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Abstract

Protein phosphorylation is a commonly used regulatory step that controls signal transduction 

pathways in a wide array of biological contexts. The finding that a residue is phosphorylated, 

coupled with the observation that mutation of that residue impacts signaling, often forms the basis 

for concluding that the phosphorylation of that residue is a key signaling step. However, in certain 

cases, the situation is more complicated and warrants further study to obtain a clear mechanistic 

understanding of whether and how the kinase-mediated modification in question is important. 

CARD11 is a multi-domain signaling scaffold that functions as a hub in lymphocytes to transmit 

the engagement of antigen receptors into the activation of NF-κB, JNK and mTOR. The 

phosphorylation of the CARD11 autoinhibitory Inhibitory Domain in response to antigen receptor 

triggering has been proposed to control the signaling-induced conversion of CARD11 from an 

inactive to an active scaffold in a step required for lymphocyte activation. In this review, I discuss 

recent data that suggests that this model should be reconsidered for certain phosphorylation events 

in CARD11 and propose possible experimental avenues for resolution of raised issues.

1. Introduction

Many critical signaling pathways rely on regulated protein phosphorylation for the precise 

temporal control of the signaling output that determines the cellular response to external 

stimuli (please see for example (Hirsch et al., 2020; Jhanwar-Uniyal et al., 2019; Rahimova 

et al., 2020)). A wealth of data collected over many decades has described how the 

phosphorylation of proteins can elicit inducible changes in protein structure, enzyme 

activity, protein-protein interactions, and protein degradation, among other effects. Protein 

phosphorylation is so commonly employed in signal transduction pathways, that its 

attribution as an important step in a particular context can often be made without thorough 
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evidence for precisely what the phosphorylation event in question accomplishes 

mechanistically. In such cases, continued reflection on the role of the phosphorylation can 

yield unexpected insights about the system being studied.

CARD11 is a multidomain scaffold protein that controls lymphocyte activation and 

proliferation in response to antigen recognition in the adaptive immune response (Bedsaul et 

al., 2018). The importance of CARD11 in immune system function is well documented by at 

least three forms of primary immunodeficiency caused by gain- or loss-of function germline 

mutations in the CARD11 gene which lead to high susceptibility to viral and bacterial 

infections (Lu et al., 2019). In addition, somatic gain-of-function CARD11 mutations are 

frequently found in different forms of B and T lymphoma, and can promote the 

inappropriate lymphocyte proliferation that drives disease (Juilland and Thome, 2016).

In response to antigen receptor engagement on the surface of lymphocytes, CARD11 

functions as a signal inducible scaffold that nucleates the formation of a multiprotein 

complex that activates branching signaling pathways leading to NF-κB, JNK, and mTOR 

(Bedsaul et al., 2018). The CARD11 signaling cycle has been well described (Wang et al., 

2019). In resting T and B cells, CARD11 is kept in a closed, inactive state via the action of 

an Inhibitory Domain that prevents scaffold activity through four Repressive Elements (REs) 

that function cooperatively and with redundancy (Jattani et al., 2016a, b). Autoinhibition by 

the REs occurs in part through intramolecular interactions with other CARD11 domains that 

prevent the binding of protein signaling partners. Upon antigen receptor triggering, the REs 

are somehow neutralized, leading to the Opening Step in the CARD11 signaling cycle, 

which converts CARD11 into an open, active scaffold that exposes domain interfaces for the 

binding of several proteins. In the next step, the Cofactor Association Step, a variety of 

proteins assemble onto CARD11, including the adaptor protein Bcl10, the MALT1 protease, 

and the E3 ubiquitin ligases HOIP and TRAF6, among several other proteins. It has recently 

been recognized that the enzymatic activities of MALT1 and HOIP are activated in a step 

distinguishable from the Cofactor Association Step, the Enzyme Activation Step (Wang et 

al., 2019). During this step, HOIP ligase activity is induced to conjugate Bcl10 with linear 

ubiquitin chains to form LinUbn-Bcl10, an intermediate that determines the degree of NF-

κB activation downstream of CARD11 signaling (Yang et al., 2016). In addition, the 

MALT1 protease is activated to cleave a collection of substrates that also modulate signaling 

output (Juilland and Thome, 2018). Subsequently, in the Complex Disassembly Step, 

proteins disassociate from CARD11 and CARD11 returns to the autoinhibited resting state.

The phosphorylation of CARD11 has been invoked as a major regulator of CARD11 activity 

by positively influencing CARD11 activity, by providing negative feedback, or by inducing 

CARD11 degradation. The residues that are modified, the kinases responsible, and the 

regulatory effects associated with these phosphorylations have been discussed extensively in 

several excellent reviews (Lork et al., 2019; Meininger and Krappmann, 2016; Thome et al., 

2010; Thys et al., 2018). Here, I will focus the discussion on recent findings that have 

modified our view of the proposed role for phosphorylation in the autoinhibitory CARD11 

Inhibitory Domain.

Pomerantz Page 2

Adv Biol Regul. Author manuscript; available in PMC 2022 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2. The case for certain serine phosphorylation events

Seminal studies identified several serine residues in the CARD11 Inhibitory Domain that 

were important for antigen receptor induced activation of NF-κB, including Serine 564, 

Serine 567, and Serine 577 (Matsumoto et al., 2005; Shinohara et al., 2007; Sommer et al., 

2005). The mutation of any one of these residues resulted in reduced signal-induced 

CARD11 signaling. The phosphorylation of these sites was proposed to be critically 

important for their role in the pathway based upon the following evidence in addition to the 

clear effect of their mutation. For Serine 564 and Serine 577, mass spectrometry data from 

PMA/anti-CD28 treated Jurkat T cells detected a CARD11 peptide containing the 

phosphorylated serines (Matsumoto et al., 2005). For Serine 564, in vitro experiments with 

PKCθ or PKCβ enzymes demonstrated that this serine could be phosphorylated by these 

kinases known to be important in the pathway in either T or B cells (Matsumoto et al., 2005; 

Sommer et al., 2005). Similarly serine 567 was shown to be phosphorylated in vitro by 

IKKβ, also a critical kinase known to be important in the pathway and a phospho-specific 

antibody was developed that could detect the phosphorylation of the equivalent serine in 

stimulated chicken DT40 cells (Shinohara et al., 2007). To my knowledge, the kinase 

responsible for phosphorylation of 577 has yet to be identified.

These data, and subsequent studies on the role of the Inhibitory Domain in keeping 

CARD11 in the closed, inactive state in the absence of receptor triggering, led to a model in 

which the phosphorylation of these residues was required for the neutralization of the 

autoinhibitory function of the Inhibitory Domain during the Opening Step of CARD11 

signaling.

3. Redefining the Importance of these Serine Residues

A recent study from my group has refined understanding of the role of serines 564, 567, and 

577 in CARD11 signaling and suggests a reconsideration of whether their phosphorylation 

is as key to inducing CARD11 activity as the current model proposes (Wang et al., 2019).

A deletion analysis of the CARD11 Inhibitory Domain revealed that serines 564, 567, and 

577 reside in a 26-residue region that is required to confer T Cell Receptor (TCR)-inducible 

activity to CARD11. This region was named Inducible Element 1 (IE1). Scanning 

mutagenesis confirmed that the individual mutation of these three serines and ten other IE1 

residues reduced CARD11-mediated inducible activation of NF-κB. The six strongest IE1 

mutations, including the mutation of serines 564, 567, and 577, were each shown to abrogate 

the inducible binding of Bcl10, MALT1, and HOIP to CARD11, the subsequent generation 

of LinUbn-Bcl10 and the activation of MALT1 protease activity, consistent with a 

requirement for these residues in the Opening Step of the CARD11 signaling cycle. Notably, 

it had been previously shown that the binding of Bcl10, MALT1, and HOIP to CARD11 did 

not require the IE1 region or any other portion of the Inhibitory Domain (McCully and 

Pomerantz, 2008; Yang et al., 2016), ruling out a role for IE1 residues in a protein-protein 

interface between CARD11 and these cofactors.
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The surprise came when the mutation of IE1 residues was analyzed in the context of a 

constitutively open CARD11 variant in which all four Repressive Elements in the Inhibitory 

Domain had been disabled, termed the repressive element quadruple mutant (reQM). The 

reQM variant represents the CARD11 protein subsequent to the Opening Step, since it 

constitutively binds cofactors in the Cofactor Association Step and does not require 

upstream signaling events including receptor engagement for signaling to NF-κB. Thus, 

reQM signals to NF-κB independently of upstream kinases like PKCθ in T cells and PKCβ 
in B cells, the kinases that phosphorylate serine 564 in the model for phosphorylation-

induced CARD11 opening. Surprisingly, the individual mutation of IE1 residues, including 

serines 564, 567, and 577, had the same deleterious effect on signaling to NF-κB in the 

reQM context as in the wild-type CARD11 context, indicating a clear requirement for these 

residues in a step following the Opening Step. Further analysis showed that IE1 mutations 

do not affect the constitutive binding of Bcl10, MALT1 and HOIP to the constitutively open 

reQM variant. Rather, IE1 mutations in the reQM context prevent the activation of HOIP 

enzymatic activity, as measured by the production of LinUbn-Bcl10, and the activation of 

MALT1 proteolytic activity, as measure by the appearance of cleavage products of MALT1 

substrates HOIL1 and CYLD. The data revealed that IE1 controls a newly defined 

Enzymatic Activation Step that is distinguishable from the Cofactor Association Step. In 

addition, the remarkably similar pattern of effect of individual IE1 mutations in the wild-

type CARD11 and reQM contexts suggested that IE1 interacts with the same molecular 

target during the Opening and Enzymatic Activation Steps.

4. New Possibilities Raised

The requirement for CARD11 serines 564, 567, and 577 in a step distinguishable from the 

Opening Step raises several new distinct possibilities regarding their phosphorylation that 

should be considered.

Possibility A. The phosphorylation of serines 564, 567, 577 is not required for signal-
inducible CARD11 Opening.

Each of these serines is clearly important for the Opening Step, but it is possible that their 

action in this step does not depend on their phosphorylation. This possibility is raised most 

clearly in the case of serine 564, an invoked substrate of PKCθ in T cells. PKCθ is required 

for inducible CARD11 activity in T cells, but is not required for reQM activity, which 

signals robustly in the absence of upstream signals emanating from the TCR that activate 

PKCθ. PKCθ is thus required for the Opening Step, but not for subsequent signaling steps. 

In contrast, serine 564 is important for CARD11 activity in both the wild-type and reQM 

contexts, and is therefore operating in signaling independently of PKCθ. Furthermore, the 

profile of effects of IE1 point mutations in wild-type and reQM contexts strongly suggest 

that serine 564 is recognized by the same target in both contexts. The possibility exists, then, 

that serine 564 participates in CARD11 opening as an unphosphorylated residue, and that 

other PKCθ targets either in CARD11 or in another protein must be phosphorylated by 

PKCθ to allow CARD11 opening during antigen receptor signaling.
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Similarly, serines 567 and 577 may also operate during the Opening Step as 

unphosphorylated residues. Serine 567 has been invoked as a substrate of IKKβ, a kinase 

that is thought to become active downstream of the formation of LinUbn-Bcl10 and therefore 

downstream of the Enzymatic Activation Step. Serine 567 phosphorylation by IKKβ could 

provide positive feedback on CARD11 signaling strength after an initial turn through the 

CARD11 signaling cycle, as has been proposed (Shinohara et al., 2014; Shinohara et al., 

2007), and this would not be inconsistent with a role for non-phosphorylated serine 567 in 

opening. The kinase that phosphorylates serine 577 has not been reported and the absence of 

knowledge regarding how its modification occurs leaves open the possibility that its 

phosphorylation is not required for the Opening Step.

Possibility B. The phosphorylation of serines 564, 567, 577 is not required for CARD11 
signaling at all.

The finding that serines 564, 567, and 577 are all required for signaling by the constitutively 

open reQM CARD11 variant also opens up the possibility that these residues are operating 

as unphosphorylated residues throughout the CARD11 signaling cycle. The deleterious 

effects of their mutation on CARD11 signaling output may solely be due to the prevention of 

their recognition as unmodified serine residues, even though their phosphorylation under 

stimulated conditions may be observed by MS analysis or via phospho-specific antibody 

recognition.

Possibility C. The phosphorylation of one or more of serines 564, 567, and 577 is a 
negative regulatory step in CARD11 signaling.

A third possibility that should be considered is that these residues function during the 

CARD11 signaling cycle as unmodified serines and that their phosphorylation at some point 

following receptor triggering prevents their positive effect on the pathway as a negative 

feedback mechanism. The interaction between IE1 and the undefined target that binds IE1 

during the Opening and Enzymatic Activation steps may be disrupted by the 

phosphorylation of these serines. There is ample precedent for this notion. Serine 649, 

elsewhere in the CARD11 Inhibitory Domain has been demonstrated to be phosphorylated 

in a step that downregulates CARD11 activity (Moreno-Garcia et al., 2009). A variety of 

other mechanisms have also been described that downregulate CARD11 activity following 

antigen receptor engagement including Bcl10 (Scharschmidt et al., 2004) and CARD11 

degradation (Moreno-Garcia et al., 2010) and the action of inhibitory A20 (Coornaert et al., 

2008; Duwel et al., 2009), GAKIN (Lamason et al., 2010) and RNF181 (Pedersen et al., 

2016) proteins, among other mechanisms. Clearly many avenues for tuning CARD11 

signaling have evolved to regulate pathway output and it is possible that the phosphorylation 

of the IE1 may be another.

5. Avenues for Addressing Possibilities

The resolution of these possibilities will require detailed study of CARD11 signaling along 

several fronts that are certain to advance our mechanistic understanding of this important 

signaling pathway.
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Clearly, the identification of the target that recognizes the IE1 element during the Opening 

and Enzymatic Activation Steps is essential for resolving these issues. IE1 may be 

recognized by a protein in trans or by another domain of CARD11 that supports a 

conformational change that promotes Opening or Enzymatic Activation. Once this target is 

identified, it can be tested whether its recognition of IE1 requires the phosphorylation of 

serines 564, 567, or 577, or alternatively whether their phosphorylation inhibits recognition.

Another fruitful endeavor would be to use in vitro kinase assays with PKCθ, PKCβ, and 

IKKβ and the IE1 to define what other IE1 residues are part of the substrate recognition 

motifs of these kinases in the IE1 context. If the phosphorylation of serines 564 and 567 is 

required for signaling then the residues required for in vitro phosphorylation should be 

among those already shown to be important in IE1 for Opening and Enzymatic Activation 

Steps.

The mutation of serines 564, 567, and 577 to residues other than alanine, including the 

phosphomimetic aspartate and glutamate, and the assay of these mutations in the WT 

CARD11 and reQM contexts may also be informative, if it turns out that one of these 

substitutions unexpectedly does not impair signaling or promotes it.

Further study of precisely how PKCθ, PKCβ, and IKKβ function to promote CARD11 

scaffold activity would also help put the potential importance of serine 564 and 567 

phosphorylation in context. For example, evidence has been presented that Serine 668, 

outside of IE1, is also a requisite target of PKC enzymes in inducing CARD11 activity and 

may account for the requirement for PKCθ in the Opening Step (Shinohara et al., 2007). The 

identification of the kinase that phosphorylates serine 577 would also allow further 

resolution of the specific functional relevance of the modification of this residue.

Finally, the three dimensional structure of CARD11, at atomic resolution, in both 

autoinhibited and activated states would provide important information necessary for 

understanding the individual steps in the CARD11 signaling cycle, the role of IE1 in these 

steps, and how serine phosphorylation within IE1 may or may not perturb the autoinhibited 

conformation or promote the activated conformation of CARD11 during antigen receptor 

signaling.
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