-« degradation/internalization, since in microfluidics devices cells
are grown in small chambers where the stimulus is continuously renewed.

Mathematical models, indeed, predict the presence of both sustained and damped oscillations
upon the same stimulation that depend on how the negative feedbacks of the NF-«B regulatory system
are tuned [14]. This was already suggested through biochemical approaches when the regulatory
circuitry of NF-kB was unveiled [19]. Hoffmann and collaborators showed that the knockouts for the
inhibitors, IkBf and IkBe led to more pronounced, or more synchronized oscillations, than in wild type
cells. Indeed, the relative intensity and timing of the feedback can impact on the overall dynamics and
might play a role in maximizing population heterogeneity in the oscillations [21]. When oscillations
were first described in single cells [8], mathematical modelling also suggested that higher expression
level of NF-kB could be responsible for the dampening of the oscillations [70] but this feature was not
confirmed experimentally [71]. Overall, we can anticipate that even subtle variations in players of the
NE-kB regulatory circuitry can lead to diverse dynamics and such diversity represents the necessary
adaptive flexibility to coordinate diverse biological functions, a hypothesis that has recently started to
be explored systematically using synthetic NF-«B genetic circuits [72].

Microfluidics: On the other hand, microfluidics allows to explore more complex questions,
such as how the NF-kB system responds to time-varying stimuli (mimicking the dynamic environment
where the inflammatory response takes place). Pulsatile stimuli were indeed shown to produce a
synchronous oscillatory response in the cell population [10]. Using cells showing sustained oscillations
upon chronic stimulations, Kellog et al. recreated a sawtooth-like periodic profile of TNF-« stimulation
with a home-made microfluidic chip and found that oscillations synchronised to some — not every —
stimulation frequencies, a behaviour that could be referred to as “entrainment” [56]. Mathematical
models suggest that noise can widen the range of acceptable synchronization modes (i.e. the acceptable
ratio between oscillation frequency and the frequency of the external perturbation) and in turn leads to
the hopping between them [57]. Damped NF-«B oscillations instead seem to adapt quickly to a wide
range of frequencies without any preferred one and with no memory of the synchrony [14]. HeLa cells
have also been found to respond quite synchronously as extremely damped oscillators to pulses of
external stimuli [73].

Overall, the use of these techniques enlightens how the NF-«kB system is able to adapt its activation
dynamics to the time-varying external stimuli, although with subtle differences between cell types and
stimuli. This is of critical importance in the study of cancer cells where the NF-«B circuitry is deranged.
Furthermore, the use of microfluidic devices is now allowing to explore how NF-«B responds to
complex environmental cues and this can also lead to important insights on the role of NF-«B in the
interaction between the cancer cells and their microenvironment.

4.2. Connecting Dynamics to Transcription

The molecular control of transcription by NF-kB has been the subject of intensive research [61] but
the combination with data from single-cell dynamics data has brought novel interesting insights. It was
quickly identified that in oscillatory populations target genes were expressed with different dynamics,
which included early, intermediate and late-responding genes [8,12]. By constraining RelA in the
nucleus by means of LMB or CHX (Leptomycin or Cycloheximide, respectively) the transcriptional
output of early and late gene expression was severely impaired or enhanced, respectively, indicating
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that the oscillatory dynamics is a fundamental ingredient to produce the timely transcription of target
genes [11]. Other works showed that the amount of mRNA of NF-«B targets in the population would
nicely scale with the area under the first peak of nuclear activation of the fraction of cells responding
to the stimulus [17].

Time varying external signals also provide insights in this context. The use of a pulsatile
stimulation showed that the dynamics of distinct genes could vary depending on the amplitude and
the frequency of the pulsatile input. Thanks to microfluidics, this kind of studies have been extended.
Microfluidics-generated sawtooth-like stimulation of cells, able to entrain sustained oscillatory NF-«B
dynamics, would also lead to an increased transcriptional output [56]. A similar experimental setup
based on squared pulses of TNF-« allowed us to show [14] that synchronous NF-«kB oscillations
translate into three transcriptional outputs: a fraction of genes would oscillate in sync with the
nuclear-to-cytoplasm NF-kB translocations; a second group steadily accumulated, while intermediate
dynamics were also possible (Figure 2C). Each pattern of gene expression was enriched in genes
with similar biological functions, underlining the connection existing between dynamics and function
of genes under the control of NF-«B [14] (Figure 2C). Interestingly, a recent microfluidics study
employing single-cell culture chambers connected NF-«kB dynamics to single cell transcription. Three
main patterns of NF-kB dynamics under LPS activation were identified and each pattern correlated
with a specific pattern of relative abundance of the common transcripts [55]. Finally, the use of a precise
microfluidics device has shown that differences in the stimulus duration can lead to the activation of
either pro or anti- apoptotic transcriptional programs, which impact directly on cell fate [49].

Considering the heterogeneity in gene expression even in a population of identical cells [15,74],
it is important to characterize how single-cell NF-«B dynamics modulates (amplifies or tames) this
stochasticity. The first works on single-cell NF-«kB dynamics [8] indeed linked NF-«kB dynamics to the
translation of a fluorescently labelled IkBa reporter and confirmed what the model predicted: IkBx
levels would oscillate synchronously with NF-«B nuclear localization but out of phase. A similar
approach at single cell level showed the expression of a mCherry-reporter under the control of the
TNF-« promoter (paradigmatic example of NF-«kB controlled gene) whose accumulation appeared
coordinates with the activation of NF-kB dynamics [54]. By using RNA-FISH a recent study has
correlated the expression of different genes in single cells with dynamical features of NF-«B activation,
finding that nuclear concentration fold change (and not the area under the curve of the activation peak)
is the best predictor for the number of RNA copies produced [12]. Only through a more thorough
characterization—including a wider variety of cell types—we will be able to understand how NF-«B
modulates gene expression in single cells.

5. Conclusions

Cancer is a complex system in which intrinsic and extrinsic factors contribute to its growth,
progression and disguise from the host immune defence. However, these factors are never at the
equilibrium, rather they are constantly evolving both in number and intensity, over time.

In the past years NF-«B dynamics emerged as key regulators of cell life and death. This family of
transcription factors, which in healthy tissues controls tissue homeostasis, responds to external stimuli
and coordinates cell growth and differentiation, is often deregulated in cancer cells. A deranged
signalling represents an important source of variability and heterogeneity in cancer growth that blunts
therapeutic efforts.

In this review, we thus described the cutting-edge technological approaches that contributed to
these novel insights.

In our opinion, the knowledge about the relationships between NF-«kB regulation and cancer could
be greatly enhanced by live cell imaging and microfluidics technologies described so far by following
the workflow summarized in Figure 3. In fact, a dissection of intrinsic from extrinsic components
causing NF-«kB deregulation in cancer, should provide a clearer picture and would potentially help
identify new and maybe more specific targets for cancer therapies.
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This is actually a difficult task that can be accomplished only by the joint effort of scientists in the
field taking advantage of tools from the System Biology field. Mathematical and computational models
are increasingly used to help interpret dynamic data from cell biology and imaging experiments.
Importantly, mathematical simulations of complex biological processes are best fit to generate
hypotheses and suggest experiments to further challenge and validate the model.

Circular iterations of model implementation will allow more accurate predictions, (Figure 3) and
can pave the way to fundamental new insights in NF-«B regulation in cancer cells.

et e Microfluidics device
Ry [— Perfusion
OIS g NF-kB GFP

Endothlal ol

~ Intrinsic factors:

Pare o
/¢ Heterogeneity ip
mutations

Comple;(c. ..... i

forobiast

microenvironment

Improved Knowledge:
* New targets/New drugs

Mathematical modellin,

Image analysis
Predictions

in vivo validations

NF-kB

Implementations v S s fRo0mS>
o
St s/ Torget s

N -/

Figure 3. Workflow for the analysis of NF-«B dynamics to improve our knowledge in tumour biology.

Starting from the tumour microenvironment [75], the intrinsic factors (mainly gene mutations in
cancer cells) and extrinsic factors (cell to cell contact and secreted molecules) can be untangled and
analysed by means of live imaging of cells expressing fluorescent NF-«B. In particular, microfluidics
can help in recreating the external signals found in vivo. Finally, mathematical modelling represents
a fundamental tool to fit live imaging data and to make predictions on NF-kB dynamics when
either extrinsic, intrinsic or both components are modulated. The whole set-up may eventually
improve our knowledge on tumour biology with the final aim of finding new molecular targets for
pharmacological intervention.
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Abstract: The transcription factor NF-kB is a key player in inflammation, cancer development, and
progression. NF-«kB stimulates cell proliferation, prevents apoptosis, and could promote tumor
angiogenesis as well as metastasis. Extending the commonly accepted role of NF-«B in cancer
formation and progression, different NF-«B subunits have been shown to be active and of particular
importance in distinct types of cancer. Here, we summarize overexpression data of the NF-«B subunits
RELA, RELB, and c-REL (referring to the v-REL, which is the oncogene of Reticuloendotheliosis
virus strain T) as well as of their upstream kinase inhibitor, namely inhibitor of kB kinases (IKK),
in different human cancers, assessed by database mining. These data argue against a universal
mechanism of cancer-mediated activation of NF-«B, and suggest a much more elaborated mode of
NF-kB regulation, indicating a tumor type-specific upregulation of the NF-«kB subunits. We further
discuss recent findings showing the diverse roles of NF-«B signaling in cancer development and
metastasis in a subunit-specific manner, emphasizing their specific transcriptional activity and the
role of autoregulation. While non-canonical NF-kB RELB signaling is described to be mostly present
in hematological cancers, solid cancers reveal constitutive canonical NF-kB RELA or c-REL activity.
Providing a linkage to cancer therapy, we discuss the recently described pivotal role of NF-«B c-REL
in regulating cancer-targeting immune responses. In addition, current strategies and ongoing clinical
trials are summarized, which utilize genome editing or drugs to inhibit the NF-«B subunits for
cancer treatment.

Keywords: NF-«B; RELA; cREL; RELB; tumor; cancer; transformation; inflammation; gene expression;
tumor necrosis factor; Treg

1. The NF-kB Family—An Introduction

The transcription factor nuclear factor “kappa-light-chain-enhancer” of activated B-cells
(NF-«B) [1,2] plays a key role in a broad range of cellular processes like cell growth, apoptosis,
inflammation, learning, and memory as well as immunity [3,4]. The transcription factor is ubiquitously
expressed and responds to diverse stimuli, particularly including infectious agents, cytokines, or
growth factors [5,6]. According to its various cellular functions, deregulation of NF-«kB signaling is
strongly associated with cancer formation and progression [7,8].

The NF-«B family is composed of five subunits, namely, RELA (p65), RELB, ¢-REL, p50, and
p52 (Figure 1A), all comprising a conserved REL homology domain (RHD) near the N-terminus.
This domain is crucial for DNA binding (N-terminal part of RHD), dimerization of NF-kB family
members, as well as interaction with the inhibitors of kB (IkBs) (C-terminal part of RHD). Via the RHD,
NF-«B family members can form homo- or heterodimers, like p50/RELAp65, RELB/p50, p52/c-REL,
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or RELA/RELA. In addition, the subunits RELA, RELB, and ¢-REL contain a C-terminal transactivation
domain (TAD) [9,10].
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Figure 1. NF-«B and autoregulation of NF-kB subunits in cancer. (A) Schematic view of the
NF-«kB-family ([11]). (B) Principal mechanisms causing overexpression/activation of NF-«kB as well
as the cellular effects of NF-«B acitivity leading to cancer development and progression. RHD: REL
homology domain, TAD: transactivation domain. (C) The promoters of NF-kB subunits RELA, RELB,
and c-REL contain various kB sites enabling autoregulation of NF-kB in cancer. Promoter analysis
was done as described in [12]. Briefly, sequences of promoter regions (3000 bp downstream and
100 bp upstream of the respective ATG) of interest were taken from Eukaryotic Promoter Database
(epd.vital-ti.ch) for Homo sapiens. The binding sites for the gene of interest in the chosen promoter
sequence were looked up using the JASPAR Tool [13]) with a relative score threshold of 85%.

Inactive NF-«B dimers are localized within the cytoplasm, since the NLS (nuclear localization
signal) within the RHD is masked by IkBs. During canonical NF-«B signaling, binding of ligands
such as cytokines, growth factors, or lipopolysaccharides to their respective receptors (see below,
Section 2) leads to the phosphorylation of the IkB kinase (IKK) complex comprised of IKK1/IKK2
(IKKa/IKKP) and NEMO (NF-«B essential modulator). Phosphorylated IKKs, in particular IKK2,
in turn phosphorylate IkBx, which subsequently undergoes proteasome-mediated degradation via
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polyubiquitinylation. Degradation of IkBx leads to demasking of the nuclear translocation site of
the NF-«B p50/RELA heterodimer. In turn, translocation into the nucleus occurs. This results in
the expression of NF-kB-target genes via binding to the respective target sites [4,9]. On the contrary,
non-canonical NF-«B signaling induced by distinct members of the tumor necrosis factor (TNF)
family like lymphotoxin-f relies on the phosphorylation of IKK1 via NIK (NF-kB-inducing kinase).
IKK1 mediates the phosphorylation of p100, associated to RELB, inducing the proteasomal processing
of p100 to p52 [14]. The p52/RELB heterodimer is able to enter the nucleus and activate specific target
genes via binding to selective kB sites. Both the canonical and the non-canonical pathway have been
described to be closely linked to cancer formation and progression [15] (Figure 1B, see also Section 2).
In addition, atypical NF-kB pathways, as in the case of epidermal growth factor receptor (EGFR)
tyrosine kinase-dependent NF-«B activation, were likewise described to promote cancer [16].

2. NF-kB in Inflammation and Cancer

In response to physical or physiological stress, injury, or infection, inflammation takes place as a
key defense process of innate immunity aiming to restore the physiological situation. NF-kB is broadly
described to be one of the key transcription factors regarding pro-inflammatory signaling, particularly
activated by the presence of pro-inflammatory cytokines (like TNF« or IL-1), lipopolysaccharides
(LPS) of the bacterial cell wall [17], or viral and bacterial nucleic acids [18]. Recognition of cytokines
or LPS species is mediated by the respective receptors, such as TNF receptors or Toll-like microbial
pattern recognition receptors (TLRs). As described above, binding of such ligands to their respective
receptors leads to canonical NF-kB signaling, ultimately resulting in the translocation of released
NF-«B p50/RELA into the nucleus and binding onto kB elements located in distinct target genes.
Among the broad range of target genes of NF-«kB, the most prominent ones in terms of inflammation
are also pro-inflammatory cytokines, such as TNFa [19,20], IL-1 [21], and T cell regulatory ones,
such as IL-2 [22] (proliferation) or IL-8 [23] (recruitment). The resulting feed-forward loops of
NF-kB-activation, particularly in the case of TNFo, make NF-kB a booster of pro-inflammatory
signaling, which augments the inflammation. In the case of cancer, these signaling cascades and the
resulting production of pro-inflammatory cytokines likewise recruit cytotoxic immune cells targeting
and eliminating the transformed cells [24]. However, the presence of active NF-«kB in cancer is a
double-edged sword. Although being a mediator of immune responses eliminating cancer cells,
NF-«kB was observed to be constitutively active in many types of cancer arising from a prolonged
chronic inflammatory microenvironment or induced by various oncogenic mutations [8,25]. In a
seminal review, Baud and Karin listed 11 types of blood-born cancers (including frequent ones
such as acute myeloid leukemia (AML)) and 23 solid tumors (including frequent ones such colon
cancer), which showed activated NF-«B signaling [26]. By way of example, elevated NF-«kB activity
resulting in the accumulation of pro-inflammatory cytokines in the tumor was reported to directly
contribute to a pro-tumorigenic microenvironment in colon cancer [27]. Despite this close relation
between inflammatory NF-«B signaling and cancer, NF-«kB directly mediates vital tumor-promoting
mechanisms. NF-«B activity was shown to stimulate cell proliferation, prevent apoptosis, and promote
tumor angiogenesis, epithelial-to-mesenchymal transition, invasiveness, as well as metastasis [8,28,29]
(Figure 1B). For further details, see a recent review by Taniguchi and Karin [30]. Extending this
commonly accepted role of NF-«B in cancer formation and progression, different NF-«B subunits
have been shown to be active and of particular importance in distinct types of cancers [11]. In the
following, we will discuss the current literature depicting the roles of different NF-«B subunits, their
autoregulation, and specific transcriptional activity in cancer and outline how particular subunits and
upstream kinases contribute to cancer progression.

3. Autoregulation of NF-kB—A Potential Driver on the Road to Cancer Development?

In addition to the canonical, non-canonical, and atypical activation of NF-«kB (see also Section 1),
NF-«B RELA, RELB, and c-REL have been described to be activated by autoregulation [31-34].
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Accordingly, the promoter analysis of NF-kB-subunits performed in the present study depicted the
presence of various kB-binding sites for RELA, RELB, and ¢-REL (Figure 1C). While RELA and c-REL
promoters contain binding sites for all three transactivating subunits RELA, RELB, and c-REL, the
promoter of RELB showed only binding sites for cREL and RELA /c-REL in its proximal region. Next to
the transactivating subunits, p50 and p52 are likewise known to be autoregulated [35,36]. As depicted
in Table 1, several tumor types show various levels of overexpression of the NF-kB-transactivating
subunits. A mechanistic reason for this observation might be a feed-forward autoregulation. In this
line, a broad range of different kB binding sites within the NF-kB promoters shown here suggest NF-«B
feed-forward loops to act as boosters of vital tumor-promoting mechanisms, like cell proliferation,
angiogenesis, invasiveness, and metastasis. In addition, these autoregulatory mechanisms may at least
in part account for the constitutive activity of NF-«kB observed in a broad range of cancers [25,26].

Table 1. Overexpression of NF-«kB subunits in distinct human cancer tissues. COSMIC was used for
database mining [37]. Parts of this table are published in part [12]). n.a: not assessed.

RELA RELB c-REL
Cancer Tissue % No. % No. % No.
Overexpressed  Tested Overexpressed  Tested Overexpressed  Tested

Ovary 11.65 266 3.38 266 7.52 266

Lung 2.36 1019 4.12 1019 7.26 1019

Urinary tract 245 408 441 408 7.11 408
Endometrium 1.99 602 8.8 602 6.81 602
Pancreas 2.79 179 6.7 179 6.7 179
Haematopoietic and lymphoid 4.07 221 1.36 221 6.33 221
Soft tissue 3.42 263 1.9 263 6.08 263

Cervix 13 307 7.17 307 5.86 307

Upper aerodigestive tract 2.49 522 4.02 522 5.75 522
Kidney 2.83 600 45 600 5.5 600

Thyroid 1.36 513 37 513 5.46 513

Large intestine 1.87 610 5.25 610 4.92 610
Stomach 7.02 285 7.37 285 491 285

Liver 3.75 373 6.97 373 4.83 373

Central nervous system(CNS) 4.45 697 3.73 697 4.73 697
Prostate 4.62 498 5.02 498 4.62 498
Breast 4.17 1104 4.26 1104 3.71 1104

Skin 6.34 473 4.23 473 3.59 473
Oesophagus 24 125 24 125 3.2 125

Adrenal gland 12.66 79 5.06 79 2.53 79
Nervous system (NS) na. na. n.a. n.a. na. na.
Bone n.a. n.a. n.a. na. n.a. n.a.

4. Activity of Distinct NF-kB Upstream Kinases in Cancer

To investigate the role of the upstream regulators of NF-«kB-signaling IKK1 and IKK2 in human
cancers, we applied database mining using COSMIC to determine their levels of overexpression
(Table 2) [37,38].

Here, IKK1 and IKK2 showed distinct levels of overexpression in different types of cancer,
with IKK2 being overexpressed in cancers arising in the large intestine, the oesophagus, and the
lung (Table 2). Accordingly, data from a lung cancer mouse model indicated that tumor cell
proliferation was significantly impaired after deletion of IKK2 [39]. Interestingly, IKK-mediated
phosphorylation of IkB was shown to mainly depend on the IKK2 catalytic subunit of the IKK complex
in mice [40], particularly in terms of prevention of apoptosis [41]. On the contrary, we recently
observed TNF-a-mediated cell death only in human cells lacking IKK1 and IKK2 and not in single
CRISPR/Cas-mediated IKK knockouts, suggesting that both IKK1 and IKK2 are required for functional
TNF-signaling [38] (Figure 2). However, knockout of IKK2 was shown to be associated with about
a one-third reduced number of tumors in a colitis-associated cancer model. Surprisingly, deletion
of IKK2 in enterocytes led to an increased expression of COX-2, IL-6, and MIP-2, whereas TNF-«,
IL-1, and ICAM were not affected. In the myeloid compartment, the number of tumors per mouse
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was reduced by about 50% after deletion of IKK2 [42]. Constitutive IKK2 activation in intestinal
epithelial cells was further demonstrated to induce intestinal tumors in mice [43]. These findings are
in accordance with the profound overexpression of IKK2 observed in cancers of the large intestine
(Table 2) [38]. On the functional level, IKK2 was shown to directly promote the development of lung
cancer in an inflammation-dependent manner triggered by tobacco smoke, which was abrogated by
ablation of IKK2 in myeloid cells [44]. Applying a model of breast cancer progression, Huber and
colleagues showed IKK2-dependent activation of NF-«B to be essential for epithelial-to-mesenchymal
transition and metastasis [45]. Furthermore, the activation of NF-kB by overexpression of constitutively
active IKK-2 in prostate cancer cell lines promoted the growth of prostate cancer cells in bone [46].
Accordingly, IKK1 activated by cytokines was shown to control prostate cancer metastasis, with the
amount of active nuclear IKK1 correlating with metastatic progression of mouse and human prostate
cancer [47].

Table 2. Overexpression of IkB kinases IKK1 and IKK2 in distinct human cancer tissues. COSMIC was

used for database mining [37].

IKK1 IKK2
Cancer Tissue
% Overexpressed No. Tested % Overexpressed No. Tested

Breast 7.07 1104 9.6 1104
Lung 51 1019 7.16 1019

Adrenal Gland 5.06 79 1.27 79
Endometrium 4.98 602 13.12 602
Oesophagus 4.8 125 24.8 125

Liver 4.56 373 5.36 373

Pancreas 447 179 4.47 179
Urinary tract 4.41 408 49 408
Stomach 421 285 7.72 285

Ovary 4.14 266 7.52 266

Thyroid 4.09 513 2.34 513
Prostate 3.21 498 5.02 498
Haematopoietic and lymphoid 3.17 221 5.43 221
Upper aerodigestive tract 2.87 522 6.13 522
Large intestine 2.46 610 18.52 610
Central nervous system(CNS) 244 697 3.59 697
Cervix 1.95 307 5.54 307

Soft tissue 1.9 263 6.08 263
Kidney 1.83 600 3.33 600
Skin 1.48 473 8.25 473
Biliary tract n.a. n.a. n.a. n.a.
Bone n.a. n.a. n.a. n.a.
Nervous system (NS) n.a. n.a. n.a. n.a.
Pituitary n.a. n.a. n.a. n.a.
Salivary gland na. na. n.a. na.
Testis n.a. n.a. na. na.

Next to IKKs, downstream signaling of IkBs is likewise associated to cancer development and
progression. Pikarsky and colleagues reported a super-repressor of IkB in hepatocytes to act as
a tumor promoter in inflammation-induced liver cancer [48]. Furthermore, in Hodgkin’s disease,
a hematologic malignancy, the overexpression of a truncated form of IkB is linked to constitutive
NE-«B (p50/RELA) activity [49]. In addition, we observed reduced cell growth and a retarded G1/S
transition in human cercival cancer cells, accompanied by an increase in cyclin D1-dependent kinase
activity after overexpression of IkBa. We further demonstrated a crosstalk of IkBo overexpression
with cell cycle checkpoints via a reduction of transcription factor p53 and elevation of p21WAF [50].

5. Differential Roles of NF-«kB Subunits in Cancer

To provide an overview on the occurrences of distinct NF-«B subunits in cancer subtypes, we
assessed the overexpression of the NF-«kB subunits RELA, RELB, and ¢-REL in human cancers by
database mining, using COSMIC (Table 1) [12,37].
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In line with the concept of subunit-specific gene regulation in cancer [11], we found profound
differences in the overexpression of particular NF-kB subunits in distinct types of cancer. On the
contrary, gene amplification and /or mutations within the coding region were only found in neglectable
amounts in the COSMIC database. For instance, RELA is most dominantly overexpressed in ovarian

cancer and cancer of adrenal glands in comparison to RELB and c-REL, while the overexpression of
¢-REL is most abundantly found in lung cancers, compared to that of the other subunits (Table 1).

In 2016, Scheidereit and coworkers reported the cell survival of Hodgkin lymphoma (HL) cells to

be predominantly controlled by the non-canonical NF-kB pathway. In particular, knockdown of

p52/RELB in HL cells resulted in 95% reduction of viability. Using combined ChIP-sequencing

and microarray analyses, the authors further showed a low frequency of RELA bound to DNA,

but a high frequency of DNA-bound p50- and p52-containing complexes, also including p50/p52
heterodimers [51]. Non-canonical NF-«B signaling was further reported to be active in 20% of the
samples from 155 multiple myeloma patients. Here, constitutive activation of the non-canonical
RELB/p52 pathway was associated with abnormalities like bi-allelic deletion events, mutations, and
gene rearrangements in the genes NFKB1 (p50/p105) and NFKB2 (p52/p100) [52]. Furthermore ectopic

expression of RELB can inhibit the growth of tumor xenografts in mice [53]. C-REL is frequently

amplified in B cell lymphoma and could function as a tumor-promoting transcription factor, but
c-rel-/-mice also could develop an earlier onset of B cell lymphoma [54]. In summary, non-canonical
NF-kB-signaling seems to predominantly contribute to hematological cancers (Figure 2).
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Figure 2. Graphical overview on the differential roles of NF-«B subunits and their transcriptional

activity in distinct types of cancer and in regulatory T cells. While non-canonical signaling is mostly
present in hematological cancer, solid cancer shows predominantly canonical signaling via p50/RELA
or p50/cREL. In addition, CRISPR/Cas-mediated double knockout (KO) of IKK1/2 was recently
shown to result in increased sensitity to TNF-«-mediated cell death [38]. In regulatory T cells (Tregs),

activation of RELA /cREL results in distinct target gene expression leading to active Tregs inhibiting
effector T cells (Teff), which infiltrate the tumor [11,12,52,55-58].

In contrast to its non-canonical counterpart, canonical NF-kB signaling is described to be present
in solid cancers (Figure 2). Shukla and colleagues reported an increased expression of RELA and p50

283



Biomedicines 2018, 6, 44

in human high-grade prostate adenocarcinomas, leading to constitutive NF-«B activity. Active NF-«B
p50/RELA led to increased expression of NF-kB target genes MMP9 and VEGF, commonly involved
in cell migration and vascularization. Accordingly, NF-«B activity was related to tumor progression
due to transcriptional regulation of these NF-«B target genes [57,59]. An increased NF-kB RELA
signaling was likewise observed in tumor-initiating stem-like cells in human prostate cancer [60].
Applying a set of 1826 fully annotated prostate cancers, Gannon and colleagues showed a significant
association between an increase in the nuclear frequency of NF-«B RELA and Gleason score, which
is used to score prostate cancer grade, although the contribution of NF-«B RELA to a post-surgical
predictive model appears modest [61]. In lung cancer, NF-«kB RELA is known to be required for
K-Ras-induced lung tumorigenesis, while lung tumors with RELA deletion show increased apoptosis
accompanied by reduced spread and a lower grade [62]. In addition, Mukhopadhyay and colleagues
showed highly increased levels of NF-kB p50 in nine of 11 non-small-cell lung carcinoma tissues [63].
KrasG12D-induced IKK2/NF-«B activation, resulting in increased expression of IL1-x and p62 and
respective feed-forward loops, was demonstrated to be required for the development of pancreatic
ductal adenocarcinoma [64]. In 2003, Nair and coworkers showed a constitutive activation of NF-kB
RELA during human cervical cancer progression. Here, NF-kB RELA was demonstrated to be
particularly activated in high-grade squamous intraepithelial lesions and squamous cell carcinomas
of the human uterine cervix [65]. Interestingly, NF-kB-dependent transcription was recently shown
to be directly regulated by telomerase. In particular, telomerase directly bound to the NF-kB RELA
subunit, thus regulating NF-«kB-dependent gene expression by binding kB sites in the promoter regions
of IL-6 and TNF-«, both critical for inflammation and cancer progression [58] (Figure 2). The effect
of telomerase on the strong activation of colony formation of tumor stem cells could be repressed
by siRNA knockdown of RELA. Given the transcriptional regulation of telomerase by NF-xB RELA,
Gosh and coworkers suggested a feed-forward regulation, linking chronic inflammation to increased
activity of telomerase in human cancer [58]. Next to RELA, the NF-«B subunit c-REL was likewise
shown to possess a key role in tumor formation. In 2000, Cogswell and colleagues revealed the
induction of mammary tumors by c-REL expression in mouse models of breast cancer [66]. Shehata
and coworkers further demonstrated a sixfold slower cell growth in cultivated cervical cancer cells
after expression of the c-REL homolog Xrel3 from Xenopus laevi [67]. We recently investigated the role
of ¢-REL in human cervical cancer cells using CRISPR/Cas9n-mediated gene editing. Knockout of
c-REL resulted in significantly decreased basal expression levels of Myc, A20, and TGFf, accompanied
by a significantly reduced proliferative behavior and a significant delay in the prometaphase of
mitosis (see also Figure 2 for overview). Compared to the wild type, an increased resistance against
chemotherapeutic agents was observable in c-REL knockout cells [12]. Next, by directly promoting
cancer cell growth and proliferation, c-REL was very recently shown to possess an important role in
cancer-targeting immune responses with highly promising implications for therapeutic approaches [68].
Enabling tumor progression, activated CD4*Foxp3* regulatory T cells (Tregs) are known to migrate to
the tumor site and inhibit of CDS8 effector T cells (Teffs), which are mainly responsible for anti-tumor
immune responses [69]. In melanoma, large amounts of Tregs have been observed [70] and associated
with impaired prognosis, while a lesser amount of Tregs was associated with increased survival in
stage 4 melanoma patients [71]. In their groundbreaking study, Grindberg-Bleyer and colleagues
demonstrated NF-«B cREL as the critical subunit for identity and function of activated CD4*Foxp3*
Tregs in melanoma (see also Figure 2). Notably, deletion or inhibition of c-REL, but not of RELA, in
Tregs resulted in reduced melanoma growth and potentiated anti-PDL1 therapy, a ligand presented by
cancer cells and dendritic cells to evade the immune system by binding to the immunosuppressive
programmed death (PD) receptor on CD8" Teff cells [68]. In the following, we will emphasize the
therapeutic implications of these findings as wells current strategies to utilize genome editing or drugs
for targeted deletion/inhibition of NF-«B subunits in cancer therapy.
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6. Targeting NF-kB Subunits via Genome Editing or Drugs—Therapeutic Implications

Given the important roles of distinct NF-kB subunits in cancer development and progression,
we aim to summarize currently used drugs targeting NF-«B subunits for cancer treatment. One drug
utilized in the clinics is the NF-«B inhibitor Bortezomib [72] (developed by Millenium Pharmaceuticals
(Cambridge, MA, USA) as Velcade, also known as Neomib (Getwell Pharmaceuticals, Gurgaon,
Haryana, India) or Bortecad (Cadila Healthcare, Ahmedabad, Gujarat, India), a reversible 265
proteasome inhibitor of IkB-a degradation. This drug is certified in Europe as monotherapy for
pre-treated adult patients with progressive multiple myeloma. Next to Bortezomib, the NF-«B inhibitor
Thalidomide is also clinically applied. In 2002, Majumdar and colleagues showed Thalidomide to
abrogate TNFa-dependent activation of IKKs and I-Be [73]. First evaluated in patients with refractory
multiple myeloma in the 1990s, Thalidomide is now known to cause responses in 30-50% of myeloma
patients as a single agent and acts synergistically with corticosteroids and chemotherapy [74,75].
In addition, a phase III clinical trial is presently studying a combination of Aspirin (an IKK inhibitor)
and Esomeprazole (a proton pump inhibitor) to prevent esophageal cancer in patients with Barrett’s
metaplasia (ClinicalTrials.gov Identifier: NCT00357682). Furthermore, a phase 3 clinical trial
is using high-dose ascorbic acid, a well-known NF-«B inhibitor [76], as a pharmaceutical for a
combination therapy for colorectal cancer (ClinicalTrials.gov Identifier: NCT02969681). Recently,
a subunit-specific inhibitor for c-REL was discovered, which might be useful for inhibiting Tregs
(patent filed, IPO: WO2017058881A1). Thus, the inhibition of c-REL might be a new way to treat
tumors pharmacologically. In addition to the application of NF-«B-inhibiting drugs, a recent increase
in clinical studies applying CRISPR/Cas-mediated knockout strategies suggest that gene therapy
might be considered in future therapeutic approaches (e.g., five clinical trials with PD-1 knockout
engineered T cells; information retrieved in February 2018 from ClinicalTrials.gov).

7. Conclusions

Although NF-kB might be considered as a major factor in cancer development and progression,
distinct NF-«B subunits seem to be active in different kinds of cancer. While non-canonical NF-«B RELB
signaling is described to be mostly present in hematological cancers, solid cancers reveal canonical
NF-«B RELA (p65) and/or c-REL activity. These particular subunits contribute to cancer formation
and invasiveness as a result of their specific transcriptional activity, inter alia via feed-forward loops
as in the case of TNFa or telomerase. Currently ongoing clinical trials target NF-kB-dependent
signaling by application of drugs or CRISPR/Cas-mediated genome editing impinging on potentially
NEF-kB-driven processes. Thus, although the here summarized data emphasize the importance to assure
subunit specificity, NF-kB seems to be a highly promising target for cancer treatment. Michael Karin
and coworkers suggested over the years a universal activation of NF-«B in cancer by inflammatory
cytokines [30]. It might be important to note that our analysis of the COSMIC database argues
against this universal mechanism of cancer-mediated activation of NF-«B. Here, we suggest a much
more elaborated mode of NF-«B regulation in terms of a tumor type-specific upregulation of the
NF-kB subunits.
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Abstract: Nuclear factor-«B (NF-«B) has been long considered a master regulator of inflammation
and immune responses. Additionally, aberrant NF-«B signaling has been linked with carcinogenesis
in many types of cancer. In recent years, the study of NF-kB members in NF-«B unrelated pathways
provided novel attractive targets for cancer therapy, specifically linked to particular pathologic
responses. Here we review specific functions of IkB kinase complexes (IKKs) and IkBs, which have
distinctly tumor promoting or suppressing activities in cancer. Understanding how these proteins are
regulated in a tumor-related context will provide new opportunities for drug development.

Keywords: Cancer; NF-kB; Non-conventional pathways; IKKs; IkBs

1. Introduction

Since the discovery of the nuclear factor kB (NF-«B) more than 30 years ago [1] the NF-«kB pathway
has been the focus of multiple studies owing to its role in the regulation of essential biological processes,
such as immune and stress responses, cell survival, or cell maturation. Due to its functional relevance,
alterations in NF-kB signaling tend to affect organism homeostasis, leading to tissue damage and, in
some cases, to cancer [2]. Thus, gaining insight into the function and regulation of particular NF-«B
components is crucial for the future development of effective therapies against a wide variety of
diseases that involves NF-«B, including diabetes [3,4], allergies and rheumatoid arthritis [5], Crohn’s
disease [6], Alzheimer’s disease [7], or cancer, among others.

The mammalian NF-«kB family consists of five transcription factors: p65 (RelA), RelB, c-Rel,
p105/p50 (NF-kB1), and p100/p52 (NF-kB2) [8-10]. Although RelA, RelB, and c-Rel are synthesized
as final proteins, p50 and p52 derive from p105 and p100, respectively, upon proteasomal processing.
All of the members can form homo- and heterodimers, and shuttle from the cytoplasm to the nucleus
in response to cell stimulation. NF-kB transcription factors are characterized by the presence of a
highly-conserved Rel homology domain (RHD) which is responsible for dimerization, DNA binding,
and interaction with the inhibitor of kB (IkB) proteins [10]. The IkB proteins, including IkBe, IkBf3,
IkBe, IkBy, IkB(, Bcl-3, and the precursor Rel proteins p100 and p105, are characterized by the presence
of multiple ankyrin repeats, which are protein-protein interaction domains that interact with NF-«xB
via the RHD [10]. IkBs control the activation of the NF-«B dimers (except for p52-RelB) by masking
the nuclear localization signal (NLS) of Rel proteins, thus preventing its nuclear translocation and the
subsequent activation of target genes. Therefore, IkB degradation is a tightly-regulated event that is
triggered upon a stimulus-response activation of the IkB kinase (IKK) complex. The IKK complex is
formed by two catalytic subunits, IKKo and IKK(, and a regulatory subunit called IKKy or NF-«B
essential modulator (NEMO) [11].
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There are a variety of ligands that can trigger the signal transduction resulting in the activation of
specific IKK-dependent cascades, being the two principal the classical (or canonical) and the alternative
(or non-canonical) NF-«B pathways. In the classical pathway, activated IKK( by transforming growth
factor-f3 activated kinase 1 (TAK1) is necessary to induce phosphorylation of IkBs on two N-terminal
residues (IkBa on Ser32 and Ser36 and IkBf on Ser19 and Ser23). This event leads to its ubiquitination
by the Skp-1/Cul/F box (SCF) family and its proteasomal degradation [11,12]. On the other hand,
the alternative pathway depends on the activation of IKK« by the NF-kB inducing kinase (NIK).
The IKKa subunit phosphorylates p100 which, under resting conditions, is associated with RelB in
the cytoplasm, inducing its processing to p52 [13]. In both pathways, after this processing, the NF-«B
transcriptional factors are able to translocate to the nucleus, where they bind to promoter and enhancer
regions containing kB sites with the consensus sequence GGGRNNYYCC (N = any base, R = purine,
Y = pyrimidine).

As mentioned, NF-«B pathway play an important task in the development and maintenance of
cancer, mainly associated with its normal role in inflammation and immune response. However, it is
also true that particular NF-kB-related elements can be deregulated in cancer cells, thus exerting less
conventional pro- or anti-tumorigenic functions. Examples include the aberrant activity of members of
the pathway, genetic aberrations of genes coding for NF-«B family members, autocrine and paracrine
production of pro-inflammatory cytokines by the tumor cells, as well as oncogenic activation of
upstream signaling molecules. All of these mechanisms lead to altered expression of specific target
genes or whole transcriptional programs which, in turn, modify cellular proliferation or apoptosis,
tumor-associated angiogenesis, metastasis, or resistance to chemo- and radiotherapy [14-19]. In
addition, particular members of the NF-kB pathway have been found to exert non-conventional
and NF-kB-independent functions that are physiologically relevant, but can also impact some
cancer cell capabilities. The present review focuses on the non-conventional functions of the NF-«B
pathway family of proteins IKK and I«B that negatively or positively contribute to cancer initiation
and progression.

2. Breast Cancer

Both IKK« and IKKf display oncogenic functions in breast cancer cells that are independent
of their role in the NF-«kB pathway. In response to estrogen, IKK« increases phosphorylation
and recruitment of estrogen receptor alpha (ER«) and steroid receptor coactivator 3 (SRC-3) to
estrogen-responsive promoters, including cyclin D1 and c-myc, leading to enhanced gene transcription.
Activation of these genes increases estrogen-dependent proliferation of breast cancer cells [20].
IKKa can also cooperate with Notch-1 to induce the transcriptional activation of ERx-dependent
genes [21]. On the other hand, IKK« promotes the estrogen-induced transcription of E2F Transcription
Factor 1 (E2F1) and facilitates the subsequent activation of several E2F1-responsive genes such as
thymidine kinase 1 (TK1), proliferating cell nuclear antigen (PCNA), cyclin E, and cdc25A, which are
required for cell cycle progression of breast cancer cells [22]. IKK« is also an important contributor to
ErbB2-induced oncogenesis, as it supports the expansion of tumor-initiating cells from premalignant
ErbB2-expressing mammary glands. Upon activation, IKK« enters into the nucleus of these cells and
phosphorylates p27/Kip1 inducing its nuclear export, which results in enhanced cell proliferation [23]
(Figure 1).

IKK also promotes breast cancer through the phosphorylation of forkhead box O3 (FOXO3a),
which triggers its cytoplasmic export and proteasomal degradation, resulting in increased proliferation
and tumorigenesis (Figure 1). This mechanism was primarily found in tumors lacking Akt activity
since Akt is usually responsible for FOXO3a phosphorylation and degradation [24].
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Hes1, Hes5
Herp1

aspin

Figure 1. Pro-tumorigenic functions of the NF-kB members. In CRC, IKKa phosphorylates the nuclear
co-repressors N-CoR and SMRT, inducing its dissociation from the chromatin. In prostate cancer cells
IKK o regulates the gene transcription of the metastasis repressor Maspin. The proteolytic fragment
p45-IKK« is activated by BRAF and TAKT1 in the endosomal compartment, and upon activation can
phosphorylate histone H3 and SMRT. Moreover, nuclear IKKo contributes to the chromatin release
of IkBa, and stimulates the nuclear export of p27/Kip1, thereby supporting the proliferation and
expansion of tumor cells. On the other hand, IKKf phosphorylates FOXO3a, leading to its nuclear
exclusion and protein degradation. Arrows: — Activation/Regulation/Phosphorylation; ----*

Migration; =% Tnactivation.

3. Prostate Cancer

In prostate cancer, IKKa phosphorylates and activates the mammalian Target of Rapamycin
Complex 1 (mTORC1) in phosphatase- and tensin homolog (PTEN)-null prostate cancer cells in a
manner dependent on Akt, promoting cell proliferation [25,26]. Similarly, IKK« associates with,
and enhances, mTORC2 kinase activity [27]. Of note, it is known that activated Akt promotes cell
survival, cell growth and proliferation, and energy metabolism in prostate cancer [28]. IKK«x can
also phosphorylate the nuclear co-repressor silencing mediator for retinoid and thyroid receptors
(SMRT), thus inducing its dissociation from the chromatin and its nuclear export mediated by
14-3-3. This event is a prerequisite for the recruitment of NF-kB to specific promoters such as
the cellular inhibitor of apoptosis 2 (cIAP-2) and interleukin 8 (IL-8), leading to increased cell
survival [29]. In castration-resistant tumors, nuclear active IKK«x represses the transcription of the
metastasis-suppressor gene Maspin (Figure 1). Accordingly, accumulation of nuclear active IKKa in
human and mouse prostate tumors correlates with metastatic progression, reduced Maspin expression,
and infiltration of receptor activator of nuclear factor k-B ligand (RANKL)-expressing inflammatory
cells [30]. A similar association between IKKa nuclear localization, Maspin levels, and cell migration
or metastasis has been shown in squamous cell carcinoma cells (see details in Section 5).
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4. Colorectal Cancer

For years, several groups, including our own, have investigated the role of IKK« in colorectal
cancer (CRC). Initially, we found that IKKx was aberrantly activated and recruited to the promoter
of different Notch target genes such as hes1, hes5, and herp2. Chromatin-bound IKK« constitutively
phosphorylates SMRT, leading to its cytoplasmic export and the transcriptional activation of these
genes (Figure 1). Conversely, IKK« inhibition, either pharmacologically or by expression of a
dominant-negative form of the kinase, restores SMRT chromatin binding, inhibits Notch-dependent
gene transcription, and reduces tumor size in a model of CRC xenografts [31]. Similarly, IKK« can
phosphorylate the nuclear receptor co-repressor (N-CoR), a nuclear co-repressor homologous to SMRT,
thus creating a functional 14-3-3-binding domain and promoting its nuclear export [32]. In a more
recent study, we were able to identify the presence of a truncated form of IKK« with a predicted
molecular weight of 45 KDa (p45-IKK«) that was specifically activated in the nucleus of CRC cells [33].
This truncated form of IKK« is generated by the proteolytic cleavage of full-length IKKe in the early
endosomes by the action of cathepsins. The p45-IKKa form includes the kinase domain, but lacks
some regulatory domains at the c-terminal [33]. Nuclear active p45-IKK« forms a complex with full
length IKK« and NEMO, and regulates the phosphorylation of SMRT and histone H3. Activated
p45-IKKx prevents apoptosis of CRC cells in vitro and it is required for the maintenance of tumor
growth in vivo. Consistent with the fact that p45-IKKa is generated in the endosomes, inhibitors of
endosome acidification abolish p45-IKK« activation and suppress CRC cell growth both in vitro and
in vivo. Moreover, we demonstrated that BRAF activity is required and sufficient to induce p45-IKK«x
activation, which is TAK1-dependent [34] (Figure 1).

In a different set of experiments, mice deficient in the IKK« kinase activity were protected from
intestinal tumor development, which was associated with an enhanced recruitment of interferon y
(IFNy)-producing M1-like myeloid cells into the tumor. Polarization and accumulation of M1
macrophages in the mutant mice is not cell-autonomous, but depends on the interaction between
IKKa-mutant epithelial cells and mutant stromal cells [35].

5. Skin Cancer

Nuclear IKK« is clearly involved in skin cancer progression, although some controversy exists
about its contribution. Whereas different studies have definitively shown that nuclear IKKea in
association with SMAD2/3 is required for physiologic skin differentiation [36-38], others also indicate
that altered IKK« function can directly contribute to specific oncogenic functions. For example, IKKx
can bind and repress the promoter of epidermal growth factor (EGF), among others, thus suppressing
the EGF receptor/Ras/ERK pathway to prevent squamous cell carcinoma (SCC) [39]. Binding of
IKK« to histone H3 at the 14-3-3 sigma locus prevents its hypermethylation by SUV39h1 and supports
14-3-3 sigma expression (Figure 2). Since 14-3-3 sigma controls the cytoplasmic export of the cell
cycle-regulatory phosphatase CDC25, the absence of functional IKK« precludes G2/M cell cycle arrest
in response to DNA damage, thus contributing to genomic instability and skin cancer [40].

Additional tumor suppressor activity for IKKa in SCC, which is again dependent on its nuclear
localization and associated with the transforming growth factor § (TGFf) pathway, is executed
through Myc inhibition [41]. In the same direction, IKK« activates several anti-proliferative Myc
antagonists, including Mad1, Mad2, and Ovoll, through Smad2/3, leading to enhanced keratinocyte
differentiation [42] (Figure 2). In basal cell carcinoma, LGR5 expression in also dependent on IKKa« and
STAT3, suggesting that increased IKK« activity can contribute to oncogenic transformation not only
through inflammatory-related signals but also through the regulation of stemness-related genes [43]. In
a different study, we found that IKK« induces the chromatin release of phospho-SUMO-IkBe (PS-IkB),
previously identified as a regulator of multiple developmental- and stemness-related genes, such as
HOX and IRX, and its subsequent accumulation in the cytoplasm, which was linked to oncogenic
keratinocyte transformation [44] (Figures 1 and 2). The mechanisms by which IKK« promote PS-IkBx
inactivation are primarily unknown, but we speculate that nuclear IKKa might phosphorylate PS-IkBx
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and non-canonical, sites or regulate specific editing enzymes, phosphatases, SUMO-proteases or
specific PS-IkBa-interacting proteins.

Mad1
Ovol1

Nucleus

Figure 2. Tumor-suppressing functions of IKKx and IkBa. On one hand, IKK« increases SMAD
transcriptional activity and decreases EGF transcription. It also promotes G2/M phase progression
by de-repressing 14-3-30 gene expression through preventing DNA and histone methylation on
its promoter. On the other hand, IkBa is bound to histones and nuclear co-repressors, such as
PRC2 regulating the expression of genes related to development and differentiation. Arrows: —

Activation/Regulation/Phosphorylation; <* Inactivation; — Inhibition

Recently, it was shown that mice carrying an IKK« variant that specifically localizes in the nucleus
of the keratinocytes develop more aggressive tumors in response to chemical carcinogens than control
mice. Nuclear IKK« seem to promote tumorigenesis by regulation of c-myc, Maspin, and Integrin-«6,
and tumors with nuclear IKK« mimic the characteristics of human skin tumors with a high risk of
metastasizing [45]. These results partially overlap our previous findings indicating that nuclear active
IKK o« plays oncogenic and pro-metastatic roles in SCC, being that its detection is predictive of higher
metastatic capacity and worse patient outcome. We also found that nuclear active IKK levels inversely
correlated with the levels of the metastasis suppressor Maspin (Figure 1), and tumors negative for this
protein were exclusively found in the metastatic group [46].

As mentioned, PS-IkBa was previously detected in fibroblasts [47] and primary keratinocytes [44]
as a protein capable of binding the chromatin through the N-terminal tail of histones H2A and
H4 [44,47].

Importantly, PS-IkBx also binds histone deacetylases (HDACs) and the polycomb repressive
complex 2 (PRC2) to regulate the expression of genes related to development and differentiation in a
TNF«-dependent, but NF-«kB-independent, manner [44]. Regulation of these genes might contribute to
the maintenance of the skin homeostasis, as IkBx-deficient mice die five days after birth due to massive
skin inflammation and defective skin differentiation [44,48-50]. Supporting a role for nuclear PS-IkBx
in skin cancer, nuclear IkBx levels are significantly reduced, or totally lost, in aggressive human
SCC and mouse transformed keratinocytes associated with an accumulation of cytoplasmic IkBax and
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altered HOX gene expression (Figure 2). In contrast, IkBx remains nuclear in the normal skin, and also
in benign skin lesions, such as elastosis, psoriasis, actinic keratosis, and Bowen disease [44]. Our data
might also help to understand previous and unexpected results obtained using a transgenic mouse
carrying the non-degradable IkBa mutant, IkBx-SR (for IkBa super repressor) that showed increased
and more aggressive tumorigenesis, even in the absence of NF-«kB activity [51-54]. We propose that
accumulation of IkBx-SR in the cytoplasm exerts pro-tumorigenic capacities by sequestering PRC2
and HDAC s in the cytoplasm leading to inappropriate gene expression of PS-IkBe targets [29,31,32,47]
(Figure 1).

6. Liver Cancer

Hepatocellular carcinoma (HCC) is one of the most common cancers worldwide and develops
frequently in the context of chronic hepatitis, characterized by liver inflammation and hepatocyte
apoptosis [55,56]. In this context, the NF-kB pathway can act as a tumor promoter or tumor
suppressor [57]. Luedde and colleagues demonstrated that IKKo and IKK( regulate biliary
homeostasis and promote hepatocellular carcinoma by phosphorylating receptor-interacting protein
kinase 1 (RIPK1), which is involved in both apoptosis and programmed necrotic cell death (necroptosis),
independent of NF-«B. Specifically, loss of IKK«- and IKKf-dependent RIPK1 phosphorylation in
liver parenchymal cells inhibits compensatory proliferation and prevents the development of HCC,
but promotes biliary cell paucity and cholestasis [58]. Moreover, IKK3-depleted hepatocytes display
sustained activation of the MKK4/7-JNK signaling cascade, previously identified as a mediator of
hepatocellular carcinoma [59]. Deletion of the TAK1 kinase in these same cells induces hepatocyte
dysplasia and early carcinogenesis in mice, and this tumor suppressor TAK1 activity is mediated by
an NF-kB-independent, but NEMO-dependent, pathway [60].

On the contrary, other studies indicate that NEMO exerts a protective role against HCC
through NF-«kB-dependent and -independent pathways. In this sense, deletion of NEMO in the
liver parenchymal cells (LPC) of 12-month-old mice results in spontaneous hepatocyte apoptosis,
which triggers compensatory hepatocyte proliferation, inflammation, activation of liver progenitor
cells and, finally, development of chronic hepatitis and HCC [61]. However, ablation of all three
NF-kB proteins in LPC able of activating gene transcription (RelA, RelB, and c-Rel) has a limited
effect on hepatocyte apoptosis at a young age, indicative of NF-kB-independent activity. Therefore,
the canonical NF-«kB pathway contributes to the survival of liver cells, but NEMO prevents liver
tumorigenesis by NF-kB-independent functions. The mechanism by which NEMO prevents hepatocyte
apoptosis is by inhibiting the formation of the death-inducing RIPK1/FADD/caspase-8 signaling
complex. Thus, in the absence of NEMO, but high activity of the NF-kB pathway, which induces
pro-survival genes, the RIPK1/FADD/ caspase-8 complex imposes chronic liver damage, leading to
HCC development [61-63]. All of these results are clinically relevant since NEMO expression is lost or
low in a significant percentage of human HCC correlating with a poor five-year overall survival of
patients [64].

7. Renal Cancer

Clear cell renal cell carcinomas (ccRCCs) are characterized by the loss of functional von
Hippel-Lindau protein (pVHL), which leads to the stabilization of hypoxia-inducible factor alpha
(HIFx) and activation of genes related to tumor development and progression, such as chemokine
C-X-C motif (CXCR4) [65]. It was found that NEMO stabilizes HIFx via direct interaction and
independently of NF-«B signaling. Moreover, NEMO inhibits apoptosis of tumor cells and activates
the epithelial-to-mesenchymal transition, thus facilitating the metastatic process [66,67].

8. Lung Cancer

In lung cancer, it was shown that IKK« phosphorylates CBP to increase its affinity for NF-«B at
the expense of CBP association to p53. Thus, IKK« activity causes increased NF-kB-mediated signaling,
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but decreased p53-dependent gene expression, leading to cell proliferation and tumor growth. In
agreement with this finding, increased CBP phosphorylation and high levels of active IKK« are both
detected in human lung tumor tissue compared to the adjacent normal tissue [68].

9. Conclusions

As mentioned, NF-kB is a complex and diverse pathway with a clear role in inflammation and
immune response. However, there is now increasing evidence that specific elements of the pathway
exert NF-kB-independent functions (Table 1), thus increasing the complexity of the NF-kB-related
responses. This complexity is even higher in the context of cancer where particular elements could
be mutated or aberrantly activated. Most of these functions are due to the accumulation of these
members in the nucleus, regulating the expression of onco- or tumor suppressor genes. Here, we
have examined some of the non-conventional functions for specific IKK and IkB members that are
related to carcinogenesis, which might open new perspectives for future investigations with potential

clinical applications.

Table 1. Table summarizing the published data on non-conventional functions of the NF-kB members

in cancer. The red background shows pro-tumorigenic functions and the green background shows
anti-tumorigenic activities. Abbreviations: ERo: estrogen receptor o; SRC-3: nuclear receptor
coactivator-3; mTORC: mammalian target of rapamycin complex; SMRT: silencing mediator for
retinoid and thyroid receptors; N-CoR: nuclear correpresor; IFNYy: interferon y; EGF: epidermal growth

factor; LGR5: leucine-rich repeat-containing G-protein coupled receptor 5; PS-IkBo: phospho-sumo

inhibitor of kBx; EGFR: epidermal growth factor receptor; MMP-9: matric metallopeptidase 9;
VEGF-A: vascular endothelial growth factor-A; RIPK1: receptor interacting serine/threonine kinase 1;
FOXO3a: forkhead box O3; MKK4/7: mitogen-activated protein kinase kinases 4 and 7; JNK: c-Jun
N-terminal kinase; HDAC: histone deacetylase; PRC2: polycomb Repressive Complex 2: NEMO: NF«B
essential modulator; NF«B: nuclear factor kB; Casp8: caspase 8; HIF«x: hypoxia-inducible factor «;
CBP: CREB-binding protein; CRC: colorectal cancer; SCC: squamous cell carcinoma; BCC: basal cell
carcinoma; NMSC: non-melanoma skin cancer; HCC: hepatocellular carcinoma; ccRCC: clear cell renal
cell carcinoma.

Protein Substrate Effect Cancer Type References
IKK Phosphorylation of ERcx and Estrogen-dependent gene Breast Cancer [20]
5 transcription
Cooperation with Notch1 to Cell proliferation Breast Cancer [21]
activate transcription of
ER«-dependent genes
E2F1 transcription Cell cycle progression Breast Cancer [22]
Phosphorylation of p27 Expansion of tumour-initiating cells Breast Cancer [23]
Phosphorylation of mTORC Cell proliferation Prostate Cancer [25,26]
Activation of mMTORC2 Akt activation Prostate Cancer [27]
Phosphorylation of SMRT Increased cell survival Prostate Cancer [29]
Regulation of Notch-dependent CRC [31]
gene transcription: Tumour growth
Maspin gene repression Metastasis induction Prostate Cancer [30]
SCC [46]
Phosphorylation of NCoR Increased gene transcription CRC [32]
Regulation of [FNy-expressing Enhanced tumorigenesis CRC [35]
Mi-like myeloid cells recruitment
Repression of EGF transcription Prevention of SCC SCC [39]
Prevents hypermethylation of Maintenance of genomic stability in Skin Cancer [40]
14-3-3sigma through Suv3%h1 keratinocytes
Myc inhibition Tumour-suppressive activity sCC [41]
Myec inhibition Keratinocyte proliferation and Skin Cancer [42]
differentiation
LGRS5 expression Oncogenic transformation BCC [43]
Chromatin release of PS-IkBa Oncogenic transformation Skin Cancer [44]
N: c-Myc, Maspin and Cancer progression NMSC [45]
Integrin- a6 expression: Cyt:
Increases EGFR, MMP-9 and
VEGF-A activity
Phosphorylation of RIPK1 Regulation of cell viability HCC 58]
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Table 1. Cont.

Protein Substrate Effect Cancer Type References
p45-IKK Phosphorylation of SMRT and Tumour maintenance and apoptosis CRC [33]
Histone H3 inhibition CRC [34]
Regulation of anti-apoptotic and Tumour growth and metastasis
pro-metastatic genes
TIKKB Phosphorylation of FOXO3a Increased proliferation Breast Cancer [24]
Phosphorylation of RIPK1 Regulation of cell viability HCC [58]
Repression of MKK4/7-JNK Tumour suppressor HCC [59]
signalling cascade
IxkBa Binding to HDACs and PRC2 Regulation of HOX and IRX: SCC [44]
keratinocyte differentiation
TAK1 Suppression of specific NEMO Suppression of procarcinogenic and HCC [60]
function pronecrotic pathway
NEMO NFkB activation Tumour suppressor HCC [61]
[62]
Inhibition RIPK1 and Casp8 Suppression of hepatocyte apoptosis HCC [62]
HIF « stabilization Cell survival ccRCC [66]
Phosphorylation of CBP Cell proliferation Lung Cancer [68]

Among other elements of the pathway, IKK« seem to play a principal role in the regulation, both
negatively and positively, of many types of cancer. However, IKKf and NEMO that are essential
components of the canonical IKK complex might also play a role, as it has already been shown in
breast, liver, and renal cancer. The recent identification of chromatin-associated PS-IkBw, and its likely
regulation by IKK«, add a novel layer of complexity and should lead to the re-evaluation of previous
observations and conclusions about the role of IkBx inhibitors in cancer.

In conclusion, a better characterization of these non-canonical functions, how they are
accumulated in the nucleus of cancer cells, and how they are integrated or not in the circuits involving
NF-«B, should provide a clearer picture of the mechanisms controlling human cancer, thus providing
novel elements for therapy assignment.
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Abstract: Stressful conditions occuring during cancer, inflammation or infection activate adaptive
responses that are controlled by the unfolded protein response (UPR) and the nuclear factor of
kappa light polypeptide gene enhancer in B-cells (NF-kB) signaling pathway. These systems can
be triggered by chemical compounds but also by cytokines, toll-like receptor ligands, nucleic acids,
lipids, bacteria and viruses. Despite representing unique signaling cascades, new data indicate that
the UPR and NF-«B pathways converge within the nucleus through ten major transcription factors
(TFs), namely activating transcription factor (ATF)4, ATF3, CCAAT/enhancer-binding protein (CEBP)
homologous protein (CHOP), X-box-binding protein (XBP)1, ATF6« and the five NF-«B subunits.
The combinatorial occupancy of numerous genomic regions (enhancers and promoters) coordinates
the transcriptional activation or repression of hundreds of genes that collectively determine the
balance between metabolic and inflammatory phenotypes and the extent of apoptosis and autophagy
or repair of cell damage and survival. Here, we also discuss results from genetic experiments and
chemical activators of endoplasmic reticulum (ER) stress that suggest a link to the cytosolic inhibitor
of NF-kB (IkB)x degradation pathway. These data show that the UPR affects this major control
point of NF-kB activation through several mechanisms. Taken together, available evidence indicates
that the UPR and NF-«B interact at multiple levels. This crosstalk provides ample opportunities to
fine-tune cellular stress responses and could also be exploited therapeutically in the future.

Keywords: ER stress; cancer; infection; inflammation; unfolded protein response; NF-«B;
IkBa; thapsigargin

1. Introduction

The NF-«B pathways regulate the activities of a family of five transcription factors (RELA (p65),
RELB, ¢-REL, NFKB1 (p105/p50) and NFKB2 (p100/p52)) that play numerous roles in physiological,
but also pathophysiological, conditions [1]. The pivotal role of NF-kB in promoting several of the ten
hallmarks of cancer is well established and has been the subject of excellent reviews [2—4].

NF-«B is an inducible transcription factor that displays low constitutive background activity.
It can be strongly induced by a variety of agents which increase the nuclear concentration of the
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DNA-binding subunits and subsequently, promote the binding to specific cognate kB sites across
the genome. The NF-«B system acts as a general stress sensor that is activated by a multitude of
adverse conditions. These are extracellular activators, such as infection or inflammation, but also
intracellular activators, such as DNA damage or the unfolded protein response (UPR). Here, we discuss
recent progress in the analysis of (reciprocal) interactions between the NF-kB pathways and the UPR,
a pathway that controls the folding capacities of the endoplasmic reticulum (reviewed in [5].

2. The Unfolded Protein Response, ER Stress and Cancer

The ER is a specialized organelle that is responsible for the synthesis, assembly, folding, transport
and degradation of a large number of membrane and secreted proteins [6]. The quality and fidelity
of all of these steps is constantly monitored by the cell. The accumulation of unfolded or misfolded
proteins in the ER lumen rapidly results in ER stress and activates the UPR process. The UPR combines
several systems to slow down ongoing protein synthesis and to increase the folding capacity of the
ER. If this reaction is successful, cellular protein synthesis resumes, and cellular homeostasis will be
restored, facilitating survival of the ER stress condition. If ER stress persists, the UPR pathways will
eventually induce oxidative stress and cell death [6]. Tumor cells have not only acquired the capacity
to suppress death-inducing pathways, to induce angiogenesis and to reprogram their metabolism,
as reviewed elsewhere [7], but also show an increased demand for protein synthesis and folding
capacity. These demands favor an increased supply of nutrients and eventually, shape the tumor
microenvironment, including the activities of invading immune cells. It is therefore not surprising that
akin to NF-kB, ER stress has also been related to cancer, and this has been comprehensively reviewed
recently [8-10]. NF-kB induction by the UPR does not only occur in highly proliferative tumor cells,
but also in other pathophysiological situations, such as infection by viruses, as demonstrated for the
hepatitis C virus or for human coronavirus 229E [11,12]. As discussed below, both the ER/UPR and
NF-«kB pathways operate through gene-regulatory mechanisms, ultimately inducing and fine-tuning
the mRNA and protein expression of specific sets of genes. However, our knowledge on the interactions
of the two systems and the levels and specificities of this type of crosstalk for certain types of cancer,
for inflammatory and immune reactions or for infections is far from complete and represents an
emerging area of investigation [13-17].

3. The ER Stress Sensors

ER stress is recognized by three sensors that are inserted into the ER membrane: protein
kinase R (PKR)-like ER kinase (PERK), inositol-requiring protein 1« (IRElx) and ATF6¢ (also called
cyclic AMP-dependent transcription factor 6«). PERK and IRElx share similar lumenal parts
and possess cytosolic ser/thr kinase domains [18]. In non-stressed cells, the major ER chaperone
binding-immunoglobulin protein (BIP), also called 78 kDa glucose-regulated protein (GPR78), binds to
the ER-oriented parts of PERK and IRE1c and keeps them in a monomeric inactive state. Increased
binding of BIP/GRP78 to misfolded proteins relieves both PERK and IRE1« and facilitates activation
by dimerization (or oligomerization) followed by trans(auto)phosphorylation [19,20]. Active PERK
then phosphorylates the eukaryotic translation initiation factor 2 (eIF2) subunit « to shut down
translation but also activates the ATF4-dependent transcription program (see below). Phosphorylated
IREl«x activates its own RNAase domain to catalyze the excision of 26 nucleotides of XBP1 mRNA,
thereby generating spliced XBP1 mRNA. This transcript is translated into the active XBP1 protein,
a multifunctional transcriptional regulator. ATF6c is a transcription factor that is processed into
its mature form (ATF6f) by Golgi-associated proteases upon relief from BIP/GRP78 interactions.
The released cytoplasmic part contains the basic-region leucine zipper (bZIP) transactivation domain.
The three branches of the UPR often act in concert but can also be activated sequentially and with
different strengths, allowing a multitude of outcomes spanning from the compensation of ER stress
and the restoration of proteostasis to cell death as the ultimate effect [5]. As the mechanistic evidence
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for a connection of ATF6cc/ ATF6f and XBP1s to NF-kB is scarce, in this review, we concentrate on the
crosstalk of PERK and IRE1« with the NF-«B system.

4. Regulation of eIF2-Dependent Translation Initiation by Phosphorylation

During de novo protein synthesis, a central event in translation initiation involves the assembly
of a ternary complex composed of the multi subunit elF2 complex loaded with both GTP and
the initiator Met-tRNA with the ribosome at the start codon [21,22]. During translation initiation,
elF2-GTP is hydrolyzed, releasing eIF2-GDP from the ribosome. The recycling of eIF2-GDP to the
GTP-bound form requires the guanine nucleotide exchange factor, e[F2f3. Phosphorylation of the
elF2 subunit, elF2a, by elF2a kinases at ser51 converts the elF2 initiation factor from a substrate to
an inhibitor of eIF2[3. The resulting drop in eIF2-GTP levels then suppresses general translation [21].
Phosphorylation of elF2« is mediated by one of the four kinases: (i) heme-regulated inhibitor kinase
(HRI, encoded by the gene EIF2AK1), (ii) RNA-activated protein kinase (PKR, encoded by the gene
EIF2AK?2), (iii) PERK (encoded by the gene EIF2AK3) and (iv) general control non-derepressible-2
(GCN2, encoded by the gene EIF2AK4). Phosphorylation of elF2 is reversed by inducible growth
arrest and DNA damage-inducible protein GADD34 (encoded by PPP1R15a) that targets protein
phosphatase 1 (PP1) to dephosphorylate and inactivate elF2c.. PP1 activity is also under control of
the constitutive repressor of elF2oc phosphorylation, CReP (encoded by PPP1R15b) [23-26]. The four
elF2« kinases are typically activated by infection (double stranded RNA, PKR), amino acid starvation
(GCN2), heme-depletion (HRI) or by unfolded proteins in the ER (PERK). Despite their stimulus and
cell type selectivity, they cooperate to mediate the phosphorylation of el[F2«x, and mouse embryonic
fibroblasts (Mefs) lacking PERK/GCN2/PKR have strongest reduction in phospho-elF2« [27]. Notably,
the eIF2 phosphorylation/dephosphorylation cycle is often disrupted in cancer to further promote or
suppress translation, as comprehensively reviewed in [28].

5. Small Molecule Effectors as Prevailing Tools to Model ER Stress

A considerable number of reports addressing the mechanisms of ER stress have used
chemical compounds to induce the UPR, in particular tunicamycin, thapsigargin, dithiotreitol
(DTT), proteasome inhibitors and brefeldin A [6]. Tunicamycin inhibits ER-associated glycoprotein
synthesis [29,30], while thapsigargin, a sesquiterpene lactone isolated from the plant, Thapsia garganica
L., has long been known to potently inhibit the sarco-endoplasmic reticulum Ca?*-ATPase (SERCA) [31].
Thereby, thapsigargin depletes Ca?* from the ER and is highly cytotoxic [32]. This has led to the testing
of thapsigargin as an anti-cancer agent [31]. Another UPR-inducing compound is DTT, a reducing
agent that disrupts disulfide bonds and thus, results in the accumulation of unfolded proteins [33].
In this review, we will specifically refer to mechanistic conclusions derived from such approaches
using chemical effectors that allow exact and reproducible control of the experimental conditions,
as opposed to alternative, more physiological settings

6. Evidence for Activation of the Canonical NF-«B Pathway through Phosphorylation of elF2x

In 1995, using electrophoretic mobility shift assays (EMSA) which assess the in vitro DNA-binding
activity of NF-«B proteins in nuclear extracts, Pahl and Baeuerle discovered that thapsigargin
activates p65/p50 NF-«B subunits [34,35]. In 2003, Jiang et al. reported that this effect was
abolished in Mefs lacking PERK or expressing an elF2« S51A mutant [36]. The same effect was
seen in thapsigargin-treated Mefs subjected to leucine starvation or exposed to UV light. In this
case, NF-kB activation was reduced in cells lacking GCN2, the elF2« kinase that functions as
a sensor for amino acid starvation [36,37]. PERK was also shown to be required for activation
of a luciferase reporter gene driven by NF-kB binding sites, demonstrating that this pathway
increases NF-kB-dependent transcriptional activity in intact cells [36]. These authors did not observe
inducible phosphorylation of IkBx or its degradation in response to thapsigargin. Rather, they
found evidence that thapsigargin favors the release of p65/p50 from cytosolic IkBx complexes, an
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effect that was absent in Mefs expressing the elF2oc S51A mutant. The phospho-elF2a-dependent
regulation of p65 by thapsigargin was confirmed by Deng and coworkers [38]. This group also
designed experiments to investigate the role of eI[F2« phosphorylation independent from stress signals.
For this, they constructed a protein consisting of the cytoplasmic PERK kinase domain fused to a
protein module that allowed conditional tethering (or oligomerization) of the PERK domains by
a bivalent cell permeable compound. Indeed, the addition of the cross linker to stable cell lines
induced phosphorylation of elF2x, and nuclear translocation of p65 and induction of its transcriptional
activity [38]. However, in marked contrast to Jiang et al., this was paralleled by partial degradation of
IkBe. The authors concluded that the PERK—phospho-elF2«x pathway inhibits the synthesis of IkBx but
does not affect the pre-existing protein, as revealed by pulse chase experiments that monitored de novo
protein synthesis [38]. Thus, while both studies showed that the ER stress pathway activates NF-«B,
they disagreed on the underlying cytosolic activation mechanism. In both of these studies, no evidence
for the phosphorylation of IkBx or for activation of IkB kinases (IKKs) was found. Additionally,
UV treatment reduces cellular IkBa protein levels, an effect that is absent in eIF2oc S51A Mefs and
thus, critically requires elF2a phosphorylation [39]. UV treatment globally shuts down translation
through the PERK-elF2« pathway suggesting that this is the key mechanism for IkBa decay [40].
However, UV treatment was later shown to also induce degradation of IkBa through C-terminal
phosphorylation of the PEST domain by casein kinase II (CK2) providing an alternative explanation
for IkBx depletion [41]. To date, the paradigm of ER stress-mediated suppression of constitutive IkBa
protein synthesis is still suggested to be the prevailing mechanism of ER-NF-«kB crosstalk and this
view has been emphasized in several reviews [13-15,42,43].

7. Regulation of IkBx Half-Life: The Major Control Point Affected by ER Stress?

The regulation of IkB protein levels is key to NF-kB activation, as also shown by the early
observation that the inhibition of protein synthesis by cycloheximide (CHX) is sufficient for NF-xB
activation [44]. This raises the question of what is known about the half-life of IkBx in diverse
conditions and whether these observations match the conclusion that ER stress mainly activates NF-«B
indirectly by suppressing constitutive IkBo steady state levels. Amongst others, the IkBx protein (and
its related family members, IkBf3 and IkBe) can be regarded as one of the most powerful and universal
negative regulators of NF-«B [45]. A plethora of infectious and inflammatory conditions, including
cytokines such as interleukin(IL)-1 or tumor necrosis factor(TNF)« trigger the active and rapid
destruction of IkBa by the well-characterized phosphorylation-dependent proteasomal degradation
pathway [46,47]. This allows NF-«B subunits to translocate to the nucleus and to induce transcription
of numerous target genes, including the NFKBIA gene that encodes IkBx [48]. The newly synthesized
IxkBa sequesters NF-kB from promoters and enhancers, retaining it in the cytoplasm [49]. This major
negative feedback loop shuts down NF-«B transcriptional activation in multiple cell types [45,50,51].
However, with respect to the regulation of basal IkBa protein levels, several studies have reported
different half-lives in a number of cell types and suggested different ways in which this might be
regulated [52-55]. Mathes et al. provided one of the most comprehensive studies on the regulation
of basal IkBa levels. By studying genetically modified Mefs, they concluded that cells essentially
contain two pools of IkB«x, a small fraction of free IkBx (around 15% of total) and IkBx bound to
NF-«B. The level of free IkBa is severely reduced in cells lacking the p105, c-REL and p65 (RELA)
subunits, showing that the NF-«B subunits are required for protein stabilization of IkBx. They may
also be required for basal transcription of the NFKBIA gene, an issue not addressed in this study.
The half-life of free IkBx ranges from 10 min to 20 min, whereas that of the NF-kB-bound IkBx
is more stable, ranging from 8 h to 10 h. Free IkB«x is degraded by the proteasome through IKK-
and ubiquitination-independent events involving the C-terminal PEST domain [56]. Mathes and
coworkers also showed that the free IkBx degradation pathway allows for fast and maximal activation
of NF-kB, as cells expressing a degradation-resistant C-terminal IkBax mutant (AC288) have a delayed
and dampened TNF«x-inducible NF-kB activation profile [56]. It follows that our understanding of the
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true role of the PERK-elF2« pathway in the regulation of the IkBa—NF-«kB complex is still hampered
by a lack of data concerning a detailed analysis of the effects of ER stress on IkBx protein stability
and the stoichiometry of free versus bound IkB«x in physiological and pathophysiological situations,
independent from highly toxic chemicals, such as thapsigargin.

8. Additional Levels of Cytosolic NF-«B Regulation by ER Stress

Emerging evidence has shown that ER stress also modulates (or requires) critical upstream
regulators of the NF-kB pathway. Thapsigargin or tunicamycin can also induce NF-«B through the
catalytic activity of the IRE1«x kinase. In this case, IRE forms a complex with IkB kinase (IKK){ and
tumor necrosis factor receptor (TNFR)-associated factor (TRAF)2. In this model, thapsigargin-induced
cell death involves the strongly increased synthesis and secretion of TNF« which is blocked in
cells expressing a non-degradable IkBax mutant or in cells lacking IRElx [57,58]. TRAF2 is an
ubiquitous adaptor protein of TNFx and toll-like receptor (TLR) pathways [59]. Another TLR adaptor
protein called toll-interleukin-1 receptor domain-containing adapter protein inducing interferon
 TRIF or TIR domain-containing adapter molecule 1 (TCAM-1) is essential for activation of the
lipopolysaccharide (LPS) target gene, IL-1f3. Pretreatment of macrophages with thapsigargin or
tunicamycin strongly increases LPS-triggered synthesis, processing and release of mature IL-1§3 in a
TRIF-dependent manner [60]. However, when macrophages are pretreated with low doses of LPS,
TRIF specifically mediates the suppression of tunicamycin-induced CHOP and ATF4 expression [61,62].
These data reveal that complex positive or negative crosstalk loops between the UPR and NF-«B also
operate through secreted cytokines (TNFe, IL-13) or TLR agonists (LPS) that are all well known
for strongly activating the canonical NF-«B pathway [63]. The IREl1x-dependent mechanism seems
to cooperate with the PERK pathway for regulating NF-«B. DTT- or thapsigargin-induced NF-xB
activity (as determined by EMSA) does not depend on IKK«, but rather on IKKf3, as revealed by
the analysis of Mefs lacking IKKf or IKKa /{3 or re-expressing a kinase-inactive mutant of IKKf.
Thapsigargin-mediated IkBa decay is abrogated in cells reconstituted with an IkBx super repressor
mutant (SS32/36AA), suggesting that IkBa decay depends on IkBa phosphorylation. Puzzling though,
neither IkBa phosphorylation, nor IKK activity, were directly triggered by thapsigargin or DTT
through PERK. Rather, NF-kB activity and IkBx degradation were reduced in IRE1x-deficient cells.
The half-life of IkBx is around 5 h in wild type cells but IkBa is very stable in IRE1e -/- cells. Both,
reduced basal phosphorylation of IkBx and diminished NF-«B activity in IRE1-deficient cells were
restored by IRE1«, but also by IKKf (but not IKK«x) [64]. These results suggest that basal IKK activity,
maintained by IRE1q, is critical for the activation of NF-kB when PERK-induced translation inhibition
(by thapsigargin) occurs. Tam et al. also showed that the extent of DTT- or thapsigargin-induced
activation of NF-kB correlates with the amount of IRE1 re-expressed in IRE1x-deficient cells. NF-«B
activity inversely correlates with CHX-mediated translational inhibition, showing a proportional
correlation with the level of NF-«kB activation. Based on these genetic experiments, IRE1x-dependent
regulation of basal IKK activity is necessary for effective activation of NF-«xB by PERK [64]. Such a
link may also operate in disease, as demonstrated in a model of dextran sulfate-induced colitis in
mice, where IKK« suppressed ER stress through the TNFR and nucleotide-binding oligomerization
domain-containing protein (NOD)1/2 receptor-mediated pathways. Mice expressing a non-activatable
IKKa mutant show increased IRElx-dependent ER stress [65]. Thus, these data show that upon
chemical ER stress, the PERK and IRE1o branches of the UPR may, in fact, work in concert to modulate
the NF-kB pathway. However, it remains an open question how exactly IRElx regulates basal or
inducible IKK activity and vice versa. In conclusion, multiple lines of evidence suggest that strong
activation of the canonical NF-kB pathway (by IL-1, TNF«, LPS) is accompanied by (moderate)
activation of the IRE1ac and PERK branches of the UPR. The various levels of interplay between NF-«B
and the UPR are schematically displayed in Figure 1.
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Figure 1. Integration of unfolded protein response (UPR) and NF-«B signaling. (A) In the absence of
signals, most cells have no or very low basal activity of the UPR and of the canonical NF-«B pathway.
The protein kinases IRElx and PERK are kept inactive by binding to the chaperone BIP/GRP78
within the endoplasmic reticulum (ER) lumen. Most of the IkBa inhibitor is bound to NF-kB subunits
retaining them in the cytoplasm. (B) Different classes of chemical stressors (tunicamcyin, thapsigargin or
dithiotreitol (DTT)) increase the unfolded protein load in the ER causing massive auto-phosphorylation
and activation of both IRElec and PERK. IRE1« binds to the adapter protein TRAF2 and (indirectly)
to the protein kinase IKK(. PERK phosphorylates the eukaryotic translation initiation factor elF2«
causing translational shut-off for multiple proteins including the free unbound IkBx. Destruction of
free IkBox also requires phosphorylation by IRE1x-associated IKKf3. (C) During infection, inflammation
or cancer, strong activation of NF-«B by cytokines or toll-like receptor (TLR) agonists occurs in parallel
to ER stress. In this case, the formation of specific signaling complexes at PERK and IREl«x sensors
by still putative “UPRosomes” is suggested to restrict maximal ER stress, thereby contributing to
context-specific gene activation or repression.

306



Biomedicines 2018, 6, 58

9. Cross-Interference of ER Stress and NF-«B at the Level of Transcription Factors and
Gene Regulation

Arguably the most striking but least discussed aspect of ER stress interactions with the NF-«B
system involves the chromatin response within the nucleus. Early studies showed that thapsigargin
strongly induces the protein levels of the transcription factors ATF3 and ATF4 and CHOP (also
called growth arrest and DNA damage-inducible protein (GADD)153 or DNA damage-inducible
transcript 3 protein (DDIT3)). Besides transcriptional induction, this occurs by a unique mechanism
that allows preferential translation from downstream open reading frames (ORFs) of ATF4 or CHOP
(and also GADD34) [66-68]. ATF3 seems to be mainly regulated by transcriptional mechanisms
involving ATF4, CHOP and Jun family members [69,70]. ATFs belong to the bZIP family of TFs,
while CHOP is a member of the C/EBP family of TFs. Thapsigargin strongly induces the expression of
all three of them [27]. This effect is absent in PERK-deficient cells, while during amino acid starvation,
GCN2 is employed for their expression. Importantly, cells lacking ATF4 do not express ATF3 or
CHOP, whereas cells lacking ATF3 normally induce ATF4 and CHOP. ATF4 and ATF3 are also required
for the regulation of GADD34, thus forming a negative feedback loop for elF2x phosphorylation.
These landmark studies defined the PERK/GCN2-ATF4-ATF3-CHOP pathway and clearly established
a hierarchy of the three TFs within this signaling cascade [27,71]. Upon amino acid starvation, ATF3 and
ATF4 bind to the amino acid response elements (AARE) of the ATF3 promoter and numerous metabolic
genes, such asparagine synthetase (ASNS), sodium-coupled neutral amino acid transporter-2 (SNAT2),
and the y-glutamyl cyclotransferase (CHAC1) but also to the vascular endothelial growth factor
(VEGF) promoter [72-75]. Interestingly, some of the genes regulated by nutritional stress are well
known inflammatory NF-kB target genes, such as IL8 and CXCL2 [74,76-78]. Thus ATF4 and ATE3,
together with the NF-«B subunits, form a transcription factor network that coordinates metabolic gene
expression programs during nutritional and ER stress [79]. As nutritional and metabolic changes are
major hallmarks of cancer, these observations form a natural link between ER stress, the UPR and the
NF-kB system in malignant disease that warrants further investigation.

Less is known about the regulation of ER stress target genes by NF-«kB subunits. In one report,
the thapsigargin-inducible expression of CHOP and ATF4 was unchanged in cells lacking p65 [36].
Expression of BIP/GRP78 upon thapsigargin treatment is normal in PERK-deficient cells suggesting
that this crucial ER chaperone is regulated independently from ATF3, ATF4 or CHOP [27]. Interestingly,
another observation from the study of Tam and coworkers is that thapsigargin-induced expression of
BIP/GRP78 is reduced in p65-deficient Mefs, and p65 binds to the BIP/GRP78 promoter, suggesting a
new direct link from NF-«kB subunits to ER stress target genes [64].

The connection of ATF3/ATF4/CHOP to the NF-kB system also became apparent with the advent
of bioinformatics approaches and genome-wide assays correlating DNA-binding profiles (obtained by
chromatin immunoprecipitation sequencing (ChIP-seq)) with mRNA expression. In macrophages, a
combination of microarray analyses and motif searches resulted in the identification of ATF3 as an
early LPS-induced gene that bound in the proximity of p50 (REL) NF-«B sites. ChIP-qPCR confirmed
the binding of NF-«B and ATF3 to the IL6 and IL12b (IL12p40) promoters [80]. ATEF3 is required
for the recruitment of HDAC1 and negative regulation of eleven LPS-target genes [80]. This was
confirmed by a systems biology approach showing that ATE3 attenuated LPS-induced IL6 as part of a
regulatory circuit that involves sequential activation and cooperative activity of NF-«B and C/EBP5.
Depletion of ATE3 or C/EBPS or pharmacological inhibition of NF-«B by the IKK inhibitor SC-514
disrupted the kinetics and amplitude of LPS-induced IL6 expression [81]. ATF3 was also identified as
a high-density lipoprotein-inducible repressor of TLR-induced proinflammatory cytokines. This first
ATF3 ChIP-seq study confirmed the inducible binding of ATF3 to the promoters of the IL6, IL12p40 and
TNFA genes [82]. ATF3 is also a type I interferon-inducible negative regulator of multiple interferon
response genes (ISGs) and binds to the IFNS promoter [83]. These studies assigned a broad and largely
negative regulatory role to ATF3 in regulating the NF-kB response and provided links to immunity
and cancer (also reviewed in [84].
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Han et al. systematically identified the target genes of ATF4 and CHOP in response to
tunicamyin by a combination of ChIP-seq and RNA-seq approaches using ATF4 or CHOP-deficient
Mefs. They showed that ATF4 and CHOP co-occupy many genomic regions and identified around
3000 binding sites within the genome. This analysis also revealed several hundred common,
but also unique, target genes of both factors. Upregulated gene sets were clearly enriched for
ER stress target genes involved in protein folding, amino acid synthesis and protein transport,
while downregulated genes were involved in proliferation, wound healing, anti-apoptosis, and steroid
and lipid synthesis [85]. We interrogated this data set for factors that may represent the crosstalk of ER
stress with (NF-kB-dependent) immunoregulatory genes. Indeed, as illustrated by the selection shown
in Figure 2, tunicamycin also regulates multiple genes with annotated functions in immune responses
such as various cytokines and their receptors (e.g., 11234, Il1a, 116, Ifnar1, 1l117ra, 1l6ra), chemokines (Ccl2,
Ccl9), adhesion molecules (Icam1) and prostaglandin synthetases (Ptgs2, Cox-2). In many cases these
are suppressed in an ATF4- or CHOP-dependent manner, while [1234 is induced as previously reported
(Figure 2), [86,87].

The significant overlap in target genes of NF-kB and the UPR transcription factors, ATF4- and
CHOP, was also seen by the comparative analysis of gene expression sets visualized in Figure 3.
These data show ATF4- and CHOP-dependent regulation of 58 genes that have a documented role
in regulation of the NF-«B signaling pathway, including three IkBs, (IkBe, IkBe, IkBz). Data sets of
this kind, therefore, not only highlight how closely ER stress and the NF-«B response are intertwined,
they also provide a rich resource for further analyses of the exact mechanisms of crosstalk between
these two systems. In physiological settings, this crosstalk between ER stress transcription factors is not
necessarily always negative or repressive. For example, it was recently shown that ATF4 is a positive
regulator for LPS-induced Ccl2 expression in the endothelium and mediates leukocyte infiltration
within the retina, while ATF3 can support breast cancer metastasis [88,89]. CcI2 is a prototypical
NF-«B target gene that also requires additional transcription factors from the c-Jun/Fos family for full
activation [90]. Likewise, all three canonical ER stress TFs, ATF4, ATF3 and CHOP, engage in multiple
further interactions with other TFs that also shape their influence on the NF-«kB response, as reported
in several reviews [91,92]). More generally, the main ER stress TFs are likely always integrated into
large protein—protein interaction (PPI) networks and co-occupy their target genes, as shown recently
by large studies that combined multiple ChIP-seq and mass spectrometry profiling approaches [93,94].
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Figure 2. ATF4- or CHOP-dependent regulation of the UPR and of immune modulators by chemical
ER stress. Published RNA-seq data sets from wild type murine embryonic fibroblasts or cells deficient
in CHOP (CHOP-/-) or ATF4 (ATF4-/-) treated with tunicamycin (Tm) for 10 h or left untreated
were extracted from GEO (GSE35681). Data were filtered for genes regulated by at least two-fold.
The gene list is sorted by fold change compared to untreated wild type cells. Shown is a selection

of prototypical target genes of the UPR and of immune responses. Gray colored boxes indicate the

absence of expression.
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Figure 3. ATF4- or CHOP-dependent modulation of NF-«B regulators by chemical ER stress. The same
data sets described in Figure 2 (GSE35681) were filtered for mRNA expression of 262 genes with a
documented role in the regulation of NF-«kB in diverse systems (as revealed by searching public data
bases). The left column shows their role in regulation of the canonical (core), non-canonical, or atypical
NE-kB pathways and some additional information on their established functions according to (Perkins,
2007). Two hundred and thirty-two of these factors were found to be expressed in all conditions.
The left heatmap summarizes 58 components (25% of all components) that were deregulated by at
least two-fold by tunicamycin (Tm) in wild type cells and the corresponding changes in CHOP- or
ATF4-deficient Mef cells. The right color map categorizes the effects of loss of CHOP or ATF on
basal and Tm-inducible expression of the NF-«kB components based on log, differences of more than
0.5. Gray colored boxes indicate the absence of expression. Abbreviations are as follows: ireceptors,
intracellular receptors; rpr, receptor-proximal component; Tbcell; NF-kB pathway components mainly
characterized in T- or B-lymphocytes.
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10. The Impact of Pharmacological Inhibition of PERK or IRElx on NF-«B Function

As outlined above, much of the mechanistic knowledge on the ER stress-NF-kB relationship
has been derived from genetically altered mouse fibroblasts. Recently, fast acting pharmacological
compounds have become available, facilitating dissection of ER stress pathways in more complex
models. In 2012, a novel, small molecule, ATP-competitive PERK inhibitor (GSK2606414) was reported
to inhibit thapsigargin-induced PERK autophosphorylation in intact cells within the nM range.
This inhibitor is highly selective and only affected 20 out of 294 kinases tested by >85% at 10 uM and
suppressed tumor growth in a mouse xenograft model [95]. An optimized version of this compound
(GSK2656157) was 1000-fold more active on PERK against a panel of 300 kinases, including HRI,
PKR and GCN2 [96,97]. Again, this compound suppressed a range of human xenograft tumors and
inhibited PERK autophosphorylation, e[F2c phosphorylation and the induction of UPR target genes
in cell lines and tumors [96]. However, the inhibitor was also cytotoxic to the exocrine/endocrine
pancreas tissues in non-tumor controls consistent with the results from PERK-deficient mice and loss of
function PERK mutations in humans [98,99]. These and other data suggest tissue-specific functions of
PERK in the development and exocrine function of the pancreas that may also partly operate through
P-elF2« independent effects [100]. The latter is supported by the observation that the PERK inhibitor
caused cell death in human HT1080 tumor cells engineered to express the elF2oc S51A mutant, thus
bypassing the P-elF2x pathway [101]. Like for any protein kinase inhibitor, this may simply be the
result of off-target effects and indeed, there is a single study suggesting that both PERK inhibitors
also inhibit RIPK1 in the TNF« pathway [102]. However, recent studies have reported suppressive
effects of PERK inhibitors on prototypical NF-«B target genes in diverse models. Using transcriptome
analyses, Iwasaki et al. found that saturated fatty acids acting as proinflammatory factors induce
nuclear translocation of ATF4 and p65 in macrophages. As demonstrated by ChIP, both TFs are
co-recruited to the IL6 promoter and activate IL6 transcription. A functional interaction between p65
and ATF4 was found by reduced nuclear translocation and promoter binding of p65 in ATF4-deficient
cells [103]. Iwasaki et al. also showed that the expression of ATF4 was suppressed by the PERK
inhibitor, GSK2656157. These data confirm, in physiological settings, that ATF4 links various metabolic
stresses to the NF-kB chromatin response [103]. In a rat model of intervertebral disc degeneration,
silencing of PERK or ATF4 or application of GSK2606414 also suppressed inducible I/6 expression in
addition to Tnfa [104].

A further inhibitor acting on the PERK-elF2« pathway is salubrinal. This compound suppressed
elF2a dephosphorylation through the GADD34/PP1 and CReP/PP1 complexes [105]. Recently,
salubrinal was shown to inhibit TNFa (but not IL-1)-induced activation of NF-«B and the expression
of Ccl2/Mcp-1. This effect was not abrogated in cells with siRNA-mediated suppression of elF2«,
suggesting that the salubrinal effect occurred through PP1, independent from eIF2c. In support of this,
the same effect was seen with guanabenz, another PP1 inhibitor [106].

Another newly developed inhibitor is based on the finding that oligomerization of the IRE1«
kinase domain controls the catalytic activity of the adjacent endoribonulease domain. Ghosh et al.
developed an optimized small molecule inhibitor called kinase-inhibiting RNase-attenuator (KIRA)6.
KIRAs disrupt IRElx oligomerization thereby suppressing the RNase activities of IRE1x [107]. IRE1x
is often mutated in cancer and it will be interesting to learn if KIRA compounds also modulate NF-«B
activities in malignant diseases [9,107]. Consistent with the observations cited above, Keestra et al.
found that thapsigargin induces IL6 mRNA and protein levels through NOD1/NOD2 receptors—two
cytosolic sensors of bacterial peptidoglycans. Interestingly, IL-6 secretion was suppressed by KIRA6 but
not by GSK2656157 [108]. Together, these pharmacological approaches provide independent support
for a link between ER stress and NF-«B, although the underlying mechanisms and the specificity of
the effects require further investigation.
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11. Concluding Remarks and Open Questions

In this review we have summarized studies that connect the ER stress-mediated activation
of the UPR to activation of the NF-«B pathway. So far, the evidence has been mainly derived
from genetic experiments and chemical activators of ER stress, with a focus on cytosolic signaling
pathways. However, as schematically depicted in Figure 4 these two pathways can also be viewed as
a combinatorial system of ten transcription factors that cooperate to shape gene activation patterns
and protein folding capacities. In the future, it will be important to test the concept of specific
signaling complexes assembling at IRE1x and PERK during infection, inflammation and in malignant
processes. The idea of such “UPRosomes” is attractive as it provides ample opportunity to adapt the
extent and kinetics of UPR activation to the activity of other signaling pathways, such as NF-«B [5].
Another important area of research will be the systematic investigation of combined UPR and NF-«B
activation on transcriptional programs and chromatin structure in disease.

cancer, inflammation, infection

Cytokines
ER stresy TLR-ligands

activation of UPR activation of NF-kB

transcription factors subunits

ATF4 RELA {p85)

ATF3 @@ ” NFKB1 (p105/p50})
CHOP NFKB2 (p100/p52})
XBP1s RELB
ATF6af c-REL

Integrated chromatin response

damage i repair
apoptosis, autophagy survival

metabolic changes inflammation

Figure 4. Integration of UPR and NF-«B signaling at chromatin. Despite representing unique signaling
cascades, new data indicate that UPR and NF-«B pathways converge within the nucleus through ten
major transcription factors. The combinatorial occupancy of numerous genomic regions (enhancers
and promoters) coordinates the transcriptional activation or repression of hundreds of genes that
collectively determine the balance between metabolic and inflammatory phenotypes and the extent of
apoptosis and autophagy or repair of cell damage and survival.
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Abstract: Every year, gastric cancer causes around 819,000 deaths worldwide. The incidence
of gastric cancer in the western world is slowly declining, but the prognosis is unpromising.
In Germany, the 5-year-survival rate is around 32%, and the average life span after diagnosis is
6 to 9 months. Therapy of gastric cancer patients comprises a gastrectomy and perioperative or
adjuvant chemotherapy. However, resistance of gastric cancer cells to these agents is widespread;
thus, improved chemotherapeutic approaches are required. Nuclear factor kappa B (NF-«B)
transcription factors are associated with anti-apoptosis, carcinogenesis, and chemoresistance, and
thus, constitute attractive targets for therapeutic intervention. In immunoblots, we show that
ubiquitin specific protease 47 (USP47) promotes [3-transducin repeat-containing protein (3TrCP)
stability and phosphorylation of RelA. Furthermore, after knockdown of USP47 by RNA interference,
we analyzed in gastric cancer cell lines metabolic activity/viability in an MTT assay, and apoptotic
cell death by Annexin V staining and poly(ADP-Ribose) polymerase (PARP)-1, caspase 3, and caspase
8 cleavage, respectively. We found that USP47 contributes to cell viability and chemoresistance
in NCI-N87 gastric carcinoma cells treated with etoposide and camptothecin. Inhibition of USP47
might be a suitable strategy to downregulate NF-«B activity, and to overcome chemoresistance in
gastric cancer.

Keywords: deubiquitinylases; NF-«B signaling; apoptotic cell death; gastric carcinoma; therapeutic
targets; chemoresistance; ubiquitin-specific proteases

1. Introduction

With 1.3 million incident cases and 819,000 deaths recorded globally, gastric cancer was
the fifth most common malignancy, and the third leading cause of cancer deaths in 2015 [1].
Surgical gastrectomy remains the only curative therapy. However, relapse occurs in 40-60% of
cases [2]. Diagnosis of gastric cancers often occurs when tumors are inoperable and patients have
median survival times of three to five months. First-line or adjuvant chemotherapy (or chemoradiation)
extends patient survival times by 6-7 months [3]. The high number of deaths from gastric cancer,
low cure rates, and tumor relapse after gastrectomy therefore demand the development of better
chemotherapeutic agents to improve patient survival. In particular, overcoming chemoresistance in
tumor cells that otherwise could result in relapse or metastasis poses a major challenge [4,5].

Nuclear factor kappa B (NF-«B) constitutes a family of transcription factors (RelA, RelB, c-Rel,
p105/p50 and p100/52) that regulate many target genes involved in inflammation, immunity,
cell proliferation, or cell survival. Without stimulation, NF-kB molecules are sequestered to the
cytoplasm by inhibitors of kappa B (IkB) molecules. Stimulation of the canonical NF-kB pathway
results in the activation of the IkB kinase (IKK) complex, which in turn phosphorylates IkBa,
promoting its ubiquitinylation and subsequent degradation. After release from IkBe, NF-«B factors
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translocate to the nucleus stimulating transcription of their target genes. Transcriptional activity of
NF-«B is further regulated by posttranslational modifications like phosphorylation, ubiquitinylation,
or acetylation [6]. Importantly, dysregulation of NF-«B signaling promotes carcinogenesis [5,7,8] and
chemoresistance [9-11].

As novel therapeutic targets, deubiquitinylases are receiving increased attention, due to
their association with cancer and neurodegenerative diseases [12,13]. Deubiquitinylases (DUBs)
as antagonists to E3 ubiquitin ligases are an integral part of the ubiquitin-proteasome-system.
E3s conjugate ubiquitin moieties to substrate proteins, and thus, regulate their stability,
protein interactions, or subcellular localization. In contrast, to the more than 600 E3 ligases [14]
in humans with distinct substrate specificities, less than 100 DUBs reverse the conjugation and cleave
ubiquitin moieties from substrate proteins. In particular, within the NF-«B pathway, E3s and DUBs
regulate IKK complex activation, IkBx degradation, or NF-kB activity [15-17]. Because the
NF-kB pathway constitutes an attractive target for therapeutic intervention in gastric cancer [5,18],
we performed an siRNA screen aiming to identify potential DUB targets that are essential for NF-kB
activity. As one such target, we identified the ubiquitin specific protease 47 (USP47), that was previously
shown to be essential for the proliferation of gastric carcinomas [19]. Furthermore, depletion of
USP47 sensitized osteosarcoma and breast cancer cell lines towards drug and UV radiation-induced
apoptosis [20].

In this study, we addressed the molecular details of NF-«B regulation using USP47, and examined
the viability of USP47 as a promising target for drug intervention to enhance the action of current drugs,
and to overcome chemoresistance in gastric cancer cells. Our results show that depletion of USP47
in AGS gastric cancer cells results in decreased protein levels of phospho-RelA and 3-transducin
repeat-containing protein (3TrCP). Even though USP47 depletion failed to increase apoptotic cell
death in AGS cells treated with camptothecin (CPT) and etoposide (Eto), it overcame chemoresistance
in NCI-N87 gastric carcinoma cells. Therefore, targeting of USP47 represents a suitable strategy to
overcome drug resistance in gastric carcinomas.

2. Experimental Section

2.1. Cell Culture and siRNA Transfection

Gastric carcinoma cell lines AGS and NCI-N87 (ATCC, LGC Standards GmbH, Wesel, Germany)
were cultured in an RPMI 1640 medium, supplemented with 10% fetal calf serum (FCS) and
100 U/mL penicillin/streptomycin, and then incubated at 37 °C in a 5% CO, humidified
incubator. AGS and NCI-N87 cells were seeded at a density of 1.2 or 1.5 x 10°, respectively,
per 100 mm culture dish (CellStar, Greiner Bio-one GmbH, Frickenhausen, Germany). For transient
knockdown of USP47, cells at 30% confluency were transferred into serum-free OptiMEM medium
(Thermo Fisher Scientific, Waltham, MA, USA), and transfected with 50 nM siRNA that had been mixed
with 10 uL/10 cm culture dish SiLentFect Lipid Reagent (Bio-Rad, Hercules, CA, USA). USP47 siRNA
5'-CUAUAACUGUUCGUGCUUA-3' was obtained from Eurofins Genomics, Ebersberg, Germany,
and AllStars negative control siRNA from Qiagen, Hilden, Germany. Six hours after transfection, a fresh
RPMI 1640 medium with 10% FCS was added, and incubation continued for 42 h. Sixteen hours prior
to TNF treatment, cells were serum starved with an RPMI 1640 medium supplemented with 0.2% FCS;
10 ng/mL TNF (in PBS) (PeproTech, Hamburg, Germany) was used, as described previously [17].
Camptothecin or etoposide (all Sigma-Aldrich, St. Louis, MO, USA) were used at concentrations of
1 uM (in DMSO) or 10 uM (in DMSO), respectively.

2.2. Subcellular Fractionation

Cells were washed twice with PBS and scraped into chilled 1 mL PBS. After removing the PBS
by centrifugation (2 min, 1000x g), the cell pellet was suspended in 400 pL chilled buffer A (20 mM
Tris pH 7.9, 10 mM NaCl, 1.5 mM MgCl,, 10% glycerol, 1 mM DTT, 0.5 mM AEBSE, 1 mM Na3zVOy,
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1 mM Nap;MOy, 10 mM NaF, 10 mM K,;HPOy, 20 mM 2-Phosphoglycerate, 7.5 mM N-Ethylmaleimid
(NEM), 5 mM ortho-phenanthroline (OPT), 1x cOmplete EDTA-free protease inhibitor cocktail
(Roche Diagnostics, Mannheim, Germany)), and incubated for 10 min on ice. Subsequently,
4 pL NP40 was added to lyse the cells. After 5 min incubation on ice, nuclei were separated
from cytosolic supernatants by centrifugation (10 min, 2000x g). Cytosolic supernatants were
clarified by centrifugation (10 min, 13,000 g), and nuclear pellets washed with 100 pL buffer A.
Nuclear pellets were suspended in 50 pL buffer C (20 mM Tris pH 7.9, 420 mM NaCl, 1.5 mM
MgCl,, 10% glycerol, 0.2 mM EDTA, 0.5 mM DTT, 0.5 mM AEBSF, 1 mM NazVOy, 1 mM Nap,MOy,
10 mM NaF, 10 mM K,HPOy, 20 mM 2-Phosphoglycerate, 7.5 mM NEM, 5 mM OPT, 1x cOmplete
EDTA-free protease inhibitor cocktail), and incubated for 30 min on ice, with occasional vortexing.
Soluble nuclear proteins (N1) were obtained after centrifugation (10 min, 13,000 g). The BCA assay
(Thermo Fisher Scientific) was used to determine protein concentration.

2.3. SDS-PAGE and Immunoblotting

Proteins were separated by SDS-PAGE in Tris-Glycine buffer gels and transferred onto PVDF
membranes (Merck, Darmstadt, Germany), followed by 1 h blocking at room temperature using 5%
skim milk in TBS containing 0.1% Tween (TBS-T). The PVDF membranes were incubated overnight at
4 °C, with the primary antibodies in either 5% BSA or 5% skim milk/TBS-T. The membranes were
washed thrice with TBS-T, and incubated with the appropriate HRP-conjugated secondary antibody
diluted 1:5000 in 5% skim milk/TBS-T for 1 h at room temperature. All antibodies used in this
study are listed in the Supplementary Materials Table S1. After washing the membranes thrice with
TBS-T, the blots were developed using a chemiluminescent substrate (Merck), and protein bands were
visualized using the ChemoCam Imager (Intas, Géttingen, Germany).

2.4. Apoptosis Detection

Forty-eight hours after transfection, cells were treated for 24 h with either camptothecin
or etoposide. Control cells were treated with equal volumes of DMSO. Externalization of
phosphatidylserine was determined 24 h after treatment using the Annexin V-FITC kit (Biotool,
Houston, TX, USA). Cells were labeled with Annexin V-FITC according to instructions, and, apoptotic
cells (Annexin V-FITC positive) were counted by flow cytometry (CyFlow space, Partec,
Gorlitz, Germany). Whole cell extracts for immunoblotting were prepared by suspending the cells in
100 pL RIPA buffer (50 mM Tris, pH 7.5, 150 mM NaCl, 10 mM K,;HPOy4, 5 mM EDTA, 10% glycerol,
1% Triton X100, 0.05% SDS, 1 mM AEBSEF, 20 mM 2-phosphoglycerate, 20 mM NaF, 1 mM 3VOy,
1 mM NapyMoOy, 1x cOmplete EDTA-free protease inhibitor cocktail), followed by 10 min incubation
on ice, and subsequent clarification of the extract (10 min, 13,000 g).

2.5. Cell Viability Assay

Cells were seeded in 96-well plates with 50,000 cells per well, and transfected as described above.
Twenty-four hours after camptothecin or etoposide, treatment viability was assessed using the MTT
Cell Viability Assay Kit (Abnova, Taipei, Taiwan). Assays were performed according to instructions,
and absorption was measured at 570 nm on a Spectramax M5 plate reader (Molecular Devices GmbH,
Biberach an der Riss, Germany). The average absorption value for the control cells was set to
100% viability.

2.6. Statistics

All quantitative data were presented as mean £ S.D (standard deviation). Statistical analysis
was performed using Student’s t-test (Excel, Microsoft Office Plus 2010). p < 0.05 was regarded
as significant.
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3. Results

3.1. Depletion of USP47 Decreased Phospho-RelA and BTrCP Protein Levels

Based on the observation that USP47 promotes the proliferation of gastric carcinomas [19],
we performed a USP47 knockdown in AGS gastric carcinoma cells. Stimulation with tumor necrosis
factor (TNF) for up to 20 min in USP47 knockdown cells resulted in decreased Ser536-phosphorylated
RelA protein levels in the cytosol, and to a minor extent, also in the nucleus (Figure 1A). In contrast,
IkBoc degradation appeared unaffected, even though a minor decrease in IkBx phosphorylation was
noticed after USP47 knockdown (Figure 1A). Analysis of regulatory NF-«B pathway components revealed
that USP47 depletion constitutively decreased BTrCP levels (Figure 1A). BTrCP is the substrate adaptor of
the E3 ligase complex that facilitates IkBx ubiquitinylation after phosphorylation. Inhibition of protein
translation through cycloheximide (CHX) treatment showed that USP47 depletion decreased the basal
expression levels of BTrCP (Figure 2). Similar to AGS cells, knockdown of USP47 in gastric cancer cell line
(NCI-N87) constitutively decreased BTrCP levels, and reduced nuclear translocation of RelA (Figure 1B).
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Figure 1. USP47 depletion downregulates protein levels of BTrCP and Ser536-phosphorylated RelA.
(A) AGS or (B) NCI-N87 cells transfected with USP47 or a negative control siRNA were stimulated
with TNF for up to 20 min. Subcellular fractions were prepared at the indicated time points and
NF-«B pathway components analyzed in cytosolic and soluble nuclear fractions (N1). An additional
immunoblot with increased signal acquisition time is shown for p-RelA in (A). Detection of GAPDH
and nucleolin served as control for equal protein load. For densitometric analysis, band intensities
of key proteins were normalized to the band intensities of the respective cytosolic or nuclear loading
control. The normalized band intensities are shown below the corresponding blots.
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Figure 2. USP47 depletion downregulates basal fTrCP protein levels. AGS cells transfected with
USP47 or a negative control siRNA were treated with CHX for up to 4 h. Subcellular fractions were
prepared at the indicated time points and B TrCP stability was analyzed in the cytosolic fractions.

3.2. USP47 Promotes Chemoresistance and Cell Viability in NCI-N87 Gastric Carcinoma Cells

TNF can induce diverse cellular responses, including cell survival and apoptosis [21].
Gastric cancer patients have low cure rates after chemotherapy; we therefore asked whether USP47
knockdown could enhance apoptosis in gastric cancer cells when treated with chemotherapeutic drugs.
We selected the topoisomerase I and II inhibitors CPT and Eto to treat different gastric carcinoma cell
lines, because their mode of action is similar to drugs used in current chemotherapy regimens [3],
and because they are known to also promote NF-kB-dependent apoptosis resistance [22,23].
Eto or CPT treatment of AGS cells increased apoptotic cell death by ca. 18% or 38% in a concentration
dependent-manner, respectively, (Figure 3A-C), promoted caspase 8, caspase 3, and poly(ADP-Ribose)
polymerase (PARP)-1 cleavage (Figure 3D), and decreased cell viability by ca. 20% (Figure 4).
Combining USP47 knockdown with Eto or CPT treatment did not further enhance apoptotic cell
death, and resulted in comparable levels of apoptotic cells and cell viability (Figure 3C,D and Figure 4).
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Figure 3. Etoposide (Eto) or camptothecin (CPT) induce apoptosis in AGS cells. 24 h after incubation
of AGS cells with increasing amounts of (A) Eto (1-20 uM) or (B) CPT (0.5-10 uM) live (black triangles)
and apoptotic cells (open squares) were counted by flow cytometry using Annexin V staining.
Standard deviations are in the range of the marker size. * p < 0.05. USP47 depletion does not enhance
Eto or CPT-induced apoptosis in AGS cells. AGS cells were incubated with 10 uM Eto or 1 uM CPT
for 24 h alone or in combination with USP47 knockdown; (C) Apoptotic cells were counted by flow
cytometry using Annexin V staining. * p < 0.05, # p < 0.001; (D) Whole cell extracts were subjected to
immunoblotting and analyzed for apoptotic markers. Detection of GAPDH served as control for equal
protein load.
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Analysis of additional gastric carcinoma cell lines showed that the NCI-N87 cell line was
resistant to Eto and CPT treatment, independent of the concentration (Figure 5A,B). Interestingly,
after USP47 knockdown, the NCI-N87 cell line displayed increased apoptotic cell death (Figure 5C),
increased cleavage of PARP, caspase 3, and caspase 8 (Figure 5D), and reduced cell viability (Figure 6).
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Figure 4. USP47 promotes cell viability in AGS cells. AGS cells were seeded in 96 well plates,
transfected with control or USP47 siRNA and incubated for 24 h with either with 10 uM Eto or 1 uM CPT.
Cell viability was measured using the 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromid
(MTT) assay. * p < 0.05.
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Figure 5. USP47 attenuates etoposide (Eto) or camptothecin (CPT)-induced apoptotic cell death in
NCI-N87 cells. NCI-N87 cells were incubated with increasing concentrations of (A) Eto (1-20 uM) or
(B) CPT (0.5-10 uM) for 24 h. Live (black triangles) and apoptotic cells (open squares) were counted
by flow cytometry using Annexin V staining. Standard deviations are in the range of the marker
size; (C) To analyze the effect of USP47 on cell survival, NCI-N87 cells were transfected with USP47
or control siRNA, treated for 24 h with 10 uM etoposide or 1 uM CPT and apoptotic cells were
counted by flow cytometry using Annexin V staining. * p < 0.05, # p < 0.001; (D) Whole cell extracts of
NCI-NB87 cells treated as in (C) were subjected to immunoblotting and analyzed for apoptotic markers.
Detection of GAPDH served as control for equal protein load.
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Figure 6. USP47 promotes cell viability in NCI-N87 cells. NCI-N87 cells were seeded in 96 well plates,
transfected with control or USP47 siRNA and incubated for 24 h with either with 10 uM Eto or 1 uM CPT.
Cell viability was measured using the 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromid
(MTT) assay. * p < 0.05.

4. Discussion

After cardiovascular diseases, cancer is the second leading cause of death worldwide,
and with an increasing and ageing population, it is expected that patient numbers will rise [1].
Chemoresistance constitutes a major problem of chemotherapy, because it promotes relapse and thus
increases morbidity [4]. Therefore, it is necessary to improve current chemotherapy regimens and
identify new drug targets, especially for malignancies like gastric carcinomas with low cure rates [3].
Deubiquitinylases represent promising novel targets for drug discovery in cancer therapy, due to their
involvement in metastasis and their regulatory role in apoptosis pathways [24]. In this study we could
identify USP47 as a regulator of the NF-«B pathway. Therapeutic intervention of NF-«B signaling is an
intensively studied research field [18,25], because aberrant NF-kB activation in the context of cancer
promotes carcinogenesis, tumor progression, metastasis, or chemoresistance [5].

Our results demonstrate that USP47 stabilizes the E3 ligase complex substrate adaptor protein
BTrCP, and promotes phosphorylation of RelA at Ser536 (Figure 1). The residual BTrCP levels after
USP47 depletion suffice to allow for IkBa degradation. Within the chosen time points, differences
between USP47 and control cells did not become apparent, probably due to the rapidness of the process.
Nonetheless, nuclear translocation of RelA is diminished after USP47 knockdown (Figure 1), which is
consistent with a delayed release from IkB«x.

Apart from its regulatory role in the NF-kB pathway, USP47 constitutes an interesting target
for gastric cancer chemotherapy, because it promotes gastric carcinoma cell proliferation [19],
and its depletion sensitize cancer cells to chemotherapy, probably due to the upregulation
of Cdc25a [20]. We therefore addressed the question of whether USP47 inhibition could affect cell
survival/proliferation of gastric cancer cells. For instance, USP47 inhibition could be beneficial in
attenuating NF-kB-dependent chemoresistance in response to DNA double strand break inducing
agents [22]. AGS cells displayed pronounced apoptotic cell death when treated with CPT or
Eto (Figure 3A-D), but no further enhancement was observed after USP47 depletion. It is likely
that the already strong response masks additional contributions to the apoptosis caused by the
USP47 knockdown. Interestingly, in the CPT- and Eto-resistant gastric carcinoma cell line NCI-N87
(Figure 5A,B) USP47 depletion resulted in pronounced apoptosis induction after CPT and Eto treatment
(Figure 5C,D and Figure 6). The molecular mechanisms responsible for the drug-resistance are currently
unknown. However, it is likely that in addition to the attenuation of NF-«B activity, other factors
involved in DNA double strand break repair might play a role. For instance, USP47 stabilizes DNA
polymerase 3, and hence regulates base excision repair after DNA damage [26]. Similarly, USP47 might
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stabilize protein factors involved in DNA double strand break repair, and hence, depletion of USP47
could sensitize cancer cells to the action of DNA damaging agents.

USP47 depletion on its own caused no increase in apoptotic cell death (Figures 3-6),
suggesting that loss of USP47 activity is not cytotoxic. This together with its potential to overcome
chemoresistance in gastric carcinoma cells suggests that USP47 could represent a promising therapeutic
target structure. Furthermore, a combination of current chemotherapy regimens together with
USP47 inhibition might allow the reduction of the concentration of chemotherapeutic agents without
impairing the cytotoxic effect on cancer cells, while reducing side effects. We propose that the
development of USP47 inhibitors and their combination with current chemotherapy regimens might
reduce relapse after gastrectomy, and extend overall patient survival times.

5. Conclusions

Here, we could show that USP47 regulates NF-kB activity by promoting the phosphorylation
of RelA through the stabilization of fTrCP and subsequent degradation of IkBa. In addition,
USP47 contributes to chemoresistance and viability in NCI-N87 gastric carcinoma cells.
Inhibition of USP47 activity could represent a viable strategy for gastric cancer chemotherapy
by downregulating transcription of NF-kB-regulated pro-survival genes, and overcoming
NF-«kB-dependent chemoresistance.
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