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A B S T R A C T

The CBM signalosome plays a pivotal role in mediating antigen-receptor induced NF-kB signaling to

regulate lymphocyte functions. The CBM complex forms filamentous structure and recruits downstream

signaling components to activate NF-kB. MALT1, the protease component in the CBM complex, cleaves

key proteins in the feedback loop of the NF-kB signaling pathway and enhances NF-kB activation. The

aberrant activity of the CBM complex has been linked to aggressive lymphoma. Recent years have

witnessed dramatic progresses in understanding the assembly mechanism of the CBM complex, and

advances in the development of targeted therapy for aggressive lymphoma. Here, we will highlight these

progresses and give an outlook on the potential translation of this knowledge from bench to bedside for

aggressive lymphoma patients.
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1. Introduction

NF-kB family of transcription factors plays a critical role in
regulating lymphocytes activation, proliferation, survival and
effector functions in innate and adaptive immune responses
[1,2]. Defects in NF-kB signaling have been linked to immunodefi-
ciency, and aberrant constitutive activation of NF-kB results in
autoimmune diseases or neoplastic disorders [3]. Upon antigen
stimulation, the T-cell receptor (TCR) engages MHC-bound antigen
peptides and the B-cell receptor (BCR) interacts with antigens,
which initiate downstream signaling cascades including activation
of a series of kinases, adaptor proteins that culminate in NF-kB
activation. Protein kinase C u (PKCu) of T-cells and protein kinase b
(PKCb) of B-cells are activated as a part of the antigen-receptor
signaling cascade, which further activate their downstream
signaling components [1].

The trimolecular protein complex composed of CARMA1
(CARD- and membrane-associated guanylate kinase-like do-
main-containing protein 1, also called CARD11), Bcl10 (B-cell
lymphoma/leukemia 10) and MALT1 (mucosa-associated lym-
phoid tissue lymphoma translocation protein 1), referred to as the
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CBM complex, was identified to function downstream of PKCu/
PKCb and plays a critical role in mediating NF-kB activation in B
and T cells upon antigen-receptor stimulation (reviewed in [1,4]).
As a direct target of PKCb/PKCu, the CBM complex is activated by
PKCb/PKCu and recruited to the lipid raft immunological synapse,
which subsequently recruits other downstream signaling compo-
nents such as TRAF2/TRAF6, TAK1 (transforming growth factor-b-
activated kinase 1) and TAB (TAK1 binding protein) to activate the
inhibitor of nuclear factor-kB (NF-kB) kinase (IKK) complex [1]. In
the canonical NF-kB signaling pathway, IKK complex in turn
phosphorylates inhibitor of NF-kB (IkB), enables its proteosomal
degradation and the release of NF-kB from its sequestration in the
cytosol. NF-kB’s nuclear localization signal (NLS) is thus exposed,
resulting in NF-kB translocation into the nucleus and activation of
its target genes [4]. The assembly of the CBM complex also
activates the proteolytic activity of paracaspse MALT1, which
cleaves and inactivates the negative regulators of NF-kB and
further enhances NF-kB activity [5–7].

Enormous studies have indicated that the genes encoding
CARMA1, Bcl10 and MALT1 are bona fide oncogenes. Frequent
missense mutations and translocations of these genes have been
found in patients with non-Hodgkin’s lymphoma [8]. Given the
important role that the CBM complex plays in the antigen-receptor
signaling pathway as well as other pathways that lead to NF-kB
activation, intensive studies have been initiated to delineate the
activation mechanisms of CBM in NF-kB signaling. In this review,
we will focus on the advances in the structural architecture and
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assembly mechanism of the CBM complex in the context of
antigen-receptor induced NF-kB signaling and progresses in drug
discovery research targeting CBM complex as a potential
therapeutic target for aggressive lymphomas.

2. The structural and functional features of CARMA1, Bcl10 and
MALT1

2.1. CARMA1

CARMA1 (also known as CARD11 and Bimp3) contains an N-
terminal CARD (caspase recruitment domain) domain followed by
Fig. 1. Structures of CARMA1, Bcl10 and MALT1. (A) Domain organization of CARMA1,
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via DD–DD or CARD–CARD interaction between two or more
proteins [9,10]. The CARD domain is the most-studied domain of
CARMA1. CARMA1 CARD presents as a monomer in solution. The
structure of CARMA1 CARD has recently been solved by X-ray
crystallography [11,12] (Fig. 1B). Like other CARD structures,
CARMA1 CARD exhibits a conserved compact six-helical bundle
fold. However, CARMA1 CARD has a kink in its first helix and an
extra-extended loop between helix 3 and 4 [11,12]. This long loop
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Table 1
Summary of CAMRMA1, Bcl10 and MALT1 structure information.

Protein PDB ID Note

CARMA1
CARD 4LWD (Qiao, 2013) Human

4I16 (Li, 2012) Mouse

Bcl10
CARD 2MB9 (Qiao, 2013) Human

MALT1
DD 2G7R Human

Ig1–Ig2 3K0W (Qiu, 2011) Human

Paracaspase-Ig3 3V55

(Wiesmann, 2012)

Human, apo structure

3V4O (paracaspase)

(Wiesmann, 2012)

Human, in complex

with z-VRPR-FMK

3V4L (Wiesmann, 2012) Mouse, in complex

with z-VRPR-FMK

3UOA (Yu, 2011) Human, in complex

with z-VRPR-FMK

4I1R (Schlauderer, 2013) Human, in complex

with thioridazine
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is involved in the interaction with its binding partner Bcl10 CARD
[12].

Coiled-coil (CC) domain usually functions as an oligomerization
motif for a wide variety of proteins. CARMA1’s long CC domain has
four predicted coiled-coil segments and is responsible for self-
oligomerization. Our recent study showed that CARMA1 CARD
alone exists as a monomer in solution, while in the presence of
additional CC segments, CARMA1 presents from soluble trimer to
insoluble large aggregations suggesting high-order oligomeriza-
tion and aggregation [12].

The linker region between CC domain and MAGUK domain is a
flexible region that has been identified as the target for PKCu/
PKCb. Signal-dependent phosphorylation of serine residues in this
region (e.g. Ser552 and Ser645) triggers the conformational change
of CARMA1 that activates it; therefore this linker region has also
been termed as PKC-regulated domain (PRD) [4]. In resting cells,
CARMA1 adopts an auto-inhibitory conformation in which PRD
interacts with CARD and blocks CARD-dependent protein–protein
interactions; signal induced phosphorylation of CARMA1 in the
PRD results in conformational changes that enable the accessibility
of CARD for the interaction with its downstream binding partner
Bcl10 and MALT1 [3,13].

The MAGUK domain of CARMA1 shares the typical features of
MAGUK family proteins as scaffolding proteins. It contains three
subdomains named PDZ (named after the domain-containing PSD-
95, Dlg and ZO-1 proteins), SH3 (src homology 3) and GUK
(guanylate kinase) (Fig. 1A). The function of MAGUK domain is not
currently clear; however, it is suggested that MAGUK domain is
responsible for tethering CARMA1 to the cytosolic side of its
membrane-bound binding partners [3,13]. The MAGUK domain
also plays an essential role in polyubiquitination and proteasome-
dependent degradation of CARMA1 [14]. Elimination of the
MUGUK ubiquitination sites in CARMA1 leads to an increased
NF-kB and JNK activity as a result of a defect in K48 ubiquitination-
dependent CARMA1 degradation. Therefore, ubiquitination of the
MAGUK domain may serve as an important negative feed-back
regulation mechanism to balance CARMA1-dependent activation
of NF-kB signaling pathway [14].

2.2. Bcl10

Bcl10 is a relatively small protein with 233 amino acids. It also
has an N-terminal CARD domain as CARMA1 and a likely
unstructured C-terminal serine/threonine rich motif (Fig. 1A).
Bcl10 CARD is responsible for the interaction with CARMA1 CARD.
Unlike CARMA1 CARD, Bcl10 CARD does not behave well in
solution and has a tendency to aggregate. Our recent study showed
that Bcl10 CARD forms filaments spontaneously in vitro and in cells
and this process is greatly enhanced by the presence of CARMA1
[12]. This filamentous structure is very stable and confers
resistance to limited protease digestion and tolerates high salt
condition [12]. Many attempts to solve the crystal structure of
Bcl10 CARD had failed because of its intrinsic property. Therefore,
we determined the structure of a mutant form of Bcl10 (E53R) that
exists as monomer in solution by NMR [12] (Fig. 1C). Unexpectedly,
the structure of Bcl10 CARD is quite different from that of other
known CARD family proteins. Although Bcl10 CARD also contains
six a-helices, its a1 and a6 are unusually long resulting in an
overall relatively relaxed pear shape. In addition, 1H-15N-HSQC
experiments indicate that about one-third of Bcl10 CARD residues
are in dynamic chemical exchange, suggesting that Bcl10 may be in
a highly dynamic state in the monomeric form [12]. Interaction
with other binding partners may be needed for Bcl10 to stabilize its
structure.

The Bcl10 C-terminal S/T rich region is responsible for the
interaction with MALT1. In addition, it has been well established
that this region is the posttranslational regulation region in
response to antigen-receptor activation. Zeng et al. showed that
phosphorylation of Bcl10 at Ser138 targets Bcl10 for ubiquitination
and degradation. When Ser138 was mutated to alanine to prevent
TCR-induced phosporylation on this residue and its associated
subsequent ubiquitination and degradation of Bcl10, it led to a
prolonged NF-kB activation and IL-2 production, suggesting that
phosphorylation of Ser138 mostly plays a negative regulatory role
in TCR-mediated NF-kB signaling [15].

2.3. MALT1

MALT1 consists of an N-terminal death domain (DD), two Ig
domains followed by a caspase-like domain (also referred to as
paracaspase domain) and a third Ig domain at the C-terminus
(Fig. 1A). The N-terminal part (DD-Ig2) of MALT1 is responsible for
interaction with Bcl10, while the C-terminal part (paracaspase-
Ig3) possesses proteolytic activity. The structures of MALT1’s
individual domains have been solved by X-ray crystallography (see
Table 1) (Fig. 1D–F); however, the overall structure still remains to
be determined.

MALT1 is a distant relative of caspases and it was identified
through weak sequence homology to caspases [16]. Like initiator
caspases, MALT1 paracaspase presents as inactive monomer in
solution and requires dimerization for its proteolytic activity [17].
Substrate binding promotes dimerization and activation of MALT1.
The structure of the paracaspase-Ig3 domain alone or in complex
with its inhibitor has been solved [18,19]. As expected, the overall
structure of MALT1 paracaspase domain is very similar to typical
caspase structures. Each monomer of the paracaspase-Ig3 domain
contains a six-stranded b-sheet which is sandwiched by three a-
helices at one side and two a-helices at the other side. The b6
strand mediates the anti-parallel homodimer formation by
forming a contiguous twelve-stranded b-sheet extended from
one MALT1 protomer to the other (Fig. 1F). Upon substrate binding,
paracaspase domain together with Ig3 domain undergoes sub-
stantial conformational changes [19]. Despite the similarity
between MALT1 and caspases, MALT1 is distinguished from
canonical caspases in three major characteristics that define its
catalytic specificity: First, MALT1 is an arginine-specific protease
which cleaves after arginine at the P1 site, unlike canonical
caspases that cleave after aspartic acid [17]. Second, the inter-
subunit linker that contains loop L2 and L20 remains intact, while in
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canonical caspases it is usually auto-processed upon maturation to
facilitate the active site formation. Therefore, loops L2 and L20 sit at
the center of the homodimer interface and cannot assemble the
loop-bundle interaction that is associated with the high catalytic
activity seen in other caspases. Third, in addition to the b6 strand,
a5 helix also contributes significantly to the dimerization interface
in MALT1, which presumably adds dimerization specificity of
MALT1 [18,19].

Besides its proteolytic function, MALT1 also has a major role as a
scaffolding protein as a member of the CBM signalosome. After
signal stimulation and the assembly of the CBM complex, MALT1
recruits TRAF6, the E3 ubiquitin ligase, into the CBM signalosome.
Subsequently, TRAF6 polyubiquitinates itself as well as MALT1 and
Bcl10, which provides a platform for the recruitment of IKK
complex leading to NF-kB activation [20–22].

3. The high order assembly of the CBM signalosome

Upon antigen-receptor ligation and signal cascade transduc-
tion, CARMA1 CARD is released from the auto-inhibition confor-
mation and becomes accessible for the association with its
downstream partners Bcl10 and MALT1 to assemble into the
CBM complex, leading to NF-kB activation in T and B cells. CARMA1
interacts with Bcl10 through CARD–CARD interaction and the C-
terminus of Bcl10 is responsible for the interaction with the N-
terminal Ig domains of MALT1 (Fig. 1A).

Previously, several studies reported that Bcl10, diffusely
distributed in the cytosol of rest cells, formed filament-like
structures when it is overexpressed [23,24], or punctuate
structures termed POLKADOTS when it is activated upon TCR
signaling [25,26]. Sun et al. reported that a small fraction of
reconstituted Bcl10 and MALT1 complex forms oligomers and only
the oligomer form of the Bcl10-MALT1 complex can activate IKK
complex via oligomerizing and activating TRAF6-the E3 ligase,
suggesting that the high-molecular weight complex plays a crucial
role in signal transduction [20]. Therefore, an oligomerization
cascade-based activation model was proposed that culminates in
NF-kB activation [4,20]. However, the exact molecular mechanism
of how these supramolecular structures are assembled together
remained unclear until recently we unraveled the structural
architecture of the CBM complex [12].

Using a combination of Electron Microscopy (EM), X-ray
crystallography and Nuclear Magnetic Resonance (NMR) techni-
ques, we have unveiled the assembly mechanism and structural
architecture of the CBM complex [12]. The CBM complex is a helical
filamentous assembly where CARMA1 presents as a substoichio-
metric component in the complex and functions as the nucleator
for the filament formation. Bcl10 CARD forms the core of the
filament and MALT1 is brought to the periphery of the filament by
interacting with the C-terminus of Bcl10 and thus becomes
oligomerized and activated [12] (Fig. 2). The interaction between
CARMA1 CARD and Bcl10 CARD is driven by charge–charge
interaction, as suggested by Li et al. based on docking studies using
Bcl10 homology models [11]. Bcl10 CARD forms filaments in a
highly cooperative manner, and this process is greatly promoted by
oligomerized CARMA1, supporting the role of CARMA1 as a
nucleator. We have demonstrated that CARMA1 forms oligomers
through its long CC domain and the CC domain is required for its
function as a nucleator. CARMA1 CARD alone failed to promote
Bcl10 filament formation. This filamentous assembly of the CBM
complex exists both in vitro and in cells. Only the high-order
filamentous CBM complex can activate MALT1 and NF-kB in vitro
and in cells. Bcl10 mutants that failed to form filaments exert
dominant negative effects on wild type Bcl10, and could not
activate MALT1 or NF-kB in cells. All together, these data
supported a paradigm of nucleation-induced higher-order protein
complex machinery assembly that promotes signal transduction in
response to cell signaling [12].

This high-order filamentous signaling machinery assembly for
cellular signal transduction is not unique to the CBM complex
mediated NF-kB activation pathway; it has also been observed in
other pathways [27]. For example, PIDDosome composed of PIDD/
RAIDD that functions in caspase-2 activation [28], and Myddosome
made of MyD88/IRAK4/IRAK2 that mediates TLR/IL-1R signaling
[29], are both helical filamentous assemblies. These high-order
structure complex assemblies bring the enzymatic components
into proximity for activation and signal amplification. This
mechanism may represent a new paradigm of signal transduction
in which signaling components are assembled into one high-order
structure signaling machine that resembles mechanical machines
where all parts are integrated into one to increase efficiency, and
thus provide a temporal and spatial control of signal transduction
in cells [27].

4. Functions of the CBM signalosome in mediating NF-kB
activation

The CARMA1-Bcl10-MALT1 complex was initially found to
function as part of the immune system by mediating the B-cell
receptor (BCR) and T-cell receptor (TCR) induced NF-kB activation.
CARMA1 is primarily expressed in hematopoietic tissues, while
both Bcl10 and MALT1 are expressed in all tissues [13]. In addition
to the CARMA1-Bcl10-MALT1 complex that functions in hemato-
poietic cells, other CARMA family members that have different
tissue distribution profiles can also form complexes with Bcl10 and
MALT1 to transduce NF-kB signaling downstream of multiple
receptor types [13,30,31]. For example, CARMA2 (also known as
CARD14 or Bimp2) [32], expressed in placental and mucosal tissues
and CARMA3 (also called CARD10 or Bimp1), widely expressed in
non-hematipoietic systems, can also form complexes with Bcl10
and MALT1. While the role of CARMA2-Bcl10-MALT1 complex is
not specified yet, CARMA3-Bcl10-MALT1 was shown to play crucial
roles in GPCR and RTK-induced NF-kB signaling and IL-8
production [13,31]. CARD9, which lacks the C-terminal MAGUK
domain, was shown to complex with Bcl10 and MALT1 to mediate
NF-kB signaling in innate immune response following bacteria,
fungus and virus infection [13,31]. Therefore, the CBM complex has
become a molecular hub for NF-kB activation by multiple signaling
pathways [31].

As a filamentous supramolecular complex, the CBM complex
functions as a major scaffold that serves as the central platform for
the recruitment of effector proteins downstream of the CBM
complex to mediate NF-kB signaling. Various studies have
reported that CARMA1, Bcl10 and MALT1 can all interact with
and recruit IKKg (also named as NEMO), the regulatory component
of the IKK complex. It has been reported that CARMA1 can directly
associate with NEMO [33], and is essential for mediating NEMO
ubiquitination upon TCR engagement [34]. Bcl10, as the core of the
filamentous structure, can also be K63-linked polyubiquitinated at
residue Lys31 and Lys63 that might be recognized by NEMO
following simulation of different receptors [22,35]. In response to
T-cell activation, MALT1 can recruit TRAF6, an E3 ubiquitin ligase,
at its C-terminus [36] and promote TRAF6 oligomerization and
activation [20], which in turn facilitate K63-linked polyubiquityla-
tion of multiple proteins including the NEMO, TRAF6 itself, Bcl10,
and MALT1. Polyubiquitination of these proteins provides a
docking surface for the recruitment of other downstream signaling
components such as the transforming growth factor b-activated
kinase 1 (TAK1), TAK1 binding protein (TAB) and IKK complex that
leads to IKK/NF-kB activation [21]. The detailed mechanism of how
CARMA1, Bcl10 or MALT1 recruit the IKK complex and the
contribution of each individual protein in the CBM complex needs
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to be further elucidated. It could be possible that they have a
redundant function in recruiting the IKK complex, or they may
recruit the IKK complex as a complex platform.

MALT1, the only enzymatic component in the CBM complex
that possesses proteolytic activity, enchants the CBM complex
with another mechanism in activating NF-kB signaling by
regulating the negative feedback pathways. Currently, five
substrates of MALT1 have been identified: A20, CYLD, Bcl10, RelB
and NIK (reviewed in [37]). A20 and RelB are negative regulators of
NF-kB [6,7]. Cleavage of A20 and RelB by MALT1 promotes their
proteasomal degradation of them and enhances NF-kB signaling
[6,7]. Cleavage of CYLD, a negative regulator of JNK, by MALT1
promotes TCR-induced JNK activation [38]. NIK (NF-kB inducing
kinase) is an essential mediator of IKKa dependent noncanonical
NF-kB signaling stimulated by a subset of TNF receptor family
members. Cleavage of NIK by MALT1 generates a C-terminal kinase
domain of NIK that is resistant to proteasomal degradation which
leads to constitutive noncanonical NF-kB activation [37,39]. As the
first identified MALT1 substrate, Bcl10 cleavage by MALT1 does not
activate NF-kB; instead, it is required for TCR-induced integrin-
mediated T-cell adhesion to fibronectin [5].

5. Regulation of the CBM signalosome activity

CARMA1, Bcl10 and MALT1 are subject to posttranscriptional
regulation to limit the antigen-receptor induced NF-kB signaling
and restore homeostasis. As an example, Moreno-Garcia et al.
found that phosphorylations of Ser564, Ser657 and Ser649 of
CARMA1 have distinct peak profiles as well as different outcomes.
Phospho-Ser657 peaked rapidly and declined rapidly after anti-
gen-receptor stimulation, leading to CARMA1-mediated NF-kB
activation; however, phosphorylation of Ser649 occurred later but
sustained longer most likely resulting in down-regulation of
CARMA1 activity [40]. Similarly, several studies also reported that
TCR-induced NF-kB signaling initially activates Bcl10 but later
promotes Bcl10 to ubiquitination-dependent degradation, thereby
negatively regulating NF-kB activity [15,41–43]. Pelzer et al.
reported that the protease activity of MALT1 is regulated by
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monoubiquitination [44]. Monoubiquitination on Lys644 activated
the cleavage activity of MALT1, while an ubiquitination-deficient
mutant of MALT1 significantly reduced the proteolytic activity of
MALT1, which led to impaired NF-kB activity and IL-2 induction.

In addition, both Bcl10 and MALT1 could be the targets for
nondegradative K63-linked polyubiquitination that positively
activates NF-kB [21,22]. Upon T-cell activation, Bcl10 undergoes
K63-linked polyubiquitination at K31 and K63, which subsequent-
ly contributes to the interaction with NEMO [22]. TRAF6 associates
with MALT1 and mediates K63-linked auto-ubiquitination and
polyubiquitination of MALT1 at the C-terminus. Polyubiquitin
chain provides a docking site for the recruitment of IKK complex
components such as NEMO and the TAK1-TAB2 complex [21].

6. CBM signalosome and lymphomas

The CBM signalosome serves as the supramolecular hub where it
integrates different receptor-induced signaling pathways that lead
to NF-kB activation. Its aberrant activation has been associated with
many NF-kB signaling dependent lymphocytic neoplasms. For
example, CARMA1 overexpression has been found in different
lymphocyte malignancies including diffuse large B-cell lymphoma
(DLBCL), primary gastric B-cell lymphoma as well as in adult T-cell
leukemia [2]. Gain of function mutations of CARMA1 at the coiled-
coil region that result in constitutive NF-kB activation have also
been found in DLBCL, the most common type of non-Hodgkin’s
lymphoma [45]. Chromosomal translocations of Bcl10 and MALT1
have been frequently found in MALT lymphoma [46–49]. These
translocations, t(14;18) of MALT1 and t(1;14)(p22:q32) of Bcl10,
position MALT1 and BCL10 gene next to the Ig heavy chain loci,
leading to MALT1 and Bcl10 overexpression and NF-kB activation
[49]. Chromosomal translocation t(11;18)(q21:q21) is another
common translocation found in MALT lymphoma [50–52]. This
translocation creates a fusion protein that contains three BIR
domains of cellular apoptosis inhibitor-2 (cIAP2) at the N-terminal
and paracaspase domain of MALT1 at the C-terminal, which
constitutively activates NF-kB [48]. Collectively, these studies
established the critical roles of the CBM complex in neoplastic
disorders of the lymphocytes and suggest that the CBM complex
would be an attractive therapeutic target for lymphocytic disorders.

7. Targeting CBM signalosome for lymphoma

DLBCL is a heterogeneous group of diseases. According to its gene
expression profiles, it can be subclassified into three major subtypes:
germinal center B cell-like (GCB), activated B cell-like (ABC) and
primary mediastinal B cell lymphoma (PMBL) DLBCL. Patients with
GCB or PMBL subtype respond relatively well to standard
immunochemotherapy and have a better survival rate than patients
with ABC subtype. Therefore, ABC-DLBCL subtype is the most
clinically challenging subtype and relies on constitutive activation of
NF-kB signaling [8]. Using RNA interference screening, Ngo et al.
identified CARMA1, Bcl10, MALT1 and IKKb as essential components
for the survival of ABC-DLBCL [53], suggesting that inhibition of the
CBM complex activity would be an appealing therapeutic method for
ABC-DLBCL. According to the structure and function of the CBM
complex, there are two major ways to target the complex:
interfering with the assembly of the complex to inhibit the scaffold
function or directly inhibiting the proteolytic activity of MALT1 to
enhance the negative regulation of NF-kB activity.

7.1. Targeting the scaffold aspect of CBM complex

The molecular assembly mechanism and the structural
information of the CBM complex are now unraveled [12], which
paves the way for the development of novel targeted therapy for
malignancy diseases that rely on CBM-mediated NF-kB signaling.
As previously mentioned, the CBM complex is a high-order
filamentous assembly in which CARMA1 serves as the nucleator
and Bcl10 is the core of the filament. MALT1 is brought to the
periphery of the filament via interaction with Bcl10 and as a result
becomes oligomerized and activated [12]. The intactness of this
high-order structure is essential for the function of the CBM
complex in mediating NF-kB activation. Therefore, inhibition of
the high-order structure assembly may provide a novel avenue for
CBM-dependent constitutive activation of NF-kB in lymphomas.
Theoretically, we can target the CBM complex as a scaffold
platform in three ways (Fig. 2): First, we could develop inhibitors
that block the interaction between CARMA1 and Bcl10 to inhibit
CARMA1’s function as a nucleator, thus prevent CARMA1 from
promoting Bcl10 filamentous structure formation. Alternately,
inspired by the auto-inhibitory conformation of CARMA1, antago-
nist that mimics the structure of PRD motif (also termed as
peptidomimetics) that competitively interacts with CARMA1 and
prevents it from interacting with Bcl10 could also be a potential
therapeutic method that inhibits the nucleator function of
CARMA1. Successful examples of the peptidomimetics are the
SMAC-mimicking IAP antagonists that are currently in preclinical
and clinical trials [54]. Second, we can directly block the Bcl10
filamentous formation by developing inhibitors that disrupt
Bcl10–Bcl10 interaction. Third, the interaction between Bcl10
and MALT1 is important for the oligomerization and activation of
MALT1 as well as the recruitment and activation of TRAF6.
Disruption of this interaction could have dual functions: inhibition
of both the enzymatic activity and the scaffold function of MALT1.

However, targeting protein–protein interactions may be very
challenging largely because of technological hurdles. For example,
protein–protein interaction interface may be very large and
diffuse, there is no well-defined binding pockets for small molecule
inhibitors to target; therefore, it may be difficult to target one
interface and achieve complete interruption effects. Nevertheless,
there has been significant progress in this endeavor in recent years
[55–57].

7.2. Targeting MALT1 – the enzymatic component of the CBM complex

MALT1, as the only enzyme in the CBM complex, is a unique
paracaspase in humans. Although it has similar caspase fold as
other caspases, it cleaves after arginine residue and distinguishes
itself from conventional caspases [17]. MALT1 cleavage activity is
linked to the pathogenesis of ABC-DLBCL, the most chemotherapy-
resistant and clinically challenging form of DLBCL [58,59].
Targeting MALT1 proteolytic activity for ABC-DLBCL has become
a hot research topic recently [60,61]. Notably, MALT1 knockout
mice are generally healthy, except that they are defective in T-cell
and B-cell activation in response to antigen stimulation [62].
Therefore, targeting MALT1 may be a safe and effective approach
without causing significant side effects for patients.

Currently, several MALT1 inhibitors have been developed. z-
VRPR-FMK is a peptide inhibitor that specifically and irreversibly
inhibits the proteolytic activity of MALT1 (Fig. 1F) [58,59]. It has
been shown that inhibition of MALT1 proteolytic activity by z-
VRPR-FMK significantly reduced NF-kB activity and selectively
inhibited the growth and survival of ABC-DLBCL, thus demon-
strating the key role of the proteolytic activity of MALT1 in ABC-
DLBCL and supporting the potential of MALT1 as a promising
therapeutic target for aggressive lymphoma [58,59]. However,
despite the efficacy that z-VRPR-FMK has demonstrated toward
ABC-DLBCL, it may not be suitable to be used as a clinical drug due
to its low cell permeability and low potency.

In order to search for more druggable inhibitors of MALT1,
recently two groups have applied high-throughput screening using



Fig. 3. The structure of current inhibitors of MALT1. (A) Phenothiazine derivatives (Mepazine, Thioridazine and Promazine) that inhibit MALT1 activity. (B) Crystal structure of

MALT1 in complex with Thioridazine shown in cyan stick. Thioridazine binds at the interface between paracaspase and Ig3 domains and allosterically inhibits the activity of

MALT1. (C) MI-2 is a novel compound that specifically inhibits MALT1 protease activity.
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engineered dimeric form of MALT1 and have identified several
small molecule compounds that could be potentially used as
therapeutic agents for the treatment of ABC-DLBCL (Fig. 3) [60,61].
Using a library of approved drugs, Nagel et al. identified three
phenothiazine derivatives named mepazine, thioridazine, and
promazine as allosteric inhibitors of MALT1 (Fig. 3A) [60]. These
compounds are noncompetitive and reversible MALT1 inhibitors.
They bind MALT1 allosterically at the interface between para-
caspase domain and the Ig3 domain far away from the catalytic
center and function by interfering with the conformational change
of MALT1 into an active enzyme (Fig. 3B) [63]. These phenothiazine
derivatives showed selective inhibitory activity in MALT1-depen-
dent ABC-DLBCL cells and xenograft mice models [60]. While these
phenothiazine derivatives may offer favorable moves in clinical
trials for the treatment of ABC-DLBCL since they are already in
clinical use as anti-psychotic drugs by acting as a dopamine
receptor antagonist, they may be limited by the known side effects
such as tardive dyskinesia as well as off-target effects.

Another group, Fontan et al. identified a novel compound
named ‘‘MI-2’’ that binds MALT1 at the active site and irreversibly
inhibits its enzymatic activity (Fig. 3C) [61]. MI-2 selectively
inhibited the growth of ABC-DLBCL cells in vitro as well as in
xenotransplanted mouse models by induction of apoptosis. It is
important to point out that it did not cause any detectable
physiological or histological signs of toxicity to MI-2 treated mice.
Furthermore, MI-2, as an irreversible inhibitor, may offer
pharmacokinetic advantage by providing prolonged inhibition
effect since the activity of MALT1 will return only when new
MALT1 is synthesized. Therefore, MI-2 may represent a novel class
of therapeutic agents for the treatment of ABC-DLBCL. Notably,
currently MI-2 is a lead compound and will need further
optimization to improve its pharmacological properties before it
can be used in clinic settings.
8. Conclusions and perspectives

The CBM complex is a key player in NF-kB signaling pathways
and it activates NF-kB with two different mechanisms: it provides
a central scaffold platform where downstream signaling proteins
are recruited to the scaffold and become activated; its enzymatic
component MALT1 inactivates the negative feedback loop of NF-kB
signaling which further enhances NF-kB activity (Fig. 2). The CBM
complex is a nucleation-induced helical filamentous assembly,
where CARMA1 acts as the nucleator to promote Bcl10 filament
formation and MALT1 polymerization and activation. It is well
accepted that TRAF6 is recruited to the CBM complex and connects
the CBM complex to the IKK complex to activate NF-kB in response
to antigen-receptor signaling; however, the individual roles of
CARMA1, Bcl10 and MALT1 in recruiting TRAF6 are not entirely
clear yet. Further studies are needed to delineate in detail the
entire signaling pathway, which is important for the development
of targeted therapies and rational combinational therapies to treat
lymphoma patients with aberrant NF-kB activity.

The intactness of the CBM supramolecular complex assembly is
critical in transducing signals to NF-kB. Mutations in the CBM
complex that failed to assemble filamentous structure dominant-
negatively reduce NF-kB activity, indicating that interfering with
high-order molecular structure assembly could be a promising
therapeutic approach for aggressive lymphoma that rely on NF-kB
signaling through the CBM complex. In addition, agents that inhibit
the proteolytic activity of MALT1 could also be appealing for the
treatment of aggressive lymphoma. Recently, two types of small
molecule inhibitors of MALT1 have been identified to selectively
inhibit the growth of ABC-DLBCL in vitro and in xenograft mouse
models as well as in primary patient tumors [60,61], which
validated the hypothesis that the CBM complex would be a
promising therapeutic target for aggressive lymphomas that
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depend on signaling transduction through the CBM complex. Since
single agent therapy for cancer is not curative and usually
generates resistance fast, combinational therapy has become the
trend for cancer these days. Therefore, rational combination of
agents targeting the CBM complex with other targeted therapies
may be beneficial for aggressive lymphoma patients.
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