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1. Introduction

The immune system is a complex interplay between different cells,
tissues and organs, developed to protect the organism from invading
threats. As a signaling system, the immune system is facing a unique
and interesting challenge in that pathogens typically have much shorter
generation times and consequently evolve much faster than their hosts,
which means that the immune system needs to be vigilant and re-
sponsive to novel threats. At the same time is a poorly regulated im-
mune response detrimental to the organism, which means that an ef-
fective negative regulation of immune responses is also important.
Physical barriers and the innate immune system serve as the first lines
of defense. Conserved components of pathogens are sensed by pattern
recognition receptors on cells, which elicit an innate immune response
by production of antimicrobial factors and inflammatory mediators.
Innate immunity also regulates the recruitment and activation of
adaptive immune cells [1]. Adaptive immunity depends on T and B
lymphocytes carrying highly specific antigen-recognition receptors, the
B cell receptor (BCR) and T cell receptor (TCR). Once activated, B cells
produce antibodies against pathogens mediating the humoral immune
response. CD4 T cells help B cells in the humoral response, while CD8 T
cells and natural killer cells play a role in the cell-mediated immune
response to e.g. kill virus infected cells or cancer cells [2].

Immune cell signal transduction needs to be tightly regulated,
which highly depends on posttranslational modifications (PTMs). There
is a wide range of PTMs like acetylation, lipid conjugations, oxidation,
phosphorylation, proteolytic processing, ubiquitination and ubiquitin-
like modification, which all can play a direct role in signal transduction,
but possibly also serve as “memory” to influence or cross-talk with
other signaling events. This complex change in the “epitransduction
code” by inducible PTMs is highly interesting, yet very complex to
study [3]. Two of the most prominent PTMs that have been studied in
signal transduction research are phosphorylation and ubiquitination
(Fig. 1). While phosphorylation and de-phosphorylation was long
thought to be the predominant on and off switch of protein activity and
fate, ubiquitination has emerged over the past decades to be involved in
virtually all cellular processes. While the addition of a phosphate group
to a substrate protein is a rather straightforward single step mechanism,
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the covalent attachment of ubiquitin to the side chain of a lysine (K)
residue in a target protein requires the concerted action of three dif-
ferent enzymes: an ubiquitin-activating enzyme (E1), an ubiquitin
conjugating enzyme (E2), and an ubiquitin ligase enzyme (E3) (Fig. 1).
Ubiquitin itself contains seven lysine residues that can also serve as
ubiquitin acceptor sites, allowing the formation of structurally different
types of polyubiquitin chains (K6, K11, K27, K29, K33, K48 and K63).
In addition, a ubiquitin molecule can be attached to the N-terminal
methionine (M1) of the proximal ubiquitin residue, leading to the for-
mation of linear ubiquitin or M1 chains [4]. Different types of poly-
ubiquitination form a kind of ubiquitin code that is recognized by
specific ubiquitin-binding domain (UBD)-containing proteins that
mediate downstream signaling. Ubiquitin can also be attached to serine,
threonine or cysteine residues, but they are less stable and to date very
little is known about these modifications [5]. The ubiquitin code proved
to be even more complex when mixed chain types such as M1/K63 and
K48/K63 hybrid chains were identified [6,7]. There are also hybrid
chains of ubiquitin-like modifications and ubiquitin such as ubiquitin-
SUMO or ubiquitin-NEDD8 hybrid conjugates. Furthermore, ubiquitin
itself can be subject to PTMs, for example acetylation of its lysine re-
sidues or phosphorylation on serine (S), threonine (T) or tyrosine (Y)
residues. In particular S65 phosphorylation has been studied ex-
tensively in the context of mitophagy [8]. Each of these ubiquitin
modifications can alter the charge and surface properties of ubiquitin
and can hence dramatically affect signaling outcome. While K48-linked
polyubiquitination mainly targets proteins for proteasomal degrada-
tion, K63- and M1-linked polyubiquitin chains can regulate protein
activity, protein subcellular localization or protein-protein interaction
in various signaling pathways [9]. Like phosphorylation, ubiquitination
is a rapid and reversible process and can be counteracted by specific
deubiquitinating enzymes (DUBs) (Fig. 1).

A large body of evidence demonstrates that TCR signaling is regu-
lated by ubiquitination of various effector molecules. The E2 ubiquitin
activating enzyme Ubc13, the only E2 described to regulate K63-linked
ubiquitination, has been shown to play a fundamental role in TCR
signaling as mice lacking Ubc13 specifically in T cells display severely
reduced T cell numbers and defective T cell proliferation [10]. Multiple
E3 ubiquitin ligases including Cbl-b, RNF128 and Itch have been
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described to regulate proximal TCR effectors thereby regulating T cell
function and preventing autoimmunity [11-14]. Similarly, the DUBs
CYLD and A20 were shown to regulate the ubiquitination state of
several TCR signaling intermediates and mice deficient in either one
show increased T cell proliferation and inflammatory phenotypes [15].
Recently, M1 ubiquitination has emerged as an important regulator of
immune and inflammatory signaling. M1 chains are assembled by the
linear ubiquitin chain assembly complex (LUBAC), which consists of
HOIL-1, HOIP and SHARPIN, with HOIP harboring the E3 ligase activity
[16]. Specific deletion of HOIP and HOIL-1 in T cells demonstrates an
important role for LUBAC in regulatory T cell development and
homeostasis [17] and also patients with HOIP or HOIL-1 loss of func-
tion mutations show evidence of T cell defects [18,19]. In this review
we will discuss the importance of posttranslational modifications in
signal transduction downstream of the TCR, specifically focusing on
ubiquitination and phosphorylation of components of the CARD11-
BCL10-MALT1 (hereafter referred to as CBM) signaling complex, which
plays a central role in a multitude of T lymphocyte functions by reg-
ulating TCR-induced signal transduction.

2. T cell receptor signal transduction

TCRs consist of two different subunits, and the combination of
subunits is determined early during thymocyte development. Most T
cells consist of the highly variable alpha (a) and beta () chains, re-
ferred to as af} T cells, and are expressed as part of a complex with the
invariant CD3 chain molecules. A minority of T cells express an alter-
nate receptor, formed by variable y and 8 chains, referred to as y8 T
cells. Activation of T cells requires both ligation of the TCR by antigen

Cch4

Lck

_
7

TREDD @9y @ T o
\YZA\Y/A\VZA\VZA\Y/\\Y/\V/, <

Fig. 2. Schematic representation of the TCR signaling pathway to NF-kB, AP-1 and NF-AT. TCR signaling towards the activation of major transcription factors
involves the activation of multiple signaling molecules, including distinct kinases and E3 ubiquitin ligases that regulate specific protein-protein interactions and
enzymatic activities. The formation of a CARD11-BCL10-MALT1 (CBM) signaling complex plays a central role in TCR signaling. Green circles depict ubiquitin; only
shown for the CBM complex. For more details, see main text.
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bound to MHC molecules on antigen presenting cells, as well as co-
stimulatory molecules, mainly CD28. TCR simulation leads to a con-
formational change of the receptor chains, rendering the im-
munoreceptor tyrosine-based activation motifs (ITAMs) in the CD3{
chain accessible for phosphorylation by tyrosine kinase Lck (Fig. 2).
Upon phosphorylation, the ITAMs serve as recruitment platform for
tyrosine kinase ZAP-70, which in turn induces a cascade of phosphor-
ylation events, including the phosphorylation of the transmembrane
adapter protein LAT and the cytosolic adapter protein SLP-76. This
proximal signaling complex results in the activation of PLCy, which
hydrolyzes the membrane lipid PIP2 to form the second messenger
molecules IP3 and DAG. IP3 induces the release of calcium from the
endoplasmatic reticulum, increasing the intracellular calcium levels,
which leads among others to the activation of CaMK as well as the
phosphatase Calcineurin. Calcineurin dephosphorylates NF-AT family
members rendering them capable of translocating to the nucleus, where
they cooperate with other transcription factors e.g. AP-1 or FOXP3 to
induce specific transcriptional programs. DAG activates mainly two
signaling axes involving Ras and PKC. Ras is important for the activa-
tion of serine-threonine kinase Raf-1 resulting in the activation of the
MAPKs Erkl and Erk2. On the other hand DAG binds to PKC6 in T cells,
which is required for PKC recruitment to the plasma membrane [20].
PKC6 phosphorylates CARD11, inducing a conformational change to
activate CARD11 (see below) [21,22]. Activated CARD11 forms a
complex with BCL10 and MALT1 [23]. Next, the E3 ligase TRAF6 is
recruited to the CBM complex binding directly to MALT1 via multiple
TRAF6-binding motifs (T6BM, see Fig. 3A) [24]. Oligomerization of
MALT1/BCL10 activates the E3 ligase activity of associated TRAF6
resulting in auto-ubiquitination, ubiquitination of CBM components as
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Fig. 3. (A) Schematic representation of domain organization and function in CARD11, BCL10 and MALT1. Arrows indicate inter- and intramolecular interactions and
domain functions. CARD, Caspase Recruitment Domain; MAGUK, membrane-associated guanylate kinase; PDZ, postsynaptic density 95/disc large/zona occludens 1
domain; SH3, Src homology 3; GUK, guanylate kinase domain; PR, proline rich; S/T, serine/threonine rich; DD, dead domain; Ig, immunoglobulin-like; T6BM,
TRAF6-binding motif. (B) Model of CBM complex formation. In unstimulated cells, CARD11 is auto-inhibited by intramolecular interactions between the CARD
domain and the linker region as well as between the GUK and SH3 domains. Upon TCR stimulation, CARD11 gets phosphorylated by PKC8 in the linker region,
resulting in an open conformation and CARD11 oligomerization. BCL10, is then recruited to CARD11 via CARD-CARD interactions, and CARD11 nucleates BCL10
filament formation. Because MALT1 is constitutively bound to BCL10, the filament formation brings MALT1 monomers into proximity to promote their dimerization

and proteolytic activation.

well as the downstream signaling adapter NEMO [24,25]. The E2 en-
zyme complex Ubc13-UevlA is essential for TCR-induced ubiquitina-
tion and signal transduction [24]. Interestingly, TRAF6 has been shown
to be dispensable for TCR-induced signal transduction, indicating that
there might be redundancy with other E3 ligases like TRAF2, Pellino-1
or MIB2 [24,26-28]. On the other hand, the T6BM in MALT1 was
proven to be crucial for the MALT1 scaffolding function and TCR-in-
duced signal transduction [29]. The ubiquitin chains serve as docking

o

platforms for downstream signaling complexes that get recruited via
UBD-containing proteins. The TAK1-binding proteins TAB2 and TAB3
bind to ubiquitin chains via their NZF domain leading to the recruit-
ment and activation of TAK1, while the IKK complex gets recruited to
ubiquitin chains via NEMO’s UBAN motif [24,30,31]. TAK1 then
phosphorylates IKK in its activation loop at S177 and S181, rendering
the kinase active [32]. The combined IKK( phosphorylation and NEMO
ubiquitination activate the IKK complex, leading to the phosphorylation
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of inhibitor of NF-kB (IkB) a. IkBa phosphorylation renders it prone to
K48-linked ubiquitination followed by its proteasomal degradation,
which allows NF-kB to translocate to the nucleus [33]. Intriguingly,
while CARD11 is essential to regulate NEMO ubiquitination upon TCR
stimulation, it was shown that IKKp can be phosphorylated by TAK1 in
a CARD11-independent manner [34]. Next to the activation of the NF-
kB pathway, TAK1 also mediates activation of a MAPK cascade re-
sulting in the activation of JNK and translocation of transcription factor
AP-1 into the nucleus [32]. In the nucleus, NF-kB and AP-1 regulate the
expression of specific genes that mediate e.g. T cell proliferation and
survival.

3. The CARD11-BCL10-MALT1 complex

The CARD11-containing CBM complex that is formed in T cells is
also formed upon B cell receptor (BCR) stimulation. In fact, there are
four related CARD-coiled coil (CC) proteins (CARD9, -10, -11 and 14) in
mammals that can form specific CBM complexes in different cell types
in response to specific stimuli, and which share a single common an-
cestor in the first vertebrates [35]. CARD11 (Carmal), CARDI14
(Carma2) and CARD10 (Carma3) also contain a MAGUK domain in
their C-terminus, and are therefore also termed CARD-containing
MAGUK proteins (Carma) [36,37] (Fig. 3A). MAGUK family members
are scaffolding proteins that recruit multi-molecular complexes for
signaling pathways to the membrane of mammalian cells [38]. They are
characterized by a distinct domain structure consisting of one to three
PDZ domains, an SH3 domain and a GUK domain in their C-terminus,
which are all involved in protein-protein interactions [38] (Fig. 3A).
SH3 domains are well characterized for binding to proline-rich motifs,
while PDZ domains recognize short motifs in C-termini of proteins
[39,40]. CARDI11 is constitutively localized to lipid rafts, micro do-
mains in the plasma membrane that are rich in specific lipids and
cholesterol, which have been shown to be important for TCR signaling
[41,42]. CARD11 likely associates with integral lipid raft components
rather than carrying a lipid modification e.g. myristoylation or palmi-
toylation itself [41]. The PDZ domain of CARD11 might be responsible
for the membrane targeting of CARD11, as PDZ domains of other
MAGUK proteins have been shown to primarily bind to the cytoplas-
matic tails of membrane proteins [38]. Upon TCR stimulation, CARD11
co-localizes with aggregated CD3 [41]. The SH3 and GUK domain have
been shown to be particularly important for the formation of CARD11
microclusters at the immunological synapse [43]. In analogy to other
MAGUK proteins, it has been proposed that intramolecular interactions
between the SH3 and the GUK domain keep CARD11 in a closed con-
formation. Deletion of the region connecting the SH3 and GUK domain,
termed the Hook region, was hypothesized to result in an open con-
formation, exposing residues for regulatory modifications [44].
CARD11 has a serine/threonine rich linker region connecting the CC
and the MAGUK domain (Fig. 3A). As phosphorylation in this region by
PKC is crucial for CARD11 activation, it is also referred to as the PKC-
regulated domain (PRD) [45]. Deletion of the PRD domain results in a
constitutively active CARD11 protein capable of assembling the CBM
complex in the absence of stimulation [22]. The CC domain of CARD11
is essential for self-oligomerization and subcellular localization in lipid
rafts [46,47]. In resting state, CARD11 is thought to remain in an auto-
inhibited conformation that is mediated through multiple in-
tramolecular interactions involving the CARD and CC regions [22]
(Fig. 3). Upon TCR-activation, PKCO phosphorylates CARD11 in the
linker region, overcoming the auto-inhibition and making the CARD
domain accessible to specifically interact with the CARD domains in
BCL10, which is then co-recruited into lipid rafts [21,22,36,37,41].
Binding of several proteins, including ADAP, PKC and AIP, facilitates
the open conformation [48-50]. A CARD11 mutant (CARD11 L39R)
that does no longer bind BCL10 acts as a dominant negative inhibitor of
TCR-induced NF-xB activation [41]. All four CARD-CC proteins seem to
be regulated in the same way, since deletion of the sequence
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downstream of the CC domain results in spontaneous activation for all
of them [35].

Human BCL10 is a 233 amino acid protein containing an N-terminal
CARD domain as well as a C-terminal serine/threonine (S/T) rich re-
gion [51] (Fig. 3A). TCR stimulation induces CARD-mediated binding
of BCL10 to CARD11 and redistribution of BCL10 to clustered TCR
complexes at the immunological synapse [41,52]. More specifically,
BCL10 has been shown to form punctate cytoplasmatic structures upon
antigen stimulation, which were termed punctate and oligomeric killing
or activating domains transducing signals (POLKADOTS) [53]. Inter-
estingly, sequence alignment of BCL10 from species ranging from
human to corals reveals a highly conserved but not yet annotated
proline rich (PR) region between residues 193 and 205 [35] (Fig. 3A).
PR regions, especially when adopting a left-handed polyproline 2 con-
formation, serve as binding platforms for SH3 domain containing pro-
teins [54]. As CARD11 carries an SH3 domain in its C-terminus, there
might be a role for PR-SH3 interaction in supporting or stabilizing the
BCL10-CARD11 interaction. BCL10 is constitutively associated with
MALT1, which is dependent on a region spanning amino acids 107-119
in BCL10, and mediates the recruitment of MALT1 to CARD11, thus
forming the CBM complex [55-58].

MALT1 (PCASP1) is a type 1 paracaspase, which is characterized by
a predicted death domain (DD) with unknown function followed by two
Ig-like domains, a paracaspase domain that shares homology with
caspases and metacaspases [58], and a third Ig-like domain at its C-
terminus followed by an unstructured sequence [59] (Fig. 3A). The first
two Ig-like domains in MALT1 are responsible for its interaction with
BCL10 [56]. It was further shown that BCL10 and MALT1 oligomerize
to higher order molecular weight complexes, which is crucial to
transmit downstream signaling [24] (Fig. 3B). Recent structural data
show that the CBM complex is a supermolecular filamentous complex,
in which CARD11 nucleates BCL10 polymerization and filament for-
mation [60], the assembly of which is unidirectional [61]. This nu-
cleation process is a mechanism in which the initial signal is amplified,
so that only minimal amounts of activated CARD11 are needed to ac-
tivate a large number of BCL10 molecules. MALT1 has been shown to
recruit the E3 ligase TRAF6 to the CBM complex via TRAF6-binding
motifs, and the oligomerization of TRAF6 is thought to activate its E3
ligase activity [24,62]. Next to this role of MALT1 as a scaffold in-
tegrating signal transduction from the TCR to downstream activation of
NF-kB and MAPKs, MALT1 also has proteolytic activity via its para-
caspase domain. Dimerization of the MALT1 paracaspase domain has
been shown to be necessary for its proteolytic activity [63,64]. This is
believed to be enabled by the formation of the above mentioned BCL10
filaments, which brings MALT1 monomers in proximity (Fig. 3B). Since
the discovery of MALT1 catalytic activity, a limited number of sub-
strates have been discovered [65]. These include, among others, ne-
gative regulators of NF-xB and AP-1 activation (A20 and CYLD) and
mRNA destabilizing proteins (Roquin-1, -2, Regnase 1), whose cleavage
results in the fine-tuning of gene expression [66-69].

4. Physiological roles of the CBM complex

Depletion of CARD11, BCL10 or MALT1 in cells or mice has de-
monstrated that all three CBM components are indispensable for TCR-
induced signaling, T cell activation and survival.

CARD11 was first shown to be crucial for TCR signal transduction to
NF-kB in the Jurkat T cell line [41,70,71]. More specifically, the
CARD11 deficient Jurkat T cell clone JPM50.6 showed defective TCR-
induced NF-xB activation and consequent IL-2 production, which could
be fully rescued by reconstitution with CARD11 [71]. Mice lacking
CARD11 show mild defects in T cell development (increased CD4/CD8
double negative (DN) T cells in DN3-DN4 stage, increased DN cell
apoptosis), reduced numbers of peritoneal CD5*B220" B1 cells and
reduced basal serum immunoglobulin [52]. CARD11 knockout mice
generated independently by another group show a complete absence of
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peritoneal B1 cells, as well as defective natural killer cell differentiation
[43]. Though, no or only mild defects in T cell development were ob-
served in both CARD11 deficient mouse strains, both show severely
reduced activation and proliferation of mature T cells induced by anti-
CD3/CD28 ex vivo [43,52]. This is mainly due to reduced IL-2 pro-
duction, as proliferation can be restored by adding exogenous IL-2.
Furthermore, NF-kB and JNK activation following antigen receptor
stimulation is drastically reduced in CARD11-deficient cells and BCL10
is not able to translocate to the immunological synapse. CARD11
knockout mice are no longer able to elicit an immune response when
challenged with ovalbumin [43].

Similar to CARD11 knockout mice, BCL10 knockout mice are
markedly immune-deficient with reduced basal levels of serum IgGs
and increased susceptibility to viral infection [72]. BCL10-deficient
lymphocytes show decreased antigen receptor-induced activation and
proliferation and fail to activate NF-kB. One third of BCL10 knockout
embryos die prematurely due to a neural tube closure defect, demon-
strating an additional role for BCL10 in central nervous system devel-
opment.

Mice lacking MALT1 are viable and fertile with normal B and T cell
development, but premature maturation of DN thymocytes similar to
BCL10 knockout mice [73,74]. Remarkably, marginal zone B cells are
severely reduced and germinal center B cells are completely absent in
MALT1 knockout mice. While T cell numbers in spleen and lymph
nodes are comparable to wild type mice, MALT1 knockout mice have
fewer activated T cells in the periphery and mature T cells show de-
fective proliferation and reduced IL-2 production in response to anti-
CD3/CD28 or PMA/ionomycin treatment ex vivo. This is reflected in
decreased TCR-induced NF-xB and JNK activation, but intact ERK ac-
tivation in response to TCR stimulation [73-76]. The importance of
MALT1 to mount a productive immune response is shown by a reduced
IgM and IgG1 antibody response after immunization with ovalbumin or
keyhole limpet haemocyanin in the absence of MALT1. Furthermore,
MALT1 was shown to be important for regulatory T cell development
and Th17 differentiation [77]. Importantly, a T cell intrinsic role for
MALT1 in eliciting an adaptive immune response was recently de-
monstrated by the generation of T cell specific MALT1 knockout mice,
which become susceptible to an otherwise avirulent live attenuated
rabies virus vaccine strain [78]. To specifically study the role of MALT1
catalytic activity, leaving its scaffold function intact, several groups
have generated knock-in mice expressing a catalytically inactive
MALT1 (C472A) protein (referred to as MALT1-PD (protease dead))
[75,76,79,80]. Although less pronounced, MALT1-PD mice mimic the
phenotype of MALT1 knockout mice. However, in contrast to MALT1
knockout mice, MALT1-PD mice spontaneously develop autoimmunity
in multiple organs accompanied by increased numbers of infiltrating
lymphocytes. This inflammatory phenotype is caused by the absence of
regulatory T cells, resulting in increased numbers of effector T cells. Of
note, pharmacological inhibition of MALT1 does not lead to a reduction
in regulatory T cells and autoimmunity, which might reflect temporal
or quantitative differences between genetic and pharmacological
MALT1 inhibition [81].

In humans several chromosomal translocations of CBM components
have been identified in MALT lymphoma [82]. The MALTI1 gene was
originally identified as break point resulting in the constitutively active
API2-MALT1 chimeric protein, which is composed of the BIR domains
of cIAP2 (also known as BIRC3 or API2) fused to the C-terminus of
MALT1 upstream of the caspase-like domain. Another translocation
brings the BCL10 and MALT1 genes under control of the Ig heavy chain
enhancer, resulting in deregulated expression and NF-kB activation.
Constitutive CBM signaling caused by gain-of-function mutations in
CARD11 or upstream regulators is characteristic for activated-B-cell-
like diffuse large B cell lymphoma (ABC DLBCL) [83]. Loss-of-function
mutations in CARD11 or MALT1 have been associated with combined
immunodeficiency (CID) in patients [84]. Gain-of-function CARD11
mutations are linked to B cell expansion with NF-xB and T cell Anergy
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(BENTA) disease, which is characterized by polyclonal B cell lympho-
cytosis and mild immunodeficiency [84].

Given the important role of CARD11, BCL10 and MALT1 in T cell
mediated immune responses, their activity needs to be strictly con-
trolled. Specific phosphorylation and ubiquitination events are posi-
tively or negatively regulating CBM complex formation and recruitment
of downstream signaling effectors, or target CBM components for de-
gradation. Below, we give a detailed overview of the occurrence and
functional role of ubiquitination and phosphorylation of the different
CBM components.

5. CARD11
5.1. CARDI11 ubiquitination

CARD11 protein turnover upon TCR or BCR stimulation was shown
to be regulated by K48-linked ubiquitination, which could be facilitated
by co-expression with cIAP2 and to a lesser extent NEDD4 [44] (Fig. 4/
Table 1). However, in this study depletion of cIAPs using a cIAP an-
tagonist did not abolish CARD11 degradation in vivo, suggesting re-
dundancy with other E3 ligases. CARD11 ubiquitination is abolished
when all 29 lysines in the MAGUK domain are mutated to arginine and
is accompanied by reduced CARD11 turnover. In agreement, expression
of such a ubiquitination defective CARD11 mutant led to increased
basal and PMA/ionomycin induced NF-kB and JNK activation. Inter-
estingly, CARD11 lacking the PKC-regulated domain (CARD11 del-
taPRD), which is constitutively active, was found to be constitutively
K48-ubiquitinated and degraded [44]. The authors proposed a model in
which inactive CARD11 remains in a closed conformation, while sti-
mulation leads to the phosphorylation of CARD11 (see below) resulting
in an open conformation — mimicked by deletion of the PRD - rendering
the lysines in the MAGUK domain accessible for ubiquitination.

CARD11 has been reported to be monoubiquitinated by the E3 li-
gase Cbl-b in natural killer T (NKT) cells, which was shown to inhibit its
interaction with BCL10 [85]. In this context, Cbl-b ligase activity was
found to be important for NKT cell anergy induction. Cbl-b has also
been shown to regulate T cell activation and tolerance by targeting
multiple proximal TCR effector signaling proteins, adding another level
of fine-tuning to the Cbl-b mediated regulation of TCR signaling [86].

In addition to the above mentioned negative regulatory role of
CARD11 ubiquitination, CARD11 ubiquitination can also have a posi-
tive effect. The E3 ligase STUB1 directly interacts with and modifies
CARD11 with K27-linked ubiquitin [87]. This interaction and ubiqui-
tination is dependent on CARD11 PDZ and SH3 domains and mutation
of specific lysines in this region, in particular K689 and K696, leads to a
mild decrease of CARD11 ubiquitination and NF-xB activation upon
CARD11 overexpression. On the other hand, knockdown of STUB1
leads to a pronounced decrease in PMA/Ionomycin-induced CARD11
ubiquitination as well as NF-«B activation and IL-2 production in Jurkat
T cells [87]. Therefore, it is likely that multiple sites serve as ubiquitin
acceptor sites and that combined mutation of all sites would be needed
to fully recapitulate the effect of STUB1 depletion. Alternatively, it
cannot be excluded that STUB1 has additional substrates that play an
essential role in TCR mediated signaling. K27-linked ubiquitin is one of
the least characterized ubiquitin modifications and to date only few
specific K27 binding proteins have been described. Therefore it will be
of particular interest to identify how and by which proteins K27-linked
ubiquitination is recognized, and what its importance for immune sig-
naling is. Interestingly, also the IKK adaptor protein NEMO has been
shown to be K27-ubiquitinated in the context of innate immune sig-
naling resulting in context-dependent NF-kB activation or inhibition
[88,89].

In a proteomic approach to identify M1-ubiquitinated proteins in
response to BCR signaling, CARD11 has been shown to co-purify with
the GST-tagged UBAN domain of NEMO, which was used to specifically
pull down M1-ubiquitinated proteins [90]. However, when repeated
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Fig. 4. Overview of known ubiquitination and phosphorylation events of CARD11, BCL10 and MALT1. Activating phosphorylation is indicated with green circles and
inhibitory phosphorylation with red circles. Different types of polyubiquitin chains are indicated as strings of grey circles. Kinases and E3 ubiquitin ligases that have
been shown to be responsible for the indicated phosphorylation and ubiquitination, respectively, are also depicted. Cleavage sites for MALT1 are indicated by
scissors. The exact phosphorylation and ubiquitination sites and the corresponding functional effects can be found in Tables 1-5.

Table 1
CARD11 ubiquitination sites, E3 ligases involved, context and function. nd: not determined.
Chain type Position Context E3 ligase Functional effect Ref
Mono nd Ionomycin + TCR-crosslinking (NKT cells), co-expression with Cbl-B Inhibition of CARD11-BCL10 [85]
Cbl-B (HEK293) interaction
K48 29 Ks in MAGUK domain TCR/BCR-crosslinking or PMA/ionomycin (cell lines and cIAP2, NEDD4 Proteasomal degradation of [44]
primary B and T cells), co-expression of CARD11 APRD CARD11
(HEK293)
K27 K689, K696 PMA/ionomycin (Jurkat) STUB1 NF-kB activation and IL-2 [87]
production

under more stringent washing conditions, CARD11 could not be de-
tected, indicating that not CARD11 itself but interacting proteins (e.g.
BCL10, see below) are M1-ubiquitinated.

5.2. CARD11 phosphorylation

A number of CARD11 phosphorylation events by several kinases
have been proven essential for TCR-mediated signal transduction. Most
identified phosphorylation sites are located in the linker region, also
termed PKC-regulated-domain (PRD) (Fig. 4/Table 2), and phosphor-
ylation at these residues was shown to result in a conformational
change of CARD11. In resting cells, CARD11 intramolecular interac-
tions between the linker and CARD-CC domain keep CARDI11 in an
auto-inhibited conformation preventing the CARD11 CARD domain to
interact with BCL10 CARD domains. Phosphorylation of S552 and S645
in the linker region reduces its affinity for binding to CARD-CC in vitro,
releasing auto-inhibition [22]. Mutation of one of the critical phospho
acceptor sites of CARD11 in chicken DT40 cells (S668, corresponding to
S645 in humans) abolishes CBM complex formation [91], indicating
that this critical phosphorylation site has been conserved at least as far
back as the last common ancestor of mammals and dinosaurs. CARD11
in its open confirmation facilitates assembly of the IKK signalosome and

its recruitment to lipid rafts, resulting in NF-kB activation [22]. In
agreement, cells expressing a CARD11 mutant lacking the linker region
show constitutive CARD11 membrane localization and NF-«B activation
[22]. PKCs were proposed as the predominant kinases mediating
CARD11 phosphorylation and activation [21,22,91-93], but other ki-
nases are involved as well (Fig. 4/Table 2). Akt, a kinase activated
downstream of PI3K, was shown to phosphorylate CARD11 at S637 and
S645, which positively regulates TCR-induced NF-kB activation and IL-
2 production [94]. HPK1 can phosphorylate CARD11 S549 and S551,
with S551 emerging as the critical residue for HPK1-mediated T cell
activation [92]. However, HPK1 is likely a modulator rather than an
indispensable trigger for TCR-mediated signal transduction, as HPK1
phosphorylation sites are not conserved as far back as chicken. It was
further shown that IKKp, a kinase downstream of the CBM complex,
phosphorylates CARD11 at S555, thereby enhancing CBM assembly and
thus resulting in a positive feed-forward mechanism [91]. Mathematical
modeling revealed a switch-like mechanism for NF-kB activation, in
which IKK activity is regulated by the positive feedback from IKK(
[95]. While most phosphorylation sites in CARD11 are restricted to the
linker region, CamKII phosphorylates CARD11 at S109 between the
CARD and CC domains, contributing to BCL10 interaction and NF-xB
activation [96]. Interestingly, CARD11 phosphorylation is counteracted



3877
2019) 10.
Cellular Immunology 340 (.

el

t al.

M. Lork, e

5
1 at S645,
lating CARD11 n and
hosphory formatio .
By dep mplex n-
2A [97]. CBM co RD11, i
hatase PP -induced . ith CA £
by the phospha regulates TCR-in ively associated W_ the absence o
. itutive ion in
PP2A negatively PP2A is Constlglltl phosphorylation i
= ivation. R i
& NF-xB acuva' o prevents CAl ivation. n to negatively
3 ting that it also p ic T cell activ. Iso been show: ly, this oc-
o dicati hron ve als ingly,
T . o . event ¢ . ents ha . Interest 3]
g = & imuli to pr lation ev ction. tion [93].
o = o = stim horylation e 1 transdu horyla .
S & ) o} 5 = istinct phosp iated signa ivating phosp. ther ki-
g 3 : A N o Dis -mediate activati and o
g 2 o o 8 D o CARD11 ics than the 5 by PKCs igen
=8 = e o &8 ulate Kkinetics d s64 in after antig
o = Yo i I 2 reg ifferent ki §552 an ithin 5 min a
8z S8 5 &8 &R ith diffe ion at . ithin hos-
E=t I i x al s Wi rylatio: ing w dent P
5 2 - 85888 & st;hﬂe initial Ph(?zll;h(;gd transitory, pec? li,va%,e of PKC-de piﬁlmans) be-
gels - curs rapidly is a secon 11 (8637 in hum erine
c E nases oc ion, there CARD ion of this s
o = imulation, in mouse utation «B
= - M tor sti ing $649 in ion [93]. M . d NF
5] recep in; ) n [ -induce
23 : ¥ : £ phorylation tarﬁztmign post stlmulatéoantige“ receplt rtion at 5649 ne.
S o £ 2 S 15 and increase horylatio: . and
g 5 =29 2 w tween ine leads to . that phOSp inhibitors
e 3 2 z g 2 . alanin trating i PKC ially
& £S5 ~ 83 sidue to ivation, demons ivation. Using . as part
g5 £ = g g re ctivation, activation. rylation w: . to
s 2 25 . 2 S d JNK a CARD11 is phosphory ntribute
v 3 £S5 ¢ 25 £¥ an lates hat this p. n to co £
82 g€ & 24 £ g ively regu hown tha re show lator o
gz £8 2 25 E85 gatively it was s 1 PKCs we ional modu
z S 25 2 £% a2a ut cells i Iso nove bifunction ociates
i £ ZE o i3 £d dependent on PKC, K1 s proposed e ne hand, il “function,
E S § £E ~ g Z2Z depen tion. CKlot v - On the or caffold functi
g3z 3 g > % E § £z the PhOSphoryll\?F kB activation [9t8 ]exerts a kind Oft Skine production.
28 2 3 g =5 . - i o) -
< § 2 g :% & 5% E é E CBM'lnduceC}V[ complex WhereBl activation and cyc ARD11 phosphor
25 & Tz £ 558 EE . CB NF-k lIts in i
=2 =) @ 3®S FF th the . ced ivity resul .
< 5 zZ SS & o 5 %9 o wi . R-indu . ctivity o apacity.
§ % I g s %% BE augmenting TC nd, CKla kinase S NPah activating cap
£ g g =2:% 2§ NEE 2% the other hand, ¢ h impairs its
IR /A ‘5_33’?& ‘3;% 55 On t S608, whic!
&2 g eEsE s P& ¢ tion a ’
B3 e 3&952 Bia ss yla
= 2 —- 3 o & g 8 ! = =S
2 52 t2e5e f¥z i3 6. BCL10 )
8 g3 & £ & .
g -1 S 5 EEKES - = S0 biquitination ith different kinds o
5] % g S E E '% "‘é’ Zﬁ E “:é s g "3 .'3 .;30 6.1. BCL10 u ily decorated ‘_Nlt resultjng either in
R £% fE: iE 5 TEE 55 to be heav imulation, terminate
£8 % Ea =ds 2 L 253 BE BCL10 was shown antigen receptor Stdation of BCL10 to
Rk £d5£5358 iquitin chains upon duction or degra to TCR
o s| & okl g ubiqui m signal trans 110 in response [99]
S5 8| & s g S nstrea le 3). itin to BC lex ’
=5 . g 4 & dow ig. 4/Table biquitin CBM comp
=g g . & g g £ . ing (Fig. inked ubiq the in since the
o 8 a & o £ 2 > Slgnallng f K63-lin f NEMO to - main sin
5 2 s 3 ol = ) hment o itment o itin binding do binds
9 Y o e = 8 g Attac . recrul iquitin bi longer
2% S8 8 & 3 & £ ; litates ubiqu no longer bir
S = ] o= = faci EMO tant tes
o 8 Z2E g & = imulation the N 9P) mu . tor si
° g - g o = stim dent on 0 (L32 iquitin accep
= O = o 9 3] . s depen icient NEM Sublqu in-induced
s & °g 8 = S & o which is ine deficien 0 serve a: 1 cin-in ‘
g £33 § B itin bindin in BCL1 onomy -~
55 fi: ¢ e =8 3 ubiquitin b-l(;ldes §<31 and K63 in B abolishes PMA{IIY BCL10 ublqmt;
= g £3s & 3 = Y L10. Residues K to arginine tion. Finally, B ced NF-x
<3 28 = & FEC 2 BC . utation O interac . TCR-indu 1
O 7 g 5 & $E ¢ E d their m ion and NEM ucial for n MALT
= 2 FNAE g § SE5g g an iquitination ai d to be cr : ndent on M.
g & = ga e pd o= g b= ubiquitin as foun ination is depe is ne-
E - g SIE Ex S %2¢% E BCL10 esidues w iquitinatio complex
€ @ 9E2Y = § g8 £9& _ = ion at these r BCL10 ubiq bled CBM itment
= . o g 5° £ Q 2o ] X% nation tjngly; 1y assem n, recru
g 2 2] ESE = ™ s O & SR . Interes . hat a fully t yet shown, CL10
Eoan—t o 28 g g% EE g S tivation. . . ting t h no y ibute to B
® 5 £ 25% e g s 5 = ac indica ion. Althoug . ntribus
g g & SR = 22 E5 S B5 CARD11, iquitination. might co:
G g o 8% 8 EoE = 2g E g and 0 ubiqui ’s T6BM
o £ e & £ T N 3 BCL1 . ALT1’s be
g = N sf¢ BE% 598 8o sary for RAF6 via M hown to
£ £ SEE % =% 5% : g2 ces ligase T also been show C-
=8 59 % = b g ~ £ —’:‘s ‘é k5t i ] of the E;‘B ,gn itination, BCL10 ha? as well as in A].S
g8 EEEE% ) 222 S2% ER: wbinaton, TCR and BR simulation tive BCR signaling
5 = 5358 o932 £82 2 N t to K63- CR an nstituti talytic
g SEec ? = o) S E % Nex n T ized by co he cai
@ @ ~ 8o o0 F S =z A o = @ s d upo terize OIP, t
S PRREES aTa »E0 2<S 2 iquitinate . charac t on HOIP, 0 was
£ 5 EEEEES S2EEQE 54 M1-ubiq hich are is dependent on | f BCL1
A2 :xé”é.svm??c-z%"’gg» 8< g 11 lines, w itination is dep itination o 63-
;g CEEEE CEcE&} RS LBCL ce iquitinati biquitina [90]. K
SIS :am%wux‘=a v‘-.’\Emﬂf = D M1-ubiq : d Ml-u ; TRAF6
g 3 aw"’oemusu\wgﬁﬂ_moz-g 0,101]. -induce = ligase UBAC
B 2 ooeHuE <~<§UEHQUQ* [90,100, BCR-i ific E3 lig for L
g & 58855 ¢ S g as g A A e LUBAC. 63-spec . latform 0
Rl S ¢ mm:._Ewme t of the K king p itin to BCL1
<8 g BEEBEEZES subuni to also depend Orllikely serve as a dcl)clinked ubiqmn]n 1t'0es was
T E = — hown - ins M1- 11 lin
g s . chai taches CL ce i
S5| S g biquitin in turn at in ABC-DLECL cell lin¢ ation
= . g linked u ich then in itination in Al . ubiquitin .
X g =] X whic iquitinati linked Lquiti-
g e = N itment, N M1 ubiqu dent K63 X deubiqui
2F @ < < recru In line, 2-depende In vitro
8 o 5 S « MO. In IAP1/ . 100]. In d that
o g < ~] S o d NE d by ¢ itination [ trate
- £ = 2 £9¢ an ecede iquitinal demons :
< 2 _ <5 - ) HEX to be pr uto-ubiq . further iquitin chains
° g = D& s -~ O A shown IAP1/2 a iquitinases . biquitin
= 2 gg 9 E g ZF 10 and c ific deubiqu 1-linked u idues,
SElg EgE8Y & of BCL10 in-specific - and M1-li lysine resi
Eg| 2 SEEEER nation using C1~1§ed with both, K33K63-ubiquitmateii yuitin acceptor
§ fo a ) 38 BCL10 is mOdlh above describe be an important 1:) t(lll CARD11 and
a I B © \© the to be 0 PP
S £ 5 o8 28 a9 0]. Next to s shown endent on iquitination
=5 S| . o RR 8 283 [90]. 3, K17 wa ain dependent M1-ubiq B
.= $| oo 5 B4 nd K63, itination was ag iquitination, NF-k
g 3 o] i A K31 a . tinatio: ) ublqul stream X
g a S| 3E g ¥ ubiqui 3-linked nd down imin-
a3 O | w S @ ite, whose imilar to K6 itment a idues dim
= N SENY site, . Simila recru . ine resi -
8 ) 5 X % 3 3 3 MALT1 DOU rtant for NEMO hree critical lys ssion of a M1
Z m < ) S8 is impo the t ile expre
o - is f ile
= I 2NER3 8 4 of BCL10 ion of any of the [101], wh
5 s| 2 é EEEL tivation. Mutatlg NF-xB activation
=] ac . -
X 5% 8% ished TCR-induce
O = n
< 9 E‘ - PR ﬁ 2 § 2 @
=8l 5| 8 a S¥Ri N
PR-E-IN ER 5888
[Tia s 2 T | v
7" =1 %
)
< < o
O .=




19) 103877
Cellular Immunology 340 (20

L

M. Lork, et a

to
ivation compared
. higher NF-xB activatio utation of
ion protein led to ingly, neither m .
Ub/BCL10 fusion p BCL10 [90]. Interestingly, HOIP depletion
ion of wild type ites separately, nor ight be
expressio iquitin acceptor sites icating that there mig
each of the ublqult:inNF «B activation, indicating different types of
o) bolishe y iquitination sites,
o completely a multiple ubiquiti
S redundancy ]?etweeél different E3 ligases [}Ol].rtant to terminate sus-
g = 8 ubiquitin C}ial?sBa(IJlLIO by degradation ls[ir(r)l; (i 03]. Both, proteasomal
! o= = Removal o A ivated T cells > nsible for
g s & - & ined CBM signaling in activat roposed to be responsibl: re-
| = x 8 3 tained C s have been p 10 degradation in
5| € 8 8 =2 8 and lysosomal pathway; et al showed that BCL asome inhibitor
5| S o .
|~ BCL10 degradano.n ’ LOb-ry n is prevented by the prote artial effect on
= sponse to TCR stimulatio roups found no or .or}ly 2 :LLN or MG-132
- g P 04], while other g . some inhibitors ‘s indicative for
2 > a ALLN [1 ’d tion when using protea; f BCL10, which is indicativ |
So B CL10 degradatio iquitination of BCL10, s [99,107].
3 3 E é B1 05,106]. K48-11nked. ubiqui been shown by several grouptime points
o2 ® 8 = (105, 1 degradation, has K63 occurs at later in
2 g % g proteasoma itination of K31 and iquitination after 5 min,
gy 5 2 g inked ubiquitination of K31 a1 n (K63 ubiquitin imu-
vt 8§ ¢ & K48-lin! K63-linked ubiquitinatio On the other hand, TCR s
=B P s ared to - : 99]. On sicles, as
= § = g: % - comp: iquitination after 204InlIl) [ 10 with lysosomal ve. late
ES E g 8 S K48 ubiqui lization of BCL 1, markers for la
£z § & a £ ‘ ds to co-localiz in B and LAMP1, 1 de-
$gE § T % g lation leads o ith cathepsin le for lysosomal de
£ 2§ £ E o-staining with cathepsi dicating a role ith
% 'g o~ S «n .Z“ © ShOWn by ¢ Omal veleles’ mndi 1 ation Of BCL10 w!
EE8E s L5 K endosomal and lysos ther report shows coloca IIJZCB and ATG12 on the
g8 2 83 g dation [105]. Ano somal markers inhibition of lyso-
gars £ %8 Z gra 11 as the autophago hermore, inhibitio
8Tg 2, w8 T 1 as well a 108]. Furthe tor p62
RO - < 3 LAMP . KADOTS [ hagy recep
SRR EXR 55 = described POL 1. The autop R
Sen = S e descr . 10 [109]. 3 and au
EECEQ 252 ¢ ab;‘;l peptidases Stablhzzs Bgés ubiquitinated BCLloftO ;SR induced
8| £E5 g% g8z £ SO idge - or 3 .
gl5¢ £3 % £2% % acts as an adapter to br io shown to be necessary ton and termi-
> & @ P 288 g8 mes. p62 was a le in the propaga 1 was
ElSessE22E g o tophagoso iving it a dual role tingly, MALT1 w.
g 2L5gf S5% I NF-kB activation, giving ion, respectively. Interes d, though to be
§ g2z %g é E8838E tion of signal transducti ’hagOSOmes nor degrade g hlv selective
w1 = nat iated with autop indicating a highly e
SoC 10 . om
neither as Sated it BOLT0, ! 108]. Since proteas
constitutively asso BCL10 for degradation [1 hibit BCL10 degrada-
= S s mechanism targeting I hibitors only partially in L10 removal [108].
= &5 2 1 as autophagy in ntribute to BC ion is pre-
[} 3 £ as well a both processes co: 0 degradation is p
= % = k= tion, it is likely th?t ° IxBa degradation, BCL1 howed that phos-
2y 2 s & tingly, similar to Ix 06]. Zeng et al. showed ¢ while
83 3 § 3. Interestingly, lation [104,1 its ubiquitination,
2= T Z3 hosphoryla L tant for its u ; T81
21 =73 ] § &= ceded by p L10 at S138 is impor hosphorylation at
2lfe £ _ % o horvlation of BCL1D at S138 | IKK-dependent ph: BTRCP. Several
9|32 2 ¢ § P 1. demonstrate ; f the E3 ligase iquitination
NGRS Lobry at a for recruitment o dative ubiquitinat
and 85 is important implicated in the degra TCH were able to
g ligases have been igases NEDD4 and I and
ca S g other E3 “The HECT type E3 ligase in HEK293 cells [105], o
: 8 2 - The fon in in ITCH-defi-
s < g 2 of BCL10 N CO-€Xpress . : ed in IT
v £ B g E & ubiquitinate BCL10 up(:i BCL10 degradation is dele independently
R £ 8 g PMA/ionomycin-induce 0]. Of interest, the kinase T ter that recruits
g é é g ’:'3‘ :“ cient primary T ce.HS (11 s I;roposed to serve as an ij;igwas also shown
g i & g & 3 of its kinase activity, walo [110]. The E3 ligase cI ells as well as in
g E] 53% R NEDD¢ and ITCH to BCL on co-expression in HEKZQ?];:;: ligase-deficient
ERE) © £ s B i . :
g S3eT € : g to ubiquitinate BCLl(:)rl:eI:sion of cIAP2, but Ig)tglésmo degradation in
= T9 5 £ & = ) ic ex i e t
X £EEe 5 3 @ and ectopi TCR-induc ows tha
5 S<ET ggs £ E Yo, rt, led to augmented ever, another report sh CL10
ks E8EE 535% g g counterpart, lls [102,103]. Howeve 6 does not affect B
5 3% BEOSEE G primary human T ce ing the SMAC-mimetic BV ioned E3 ligases seem
; << _: 3 2 § — § é E depletion of cIAPs uSlnf]O] While the aforementlonek.nd of negative
e 27 = L. . X . a ki .
E 2 2 g, P 2 £ 3 g degradation in B cells [bility upon stimulation as nder basal condi-
¥ 5552 20 £9 to regulate BCL10 Stgl K48-ubiquitinates BcLl(f) u CBM complexes
= 2ESE 288 2 g k loop, RNF1 ilable BCL10 to form i ident
g B2 255 §% feedback loop, t of available ther, it is evi
1 5255 83 S imiting the amoun . 1]. Taken together, . lyso-
< Z2EEG g28 g tions, limiting imulation [111]. . hanisms (lys
19} a5 3 i<} < . T stimu | ting mec .
S| g| E2ZEEEER 5 ntigen recepto tein destructing re effi-
I ERTE L g3 that multiple E3 ligases ationyave employed by el to nve
S 5| 63¢ EEEES that multip adation) are emp. .
9| S| E8E oteasomal degr ) rant signaling. . MIB2
I somal/pr d termination of aber: ioned that the E3 ligase )
g cient control an it should be mentionec PMA/ionomycin-stimu-
2 2 8 For complef;nestsl’y interact with BCL10 in BCL10-mediated NF-xB
= g g 2 to direc ibute to ible for
§| g = = N was show y mocytes and to contri ial E3 ligases responsible
= S — — © Iy thy . tentia
a| B 2 2 g£ lated primary 2 to the list of po
< £z B2 X activation, adding MIB[ZB] ted by the deubi-
= BCL10 ublqultlnf.it.lon. was found to be courlt.er to CBM-dependent
£ BCL10 ubiquitination level of fine-tuning to
Sl o = X, adding another le
gl & = quitinase USP9X,
e £ 2 3 I3 g
ol = 9 M g X
25|6|® =
g R



M. Lork, et al. Cellular Immunology 340 (2019) 103877

signal transduction [107]. Knockdown of USP9X led to CBM complex 2 =
destabilization and increased BCL10 degradation, and knockout mouse % E
models showed the importance of this deubiquitinase for T cell pro- g = ®
liferation. g :13 3
Remarkably, partially overlapping ubiquitin acceptor sites (K31 and o > =
K63) have been identified for K63- and K48-linked ubiquitination of E > o E
BCL10. It would be of great interest to determine how this is practically g - g S = = §
regulated, e.g. if distinct BCL10 molecules are either K63- or K48-ubi- g = - - - = -
quitinated. It could also be, in analogy to RIPK1 in TNF-mediated sig- § s g g %
naling, that BCL10 is first K48-ubiquitinated, then deubiquitinated 5 § ‘§ § &
followed by attachment of K63-linked ubiquitin chains [112]. This is ,; ?O g 2 C=
supported by the identification of USP9X as a deubiquitinating enzyme 2 £ g g = % 3
for BCL10, but there might be additional DUBs involved. Furthermore, % E % g g ® -E
it would be interesting to determine how the recruitment and interplay 'E % o g B %" é £
of different E3 ligases and DUBs is regulated. 3 ; E § E Té’ }E §
6.2. BCL10 phosphorylation EJ 5; g g i g4
E § 2 2% Izy
Numerous reports show the importance of BCL10 phosphorylation < g ks E 2 g g
for TCR-induced signaling to NF-xB (Fig. 4/Table 4). First indications g - - g g =2 g T g
for BCL10 phosphorylation came from the observation that co-expres- § % % ﬁ g 2§ 8§ uza §
sion of BCL10 with CARD11, CARD14 or PKC6 in HEK293 cells results g E % % E g E é § g
in a mobility shift of BCL10 in SDS polyacrylamide gel electrophoresis, £ s % § = 3 :‘é E :5 g
which could be reversed by phosphatase treatment [36,37,53,71]. The g E & 2 S g -E 5 5 @"g
slower migrating bands ranged from 34 to 38 kDa for the hyper-phos- & o -
phorylated forms, while 30 kDa corresponds to the non-phosphorylated ;g > 2
form of BCL10. The first kinase proposed to be responsible for BCL10 § < é Y E % 8
phosphorylation was RIPK2, which was found to directly associate with & 6% 2 g g = i}
BCL10 [73]. RIPK2 induces BCL10 phosphorylation upon co-expres- S g8 ¥ g 5§ ¢
sion, while RIPK2 depletion abolished BCL10 phosphorylation. In ad- E ﬁ% :’5 —E '; $= E
dition, T cells from RIPK2-deficient mice showed impaired TCR-in- E % e 5 2 E § E
duced NF-xB activation, IL-2 production and proliferation ex vivo, E = 2 § E a % a
indicating a positive regulatory effect of RIPK2-dependent phosphor- 'g § E § _§ _‘é < _‘é _
ylation. In contrast, phosphorylation of BCL10 by the downstream ki- 3 2t £ 3 = g 258
nase IKKP in a serine cluster comprising S134, S136, S138, S141, S144, é é‘ s g 2 E: E g ;
was shown to disrupt BCL10/MALT1 association and NEMO ubiquiti- 5 3 rL«: § E "_E = ;‘Ef g et
nation, and hence to negatively regulate NF-kB activation and cytokine 5 =) ; E g é § Ig- 8 %
production [113]. As discussed above, phosphorylation of T81 and T85 %’ 2 ‘E’, oy A g £ § 3
by IKKJ, as well as phosphorylation at S138 by a non-determined ki- g S g = % % 8 § A~ E
nase, were shown to precede ubiquitination and degradation of BCL10, g 75; '§ ‘E e 2 8 E - &
thus terminating signal transduction [104,106]. This gives IKKp a dual E 52 £ A ;f = é g
role in TCR signaling, initially promoting CBM complex formation § 22 B g § o Eg i
(maybe by CARDI11 phosphorylation) as well as downstream signal g E %é\ - % § g §_§ § 8 %
transduction by phosphorylation of IkBa, and subsequently terminating 2 § 8 5 38 2 é;E“ = g § § g
signaling by phosphorylating BCL10 [113]. One of these critical serine #
residues, S138, was additionally found to be phosphorylated by 'S < g
CamKI]J, resulting in reduced NF-«xB activation, likely due to dissocia- ‘g 5 é e
tion of MALT1 and BCL10 [114]. CamKII was previously shown to re- = 9 : ° 5 g
distribute to the immune synapse upon stimulation, where it is acti- E ki & g g £ g E
vated by PKCO and Ca®* /Calmodulin and then phosphorylates CARD11 ¥ M mEo= 0= ©
to enhance its interaction with BCL10 (see above, [96]). CamKII was § ©
further shown to phosphorylate residues S48 and T91 of BCL10, which _‘; G
is required for BCL10 and NEMO ubiquitination and downstream NF-xB E g q E 5 G
and JNK2 activation [115]. CamKII thus seems to regulate CBM § E - f < E E g
mediated signaling on multiple levels by (1) promoting CBM complex P O = A
formation through CARD11 phosphorylation at S109, (2) promoting § .
BCL10 and NEMO ubiquitination by BCL10 phosphorylation at S48 and = b e O E
T91, and finally (3) inducing destabilization of the complex by BCL10 é 3 8 5 j : .o
S138 phosphorylation. How these events are temporally or spatially Z S|z 8 5 pooo
regulated is not yet entirely clear. Another report claims that BCL10 -% @
phosphorylation at S138 is dispensable for TCR-induced NF-kB activa- > Z @
tion, but rather regulates actin polymerization [116]. Cytoskeletal re- % % 71 §
arrangements are crucial for the formation of the immunological sy- E < % o o § f
napse and occur rapidly upon TCR stimulation. BCL10, but not CARD11 T & s 2| 8 ?3 % : E »
or MALT1, was shown to be required for TCR-induced actin poly- % 3 § 2 E o % @ 2 i
merization, and BCL10 phosphorylation at S138 was crucial for its N1 = -0 e
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regulation of F-actin formation. Furthermore, cells expressing the
BCL10 S138A mutant also showed reduced TCR-induced IL-2 produc-
tion [116].

Most recently GSK3p has been proposed as a kinase for BCL10,
targeting phosphorylation sites overlapping with those of IKKf [117].
Inhibition or silencing of GSK3f led to decreased TCR-induced CBM
complex formation, NF-kB activation and remarkably MALT1 protease
function.

BCL10 phosphorylation can be counteracted by the calcium-de-
pendent protein phosphatase Calcineurin [118,119]. In this context,
inhibition of Calcineurin with the pharmacological inhibitor cyclos-
porin A or Ca®>* depletion with EGTA-AM led to constitutive phos-
phorylation of BCL10 at S318, as shown upon immunoblotting and
detection with a phospho-S318 specific antibody. Moreover, Calci-
neurin could directly dephosphorylate BCL10 in vitro. Inhibition or
depletion of Calcineurin decreased PMA/ionomycin-induced CBM
complex formation and NF-kB activation [118,119]. Noteworthy, the
kinase phosphorylating BCL10 under basal conditions is yet to be
identified.

In summary, different BCL10 phosphorylation events modulate
CBM-induced signaling at several levels. Phosphorylation of multiple
residues in BCL10 explains also the large mobility shift seen on SDS-
PAGE. Early phosphorylation in the CARD domain (T91) facilitates
BCL10 and NEMO ubiquitination, positively regulating NF-kB activa-
tion, while later phosphorylation events in the CARD (T81, S85) and S/
T rich domains (S134, S136, S138, S141, S144) lead to BCL10/MALT1
dissociation and BCL10 degradation, respectively.

[25,121]
[123-125]

Ref
[126]
[128]

NEMO recruitment, NF-kB activation and IL-2 production; counteracted by A20

and USP2a
activates MALT1 protease activity; releases autoinhibition by MALT1 C-terminal

domain and favors MALT1 dimerization; NF-kB activation

increases MALT1 protein stability and cancer cell survival

Downregulation of API2-MALT1

Functional effect

7. MALT1

7.1. MALT1 ubiquitination

E3 ligase
API2 RING
domain
TRAF6
HECTD3
(indirect?)

It was initially proposed that MALT1 itself has E3 ligase activity,
conferred by its paracaspase domain, and that MALT1 together with
Ubcl3 is able to ubiquitinate NEMO [120]. However, later it became
clear that E3 ligases associated with MALT1 were responsible for the
ubiquitination of NEMO as well as MALT1 itself [24,25]. The E3 ligase
TRAF6 was shown to attach K63-linked ubiquitin chains to MALT1
[25]. This ubiquitination occurs relatively early after TCR stimulation
and is important for its scaffold function by means of recruitment of the
signaling adaptor NEMO. Several lysines in the C-terminus of MALT1
were identified as ubiquitin acceptor sites, and mutation of all 11 lysine
residues in the C-terminus of MALT1 (K11R; see Fig. 4/Table 5) abro-
gates TCR-induced NF-«xB activation and IL-2 production. MALT1 K63-
linked ubiquitination can be counteracted by the deubiquitinase A20
[121], which causes dissociation of CBM and IKK complexes. Interest-
ingly, MALT1 in turn cleaves and inactivates A20 to ensure optimal
signal transduction [66]. Next to A20, the deubiquitinase USP2a has
been shown to counteract K63-linked ubiquitination of MALT1 and
TRAF6 [122]. It was also proposed that USP2a facilitates the interaction
of MALT1 and TRAF6, and the resulting TRAF6 oligomerization and
activation, by deSUMOylating TRAF6.

MALT1 is also modified by mono-ubiquitination at K644 in response
to TCR stimulation or upon co-expression with BCL10 [123], activating
its catalytic activity. It has been proposed that mono-ubiquitination
releases auto-inhibition of the MALT1 protease domain by its C-term-
inal domain. It was later suggested that MALT1 dimerization precedes
mono-ubiquitination, as mutation of residue E549 in the dimerization
interface prevents mono-ubiquitination of MALT1 [124]. Subsequent
mono-ubiquitination then stabilizes the proteolytically active MALT1
dimers. Interestingly, the MALT1 mono-ubiquitinated form accumu-
lates in case a MALT1 proteolytic inactive mutant (C646A) is expressed
or in the presence of MALT1 inhibitors [125,126]. However, this could
be due to abolished MALT1 auto-cleavage at R149, masking the upshift
of mono-ubiquitinated MALT1 upon SDS polyacrylamide gel electro-
phoresis. Next to enabling MALT1 proteolytic activity, mono-

TCR-crosslinking or PMA/ionomycin (Jurkat), Co-expression

TCR-crosslinking or PMA/ionomycin (Jurkat), co-expression
with BCL10 and active CARD11 L244P (Jurkat)

API2-MALT1 expression (MALT lymphoma)
with TRAF6 (HEK293)

Co-expression of HECTD3

Context

K633, K637, K650, K654, K666, K668,

K691, K698, K703, K713, K813

Position

nd
nd
K644

Chain type
Auto-Ub

K63

K63 (partially)
Mono

MALT1 ubiquitination sites, E3 ligases involved, context and function. nd: not determined.

Table 5
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ubiquitination was shown to be important for NF-xB activation and IL-2
production [123]. The responsible E3 ligase has not yet been described,
but it is possible that MALT1 mono-ubiquitination results from trim-
ming of previously added polyubiquitin chains. This hypothesis is
supported by the observation that mono-ubiquitination peaks only after
the initial K63-linked ubiquitination and that the mono-ubiquitinated
lysine residue is among the lysines important for K63-linked ubiquiti-
nation of MALT1 [25,123].

While the MALT1 ubiquitination sites important for TCR-induced
signal transduction are all located in its C-terminus, a proteomic ap-
proach revealed also a ubiquitination site in the paracaspase domain of
MALT1 upon BCR stimulation [90]. However the functional relevance
for this ubiquitination has not yet been determined.

MALT1 ubiquitination has also been shown in CBM complexes
formed with CARD family members distinct from CARD11. More spe-
cifically, Telesio et al. found that MALT1 is ubiquitinated when co-ex-
pressed with the short isoform of CARD14, which is counteracted
(likely indirectly) by the E3 ligase RNF7 [127].

MALT1 expression levels have been reported to be regulated by
ubiquitination in the context of cancer. For example, in MALT lym-
phoma, auto-ubiquitination of the MALT1-API2 fusion protein occurs in
a RING domain dependent manner, likely followed by proteasomal
degradation to regulate its own abundance [126]. The E3 ligase
HECTD3, on the other hand, was shown to stabilize MALT1 levels by
non-degradative ubiquitination, resulting in survival of HeLa and MCF7
cancer cells [128].

7.2. MALT1 phosphorylation

To date, the presence of MALT1 phosphorylation is less well docu-
mented. Mass spectrometry-based proteomics to monitor the dynamics
of BCR signaling complexes revealed the phosphorylation of mouse
MALT1 at two sites (S125 and S279) [90]. In addition, numerous
MALT1 phosphorylation sites, predominantly located in MALT1 N-ter-
minus, have been documented in phosphorylation site databases (e.g.
phosphosite.org). However, the functional role of these MALT1 phos-
phorylation events is still completely unknown and will be of high in-
terest to study in the future.

8. Future perspectives and conclusions

Deciphering how signaling complexes are regulated is of funda-
mental importance to our understanding of biology. Several tre-
mendous technological advances have been made, which allowed the
identification of numerous types of PTMs, their functional role, and the
enzymes involved. In this context, the regulation of TCR signaling, and
in particular the CBM signalosome, by different PTMs is a very good
example of how the field has been moving forward in recent years and
how it is likely to proceed in the coming years. The interdependence
between PTMs is getting increasingly complex and in many cases far
exceeds our ability to understand their biological function. For ex-
ample, the proteolytic cleavage of at least two DUBs (A20, CYLD) and
one critical LUBAC complex component (HOIL-1) by MALT1 indicates
that one important function of MALT1 catalytic activity is to influence
the ubiquitination pattern of the cell, but with currently unknown
signaling consequences. Moreover, other PTMs may also have an im-
pact on the activity of these DUBs. For example, CYLD is phosphory-
lated by TBK1 and IKKe in response to TCR stimulation [15], and it will
be interesting to study the interdependence between CYLD phosphor-
ylation and its cleavage by MALT1, as well as the effect on signaling.
Interestingly, a common theme for the MALT1 protease substrates A20,
CYLD and HOIL-1 is that they all can regulate M1-ubiquitin dependent
signaling: CYLD is known to remove M1-ubiquitin chains from sub-
strates [129], A20 can bind M1-ubiquitinated proteins and prevent
their recognition by other signaling proteins [130], and HOIL-1 is co-
operating with the M1-ubiquitin forming E3 ligase HOIP. It will thus be
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highly interesting to crack the “ubiquitin code” downstream of normal
TCR signaling in order to better understand the functional con-
sequences of MALT1 protease inhibition or to design other therapeutic
targeting strategies that aim to alter the ubiquitination pattern after
TCR stimulation. Deciphering the interdependency and functional role
of PTM networks in the context of human disease and therapy will
likely benefit from data emerging from MS-based PTM studies and
systems-level analyses. From a fundamental perspective, the role of
other atypical ubiquitin linkages, such as K27-linked ubiquitin chains
on CARD11, is quite intriguing and something that will keep us busy for
some time.
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