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Ubiquitin Modifying Enzymes and Regulation of the 
Inflammasome

Michael G. Kattah, Barbara A. Malynn, and Averil Ma*

Department of Medicine, University of California, San Francisco, San Francisco, CA 94143-0358

Abstract

Ubiquitin and ubiquitin modifying enzymes play critical roles in a wide variety of intracellular 

signaling pathways. Inflammatory signaling cascades downstream of TNF, TLR agonists, antigen 

receptor cross-linking, and cytokine receptors, all rely on ubiquitination events to direct 

subsequent immune responses. In the past several years, inflammasome activation and subsequent 

signal transduction has emerged as an excellent example of how ubiquitin signals control 

inflammatory responses. Inflammasomes are multiprotein signaling complexes that ultimately lead 

to caspase activation and release of the interleukin-1 (IL-1) family members, IL-1β and IL-18. 

Inflammasome activation is critical for the host’s defense against pathogens, but dysregulation of 

inflammasomes may contribute to the pathogenesis of multiple diseases. Ultimately, understanding 

how various ubiquitin interacting proteins control inflammatory signaling cascades could provide 

new pathways for therapeutic intervention. Here we review specific ubiquitin modifying enzymes 

and ubiquitination events that orchestrate inflammatory responses, with an emphasis on the 

NLRP3 inflammasome.
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INTRODUCTION

Ubiquitin signaling and the ubiquitin code

While ubiquitin modification was first described as a system of tagging proteins for 

degradation by the proteasome [1], here we will provide a brief overview of the ubiquitin 

modulation of inflammatory signaling cascades, focusing on more recent data relating to the 

regulation of inflammasomes. Ubiquitin (Ub) is an evolutionarily conserved 76 amino acid 

protein that regulates a variety of cellular processes through covalent post-translational 

modification of target proteins at lysine (K) or N-terminal residues. The process of 

ubiquitination is catalyzed by the sequential action of ubiquitin-activating (E1), ubiquitin-

conjugating (E2), and ubiquitin-ligating (E3) enzymes. The specificity of ubiquitination is 

mainly conferred by a combination of E2 enzymes, which help to specify Ub chain linkages, 

and >600 E3s, which catalyze the transfer of ubiquitin from the E2 to the substrate. 

Deubiquitinases or DUBs can remove ubiquitin chains, providing antagonism to 

ubiquitination and another layer of regulation. In humans, E2s, E3s, and DUBs have been 

implicated in a wide variety of neurologic, cardiovascular, oncologic, and immunologic 

disorders [2]. Compelling genetic evidence for disease association is the identification of a 

mutant allele with a monogenic human disorder. Allelic variants of multiple ubiquitin 

modifying enzymes have been associated with monogenic autoinflammatory, 

immunodeficient, pathogen susceptibility, or lymphoproliferative phenotypes in humans 

(Table 1). There are also many other examples of monogenic disorders attributed to 

ubiquitin-modifying enzymes that cause epilepsy and other neurologic diseases, 

developmental delay, and cardiac arrhythmia. In addition, single-nucleotide polymorphisms 

(SNPs) identified by genome-wide association studies (GWAS) increase the list of disease-
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associated ubiquitin modifying enzymes significantly. As whole exome sequencing becomes 

more widely available, this list of disease-associated ubiquitin modifying enzymes will 

undoubtedly expand. These data highlight the fact that ubiquitin is a critical regulator of 

multiple cellular processes, including inflammatory responses.

Ubiquitin chains can undergo many different types of linkages and modifications, resulting 

in a “ubiquitin code” that has been discussed in detail elsewhere [22–26]. Ubiquitin itself 

has 7 lysine residues (K6, K11, K27, K29, K33, K48, and K63) along with its N-terminal 

methionine, resulting in the potential for multiple types of ubiquitin chains. Some of these 

linkages can be monomeric, polymeric, linked in tandem, branched, or even unanchored, 

with homogeneous or heterogeneous types of linkages [22,27,28]. In contrast to 

phosphorylation, multiple types of ubiquitin chains can be constructed and added to target 

proteins, which dramatically increases the amount of signaling information that can be 

encoded by ubiquitination. It is important to reiterate that different ubiquitin linkages lead to 

different outcomes for target proteins. K48- and K63-linked chains are the most abundant 

linkages in cells and are also the most extensively characterized [22,29]. K48-linked 

polyubiquitin chains generally direct target proteins to the proteasome for degradation [22]. 

This is also true for K11-linked chains [22]. In contrast, K63-linked polyubiquitin chains 

participate in proteasome-independent signaling cascades. TRAF6 was one of the first E3 

ligases described to form K63-linked polyubiquitin chains in the context of activating IkB 

kinase (IKK) [30,31]. K63-linked ubiquitin chains have since been described in many 

settings. Linear ubiquitin chains linked through their N-terminal methionine (M1), were 

subsequently described to modulate signaling upstream of NFκB, a critically important 

transcription factor involved in a vast array of immune responses [32,33]. These chains are 

assembled by a linear ubiquitin assembly complex (LUBAC), composed of three proteins 

HOIL-1L (heme-oxidized IRP2 ligase 1L), HOIP (HOIL-1 interacting protein), and 

SHARPIN (SHANK-associated RH domain-interacting protein) [34–37]. The K6-, K27-, 

K29- and K33-linked ubiquitin chains in general have fewer substrates and are less well 

understood [22,23].

In addition to homogenous polyubiquitin chains, the role of heterogeneous branched 

polyubiquitin chains is becoming more clear. For example, Ohtake et al recently used a 

unique mass spectrometry method to identify and characterize K48-K63 branched ubiquitin 

chains [27]. The authors showed that HUWE1 cooperates with TRAF6 to assemble 

branched ubiquitin chains in response to IL-1β, recruiting TAB2 and protecting against 

CYLD-mediated deubiquitination [27]. It is unclear if perhaps K48 linkage serves as a 

degradation signal later, but at least initially it appears to stabilize and enhance signaling. 

This is an intriguing example of how branched ubiquitin chains can cooperate to regulate 

NFκB.

Unanchored ubiquitin chains, those not conjugated to a specific target protein, can also act 

as a type of second messenger. For example, TRAF6 can synthesize unanchored K63-linked 

polyubiquitin chains that bind to TAB2 and activate TAK1, leading to IKK activation and 

NFκB signaling [38]. Similarly, the viral RNA sensor RIG-I binds unanchored K63- linked 

polyubiquitin chains leading to activation of the essential mitochondrial adaptor protein 

MAVS, leading to NFκB and IRF3 signaling [39]. In other instances, unanchored chains 
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could be formed by cleavage after assembly on target protein. Thus, ubiquitin chains can 

propagate signaling events beyond directly modifying a target protein.

Another layer of information in the ubiquitin code includes additional post-translational 

modifications of ubiquitin itself. Phosphorylation is one such example. The disease 

relevance of ubiquitin phosphorylation became apparent in studies of PINK1 and PARKIN, 

two genes that are implicated in hereditary recessive early-onset Parkinsonism. PINK1 is a 

Ser/Thr kinase that phosphorylates both PARKIN and ubiquitin, leading to full activation of 

PARKIN E3 activity [40–42]. In addition to phosphorylation, ubiquitin can also be modified 

by acetylation, SUMO family members, or NEDD8, compounding the potential variations of 

modified ubiquitin chains [22,26,43].

Finally, one of the functions of polyubiquitin chains may be to serve as a scaffold for 

recruiting multiple proteins with ubiquitin binding domains, not just E3s and DUBs, to form 

larger signaling complexes. Two examples of this are ABIN and NEMO, which have similar 

ubiquitin binding domains but no ubiquitin ligase or deubiquitinating activity [44,45]. Taken 

as a whole, ubiquitin signaling possesses many layers of regulation and potential 

modification. The unique attributes of ubiquitination as a post-translational modification and 

second messenger account for the central role it plays in critical cellular processes, including 

inflammatory signaling cascades.

Ubiquitination and immune signaling

Given the extent to which ubiquitin can be used to modulate signaling cascades, it is perhaps 

not surprising that ubiquitin plays a role in nearly every major signaling pathway in the 

inflammatory response. The immune response can largely be divided into adaptive and 

innate immunity. The adaptive immune response involves B and T lymphocytes that undergo 

gene rearrangement and subsequent selective pressure to generate a highly specific immune 

response to a specific antigen. T cell receptor (TCR) or B cell receptor (BCR) cross-linking, 

along with a co-stimulatory signal, triggers a cascade of ubiquitination and phosphorylation 

events that ultimately lead to cell activation. The ubiquitination events important for antigen 

receptor signal transduction and lymphocyte activation involve E3 ligases such as Cbl-b, 

GRAIL, ITCH, and MIB2, as well as DUBs like Otud7b, USP9X, CYLD, and A20, which 

have been extensively reviewed elsewhere [46–49]. Ultimately these adaptive immune 

responses expand lymphocytes and generate immunologic memory.

In contrast to the exquisite specificity of the adaptive arm of the immune system, the innate 

immune system instead relies on a variety of germline encoded pattern-recognition receptors 

(PRRs) to detect pathogen-associated molecular patterns (PAMPs) or endogenous danger-

associated molecular patterns (DAMPs). Toll-like receptors (TLRs) are PRRs that recognize 

certain invariable microbial motifs in the extracellular and endosomal compartments, for 

example the recognition of lipopolysaccharide (LPS) by TLR-4 (Fig 1). Ubiquitination 

events downstream of TLRs have been discussed in detail elsewhere and involve key E3 

ligases like TRAF6, cIAP, Pellino1 (Peli1), and LUBAC, along with DUBs such as A20, 

CYLD, and USP18 [46,49–53]. Each PRR serves to couple the specific PAMP or DAMP to 

the appropriate pro-inflammatory response. The idea that the immune system has evolved a 

method of recognizing both pathogens as well as certain endogenous markers of non-
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infectious cellular stress is known as the “danger signal” hypothesis. This idea was first 

popularized by Polly Matzinger [54], and it presaged the subsequent description of 

“inflammasomes” by Tschopp and colleagues [55]. Inflammasomes are high molecular 

weight, multiprotein signaling complexes that link recognition of certain “danger signals” by 

PRRs to the activation of inflammatory caspases and the downstream release of IL-1 family 

members, IL-1β and IL-18.

Activation and regulation of inflammasomes

Inflammasomes have been extensively reviewed elsewhere [56–59]. Although there are 

multiple proteins involved in canonical inflammasome formation, the unifying theme is the 

formation of a large signaling scaffold that facilitates proximity-induced, autoproteolytic 

cleavage of inactive zymogen pro-caspase-1 into active caspase-1 [60] (Fig 1). Non-

canonical inflammasome activation, on the other hand, results in activation of caspase-11 in 

mice and caspase-4 or caspase-5 in humans. One of the major pro-inflammatory 

consequences of active caspase-1 is conversion of pro-IL-1β and pro-IL-18 into mature 

IL-1β and IL-18, respectively. These mature cytokines are ultimately released from the cell, 

driving a pro-inflammatory response. Another important sequela of active caspase-1 is the 

cleavage of gasdermin D and the initiation of an inflammatory form of lytic cell death called 

pyroptosis (Fig 1) [56,58,61–64]. These signaling decision points are critically important. 

Inappropriately low activity could lead to relative immunodeficiency and/or susceptibility to 

certain pathogens. Conversely, hyperactivity could lead to autoimmunity or other 

inflammatory disorders. Inflammasome activation in fact has already been linked to multiple 

disorders. The link is most direct in certain autoinflammatory genetic disorders known as 

cryopyrinopathies [65]. These are rare inherited disorders characterized by recurrent fever, 

rash, joint pain, and inflammation. There are several different cryopyrinopathies of varying 

severity, including familial cold autoinflammatory syndrome (FCAS), Muckle-Wells 

syndrome (MWS), and chronic infantile cutaneous neurological articular syndrome 

(CINCA; also called neonatal-onset multisystem inflammatory disease, NOMID) [56–

58,65,66]. MWS, as an example, results from a gain-of-function mutation in NLRP3 

(R258W), a critical component of the NLRP3 inflammasome, leading to autoactivation and 

increased levels of IL-1β production [67]. Several IL-1 neutralizing therapeutics have been 

approved for treating patients with these inflammatory disorders [65]. Beyond these 

inherited autoinflammatory disorders, the inflammasome has been implicated in many other 

diseases including multiple sclerosis (MS), Alzheimer’s disease (AD), Parkinson’s disease, 

gout, type 2 diabetes, atherosclerosis, obesity, arthritis, and inflammatory bowel disease 

(IBD) [56,65,68]. As the inflammasome is both critical for host defense yet poised to drive 

autoinflammation or autoimmunity, it requires careful regulation to ensure homeostasis.

Multiple proteins have been described to assemble canonical inflammasomes upon 

stimulation with a variety of ligands. These include the nucleotide-binding oligomerization 

domain (NOD)-like receptor (NLR) family members such as NLRP1, NLRP3, and NLRC4 

[57]. The NLR family of genes typically have an N-terminal pyrin domain (PYD) or caspase 

recruitment domain (CARD), followed by a central nucleotide-binding and oligomerization 

(NACHT) domain and finally a C-terminal leucine-rich repeat (LRR) (Fig 1) [57]. The DNA 

sensor absent in melanoma 2 (AIM2) and pyrin can also form canonical inflammasomes 
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[58]. Each of these proteins responds to different stimuli. For example, mouse NLRP1 

responds to B. anthracis lethal factor and T. gondii infection. Similarly, NLRC4 collaborates 

with NLR family apoptosis inhibitory proteins (NAIPs) to detect bacterial flagellin and other 

components of bacterial type 3 secretion systems (T3SS). NLRP3, however, responds to a 

diverse array of stimuli including uric acid crystals, extracellular ATP, potassium efflux, 

pore-forming toxins, mitochondrial reactive oxygen species (ROS), release of mitochondrial 

DNA, cytosolic leakage of lysosomal cathepsins, as well as multiple other viral, bacterial, 

and fungal pathogens [56] (Fig 1). Typically, NLRP3 activation is assayed in vitro by 

priming cells with LPS or another NFκB-activating stimulus (Signal 1), which upregulates 

NLRP3 and pro-IL-1β mRNA [56,69]. These priming stimuli involve multiple 

ubiquitination events downstream of TLRs, converging on NFκB [46,49–53]. After priming, 

cells are then treated with ATP, the pore-forming toxin nigericin, or other stimulus (Signal 2) 

in order to induce full NLRP3 inflammasome formation, caspase-1 activation, and IL-1β 
release [56,69]. Several recent studies reported that NIMA-related kinase 7 (NEK7) is 

essential for this process. NEK7 binds NLRP3 upon stimulation, leading to oligomerization 

and full activation of the NLRP3 inflammasome [58,67,70,71] (Fig 1). Ultimately, when 

NLRP1, NLRP3, NLRC4, AIM2, or pyrin are activated by their cognate stimulus, they 

oligomerize and recruit apoptosis-associated speck-like (ASC) protein. ASC assembles into 

a protein complex large enough to form a “speck” readily visible by fluorescence confocal 

microscopy. ASC contains a PYD and CARD domain that allows it to bind the various 

sensor molecules while simultaneously recruiting pro-caspase-1, enhancing autoproteolytic 

activation to caspase-1. This review will focus primarily on the NLRP3 inflammasome since 

it is the most extensively characterized with regard to ubiquitination events. The NLRP3 

inflammasome is controlled by ubiquitin modifying enzymes at every step from initial 

NLRP3 activation to IL-1β release, and thus serves as an excellent example of how the 

ubiquitin code regulates inflammatory responses.

Regulation of inflammasomes by ubiquitination

Ubiquitination events regulating NLRP3—There are number of ubiquitin modifying 

enzymes that participate in regulating NLRP3, which is modified by a combination of K48-

linked and K63-linked polyubiquitin chains (Fig 2).

Deubiquitination events were the first to be described. Juliana and colleagues found that 

wild-type, primary bone marrow-derived macrophages (BMDMs) could be primed with LPS 

in the absence of new protein synthesis using cycloheximide (CHX) [72]. They performed 

immunoprecipitation (IP) of NLRP3 and immunoblotted with anti-ubiquitin revealing a clear 

NLRP3 ubiquitination pattern, which was further increased by the addition of small 

molecule DUB inhibitors. Adding ATP or nigericin, both of which induce potassium efflux, 

triggered marked deubiquitination of NLRP3. Blocking deubiquitination of NLRP3 

inhibited activation of caspase-1, demonstrating the importance of that step in processing. 

Therefore, deubiquitination of NLRP3 is apparently part of the priming step, since the 

authors show that priming can occur in the absence of new protein synthesis. Py et al 

extended these observations soon after, demonstrating that BRCA1/BRAC2 containing 

complex, subunit 3 (BRCC3) was the critical DUB that deubiquitinates NLRP3 [73]. They 

also demonstrated inhibition of NLRP3 inflammasome formation and IL-1β release in 
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peritoneal macrophages using small molecule DUB inhibitors, observing an increase in both 

K48- and K63-linked ubiquitin chains on NLRP3. Screening a focused library of DUBs 

identified BRCC3 as the DUB which deubiquitinates NLRP3. They also showed that 

BRCC3 interacts specifically with the ubiquitinated LRR domain of NLRP3 (Fig 2). Since 

NLRC4 and AIM2 inflammasome activation was intact in the presence of DUB inhibitors, 

NRLP3 deubiquitination specifically seemed to be the key step, rather than deubiquitination 

of other inflammasome components. Deubiquitination of NLRP3 allows it to bind ASC to 

trigger downstream caspase-1 activation and IL-1β release.

The next question is which ubiquitin E3 ligases polyubiquitinate NLRP3. Song et al showed 

that TRIM31 directly binds to NLRP3 and promotes K48-linked polyubiquitination and 

proteasomal degradation [74]. TRIM31 is a tripartite motif (TRIM) family member. TRIM 

proteins belong to the RING domain class of E3 ligases. Many TRIM family members have 

been shown to play a role in innate immune responses [75,76]. TRIM31 deficient mouse 

peritoneal macrophages exhibit enhanced IL-1β secretion and caspase-1 cleavage in 

response to LPS and ATP, nigericin, or alum, despite normal levels of IL-1β mRNA. 

Overexpression of TRIM31 in 293T cells reduced NLRP3 protein levels. Other TRIM 

family members have been shown to play a role in targeting proteins for proteasomal 

degradation, so the authors used the proteasome inhibitor MG-132 to demonstrate reversal of 

TRIM31-mediated degradation of NLRP3. Interestingly, this NLRP3 stabilizing effect was 

not seen with the autophagy inhibitor 3-MA. They went on to show that the second C-

terminal coiled-coil domain of TRIM31 interacts with the PYD of NLRP3. Using 

overexpression in 293T cells, TRIM31 was found to selectively promote K48 

polyubiquitination of NLRP3. Supporting this model, TRIM31-deficient macrophages had 

normal levels of K63-linked ubiquitin chains on NLRP3 but significantly reduced K48-

linked ubiquitin chains. Deleting the RING domain or making cysteine mutants abrogated 

the E3 ligase activity of TRIM31 and prevented K48-linked polyubiquitination of NLRP3. 

The net effects of TRIM31 deficiency are decreased K48-linked Ub and increased levels of 

NLRP3, leading to enhanced IL-1β secretion in response to LPS both in vitro and in vivo. 

As one would predict, enhanced inflammasome activity led to worse alum-induced 

peritonitis. Interestingly, in the dextran sodium sulfate (DSS) mouse model of colitis, a 

model of human IBD, TRIM31 deficiency ameliorated disease. This is consistent with prior 

studies suggesting that NLRP3, ASC, and caspase-1 deficient mice also exhibited increased 

susceptibility to DSS colitis [77]. The DSS colitis data argue that adequate inflammasome 

activation is required to maintain intestinal epithelial homeostasis. TRIM31 also plays a role 

in K63-linked polyubiquitination of the signaling adaptor MAVS, promoting aggregation 

and activation of the downstream antiviral response [78]. Thus, through K63-linked 

polyubiquitination of MAVS and K48-linked polyubiquitination of NLRP3, TRIM31 is an 

E3 ligase that plays a role in host defense through multiple innate immune signaling 

pathways. Additionally, another TRIM family member, TRIM33, was reported to 

ubiquitinate DHX33 with K63-linked polyubiquitin chains. DHX33 was previously 

identified as the dsRNA sensor for the NLRP3 inflammasome [79], and TRIM33 

polyubiquitination of DHX33 is essential for DHX33-NLRP3 inflammasome formation [80] 

(Fig 2). Therefore, multiple TRIM family members influence inflammasome activation 

through ubiquitin-mediated signaling.
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In addition to TRIM31, other proteins have been reported to polyubiquitinate NLRP3. Han 

et al found that FBXL2 ubiquitinates NLRP3 using a combination of co-IP, overexpression, 

and siRNA knock-down experiments, as well as in vitro ubiquitination assays [81]. They 

used UbPred software [82] to predict potential ubiquitination sites, followed by a site-

directed mutagenesis approach to show that Lys689 as the major ubiquitination acceptor site, 

and that Trp73 on NLRP3 is the molecular recognition site for FBXL2 binding. Finally, 

since FBXO3 is another E3 ligase that is known to target FBXL2 for proteasomal 

degradation, they used a small molecule FBXO3 inhibitor BC-1215 to show that 

pharmacologic inhibition of FBXO3 led to increased FBXL2 levels, which in turn reduced 

NLRP3 inflammasome activation and IL-1β release. Interestingly, a naturally occurring loss-

of-function variant allele in human FBXO3 (V221I) lead to increased FBXL2 levels and 

reduced IL-1β release from peripheral blood mononuclear cells (PBMCs) in vitro [83]. 

Therefore, FBXL2 appears to be able to polyubiquitinate NLRP3 and target it for 

degradation (Fig 2).

Investigation the neurotransmitter dopamine (DA) led to the identification of MARCH7, 

another ubiquitin E3 ligase that targets NLRP3 for degradation (Fig 2). Yan et al showed that 

DA signaling through the Dopamine D1 Receptor (DRD1) on BMDMs led to NLRP3 

ubiquitination and degradation, thereby inhibiting inflammasome activation [84]. DRD1 is 

known to signal through the second messenger cAMP, and the authors went on to show that 

cAMP inhibited NLRP3 inflammasome activation by promoting ubiquitination and 

degradation. Interestingly, neither Protein Kinase A (PKA) nor exchange protein activated 

by cAMP (EPAC), the two known intracellular sensors for cAMP, appeared to be involved in 

promoting NLRP3 ubiquitination and degradation. The authors then showed that an anti-

cAMP antibody immunoprecipitated NLRP3 after DA stimulation, suggesting that cAMP 

might directly bind NLRP3. They further showed that the ubiquitin-mediated degradation 

could be reversed with the autophagy inhibitor 3-MA, but not the proteasome inhibitor 

MG132. Mass spectrometry identified potential E3 ligases that co-IP with NRLP3 and 

siRNA of these hits ultimately identified MARCH7 as the E3 ligase that induces NLRP3 

degradation downstream of DRD1. Consistent with previous work, they also mapped K48-

linked ubiquitination and degradation of NLRP3 to the LRR domain. They then used a drug-

induced mouse model of Parkinson’s Disease (PD) and showed that Drd1−/− mice exhibited 

more severe disease compared to wild-type. This effect was rescued in Drd1−/−Nlrp3−/− 

mice, suggesting that DRD1 signaling can prevent neuroinflammation via NRLP3 

inflammasome inhibition. It is unclear why MARCH7-mediated K48-linked 

polyubiquitination of NLRP3 would lead to degradation via autophagosomes as opposed to 

the proteasome as in prior studies. This finding could relate to prior work showing that large 

inflammasome complexes are directed to autophagosomes for degradation [85].

Phosphorylation of NLRP3 may also its influence ubiquitination. The evidence for 

phosphorylation of NLRP3 came from studying the bile acid membrane receptor TGR5. Bile 

acids are cholesterol-derived molecules synthesized by the liver to aid in digestion, but they 

also play a role in multiple pathways related to metabolic homeostasis. Guo et al assessed 

the effect of bile acids on inflammasome activity [86]. They observed that bile acid signaling 

through TGR5 negatively regulated the NLRP3 inflammasome. From a disease standpoint, 

they showed that TGR5-mediated inhibition of the NLRP3 inflammasome reduced LPS and 
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alum-induced inflammation in vivo, as well as preventing insulin resistance on a high-fat 

diet. Investigating the mechanism of NLRP3 inhibition, they found that elevated levels of 

cAMP, the known second messenger of TGR5, led to NLRP3 degradation in a PKA-

dependent manner (Fig 2). Although the stimuli are different, the PKA-dependent NLRP3 

degradation seen here contrasts with the model proposed by Yan et al, where cAMP directly 

binds to NLRP3 upon DRD1 stimulation [84]. Interestingly, kinase-dead PKA impaired both 

phosphorylation and ubiquitination of NLRP3 when ectopically expressed in 293T cells. To 

further support the role of PKA in this setting, alanine substitution of the primary 

phosphorylation site Ser291 in the NACHT domain of NLRP3 reduced both phosphorylation 

and ubiquitination. Stable reconstitution of NLRP3 deficient THP-1 cells with 

phosphomimetic substitutions, using aspartic or glutamic acid substitutions for serine, 

significantly impaired IL-1β release. These data support a model in which phosphorylation, 

either through conformational change or some induced protein-protein interaction, leads to 

both K48- and K63-linked polyubiquitination and degradation. This mechanism could be 

similar to IκBα, a classic example of phosphorylation-dependent ubiquitination and 

degradation.

Pathogen subversion of NLRP3 ubiquitination—Although NLRP3 ubiquitination 

events have only recently been described, there are already several examples of pathogens 

hijacking this system to subvert host defense. Yen et identified a bacterial protein that 

exploits this pathway to inhibit inflammasome formation by inhibiting the deubiquitination 

of NLRP3 [87]. Enteropathogenic Escherichia coli (EPEC) cause an infectious colitis 

characterized by watery or bloody diarrhea. Using EPEC deletion mutants, they found that 

NleA could inhibit the inflammasome in PMA-differentiated human myeloid THP-1 cells, 

without affecting NFκB activity. This is in contrast to NleE, another EPEC gene product that 

has been found to antagonize NFκB signaling [88,89]. Using an IP approach, they went on 

to show that NleA interacts with NLRP3 by binding both the LRR and PYD domains. More 

importantly, they found that NleA binds ubiquitinated NRLP3 and prevents its 

deubiquitination both in cellular overexpression assays and in vitro ubiquitination assays. 

These data support a model wherein NleA, by preventing deubiquitination of NRLP3, 

suppresses caspase-1 activation and IL-1β secretion, leading to a clear advantage for the 

invading pathogen (Fig 2).

Another pathogen-associated effector that affects NLRP3 ubiquitination is YopM. YopM is 

part of the T3SS “delivery system” for bacterial effectors of Yersinia pestis. YopM has 

previously been reported to be an inflammasome inhibitor, either by acting as a 

pseudosubstrate for caspase-1 or by inhibiting IQGAP1-dependent NLRP3 inflammasome 

formation in response to Yersinia infections [90,91]. More recently, Wei et al reported that 

YopM possesses E3 ligase activity [92]. Using a combination of in vitro ubiquitination 

assays, a yeast two-hybrid screen, and cellular overexpression experiments, they showed that 

YopM directly binds NLRP3 and ubiquitinates it with K63-linked polyubiquitin chains. This 

K63 ubiquitination stabilizes NLRP3 and induces inflammasome activation, somehow 

predisposing to necrotic rather than pyroptotic cell death. In this setting, the inhibition of 

caspase-1 by YopM may prevent pyroptosis, and instead predispose to necrotic cell death 
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(Fig 2). Both pyroptosis and necroptosis are inflammatory forms of cell death, so stimulating 

either cell death pathway would contribute to the virulence of Y. pestis.

A third example of pathogens modifying ubiquitin includes the Shigella IpaH7.8 E3 

ubiquitin ligase [93]. IpaH7.8 is a virulence factor that was found to induce pyroptotic cell 

death in murine BMDMs by activating both NLRP3 and NLRC4. The authors did not show 

a direct interaction between IpaH7.8 and NLRP3 or NLRC4, but instead they identified 

glomulin/flagellar-associated protein 68 (GLMN) as an IpaH7.8 target by a yeast two-hybrid 

screen, followed by GST pull-down and in vitro ubiquitination assays. GLMN has been 

described previously as a Cullin ring ligase inhibitor, and these authors showed that GLMN 

negatively regulates NLRP3 and NLRC4 inflammasome activation and pyroptosis, though 

the details of that mechanism are still unclear. Despite the fact that bacteria do not possess 

endogenous Ub systems, virulence factors acting as ubiquitin modifying enzymes is an 

emerging paradigm for combating host defense mechanisms.

Collectively, there are multiple ubiquitin modifying enzymes that modify NLRP3 with 

multiple of types of polyubiquitin chains to enhance or restrict inflammasome activation 

(Fig 2). There is still a lot to learn regarding the ubiquitination of NLRP3. For example, 

NLRP3 and other components of the inflammasome undergo polyubiquitination with both 

K48- and K63-linked polyubiquitin chains. It is still unclear if these are homogeneous, 

heterogeneous, or branched chains. Other signaling molecules are also known to be modified 

by heterogeneous Ub chains, but the significance of this modification for NLRP3 remains to 

be determined. It is also unclear which endogenous E3 ligases add K63-linked polyubiquitin 

chains to NLRP3. While this perspective focuses primarily on ubiquitination events and 

ubiquitin modifying enzymes that regulate NLRP3, it is important to note that proteins with 

ubiquitin binding domains may play important roles even if they lack ubiquitin ligase or 

deubiquitinase activity. For example, Histone deacetylase 6 (HDAC6) inhibits the NLRP3 

inflammasome through its direct association with ubiquitinated NLRP3, independent of its 

deacetylase activity [94]. HDAC6 appears to associate with ubiquitinated NLRP3 through its 

ubiquitin-binding domain. Other proteins with ubiquitin-binding domains could play similar 

roles. Clearly there is more ubiquitin-related biology to discover regarding NLRP3. Also, we 

have chosen to emphasis the NLRP3 inflammasome because it is the best example of 

ubiquitination events that regulate inflammasome signaling activity. There is evidence, 

however, that other PRRs undergo similar ubiquitin-mediated processing. For example, there 

is evidence that NLRC4 also undergoes ubiquitination which may contribute to a caspase-8-

mediated apoptotic death, rather than pyroptosis [95,96]. Since NLRP3 and other PRRs are 

at the top of the inflammasome signaling cascade, perhaps it makes teleological sense that 

there are multiple levels of ubiquitin-related regulation.

Ubiquitination events regulating ASC, caspase-1, and IL-1β—In addition to 

ubiquitination events regulating NLRP3, ubiquitination of ASC has been described as well. 

ASC is an adaptor that links multiple inflammasome sensors to caspase-1 activation (Fig 2). 

As mentioned previously, linear ubiquitin chains are assembly by the LUBAC consisting of 

HOIL-1L, HOIP, and SHARPIN [34–37]. HOIL-1L-deficient BMDMs exhibit reduced 

NLRP3 inflammasome activation in response to a wide variety of stimuli, as measured by 

IL-1β release, confocal microscopy, and caspase-1 activation [97]. To identify ASC as a 
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LUBAC substrate, Rodgers et al used a combination of in vitro ubiquitination assays, 

overexpression of LUBAC and inflammasome components in 293T cells, and IP from 

BMDMs. Additionally, a DUB specific for linear ubiquitin, Otulin, abolished ubiquitination 

on ASC, further confirming that ASC is modified by linear ubiquitin. HOIL-1L deficiency 

reduced inflammasome activation in mice using endotoxic shock and peritonitis as models. 

These data collectively showed that linear ubiquitination of ASC is critical for 

inflammasome activation in vivo. With regard to other components of LUBAC and 

inflammasome activation, SHARPIN-deficient macrophages exhibit expected defects in 

transcriptional priming of the inflammasome, but defects in linear ubiquitination of ASC 

have not yet been described [98]. The role of LUBAC in ubiquitinating ASC is intriguing 

given that humans with loss-of-function mutations in HOIL-1L and HOIP exhibit 

autoinflammation and immunodeficiency (Table 1). Mutations in Otulin also lead to an early 

onset autoinflammatory phenotype (Table 1). While LUBAC plays a role in multiple 

inflammatory signaling cascades, dysregulated inflammasome activity may contribute to the 

observed phenotypes.

In addition to modification by linear ubiquitin, ASC also appears to be modified by K63-

linked polyubiquitin chains. Guan et al. noted ubiquitination of ASC after infection of 

THP-1 cells with an RNA virus [99]. They screened a small library of E3 ligases and 

identified TRAF3 as the critical E3 ligase for K63-linked polyubiquitination of ASC. They 

mapped ubiquitination to Lys174 on ASC and showed that an arginine substitution at this 

residue completely abrogated ASC speck formation. Interestingly, MAVS engagement of 

TRAF3 was critical for ASC speck formation and subsequent NLRP3 inflammasome 

activation. A recent report further suggested that USP50 binds ASC and deubiquitinates 

K63-linked polyubiquitin chains on ASC (citation). Counter-intuitively, in this study 

deubiquitination of K63-linked chains by USP50 positively regulated inflammasome 

activation, so the exact role of K63-polyubiquitination of ASC is still somewhat sunclear. 

Finally, it is worth noting that phosphorylation of ASC has previously been shown to control 

inflammasome formation [100], but unlike the phosphorylation and ubiquitination of 

NLRP3, it is unclear at this point if ASC phosphorylation is directly linked to its 

ubiquitination (Fig 2).

After NLRP3 and ASC are activated, they recruit pro-capase-1 and facilitate its 

autoproteolytic activation to caspase-1. A key step in this process turns out to be the addition 

of K63-linked polyubiquitin chains in a complex containing the E3 ligases cIAP1, cIAP2 

and TRAF2 [101]. Since cIAP1 and cIAP2 are known to play central roles in NFκB 

signaling downstream of the TNF Receptor 1 (TNFR1), and more importantly have been 

described to ubiquitinate several caspases, Labbe et al. investigated their role in 

inflammasome assembly and caspase-1 activation. They observed that deficiency in cIAP1 

or cIAP2 impaired caspase-1 activation in LPS-stimulated BMDMs. They then showed that 

cIAP1, cIAP2, and TRAF2 could co-IP with caspase-1 in a cell-free system, in transiently 

transfected 293T cells, and human THP-1 cells. Using overexpression, the authors showed 

K63-linked polyubiquitination of caspase-1 in the presence of cIAP2. They also detected 

K63-linked polyubiquitination of endogenous pro-caspase-1 after LPS+ATP stimulation in 

wild-type (WT) BMDMs but not cIAP2-deficient BMDMs. As expected, cIAP2-deficient 
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mice exhibited blunted inflammasome activation in vivo after intraperitoneal injection of 

monosodium urate (MSU) crystals.

The major consequence of canonical inflammasome formation is the cleavage of pro-IL-1β 
by activated caspase-1, followed by IL-1β release (Fig 2). It has been shown that IL-1β 
undergoes polyubiquitination and proteasomal degradation in bone marrow-derived dendritic 

cells (BMDCs) [102]. Consistent with that observation, a recent study demonstrated that the 

E2 conjugating enzyme UBE2L3 promotes K48-polyubiquitination of pro-IL-1β protein 

complexes, thereby decreasing mature IL-1β release (citation). This pathway may even be 

exploited by the Human Papilloma Virus (HPV) E6 oncoprotein which associates with the 

endogenous E3 ligase E6AP to polyubiquitinate IL-1β, targeting it for proteasomal 

degradation [103]. It is unclear if E6AP (also known as UBE3A) plays a role in this process 

in the absence of HPV infection. Our lab found that pro-IL-1β undergoes K63-linked 

polyubiquitination and binds K48-linked unanchored ubiquitin as part of its proteolytic 

processing during inflammasome activation [69]. A20, also known as TNFAIP3, is known to 

restrict multiple signaling pathways [104–108]. With regard to the inflammasome, deletion 

of A20 leads to increased caspase-1 activation, IL-1β release, and pyroptosis in response to 

NLRP3 inflammasome stimulation [69,109]. This spontaneous NLRP3 inflammasome 

activation appears to be due to both increased TLR signaling and regulation of pro-IL-1β 
ubiquitination [69,109]. Using various linkage-specific DUBs and linkage-specific 

antibodies, we found that the pro-IL-1β complex contains K63-linked polyubiquitin chains, 

as well as unanchored K48-linked polyubiquitin chains (Fig 2). A20-deficient macrophages 

exhibited markedly increased ubiquitination of pro-IL-1β. A20 has a deubiquitinating OTU 

domain, but it is unclear if A20 directly deubiquitinates pro-IL-1β or if it restricts 

ubiquitination of pro-IL-1β through a non-enzymatic mechanism. Interestingly, RIPK3 

deficiency restricted IL-1β release in A20-deficient cells, and in fact RIPK3-deficient cells 

exhibited significantly less pro-IL-1β ubiquitination than RIPK3+/+ cells. Finally, anti-G-G 

antibody assisted mass spectrometry identified K133 as the primary ubiquitination site on 

pro-IL-1β. Mutation of that lysine markedly decreased ubiquitination and cleavage of pro-

IL-1β. Interestingly, K133 is present in cleaved, mature IL-1β and overlaps with a KFERQ-

motif implicated in IL-1β secretion [110]. In summary, A20 restricts polyubiquitination of 

pro-IL-1β and reduces the amount of mature IL-1β released.

SUMMARY AND FUTURE DIRECTIONS

In summary, the inflammasome provides a case study of how ubiquitin modifying enzymes 

coordinate downstream signaling cascades. NLRP3 regulation by ubiquitin is the best 

characterized, but clearly every step in assembling the inflammasome from NLRP3 

interacting with ASC, to caspase-1 activation, pro-IL-1β cleavage, and IL-1β release, 

involves ubiquitination. There are still many questions, however, related to ubiquitin 

modifying enzymes in inflammasome activation. For instance, NEK7 binds NLRP3 to 

assemble the inflammasome, but so far NEK7 has not been characterized with regard to 

ubiquitination. Similarly, Gasdermin D drives pyroptosis yet it has not been associated with 

ubiquitination events. Further, other inflammasome sensors besides NLRP3 are likely 

regulated by ubiquitin. The types of ubiquitin chains associated with individual 

inflammasome components will also need to be characterized further. Whether these 
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ubiquitin chains are anchored at a single site or multiple sites, or whether they are branched 

versus linked in tandem is still unclear. Certainly there are more E3 ligases and DUBs to 

discover in this pathway. There may also be additional roles for ubiquitin scaffolds in 

inflammasome activation. Recent work has employed cryoelectron microscopy and NMR 

spectroscopy to form a more detailed structural template of long ASC filaments [111,112]. 

Given the filamentous structure of polymerized ASC, coupled with the potential for 

ubiquitin to form polymeric chains, it is tempting to imagine that the mature NLRP3 

inflammasome could take advantage of ubiquitin’s scaffolding function to assemble large 

ASC specks.

The next question is how to exploit our understanding of the inflammasome, and specifically 

ubiquitin biology, to move toward more targeted therapies in various diseases. Regarding the 

inflammasome, there have been multiple reports of therapeutic interventions targeting 

different aspects of inflammasome biology. IL-1 neutralizing therapies are one successful 

approach in the treatment of cryopyrinopathies or systemic juvenile idiopathic arthritis 

[56,65]. There are also now several small molecules that have been described to inhibit the 

inflammasome [56,113]. The only compound that seems to inhibit the inflammasome by 

targeting the ubiquitin signaling pathway is BC-1215 [81,83]. BC-1215 was originally 

identified as an inhibitor of FBXO3, and it was found to block the interaction with FBXL2, 

thereby preventing ubiquitination and degradation of FBXL2. Stabilizing FBXL2, as 

described earlier, leads to increased ubiquitination and degradation of NLRP3. Since FBXL2 

also mediates degradation of TRAFs, BC-1215 may have immunosuppressive effects outside 

of the inflammasome pathway, which could affect its therapeutic potential. This example 

nevertheless highlights the possibility of targeting an E3 ligase to alter inflammation. 

Unfortunately, targeting ubiquitin modifying enzymes is challenging. Intracellular protein-

protein interactions are generally not as conducive to small molecule inhibition, when 

compared to targeting the catalytic pocket of a kinase for example. There are some 

prominent examples of drugs that interfere with ubiquitin related processes in the oncology 

literature [2]. High-throughput identification of ubiquitin variants that act as specific 

inhibitors of DUBs or E3 ligases could be the foothold needed to develop targeted 

therapeutics in a meaningful way [114–117]. Additionally, if knock-down or knock-out 

methods evolve into more broadly applicable clinical tools, then certainly E3 ligases or 

DUBs could be targeted genetically, but those approaches have a separate set of challenges. 

Our understanding of ubiquitin modifying enzymes in regulating inflammatory responses is 

still in its infancy. The technology to better characterize ubiquitin chains is still developing, 

and we have only recently begun to appreciate the complexity of the ubiquitin code. As we 

learn more about ubiquitin modifying enzymes and the nuances of ubiquitination in 

inflammation, we will undoubtedly glean new therapeutic opportunities.
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RESEARCH HIGHLIGHTS

• Ubiquitin modifying enzymes play critical roles in inflammatory signaling 

cascades

• The NLRP3 inflammasome is a prime example of ubiquitin-mediated 

regulation

• Each component of the NLRP3 inflammasome undergoes ubiquitin 

modification

• Despite challenges, ubiquitin modifying enzymes could be important drug 

targets
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Figure 1. Schematic of NLRP3 inflammasome activation. LPS signaling through TLR4 or other 
priming signal activates NFκB and upregulates NLRP3 and IL1β mRNA
A second signal such as potassium efflux then activates the inflammasome. NLRP3, NEK7, 

ASC, and pro-caspase-1 assemble to form the NLRP3 inflammasome. This leads to 

autoproteolytic cleavage of pro-caspase-1 yielding active caspase-1. Active caspase-1 

cleaves pro-IL-1β to mature IL-1β for release. Cleavage of pro-IL-18 into mature IL-18 is 

not pictured. Caspase-1 can also cleave Gasdermin D, releasing the N-terminal fragment that 

drives pyroptosis. Pyrin domain (PYD). NAIP, CIITA, HET-E and TP1 (NACHT) domain. 

Leucine-rich repeat (LRR) domain. Caspase recruitment domain (CARD).
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Figure 2. Schematic of ubiquitin modifying enzymes and ubiquitination events regulating 
NLRP3 inflammasome activity
In addition to upregulating NLRP3 and IL1β mRNA, priming also leads to NLRP3 

deubiquitination. NLRP3 is modified by K48- and K63-linked Ub as described in the text. 

Phosphorylation of NLRP3 may be linked to its ubiquitination status. Prior to NLRP3 

inflammasome assembly, ASC gets phosphorylated and linearly ubiquitinated. ASC can also 

undergo K63-linked ubiquitination by TRAF3. Pro-caspase-1 undergoes K63-linked 

polyubiquitination by cIAP1, cIAP2, and TRAF2. After NLRP3 inflammasome assembly, 

active caspase-1 cleaves pro-IL-1β to IL-1β. Pro-IL-1β undergoes K63-linked 

polyubiquitination and binds unanchored Ub chains. A20 restricts polyubiquitination of pro-
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IL-1β in a RIPK3-dependent manner. The exact character and composition of heterogeneous 

ubiquitin chains in the inflammasome are not well understood.
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