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Abstract
TNF-α-induced NF-κB pathway is an essential component of innate and adaptive immune pathway, and it is tightly regulated 
by various post-translational modifications including ubiquitination. Oscillations in NF-κB activation and temporal gene 
expression are emerging as critical determinants of inflammatory response, however, the regulators of unique outcomes in 
different patho-physiological conditions are not well understood. Tripartite Motif-containing proteins (TRIMs) are RING 
domain-containing E3 ligases involved in the regulation of cellular homeostasis, metabolism, cell death, inflammation, and 
host defence. Emerging reports suggest that TRIMs are recruited at different steps of TNF-α-induced NF-κB pathway and 
modulate via their E3 ligase activity. TRIMs show synergy and antagonism in the regulation of the NF-κB pathway and also 
regulate it in a feedback manner. TRIMs also regulate pattern recognition receptors (PRRs) mediated inflammatory pathways 
and may have evolved to directly regulate a specific arm of immune signalling. The review emphasizes TRIM-mediated 
ubiquitination and modulation of TNF-α-regulated temporal and NF-κB signaling and its possible impact on unique tran-
scriptional and functional outcomes.

Keywords TNF-α · TRIMs · Oscillatory NF-κB · Feedback regulation · Inflammation

TNF‑α: a pleiotropic cytokine and essential 
regulator of pathophysiology

TNF-α is a pleiotropic cytokine physiologically important 
for normal response against bacterial, viral, parasitic infec-
tions and inherent cellular stress. It has both pro-inflam-
matory and immunomodulatory functions. Primarily mac-
rophages and monocytes, as well as other cell types in stress 
conditions, expresses TNF-α as a 26 kDa type II transmem-
brane protein. It is further processed as a 17-kDa soluble 
form upon the proteolytic cleavage by TNF-α converting 
enzyme (TACE) [1]. Soluble TNF-α is released as 51 kDa 
homotrimer and exerts its biological function upon bind-
ing to tumor necrosis factor receptor superfamily (TNFSF) 
receptors: TNFR1 and TNFR2.

Beyond its immune and inflammatory functions, 
TNF-α also plays an essential role in several homeostatic 
functions. It is required for establishing lymphoid-organ 
architecture, formation of germinal-center formation, and 
maturation of humoral immune response [2–4]. Interest-
ingly, TNF-α knockout mice show delayed response to 
heat-killed Corynebacterium parvum and aberrant inflam-
matory response leading to death [4], suggesting that TNF-
α-induced signalling may not only activate inflammatory 
response, but also help in the coordination of its regulation. 
Furthermore, the role of TNF-α in tissue regeneration and 
wound healing [5–7], neuronal remyelination [8], and car-
diac remodelling [9] are emerging. Physiologically, TNF-α 
regulates lipid metabolism in adipose tissue and protein 
catabolism in muscle [10, 11]. During normal physiology, 
TNF-α protects against the expansion of the adipose tissue 
depots, increases lipolysis, and free fatty acid oxidation [12, 
13]. Additionally, TNFSF also activates immune cell, pro-
duce tissue inflammatory proteins and molecules that induce 
immune suppression or immune cell death [14, 15]. Given 
the implication of TNF-α in many pathophysiological condi-
tions, TNF-α-regulated pathway is one of the most explored 
biological mechanisms, however, the mechanism of unique 
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outcome in a given patho-physiological condition is still not 
well understood.

TNF‑α: an activator of pro‑inflammatory 
transcription factors

TNF-α is a prototypic activator of the NF-κB transcription 
factors; essential mediators of pro-inflammatory response 
and cell survival [16–18]. The binding of TNF-α to its recep-
tors: TNFR1 or TNFR2 receptor subtype, leads to all its 
different cellular and pathological effects. TNF receptors are 
single transmembrane glycoproteins and show 28% homol-
ogy mostly in their extracellular domain and have distinct 
four tandemly repeated cysteine-rich motifs. Interestingly, 
intracellular domains of either receptor show almost no 
homology. Both membrane-bound and soluble TNF-α acti-
vates signalling pathways and its binding with TNFR1 and 
R2 receptors have different implications. TNFR1 is constitu-
tively expressed in most tissues and acts as the key mediator 
of TNF-α-mediated signalling [14, 19–21]. TNF-α–TNFR1-
mediated signalling promotes the production of stress and 
inflammatory response factors by activation of two major 
transcription factors NF-κB and activator protein 1 (AP-1) 
[14, 19].

On the other hand, TNFR2 expression is highly regu-
lated and specifically expressed on immune cells and pref-
erentially promotes cell survival and proliferation [22]. 
The binding of TNF-α to TNFR2 induces assembly of the 
TNFR2–Etk–VEGFR2 (vascular endothelial growth factor 
receptor 2) complex which promotes cell adhesion, migra-
tion, survival, and proliferation of human umbilical vein 
endothelial cells (HUVEC) and bovine aorta endothelial 
cells (BAEC) [23]. TNF-α–TNFR2 can also activate both 
STAT5 and NF-κB signalling pathways and play a major 
role in the differentiation of Th cells [24, 25].

In this review, we majorly focus on TNF-α binding to 
TNFR1 which activates the NF-κB pathway by dynamic 
assembly of several distinct protein complexes and had been 
implicated in many acute and chronic patho-physiological 
conditions. Many of these complexes require post-transla-
tional modification (PTMs) for activation or optimal func-
tion. Hence, PTM’s role in activation and temporal regula-
tion of TNF-α-induced NF-κB pathway has been discussed 
further.

Regulation of TNF‑α‑induced 
NF‑κB pathway: multifaceted roles 
of ubiquitination

PTM of a substrate via ubiquitin show various outcomes 
including its stabilization or degradation. The seven lysine 
residues of the ubiquitin (K6, K11, K27, K29, K33, K48, 
and K63) had been now shown to be utilized for the forma-
tion of polyubiquitin chain of different topologies, which is 
now being explored for their different role in cellular func-
tions. Moreover, an eighth chain type classified as Met1-
linked or ’linear’ chains, is generated when ubiquitin is 
attached to the N-terminus of a second ubiquitin. Mono 
or polyubiquitination of proteins increases their struc-
tural diversity and determines their fate. Modification of 
substrates by specific chain linkages can determine their 
fate and functional outcomes. K48-linked chains are well 
known for their role in substrate degradation, whereas, 
K63-linked chains result in the assembly of complexes and 
non-proteolytic functions [26]. Among the atypical ubiqui-
tin chains, K11-linked chains regulate different functions 
in cell cycle regulation [27] and ERAD pathway [28]. A 
recent review by Tracz and Bialek discusses the atypi-
cal ubiquitin chains and their functional outcomes [29]. 
Mechanistically, the addition of specific chain linkages 
depends on the combinations of ubiquitin-conjugating E2 
enzymes (UBE2s) and E3 ligases, and also on the side 
chain of the acceptor lysine residue [30, 31]. TNF-α bind-
ing to TNFR1 leads to sequential assembly of three major 
dynamic complexes: membrane-bound TRADD–TRAF 
complex, cytosolic TAB–TAK, and IKK kinase complex 
and nuclear translocation and regulation of NF-κB heter-
odimers. Ubiquitination of critical proteins and regulation 
at these distinct steps may not only affect NF-κB activa-
tion but also determine the functional outcome. In the fol-
lowing sections, we discuss various aspects of ubiquitin 
signalling in the regulation of the TNF-α induced NF-κB 
pathway at discreet levels.

Regulation of NF‑κB pathway at membrane‑bound 
receptor complex: ubiquitin chains as assembly 
platforms

The binding of TNF-α to its receptor TNFR1 initiates 
assembly of adapter proteins TRADD, TRAF2, or TRAF5, 
receptor-interacting protein 1(RIP1), and E3 ubiquitin 
ligases cIAP1 and cIAP2 at the cytosolic face of the recep-
tor. Initially, TRAF2 is recruited to the N-terminal TRAF-
binding domain of the TRADD through its C-terminal 
TRAF domain [17, 32]. TNF-α-induced Protein Kinase 
C (PKC) phosphorylates TRAF2 at Thr117 leading to its 
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K63 linked ubiquitination at Lysine (K) 31 which serves 
as a site for recruitment of other E3 ligases and kinases 
essential for activation of NF-κB pathway [33]. Further, 
TRAF2 recruits RIP1 to the TRADD complex and pro-
motes K63 linked ubiquitination of RIP1 [34]. TRAF2 
also recruits E3 ligases cIAP1 and 2 to the membrane-
bound TNFR1 complex, which further contributes to RIP1 
ubiquitination and stabilization of the membrane-bound 
TRADD–TRAF complex.

The recruitment of cIAPs catalyse K11-, K48- and 
K63-linked ubiquitin chains to different components of the 
TNFR1 complex including K11-linked ubiquitination of 
RIP1 [35]. The E3 ligase activity of cIAPs and not TRAF2 
is essential for HOIL-1 [Linear ubiquitin chain assembly 
complex (LUBAC) component] recruitment to the TNFR1 
complex [36]. Consequently, LUBAC (Composed of 
SHARPIN, HOIL-1L, and HOIP) increases the stability of 
membrane-bound complex by promoting linear ubiquitina-
tion of TRADD and RIPK1. Additionally, it promotes linear 
ubiquitination of NEMO, a regulatory subunit of cytosolic 
IKK kinase complex which enhances its recruitment to 
TNFR1 [36, 37].

Regulation of NF‑κB activating kinase complexes 
in the cytosol: ubiquitin as a switch for activation

Ubiquitination of RIP1 on Lys377 residue is critical for the 
recruitment of both IKK and TAB–TAK complex at TNFR1 
[18, 35, 38]. TAB–TAK complex is composed of TAB2, 
TAB3, and TGFβ (transforming growth factor β)-activated 
kinase-1 (TAK1) and binds to K63-linked RIP1 ubiquitin 
chains through their ubiquitin-binding domains (UBDs) [18, 
38]. Importantly, the kinase activity of RIP1 is not required 
for activation of TNF-α induced NF-κB or p38 MAP kinase 
pathway, suggesting it primarily acts as an assembly factor. 
Later TRAF2 ubiquitinates TAK1 at lysine 158 which induces 
a conformational change and promotes its auto-phosphoryl-
ation at Thr178, Thr184, Thr187, and Ser192 positions [18, 
39]. The other downstream kinase complex IKK, composed 
of IKKα, IKKβ, and regulatory IKKγ/NEMO, is also recruited 
to the K63 ubiquitinated RIP1 in a TRAF2 dependent man-
ner. NEMO binds to K63 linked Ub chains and is essential for 
stabilization of RIP1 at the TRADD–TRAF complex in TNF-α 
stimulated cells [40]. The presence of both TRAF2 and RIP1 
is indispensable for the kinase activity of the IKK complex 
[41]. NEMO, the regulatory subunit of IKK complex had been 
shown to be ubiquitinated by different topologies in different 
conditions and activates downstream NF-κB pathway. cIAP1 
mediated NEMO ubiquitination is indispensable for TNF-
α-induced NF-κB activation [42], and its ubiquitination at 
Lys277 and Lys309 is important for genotoxic stress-induced 
NF-κB activation [43]. Likewise, polymethylmethacrylate 
(PMMA) particles released from joint implants induce NF-κB 

pathway leading to inflammatory osteoclastogenesis and oste-
olysis [44] via K63-linked ubiquitination of NEMO at Lys392. 
In TNF-α stimulated cells, LUBAC adds linear polyubiqui-
tin chains on NEMO at Lys285 and Lys309 residue [45] and 
promotes downstream pathway for NF-κB activation [36, 37].

It is important to note that other than NEMO, K63 linked 
ubiquitination of IKKβ at Lys147 play role in IL-6 mediated 
STAT3 activation. Lys147 of IKKβ is a highly conserved 
site in many ortholog and paralogs of IKKβ. Intriguingly, 
Lys171 mutation of IKKβ enhances K63 linked ubiquitina-
tion of Lys147 and increased activation of STAT3 by both 
TNF-α and IL6 which is associated with multiple myeloma 
(MM), spleen marginal zone lymphoma (SMZL), and mantle 
cell lymphoma (MCL) [46]. In addition to this physiologi-
cally relevant ubiquitination site, several ubiquitination sites 
in IKKα and IKKβ have been predicted/identified in high 
throughput proteomics studies [47, 48]. However, none of 
these sites had been validated hence requires further study 
for determining their role in physiological outcomes and 
pathological conditions.

The IκBα bound NF-κB heterodimer remains in the 
cytosol, and stimuli induced IκBα degradation unmasks the 
nuclear localization signal of NF-κB heterodimer; promot-
ing its nuclear translocation [49]. The  SCFβ−TrCP (contain-
ing substrate recognizing F-box protein) E3 ubiquitin ligase 
complex is recruited at the IκBα bound NF-κB heterodimers. 
 SCFβ−TrCP recognizes IκBα phosphorylation at Ser32 and 
Ser36 by IKK complex, promotes its K48 linked ubiquitina-
tion and degradation by the ubiquitin–proteasome system 
(UPS) [17, 32]. The NF-κB heterodimers bind to the target 
DNA sequence and activate transcription of target genes 
which may play a critical role in inflammatory response, 
cell survival, and proliferation, depending on the patho-
physiological cues. Recently, it had been shown that higher 
levels of SCF component β-TrCP correlate with constitutive 
expression of NF-κB signalling in colorectal cancer [50], 
skin tumors [51], and lymphocytic leukemia [52]. F-box and 
WD repeat domain-containing 7 (FBW7); a member of the 
F-box protein family, is one of the subunits of the Skp1, 
Cul1, and F-box protein (SCF) ubiquitin ligase complex. 
High levels of FBW7 lead to NF-κB mediated intestinal 
inflammation in Crohn’s Disease (CD) and Ulcerative Coli-
tis (UC) [53]. These evidence suggests that the regulation 
of IκBα degradation by SCF complex may affect chronic 
NF-κB activation and associated pathological conditions.

Regulation of NF‑κB heterodimers in the nucleus: 
ubiquitination in control of transcriptional 
regulation

p65-p50 heterodimer is the most abundant Rel dimers found 
in almost all cell types. Besides, other Rel dimers like p65/
p65, p65/c-Rel, p65/p52, c-Rel/c-Rel, p52/c-Rel, p50/c-Rel, 
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p50/p50, RelB/p50, and RelB/p52 have been identified in 
limited subsets of cells. Moreover, Rel dimers lacking TAD 
domains (p50 or p52) also bind to DNA and inhibit tran-
scription of target genes unless bound to secondary proteins 
(Fig. 1).

Once in the nucleus, the NF-κB heterodimers bind to the 
consensus sequences termed as κB DNA elements within 
the enhancer or promoter region of target genes. NF-κB 
subunits are regulated by several post-translational modifi-
cations including phosphorylation, acetylation, and methyla-
tion. These PTMs not only affect the DNA binding ability of 
NF-κB but also modulate its interactions with transcriptional 
co-activators, hence affect discreet transcriptional outcomes. 
For instance, Ser276 phosphorylation of p65 induces struc-
tural changes to promote its interaction with the cofactors 
p300/CBP and lead to enhanced p65 transcriptional activity 
[54, 55]. Furthermore, nuclear cofactors like p53 and RPS3 
have been shown to enhance (> 50 fold) the DNA binding 
ability of p65 [56]. The effect of other PTMs like acetylation 
and methylation has been thoroughly reviewed earlier [57].

Additionally, ubiquitination of different NF-κB subunits 
is also emerging as nuclear regulation of the TNF-α-induced 
NF-κB pathway.  EC2S (Elongin BC-CUL2-SOCS-box protein) 
ubiquitin ligase complex component Suppressor of cytokine 
signalling (SOCS-1) promotes proteasomal degradation of p65 

however did not affect protein levels of p50 [58]. Other E3 
ligases like EC5S, PDLIM2, PPAR-gamma, and ING4 also 
promote UPS-mediated degradation of p65 [59]. Recently, it 
has been shown that PDLIM7 heterodimerizes with PDLIM2 
and promotes K63 linked ubiquitination of PDLIM2. Further, 
p62/Sqstm1 binds to polyubiquitinated PDLIM2 for shut-
tling of PDLIM2–p65 complex to nuclear proteasome; lead-
ing suppression of NF-κB-mediated inflammatory responses 
[60]. Furthermore, a phosphorylation-dependant ubiquitina-
tion switch has been identified to regulate the selective elimi-
nation of p65 on promoter of target genes. TNF-α induced 
p65 phosphorylation at Ser468 by IKKε promotes its binding 
with COMMD1 and CUL2, promoting UPS-mediated degra-
dation of p65 [61]. Interestingly, UPS-mediated degradation 
of nuclear p65/RelA is observed in both IκBα + / + and IκBα 
−/− cells, suggesting independent control over nuclear NF-κB 
response through its proteasomal degradation. Additionally, 
p65 mutant that fails to bind to the κB DNA elements showed 
reduced polyubiquitination, suggesting UPS-mediated degra-
dation of nuclear p65/RelA requires its DNA binding abil-
ity and ubiquitinates promoter bound NF-κB. Furthermore, 
the report also shows that both IκBα resynthesis and nuclear 
NF-κB degradation cooperates in termination of the NF-κB 
response [62]. In addition to p65 ubiquitination, other NF-κB 
subunits also possess lysine residues that can be ubiquitinated 

Fig. 1  TNF-α-induced temporal and functionally correlated genes. 
A Activation of monophasic or oscillatory NF-κB pathway. Under 
distinct physiological conditions, TNF-α-induces NF-κB pathway in 
a monophasic manner which ends with resynthesis of early response 
feedback inhibitory genes like IκBα and TNFAIP3/A20. The long-
term presence of TNF-α leads to translocation cycles of NF-κB heter-
odimers to nucleus and IκBα/A20-resynthesis dependant nuclear exit 
leading to oscillatory signalling. B TNF-α-induced NF-κB-dependant 
gene expression had been categorized temporally. Based on their peak 
expression these genes show a unique pattern. The figure is  adapted 

from Tian et al. [64]. C TNF-α-induced NF-κB pathway activates the 
expression of functionally correlated genes. Cluster 1 which also cor-
roborates with early response genes shows a highly oscillatory pat-
tern and includes genes related to proinflammatory. Cluster 2 shows 
expression patterns like middle response genes and are functionally 
correlated to innate and adaptive immune response. Cluster 3 shows 
temporally increasing expression and includes genes related to metab-
olism and ECM modification. The figure is adapted from Zambrano 
et al. and modified [65]
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(Fig. 2), and many of these possible ubiquitination sites are 
conserved in humans, mice, and rats. Identification of ubiqui-
tination-mediated regulation of other NF-κB subunits by novel 
E3 ligases may provide cues about transcription of specific sets 
of target genes in a unique physiological response.

TNF‑α‑induced oscillatory NF‑κB activation 
and temporal gene expression

TNF-α-induced NF-κB can be transient as nuclear translo-
cation and transcriptional response of NF-κB leads to re-
synthesis of IĸBα protein, resulting in feedback inhibition 

of the pathway. Conversely, the constitutive presence of 
TNF-α leads to NF-κB oscillations due to prolonged IKK 
complex activation resulting in continued proteolytic deg-
radation of IĸBα and several rounds of NF-κB heterodimer 
nucleo-cytoplasmic translocations [63, 64]. The existence of 
transient and oscillatory phases suggests biphasic activation 
of NF-κB.

Regulation of oscillatory NF‑κB activation

The resolution of the transient phase and activation of 
NF-κB oscillations depend on the IκBα transcription which 
is NF-κB target gene [63, 64]. The other NF-κB target gene 

Fig. 2  PTM sites in NF-κB subunits. The NF-κB transcription factors 
are  modified by different PTMs. PTM of NF-κB subunits provide 
an additional layer of regulation and bring stringency in their tran-
scriptional outcomes. NF-κB transcription factors possess multiple 
acetylation, phosphorylation, and ubiquitination sites across various 
domains. Reversible phosphorylation and acetylation of RELA have 
been extensively studied but PTMs of other NF-κB subunits are less 
known. NFKB1, NFKB2, and RELA possess several lysine residues 
that can be ubiquitinated, whereas REL and RELB have fewer ubiq-

uitination sites. Recruitment of signal specific ubiquitin ligases at 
NF-κB heterodimers and their ubiquitination may affect stability and 
structural changes to modulate transcriptional outcomes. In addition 
to a different combination of NF-κB dimers, combinatorial PTMs of 
these subunits may provide stringent control and discrete transcrip-
tional outcomes in response to various pathophysiological cues. The 
figure was generated using  PhosphoSitePlus® (https:// www. phosp 
hosite. org/ homeA ction)

https://www.phosphosite.org/homeAction
https://www.phosphosite.org/homeAction


6074 M. Roy, R. Singh 

1 3

TNFAIP3 (A20) also regulate NF-κB oscillations [65, 66]. 
More importantly, another NF-κB activator, IL-1, promotes 
the expression of A20 and limits inflammation but surpris-
ingly does not activate a biphasic response [67, 68]. LPS can 
activate a biphasic response in vivo by inducing platelet-
activating factor (PAF) mediated induction of TNF-α, which 
in turn activates the second phase of NF-κB activation [69].

Further, the functional outcome of biphasic response 
depends on the number, period, and amplitude of oscilla-
tions [63] and the feedback regulators IĸBα and A20 [66]. 
It had been observed that these oscillations translate into 
functionally related proteins suggesting NF-κB oscillations 
may have a critical role in the execution of TNF-α-induced 
temporal gene expression and effector response [65].

TNF‑α‑induced temporal gene expression

Recorded temporal expression of TNF-α-induced genes in 
response to biphasic/oscillatory NF-κB activation had been 
classified into three distinct classes of genes. These genes 
show expression peaks at 1, 3, and 6 h, termed as ‘Early’, 
‘Mid’, and ‘Late’ response genes. Further, the expressions of 
‘Late’ response genes are temporarily dependent on oscilla-
tory NF-κB activation [64]. The ‘Early’ response genes show 
functions related to cytokine, chemokines signalling; ’Mid’ 
response genes show sugar and protein binding, whereas the 
‘Late’ response genes show peptide transporter activity and 
protein binding functions [64]. Both of the biphasic response 
regulatory proteins, IκBα and A20, are ‘Early’ response 
genes, and very less is known about the possible role of 
‘Mid’ and ‘Late’ response genes in feedback regulation of 
TNF-α-induced NF-κB pathway and biphasic response.

Genome-wide expression of TNF-α upregulated genes 
have been grouped in 3 clusters. Interestingly, cluster 1 
(broadly related to chemokines and chemokine receptors; 
early genes response gene) contained genes related to GPCR 
ligand binding and downstream signalling, cytokine signal-
ling in the immune system, Fc epsilon receptor signalling 
and RIG-I mediated IFNα/β pathways.

Cluster 2 (broadly related to the innate and adaptive 
immune system; mid/intermediate response genes) includes 
genes related to the adaptive immune system, TLR signal-
ling, collagen formation, and activation of matrix metallo-
proteinases. Further, cluster 3 (late response genes) com-
prised genes related to the metabolism of amino acids and 
nucleotides, degradation of the extracellular matrix, and 
S-phase proteins showed distinct dynamics that resemble 
the pattern of slowly increasing dynamics of Ccl5 [65].

Notably, a comparison of transcript dynamics of clus-
ter 1 genes showed highly similar dynamics compared to 
the dynamics of early response gene IκBα, whereas, cluster 
3 genes showed transcript dynamics comparable to slowly 
increasing dynamics of a late response gene Ccl5. Moreover, 

genes categorized in these 3 clusters were also enriched with 
known NF-κB target genes [65]. TNF-α-induced temporally 
and functionally correlated genes are shown as a schematic 
in Fig. 1. These observations connect the temporal and oscil-
latory response with functionally related transcriptional out-
comes, however, their functional relevance in pathophysi-
ological conditions remains elusive. Hence, investigation 
of novel regulators involved in NF-κB oscillations may 
answer major questions including how a unique transcrip-
tional response is achieved by NF-κB transcription factors 
activated under different stimuli.

TNF‑α‑mediated secondary inflammation

Here we discuss the unique regulatory modules in some 
pathophysiological conditions regulated by TNF-α-induced 
NF-κB gene regulation. TNF-α enhances the expression 
of antiviral cytokines in response to virus infection and 
activates lower but sustained type I IFNs in macrophages. 
Furthermore, increased hepatitis C virus (HCV) virus rep-
lication, reactivation of hepatitis B virus infections, and 
increased frequency of viral infection is observed in many 
cases of patients receiving TNF-α blockade therapy [70, 
71]. TNF-α has been shown to promote expression of the 
IFN response gene by stimulating IFNR1 expression for 
controlling viral infection [72, 73]. Interferon-stimulated 
genes (ISGs) are the primary effectors of antiviral signalling 
activated by IFNs. Interestingly, TNF-α-mediated IFN-stim-
ulated response element (ISRE) activation requires TNFR1-
induced NF-κB activation, and it cooperates with IFN-α to 
activate antiviral response against HCV and hepatitis E virus 
(HEV) [74]. The usage of anti-TNF-α antibodies reduced the 
levels of pro-inflammatory cytokines in the blood and the 
brains of the murine CMV-infected mice model [75]. These 
reports indicate the role of TNF-α in augmenting physiologi-
cally essential innate immune response.

Contrary to the above-mentioned reports, few clinical 
studies suggest that TNF-α blockade dysregulates type I IFN 
response leading to paradoxical psoriasis [76, 77]. In support 
of these anti-inflammatory roles, it has been observed that 
type I IFNs are essential mediators of TNF-α-induced lethal 
inflammatory shock. The study also pointed out that type I 
IFN deficiency reduced the expression of TNF-α-dependant 
early genes as well as genes that are direct NF-κB targets, 
further strengthening the cooperation between TNF-α and 
IFNs [78]. Additionally, it was observed that TNF-α induces 
the expression of TNFR2. This can further augment the 
inflammatory response through TNFR2 mediated NF-κB 
activation and also results in apolipoprotein-A4 expression 
mediated kidney injury [79]. In a different physiological 
context, an elevated level of salivary TNF-α was observed in 
cases of pregnancy-induced periodontal inflammation [80].
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Interestingly, in monocytes, TNF-α induces selective 
hypo-responsiveness and reduced cytokine production on 
secondary TLR challenge, representing a state of tolerance. 
It is achieved by GSK3-mediated suppression of chromatin 
accessibility and termination of NF-κB signalling by induc-
ing negative feedback regulatory proteins A20 and IκBα 
[15]. TNF-α optimizes inflammatory response to prevent 
toxicity by tolerizing inflammatory genes through selective 
chromatin remodelling in macrophages [81]. Another inter-
esting study exploring temporal gene expression in mac-
rophages and fibroblast-like synoviocytes (FLS) showed that 
TNF-α-induced inflammatory genes show different kinet-
ics in these cell types. More importantly, several TNF-α-
induced inflammatory genes that are transiently expressed 
in macrophages (with peak expression at 1–6 h, ‘tolerized’ 
genes) show sustained expression in FLS (up to at least 
24–72 h). The presence of TNF-α shows increased chroma-
tin accessibility in regulatory elements of NF-κB, interferon-
regulatory factors (IRFs), and activating protein-1 (AP-1) 
[82]. More recent reports have confirmed the role of TNF-
α-mediated activation of NF-κB pathway through p-38 and 
JNK pathway contributing to the expression of inflammatory 
factors and apoptosis-related proteins ultimately leading to 
endothelial cell injury and atherosclerosis [83].

Collectively, these reports suggest that TNF-α activates 
the “feed-forward” loop for sustaining secondary inflam-
mation, and play a pivotal role in disease progression and 
organismal survival. PTMs specifically ubiquitination may 
play important role in the regulation of temporal gene 
expression leading to either subverted or persistent inflam-
mation. The forthcoming sections discuss the role of TRIM 
E3 ligases-mediated regulation of TNF-α-activated NF-κB 
signaling.

TRIMs: an unique class of RING 
domain‑containing E3 ligases

Tripartite motif-containing proteins (TRIMs) are a mem-
ber of the RING family of ubiquitin E3 ligases [84, 85]. 
TRIMs possess a distinctive motif composed of N-terminal 
RING, one or two B-Box, and coiled-coil domain [84–86]. 
TRIMs also possess additional C-terminal domains of vari-
ous lengths and compositions, hence further sub-classified 
based on their c-terminal domain composition (Fig. 3). The 
majority of TRIMs possess PRY or/and SPRY domain in 
their C-terminal region. C‐terminal subgroup One Signa-
ture (COS), fibronectin type 3 (FN3), plant homeodomain 
(PHD), bromodomain (BR), bromodomain, filamin type Ig 
(FIL), NCL-1, HT2A and LIN-41 (NHL) repeats, meprin 
and TRAF homology (MATH), ADP ribosylation factor-
like (ARF) and transmembrane domains (TMs) are among 

the additional C-terminal domain possessed by members of 
TRIM proteins [86–88].

These proteins are modular in nature and specific func-
tions can be ascribed to each domain. E3 ligase activity 
is attributed to the RING and B-box domain of TRIMs, 
whereas the coiled-coil (CC) domain is required for homo 
and heteromeric interactions leading to oligomers and 
complexes of higher-order structures [85, 89]. The B30.2 
domain (also known as RFP-like or PRY/SPRY) is defined 
by the presence of highly conserved sequence motifs (LDP, 
WEVE, and LDYE). Proteins containing PRY/SPRY domain 
have been shown to have functions related to innate immune 
response [90].

Interestingly, TRIMs are known to interact with a vari-
ety of E2 enzymes (UBE2) with a preference for the D and 
E classes of UBE2 enzymes. Some of these TRIMs show 
unique, whereas some members show redundant interac-
tion with different E2 enzymes [91, 92]. Therefore, TRIMs 
can play an important role in the identification of substrate 
and directing the assembly of specific ubiquitin chains to 
their substrates and regulate functional outcomes [91, 93]. 
TRIM21-mediated Ube2N (a UBE2 enzyme) interaction 
results in catalysis and association with K63-linked chains 
essential for its own function [91]. Similarly, other TRIMs 
also mediate catalysis of different ubiquitin chains on diverse 
proteins in NF-κB and other inflammatory pathways. For 
example, TRIM6-mediated unanchored K48-linked ubiqui-
tin chains promote IKKε activation and antiviral response, 
whereas unanchored K63 linked chains promoted by TRIM5 
induces TAK1 activation and HIV restriction [94, 95]. 
TRIM41 promotes K48-linked ubiquitination of Influenza A 
virus (IAV)’s Nucleoprotein (NP) and inhibits IAV infection. 
Similarly, TRIM32 inhibits IAV infection by promoting the 
degradation of PB1 protein [96]. TRIM14, 22, and 52 also 
inhibit viral infections by ubiquitin proteasome-dependent 
target substrate degradation [97–100].

Recent evidence also suggests that TRIMs assemble 
novel signalosomes in different pathophysiological condi-
tions, hence modulate different cellular pathways [101–106]. 
Beyond its role in the regulation of antiviral and innate 
immune response, TRIMs can also regulate autophagy, cell 
death, and cellular homeostasis by ubiquitin-dependent or 
independent mechanisms [107–109].

TRIMs modulate TNF‑α‑induced NF‑κB 
pathway: stimuli‑specific expression, 
recruitment, and E3 ligase activity

Several TRIMs show tissue-specific or stimulus-specific 
expression and turnover [110–114]. Isolated reports have 
confirmed the role of TRIMs in the regulation of the TNF-
α-induced NF-κB pathway. Reports from our lab and others 
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suggest that individual TRIMs regulate the TNF-α-induced 
NF-κB pathway at distinct steps by ubiquitin-dependent and 
independent signalling.

TNF‑α modulates the expression of TRIMs

Several TRIMs—TRIM5, TRIM33, TRIM35, TRIM63—
have been postulated as NF-κB target genes [115]. Previ-
ously, TRIM16 had been shown as TNF-α-induced ‘late’ 
response gene [64]. The expression of promyelocytic leu-
kemia protein (PML/TRIM19) is induced by TNF-α in an 
internal ribosome entry site (IRES) dependant manner in 
HUVEC cells [116]. Expression of another nuclear TRIM 

protein TRIM52 is also induced by TNF-α in 293 T cells 
[117]. Gene responsible for familial Mediterranean fever 
‘MEFV’also known as TRIM20/PYRIN is increased in 
peripheral blood leukocytes treated with TNF-α [118] as 
well as in HeLa and HEK293 cells [119]. Apart from these 
isolated reports, TNF-α-induced temporally expressed 
TRIM genes had not been investigated systematically. 
Since the feedback regulator of the TNF-α-induced NF-κB 
pathway can affect NF-κB oscillations and unique tran-
scriptional outcomes, more focused investigations are 
required to identify and validate TRIMs in the regulation 
of the NF-κB pathway and inflammation.

Fig. 3  Classification of 
TRIMs. Based on their variable 
C-terminal domains TRIMs are 
classified into 11 sub-classes. 
Additionally, 9 RING-less 
TRIMs had been identified 
which are grouped as unclassi-
fied (UC). TRIMs highlighted 
in green are validated NF-κB 
target genes; highlighted in blue 
areTRIMs induced by TNF-α in 
THP-1 cells, and orange color 
TRIMs show TNF-α-induced 
expression in other cell types. 
The figure is adapted from 
Tomar and Singh [87] and had 
been modified
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TRIMs modulate TNF‑α‑induced NF‑κB pathway: 
interplay between site‑specific recruitment 
and ubiquitin chain topology

In recent years TRIMs have emerged as crucial regulators of 
innate and inflammatory response. Emerging evidence sug-
gest that TRIMs are selectively recruited at discreet steps of 
TNF-α-induced NF-κB pathway, which we further discuss 
in the following sections.

TRIMs: at membrane‑bound TRADD–TRAF complex

As discussed earlier, the membrane-bound TRADD–TRAF 
complex requires the recruitment of several E3 ligases to sta-
bilize the complex and promote the assembly of sequential 
activation nodes. A recent report had identified TRIM25 as 
an activator of the TNF-α-induced NF-κB pathway in vari-
ous cell types. TRIM25 promotes K63-linked ubiquitination 
of TRAF2 and enhances the interaction between TRAF2 
and TAK1 or IKKβ (Fig. 4). TRIM25 also promotes NF-κB 
activation induced by IL-1β and LPS [120].

Ubiquitination of RIP1 at the membrane-bound 
TRADD–TRAF complex is a critical switch between 

TNF-α-induced NF-κB and cell death activation [121].
TRIM27 also known as RFP inhibits NF-κB and type 1 IFN 
response activated by TNF-α, IL-1, poly I:C (TLR3 ligand), 
and viral infections [122]. Interestingly, TRIM27 along with 
its substrate; USP7 promotes deubiquitylation of RIP1 [123, 
124], consequently, TNF-α-induced apoptosis. This strongly 
suggests that TRIM27 may act as an important node regulat-
ing RIP1-dependant cell survival or death switch.

TRIMs regulate the activity of cytosolic kinase complexes

TRIM8 and TRIM38 are positive and negative regulators of 
the TNF-α-induced NF-κB pathway, respectively. Interest-
ingly, both are recruited at the cytosolic kinase complex and 
specifically at the TAB–TAK complex (Fig. 4) [114, 125, 
126]. TRIM8; predominantly a nuclear protein, is translo-
cated to cytosol in presence of TNF-α where it promotes 
K63 linked TAK1 ubiquitination and NF-κB activation [114, 
125]. Conversely, TRIM38 destabilizes the TAB2/3 complex 
and promotes lysosome-dependent degradation of TAB2 
hence inhibition of NF-κB activity [126]. These evidence 
suggest, that TAB–TAK complex is an important hub for 

Fig. 4  Recruitment of TRIMs 
at distinct steps of the pathway. 
Several TRIMs are recruited at 
different  steps of the TNF-
α-induced NF-κB pathway. 
TRIMs either share the same 
substrate or distinct target and 
show functional synergy and 
antagonism in regulation of 
the TNF-α-induced NF-κB 
pathway. TRIM38 is induced by 
TNF-α, hence act as a feedback 
negative regulator of the TNF-
α-induced NF-κB pathway. 
PTM of TRIM9 and 27 by 
phosphorylation provides an 
additional layer of control over 
the TRIM-mediated regulation 
TNF-α-induced NF-κB pathway



6078 M. Roy, R. Singh 

1 3

TRIM-mediated regulation of the TNF-α-induced NF-κB 
pathway.

TRIM13 is one of the two transmembrane domain-con-
taining TRIMs, anchored to ER membrane; involved in the 
regulation of ER stress-induced autophagy [112]. TRIM13 is 
also a negative regulator of the TNF-α-induced NF-κB path-
way and acts at the IKK kinase complex (Fig. 4). TRIM13 
promotes ubiquitination-mediated degradation of NEMO 
to inhibit TNF-α-induced NF-κB activation [127]. In con-
trast, another group shows decreased TRIM13 expression 
results in inhibition NF-κB pathway specifically in Multiple 
myeloma (MM) [128].

Besides its role in modulation of RIP1 ubiquitination, 
TRIM27 interacts with canonical (IKKβ and IKKα) as well 
as noncanonical (IKKε and TBK1) kinases and potently 
inhibits signalling activated by these kinases [122]. Notably, 
TRIM27 is phosphorylated by these aforementioned kinases 
[122], but its implication in functional outcomes of TNF-α-
induced NF-κB is not known.

TRIMs: emerging regulators of nuclear NF‑κB activity

TRIM9 is a brain-specific TRIM protein identified as a 
negative regulator of NF-κB which blocks both canonical 
and non-canonical NF-κB activation. TRIM9 inhibits TNF-
α-induced NF-κB activation and pro-inflammatory IL-6 
cytokine production. Mechanistically, phosphorylation-
dependant interaction of TRIM9 with SCF-cullin F-box E3 
ligase complex component, β-TrCP, blocks IκBα degrada-
tion, and inflammatory response (Fig. 4). Physiologically 
TRIM9 is expressed in the peri-infarct region of mice brain 
after ischemic stroke to protect the ischemic region from 
consequences of neuroinflammation [129, 130]. In conso-
nance, molluscan TRIM9 had been shown to inhibit NF-κB 
activation [131]. On the contrary, a recent report demon-
strated that TRIM9 promotes the formation and development 
of uterine leiomyoma (UM) by regulating NF-κB signalling 
[132].

Several nuclear-localized TRIMs had been shown to 
modulate TNF-α-induced NF-κB activation. One of the 
most studied nuclear TRIM proteins, PML/TRIM19 forms 
subnuclear structures known as PML nuclear bodies (NBs) 
and regulates inflammatory response and tumorigenesis. 
It has been shown that PML promotes TNF-α-induced 
expression of several NF-κB target genes. Furthermore, the 
report shows decreased NF-κB p65 phosphorylation and 
defective NF-κB transcriptional activity in PML −/− cells 
[133]. Nuclear localized TRIM28/KAP1 is a transcrip-
tional co-repressor and a well-known oncogene. It inhib-
its TNF-α-induced NF-κB activation and IL-6 production 
(Fig. 4) [134–136]. Importantly TRIM28 directly interacts 
with NF-κB heterodimers and p300, resulting in decreased 
NF-κB acetylation and nuclear retention in TNF-α treated 

cells [137]. Contrary to its role in the inhibition of inflam-
matory response, evidence suggests that TRIM28-dependant 
expression of TNFR1 and R2 receptors in endothelial cells 
(ECs) contributes to enhanced inflammation in ECs [138]. 
TRIM39 is also localized in nucleus and negatively regulates 
the TNF-α-induced NF-κB activation. It has been shown that 
TRIM39 promotes the stabilization of TNF-α-indued gene 
Cactin to inhibit NF-κB activation [139].

Post-translational regulation of TRIMs is also emerging 
as an additional layer of control over cellular pathways. For 
example, phosphorylation of TRIM9 and TRIM27 has a 
functional impact on NF-κB activation, whereas N-termi-
nal cleavage of TRIM20/MEFV leads to its interaction with 
IκBα and potentiates its degradation thus leading to activa-
tion of NF-κB and inflammatory response [140]. Together 
this evidence suggests that individual TRIM proteins are 
recruited at different steps of the TNF-α-induced NF-κB 
pathway and regulate the NF-κB pathway. However, their 
temporal recruitment and role in modulation of inflamma-
tory outcomes remain elusive.

TRIMs: vanguards of PRR induced 
inflammation

Other than cytokines, PRRs can induce pro-inflammatory 
response. Persistent infection or stress can result in chronic 
inflammation and contribute to pathological conditions 
[141]. Toll-like receptors (TLRs) are a major class of PRRs 
and contribute to initiating inflammatory response by sens-
ing various pathological macromolecules [142]. TRIMs are 
also emerging as modulators of PRR-induced NF-κB and 
inflammatory pathways.

PRR‑induced TRIMs

TRIMs have been identified as crucial regulators of innate 
immune pathways, inflammatory response, and antiviral 
response [111, 143]. During stress conditions and infection, 
TRIMs regulate PRR-induced signalling and majorly act as 
innate immune modulators [111]. We have catalogued the 
PRR induced expression of TRIMs in Table 1.

Interestingly, expression of TRIM14 and 34 increases in 
THP-1 cells in a dose- and time-dependent manner [144] 
in the presence of TLR3 and TLR4 ligands. TRL3, 4, and 9 
induced the expression of TRIM30α in BMDCs, whereas, 
TLR2, 3, 4, and 7 induced expression of TRIM38 in 
RAW264.7. Interestingly most of the TLR-induced expres-
sion of TRIMs is NF-κB dependant [145]. The majority 
of TLR-induced TRIMs expression data come from innate 
immune cells and limited data from cells of different tis-
sues and organs is available. Therefore, TRIMs expression 
in response to ligands-specific PRRs may vary from tissue 



6079TRIMs: selective recruitment at different steps of the NF‑κB pathway—determinant of activation…

1 3

Table 1  PRR-induced TRIMs

PRR TRIMs Cell type

TLR1/2 TRIM10, 15, 29, 31, 40, 42, 43, 48, 49, 50, 51, 60, 61, 64, 77 THP-1-derived macrophages [144]
TRIM13 BMDM, RAW264.7 [154]
TRIM38 RAW264.7 [150]

TLR3 TRIM5, 6, 10, 14, 15, 19, 20, 21, 22, 25, 25, 29, 31, 34, 38, 40, 42, 43, 48, 49, 50, 51, 56, 60, 61, 
64, 69, 77

THP-1-derived macrophages [144]

TRIM13 RAW264.7 [154]
TRIM30α BMDC, J744 macrophages[145]
TRIM38 RAW264.7 [150]
TRIM25 PBMCs[174]

7TLR4 TRIM5, 6, 10, 14, 15, 19, 20, 21, 22, 25, 25, 29, 31, 34, 38, 40, 42, 43, 48, 49, 50, 51, 56, 60, 61, 
64, 69, 77

THP-1-derived macrophages [144]

TRIM13 RAW264.7 [154]
TRIM20/MEFV Peripheral blood leukocytes [118]
TRIM30α BMDC, J744 macrophages[145]
TRIM38 RAW264.7 [150]

TLR5 TRIM10, 15, 29, 31, 40, 42, 43, 48, 49, 50, 51, 60, 61, 64, 77 THP-1 derived macrophages [144]
TRIM13 RAW264.7 [154]

TLR6/2 TRIM13 RAW264.7 [154]
TLR7 TRIM10, 15, 29, 31, 40, 42, 43, 48, 49, 50, 51, 60, 61, 64, 77 THP-1-derived macrophages [144]

TRIM35 RAW264.7 [175]
TRIM38 RAW264.7 [150]
TRIM25 PBMCs[174]
TRIM32 Mouse skin[176]

TLR8 TRIM10, 15, 29, 31, 40, 42, 43, 48, 49, 50, 51, 60, 61, 64, 77 THP-1-derived macrophages [144]
TRIM13 RAW264.7 [154]

TLR9 TRIM10, 15, 29, 31, 40, 42, 43, 48, 49, 50, 51, 60, 61, 64, 77 THP-1-derived macrophages [144]
TRIM13 RAW264.7 [154]
TRIM30α BMDC, J744 macrophages [145]
TRIM35 RAW264.7 [175]
TRIM25 PBMCs [174]

TLR1/2 TRIM10, 15, 29, 31, 40, 42, 43, 48, 49, 50, 51, 60, 61, 64, 77 THP-1-derived macrophages [138]
TRIM13 BMDM, RAW264.7 [139]
TRIM38 RAW264.7 [140]

TLR3 TRIM5, 6, 10, 14, 15, 19, 20, 21, 22, 25, 25, 29, 31, 34, 38, 40, 42, 43, 48, 49, 50, 51, 56, 60, 61, 
64, 69, 77

THP-1-derived macrophages [138]

TRIM13 RAW264.7 [139]
TRIM30α BMDC, J744 macrophages [141]
TRIM38 RAW264.7 [140]
TRIM25 PBMCs [142]

TLR4 TRIM5, 6, 10, 14, 15, 19, 20, 21, 22, 25, 25, 29, 31, 34, 38, 40, 42, 43, 48, 49, 50, 51, 56, 60, 61, 
64, 69, 77

THP-1-derived macrophages [138]

TRIM13 RAW264.7 [139]
TRIM20/MEFV Peripheral blood leukocytes [114]
TRIM30α BMDC, J744 macrophages [141]
TRIM38 RAW264.7 [140]

TLR5 TRIM10, 15, 29, 31, 40, 42, 43, 48, 49, 50, 51, 60, 61, 64, 77 THP-1-derived macrophages [138]
TRIM13 RAW264.7 [139]

TLR6/2 TRIM13 RAW264.7 [139]
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to tissue which may have an important role in the regula-
tion of associated cellular functions.

TRIMs: emerging regulators of TLR‑induced 
signalling

Several of the aforementioned TLR-induced TRIMs regu-
late NF-κB-dependant inflammatory pathways. A series 
of investigations by Hong-Bing Shu group identified that 
TRIM8, TRIM32, and TRIM38 act as feedback nega-
tive regulators of TLR3/4 induced signalling [146, 147]. 
TRIM8 and TRIM38 modify TIR-domain-containing 
adapter-inducing interferon-β (TRIF) by K6/K33 and 
K48-linked ubiquitin chains, respectively, to abolish TLR-
induced signalling [146, 147], whereas TRIM32 promotes 
autophagy-mediated TRIF degradation without affecting 
its ubiquitination [148]. TRIM8 inhibits  TLR3/4-induced 
signalling by disrupting TRIF–TBK1 interaction. TRIM38 
inhibits the TLR3/4 induced pathway by promoting UPS-
mediated degradation of NAP1 [149], TNF-α receptor-
associated factor 6 (TRAF6) [150], and TRIF [147, 151]. 
Both TRIM8 and TRIM38 knockout mice are more sus-
ceptible to poly(I:C), LPS, and S. Typhimurium-induced 
death. TRIM72/MG53 shows a protective effect in LPS-
induced neurotoxicity and neuroinflammation by inhibit-
ing the TLR4-induced NF-κB pathway both in vitro and 
in vivo [152]. In a different patho-physiological condi-
tion, TRIM72 leads to idiopathic inflammatory myo-
pathies (IIM) [153] suggesting TRIM72 broadly has an 
anti-inflammatory function. Conversely, TRIM13 acts as 
a feedback positive regulator of TLR2-induced signalling 
by promoting K29-linked ubiquitination of TRAF6 [154] 
to potentiate inflammatory response.

TRIM‑mediated ubiquitination regulates MAVS/
STING‑mediated inflammation

Intracellular pathogen-associated molecular patterns 
(PAMPs) and danger-associated molecular patterns 
(DMAPs) can be recognized by intracellular receptors like 
RIG-I and MDA5/AIMs which through recruitment of spe-
cific adaptor proteins can activate downstream NF-κB and 
IRF3 mediated inflammatory pathways [155, 156]. These 
adaptor proteins: mitochondrial antiviral signaling protein 
(MAVS) and Stimulator of interferon genes (STING) are 
localized on mitochondria or ER and mitochondria contact 
site, respectively. Interestingly, intracellular dsRNA either 
from viral or bacterial origin or released from mitochon-
dria can be recognized by RIG-I which recruits MAVS 
and activate downstream NF-κB and IFN pathways. Inter-
estingly, pathogen-derived dsDNA or intracellular DNA 
released from nucleus or mitochondria in cytosol can be 
recognized by cyclic GMP–AMP synthase (cGAS) which 
can recruit STING to activate downstream pathway [155, 
156]. Recent evidence suggests that TRIMs are important 
regulators of STING-mediated inflammatory signaling. 
TRIM56 expression is induced by dsDNA and poly (I:C) 
stimulation and it ubiquitinates STING through K63-
linked poly-ubiquitin chains at Lys150. The ubiquitination 
of STING is required for its dimerization, recruitment of 
TBK1, and downstream IFN response [157]. Both TRIM29 
and TRIM30α are expressed during DNA virus infection 
and negatively regulate the STING-mediated innate immune 
signaling. TRIM30α interacts with STING in mice dendritic 
cells, adds K48-linked polyubiquitin chains to Lys275 resi-
due, and enhances its turnover [158]. Similarly, TRIM29 
also promotes STING turnover by promoting its K48 
linked ubiquitination at Lys370 [159].Moreover, TRIM56 

Table 1  (continued)

PRR TRIMs Cell type

TLR7 TRIM10, 15, 29, 31, 40, 42, 43, 48, 49, 50, 51, 60, 61, 64, 77 THP-1-derived macrophages [138]

TRIM35 RAW264.7 [143]

TRIM38 RAW264.7 [140]

TRIM25 PBMCs [142]

TRIM32 Mouse skin[144]
TLR8 TRIM10, 15, 29, 31, 40, 42, 43, 48, 49, 50, 51, 60, 61, 64, 77 THP-1-derived macrophages [138]

TRIM13 RAW264.7 [139]
TLR9 TRIM10, 15, 29, 31, 40, 42, 43, 48, 49, 50, 51, 60, 61, 64, 77 THP-1-derived macrophages [138]

TRIM13 RAW264.7 [139]
TRIM30α BMDC, J744 macrophages [141]
TRIM35 RAW264.7 [143]
TRIM25 PBMCs [142]
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monoubiquitinates cGAS at Lys335 position and regulates 
HSV-1 infection [160]. Interestingly, TRIM41 also mon-
oubiquitinates cGAS to promote innate antiviral response 
[161].

Similarly, RIG-I-MAVS-mediated signaling is also modu-
lated by TRIMs. TRIM31 is recruited to mitochondria after 
viral infection and interacts with MAVS. Further, it catalyzes 
K63-linked polyubiquitination of MAVS at Lys10, Lys311, 
and Lys461. The specific ubiquitination pattern on MAVS 
promotes the formation of prion-like aggregates of MAVS 
after viral infection which modulates IFN response [162]. 
Specific TRIMs may have acquired ubiquitin chain editing 
either through deubiquitinase (DUB) like activity or recruit-
ment of some novel DUBs. TRIM44 does not have the typi-
cal RING finger domain, instead, the N-terminal region of 
TRIM44 contains a ZF UBP domain, which inhibits MAVS 
ubiquitination and turnover hence positively regulate NF-κB 
and IFN activity [163]. Interestingly, TRIM38 acts as E3 
SUMO1 ligase for MDA5, RIG-I [164], cGAS, and STING 
[165]. This antagonizes their K48-linked polyubiquitination 
and degradation, hence positively regulates the cGAS- and 
RLR-mediated innate immune signalling [164]. Human 
Cytomegalovirus (HMCV) uses a unique molecular mim-
icry-based mechanism to evade immune surveillance [166]. 
HMCV encoded UL144 protein recruits host cellular pro-
tein TRIM23 to activate NF-κB pathway [167], however, 
TRIM23 does not affect NF-κB activation by dsRNA or 
TNF-α (168). Contrarily, another report shows that TRIM23 
mediated atypical K27-linked ubiquitination of NEMO is 
essential for TLR3- and RIG-I/MDA5-mediated antiviral 
innate and inflammatory response [168]. It is important to 
note that these TRIMs may act synergistically or antagonis-
tically to regulate the STING/MAVS-dependent innate and 
inflammatory signaling. Systemic screening of TRIMs and 
other ubiquitin ligases in specific patho-physiological condi-
tions is required for better understanding the role of these 
critical adaptors and inflammatory singnaling.

Conclusions and perspectives

The literature reviewed here till date suggests that differ-
ent TRIMs are recruited at distinct steps for regulation of 
TNF-α-induced NF-κB pathway to regulate it, however 
functional, and substrate redundancy is observed in the 
case of many TRIMs. It will be interesting to explore if 
the temporal recruitment of TRIMs at distinct steps of 
the NF-κB pathway can alter the transcriptional outcomes 
and overall inflammatory response. Moreover, TRIMs 
homo/heterodimerize and their interaction may dictate the 
functional outcomes. Additionally, their stimuli-specific 

expression may have important regulatory roles in regula-
tion of various cellular pathways including inflammation. 
Furthermore, TRIMs via their E3 ligase activity-dependent 
UPS-mediated degradation of target substrates but pro-
mote lysosome dependant degradation.

TNF-α-induced TRIM38 and TRIM13 can regulate 
NF-κB oscillations. The role of these TRIMs requires in-
depth studies to decipher the largely unknown aspects of 
temporally unique transcriptional outcomes achieved by 
the NF-κB pathway under different stimuli. The selectiv-
ity and coordination between TRIMs for the regulation of 
the TNF-α-induced NF-κB pathway remain elusive and 
further investigations may identify their role in optimiza-
tion of inflammatory response. Functional redundancy and 
antagonism have been observed for TRIM family proteins 
in regulation of innate immune pathways, however, the 
impact of this aspect on regulation of proinflammatory 
NF-κB pathway needs further investigation.

In addition to their dynamic localization, their trans-
location to specific cellular compartments also enhances 
the landscape of their functional outcomes. Mitochondria 
are emerging as an important signalling hub that controls 
inflammation [169–171]. Dynamic interaction of TRIMs 
(TRIM4 and TRIM32) and mitochondria has been reported 
[172, 173], however, whether these TRIMs can modulate 
inflammatory pathways associated with mitochondria 
remains elusive.

In conclusion, further studies in this direction will help 
decipher the mystery of higher eukaryotes having several 
layers of ubiquitin-mediated regulation of NF-κB pathway 
which may be a critical determinant of the activation or 
resolution of inflammation indifferent patho-physiological 
conditions.
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