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Abstract: The NF-κB transcription factor family plays a crucial role in lymphocyte proliferation and
survival. Consequently, aberrant NF-κB 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-κB activity in these malignancies.
In this review, we will discuss the molecular consequences of recurrent genetic lesions affecting key
regulators of NF-κB signaling. We will particularly focus on the oncogenic mechanisms by which
these alterations drive deregulated NF-κB 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-κB modulators and in the molecular mechanisms governing aberrant NF-κB activation observed
in lymphoid malignancies might lead to the development of additional treatment strategies and thus
improve lymphoma therapy.
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1. NF-κB in Lymphocytes

The NF-κB transcription factors are involved in the regulation of a variety of biological processes,
such as inflammation, survival, and proliferation. The NF-κB family comprises five structurally related
members forming different homo- or heterodimers: RelA (also known as p65), c-Rel, RelB, NF-κB1
(p50 and its precursor p105), as well as NF-κB2 (p52 and its precursor p100). The NF-κB proteins share
a conserved REL homology domain required for homo- or heterodimerization, the interaction with
inhibitor of κB (IκB) proteins, nuclear localization, and DNA binding. In quiescent cells, the inactive
transcription factors are retained in the cytoplasm either by binding to the classical IκB proteins IκBα,
IκBβ, and IκBε or by interaction with the inactive precursors p105 and p100. NF-κB activation in
response to extracellular cues is regulated by two distinct pathways: In the canonical NF-κB pathway,
stimulus-dependent activation of the IκB kinase (IKK) complex, comprising the catalytic subunits IKKα
and IKKβ as well as the regulatory subunit IKKγ (also known as NF-κB essential modulator; NEMO),
results in the phosphorylation and subsequent proteasomal degradation of the IκB proteins [1,2].
This allows the nuclear translocation of the NF-κB 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-κB activation is only transient and rapidly terminated
by feedback inhibition involving the NF-κB-dependent expression of negative regulators, such as IκBα,
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IκBε, and A20 [3]. In contrast, activation of the non-canonical pathway involves the NF-κB inducing
kinase (NIK)-dependent activation of IKKα 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 IκB proteins, the IκB family also includes the atypical or
nuclear IκB proteins BCL3, IκBζ, IκBNS, and IκBη, which are normally expressed only in response to
pro-inflammatory stimuli. Unlike the classical IκBs that function as cytoplasmic inhibitors, the atypical
IκB proteins primarily act as transcriptional co-activators or co-repressors in the nucleus, where they
modulate the expression of a subset of NF-κB target genes [5–7].

In lymphocytes, NF-κB 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-κB due to diverse
genetic lesions which affect key components of the NF-κB signaling pathway [9,10]. The first evidence
linking core components of the NF-κB 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-κB
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-κB
signaling [15–24]. Whereas genetic aberrations affecting the NF-κB members themselves are relatively
rare, deregulated NF-κB activation is frequently achieved by oncogenic events which trigger the
constitutive activity of various upstream signaling pathways, culminating in enhanced transcriptional
activity of NF-κB [9,25]. In this review, we will describe recurrent genetic lesions driving pathological
NF-κB 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-κB regulation. The exact molecular characterization of the key
oncogenic mechanisms of constitutive NF-κB 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-κB 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 IRAK1 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
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polyubiquitination of itself and several other proteins facilitates the recruitment of the IKK complex
and TGFβ-activated kinase 1 (TAK1) via the ubiquitin binding domains of the regulatory subunit
IKKγ and the adapter proteins TAK1-binding protein (TAB), respectively [36–38]. TAK1-dependent
phosphorylation activates IKKβwhich in turn induces the proteasomal degradation of the inhibitory
protein IκBα, thus triggering canonical NF-κB activation [3,39].

Figure 1. Oncogenic MyD88 mutations activate the canonical NF-κB pathway. Activation of canonical
NF-κB 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 TLR9, 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-κB activity. The oncogenic variant MyD88L265P 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, IκB
kinase; IRAK, IL-1R-associated kinase; MyD88, myeloid differentiation primary response protein 88;
TAK1, TGFβ-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 Waldenström’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 MyD88L265P, but not of wild-type MyD88 in GCB DLBCL cell lines, which exhibit per se little to
no NF-κB activity, potently induces NF-κB activation, demonstrating the oncogenic capacity of this
MyD88 variant. This gain-of-function has been attributed to the ability of MyD88L265P to spontaneously
oligomerize and thus activate IRAK1 and IRAK4 independently of a TLR ligand (Figure 1) [40,46].
In mice, expression of MyD88L252P (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
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signaling in vitro [46,48,49]. Whereas the kinase activity of IRAK1 is dispensable for the capacity of
mutant MyD88 to promote the survival of ABC DLBCL, NF-κB 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-κB activation induced by oncogenic MyD88L265P 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 MyD88L265P in vitro, implicating a continued dependence
on upstream TLR9 activation [52]. On the other hand, in vivo depletion of TLR9 in mice rather
suggests an inhibitory role of TLRs in MyD88L265P-transduced B cells [53]. The exact molecular and
functional consequences of TLRs in MyD88L265P-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 (VH and VL, 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 Cγ2 (PLCγ2) and BTK, resulting in the BTK-dependent activation of
PLCγ2 [59,60]. In turn, PLCγ2 converts phosphatidylinositol 4,5-bisphosphate (PIP2) to generate
the second messengers inositol 1,4,5-trisphosphate (IP3) and diacylglycerol (DAG). Together, DAG and
an increase in the intracellular Ca2+ levels induced by the action of IP3 activate the protein kinase Cβ
(PKCβ), which subsequently phosphorylates the scaffold protein caspase recruitment domain (CARD)
membrane-associated guanylate kinase (MAGUK) protein 1 (CARMA1; discussed in Section 4), thus
triggering downstream NF-κB activation [61].

Due to its capacity to induce NF-κB 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 PLCγ2, observed in most
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ABC DLBCL cells further corroborates the notion that these lymphoid tumors critically rely on chronic
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 VH, DH, and JH 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].

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 PLCγ2. While activation of the AKT signaling axis is achieved by the
SYK-mediated phosphorylation of CD19 and subsequent recruitment of PI3K, PLCγ2 activity generates
the second messengers DAG and IP3 the latter triggering the influx of Ca2+ into the cell. DAG
and elevated Ca2+ levels activate PKCβ which induces activation of canonical NF-κB through the
CBM signalosome. Whereas overexpression of SYK augments NF-κB 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; PKCβ, protein kinase
Cβ; PLCγ2, phospholipase Cγ2; 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
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occurring missense mutation present in 18% of ABC DLBCL biopsies involves the substitution of
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-κB-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-κB 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-κB 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-κB Activation via the CBM Signalosome

In lymphocytes, the activation of canonical NF-κB 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 PKCβ (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,
CARMA1 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 CARMA1 by triggering a conformational change that
facilitates the oligomerization of CARMA1 via the coiled-coil domain [99–102]. Subsequently,
active CARMA1 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 CARMA1, oligomerized BCL10, and MALT1 is indispensable for NF-κB 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
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polyubiquitination of MALT1, BCL10, and itself (Figure 3). These polyubiquitin chains serve as
docking sites for the physical recruitment of the IKK complex via the ubiquitin binding motif of
the regulatory subunit IKKγ [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 IKKγ [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 IKKβ [39,112,113,118].

Figure 3. Increased activity of the CARMA1/BCL10/MALT1 signalosome drives constitutive NF-κB
activation. Antigen-dependent triggering of the BCR results in the activation of PKCβ, which
phosphorylates the scaffold protein CARMA1 at several residues within its inhibitory linker region.
Activated CARMA1 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. TAK1 which is recruited to the signaling complex via the
ubiquitin binding domains of its accessory proteins TAB2 and TAB3 promotes IKK activation by
phosphorylating IKKβ. IKK activity in turn results in the proteasomal degradation of IκBα and
the subsequent nuclear translocation of transcriptionally active NF-κB heterodimers. In lymphoid
malignancies, chronically active BCR signaling as well as gain-of-function mutations of the scaffold
protein CARMA1 can lead to hyperactivation of the CBM signalosome and thus induce constitutive
NF-κB activity. Genetic inactivation of A20, which negatively regulates IKK activity by deubiquitination
of activated signaling effectors, augments NF-κB 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-κB in a TRAF6-dependent manner. The constitutive protease activity of cIAP2-MALT1
further promotes NF-κB activation by proteolytic inactivation of A20. Additionally, NIK cleavage by
cIAP2-MALT1 also promotes non-canonical NF-κB 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; CARMA1, caspase recruitment domain membrane-associated guanylate kinase
protein 1; cIAP2, cellular inhibitor of apoptosis protein 2; IκB, inhibitor of κB; IKK, IκB kinase; LUBAC,
linear ubiquitin chain assembly complex; MALT1, mucosa-associated tissue lymphoma translocation
protein 1; NIK, NF-κB inducing kinase; PKCβ, protein kinase Cβ; TAK1, TGFβ-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-κB 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 MALT1 [103,104,122–124]. Intriguingly, MALT1 protease activity potentiates and sustains NF-κB
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-κB1 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, IKKγ,
and MALT1, and thus negatively regulates NF-κB activation, sustains maximum NF-κB induction
(Figure 3) [121,127]. Auto-processing of MALT1 is assumed to also be essential for NF-κB 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-κB activation, MALT1-dependent
cleavage of heme-oxidized iron-responsive element-binding 2 ubiquitin ligase-1 (HOIL-1), a component
of LUBAC that promotes IKKγ ubiquitination and thus activation of the IKK complex, instead
dampens NF-κB signaling and might be involved in the termination of CBM/IKK-mediated NF-κB
activity [129–131].

While CBM-mediated NF-κB activation plays a critical role in lymphocyte proliferation and
loss-of-function mutations result in immunodeficiency, aberrant constitutive NF-κB 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-κB 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 CARMA1 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 CARMA1 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-κB 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 CARMA1 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-κB
signaling independently of upstream signals and, on the other hand, to potentiate NF-κB 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-κB1 (via the MALT1-dependent recruitment
of TRAF6 and proteolytic inactivation of A20) and non-canonical NF-κB2 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-κB 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-κB 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-κB
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-κB 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-κB activity and to thus induce cell death in ABC DLBCL cells, suggesting an
important role of linear ubiquitin in oncogenic NF-κB activation in these lymphomas [165,166].

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

In resting lymphocytes, the non-canonical, also termed alternative, NF-κB pathway is inactive,
as NF-κB 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 IKKα [168].
Subsequently, IKKα phosphorylates the precursor protein p100 (NF-κB2) 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-κB pathway and rely on constitutive nuclear
activity of p52/RelB heterodimers [19,20,160,169,170]. Since activation of non-canonical NF-κB
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-κB 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-κB 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 β receptor (LTβR), 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 LTβR 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 MyD88L265P in GCB DLBCL cell lines has been shown to
trigger p100 processing in a TAK1- and IKKα-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-κB activation, latent infection with the Epstein-Barr virus (EBV)
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induces non-canonical NF-κB 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 IKKα-dependent p100 processing via the spontaneous formation
of signaling aggregates [177–180]. Similarly, NF-κB2 activation mediated by the protein Tax of the
human T-cell leukemia virus type 1 (HTLV-1) is often associated with ATLL [181].

Figure 4. Genetic lesions driving non-canonical NF-κB 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 p100 is sequestered in the cytoplasm;
(b) Activated or mutated members of the TNF receptor family, such as CD40, BAFF-R, LTβR, 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 IKKα. In turn, IKKα 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-κB 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 IKKα in a TAK1-dependent manner. In certain lymphomas aberrant activation
of non-canonical NF-κB 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; IKKα, IκB kinase
α; LMP1, latent membrane protein 1; LTβR, lymphotoxin β receptor; MALT1, mucosa-associated tissue
lymphoma translocation protein 1; MyD88, myeloid differentiation primary response protein 88; NIK,
NF-κB inducing kinase; RANK, receptor activator of NF-κB; TAK1, TGFβ-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-κB activation by removing K63-linked
polyubiquitin chains from IKKγ, 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 MALT1 (discussed in Section 4.2) [146,147]. In addition to promoting canonical NF-κB signaling,
the cIAP2-MALT1 fusion protein has also been found to potently induce activation of the non-canonical
NF-κB 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-κB activation, since
NIK is also able to activate IKKβ [19,20,187]. As aberrant NIK activity driving constitutive activation
of both canonical and non-canonical NF-κB 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 IκB Proteins

6.1. Classical IκB Proteins

In non-activated cells, NF-κB dimers are sequestered in the cytoplasm by an interaction with
classical IκB proteins (IκBα, IκBβ, and IκBε), which mask the nuclear localization signal (NLS) of
the NF-κB subunits and thus prevent their nuclear translocation (Figure 5a). Stimulation-dependent
proteasomal degradation of the IκB proteins allows the translocation of the NF-κB dimers to the
nucleus, where they modulate the expression of a variety of genes [2,3]. The best characterized classical
IκB protein, IκBα, is composed of a signal response domain, ankyrin repeats, a PEST domain as well as
a nuclear export signal (NES) and binds preferentially RelA/p50 heterodimers. The presence of an NES
suggests that besides its function as a cytoplasmic inhibitor, IκBα is also involved in the termination of
NF-κB 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 IκB proteins can trigger NF-κB 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-κB 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
NF-κB regulators, such as classical IκB proteins [10,196–198]. In HL, various genetic lesions have been
described that result in the generation of truncated IκBα isoforms which lack part of the ankyrin repeats
and are thus unable to sequester the NF-κB dimers in the cytoplasm (Figure 5b) [193,194,199,200].
Interestingly, inactivating mutations of IκBα have been detected preferentially in EBV-negative cases
of HL (approximately 20% of cases; discussed in Section 5), suggesting that inactivation of IκBα is
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selected for as an alternative strategy to sustain NF-κB activation [194,197,201]. Besides HL, mutations
negatively affecting the function of IκBα have been reported, albeit at lower frequency, in MALT
lymphoma and in DLBCL, similarly providing an alternative mechanism for NF-κB activation in these
tumor entities [202–204].

Figure 5. Inactivating mutations in classical IκB proteins promote canonical NF-κB activation.
(a) The canonical NF-κB 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 IκBα and IκBε. 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 IκBα and IκBε, which lack part of the ankyrin repeat
domain and are thus unable to bind to the NF-κB transcription factors, promote constitutive NF-κB
activation in a subset of lymphoid malignancies. Proteins that are affected by recurrent genetic lesions
in lymphoid malignancies are denoted with a red asterisk. IκB, inhibitor of κB; IKK, IκB kinase.

Analogous to inactivation of IκBα, loss-of-function mutations of IκBε, which result for instance
in the expression of truncated versions lacking the ankyrin repeats essential for the interaction
with NF-κB 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, IκBε is assumed to limit the nuclear
localization of Rel-containing dimers in a manner equivalent to IκBα [206,209,210]. While IκBα,
however, predominantly regulates the cytoplasmic sequestration of RelA/p50 heterodimers, IκBε
preferentially binds to c-Rel homodimers and c-Rel/p50 complexes [206,209]. Physiologically,
stimulated B cells of IκBε-deficient mice exhibit increased proliferation and survival due to enhanced
NF-κB activity [206,211]. Collectively, loss-of-function mutations targeting the classical IκB proteins
IκBα and IκBε contribute to sustained NF-κB activation in lymphoid malignancies, indicating an
important role of these negative regulators as tumor suppressors.

In lymphoid malignancies that rely on constitutive NF-κB activation but express functionally
intact IκB proteins, preventing the proteasomal degradation of the IκB proteins constitutes an attractive
therapeutic strategy. The proteasome inhibitor bortezomib is able to block the degradation of the classical
IκB 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-κB 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 IκB Proteins

Not only classical IκB proteins are targeted by genetic alterations in lymphoid malignancies,
but also the expression of the so-called atypical IκBs including BCL3 and IκBζ can be affected in these
cancers. Unlike the classical IκB proteins, atypical IκBs are not regulated by IKK phosphorylation
and proteasomal degradation, but rather by their inducible expression. While atypical IκB proteins
are generally not expressed in quiescent cells, they are strongly induced in the primary response
upon NF-κB activation (Figure 6a,b) [5,7]. In contrast to their classical relatives, atypical IκBs interact
with NF-κB proteins predominantly in the nucleus. Although the atypical IκB proteins were initially
defined as NF-κB 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 IκB 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-κB 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-κB 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 HDAC1, respectively, to DNA-bound p50 and p52 homodimers in a context-dependent
manner [223–225].

Different genetic aberrations affecting the NF-κB 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 Eµ-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].

IκBζ (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 IκB protein BCL3 [235,236]. Like
BCL3, IκBζ interacts with NF-κB proteins, in particular with p50 and p52 homodimers, and is able
to regulate the transcription of NF-κB 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 IκBζ and activating NF-κB 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) IκBζ
is capable to recruit the SWI/SNF complex, which mediates chromatin remodeling and thus allows
transcription, to NF-κB consensus sites in the promoter of target genes [238].

In non-stimulated lymphocytes, IκBζ is not expressed but is rapidly induced upon engagement of
receptors triggering NF-κB activity, such as TLRs and the antigen receptors [239,240]. Overexpression of
IκBζ has been reported in various lymphoid malignancies, including ABC DLBCL, ATLL, and primary
central nervous system lymphomas [241–243]. The expression of IκBζ is either promoted by genomic
amplification of the NFKBIZ locus or by chronic NF-κB 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 IκBζ is best characterized in ABC DLBCL, since silencing of IκBζ reduced
the growth of ABC DLBCL cell lines. Gene expression profiling revealed that IκBζ promotes the
expression of several NF-κB target genes, including BCL-XL, IL-6, and IL-10, which represent key
regulators for ABC DLBCL survival [242].

Figure 6. Abnormal expression of the atypical IκB proteins BCL3 and IκBζ promotes NF-κB activation
in lymphoid malignancies. (a) In resting cells, DNA-bound homodimers of the NF-κB 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 IκBα. 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 IκBζ modulate the secondary NF-κB 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-κB response; (d) Genomic
amplification of the NFKBIZ locus as well as the expression of oncogenic MyD88L265P or the viral
proteins Tax and LMP1 leads to increased expression of IκBζ in a subset of lymphoid tumors. IκBζ
promotes the secondary NF-κB response through binding to p50 homodimers in the nucleus. BCL3,
B-cell lymphoma 3; IGH, immunoglobulin heavy chain (locus); IκB, inhibitor of κB; IKK, IκB 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-κB in the nucleus by the atypical
IκB proteins BCL3 and IκBζ potently affects the oncogenic potential of NF-κB in several lymphoid
malignancies. As important regulators of cell proliferation and survival, BCL3 and IκBζmight emerge
as attractive therapeutic targets to dampen excessive NF-κB activity in certain lymphoid cancers,
possibly by pharmacologically preventing the interaction between p50 and BCL3 or IκBζ [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-κB 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-κB activity for their survival and since the anti-apoptotic effects of NF-κB activation
can confer resistance towards cancer chemotherapy [246], inhibition of NF-κB activation represents
an attractive therapeutic option in many lymphoid malignancies. As a master regulator of canonical
NF-κB signaling, the IKK complex and in particular IKKβ, constitutes a promising therapeutic target.
However, the crucial and pleiotropic role of NF-κB in many physiological processes is reflected, for
instance, in the embryonic lethality associated with massive hepatocyte apoptosis in mice deficient
for IKKγ and IKKβ, two major constituents of the IKK complex [247–249]. The expected systemic
toxicity, immunosuppression and, paradoxically, increased IL-1β-mediated inflammation critically
limit the therapeutic usefulness of general inhibition of canonical NF-κB, e.g., by pharmacological
IKKβ inhibitors [250–252]. Thus, targeting of deregulated upstream pathways, such as chronic active
BCR signaling, which drive constitutive NF-κB 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 PKCβ [67,255,256]. The occurrence of primary resistance towards BTK inhibition due
to oncogenic events targeting downstream effectors, such as CARMA1, 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 CARMA1 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-κB 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-κB activation induced by MyD88L265P 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-κB pathway, several lymphoid
cancers rely on the aberrant activity of non-canonical NF-κB 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].



Biomedicines 2018, 6, 38 17 of 30

In light of the variety of genetic lesions in lymphoid malignancies which can cause constitutive
NF-κB 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-κB 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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