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Inflammatory bowel disease (IBD), which include Crohn’s disease (CD) and ulcerative
colitis (UC), exhibits a complex multifactorial pathogenesis involving genetic susceptibility,
imbalance of gut microbiota, mucosal immune disorder and environmental factors.
Recent studies reported associations between ubiquitination and deubiquitination and
the occurrence and development of inflammatory bowel disease. Ubiquitination
modification, one of the most important types of post-translational modifications, is a
multi-step enzymatic process involved in the regulation of various physiological processes
of cells, including cell cycle progression, cell differentiation, apoptosis, and innate and
adaptive immune responses. Alterations in ubiquitination and deubiquitination can lead to
various diseases, including IBD. Here, we review the role of E3 ubiquitin ligases and
deubiquitinases (DUBs) and their mediated ubiquitination and deubiquitination
modifications in the pathogenesis of IBD. We highlight the importance of this type of
posttranslational modification in the development of inflammation, and provide guidance
for the future development of targeted therapeutics in IBD.

Keywords: inflammatory bowel disease, E3 ubiquitin ligases, deubiquitinases, ubiquitination, deubiquitination

1 INTRODUCTION

1.1 General Introduction of IBD

Inflammatory bowel disease (IBD) constitutes a group of chronic non-specific intestinal
inflammatory disease which includes Crohn’s disease (CD) and ulcerative colitis (UC). CD can
occur in any part of the digestive tract. Most of the lesions in CD are discontinuous changes that
reach to the muscular layer although the mucosa between the lesions can appear completely normal.
Histological findings of non-caseous granulomas are typically observed in patients with CD (1). UC
lesions are mostly located in the colon and rectum, mainly in mucosa and submucosa, and show
continuous and diffuse distribution. UC is histologically characterized by cryptitis or crypt abscess
(2). The conventional therapeutic drugs for IBD include amino salicylic acid, glucocorticoids,
immunosuppressants (azathioprine, cyclosporine), and biological agents such as infliximab,
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adalimumab, vedolizumab, and others (3). However, so far, there
are no curative drugs or methods for IBD.

The global incidence of IBD has been increasing every year (4).
Although the incidence in the United States and Europe appears to
have stabilized, it is estimated that the number of patients in these
two regions will reach 2.5 million and 3 million by 2030,
respectively (5, 6). The incidence of IBD in developing countries
is accelerating and will cause serious economic pressure and
medical burden on patients, their families, and the society (7).
Indeed, IBD has become a major social health problem in need of
urgent action and novel treatments (5). To identify new therapeutic
targets for IBD, researchers must first better understand the
molecular mechanism underlying the pathology of this condition.

The exact etiology and pathogenesis of IBD remain unclear,
although it is generally believed that IBD is the result of the
combined action of multiple factors such as genetic
susceptibility, intestinal flora imbalance, immune disorder, and
environmental factors (8, 9). In the past 10 years, more than 200
gene loci associated with IBD have been identified in genome-
wide association studies (GWAS) (8, 10, 11). These susceptibility
gene loci are related to the barrier function, epithelial repair,
microbial defence, innate immune regulation, autophagy,
adaptive immune regulation, endoplasmic reticulum stress, and
others (12), and are functions known to play important roles in
the pathogenesis of IBD. For example, single nucleotide
polymorphisms (SNPs) of the autophagy-related gene 16 like 1
(ATGI6L1) are strongly associated with the risk of developing
CD (13). ATG16L1 mutations results in dysfunctional
autophagy, as evidenced by impaired ability of macrophages to
clear intracellular bacteria and Paneth cells to secrete
antimicrobial peptides (14). Furthermore, genetic variants in
interleukin-10 (IL-10), IL-10 receptor(IL-10R), X-linked
inhibitor of apoptosis protein (XIAP), and forkhead box P3
(FOXP3) have been linked to very early-onset inflammatory
bowel disease (VEOIBD) (15). Deep sequencing studies and
studies including large samples of patients with IBD are likely
to generate additional knowledge on genetic variations in IBD,
which will further highlight the complex genetic polymorphisms
involved in this condition. Research into the gut microbiota is
another area sequencing technology has been beneficial to. The
general consensus is that the gut microbiota is the target of
inappropriate immune response in genetically susceptible
individuals, which is considered to be one of the main factors
associated with the pathogenesis of IBD (16). Current evidence
suggests that IBD patients have decreased diversity, altered
abundance of specific taxa and functional alterations of gut
microbiota (17, 18). In addition, environmental exposures due
to urbanization, such as westernization of diets, increased use of
antibiotics, smoking, microbial exposure and pollution can also
promote intestinal inflammation in genetically susceptible
individuals by affecting the intestinal microbiome, leading to
the development of IBD (19, 20).

1.2 Immune Dysregulation in IBD
Genetic susceptibility, gut microbiota and environmental factors
can contribute directly or indirectly to dysregulation of intestinal

immunity. Immune dysregulation has been the focus of research
into the pathogenesis of IBD because it is an autoimmune
disease. The main function of the intestinal immune system,
which includes innate and adaptive immunity, is to prevent the
invasion of harmful pathogens while maintaining tolerance to
food antigens and commensal microbes (21).

Intestinal innate immunity is the first line of defense against
pathogenic invasion and consists of the intestinal epithelial barrier,
innate immune cells (e.g., dendritic cells (DCs), macrophages, etc.)
with their secreted cytokines and chemokines. The intestinal
epithelial cells (IECs) are the main component of the intestinal
epithelial barrier (IEB) and not only act as a physical barrier
separating the contents of the intestinal lumen from the immune
cells of the lamina propria, but also sense changes in the
microenvironment of the intestinal lumen and generate local
immune responses (22). Under intestinal homeostasis, the IEB
remains intact and only a few luminal antigens are able to reach
the lamina propria. Existing tolerance mechanisms prevent
immune cells within the lamina propria from producing a pro-
inflammatory immune response. However, under intestinal
inflammation, increased apoptosis of IECs and reduced
expression of tight junction proteins (e.g., occludin, claudins,
etc.) lead to increased permeability of the IEB and further
activation of intestinal innate immune cells as more luminal
antigens cross the barrier, driving disease progression (23).

As the most important specialized antigen-presenting cells
(APC), the main function of dendritic cells is to take up and
process antigens and present antigens to T cells or B cells to
regulate adaptive immune response (24). Thus, DCs play a
bridging role between innate and adaptive immunity. Under
intestinal homeostasis, DCs are in an immune tolerant state.
However, this tolerate state is disrupted by persistent intestinal
inflammation in IBD, which leads to the acquisition of a pro-
inflammatory phenotype, ultimately contributing to the
development of disease. In IBD patients and dextran sulfate
sodium (DSS)-induced colitis mice, a large number of activated
mature DCs were clustered at the inflammatory intestinal
mucosa (25). These activated DCs produced high level of pro-
inflammatory factors such as tumor necrosis factor alpha
(TNF-0) and reactive oxygen species (ROS), which damage
IECs and aggravate intestinal inflammation. Among them,
TNF-o is a critical pro-inflammatory cytokine in the
pathogenesis of IBD, which is up-regulated in the intestinal
tissues of IBD patients, and anti-TNF-o therapy has achieved
good efficacy in the treatment of IBD (23). Typically, DCs sense
microbial invasion signals through the expression of pattern
recognition receptors (PRRs) (e.g., toll-like receptors (TLRs),
nucleotide-binding domain leucine-rich repeat receptors
(NLRs), etc.) and regulate T cells-mediated adaptive immune
responses through the expression of costimulatory molecules
(e.g., CD40, CD80, CD86, etc.) (26). However, DCs in the
intestinal tissues of IBD patients expressed significantly higher
levels of TLR2 and TLR4, suggesting a stronger ability to
recognize microbial antigens and contribute to disease
progression (27). In addition, CD40 and CD80 expression was
upregulated in DCs from IBD patients (27), which exacerbated
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intestinal inflammation by interacting with CD40L from T cells
to produce more TNF-q, IL-6, and IL23.

Macrophages, another subtype of APC in the intestinal tissues,
are usually divided into two types, classically activated (M1) and
alternatively activated (M2), exhibiting two phenotypes, pro-
inflammatory and anti-inflammatory, respectively (28). M1
macrophages are activated by y-interferon (IFN-y), TNF-ar and
granulocyte-macrophage colony-stimulating factor (GM-CSF),
and secrete pro-inflammatory cytokines (e.g., TNF-a, IL-1j,
etc.) and Chemokines (e.g., C-X-C motif chemokine
ligand 9 (CXCL9), CXCL10, etc.), high expression of iNOS
which could catabolize L-arginine to produce NO and ROS,
participate in phagocytosis of bacteria and necrotic cells,
chemotaxis of inflammatory cells, promote T helper 1 (Thl)
and Th17 cells-mediated immune response. M2 macrophages
are activated by IL-4, IL-13 and macrophage colony-stimulating
factor (M-CSF), and not only secrete the immunosuppressive
factor IL-10 to promote intestinal mucosal healing, but also
recruit Tregs to inhibit intestinal inflammation. Under intestinal
homeostasis, M1/M2 macrophages are in the dynamic
equilibrium. However, the number of M1 macrophages was
significantly increased in the intestinal tissues of patients with
active IBD and mice with experimental colitis, and these increased
macrophages differentiated from peripheral blood mononuclear
cells (PBMCs) (29). Further, M2 macrophages have been shown
to facilitate the regression of colitis by promoting angiogenesis,
removing dead cells and supporting tissue repair (30).
Therefore, controlling macrophage M1/M2 polarization is a
potential target for the development of new therapeutic
approaches for IBD.

Adaptive immune cells such as Thl-, Th2-, Th17 cells and
regulatory T cells (Tregs) also play an important role in intestinal
immune homeostasis. Thl cells participate in cell-mediated
immune response and are necessary for the clearance of
intracellular pathogens, and mainly secrete IFN-y, TNF-o and
IL-2 (31). Th2 cells participate in humoral immune response and
parasite defense, and mainly secrete IL-4, IL-5 and IL-13 (31).
Treg cells can induce immune tolerance via secreting
transforming growth factor beta (TGF-B) and IL-10 (32). Th17
cells are mainly involved in autoimmune diseases and specifically
secrete IL-17 (33). It has been found that Th1 cells in CD patients
secreted higher levels of TNF-o. and IFN-y compared to UC
patients, and that IFN-y promotes the secretion of TNF-o by
intestinal macrophages, thereby increasing the severity of the
disease (34). In contrast, Th2 cells appear to play a greater role in
UC (34). Th2 cells in the mucosal tissue of UC patients secreted
more IL-5 and IL-13, which promoting apoptosis of IECs and
disrupting the intestinal mucosal barrier. Therefore, CD is
thought to be driven by the Thl cells-mediated immune
response, whereas UC is Th2 cells. In addition, studies have
shown that pro-inflammatory cytokines (e.g., IL-12, IL-18, IL-21,
IL-23) were significantly increased in the inflamed intestinal
mucosa of patients with IBD, while anti-inflammatory cytokines
such as TGF-f and IL-10 were remarkably reduced, as well as the
absence of immunomodulatory cells such as Treg cells and
Foxp31L-10"CD4" T cells (35, 36). The IL-17 produced by

Th17 cells was elevated in the mucosa and serum of IBD
patients (37). IL-17 not only causes damage to the IECs, but
also promotes IL-8 secretion by IECs, which in turn stimulates
neutrophils and Th17 cell chemotaxis to the inflamed intestinal
mucosa (38).

1.3 Overactivation of NF-xB Signaling
Pathways in IBD

The increased secretion of the aforementioned pro-inflammatory
cytokines results in the overactivation of inflammation-related
signaling pathways in IBD patients, including the nuclear factor-
kappa B (NF-xB) signaling pathway (39). NF-xB activation is
regulated by two different pathways, known as the canonical
pathway and the noncanonical pathway (40). Inflammatory
stimuli such as TNF-o. and IL-1B can activate the canonical
NF-«B signaling pathway (Figure 1). Specifically, when TNF-o.
binds to TNF receptors (TNFR), TNFR recruits TNFR-
associated death domain protein (TRADD) to form the TNFR-
TRADD complex (41). TRADD then further recruits
downstream signaling proteins to form the receptor signaling
complex, including receptor interacting serine/threonine kinase
1(PIPK1), TNF receptor associated factor proteins (TRAFs),
cellular inhibitors of apoptosis proteins 1 and 2 (cIAP1/2) and
LUBAC (linear ubiquitin chain assembly complex) (42).
Subsequently, TRAFs, cIAP1/2 mediates K63-linked
ubiquitination of RIPK1 and LUBAC mediates M1-linked
ubiquitination of RIPK1. The K63, MI1-linked ubiquitin chains
on RIPK1 then acts as a scaffold to recruit the TGF-B-activated
kinase 1 (TAK1) complex and the inhibitor of nuclear factor
kappa B kinase (IKK) complex, respectively (43). Therefore,
ubiquitination modifications on RIPK1 are a crucial step for
activating this pathway. Whereafter, TAK1 phosphorylation
activates IKKP in IKK complex, which in turn phosphorylates
IxB. The phosphorylated IxkB is degraded though K48-linked
ubiquitination modification targeting the proteasome, thus
dissociating with p50/RelA, which then nuclear translocates
and promotes transcription of pro-inflammatory cytokines
such as TNF-q, IL-1B, and IL-6 (44). These pro-inflammatory
cytokines, on the one hand, activate the adaptive immune
system. On the other hand, they damage IECs and destroy the
integrity of IEB. Disruption of the IEB may contribute to
increased exposure of the intestinal mucosa to luminal
antigens, further activating the innate and adaptive immune
system, thereby perpetuating the intestinal inflammation and
eventually developing chronic inflammation.

Besides TNF-0, PRRs signaling cascades can also activate NF-
kB (Figure 1). TLRs and NLRs are members of PRR family and
widely expressed in multiple cell types such as DCs, macrophages,
T lymphocytes and IECs. By sensing and responding to conserved
microbial-associated molecular patterns, TLRs and NLRs play a
pivotal role in defence against pathogens invasion, such as
bacteria, fungi and virus (45). TLRs-mediated signaling
pathways can be divided into myeloid differentiation primary
response protein 88 (MyD88)-dependent and MyD88-
independent, of which only TLR4 is able to activate both.
Specifically, following ligand-induced receptor dimerization,
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FIGURE 1 | Activation and regulation of NF-kB pathway. (A) Canonical NF-kB activation: The binding of TNFRs to the ligands leads to the recruitment of TRADD,
RIPK1. TRADD subsequently recruits E3 ubiquitin ligases, including TRAFs, clAP1/2 and LUBAC. RIPK1 is then ubiquitinated and acts as a ubiquitin scaffold to
recruit the IKK complex and the TAK1 complex. The IKK complex is comprised of IKKa, IKKB, and NEMO. The TAK1 complex consists of TABs and TAK1.TAK1
further phosphorylates and activates IKKB, which in turn induces phosphorylation and degradation of IkBe, allowing NF-xB dimers to translocate to the nucleus and
drive transcription of target genes. (B) Non-canonical NF-kB activation: The interaction of the receptor with the corresponding ligand recruits TRAFs and clAP1/2
proteins to the receptors, resulting in their ceasing to mediate the ubiquitinated proteasomal degradation of NIK, leading to stabilization and accumulation of NIK and
ultimately activation of the NF-xB pathway and transcription of target genes. (C) NODs-mediated NF-xB and MAPKSs activation pathways. DAP, MDP binds to NOD1
and NOD2 receptors in the cytoplasm, respectively, which recruit RIPK2, clAP1/2, and XIAP. rIPK2 undergoes IAP-mediated ubiquitination modifications and acts as
a ubiquitin scaffold to recruit the TAK1 complex, the IKK complex and LUBAC. subsequently, TAK1 further activates the IKKB/IkB/NF-«B signaling cascade. In
addition, TAK1 also leads to the activation of MAPKSs, which induce transcription of AP1 target genes. (D) Activation of TLRs triggers the MYD88-dependent
signaling cascade that induces NF-xB and MAPK signaling activation. MYD88 recruits IRAKs, which then activates TRAF6. TRAF6 then recruits the TAKT complex
and the IKK complex. IKKR is then phosphorylated by TAK1, which in turn phosphorylates kB to activate NF-kB. TAK1 also activates the MAPK signaling cascade.
The signaling cascade induced by TLRs also activates IRF3 and IRF5. Activated transcription factors translocate to the nucleus and induce the production of pro-
inflammatory cytokines and type | IFN.

TLR4 interacts with MyD88 via TIR domain containing adaptor
protein (TTRAP) to initiate the MyD88-dependent pathway (46).
MyD88 further recruits IL receptor-1 receptor-associated kinases
(IRAKs)and TRAF6 to form the receptor signaling complex (46).
TRAF6 is then modified by ubiquitination to recruit the TAK1
complex and the IKK complex. This is followed by activation of
IKKpB and mitogen-activated protein kinase (MAPK) by TAKI,
and ultimately activation of the transcription factors NF-xB and
AP-1, which promote transcription of various pro-inflammatory
cytokines and chemokines (46). As for the MyD88-independent
signaling pathway, in short, TLR4 interacts with and activates

TIR-domain containing adaptor inducing interferon-3 (TRIF) via
the adaptor protein TRAM, which activating interferon regulatory
factors (IRFs) and ultimately promotes transcription of interferon-
related genes (47). Besides the dysregulated expression of TLRs in
IBD patients mentioned above (48), the polymorphisms/
mutations in some TLRs have been associated with IBD (49).
Similarly, NLR family members NOD1 and NOD2, upon
stimulation by different components of bacterial peptidoglycan
lead to NF-«B activation through recruitment of downstream
signaling proteins, including RIPK2, cIAP1/2, XIAP, TRAFs, etc.
(50). Importantly, NOD2 polymorphisms/mutations are a key
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pathogenic event in Crohn’s disease, as NOD2 deficiency leads to
exacerbated gut inflammation due to impaired bacterial
clearance (51).

The noncanonical NF-kB signaling pathway can be initiated
by the interaction of CD40, lymphotoxin beta receptor (LT-R)
and B-cell activating factor receptor (BAFFR) with their
corresponding ligands (Figure 1). Under these stimuli, the
complex composed of TRAF2/3 and cIAP1/2 will be recruited
to the intracellular side of the receptor. Therefore, TRAF2/3 and
cIAP1/2 no longer mediate the ubiquitin degradation of NF-«xB
inducing kinase (NIK) and thus activates NIK (52). Then NIK
results in activation of IKKo., phosphorylation and proteasomal
degradation of p100, activation of the transcription factor NF-«xB
(p52/RelB) and ultimately promotes transcription of pro-
inflammatory cytokines and chemokines (53). Studies have
found that pl00/p52 was markedly upregulated in the
intestinal tissues of IBD patients, suggesting increased
activation of the non-canonical NF-kB signaling cascade (54).

1.4 Animal Models of IBD

To better elucidate the interplay among the pathogenic factors
described above, animal models of IBD are essential. To date,
more than 100 animal models of IBD have been established, which
can be divided into chemical induced models, genetically
engineered models, adaptive cell transferred models and
congenital (spontaneous gene mutation) models (55). Chemical
induced IBD animal models are one of the most widely used types
at present, among which DSS and TNBS are the most common.
DSS has been widely used in acute and chronic colitis models, and
is well suited to study the initial stages of inflammation and the
healing process of intestinal epithelium during recovery stage
(56). Of note, based on DSS-induced chronic colitis model,
inflammation-related colorectal cancer can be caused by
controlling the duration and number of repetitions of DSS
administration (e.g., 7 days DSS, 14 days water, 3 cycles) and/or
in combination with genotoxic colonic carcinogen azoxy methane
(AOM) (57). Since chronic inflammation plays a key role in
colitis-associated colorectal cancer, the AOM/DSS model is a
very useful tool for studying chronic inflammation-induced
carcinogenesis. The 2,4,6-trinitrobenzenesulfonic acid (TNBS)-
induced colitis resembles human Crohn’s disease, which has the
advantages of short modelling time and long lesion duration, so it
is suitable for observing the dynamic process of inflammation
from acute phase to chronic stage (58). The disadvantage is that
compared with DSS-induced model, TNBS-induced colitis lacks
obvious acute phase and is highly dependent on mouse strains. For
example, SJL/], C3HeJ and BALB/c are sensitive strains, while
C57BL/6 and DBA/2 are highly resistant strains (59). In recent
years, genetically engineered IBD animal models have developed
rapidly, and there are many classifications, among which gene
knockout models (including conventional knockout and cell-
specific knockout) and transgenic models (including
conventional and cell-specific genotyping) are the most used
(60). Simply put, conventional transgenic (Tg) or knockout
(KO) mice were genetically engineered to overexpress or lack
genes of interest in all cell types. Cell-specific Tg or KO models
overexpressed or lacked genes of interest in specific cell types,

respectively (60). Compared with chemical induced models,
genetically engineered animal models have unique advantages:
they can be modified (deletion or overexpression) for one or
several specific genes, and clearly clarify the role of these genes in
the occurrence and development of IBD. However, genetically
engineered animal models also have some disadvantages: high
technical content and production costs, knock out some of the
essential genes may cause the lethality of the cells or animals, and
knock out a gene does not necessarily can learn the function of the
gene, mainly because many of the genes are functionally
redundant. Knocking out a functionally redundant gene does
not create an easily identifiable phenotype. This is why more
and more genetically engineered models and chemical induced
models are combined used. The adaptive cell transferred model
(e.g. CD4"CD45RB"" T cells) is one of the models to mimic
chronic colitis in which naive T cells from immunoactivity mice
are transferred to T - and B-deficient hosts (e.g., Ragl/2 " or SCID
mice) to induce colonic inflammation (61). This model is suitable
for observing how different types of T cells participate in the
occurrence and development of IBD, but it requires flow
cytometry purification and certain intravenous injection skills
(61). Some animals in nature can spontaneously develop
enteritis similar to human IBD, and such enteritis model is
regarded as congenital (spontaneous gene mutation) models,
among which Mdrla”” mice, C3H/HEJBIR(C3BIR) mice,
SAMP1/YitFc mice are more common (62). Mdrla” mice are
considered to be a more accurate model for studying human UC,
while the SAMP1/YitFc mice model can be used as a closed CD
model, showing perianal disease and fistula formation in about 5%
of mice (63, 64). In general, there is no single animal model that
can fully mimic the onset of human IBD, although there are many
options but each has its own advantages and disadvantages.
Therefore, the establishment of animal models more closely
related to human IBD is of great significance to elucidate the
pathogenesis of IBD and promote clinical diagnosis and treatment
as well as the development of new drugs.

2 UBIQUITINATION AND
DEUBIQUITINATION IN IBD

Ubiquitin is a small protein of 76 amino acid residues. Ubiquitin,
as its name suggests, is widely distributed in eukaryotic cells and
tissues. Ubiquitin modification involves an ATP-dependent
enzymatic cascade of ubiquitin molecules covalently linked to
substrate proteins, and is mediated by three types of enzymes:
ubiquitin activating enzymes (Els), ubiquitin binding enzymes
(E2s), and ubiquitin ligases (E3s) (65). In short, E1 first
hydrolyzes a molecule of ATP and activates a ubiquitin
molecule, then the activated ubiquitin molecule is transferred
to E2, and, finally, E3 promotes or directly catalyzes ubiquitin
transfer to the lysine residues of the substrate protein by
recruiting the E2-ubiquitin complex which recognizes the
substrate protein (Figure 2) (66). Ubiquitination is divided
into mono-ubiquitin and polyubiquitin (ubiquitin chain)
according to the number of ubiquitin molecules linked to a

Frontiers in Immunology | www.frontiersin.org

December 2021 | Volume 12 | Article 769167


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Zou et al.

E3s and DUBs in IBD

E1

M1, K11, K27

/Ub\/ @'@] 6@ ) Substratef/:
- ' -
ATP
=N
U ADP S Up) ™)
{ 5 \ R
E1\ 5/ i —) Substr: te’/‘ —
E— Non-degradative
USPs, UCHs, OTUs | = BT functions,
MJDs, JAMMs ~ ~ ~ Signaling,
/ MCPIPs, MINDYs ‘ (Ub) Jdub)__(Ub) protein-protein
R | Substrate |——— Substrate (Ub) interaction, -
a @/\ / J / N protein localization
N Multi-mono-Ub (
RING N
: ) E3 }—{ HECT DN o5
y RBR @k pSePS
- — TUb) &
, (Ub) A =
AL Sk \— | Substrate ) Froteasomal
Uby ¢ ¢ E2 ) E3 Substrate ) S degradation
&4 \ \ \ / Poly-Ub
( EZ/\Y E3 | A

K48, K63, etc

FIGURE 2 | Schematic of ubiquitination and deubiquitination. In an ATP-dependent way, the E1 enzyme activates ubiquitin, forming a covalent thioester connection
between ubiquitin and the E1 cysteine residue. Then, ubiquitin is transported to an E2 conjugating enzyme. Finally, an ES ligase aids or catalyzes the transfer of
ubiquitin from an E2 to a substrate, generally through a lysine side chain. DUBs remove the ubiquitin molecules from the substrates.

lysine residue in a protein. In the polyubiquitin chain, ubiquitin
can be linked by seven lysine residues (K6, K11, K27, K29, K33,
K48 and K63) or by the first methionine (M1) (67). The results of
the ubiquitin modified protein depend on the type of ubiquitin
chain link. Generally, K48 and K11 linked polyubiquitin chains
represent the target signals for proteasomal degradation, while
K63 linked polyubiquitin chains are associated with non-
proteasomal signals, including cell signal transduction, DNA
damage response, and membrane transport (68).The human
genome encodes 2 Els, more than 50 E2s and 600 E3s (69,
70). E3 ubiquitin ligases, which play a key role in the whole
process of ubiquitination due to its substrate specificity, can be
divided into three types: really interesting new gene (RING) E3s,
homologous to E6AP carboxyl terminus (HECT) E3s, and ring-
in-between-ring (RBR) E3s (71, 72). These three types of E3s
mediate ubiquitination via different mechanisms: RING E3s
transfer ubiquitin directly from E2s to the substrate protein
using its ring-finger domain (73), HECT E3s receive ubiquitin
from E2s to form catalytic intermediates before transferring
ubiquitin to the substrate protein (74, 75), and RBR E3s use
both RING and HECT like mechanisms (76). RING E3s and
HECT E3s have been relatively well studied in the context of IBD
and will be described in detail below (Table 1 and Figure 3).
However, studies on RBR E3s in the context of IBD are rare and

the function of these enzymes will need to be further clarified in
future studies.

Like most post-translational modifications, ubiquitin
modification is also a dynamic and reversible process. This
process is catalyzed by deubiquitinases (DUBs), which
specifically remove ubiquitin molecules from substrate or
precursor proteins by hydrolyzing ester bonds, peptide bonds
or isopeptide bonds at the carboxyl terminal, to avoid
degradation or reverse other functional changes caused by
ubiquitination(Figure 2) (127). There are more than 100
DUBs encoded by the human genome, and these can be
divided into seven types according to their similarity in
sequence and structure: ubiquitin c-terminal hydrolases
(UCHs), ubiquitin-specific proteases (USPs), ovarian tumor-
related proteases (OTUs), Machado-Joseph disease protein
domain proteases (MJDs), Jabl/MPN domain-associated
metalloisopeptidase(JAMMSs), monocyte chemotactic protein-
induced proteins (MCPIPs) and motif interacting with ub-
containing novel DUB family(MINDYs) (Figure 4)
(128, 129). Except for JAMMs, which are zinc-dependent
metalloproteinases, the other DUBs are cysteine-dependent
proteases (130). Mainly through deubiquitination of
its substrate proteins, DUBs are involved in the regulation
of various cellular activities, including cell cycle, signal
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TABLE 1 | Role of E3 ubiquitin ligases in inflammatory bowel disease.

Gene Effect Relevance to IECs Alteration in IBD patients  Transgenic Experimental Disease Phenotype Reference
or immune cell mice model colitis model
components
TRAF2 Anti-inflammatory IECs, IL-10-secreting  Up-regulated in intestinal Traf2”", DSS Spontaneous colitis; (77-80)
neutrophils, mucosa TrafoMyeo-Ko Severe colitis
macrophages
TRAF3 Anti-inflammatory PBMCs, IECs Up-regulated in PBMC and ~ Traf3Mveo<© DSS Severe colitis (79, 81,
colonic mucosa 82)
TRAF4 Unknown PBMCs, IECs Up-regulated in plasma, - - - (83)
PBMC and intestinal
mucosa
TRAF5 Anti-inflammatory PBMCs, CD4*T Up-regulated in PBMC and ~ Traf5”" DSS Susceptibility to colitis (81, 84)
colonic mucosa
TRAF6 Anti-inflammatory IECs Up-regulated in plasma, Traf6'tc<© DSS Susceptibility to colitis (83, 85)
PBMC and intestinal
mucosa
TRIM14 Pro-inflammatory THP-1, BMDM, - Trim14” DSS, DSS/ Attenuated colitis, inhibit (86)
PBMCs AOM colitis-associated
tumorigenesis
TRIM21 Anti-inflammatory, inhibit  CD4*T cells Down-regulated in intestinal ~ 7rim217" DSS, DSS/ Susceptibility to colitis (87, 88)
colitis-associated mucosa of IBD, CAC and AOM, and CAC
tumorigenesis CRC CD45RBMN
cells
TRIM26 Anti-inflammatory Macrophages - Trim267" DSS Attenuated colitis (89)
TRIM27 Pro-inflammatory, CD4'T cells Down-regulated in colonic  Trim27” Attenuated colitis, inhibit (90-93)
promote colitis- mucosa of CD colitis-associated
associated tumorigenesis
tumorigenesis
TRIM31 Anti-inflammatory Macrophages - Trim317" DSS Attenuated colitis (94)
TRIM33 Anti-inflammatory PBMCs, myeloid cells  Down-regulated in PBMC Trim33” DSS Severe colitis (95)
of CD
TRIM34 Anti-inflammatory, inhibit  IECs Down-regulated in colonic  Trim34™ DSS, DSS/ Attenuated colitis, inhibit (96)
colitis-associated mucosa of UC AOM colitis-associated
tumorigenesis tumorigenesis
TRIM58 Anti-inflammatory Myeloid cells Down-regulated in colonic  Trim58” DSS Susceptibility to colitis 97)
mucosa of UC
TRIM62 Anti-inflammatory Dendritic cells - Trim62” DSS Severe colitis (98)
RNF5 Anti-inflammatory |IECs, CD4"T cells Down-regulated in intestinal  Rnf5”" DSS Severe colitis (99)
mucosa
RNF8 Anti-inflammatory IECs - LV-RNF8 TNBS Attenuated colitis (100)
(overexpressing
RNF8)
RNF20 Anti-inflammatory, inhibit  IECs, monocytes and  Down-regulated in colonic  Rnf20* DSS, DSS/ Susceptibility to colitis (101)
colitis-associated macrophages, mucosa of UC and CAC AOM and CAC
tumorigenesis MDSCs
RNF40 Pro-inflammatory IECs Down-regulated in colonic ~ Rnf40/=¢<© DSS Attenuated colitis (101, 102)
mucosa of UC and CAC
RNF128  Unknown CD4'T cells Up-regulated (lamina - - - (103, 104)
propria CD4*T), down-
regulated (PB CD4*T)
RNF183 Pro-inflammatory IECs Up-regulated in intestinal - - - (105, 106)
mucosa
RNF186  Anti-inflammatory IECs, macrophages, ~ Down-regulated in colonic ~ Rnf186” DSS Susceptibility to colitis (107, 108)
mucosa of UC
clAPA Unknown |IECs, macrophages, - Bric2™”" - Susceptibility to TNF- (109-111)
induced cell death
clAP2 Anti-inflammatory, |IECs, macrophages Up-regulated in colonic Bric3” DSS, DSS/ Susceptibility to colitis, (109-114)
promote colitis- mucosa of UC AOM inhibit colitis-associated
associated tumorigenesis
tumorigenesis
XIAP Unknown IECs, macrophages - Bric4™" - - (111, 115)
FBW7 Anti-inflammatory'=C, IECs, macrophages  Up-regulated in intestinal Fow7'5¢H0, DSS, TNBS Severe colitis, Attenuated ~ (116-118)
pro-inflammatory™e°! mucosa Fow7LysM+KO colitis
(Continued)
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TABLE 1 | Continued

Gene Effect

PELLINO3  Anti-inflammatory

HRDA1 Anti-inflammatory
ITCH Anti-inflammatory
HACEA Anti-inflammatory

Relevance to IECs
or immune cell
components

Macrophages
Unknown

Th17 cells, ILCs, y0T
cells

IECs

Alteration in IBD patients = Transgenic

mice model

Down-regulated in colonic -
mucosa of CD

Down-regulated in intestinal -
mucosa

- ltch™

- Hace1”

Experimental
colitis model

DSS, DSS/
AOM

DSS, DSS/
AOM

Disease Phenotype Reference
- (119)
- (120, 121)
Spontaneous coalitis, (122-125)
Susceptibility to colitis
and CAC
Susceptibility to colitis (126)
and CAC

IBD, inflammatory bowel disease; CD, Crohn’s disease; UC, ulcerative colitis;, CAC, colitis-associated colorectal cancer; CRC, colorectal cancer; PB, peripheral blood; PBMC, peripheral
blood mononuclear cell; MDSC, myeloid-derived suppressor cells; BMDM, bone marrow-derived macrophages; ILCs, Innate lymphoid cells; DSS, dextran sulfate sodium salt; TNBS,
trinitrobenzene sulfonic acid; AOM, azoxymethane.

transduction, DNA damage repair, gene transcription,

autophagy and apoptosis (131-133). In conditions of intestinal

inflammation, many DUBs promote or inhibit inflammation by
controlling protein stability, the formation of intermediate signal
molecules or by affecting receptor activity. Therefore, DUBs
might have potential as drug targets, and hold broad clinical
application prospects. In this review, we review the literature on
USPs and OTUs family members in the context of IBD (Table 2).

3.1.1 TRAFs

3 UB E3 LIGASES AND IBD
3.1 The Role of RING-Type E3s

The tumour necrosis factor receptor-associated factor (TRAF)
family is composed of cytoplasmic adaptor proteins involved in
the transduction of downstream signals of various receptors,
such as T cell receptors (TCRs), TLRs, NLRs, and IL-17 receptor
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FIGURE 3 | Integration: E3s ligases and their ubiquitination modified substrates in the pathogenesis of I1BD.
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(IL-17R) (161). To date, seven members of the TRAFs family
have been identified, which, except for TRAF1, contain in the N-
terminus a ring finger domain, the domain responsible for the
catalytic activity of E3 ubiquitin ligase (162). Recent studies have
also demonstrated that TRAF2, TRAF3, TRAF5 and TRAF6
function as E3 ubiquitin ligases (161). TRAFs, as adaptor
proteins and E3 ubiquitin ligases, are involved in innate and
adaptive immune signal transduction, leading to the activation of
transcription factors such as NF-xB, AP-land IRFs (163).
Preliminary evidence linking TRAFs with intestinal
inflammation was suggested by a study reporting that Traf2”"
mice, with BALB/C background, spontaneously developed severe
colitis and died within 3 weeks after birth (77). The spontaneous
colitis phenotype was largely dependent on TNF-o. induced
apoptosis of colonic epithelial cells. The production of TNF-a
by colon lamina propria cells (LPCs) in response to symbiotic
bacteria may have been a key event that exacerbated the
development of colitis, due to increasing apoptosis of colonic
epithelial cells and aggravation of the destruction of epithelial
barrier function, leading to dramatic alterations in colonic
microecology (77). Changes in colonic microbiota will also

) f | T T T )
p—— v ) g ; <
USPs UC|)Hs (_OTUs ) \MJIDs/J \JATMS \IVIC|F’|F’s; MIN|DYs
USP1 USP2 USP3 USP4 UCHLA1 OTUB1 OoTUB2 ATXN3 AMSH MCPIP1 MINDY1
USP5 USP6 USP7 USP8 UCHL2 OTUD1 OTUD2 ATXN3L AMSH-LP MCPIP2 MINDY2
USP9X USP9Y USP10 UCHL3 OTUD3 OTUD4 JOSD1 BRCC3 MCPIP3 MINDY3
USP11 USP12 USP13 USP14 BAP1 OTUD5 OTUD6A JOSD2 CSN5 MCPIP4 MINDY4
USP15 USP16 USP18 USP19 OTUD6B OTUD7A CSN6 MINDY4B
USP20 USP21 USP22 USP24 OTUD7B ALG13 POH1
USP25 USP26 USP27 USP28 HIN1L A20 TRABID PSMD7
USP29 USP30 USP31 USP32 VCPIP OTULIN MPND
USP33 USP34 USP35 USP36 FAM105A MYSM1
USP37 USP38 USP39 USP40 PRPF8
USP41 USP42 USP43 USP44 EIF3F
USP45 USP46 USP47 USP48 EIF3H
USP49 USP50 USP51 USP52
USP53 USP54 USPL1 CYLD
B Binding to NEMO
E2 enzymes E2 enzymes binding M1 binding binding
c108 ® ®
A20 1 OTU | (ZnF1)(ZnF2)(ZnF3)(ZnF4)(ZnF5)(ZnF6)(znF7) 1750  CYLD 1 (CAP )-(CAP)| PR I [[{PR}-(caP) usP
DL|JB: E3 ligase activity Lysosomal Microtubu|le TRlAFz DUB:
K48, K63, K11 targeting binding binding K63, M1(K11, K48)
FIGURE 4 | DUBs family and the structural domains of A20 and CYLD. (A) DUBs family. DUBs can be divided into seven types: ubiquitin c-terminal hydrolases
(UCHs), ubiquitin-specific proteases (USPs), ovarian tumor-related proteases (OTUs), Machado-Joseph disease protein domain proteases (MJDs), Jab1/MPN
domain-associated metalloisopeptidase(JAMMs), monocyte chemotactic protein-induced proteins (MCPIPs) and motif interacting with ub-containing novel DUB
family(MINDYs). (B) A20 structural domains(left): A20 contains an N-terminal OTU domain responsible for the DUB activity of A20. The catalytic cysteine residue
Cys108 is also important for binding to the E2 enzymes. A20 contains seven zinc finger domains in its C-terminus. ZnF4 confers A20 E3 ligase activity, where as
ZnF7 have been essential for A20 binding to M1-linked ubiquitin chain. In addition, ZnF6 and ZnF7 are required for A20 targeting to lysosomes. CYLD structural
domains(right): the N-terminal of CYLD contains three CAP structural domains and two proline-rich (PR) motifs, of which the first two CAP domains are responsible
for binding to microtubules and the third interacts with NEMO (also called IKKy). Between the two PR motifs there is one binding site to TRAF2. The C-terminus of
CYLD contains a USP structural domain responsible for its DUB activity.

cause LPCs to further produce TNF-o, which will then lead to
uncontrolled intestinal inflammation (77). Subsequently, Traf2”"
mice were also found to have abnormal accumulation of IL-10-
secreting neutrophils, a finding that was not surprising given that
development of IL-10-secreting neutrophils is largely dependent
on TNF-o signaling (78). IL-10-secreting neutrophils might
induce immunosuppression under certain conditions and
aggravate colitis by enhancing colonic bacterial invasion,
suggesting a potentially important role for TRAF2-mediated
TNF-o signaling in regulating IL-10-mediated colonic
homeostasis. Additional studies found that myeloid cell-
specific knockout of TRAF2 or TRAF3 aggravated colitis by
promoting expression of pro-inflammatory cytokines stimulated
by TLRs in macrophages (79). Investigation of the molecular
mechanisms suggested that TRAF2 and TRAF3 acted
synergically with E3 ubiquitin-ligase cAIPs to mediate
ubiquitination of cRel and IRF5. Following TRAF2 and TRAF3
knock-out, cRel and IRF5 achieved stable expression levels,
rendering macrophages highly sensitive to TLR ligands and IL-
1B-induced cytokines (79). These results indicate an involvement
of TRAF2 and TRAF3 in the negative feedback regulation
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TABLE 2 | Role of DUBs in inflammatory bowel disease.

Gene Effect Relevance to  Alteration in Transgenic mice model Experimental Disease Reference
IECs or IBD patients colitis model Phenotype
immune cell
components
CYLD  Anti- B cells, T cells, Down- Cyld”", IEC-Cyld*®, scyld/Smad7 DSS, DSS/ Susceptibility to  (134-138)
inflammatory myeloid cells,  regulated in AOM colitis and CAGC,
IECs intestinal C.rodentium severe colitis
mucosa
USP8  Anti- T cells - Usp8™" CD4-Cre - Spontaneous (139)
inflammatory colitis
USPOX  Anti- IECs Down- Usp9x™ Viillin-Cre DSS, DSS/ Severe colitis, (140)
inflammatory, regulated in AOM susceptibility to
inhibit colitis- intestinal CAC
associated mucosa of
tumorigenesis CRC
USP16  Pro- Macrophages  Up-regulated ~ Usp16™" Lyz2-Cre* DSS, DSS/ Attenuated (141)
inflammatory in colonic AOM colitis, inhibit
macrophages colitis-
associated
tumorigenesis
UsP22  Anti- IECs Down- Usp22™"" Viflin-CreER'? DSS Severe colitis, (142, 143)
inflammatory, regulated in susceptibility to
inhibit colitis- colonic CAC
associated mucosa of UC
tumorigenesis and UC"™®
USP38  Anti- BMDCs - Usp38” DSS Susceptibility to (144)
inflammatory colitis
A20 Anti- IECs, dendritc  Down- A207", A20 Tg, A20'CHC, A20"" Myass™ A20™" DSS Spontaneous (145-159)
inflammatory cells, myeloid  regulated in Cd11c-Cre, A20"" Cd11c-Cre Rag1, A20M°H<C, colitis,
cells intestinal A20°TY, A20PF4 ADOFNFAZNETIZARAZRT | p popnFaznFr/ susceptibility to
mucosa 2nFAZ0F7\/i11-Crre, A2OPMFA2nF7/Z0FZ0F | ysp-Cre colitis
(protein level)
OTUD5  Pro- LPMCs Up-regulated - - - (160)
inflammatory in intestinal
mucosa

DUBs: deubiquitinases, UC: ulcerative colitis; CAC: colitis-associated colorectal cancer; CRC: colorectal cancer; DSS: dextran sulfate sodium salt; AOM: azoxymethane; BMDCs: bone

marrow-derived dendritic cells; LPMCs: lamina propria mononuclear cells.

mechanism of inflammation suppression. Another study from
Jun, Qiao et al. observed TRAFs up-regulation in PBMC and
colonic mucosa of IBD patients, further suggesting a role for this
family of proteins in the development and progression of IBD
(80, 81, 83). In addition, TRAF3 has been shown to be a negative
regulator of inflammation in the TNBS-induced colitis mouse
model by interfering with IL-17/IL-17R/Actl/TRAF6-mediated
proinflammatory pathways though binding to IL-17R (82).
Furthermore, increased sensitivity to DSS-induced colitis was
observed in Traf5”" mice, and might be attributed to enhanced
Th2 and IFN-Y/IL-17A co-producing CD4"T cell responses and
CD4"T cell NF-kB activation under intestinal inflammation (84).
These findings suggest that TRAF5 works as an anti-
inflammatory regulator in experimental colitis in mice.
Similarly, specific knockout of TRAF6 in IECs also leads to
severe DSS-induced colitis in mice, suggesting that TRAF6
exhibits protective anti-inflammatory effect in intestinal
epithelial cells; it is worth noting that this effect appears to be
independent of TLR signals (85).

Overall, TRAFs showed a consistent anti-inflammatory effect
during the occurrence and development of IBD, albeit via
different pathways or target cells. How TRAFs play an anti-
inflammatory role in IBD through the regulation of innate

immunity and adaptive immunity remains an issue worthy of
further exploration. Another question to be explored in future
studies is how to separately evaluate the different roles of each
TRAF protein in the separation of other functions.

3.1.2 TRIMs

Most member of the tripartite motif protein superfamily
(TRIMs) exhibit E3 ubiquitin ligase activity due to the
presence of ring finger domain, which is involved in the
regulation of a variety of cell biological processes, including
cell homeostasis, cell cycle, apoptosis, senescence (164).
Increasing evidence suggests that some TRIM family members
promote or inhibit the development of IBD through different
mechanisms. Firstly, knockout of TRIM14 alleviated acute colitis
and CAC by weakening the nonclassical NF-xB pathway
mediated inflammatory response; this is due to the ability of
TRIM14 to recruit USP14 to deubiquitination p100/p52, thereby
preventing it from p62 mediated autophagy degradation (86).
Secondly, TRIM21 was found to inhibit Th1/Th17 differentiation
in the intestinal mucosa by ubiquitinating IRF3 in CD4"T cells,
thus playing an anti-inflammatory role in the pathogenesis of
IBD (87). Similarly, Zhou et al. reported that TRIM21 expression
in colitis-associated colorectal cancer (CAC) decreased and was
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negatively associated with colon cancer occurrence, further
suggesting an anti-cancer effect of TRIM21 (88). Subsequently,
TRIM22 mutants have been reported to be impaired in their
ability to bind NOD2 and mediate NOD2 Ké63-linked
polyubiquitination, leading to NOD2-dependent activation of
IFN-f3 and NF-kB signals, which were involved in the occurrence
of with VEOIBD (165). In addition, TRIM26-mediated K11-
linked TAB1 polyubiquitination has been found to enhance
TAK1 activation and subsequent activation of NF-xB and
MAPK signaling pathways in macrophages, pointing to a pro-
inflammatory role of TRIM26 in DSS-induced colitis (89).
Furthermore, TRIM27 expression was elevated in the colon
tissues of Crohn’s patients and in CD4'T cells in the
mesenteric lymph nodes of DSS-induced colitis mice (90, 91).
In a study by Zaman et al., Trim27”~ mice were not sensitive to
DSS-induced colitis, again implicating TRIM27 in the
occurrence and development of IBD (92). Further research
reported that the knockout of TRIM27 reduced DSS induced
intestinal inflammation and inhibited tumorigenesis of CAC
induced by AOM/DSS, mainly due to repression of signal
transducer and activator of transcription 3 (STAT3) activation
in hematopoietic cells (93). However, hyperactivation of STAT3
has been recognised as an important mechanism in the transition
from colonic inflammation to colonic neoplasia (166). These
results suggest that TRIM27 is not only a pro-inflammatory
factor, but also a potential oncoprotein. Moreover, TRIM31 was
found to suppress the activation of NLRP3 inflammasome by
promoting NLRP3 polyubiquitination and proteasome
degradation, thus alleviating DSS-induced colitis (94).
Additionally, research by Petit et al. showed down-regulation
of TRIM33 expression in PBMC of CD patients, and that specific
knockout of TRIM33 in myeloid cells caused impaired monocyte
recruitment and macrophage differentiation, leading to a
continuous state of colonic inflammation (95). These results
indicated that expression of TRIM33 in myeloid cells was
important in the maintenance of intestinal immune
homeostasis. More recently, the expression level of TRIM34
was also found to be significantly decreased in the colonic
mucosa of patients with UC (96). TRIM34 knock-out
contributed to decreased secretion of Muc2 by goblet cells,
leading to defects in the internal mucus layer. This phenotype
makes mice more susceptible to DSS-induced colitis and
inflammation-associated colorectal cancer, suggesting that
TRIM34 in IECs plays an important role in maintaining the
integrity of intestinal barrier, and in preventing severe colitis and
tumorigenesis (96). Furthermore, mRNA and protein levels of
TRIM58 were significantly reduced in colon tissues of mild or
active UC patients (97). Additional mechanistic studies revealed
that TRIM58 regulates TLR2 in myeloid cells by ubiquitination,
and inhibits intestinal inflammation though terminating the
overactivation of NF-kB/AP-1 signaling pathway induced by
TLR2 (97). Finally, Trim62”" mice exhibited reduced cytokine
production dependent on caspase recruitment domain-
containing protein 9 (CARDY) signaling pathway, and
increased susceptibility to fungal infection and DSS-induced
colitis (98). CARDY is a susceptibility gene for IBD and a

critical component of anti-fungal innate immune signaling
(167). Further research found that TRIM62 mediated K27-
linked ubiquitination of CARDY at K125 site was critical for
CARD9Y activation in DCs, suggesting an involvement of
TRIM62 in mucosal anti-fungal immune response and
intestinal inflammation (98).

In conclusion, the TRIM protein family play important roles
in the development of IBD by regulating innate and adaptive
immune systems. More research is needed to elucidate the exact
mechanisms by which members of the TRIM family influence
the occurrence or progression of inflammation at a molecular
level. It will be interesting to see whether these processes occur in
an E3 ubiquitin ligase activity dependent manner.

3.1.3 Other Ring-Type E3 Ligases

Ring finger protein 5 (RNF5) expression was found to be
decreased in the colonic inflammatory mucosa of IBD patients,
and was negatively associated with S100 calcium binding protein
A8 (S100A8) expression (99). SI00A8 can induce neutrophils
chemotaxis as well as promoting the expression of pro-
inflammatory cytokines in immune cells (168). The inverse
correlation of RNF5/S100A8 was consistent with the clinical
severity of IBD patients, suggesting that the RNF5/S100A8 axis
may play a role in the development of IBD (99). Studies using
animal models found that RNF5 deletion aggravated DSS-
induced colitis, increased the production of Thl-type
inflammatory cytokines, and impaired intestinal epithelial
regeneration in the inflammatory recovery stage (99). Further
mechanistic studies revealed that lack of RNF5 in IECs weakened
mediated ubiquitination and proteasomal degradation of
S100A8, which in turn promoted S100A8 secretion and
induced activation of CD4'T cells (99). Decreased expression
of RNF8 in colonic tissue was associated with impaired
autophagy and elevated levels of phosphorylated Akt/mTOR in
the TNBS-induced colitis mouse model (100). Overexpression of
RNE8 reversed these phenotypes and reduced intestinal
inflammation, possibly due to RNF8 ubiquitin degradation of
AKT1 and inhibition of Akt/mTOR signal pathway to enhance
autophagy (100). In addition, the expression of RNF20 and
RNF40 was down-regulated in the colonic epithelium and in
the stroma of UC and colitis-associated colorectal cancer (CAC)
patients (101). The susceptibility of RNF 20 heterozygote
(Rnf20™") mice to colitis and inflammatory-associated tumour
was increased, likely because RNF20 deletion in non-cancerous
epithelial cells, intestinal organoids, and innate immune cells
promoted p65 binding to the xB site, leading to the
transcriptional activation of NF-xB target genes (101).
Intestinal epithelial cells-specific knockout of RNF40 resulted
in local and systemic protective effects on DSS induced colonic
inflammation, and these effects were different from the anti-
inflammatory and tumour suppressive effects of RNF20 (102).
RNF40 deficiency in IECs not only reduced the burden of colonic
inflammation by reducing NF-xB transcription activity via
delaying the nuclear translocation of RelA, but also alleviated
bone fragility induced by inflammation (102). RNF128 was also
found to be involved in the pathogenesis of IBD. On one hand,
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RNF128 expression was found to be up-regulated in the CD4"T
cells of the intestinal layer propria in CD patients, while down-
regulated in CD4"T cells of the peripheral blood (103). On the
other hand, the expression of RNF128 in CD4'T cells in UC
patients in remission stage was significantly higher than patients
with active UC and healthy subjects, indicating that RNF128 may
be involved in maintaining remission in UC patients (104).
Furthermore, the expression of RNF183 was up-regulated
in IECs of IBD patients and TNBS-induced colitis mouse
model, and promoted NF-xB signaling mediated intestinal
inflammation by increasing ubiquitination -proteasome
degradation of IxB (105). Similarly, RNF183 expression in
colonic epithelial cells was up-regulated in IBD patients and
DSS-induced colitis mouse model, leading to caspase-8 mediated
apoptosis by promoting K63-linked ubiquitination-mediated
lysosomal degradation of death receptor 5 (DR5) (106).
Consistent with this, DR5 was downregulated in IECs of IBD
patients (169). Previous research has shown that translocation of
DR5 to lysosomes leads to the release of lysosomal proteases into
the cytoplasm, thereby promoting apoptosis (170). These
findings imply that RNF183 may play a pro-inflammatory role
in the context of IBD.

Notably, GWAS identified RNF186 as a UC susceptibility
gene (171). Further studies have shown that R179X, a truncated
mutant of RNF186, had a protective effect on UC, possibly due to
R179X mislocalization and impaired RNF186 function or altered
associations with interacting proteins and subsequent substrate
protein ubiquitination (172). Besides, the UC-associated
variation (A64T, substitution of alanine with threonine at the
64th position) of RNF186, which was identified in North
American and European UC patients (173), impaired the E3
ubiquitin ligase activity of RNF186 and was associated with
increased sensitivity to DSS-induced intestinal inflammation
in mice (107). Meanwhile, Rnf186'/ " mice showed increased
colon permeability to organic solutes and high sensitivity to
DSS-induced colitis (107). The reason for increased
colon permeability might be due to the role of RNF186 in
controlling occludin homeostasis through the K48-linked
polyubiquitination, hence RNF186 absence will result in
increased amounts of occludin and abnormal distribution
(concentrated in the cytoplasm) in IECs (107). With respect to
high sensitivity to DSS-induced colitis, RNF186 deficiency led to
disturbed proteostasis and thus increased endoplasmic reticulum
(ER) stress in IECs (107). Recently, it has been reported that
RNF186 knockout mice were found to have increased bacterial
loads in their mesenteric lymph nodes and spleen during DSS-
induced colitis, and RNF186-deficient macrophages were
impaired in bacterial phagocytosis and intracellular bacterial
clearance (108). Further mechanistic studies revealed that the
ER localization of RNF186 in macrophages and its mediated
ubiquitination of activating transcription factor 6 (ATF6) were
crucial steps in NOD2-induced antimicrobial effect (108). In
addition, increased sensitivity to DSS colitis in Rrf186”" mice was
linked to reduced autophagy in the colonic epithelia attributed to
RNF186 mediating K27-linked ubiquitination of EphB receptor
B2 (EPHB2) at K892 site and further recruiting MAP1LC3B for
autophagy (174). This RNF186-dependent, EPHB2-induced

autophagy helped to promote the clearance of bacteria from
the colonic epithelium (174). These results suggest a clear role for
RNF186 in regulating intestinal homeostasis, albeit through
different regulatory mechanisms.

cIAP1, cIAP2 and XIAP, members of the inhibitor of
apoptosis (IAP) family, were initially identified as anti-
apoptotic proteins. However, accumulating studies have shown
that cIAP1, cIAP2 and XIAP are key and universal regulatory
factors in inflammatory and innate immune signaling pathways,
which is attributed to their E3 ubiquitin ligase activity (43). For
example, XIAP is indispensable for NOD-mediated NF-xB
activation. Briefly, the research conducted by Bauler et al.
showed that XIAP facilitated maximal production of pro-
inflammatory cytokines during bacterial infection in vivo and
in vitro, or during combined treatment with NOD2 and TLR2
ligands, taking the lead in suggesting a role for XIAP in NOD
signaling (175). Subsequently, Krieg et al. revealed that XIAP
mediated NOD signaling by interacting with RIPK2 in vitro
(176). Furthermore, Damgaard et al. demonstrated that XIAP
was an essential ubiquitin ligase in the NOD?2 signaling pathway
in vivo (115). Mechanistically, Once the NOD receptors activated
by specific PAMPs, XIAP is recruited to the NOD receptor
signaling complex (NOD-SC) containing RIPK2 (115). On the
one hand, XIAP promotes the ubiquitination of RIPK2, which is
a critical step in NOD-mediated NF-kB activation (115). On the
other hand, XIAP recruits LUBAC to the NOD-SC to further
activate the NOD downstream signaling cascade (115).
Therefore, dysregulation of XIAP results in impaired NOD
signal transduction, reduced response to bacteria and increased
intestinal inflammation. Indeed, numerous studies have shown
that XIAP mutations are associated with IBD (177). XIAP
mutations may cause a primary immunodeficiency disease, X-
linked lymphoproliferative disease type 2 (XLP-2), which is often
characterized by hemophagocytic lymphohistiocytosis (HLH),
EBV infection and recurrent splenomegaly (178). However,
patients with XIAP deficiency may also have Crohn’s disease
(4% ~20%) (179, 180). In some patients, Crohn’s disease-like
enteritis is found to be the first or only clinical manifestation,
with the characteristics of early age of onset, severe illness and
unresponsiveness to standard treatment, including biological
treatment (180-182). Interestingly, missense mutations of
XIAP are mainly concentrated in two domains, BIR2 and
RING, which are the key to XIAP-mediated NOD signaling
pathway (183). Therefore, XIAP deficiency is considered to be
the Mendelian cause of IBD. Unlike XIAP, the requirements of
cIAP1/2 for the NOD signaling pathway are controversial. An
experimental study performed by Bertrand et al. showed
macrophages derived from ciapl”~ or ciap2”~ mice, or human
colonocytes depleted cIAP1 or cIAP2 through RNAi were
defective in mediating NOD signaling pathways characterized
by a sharp decrease in the production of NOD-dependent pro-
inflammatory cytokines and chemokine. And this blunted
inflammatory response was also observed in vivo when ciapl””
or ciap2”’” mice were stimulated by NOD agonists (109).
Nevertheless, an in vitro study by Damgaard et al. found that
chemical depletion of cIAP1/2 in cells via Smac mimetic
compounds (leading to rapid degradation of cIAP1/2 without
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affecting the stability of XIAP) did not block NOD-mediated NF-
KB activation (184). Furthermore, Stafford et al. showed that
cIAPI and cIAP2 were dispensable for NOD signaling pathway
using cIAP1- or cIAP2-deficient mice in vivo (110). Recently,
Goncharov et al. showed that XIAP-selective antagonists (which
do not affect the stability of cIAP1) can block NOD2 signalling
by interfering with the binding of XIAP to RIP2, further
suggesting that XIAP may be the most critical IAP required for
NOD signalling (185). This discrepancy may, on the one hand,
be due to the fact that these authors used different strains of
cIAP-deficient mice and, on the other hand, may be due to the
fact that the protein’s physiological role may differ from its role
in the controlled environment of biochemical experiments. Of
note, recent research has shown that cIAP1 plays a more
important role in the regulation of TNF-o induced IECs death
(111). In this study, compared with ciap2”~, Xiap” mice and
wild-type mice, ciapl”™ mice showed more intestinal epithelial
cell apoptosis when injected with TNF-o (111). In vitro studies
also found that intestinal epithelial cells derived from ciapl”
mice were more sensitive to TNF-induced apoptosis (111).
However, whether the specific mechanism of cIAP1 regulating
the sensitivity of IECs to TNF-a depends on the its E3 ubiquitin
ligase activity remains to be further studied. Moreover, cIAP2
were found to be up-regulated in colonic epithelial cells of
patients with UC (112, 113). However, research on the role of
cIAP2 in colitis and CAC reported inconsistent results. The
ciap2”” mice showed increased susceptibility to DSS induced
acute and chronic colitis, but were resistant to AOM/DSS
induced CAC (114). The effects of both inhibition of gut
inflammation and promotion of tumorigenesis appear
contradictory, but one possible explanation is that cIAP2
protects the IECs from inflammatory damage and promotes
cell proliferation during the recovery stage of inflammation,
but its expression in the CAC microenvironment promotes
tumorigenesis by maintaining cancer cells survival (114).
Similarly, the role of F-box/WD repeat containing protein 7
(FBW?7) in the pathogenesis of IBD also appears contradictory.
FBW?7 is a substrate recognition component of the SCF ubiquitin
ligase, and can ubiquitinate and degrade a variety of proteins that
play a role in differentiation and proliferation, including c-Jun, c-
Myc, Notch and Cyclin E1, among others (186, 187). In the DSS-
induced colitis mouse model, specific knockout FBW7 in IECs
led to NF-xB pathway activation and exacerbated intestinal
inflammation, suggesting that FBW?7 may play a protective role
in IBD (116). In contrast, one study by Meng et al. showed
increased FBW7 expression in IECs of IBD patients and TNBS-
induced colitis mice (117). In this study up-regulation of FBW7
in IECs was linked to the severity of colonic mucosal
inflammation in IBD patients (117). Further molecular
mechanistic studies revealed that up-regulated FBW7 activated
the NF-xB signaling pathway by mediating ubiquitination
degradation of IxBa, suggesting a pro-inflammatory effect for
FBW?7 (117). Although different colitis mouse models were used
in the two studies and might account for this discrepancy, a more
plausible explanation is that FBW7 homeostasis in IECs is critical
in regulating intestinal inflammation, and too much or little

might aggravate intestinal inflammation. Notably, another study
also found that increased expression of FBW7 in IBD patients
and in the DSS-induced colitis mouse model, and this expression
level was significantly correlated with the severity of IBD, further
suggesting that FBW7 up-regulation may be an intermediate or
pathogenic factor in the pathogenesis of IBD (118). In the same
study, the authors engineered mice with myeloid cell-specific
FBW?7 knockout and found that FBW7 deficiency in
macrophages attenuated experimental colitis induced by DSS
and TNBS (118). This effect was mainly attributed to FBW7
promoting K48-linked polyubiquitination and proteasome
degradation of enhancer of zeste homolog 2 (EZH2) in
CX3RC1™ macrophages, inhibiting H3K27me3 modification
of EZH2, enhancing the expression of CCL2 and CCL7,
and therefore promoting the recruitment of CXCRI1™
proinflammatory macrophages to inflamed colon tissues (118).
These results suggest that, unlike the role of FBW7 in intestinal
epithelial cells, FBW?7 in myeloid cells has a pro-inflammatory
effect. In addition, Pellino3, an important intermediate signal
protein in the innate immune response pathway, was found to be
down-regulated in the colon of patients with CD. Mechanistic
studies revealed that Pellino3 in macrophages mediated RIPK2
ubiquitination promotes NOD?2 signal transduction and plays a
protective role in colitis (119). Recently, Hrd1, an E3 ubiquitin-
ligase responsible for the degradation of unfolded proteins in the
endoplasmic reticulum, has been found to be reduced in the
intestinal tissues of IBD patients, DSS and TNBS-induced mice,
as well as in the lipopolysaccharide (LPS)-induced intestinal
epithelial inflammation model (120, 121). The specific
molecular mechanisms underlying these phenotypes remain
unclear and need further investigation.

3.2 Role of HECT E3s in IBD

The HECT-E3 ubiquitin ligase family was discovered through
the identification of the E6AP protein, encoded by UBE3A gene.
To date, 28 members of the HECT-E3 family have been
identified in the human genome, and these can be divided into
the NEDD4 subfamily, the HERC subfamily, and the “other”
subfamily. HECT-E3 ligases plays a key regulatory role in cell
fate determination, hence the reason for the association between
abnormal expression or function of HECTE3 ubiquitin ligase
and IBD reported in recent years. For example, HERC2 was
found to be a susceptibility gene for UC (121, 188). In addition,
UBRS5, which is another HECTE3 ubiquitin ligase, was reported
to interact with tetratricopeptide repeat domain 7A (TTC7A)
and be associated with VEOIBD (189). Meanwhile, mutations in
TTC7A are a pivotal pathogenic event in VEOIBD (190).
Furthermore, Itch knockout mice developed spontaneous
colitis and displayed increased susceptibility to DSS-induced
colitis. On the other hand, Itch in the Thl7 cells, innate
lymphoid cells and yOT cells is able inhibit IL-17-mediated
colonic inflammation and inflammation-related tumors by
mediating ubiquitin degradation of retinoic acid receptor-
related orphan receptor (ROR)yt (122). RORyt is a
characteristic transcription factor of Th17 cells and regulates
the expression of IL-17 (123). Subsequently, Itch was shown to
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be involved in the negative regulation of intestinal fibrosis, a
common complication of IBD. In brief, the expression level of
profibrotic type I collagen and o-SMA were up-regulated in
Itch”/" myofibroblasts under IL-17 stimulation (124).
Mechanistic studies revealed that Itch can bind directly to
hydrogen peroxide-inducible clone-5 (HIC-5) and target it for
K63-linked ubiquitination to inhibit IL-17-driven intestinal
fibrosis (124). However, recent research reported alterations of
the intestinal flora of Itch knockout mice and showed that
treatment with broad-spectrum antibiotics can reduce
spontaneous colitis in Itch”™ mice, suggesting that the
imbalance of intestinal flora may have caused spontaneous
colitis in Itch”” mice (125). Moreover, tumor suppressor
HACE1 deficient mice were also highly sensitive to DSS-
induced experimental colitis, likely because lack of HACE1 in
IECs led to reduction of TRAF2 ubiquitin and overactivation of
TNF-a-induced necrosis, and subsequent inflammation (126).

Overall, we still lack sufficient information on HECT E3
ubiquitin ligases in the context of IBD. In the future, animal
research using transgenic mice and functional research to
identify more substrate proteins will help to clarify the role of
these ligases in the occurrence and development of inflammatory
bowel disease.

3.3 Role of RBR E3s in IBD
HOIL-1-interacting protein (HOIP) and heme-oxidized irp2
ub ligase-1 (HOIL-1), both are RBR E3 ubiquitin ligases,
together with shank-associated rh domain-interacting
protein (SHARPIN), form LUBCA (191). LUBAC is the only
E3 ubiquitin ligase complex in mammals that can generate linear
ubiquitin chains(M1-linked) de novo. LUBAC is indispensable
for the activation of the NF-xB signaling pathway owing to its
ability to mediate M1-linked ubiquitinated modifications of
NEMO(also called IKKY, part of the IKK complex), RIPK1 and
RIPK2 (192). HOIP is the catalytic subunit of LUBAC, whereas
HOIL-1 and SHARPIN are essential for deregulating HOIP self-
inhibition and stabilizing LUBAC (191). In recent years, the
important physiological roles of LUBAC and linear ubiquitin
chains have been illustrated by the discoveries of various human
diseases. Patients with HOIP mutations manifested symptoms
such as spontaneous inflammation of multiple organs and
recurrent viral and bacterial infections (193). Similarly, patients
with HOIL-1 mutations exhibited symptoms such as
immunodeficiency and IBD-like symptoms (194, 195).
However, SHARPIN mutations have not yet been identified in
patients. Notably, Activation of NF-xB in fibroblasts and B cells
from HOIL-1 mutant patients is impaired, as is the recruitment
of NEMO to TNFRI signaling complex (TNFR-SC) (194).
Interestingly, monocytes of HOIL-1 mutant patients were
found to be highly responsive to IL-1f stimulation, which may
be associated with spontaneous inflammation in patients (194).
Furthermore, HOIP and HOIL-1 knockout in mice are embryo-
lethal, whereas SHARPIN deficiency in mice manifests as early
onset chronic proliferative dermatitis and multi-organ
inflammation (196).

Additionally, variant of ariadne RBR E3 ubiquitin protein
ligase 2 (ARIH2) was identified to be associated with an

increased risk of IBD (197). Overall, direct evidences for the
involvement of RBR E3s in the pathogenesis of IBD are still
lacking, but this is exactly where researchers should focus on and
make a breakthrough.

4 DUBS AND IBD

4.1 The Role of USPs

Ubiquitin-specific proteases (USPs) are the largest family of
DUBs, and play a regulatory role in cell cycle, signal
transduction, DNA damage repair, chromosome translocation,
gene transcription, autophagy, endocytosis, and apoptosis
through the regulation of their substrate proteins. USPs are
characterized by the presence of two conserved modes in the
catalytic domain, and cysteine and histidine boxes, which include
the key residues of catalysis (198). To date, 53 USP genes have
been identified in the human genome and 54 in the mouse
genome. In recent years, research has been carried out to explore
the effect of USP family members, especially cylindromatosis
(CYLD), on the pathogenesis of IBD. Findings have shown a
potential role for USPs in regulating intestinal immunity
and inflammation.

4.1.1 CYLD

CYLD encodes one deubiquitinase of the USP family. The N-
terminal of this enzyme contains three Cap-Gly domains (the
first two are responsible for binding to microtubules, and the
third is responsible for binding to IxB kinase IKK adaptor
protein NEMO) and two proline-rich motifs. The C-terminal
contains a catalytic USP domain that preferentially recognizes
the polyubiquitination linked by K63 and M1 (Figure 4) (199).
Of note, only the two DUBs, CYLD and OTU deubiquitinase
with linear linkage specificity (OTULIN) can remove LUBAC
mediated -M1-linked polyubiquitin chains on proteins. CYLD
was initially considered to be a typical recessive tumor
suppressor gene, because the mutations of this gene were
linked to skin adnexal tumors in humans (200). However,
CYLD has also been found to be an important negative
regulator of the NF-kB signaling pathway (201), and NF-xB
activation has a strong pro-inflammatory effect in IBD.
Therefore, the role of CYLD in inflammatory bowel disease
has also received attention from researchers.

As early as in 2005, Costello et al. found that CYLD was
significantly down-regulated in the intestinal mucosal tissues of
IBD patients based on genome-wide ¢cDNA microarray data
(202). Subsequently, Zhang et al. observed that CYLD-deficient
mice were more susceptible to DSS-induced colonic
inflammation, due to impaired negative regulation of the NF-
KB signaling pathway in the B cells, T cells, and myeloid cells,
and also displayed significantly increased incidence of colonic
tumors compared with the control group (134). In addition,
Patrick et al. found that CYLD’s deubiquitase catalytic activity
was necessary for the necrosis of colonic epithelial cells and the
occurrence of colitis in FADD'E“X© mice (135). FADD is an
adaptor protein required for death receptor-induced apoptosis.
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Colonic epithelial cell necrosis and colitis were observed to occur
spontaneously following IEC specific knockout of FADD in mice
(135). Moreover, Cleynen et al. conducted a large multicenter
GWAS in CD and UC patients, and found that SNPs of the
CYLD gene were significantly associated with CD, among which
the rs12324931 was the strongest SNP (203). Importantly,
Demetrios et al. investigated the role of the deubiquitination
enzyme activity of CYLD in colitis -associated colorectal cancer
using a conditioned CYLD inactivation mouse model (IEC-
CYLD™ mice, which harbors a mutation that eliminated the
CYLD deubiquitination domain in IECs) (136). Their study
found that IEC-CYLD “° mice did not exhibit spontaneous
intestinal lesions before the age of 1 year, but showed an
incidence of colon tumors was significantly higher than in WT
mice under the pressure of AOM/DSS (136). These results
suggested that the deubiquitinase activity of CYLD in IECs
plays an important inhibitory role in the process of colitis-
associated carcinogenesis. Furthermore, the research results
from Yilang et al. revealed a new physiological role of
the CYLD spliceosome sCYLD in regulating intestinal
inflammation via TGF-B signaling (137). Their data showed
that expression of spliceosome of CYLD (sCYLD) and Smad7
in the colonic mucosa lamina propria T cells of CD patients
was increased and correlated with disease severity. Mice
overexpressing scyld and Smad7 (scyld/smad7 mice) developed
severe spontaneous colitis caused by overactivation of eftector T
cells due to impaired Treg inhibition resulting from alteration of
TGF-B signaling (137). In this model, sSCYLD in CD4'T cells
could not mediate deubiquitination of Smad7 linked by K63, and
enhance the nuclear translocation of Smad7 and forming
complex with Smad7 in the nucleus, which impaired the DNA-
binding ability of Smad3 and thus negatively regulated Smad-
dependent TGF- signaling (137). Research from by Sandip et al.
further clarified the anti-inflammatory mechanism of CYLD
(138). Their research discovered that CYLD expression in the
colonic mucosal of UC patients was decreased and negatively
correlated with IL-18 abundance (138). In line with the studies
described above (134), CYLD knockout caused increased
destruction of intestinal epithelia and severe colonic
inflammation when challenged by pathological factors.
Mechanistically, CYLD-mediated K63-linked deubiquitination
of NLRP6 negatively regulated NLRP6-ASC-dependent
inflammasome activation and IL-18 production in IECs,
thereby inhibiting intestinal inflammation (138).

4.1.2 Other USP Family Members

In addition to research on CYLD, studies of other USP family
members in the context of IBD also show good progress. Firstly,
studies have reported that SNPs in USP3, USP25, and USP40
were associated with IBD (203, 204). In addition, based research
using whole genome sequencing data from Chinese patients, the
mutation frequency of USP48 gene was significantly different
between ulcerative colitis-associated colorectal cancer and
scattered colorectal cancer, suggesting that a potential role for
this mutation in the transition from inflammation to cancer
(139). Secondly, T cell-specific USP8-deficient mice
spontaneously developed colitis, likely due to imbalance of T

cell homeostasis, increase of intestinal CD8"T cells, and impaired
immunosuppression of Tregs (205). These results indicate that
USP8 may have a function in maintaining intestinal homeostasis
by regulating T cell homeostasis. Besides, USP9X negatively
regulated c-Myc by directly stabilizing FBW7 to restore
damaged intestinal epithelium and inhibit the development of
colitis-associated colon cancer in animal models (140). Besides,
USP16 was observed to be up-regulated in colonic macrophages
of IBD patients and the deletion of USP16 in macrophages
alleviated DSS-induced colitis and inflammation-associated
colon carcinogenesis (141). Mechanistically, USP16 selectively
removed the K33-linked polyubiquitin chains from IKKfJ
thereby facilitating the interaction of IKKB with p105 and
phosphorylating p105, thus activating the NF-xB signaling
pathway (141). Similarly, a recent study showed that USP22
exerted an antitumor effect in colorectal cancer by reducing
mTOR activity (142). Subsequently, specific knockout UPS22 in
IECs increased the severity of inflammation in mice with DSS
colitis and promoted colitis-related colorectal cancer, further
confirming the role of USP22 in repressing intestinal
inflammation and tumors (143). Finally, a recent study found
an increased susceptibility to DSS-induced colitis in USP38 KO
mice, accompanied by higher levels of IL-6 and IL-23A in colon
tissue and peripheral blood (144). Mechanistic studies uncovered
a role for USP38 in stabilizing the lysine demethylase 5B
(KDM5B) by removing the K48-linked polyubiquitin chains,
thus promoting KDM5B-mediated histone demethylation to
inhibit the expression of IL-6 and IL-23A in bone marrow-
derived cells, and ultimately inhibiting the occurrence and
progression of intestinal inflammation (144).

4.2 The Role of OTUs

Ovarian tumor-related proteases (OTUs), are the second largest
family of DUBs and are important regulators of cell signaling
cascades, such as NF-kB signaling, interferon signaling (206,
207). Almost all OTUs contain an OTU catalytic domain and a
ubiquitin interaction domain, such as the ubiquitin interaction
primitive (UIM) domain, ubiquitin related (UBA) domain, or
Zinc finger (ZnF) domain. In the human genome, at least 18
genes contain an OTU domain, 14 of which have been annotated
as active DUBs (208), including A20, which we will review in
detail in the next section.

4.2.1 A20

Among all the deubiquitinating enzymes, A20 is by far the most
intensively studied in the pathogenesis of IBD. A20, also known
as TNFAIP3 (TNF-o-induced protein 3), was originally thought
to be a protein that protected cells from TNF-a-induced
cytotoxicity (209). However, accumulating evidence showed
that A20 was not only an inhibitor of TNF-o. -dependent NF-
KB activation, but also a negative regulator of IL-1, PRRs, and T-
and B-cell antigen-induced NF-xB activation (210-212).
Therefore, A20 is widely believed to exhibit anti-inflammatory
properties, which are generally attributed to its role as a
ubiquitin-regulating enzyme with E3 ubiquitin ligase and
deubiquitinase activity (213). Structurally, A20 contains one N-
terminal OTU domain and seven C-terminal ZnF domains. The
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OTU domain is mainly responsible for the A20 deubiquitination
enzyme activity and can specifically catalyze the hydrolysis of
K11-, K48- and K63- linked ubiquitination chains (214). The
ZnF domain mainly mediates the E3 ubiquitin ligase activity of
A20; more specifically, the ZnF4 domain of A20 has a high
affinity for K63 ubiquitin, and the ZnF7 domain is able to bind to
the M1 chain in an efficient manner (Figure 4) (214).

Dysregulation or dysfunction of A20 expression is associated
with several autoimmune diseases and cancers. SNPs at the A20
locus increase susceptibility to a number of human autoimmune
diseases, including IBD, type I diabetes, rheumatoid arthritis, and
systemic lupus erythematosus (215-218). In the context of IBD,
an earlier genome-wide scan of the IBD family showed that the
occurrence of this disease was associated with mutations in the
chromosome 6q region, which contained the A20 locus (219). In
addition, GWAS further suggested that A20 is a susceptibility
gene for CD (145, 220). More recently, a case report found novel
three heterozygous A20 mutations associated with VIOIBD
(221). Importantly, a number of A20 SNPs were located in the
upstream, downstream or intron regions of the A20 coding
region, implying that they may affect the regulatory elements
or conformation of A20 expression, and may therefore affect A20
expression or function. For example, it has been found that
A125V mutation may lead to conformational changes in A20
that impaired its ability to deubiquitinate and degrade the target
protein TRAF2 (222). Furthermore, recent studies have shown
that a A20 gene polymorphism was correlated with the efficacy of
anti-TNF therapy in IBD patients (223, 224), indicating
suggesting a link between abnormal A20 expression and
immune activity. However, most of disease-related SNPs
within the A20 locus are located in the non-coding region, and
it remains unclear how they affect A20 expression and IBD
pathogenesis. Therefore, A20 expression in IBD patients has the
target of several research studies. Zheng et al. found that A20
expression level, at both mRNA and protein level, in the
intestinal tissues of children with IBD was down-regulated
either in active stage or in remission stage compared with
intestinal mucosa in children without IBD (146). In a related
study, Deenaz et al. found that A20 mRNA expression was
increased but protein expression was lower in children with
CD compared with UC and non-IBD patients (147). This
difference may be due to the different experimental detection
methods used, since immunohistochemistry used in the study by
Zheng et al. and enzyme-linked immunosorbent assay (ELISA)
in the study by Deenaz et al. These differences between mRNA
and protein expression were also seen in adult IBD patients.
Indeed, studies have found that while A20 mRNA expression in
UC patients is significantly up-regulated and negatively
associated with disease activity, its protein expression level is
down-regulated (148). In addition, Garcia et al. reported that
A20 expression level in the inflamed intestinal tissues of IBD
patients was increased and was related to increased apoptosis of
IECs (149). Regardless, it was indisputable that A20 expression is
dysregulated in IBD patients, suggesting the involvement of this
protein in the pathogenesis of IBD.

Many studies in recent years investigated how A20 affected
the pathogenesis of IBD in different cell types. Firstly, A20
knockout mice provided important knowledge regarding
biological function of A20. A20 knockout mice die prematurely
due to spontaneous multiorgan inflammation and cachexia
(150). A20 knockout mouse was are unable to terminate
TNF-o -induced NF-xB activation, suggesting serious
deficiencies in the management of inflammatory responses.
Subsequently, experiments based on A20” mice and A20 Tg
mice (overexpression A20) showed that A20 maintained the
intestinal barrier function and supported the tight junctions of
IECs by deubiquitinating non-k48 linked polyubiquitinated of
occludin (151). Mice where A20 has been specifically knockout
in IECs did not develop spontaneous intestinal inflammation,
but showed increased sensitivity to DSS-induced colitis and
hindered recovery from acute DSS-induced intestinal
inflammation, suggesting a role for A20 in alleviating intestinal
inflammation and in the recovery following intestinal epithelial
injury (152). In addition, Kattah et al. found that mice with
IECs depleted of A20 or A20-binding inhibitor of NF-kB-1
(ABIN-1) alone appeared normal, while deletion of A20 and
ABIN-1 together resulted in rapid death of IECs (153). These
observations suggested that A20 and ABIN-1 have a synergistic
effect in maintaining the survival of IECs. Findings derived from
mechanistic studies revealed that, on the one hand, A20 and
ABIN-1 jointly prevented IEC death by restraining caspase8
activation and apoptosis signal transduction (153). On the
other hand, A20 and ABIN-1 may also regulate different
ubiquitination events of RIPK1, which affect RIPKI1
phosphorylation and RIPK1 kinase activity, repressing RIPK1-
mediated necrosis (153). The synergistic effect between A20 and
its chaperone factor ABIN-1 may be a manifestation of genetic
epistasis, that is, expression of ABIN-1 increased in the absence
of A20 to compensate for A20 deficiency and the resulting
decreased cell survival. Similarly, ABIN-3 has also been
reported to negatively regulate intestinal inflammation caused
by necrosis; this effect appears to be via recruitments of A20 into
the TNF-RSC and cooperation with deubiquitination enzyme
A20 to limit RIPK3’s ubiquitination in IBD (154).

Overexpression of A20 has also been found to sensitize IECs
and intestinal organoids to TNF-o. -induced apoptosis (149).
Under the stimulation of TNF-o, A20 overexpression in IECs
resulted in the formation of more A20 dimers, which enhanced
Ripoptosome complex assembly and RIPKI-dependent
apoptosis through the ZnF7 binding to linear ubiquitin (149).
Therefore, a balance of A20 expression in IECs is important to
protect these cells against the challenge of pathological factors.
Spontaneous intestinal inflammation, characterized by loss of
Paneth and goblet cells, IEC proliferation, and crypt apoptosis,
have been reported in the double-knockout A20/ATG16L1 mice
(155). In this study, A20 and ATG16L1 were found to reduce the
expression level of each other through their OTU domain and
WD40 domain, respectively (155). This post-transcriptional
cross-regulation may be a novel and important control
mechanism in intestinal homeostasis.
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In addition to the role of A20 in IECs, the role of A20 in
immune cells and in the pathogenesis of IBD is also a hot topic of
research. Mice with dendritic cells-specific A20 deficiency
spontaneously exhibited DC activation and amplification of
activated T cells (145). In addition, the A20ﬂ/ﬂ-Myd88ﬂ/ﬂ
double knockout mice showed the ability of A20 to inhibit
MyD88 signaling and the production of pro-inflammatory
cytokines in dendritic cells to maintain the homeostasis of
myeloid cells and T cells (145). Furthermore, A20™" CD11c-
Cre mice developed inflammatory bowel disease at 5 months of
age and exhibited increased colon diameter, expanded immune
cells in lamina propria, and reduced goblet cells, suggesting that
DC cells require A20 to maintain intestinal immune homeostasis
and limit colitis induced by epithelial damage (145). Moreover,
the absence of colitis in A20™" Cd11c-Cre Ragl mice indicate
that the absence of A20 in dendritic cells may led to the
overactivation of intestinal T cells in A20""-CD11¢-Cre mice,
which may lead to IBD. Notably, A20™" CD11c-Cre mice
developed arthritis spontaneously, with a pathology similar to
that of IBD-related arthritis in humans. Similarly, research by
Vereecke et al. did not find spontaneous intestinal inflammation
in A20™¢9 and A20M°"KO mice. However, A20 "% mice
were more susceptible to experimental colitis and had increased
IEC apoptosis, while 420" © mice developed rheumatoid
arthritis-like symptoms due to excessive activation of myeloid
cells to produce high levels of pro-inflammatory cytokines,
including TNF-o/IFN-y (223). Therefore, A20'FC/Myeol-KO pyice
not only produced high levels of pro-inflammatory cytokines,
but also developed spontaneous enteritis characterized by loss of
Paneth and goblet cells, increased apoptosis and proliferation of
IECs, and intestinal microbiota imbalance (223). Interestingly,
the abundance of intestinal flora of A20™“ X was not altered,
but the abundance of gut microbiota of A20™°"XC and
A20"ECMyeol KO ywere significantly decreased, suggesting that
A20 may act in myeloid cells to regulate gut microbiota
homeostasis. Subsequent studies have shown that, before the
onset of spontaneous intestinal inflammation in mice with A20
deficiency in dendritic cells, microbial homeostasis was found to
be altered in a lymphocyte-independent manner, resulting in a
decrease in o diversity of intestinal flora (156). Dendritic cells-
specific A20 knockout expressed higher levels of antimicrobial
molecules (e.g., Reg3f, Reg3y, Pla2g2) in the ileum or proximal
colon tissues, suggesting a role for A20 in these cells in limiting
antimicrobial peptide expression in vivo and maintaining
symbiotic homeostasis. Recently, A20 in macrophages has been
shown to have a negative regulatory effect on DSS-induced colitis
(157). A20 deficiency in myeloid cells did not affect macrophage
development in the bone marrow, but A20 deficiency in
macrophages contributed to increased expression of pro-
inflammatory cytokines and overactivation of the NF-xB
signaling pathway, thereby causing severe DSS-induced colitis
(157). In general, the function of A20 in IECs seem to help
maintain intestinal barrier stability by preventing cytokine
induced apoptosis, while the function of A20 in immune cells
seems to prevent excessive cytokines production in myeloid-
derived cells.

In addition to the above-mentioned cell type-specifically
knockouts of A20, Lu et al. constructed mice with A20°™Y and
A20”"" mutations from the OUT domain and zinc finger
domain of A20 (158). Their study found that both A20 mutated
mice exhibited DSS-induced colitis, suggesting that the OTU and
ZnF4 domains of A20 had a role in inflammation inhibition.
Mechanistic studies further indicated that the OTU domain of
A20 restricted the deubiquitination of RIPK1 at K48 and K63,
while the ZnF4 domain was essential for the recruitment of A20
to ubiquitination of RIPK1, and that only the presence of
both could regulate RIPK1 ubiquitination and NF-kB signal
transduction. Moreover, Arne et al. recently developed
A20#FAZnEIZnEIZnE T ice with both the K63 polyubiquitin-
binding ZnF4 and M1 polyubiquitin-binding ZnF7 domains
inactivated (159). Surprisingly, A207"F#nF7/ZnF42nE7 mice are
phenotypically similar to A20 knockout mice: multi-organ
inflammation and premature death. Then, they constructed
tissue-specific ZnF4 and ZnF7 domain double inactivated mice,
Tnfaip3#nFa%nE7/ZnFaZnk7 M _Cre (Myeloid-specific),
Tnfaip3“ F44rF7/ZnEZnE7 11 Cre (IEC-specific). The former
phenotypically similar to A20M7¢°"XO mjce: progressive
polyarthritis, higher concentrations of TNF and IL-6 in serum
and that BMDM is hypersensitive to LPS stimulation. The latter
phenotypically similar to A20™“"° mice: susceptible to DSS
colitis and all died in response to sublethal doses of TNF attack
(159). These findings suggested that the ubiquitin-binding
properties of the ZnF4 and ZnF7 domains were required for
A20 to inhibit pro-inflammatory signaling.

4.2.2 The Other OTU Family Members

In contrast to A20 studies, there were only sporadic reports about
the role of OTU family members in IBD. Multiple mutations in
OTUDI have been linked to autoimmune diseases, suggesting a
possible involvement in the pathogenesis of IBD (225). In
addition, GWAS of patients with UC in Korea revealed genetic
susceptibility sites that were significantly associated with UC in
OTUD3 (226). Recently, OTUD5 was found to be up-regulated
in the intestinal inflammatory tissues of IBD patients and TNBS-
induced colitis mice, and IFN-y was found to up-regulate
OTUD5’s expression through a p38/MAPK-dependent
mechanism. Up-regulation of OTUDS5 further increased TNEF-
o production in LPMCs of IBD patients (160). These findings
suggested that OTUD5 may be a member of the positive
feedback loop that amplifies the abnormal inflammatory
response in IBD.

5 CONCLUSION AND FUTURE
DIRECTIONS

In the past decade, much effort has been made to elucidate the
molecular mechanisms underlying the pathogenesis of IBD. In
this review, we highlighted the roles of E3 ubiquitin ligases and
deubiquitinases as regulators of intestinal inflammation.
Challenges by pathogenic factors in intestinal tissues may lead
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to dysregulation of E3 ubiquitin ligases and deubiquitinases.
E3 ubiquitin ligases and deubiquitinases affect cell death,
immune-related signaling pathways, transcription factors and
target gene expression by mediating ubiquitination and
deubiquitination of substrate proteins, respectively, and serve
as important modulators in the occurrence and development
of IBD. Importantly, accumulating evidence show that
associations between dysregulation of E3 ubiquitin ligases and
deubiquitinases with intestinal inflammation and CAC. These
associations are complex and will need to be further explored in
future studies.

In our opinion, future research will face the following
challenges:(1) Currently, only a small subset of E3 ubiquitin
ligase and deubiquitinase have been fully investigated in the
pathogenesis of IBD, and more relevant members and their
potential mechanisms involved in the regulation of IBD need
to be discovered; (2) The correlation between E3 ubiquitin ligase
and deubiquitinase SNPs, discovered by GWAS, and protein
function will need to be verified in animal models; (3) Most
studies have focused on the role of E3s and DUBs in IECs and
immune cells; the role of E3s and DUBs in other intestinal cells,
such as intestinal neurons, fibroblasts and endothelial cells, will
need to be further investigated; (4) There is still a lack of E3s and
DUBs specific inhibitors and agonists, which could be used in the
treatment of colitis in animal models.

In conclusion, E3 ubiquitin ligase and DUBs play a key role in
the regulation intestinal epithelial cell death, intestinal immunity,
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