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Introduction
Inflammation is a universal phenomenon that functions during 
severe perturbations of homeostasis and is mediated by various 
cells. Inflammatory responses are dependent on numerous  
signaling pathways, including nuclear factor κ light-chain 
enhancer of activated B cells (NF-κB), mitogen-activated pro-
tein kinase (MAPK), and interferon regulatory factor (IRF). 
(Rothschild et al. 2018; Adelaja and Hoffmann 2019). As dif-
ferences in strength of these signals or crosstalk between path-
ways can elicit distinct cell functions, regulation of each 
cascade is critical for appropriate immune responses. If regula-
tory mechanisms are disrupted, it can lead to molecular and 
cellular dysregulation, forming the basis of multiple immune 
and inflammatory conditions, including those affecting the oral 
cavity such as periodontal disease.

Among many regulatory circuits at work, ubiquitination has 
recently emerged as an essential player in controlling virtually 
every aspect of cellular homeostasis (Swatek and Komander 
2016; Rape 2018; Kliza and Husnjak 2020). In addition, aber-
rant function of enzymes involved in ubiquitin regulation 
oftentimes contribute to the onset and progression of several 
disorders. Particularly, abnormal expression and/or function of 

ubiquitin-editing protein A20 (tumor necrosis factor α–induced 
protein 3 or TNFAIP3) has been associated with chronic 
inflammation and tissue damage, contributing to the immuno-
pathology of multiple human autoimmune and inflammatory 
diseases, including diabetes and cancer, as well as pulmonary, 
neurological, skin, and gastrointestinal disorders (Fukaya et al. 
2016; Zhou et al. 2016; Aeschlimann et al. 2018; Kadowaki  
et al. 2018; Devos et al. 2019; Momtazi et al. 2019). Recent 
evidence also reveals the ubiquitin system and A20 as a critical 
regulator in the oral cavity and particularly in periodontal 
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Abstract
Inflammation is triggered by stimulation of innate sensors that recognize pathogens, chemical and physical irritants, and damaged cells 
subsequently initiating a well-orchestrated adaptive immune response. Immune cell activation is a strictly regulated and self-resolving 
process supported by an array of negative feedback mechanisms to sustain tissue homeostasis. The disruption of these regulatory pathways 
forms the basis of chronic inflammatory diseases, including periodontitis. Ubiquitination, a covalent posttranslational modification of 
target proteins with ubiquitin, has a profound effect on the stability and activity of its substrates, thereby regulating the immune system 
at molecular and cellular levels. Through the cooperative actions of E3 ubiquitin ligases and deubiquitinases, ubiquitin modifications 
are implicated in several biological processes, including proteasomal degradation, transcriptional regulation, regulation of protein-
protein interactions, endocytosis, autophagy, DNA repair, and cell cycle regulation. A20 (tumor necrosis factor α–induced protein 
3 or TNFAIP3) is a ubiquitin-editing enzyme that mainly functions as an endogenous regulator of inflammation through termination 
of nuclear factor (NF)–κB activation as part of a negative feedback loop. A20 interacts with substrates that reside downstream of 
immune sensors, including Toll-like receptors, nucleotide-binding oligomerization domain-containing receptors, lymphocyte receptors, 
and cytokine receptors. Due to its pleiotropic functions as a ubiquitin binding protein, deubiquitinase and ubiquitin ligase, and its versatile 
role in various signaling pathways, aberrant A20 levels are associated with numerous conditions such as rheumatoid arthritis, diabetes, 
systemic lupus erythematosus, inflammatory bowel disease, psoriasis, Sjögren syndrome, coronary artery disease, multiple sclerosis, 
cystic fibrosis, asthma, cancer, neurological disorders, and aging-related sequelae. Similarly, A20 has recently been implicated as an 
essential regulator of inflammation in the oral cavity. This review presents information on the ubiquitin system and regulation of NF-κB 
by ubiquitination using A20 as a representative molecule and highlights how the dysregulation of this system can lead to several immune 
pathologies, including oral cavity–related disorders mainly focusing on periodontitis.
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disease pathogenesis (Hong et al. 2016; Zhou et al. 2016; 
Crump et al. 2017; Li et al. 2019; 2020; Yan et al. 2020).

In this review article, we present information on the ubiqui-
tin system and regulation of NF-κB by ubiquitination using 
A20 as a representative ubiquitin-editing enzyme. We further 
provide insights on how the dysregulation of this system can 
lead to several immune pathologies, including oral cavity–
related disorders, mainly focusing on periodontitis.

Pathogenesis of Periodontitis
As one of the most common inflammatory disorders, periodon-
tal diseases affect nearly half of the adult population, resulting 
in destruction of tooth-supporting structures. Triggered by host-
mediated microbial dysbiosis, periodontitis is also associated 
with a multitude of systemic conditions (Crump and Sahingur 
2016; Beck et al. 2019). The inflammatory response in the 

periodontium involves host cells of myeloid and nonmyeloid 
origins (Figure 1). Cytosolic, membrane-associated, and 
secreted pattern recognition receptors (PRRs) on tissue-resident 
cells, including Toll-like receptors (TLRs) and NOD (nucleo-
tide-binding oligomerization-domain protein)–like receptors 
(NLRs), sense and bind evolutionary conserved structures on 
pathogens (pathogen-associated molecular patterns [PAMPs]) 
or endogenous stress signals (danger-associated molecular pat-
terns [DAMPs]). The corresponding interaction results in the 
initiation of diverse inflammatory signaling cascades, most of 
which converge through NF-κB. In addition to mediating pro-
inflammatory gene induction, NF-κB signaling regulates the 
differentiation, activation, and recruitment of immune cells to 
infection sites, thereby shaping critical events that control 
innate and adaptive immune responses within the periodontium 
(Crump and Sahingur 2016; Rothschild et al. 2018; Adelaja and 
Hoffmann 2019).

Figure 1. The pathological host immune response in periodontitis. A dysbiotic oral microflora initiates the innate immune response by stimulating 
resident cells in the oral epithelium to produce mediators of inflammation. The secretion of these proinflammatory cytokines and chemokines 
drives the infiltration of various leukocytes of the innate and adaptive immune response into the compromised tissue. Among the first responders, 
neutrophils and macrophages act as professional phagocytes by engulfing and killing bacteria. Neutrophils attempt to kill invading agents by releasing 
potent effector molecules, such as reactive oxygen species (ROS). In addition to phagocytosis of microorganisms, macrophages clear apoptotic 
neutrophils in a process known as efferocytosis and activate lymphocyte-mediated adaptive immunity, bridging innate and adaptive responses. 
Dendritic cells uptake microbial antigenic material and present to lymphocytes in the lymphoid tissue, evoking the adaptive immune response. Failure 
of inflammation resolution now transitions the inflammatory response to a chronic state, altering bone homeostasis and leading to subsequent 
osteoclast activation and destruction of alveolar bone. Specifically, dendritic cells can interact with naive T-helper cells, driving their differentiation 
into several subsets, including Th1, Th2, Th17, and regulatory T cells (Treg). In addition to activating macrophages, T cells are important regulators 
of bone turnover through their elaborate production of proresorptive cytokines, including interleukin 17, which directly support osteoclastogenesis. 
Due to the importance of T-cell subsets, characteristics of prolonged adaptive immunity can differ depending on whichever class of T cells is present. 
In addition to prominent T-cell infiltration, B cells are also abundant in the chronic lesions. The dual functionality of B cells is highlighted by their 
protective ability in facilitating bacterial clearance and their destructive roles in promoting inflammation, bone resorption, and matrix dissolution. 
These observations suggest that the clinical progression from gingivitis to periodontitis is characterized by the shift to T- and B-cellular infiltrates. For 
a complete list of references used for this figure, please see the Appendix references for Figure 1 legend. DC, dendritic cell; Mφ, macrophage; PMN, 
polymorphonuclear neutrophil; ROS, reactive oxygen species.
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In early lesions, neutrophils accumulate at insult sites in a 
highly regulated process known as the leukocyte adhesion cas-
cade. In addition to forming an initial barrier located between 
biofilm and host tissues, neutrophils kill invading agents by 
releasing noxious contents of their granules, which do not dis-
tinguish between microbial and host targets, so oftentimes col-
lateral tissue damage is unavoidable (Hajishengallis and 
Korostoff 2017). Following this initial response is a prolifera-
tive phase characterized by monocyte and macrophage expan-
sion. However, the most potent antigen-presenting cell of the 
initial response is the dendritic cell (DC). In addition to detect-
ing invading pathogens, they also capture, process, and present 
antigens to lymphocytes, subsequently controlling the differ-
entiation and quality of T- and B-cell proliferation (Meghil and 
Cutler 2020). At this acute stage, the cumulative functions of 
innate cells are necessary to control microbial insult, resolve 
inflammation, and establish homeostasis with no damage to 
oral cavity tissues. Periodontal inflammation transitions to a 
chronic state if the initial inflammatory response fails to termi-
nate in a timely fashion. While this response provides the host 
with new specialized defenses, an impaired balance in distinct 
T-cell subsets, including Th1, Th2, Th17, and regulatory T 
cells, as well as aberrant expression of B cells and extravascu-
lar immunoglobulins, can contribute to periodontitis pathogen-
esis (Hajishengallis and Korostoff 2017).

In summary, acute inflammation triggered by the activation 
of innate sensors successfully supports the careful orchestra-
tion of cellular innate and adaptive immune responses to pro-
mote tissue homeostasis restoration. A failure to timely 
terminate inflammation leads to not only periodontitis but also 
a plethora of chronic inflammatory diseases. In the milieu of 
periodontitis, the biological functions initiating the inflamma-
tory responses mainly converge through NF-κB signaling, but 
there are still critical gaps in our knowledge about downstream 
regulatory pathways that terminate the initial response and 
facilitate resolution. Aberrant function of any of the cellular 
networks due to impaired activity of regulatory pathways, such 
as the ubiquitin system, can result in exaggerated production of 
proinflammatory mediators (TNF, interleukin 1, and prosta-
glandins), tissue-damaging matrix metalloproteinases (MMPs), 
reactive oxygen species (ROS), impaired antigen presentation, 
and defects in lymphocyte development, all of which contrib-
ute periodontitis severity.

The Ubiquitin System  
and NF-κB Signaling
Ubiquitination is a highly dynamic, enzymatically catalyzed 
posttranslational modification, which regulates cellular and 
immune homeostasis through structurally and functionally dis-
tinct polyubiquitin signals (Swatek and Komander 2016; Kliza 
and Husnjak 2020; Mendes et al. 2020). Ubiquitin can be cova-
lently attached to targeted substrates as monomers (monoubiq-
uitination) or polymers (polyubiquitination) through the 
coordinated activity of 3 main enzymes: E1 (ubiquitin activat-
ing), E2 (ubiquitin conjugating), and E3 (ubiquitin ligating). 
The topology of ubiquitin chains dictates the fate of proteins, 

and ubiquitination can be reversed by the activity of deubiqui-
tinating enzymes (Rape 2018). In contrast to phosphorylation, 
multiple types of ubiquitin chains can be constructed and 
added to target proteins, which significantly increases the 
amount of signaling information that can be encoded by ubiq-
uitination (Fig. 2). Originally, the ubiquitin system had been 
recognized for its role in proteasomal degradation, whereas 
recently, other regulatory functions have been uncovered, 
including regulation of mitophagy, autophagy, receptor inter-
nalization and downregulation, intracellular trafficking, DNA 
repair, and protein-protein interactions (Fig. 2) (Swatek and 
Komander 2016; Kliza and Husnjak 2020; Mendes et al. 2020). 
Due to its expansive roles, deregulation of ubiquitination has 
broad consequences from aberrant activation of inflammatory 
pathways to insufficient assembly of protein complexes, all 
which underlie divergent disease outcomes (Hu and Sun 2016; 
Adelaja and Hoffmann 2019; Kliza and Husnjak 2020). 
Therefore, there is growing impetus to understand the ubiquitin 
machinery responsible for addition or removal of ubiquitin mol-
ecules, which are essential for preserving cellular homeostasis 
and preventing disease pathogenesis.

E3 ubiquitin ligases represent the most heterogenous class 
of enzymes in the ubiquitin system. Over 600 E3 ligases are 
encoded by the human genome, which can be classified into 4 
families based on the presence of characteristic domains and 
the mechanism of ubiquitin transfer to the targeted substrate 
(Rape 2018; Kliza and Husnjak 2020). Conversely, only 
around 100 deubiquitinases exist in current literature, which 
primarily function to preserve ubiquitin homeostasis by main-
taining a free ubiquitin pool in cells, editing and trimming 
ubiquitin chains, and removing ubiquitin from modified sub-
strates (Swatek and Komander 2016; Rape 2018; Kliza and 
Husnjak 2020). All deubiquitinases can be subdivided into 6 
families according to their sequence and structural similarity, and 
similar to E3 ligases, they regulate several cellular processes.

There is extensive research to characterize the intermolecu-
lar interactions between E3 ubiquitin ligases, deubiquitinases, 
and their cognate substrates, and each layer of the ubiquitin 
system is now being recognized as novel targets for molecular-
based therapies (Huang and Dixit 2016; Kliza and Husnjak 
2020). In addition, as E3 ligases and deubiquitinases use dis-
tinct catalytic mechanisms, targeting them is anticipated to 
yield therapies with better specificity and less toxicity. With 
this burgeoning knowledge, the development of agents to spe-
cifically antagonize or complement their functions could serve 
as promising modulators of cellular physiology and means to 
regulate aberrant signaling.

Given the extent to which ubiquitin can modulate signaling 
cascades, it comes as no surprise that ubiquitin plays a regula-
tory role in nearly every major inflammatory signaling path-
way in periodontitis and similar disease pathologies. Among 
several ubiquitin-regulated pathways, ubiquitin regulation of 
NF-κB signaling is perhaps the best studied, offering novel 
insights into one of the archetypical drivers of inflammation 
involved in disease pathogenesis (Hu and Sun 2016; Rothschild 
et al. 2018; Adelaja and Hoffmann 2019). Since its discovery 
over 30 y ago, NF-κB has been implicated in the initiation and 
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propagation of the host innate and adaptive immune response 
(Rothschild et al. 2018; Adelaja and Hoffmann 2019). There 
are 5 members of the NF-κB family of transcription factors: 
Rel (c-Rel), Rel A (p65), Rel B, NF-κB1 (p105/50), and 
NF-κB2 (p100/52). Together, these proteins target many genes 
to activate their expression, which include chemokines/cyto-
kines, immunoreceptors, proteins involved in antigen presenta-
tion, cell adhesion molecules, acute-phase proteins, stress 
response genes, and cell death receptor ligands and their modu-
lators (Rothschild et al. 2018).

NF-κB signaling is regulated through posttranscriptional 
mechanisms (e.g., microRNA regulation) or posttranslational 
mechanisms (e.g., phosphorylation and ubiquitination) 
(Rothschild et al. 2018; Adelaja and Hoffmann 2019). Among 
those regulatory mechanisms, it is now evident that ubiquitina-
tion and ubiquitin-editing enzymes play an integral part in the 
regulation of NF-κB signaling downstream of PRRs, cytokine 
receptors, and T- and B-cell receptors (Appendix Table 1, Fig. 3) 
(Hu and Sun 2016; Rothschild et al. 2018; Adelaja and 
Hoffmann 2019). A few of the most well-studied deubiquitin-
ases that can specifically inhibit NF-κB signaling include A20, 
CYLD (cylindromatosis tumor suppressor protein), and 
Cezanne (cellular zinc finger anti–NF-κB) (Table). These 
ubiquitin-editing enzymes primarily function by disassembling 

Lys63-linked polyubiquitin chains to restrict NF-κB signaling 
(Fig. 3) (Hu and Sun 2016; Rothschild et al. 2018; Adelaja and 
Hoffmann 2019). Although they share overlapping substrates 
and partially redundant functions, they display differences in 
ubiquitin chain specificity and mechanisms in which they are 
regulated. Due to these differences, different phenotypes have 
been observed in both mice and humans carrying mutations of these 
enzymes (Table) (Hu and Sun 2016; Rothschild et al. 2018).

Although CYLD and Cezanne only function as deubiquiti-
nases, A20 also uniquely functions as an E3 ligase mediating 
Lys48-linked ubiquitination of several substrates in NF-κB 
signaling, resulting in their subsequent proteasomal degrada-
tion (Fig. 3) (Malynn and Ma 2019; Martens and van Loo 
2020; Priem et al. 2020). Due to its diverse functions, A20 has 
frequently been described as a key regulator of inflammation 
through termination of NF-κB activation, which makes it a 
plausible target for therapeutic interventions (Ma and Malynn 
2012; Martens and van Loo 2020; Priem et al. 2020). In addi-
tion, recent discoveries identified A20 as a susceptibility gene 
for a plethora of immune pathologies, including those related 
to the oral cavity, underscoring its significance in the resolu-
tion of inflammation and the prevention of human disease 
(Table) (Ma and Malynn 2012; Martens and van Loo 2020; 
Priem et al. 2020).

Figure 2. Individual ubiquitin linkage types and their associated biological roles. Ubiquitin, a small 76–amino acid protein, can be attached to a 
targeted substrate or a ubiquitin molecule that is already attached to a substrate, resulting in specific polyubiquitin linkage types. In a ubiquitin chain, 
ubiquitin moieties can be conjugated through one of their lysine resides (Lys11, Lys27, Lys6, Lys29, Lys33, Lys63, and Lys48) or the N-terminal 
methionine residue (Met1). Each chain is recognized by different ubiquitin-binding domains, targeting proteins in specific signaling pathways. Most 
extensively studied, Lys48- and Lys63-linked chains are the 2 most abundant chain types and regulate proteasomal degradation and a variety of 
proteolytic and nonproteolytic events, respectively. Recently, innovative technologies revealed the role of the remaining ubiquitin chain types in 
controlling cellular processes ranging from cell cycle control to cytokine signaling (Swatek and Komander 2016; Mendes et al. 2020).
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A20 in Health and Diseases

A20 is a 790–amino acid zinc finger protein that was originally 
identified as a potent inhibitor of inflammation downstream of 
TNF receptor. However, it has been increasingly characterized 
as a pleiotropically expressed regulator of ubiquitin-dependent 
signals interfering with a wide array of biological processes 
(Ma and Malynn 2012; Martens and van Loo 2020; Priem et al. 
2020). Similar to other tissues, A20 is constitutively expressed 
in the gingiva, albeit expression is low or absent in healthy 

conditions (Crump et al. 2017). Its transcription can be rapidly 
induced in a NF-κB–dependent manner in response to stimuli 
(e.g., microbial species or ROS), providing negative feedback 
control of NF-κB signaling. In addition, A20 expression and 
function may be regulated by transcriptional, posttranscrip-
tional, and posttranslational mechanisms, including microRNA 
regulation, phosphorylation, glycosylation, and protein inter-
actions (Ma and Malynn 2012; Martens and van Loo 2020). 
Loss of A20 function through single-nucleotide polymor-
phisms (SNPs) and/or promoter methylation has been 

Figure 3. Regulation of NF-κB by ubiquitination and the deubiquitinases: A20, CYLD, and Cezanne. In the initiation of NF-κB signaling, ligand 
binding to a variety of immune sensors such as TNFR, IL-1R, TCR, and TLR results in the recruitment of TRAFs to the receptors. TRAF2 is recruited 
with a protein complex, which consists of multiple adaptor proteins, including TRADD, RIP1, and ubiquitin ligases: cIAP1 and cIAP2. cIAP promotes 
Lys63-linked polyubiquitination on both RIP1 and TRAF2 but also on themselves to generate a binding platform, allowing the subsequent attachment 
of further distal components. Polyubiquitinated RIP1 is recognized by the binding partners TAB1 and TAB2/TAB3. The Lys63-linked polyubiquitin 
chains also can bind the IKK regulatory subunit, NEMO. Due to the new proximity between the TAK1 and IKK, TAK1 phosphorylates IKKβ at 2 
serine residues, resulting in the activation of IKK and rapid phosphorylation of IκBα. Subsequent ubiquitination of IκBα can now be carried out by E3 
ligase, SCF-βTrCP. Although polyubiquitinated IκBα remains attached to NF-κB dimers, it is selectively degraded by the 26S proteasome, allowing 
the nuclear translocation of NF-κB, where it induces the activation of NF-κB through the transcription of NF-κB responsive genes. Conversely, once 
TRAF6 is activated, it functions as an E3 ubiquitin ligase and, together with the ubiquitin E2 complex, UBC13 and UEV1A, catalyzes the synthesis of 
Lys63-linked polyubiquitin chains onto itself as well as NEMO. Similar enzymatic events mentioned above follow, resulting in the ultimate degradation 
of IκBα by the 26S proteasome, allowing the nuclear translocation and activation of NF-κB–dependent genes (Rothschild et al. 2018). Lys63-linked 
polyubiquitin chains also are found to be bound to MALT1, which is a part of the CBM (CARMA1/BCL-10/MALT1) complex downstream of TCR, 
aiding in the activation of NF-κB signaling (Hu and Sun 2016). Deubiquitinating enzymes (A20, Cezanne, and CYLD) negatively regulate the NF-κB 
pathway by cleaving the Lys63-linked polyubiquitin chains from various target molecules, as denoted by black squares (Ma and Malynn 2012; Hu and 
Sun 2016; Rothschild et al. 2018). In the case of TNFR signaling, RIP1 can be subjected to the deubiquitinase function of all these enzymes, interfering 
with ubiquitin-mediated protein-protein interactions, thereby inhibiting downstream NF-κB activation. Furthermore, A20 and CYLD were also shown 
to inhibit NF-κB activation by the Lys63-linked deubiquitination and subsequent inactivation of TRAF6. Uniquely, A20 also can remove Lys63-linked 
polyubiquitin chains from MALT1 downstream of T- and B-cell antigen receptors. In addition, via its specialized E3 ligase activity, A20 adds Lys48-
linked polyubiquitin chains to RIP1 and UBC13 for their subsequent degradation, as shown in pink squares (Martens and van Loo 2020). BCL-10, B-cell 
lymphoma 10; CARMA1, caspase recruitment domain-containing membrane-associated guanylate kinase protein 1; cIAP1 and 2, cellular inhibitor 
of apoptosis 1 and 2; IKK, IκB kinase complex; IL-1R, interleukin 1 receptor; MALT1, mucosa-associated lymphoid tissue lymphoma translocation 
protein; NEMO, NF-κB essential modulator; RIP1, receptor interacting protein 1; SCF-βTrCP, Skp1-Cull-F-box ligase containing the F-box protein 
βTrCP; TAB1,2,3, TAK1-binding protein 1,2,3; TAK1, TGFβ-activated kinase 1; TCR, T-cell receptor; TNFR, tumor necrosis factor receptor; TRADD, 
tumor necrosis factor receptor type 1–associated DEATH domain; TRAF, TNF receptor-associated factor; UBC13, ubiquitin-conjugating 13; UEV1A, 
ubiquitin-conjugating enzyme E2 variant 1A.
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frequently observed in human lymphomas and autoimmune 
and inflammatory disorders (Boonyasrisawat et al. 2007; 
Honma et al. 2009; Kato et al. 2009; Nair et al. 2009; Ma and 
Malynn 2012; Tessier-Cloutier et al. 2019). The potent anti-
inflammatory role of A20 is further exemplified by the pheno-
type of A20-deficient (A20−/−) mice, which succumb to 
premature death from systemic inflammation and severe 
cachexia (Malynn and Ma 2019). Moreover, mice with cell-
specific deletions of A20 recapitulate several human patholo-
gies (Das et al. 2018; Malynn and Ma 2019).

The role of A20 in inflammation and its contribution to 
microbial homeostasis have been most arduously studied in 
cell-specific A20-deficient models. Mice with keratinocyte-
specific A20 deletion develop epidermal hyperplasia, spleno-
megaly, and increased numbers of splenic neutrophils and 
monocytes (Devos et al. 2019). Furthermore, these mice show 
exacerbated disease severity upon induction of experimental 
psoriasis, atopic dermatitis, or skin barrier disruption (Devos  
et al. 2019). In addition, mice with A20 deficiency in myeloid 
cells develop spontaneous polyarthritis with massive cartilage 
and bone destruction due to elevated synovial and periarticular 
inflammation (Matmati et al. 2011). Consistent with its role as 

a negative feedback regulator of inducible NF-κB–dependent 
gene expression, cultured A20-deficient peritoneal macro-
phages from these mice display sustained degradation of IκBα 
in response to lipopolysaccharide (LPS) challenge. Aberrant 
NF-κB activation resulting in increased inflammation was also 
observed in A20-deficient human and murine macrophages 
upon infection with oral bacterium, Porphyromonas gingivalis 
(Li et al. 2019). Furthermore, subsequent experiments using a 
murine ligature-induced periodontitis model revealed that even 
a partial A20 deficiency caused increased alveolar bone loss 
due to elevated inflammation in the gingiva.

A20 has also been observed to preserve commensal micro-
bial homeostasis. Decreased intestinal microbial richness and 
composition were detected in mice with a myeloid-specific 
deletion of A20, which is likely related to the rheumatoid 
arthritis–like phenotype of these mice (Vereecke et al. 2014). 
In fact, lowered bacterial richness and less stable microbiota 
are often associated with pronounced inflammatory pheno-
types. Similarly, young mice lacking A20 in dendritic cells dis-
play a dysbiotic microbiome that confers their susceptibility to 
intestinal inflammation (Talpin et al. 2019). This regulatory 
mechanism is also seen in the lung epithelial cells, as A20 

Table. Structure and Function of Deubiquitinases in NF-κB Signaling and Associated Disorders.

Ubiquitin-Editing 
Enzymes Structure Targeted Substrates Function Related Human Diseases References

A20 N-terminal ovarian 
tumor domain 
responsible for 
deubiquinating 
activity. C-terminal 
domain composed 
of 7 zinc fingers, 
which mediate 
its E3 ubiquitin 
ligase activity and 
ubiquitin-binding 
activity.

RIP1, RIP2, RIP3, 
TRAF2/TRAF6, 
NEMO, MALT1, 
UBC13

Restricts  
NF-κB signaling 
downstream of 
TNFR, TCR, TLR, 
NLR, and IL-1R

Periodontitis, SLE, 
rheumatoid arthritis, 
psoriasis, type 1 diabetes, 
Crohn disease, coronary 
artery disease in type 2 
diabetes, systemic sclerosis, 
Behçet disease, Sjögren 
syndrome, diffuse large 
B-cell lymphoma, mucosa-
associated lymphoid tissue-
type lymphoma, Hodgkin 
lymphoma, neurological 
disorders, cystic fibrosis, 
asthma, haploinsufficiency 
of A20, cancers

Ma and Malynn (2012), 
Zhou et al. (2016), 
Crump et al. (2017), 
Aeschlimann et al. 
(2018), Malynn and 
Ma (2019), Martens 
and van Loo (2020)

CYLD Three cytoskeletal-
associated protein-
glycine-conserved 
(CAP-Gly) 
repeats and 1 
ubiquitin-specific 
protease domain 
that mediates its 
deubiquitinating 
activity

TRAF2/TRAF6, 
NEMO, RIP1, TAK1

Negatively regulates 
NF-κB signaling 
upstream of IKK

Cylindromatosis, multiple 
familial trichoepithelioma, 
Brook-Spiegler syndrome, 
multiple myeloma, cancers

Hu and Sun (2016), 
Rothschild et al. 
(2018)

Cezanne N-terminal domain 
responsible for its 
deubiqutinating 
activity and a 
C-terminal domain 
that mediates its 
ubiquitin-binding 
activity

RIP1, TRAF3, TRAF6 Restricts NF-κB 
activation upstream 
of IKK complex

Cancers Hu and Sun (2016), 
Rothschild et al. 
(2018)

IKK, IκB kinase complex; IL-1R, interleukin 1 receptor; MALT1, mucosa-associated lymphoid tissue lymphoma translocation protein; NEMO, NF-κB 
essential modulator; RIP, receptor interacting protein; SLE, systemic lupus erythematosus; TAK1, TGFβ-activated kinase 1; TCR, T-cell receptor; TLR, 
Toll-like receptor; TNFR, tumor necrosis factor receptor; TRAF, TNF receptor-associated factor; UBC13, ubiquitin-conjugating 13.
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deficiency in these cells sensitized these mice to allergic 
asthma upon chronic exposure to low-dose bacterial endotoxin 
(Schuijs et al. 2015).

Aberrant A20 function has been also linked to autoimmune 
conditions. Patients with systemic lupus erythematosus (SLE) 
carrying an SNP in the A20 deubiquitinase domain exhibit ele-
vated presence of antibodies against citrullinated proteins in their 
serum (Odqvist et al. 2019). In fact, neutrophils isolated from 
these patients display increased neutrophil extracellular trap 
(NET) formation. These results highlight the likely contribution 
of A20 deubiquitinase domain polymorphisms to abnormal neu-
trophil function as crucial factors in SLE pathogenesis.

A20 is also implicated to modulate cardiovascular responses 
in murine experimental in vivo models of cardiovascular dys-
function. Specifically, A20 expression in CD11c+ DCs was 
shown to attenuate the severity of the hypertensive response by 
limiting the activation of T cells in the kidney and draining 
lymph nodes (Lu et al. 2019). In the oral mucosa, DCs play a 
critical role in immune defense by inducing antigen-specific 
T-cell activation, differentiation, and proliferation (Meghil and 
Cutler 2020). However, the role of A20 in regulating the func-
tion of DCs in the oral cavity has not been previously investi-
gated but can certainly offer insights into the causal link 
between dendritic cell function and periodontal breakdown.

A constant state of low-grade systemic inflammation likely 
links obesity with chronic inflammatory diseases, including 
cardiovascular disease, diabetes, and periodontitis, although 
the exact biological mechanisms are poorly understood (Beck 
et al. 2019; Konkel et al. 2019). Mechanistic studies revealed 
that A20 overexpression in mice with obesity-induced heart 
injuries reversed myocardial dysfunction, hypertrophy, and 
fibrosis through reducing cardiac inflammation and apoptosis 
(Xu et al. 2018). In addition, genetic variants in the A20 locus 
resulting in lower A20 messenger RNA (mRNA) levels in 
patients with type 2 diabetes are shown to be associated with 
increased cardiovascular risk, while higher A20 mRNA levels 
are associated with protection against coronary artery disease 
(Boonyasrisawat et al. 2007). Moreover, the presence of an 
SNP in the TNFAIP3 gene contributes to compromised resid-
ual β-cell function and impaired glycemic control in type 1 
diabetic children (Fukaya et al. 2016) . Similarly, increased 
A20 expression in adipose tissue was shown to ameliorate adi-
pose tissue inflammation (Hand et al. 2015). Collectively, tar-
geting A20 may likely offer a novel approach to mitigating 
obesity- and diabetes-related pathologies within the oral cav-
ity, thereby improving health as well.

The physiological function of A20 along with its potent 
tumor suppressor functions has been exemplified by its ability 
to modulate cell death programs. A20-deficient B cells are 
hyperresponsive to various stimuli and display increased num-
bers of germinal centers, autoantibodies, and glomerular 
immunoglobulin deposits (Tavares et al. 2010; Chu et al. 2011; 
Hovelmeyer et al. 2011). The increase in germinal center B 
cells is likely due to the resistance of A20-deficient B cells to 
apoptosis mediated by enhanced expression of NF-κB–
dependent antiapoptotic proteins, Bcl-x and Bcl-2. The deregu-
lation of these processes is heavily implicated in human 

disease, and loss of A20 expression is found in a variety of 
lymphomas (Chu et al. 2011; Malynn and Ma 2019). 
Conversely, increased A20 expression has been associated 
with more aggressive subtypes in breast cancer patients 
through its effect on transforming growth factor β (TGF-β) sig-
naling, which promotes increased epithelial to mesenchymal 
transition (Yoon et al. 2019). Overall, the studies highlight the 
importance of elucidating factors contributing to tumor micro-
environment heterogeneity to determine pathogenesis and 
treatment options. At minimum, it is evident that A20 levels 
must be tightly regulated, and either A20 overexpression or 
deficiency can contribute to divergent disease outcomes in 
cancer biology.

A20 also displays an antiapoptotic function, often related to 
its inhibition of NF-κB signaling (Ma and Malynn 2012). In 
fact, hepatocyte-specific A20 deficiency was shown to render 
mice more susceptible to spontaneous liver inflammation and 
enhanced apoptosis (Catrysse et al. 2016). In the oral mucosa, 
the stringent regulation of immune cell life span and turnover 
is an important dimension of immune homeostasis, and a dis-
ruption of apoptosis can contribute to chronic inflammation 
seen in periodontitis (Meghil and Cutler 2020). In fact, insuf-
ficient A20 levels sensitize gingival keratinocytes to bacteria 
and TNF-induced apoptosis, supporting the notion that A20-
targeted therapies can help maintain the integrity of the gingival 
epithelium and restore impaired periodontal tissue homeostasis 
(Li et al. 2020).

A20 was also shown to prevent inflammasome-dependent 
arthritis by inhibiting RIPK3-MLKL–mediated necroptosis in 
macrophages (Polykratis et al. 2019). Similarly, deletion of 
A20 in microglia cells exacerbates neuroinflammation in mice 
characterized by altered microglia morphology, inflammasome 
hyperactivation, and pyroptosis induction (Voet et al. 2018; 
Mohebiany et al. 2020). A20 downregulation in cortical neu-
rons, astrocytes, and microglial cells also results in increased 
necroptosis in vitro, and in a rat model of traumatic brain 
injury, silencing of A20 results in aggravated controlled corti-
cal-induced necroptosis and a slowed recovery of motor neu-
ron function (Bao et al. 2019). In the light of emerging 
associations between neuroinflammatory disorders such as 
Alzheimer disease and periodontitis, future investigations are 
warranted to determine if A20 can be a link between these 
conditions.

A20 has also been shown to interact with autophagic pro-
teins p62 and ATG16L1, regulating autophagic, inflammatory, 
and cell death responses (Kanayama et al. 2015; Slowicka et al. 
2019). Autophagy is another critical intracellular pathway 
involved in the maintenance of oral tissue homeostasis and 
periodontium integrity (Meghil and Cutler 2020). In fact, A20 
was shown to exert antiosteoclastogenic effects via the inhibi-
tion of TRAF6-dependent autophagy in human periodontal 
ligament cells under hypoxic conditions, which mimics the 
microenvironment frequently seen in periodontitis (Yan et al. 
2020). These results further substantiate the critical role of A20 
in the pathophysiology of periodontitis.

Overall, A20 exerts diverse influences on the physiologi-
cal functions of a variety of cell types. Although the 
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anti-inflammatory role of A20 is well established, its role in 
cell death responses seems to be highly context dependent, 
resulting in sensitization or desensitization to apoptosis, 
necroptosis, or autophagy. In addition, while we predominantly 
focus on how A20 expression and function can affect disease 
outcome through NF-κB–mediated regulation, it is important 
to note that A20 regulates immune and nonimmune functions 
through both NF-κB–dependent and NF-κB–independent 
mechanisms. Specifically, A20 has been shown to regulate sev-
eral signaling pathways, including TGF-β, STAT (signal trans-
ducer and activator of transcription proteins), JNK (c-Jun 
N-terminal kinase), IRF, and MAPK signaling cascades (Ma 
and Malynn 2012; Jung et al. 2013; Bhattacharyya et al. 2016; 
Das et al. 2018; Malynn and Ma 2019; Yoon et al. 2019).

Insights for A20 Function  
in the Oral Cavity
An increased appreciation of ubiquitin-mediated regulation of 
key biological processes in health and disease states has led to 
the discovery of A20 as a critical modulator of cellular homeo-
stasis (Hu and Sun 2016; Malynn and Ma 2019; Martens and 
van Loo 2020; Priem et al. 2020). Genome-wide association 
studies identified somatic mutations, deletions, and/or aberrant 
expression of A20 in rheumatoid arthritis, diabetes, SLE, 
inflammatory bowel disease, psoriasis, Sjögren syndrome, 

coronary artery disease, multiple sclerosis, cystic fibrosis, and 
asthma (Boonyasrisawat et al. 2007; Ma and Malynn 2012; 
Momtazi et al. 2019; Martens and van Loo 2020). While A20 
function is fairly well-characterized in several tissues, only 
recently did it begin to receive attention as a regulator of oral 
mucosa homeostasis. Nonetheless, a better understanding of 
A20 function and A20-related disorders can offer new insights 
into the pathogenesis of diseases related to the oral cavity.

In support of plausible biological functions of A20 in pro-
moting oral cavity health, A20 has been specifically shown to 
regulate inflammation, autophagy, and cell death responses in 
the oral mucosa (Hong et al. 2016; Crump et al. 2017; Li et al. 
2019; 2020; Yan et al. 2020). A20 insufficiency was associated 
with a more severe disease phenotype in a murine periodontitis 
model (Li et al. 2019). Similarly, clinical evidence suggests 
that A20 may not reach sufficient levels in the periodontal 
lesions (Crump et al. 2017). Most recently, genetic alterations 
in the deubiquitinase domain of A20 have been shown to be 
associated with an increased risk of SLE via increased neutro-
phil dysfunction and NET formation (Odqvist et al. 2019). 
Deregulated neutrophil function and subsequent NET forma-
tion are of significance for periodontitis pathology, and it will 
be critical to determine how A20-directed biological responses 
modulate tissue homeostasis in the oral mucosa through their 
effect on neutrophil physiology (Hajishengallis and Korostoff 
2017).

Figure 4. A20 function and its contribution to cellular homeostasis and disease pathology. A20 is recognized as one of the central regulators of 
inflammation, apoptosis, autophagy, and necroptosis in a variety of innate and adaptive immune cells. Tightly regulated A20 levels are required to 
preserve tissue homeostasis and restrain inflammation following initial host response to tissue injury or infection. Aberrant A20 expression and 
activity may be caused by a variety of mechanisms, including genetics (single-nucleotide polymorphisms [SNPs]), epigenetics (DNA methylation, 
microRNAs [miRNAs]), and environmental or intrinsic stimuli (microbiome, danger signals, reactive oxygen species [ROS]). Impaired A20 activity for 
a prolonged period promotes an environment of sustained inflammation and delayed resolution and affects a variety of innate and adaptive immune 
responses, consequently leading to several pathologies in the oral cavity and at distant tissues. NET, neutrophil extracellular trap; SLE, systemic lupus 
erythematosus.
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In periodontitis pathogenesis, a microbial dysbiosis can fuel 
inflammatory tissue damage in a vicious cycle. A20 deficiency 
promotes a dysbiotic microbiome in the intestine, as well as 
sensitizes lung epithelial cells to LPS, underscoring its critical 
function in commensal microbial homeostasis (Vereecke et al. 
2014; Schuijs et al. 2015; Talpin et al. 2019). It is therefore 
plausible that A20 insufficiency may increase predisposition to 
exaggerated inflammation through modulation of the oral 
microbiome, which warrants further investigation.

Several factors, including genetics, epigenetics (e.g., 
microRNAs, DNA methylation), a dysbiotic microbiota, sys-
temic perturbations (e.g., aging, obesity, diabetes), and life-
style preferences (e.g., smoking, diet), affect the local 
environment and host response, leading to the progression of 
periodontitis, and oftentimes result in poor treatment response 
(Kebschull and Papapanou 2015; Beck et al. 2019). As new 
generations of therapeutics evolve, targeting proresolving 
mediators provides a nontoxic approach by increasing the 
body’s natural production of endogenous anti-inflammatory 
and resolution mediators (Bartold and Van Dyke 2017). Among 
those, lipoxin 15-epi-LXA4 has been shown to be an endoge-
nous agonist for A20 expression, subsequently promoting 
inflammation resolution (Sham et al. 2018). This evidence fur-
ther provides support for the plausibility of A20-targeted thera-
pies in the management of periodontitis. Supporting this 
notion, A20 targeted interventions are reported to reverse dia-
betes and obesity associated sequel through reducing inflam-
mation and apoptosis (Boonyasrisawat et al. 2007; Fukaya  
et al. 2016; Xu et al. 2018). As the association between diabetes 
and periodontal health is well established, targeting A20 may 
likely mitigate diabetes-related pathologies within the oral 
cavity as well. In addition, A20 protein levels can be regulated 
by microRNAs, including let-7f, miR-29, miR-125a, and miR-
125b (Kim et al. 2012; Balkhi et al. 2013; Kumar et al. 2015). 
Interestingly, several of the microRNAs that were shown to 
regulate A20 expression are differentially expressed in peri-
odontitis lesions compared to healthy tissues (Kebschull and 
Papapanou 2015). It is therefore likely that microRNA-based 
therapies can likely act through modulating A20 and/or A20-
regulated pathways to sustain periodontal tissue homeostasis.

Significance of A20 in the maintenance of oral cavity health 
is further corroborated by studies reporting A20 haploinsuffi-
ciency (HA20) syndrome (Zhou et al. 2016; Aeschlimann et al. 
2018). This condition results in a proinflammatory state begin-
ning in childhood, ultimately leading to a Behçet disease phe-
notype and recurrent oral ulcers. As we learn more about this 
recently identified condition, monitoring oral health status of 
HA20 patients would provide valuable tools to elucidate the 
clinical effects of aberrant A20 levels in the oral cavity. In 
addition, patients with primary Sjögren syndrome (pSS) have 
been shown to exhibit germline and somatic abnormalities of 
TNFAIP3 (Nocturne et al. 2013). While pSS is predominately 
characterized as an autoimmune condition, it is also associated 
with localized salivary gland and mucosa-associated lymphoid 
tissue (MALT) lymphomas. The resultant mutations highlight 
a novel concept in which continuous autoimmunity enhances 
lymphoma risk and offers a possible intervention strategy in 

pSS patients (Nocturne et al. 2013). Aberrant A20 expression 
has also been observed in nasopharyngeal carcinomas and 
poorly differentiated head and neck cancers, but limited data 
underscore the importance for further investigation (Codd  
et al. 1999).

Overall, emerging evidence recognizes A20 as a key regula-
tor of immune and inflammatory pathways in the oral cavity 
and at distant tissues (Fig. 4). It is evident that within all tis-
sues, A20 levels must be tightly regulated to preserve homeo-
stasis and health. Most systemic conditions associated with 
aberrant A20 levels share a common pathophysiology with 
periodontitis, and defining the effect of ubiquitin-mediated 
events and A20 in cellular and molecular pathways will ulti-
mately lead to better oral and systemic health.

Conclusion and Future Perspectives
The oral cavity is one of the most multifaceted microenviron-
ments in the human body where interactions between the host 
and microbiome define health and disease states. Regulation 
of inflammatory mechanisms, cell death pathways, and basic 
immune function is critical for sustaining tissue homeostasis 
and periodontium integrity. Although there has been some 
success with current anti-inflammatory therapies, there are 
also considerable limitations (Bartold and Van Dyke 2017). 
New advances in the understanding of downstream regulation 
of inflammatory signaling and its links to restoration of 
homeostasis offer promise in translational clinical research. 
There has been growing interest in exploiting components of 
ubiquitination machinery as therapeutic targets (Huang and 
Dixit 2016; Rothschild et al. 2018; Kliza and Husnjak 2020). 
Given their extreme diversity, E3 ligases and deubiquitinases 
offer great potential for targeted therapies. Structurally, deu-
biquitinases possess well-defined catalytic clefts, making 
them intrinsically attractive as potential drug targets (Huang 
and Dixit 2016). Among those enzymes, A20 is particularly 
unique through its dual action both as a ubiquitin ligase and a 
deubiquitinase. A20 has been recognized as one of the central 
regulators of cellular homeostasis and a major determinant of 
inflammatory status and disease progression in numerous con-
ditions (Fig. 4). A20 is implicated in key biological processes, 
including inflammation, apoptosis, necroptosis, and autoph-
agy, and contributes to microbial dysbiosis. A20 is also identi-
fied as a downstream target for resolvins. As we continue to 
learn more about the genetics (SNPs), epigenetics (e.g., 
microRNAs, DNA methylation), and extrinsic/intrinsic 
stresses (e.g., dysbiotic microbiome, danger signals, ROS) 
that regulate A20 expression and function in the context of 
diseases, targeting the ubiquitin system through A20 possibly 
creates a path to personalized medicine for the treatment of 
not only periodontitis but also several other immune and 
inflammatory conditions.
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