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Abstract: Asthma represents a major global health concern, underscoring an imperative for further exploration into its pathogenesis to 
inform the development of more effective treatment strategies. As a key mechanism for intracellular protein degradation and regulation, the 
ubiquitin-proteasome system (UPS) plays a crucial but complex and multifaceted role in the pathological process of asthma. This study 
systematically reviews the functions and mechanisms of E3 ubiquitin ligases and deubiquitinases within the UPS in asthma. The study 
explores the impact of these mechanisms on the occurrence of inflammation and the alteration of airway hyperresponsiveness by regulating 
the synthesis and release of inflammatory factors, as well as the proliferation or differentiation of key inflammatory cells. A comprehensive 
understanding of the pathological mechanism of UPS in asthma will help to provide new theoretical basis and potential drug targets for the 
precision treatment, which holds great promise for the treatment of asthma in the future. 
Keywords: UPS, asthma, E3 ubiquitin ligase, deubiquitinases

Introduction
Asthma is a heterogeneous airway inflammation with no certain cause, unlike chronic obstructive pulmonary disease 
(COPD), for which smoking is the main cause.1 It is often driven by Th2 cell activation and associated cytokines, leading 
to eosinophil recruitment, mast cell activation, and excessive mucus production by airway epithelial cells.2 This chronic 
inflammation is associated with hyperresponsiveness of the respiratory tract, which usually results in generalized and 
variable limitation of reversible expiratory circulation, leading to repeated occurrences of wheezing, breathlessness, chest 
tightness, and coughing.3 According to the WHO, a significant proportion of asthma-related deaths occurs in low- and 
lower-middle-income countries, where the challenges of under-diagnosis and under-treatment persist.4 Bronchospasm is 
an important pathophysiological feature of asthma attacks, with histamine playing a pivotal mediating role in the process 
of bronchospasm caused by asthma.5 On the one hand, it causes bronchospasm or bronchial hyperreactivity through both 
direct and indirect effects, and on the other hand, it participates in the inflammatory response of asthma, which makes 
airway inflammation persist and aggravate, and consequently increases the frequency and severity of bronchospasm.5,6 In 
recent years, with the deepening of our understanding of the pathogenesis of asthma, targeted therapy and specific 
signaling pathway therapy have gradually become the new direction of clinical asthma treatment. For instance, 
omalizumab is suitable for allergic asthma patients with elevated serum IgE levels and clear allergens by antagonizing 
IgE.7 In addition to omalizumab, other asthma biologics, such as mepolizumab, reslizumab, and dupilumab have been 
employed to target specific inflammatory pathways in patients exhibiting a suboptimal response to conventional therapies 
such as inhaled glucocorticoids and long-acting β2-agonists.8,9 However, asthma biologics still face serious challenges in 
terms of cost, delivery methods, and variability in response. Furthermore, studies on the abnormally activated inflam-
matory pathways such as Janus Kinase-Signal Transducer and Activator of Transcription (JAK-STAT) and 
Phosphoinositide 3-Kinase (PI3K) in the pathogenesis of asthma have also become popular.10 Currently commonly 
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used treatments are palliative and do not address the root cause of asthma. Therefore, we want to explore the specific 
attack mechanism of asthma and carry out targeted therapy from the root to relieve asthma symptoms. To study the 
pathogenesis and development basis of asthma, scientists need to establish in vitro animal asthma models that can reflect 
the pathophysiology of human asthma, including IgE mediated antigen sensitivity, acute bronchoconstriction, increased 
airway resistance, chronic airway inflammation, etc.11 The current common approach is to induce mice using ovalbumin 
(OVA) or house dust mite (HDM).12 The scientific findings introduced in this paper are basically based on these two 
induction methods.

Ubiquitin-proteasome system (UPS) is a complex cascade reaction process in eukaryotic cells that ubiquitinates the 
corresponding protein, leading to its recognition and subsequent degradation by the proteasome.13 This highly specific 
process consumes cellular energy and serves as a crucial regulator of various biological processes implicated in the 
development of conditions like cardiovascular disease, cancer, and inflammation-related disorders.14 The UPS comprises 
key components including ubiquitin, E1 ubiquitin-activating enzymes, E2 ubiquitin-conjugating enzymes, ubiquitin- 
protein ligase E3, proteasomes, and deubiquitinating enzymes deubiquitinating enzymes (DUBs).15 Notably, extensive 
research has focused on elucidating the roles of E3 ubiquitin ligases and DUBs in the occurrence and development of 
those diseases. Therefore, this review will primarily emphasize the functions of E3 enzymes and DUBs.

Ubiquitination is a multistep post-translational modification governed by the ubiquitin ligases that successively 
activates, conjugates, and ligates 76-amino acid proteins ubiquitin onto substrate proteins.16 This adjustment alters 
important properties of the substrate protein, including its intracellular activity and localization, reaction with other 
proteins, and extensive half-life within the cell.17 Therefore, ubiquitination could regulate a large cohort of crucial 
cellular processes and a deficiency in the ubiquitin function has been shown in several diseases, such as inflammatory 
diseases, immune disorders, and susceptibility to infections.18 There are three types of ligases, E1, E2, and E3 enzymes. 
Of all the enzymes involved in ubiquitination, the E3 enzyme is the most abundant. E3 ubiquitin ligases fall into three 
families: Really Interesting New Gene (RING E3s), homologous to E6-AP C-terminus E3s (HECT E3s), and RING- 
between RING-RING E3s (RBR E3s) according to their structural characteristics and mechanism of action. After binding 
to the E2 Ub complex and substrate, RING E3s catalyzes the direct transfer of ubiquitin from E2 to the lysine residue of 
the substrate, while HECT and RBR E3 ligase catalyze the transfer of ubiquitin from E2 to cysteine, the active site of E3 
ligase, followed by the transfer of ubiquitin to the substrate protein.19 E3 ligase plays a vital role in the onset and 
progression of chronic human inflammation, including asthma, COPD, arteriosclerosis, and arthritis.20

Scientists have made extensive achievements in the research on the regulation of ubiquitination and its coupling and 
the transmission of downstream signals, but the research on deubiquitination has not made great progress until recent 
years. Deubiquitination is the removal of ubiquitin from modified substrates mediated by DUBs against ubiquitin 
couplings and ligase induced signals.21 Human genes encode almost 100 different DUBs that break down the ubiquitin 
chains and their signals while recycling ubiquitin for further coupling.22 This can be done by breaking the entire ubiquitin 
chain by cutting the bond between the near-end ubiquitin and the substrate, or by cutting a single ubiquitin at the far end 
of the chain.22 Dysregulation or dysfunction of DUBs is associated with many major human diseases, including chronic 
inflammation, cancer and neurological disorders, which is often caused by abnormal signals within cells.23 With the 
further elucidations of the mechanism of DUBs, its importance in clinical diagnosis and treatment has been gradually 
explored. In the future, DUBs may be used as new targets for the treatment of some major human diseases and improve 
prognosis. In this review, we will focus on the E3 ubiquitin ligases, deubiquitinases, and their roles in regulating asthma.

E3 Ligases and Their Mechanisms Involved in Asthma Pathology
E3 Ubiquitin Ligases Promote the Advancement and Course of Asthma
Only a limited subset of E3 enzymes, including autocrine motor factor receptor (AMFR), Midline 1 (MID1), Parkin, 
Chromobox 4 (Cbx4) and tripartite motif-containing 27 (TRIM27), positively contribute to the pathogenesis and 
progression of asthma as shown in Figure 1 and Table 1. These enzymes play a pivotal role in orchestrating widespread 
airway inflammation by regulating the production of inflammatory mediators and promoting the proliferation of immune 
cells. The mechanisms of these E3 ligases will be explained in more detail below in this section.
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AMFR
Alveolar macrophages (AMs), an important kind of airway immune cells, play crucial roles in lung homeostasis, immune 
response, and airway remodeling.31 In the mouse models of asthma induced by OVA and papain respectively, AMs can 
mediate the presentation of OVA-related allergic antigen and stimulate the proliferation and differentiation of Th2 cells 
through the production of Interleukin-1β (IL-1β), Transforming growth factor-β (TGF-β), Granulocyte macrophage- 
colony stimulating factor (GM-CSF) and other cellular inflammatory factors to regulate Th2 cell and eosinophilic 
inflammation in asthma.32 RNA sequencing of purified AMs in these two types of OVA- and papain-induced asthmatic 

Figure 1 E3 ubiquitin ligases promote asthma pathology. Autocrine motor factor receptor (AMFR) can promote Granulocyte macrophage-colony stimulating factor (GM- 
CSF) production by targeting Cytokine Inducible SH2-containing protein (CIS) and facilitating its ubiquitination degradation. E3 enzyme Midline 1 (MID1) can mediate the 
ubiquitinating degradation of Protein Phosphatase 2A (PP2A) to inhibit the secretion of inflammatory Cytokines Interleukin-25 (IL-25) and Interleukin-13 (IL-13). E3 enzyme 
Parkin has exerted its function in two pathways. One is mediating the ubiquitinating degradation of P53, the other is increasing the production of inflammatory substrate 
Nuclear Factor Kappa-light-chain-enhancer (NF-κB). CBX4 functions as an E3 enzyme but it increases the secretion of Interleukin-9 (IL-9) through the SUMOysation of 
Hypoxia-inducible factor alpha (HIF-α). All these reactions promote inflammation, which ultimately leads to an increase in the course and progression of asthma. 
Abbreviations: AMFR, Autocrine motor factor receptor; GM-CSF, Granulocyte macrophage-colony stimulating factor; CIS, Cytokine Inducible SH2-containing protein; 
MID1, Midline 1; PP2A, Protein Phosphatase 2A; IL-25, Interleukin-25; IL-13, Interleukin-13; NF-κB, Nuclear Factor Kappa-light-chain-enhancer; IL-9, Interleukin-9; HIF-α, 
Hypoxia-inducible factor alpha.

Table 1 E3 Ubiquitin Ligases promoting the progression of Asthma

E3 Ligase Promotion (+) 
Or 

Inhibition (−)

Targeted 
Molecules

Asthma 
Models

Effects in Asthma Reference

AMFR (+) CIS OVA-induced Promote Th2 and eosinophil reaction, IL-4, IL-13 secretion. [24]

Cbx4 (+) HIF HDM-induced Promote IL-9 secretion. [25]

MID1 (+) PP2A HDM-induced Promote allergic airway inflammation and epithelial barrier 

dysfunction.

[26]

Parkin (+) NF-κB, P53 HDM-induced Promote inflammatory response, lung damage. [27–29]

TRIM27 (+) NLRP3 OVA-induced Promote AHR and the pathological changes of lung tissue, 

increase airway inflammation and oxidative stress.

[30]

Abbreviations: AMFR, autocrine motor factor receptor; CIS, Cytokine Inducible SH2-containing protein; OVA, ovalbumin; Th2, T helper 2; IL-4, Interleukin-4; IL-13, 
Interleukin-13; Cbx4, Chromobox 4; HIF-1α, hypoxia-inducing factor-1α; HDM, house dust mite; IL-9, Interleukin-9; MID1, Midline 1; PP2A, Protein Phosphatase 2A; NF-κB, 
Nuclear Factor Kappa-light-chain-enhancer. TRIM27, tripartite motif-containing 27; NLRP3, NOD-like receptor protein.
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mouse models revealed that the E3 ubiquitin ligase AMFR was upregulated in both types of asthmatic mice.24 AMFR, an 
endoplasmic reticulum resident E3 ubiquitination enzyme, recognizes misfolded proteins for ubiquitination and subse-
quent proteasome degradation.33 AMFR can positively regulate the production of GM-CSF by targeting Cytokine 
Inducible SH2-containing protein (CIS) and facilitating its ubiquitination degradation in UPS.24 Thus, the overproduction 
of GM-CSF will drive the aggregation of eosinophils and the proliferation and differentiation of Th2 cells in asthma, 
intensifying the airway inflammation.24 These studies demonstrate a new mechanism of communication between AMs 
and Th2 cells and eosinophils in the context of OVA- and papain-induced asthma, and AMFR selective inhibitors may 
become novel pharmacological targets for future asthma treatment related to these allergen-induced asthma models.

Cbx4
Cbx4 is a member of the HP1 proteins, comprising 560 amino acids.34 In addition, Cbx4 is the sole enzymatically active 
member identified within the Cbx family so far. It possesses various distinctive domains and is involved in post- 
translational modification of substrates such as Homeodomain Interacting Protein Kinase 2 (HIPK2), septin interacting 
protein 1 (SIP1) and hypoxia-inducing factor-1α (HIF-1α) as a small ubiquitin-like modifier (SUMO) E3 ubiquitination 
enzyme.35 In a recent study, it was reported that Cbx4 can enhance the deactivation of HIF-1α through interacting with 
HIF-1α and promote transcription of Interleukin-9 (IL-9), ultimately promoting T helper 9 (Th9) cell differentiation, 
thereby promoting the progression of asthma.25 This study introduces a novel concept for the clinical management of 
asthma. Targeting Cbx4 and HIF-1α through SUMO E3 ubiquitin ligase activity inhibitors can effectively alleviate 
chronic lung inflammation caused by Th9 cell activation. In the context of house dust mite (HDM)-induced asthma, Cbx4 
can aggravate epithelial barrier dysfunction by mediating SUMOylation of β-catenin. Knockdown of Cbx4 in vivo in the 
HDM-induced asthma model promotes membrane localization of β-catenin and inhibits inflammatory Wnt/β-catenin 
signaling, improving airway epithelial barrier function, and thereby reducing HDM-induced allergic airway inflammation 
and asthma epithelial barrier dysfunction.36

Midline-1
Midline 1 (MID) is a microtubule binding E3 ubiquitin ligase that is known to be involved in organ development and 
diseases such as cancer and allergic inflammation.37,38 The occurrence and attack of asthma are often closely related to 
allergic airway inflammation caused by the activation of innate immune pathways by allergens. In the mouse models of 
acute asthma attack induced by HDM or rhinovirus infection, MID1 exhibited increased expression in mouse bronchial 
epithelium.26 MID1 was found to decrease the activity of protein phosphatase 2A (PP2A) by interacting with its catalytic 
subunit PP2Ac, thereby promoting the expression of airway hyperreactivity and inflammation-related factors such as 
Interleukin-25 (IL-25), Interleukin-33 (IL-33), and C-C Motif Chemokine Ligand 20 (CCL20), and the release of 
Interleukin-5 (IL-5) and Interleukin-13 (IL-13) in the HDM- and rhinovirus-induced asthma models. Further studies 
showed that the inhibition of MID1 on PP2A inflammatory signaling pathway was regulated by upstream TNF-related 
apoptosis-inducing ligand (TRAIL), and TRAIL promoted asthma by up-regulating MID1. This gives us a more 
complete understanding of how MID1 functions in asthma.2 In addition, it can promote the accumulation of eosinophils, 
T lymphocytes and dendritic cells, further promoting the development of HDM- and rhinovirus-induced asthma.26 

Specifically inhibiting MID1 or activating PP2A pharmacologically can limit the progression of allergic airway disease 
caused by rhinovirus or HDM.26 These findings identify the key role and certain action sites of MID1 in allergic airway 
inflammation such as HDM- and rhinovirus-induced asthma and establish a bridge between the development of asthma 
and the activation of immune pathways in the context of these allergen-induced asthma models.

Parkin
Parkin is a cytoplasmic E3 ubiquitination enzyme expressed in the airway epithelium.39 Parkin can ubiquitinate and 
activate the pro-inflammatory nuclear factor kappa-light-chain-enhancer (NF-κB) of activated B cells.40 Parkin also 
promotes lipopolysaccharide (LPS)-induced lung inflammation such as lung injury by inhibiting p53 and promoting the 
activation of NF-κB.41,42 Under high Interferon-γ (IFN-γ) environment, IFN-γ induced Parkin to promote the production 
of neutrophil chemokines (LIX and IL-8) and airway neutrophilic inflammation by decreasing the expression of Parkin 
inhibitor Thapp11.27 These studies predict an important role for Parkin as a proinflammatory factor in pulmonary 
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inflammation. In Kris genelyn Dimasuay’s study of the asthmatic airway, it was found that the mRNA levels of Parkin 
were significantly up-regulated in the HDM-induced asthmatic airway epithelium, which was positively correlated with 
mitochondrial DNA (mtDNA) release in bronchoalveolar lavage fluid (BALF).27 Earlier reports have demonstrated 
mitochondrial dysfunction in mouse models of allergic asthma28,29 The pro-inflammatory factor, IL-13, only induces 
mtDNA release in Parkin sufficient human tracheobronchial epithelial (HTBE) cells to aggravate mitochondrial damage 
but not in Parkin deficient conditions,27 while Kris genelyn Dimasuay’s study suggested that Parkin could mediate the 
exacerbation of airway inflammation as an E3 ubiquitin ligase induced by mtDNA release in asthmatic airway 
epithelium. However, the exact role of Parkin in mitochondrial dysfunction in asthma has not been fully elucidated.

TRIM27
The expression of tripartite motif-containing 27 (TRIM27) has been found to exacerbate airway hyperresponsiveness 
(AHR) and the pathological changes of lung tissue, as well as to significantly increase airway inflammation and oxidative 
stress in asthmatic mice.30 TRIM27 knockdown effectively alleviated OVA-induced airway hyperresponsiveness (AHR) 
and lung pathological changes.30 In addition, TRIM27 knockdown significantly reduced airway inflammation and 
oxidative stress in asthmatic mice, and in vitro analysis confirmed the favorable effects of TRIM27 deletion on 
inflammation and oxidative stress in mouse airway epithelial cells.30 Further studies found that the loss of TRIM27 
significantly reduced the activation of NOD-like receptor protein 3 (NLRP3) inflammasome, which provided ideas for 
exploring the pathological mechanism of TRIM27 promoting asthma.30

E3 Ubiquitin Ligases Inhibit the Development and Progression of Asthma
Most of the reported E3 enzymes can inhibit asthma pathogenesis rather than promote asthma progression shown in 
Figure 2 and Table 2, which may be due to the degradation of key substrates in the pathogenesis and progression of 
asthma by E3 enzyme-mediated ubiquitination. The mechanisms are discussed in more detail below.

FBXL19
The Skp1-Cullin-1-F-box protein (SCF) ligase complex is one of the largest families of E3 ubiquitin ligases,59 which is 
involved in the ubiquitination process. In this complex, the F-box contains two main domains for substrate recognition. 
The F-box motif binds to S-phase kinase-associated protein 1 (Skp1) to create the SCF ligase complex. Another 
substrate-binding motif recognizes and interacts with phosphorylated substrates.60 The F-box protein, F-Box And 
Leucine Rich Repeat Protein 19 (FBXL19), has been shown to share considerable sequence similarity to the SCF 
protein family.61

In a study using ovalbumin (OVA)-induced asthma mouse models, investigators first applied MG-132 proteasome or 
lysosomal inhibitors to mice lung epithelial cells MLE12. They found that only MG-132 could attenuate Suppression of 
Tumorigenicity 2 (ST2L) degradation, but not the lysosomal inhibitors. Moreover, ST2L was found to be polyubiqui-
tinated via co-IP assays.43 These results indicated that ST2L degradation in lung epithelial cell lines was mediated by the 
ubiquitin-proteasome machinery. When FBXL19 selectively mediated the ubiquitination and degradation of ST2L, the 
expression of pro-inflammatory factor IL-33 is also decreased, and IL-33-induced pulmonary inflammation was alle-
viated. Overexpression of FBXL19 eliminated the pro-inflammatory and pro-apoptotic effects of IL-33 and effectively 
alleviate the severity of lung injury in OVA-induced asthmatic mice.43 This study demonstrated that targeting the IL-33- 
ST2L axis via the E3 ubiquitin ligase FBXL19 was a potential strategy to alleviate OVA-induced asthma.

TRIM Family Proteins
TRIM proteins are one of the largest families of E3 ubiquitinating enzymes, which consists of more than 80 proteins. 
Tripartite motif-containing 21 (TRIM21, Ro52), as a member of the TRIM family, contains PRY and SPRY domains at 
the c-terminus.62 As a common E3 ubiquitin ligase, TRIM21 holds significance in pathogenesis and progression of 
inflammation,63,64 cancer,65,66 and autoimmunity.67

In the immune microenvironment, macrophages play crucial roles in asthma pathogenesis and development.68,69 In 
OVA-induced asthma mouse models and asthmatic patients, the number of alveolar macrophages is increased, and the 
level of alternative activation (M2) polarization of macrophages is also increased.70 Recent studies have found that 
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TRIM21 can interact with transient receptor potential cation channel, subfamily M, member 2 (TRPM2) protein, an 
encoded protein is activated by oxidative stress and stressed susceptibility to cell death.44,71 The interaction between 
TRIM21 and TRPM2 will promote the apoptosis of pro-inflammatory macrophages and inhibit the production of 
inflammatory cytokines such as Interleukin-1β (IL-1β), IL-4, IL-6, IL-10, TNF-α, and TGF-β, thus alleviating asthma 
symptoms.44 The specific mechanism is that TRIM21 relies on the key site TRPM2 K1218 to degrade TRPM2 via 
ubiquitination, thereby reducing intracellular calcium, Reactive oxygen species (ROS) levels and the production of 
inflammatory factors, thus promoting the apoptosis of macrophages. The long non-coding RNA lncTRPM2-AS blocks 
this ubiquitination process and exacerbates macrophage inflammation in OVA-induced asthma models.44

Recently, with the deepening of the research on TRIM family, more and more TRIM proteins have been found to play 
a significant role in the pathological mechanism of asthma. TRIM31 expression can alleviate the pathological changes of 

Figure 2 E3 ubiquitin ligases inhibit asthma pathology. The E3 enzyme F-box and leucine-rich repeat protein 19 (FBXL19) plays a pivotal role in orchestrating the 
ubiquitinating degradation of ST2L, thereby effectively suppressing Interleukin-8 (IL-8) secretion. Concurrently, Tripartite -motif protein 21 (TRIM21) acts as an essential 
mediator in the ubiquitinating degradation of Transient Receptor Potential Cation Channel Subfamily M Member 2 (TRPM2), leading to the inhibition of inflammatory 
cytokine secretion and macrophage production. Notably, E3 enzymes peroxisome proliferators-activated receptor γ (PPARγ), Casitas B lymphoma-b (Cbl-b), and Cullin-5 
(CUL5) collaborate to mediate the ubiquitinating degradation of Signal Transducer and Activator of Transcription 6 (STAT6). The activation of the PPARγ signaling pathway 
results in the downregulation of IgE secretion, while Cbl-b and CUL5contribute to the reduction of T helper 2 (Th2) cell differentiation. ITCH, another crucial E3 enzyme, 
exerts its influence by facilitating the ubiquitinating degradation of both STAT6 and GATA Binding Protein 3 (GATA3). This dual degradation process leads to a decrease in 
Interleukin-4 (IL-4) secretion and Th2 differentiation. Furthermore, the E3 enzyme Cullin 4b (CUL4B) intervenes in the ubiquitinating degradation of H2Ak19, effectively 
inhibiting Th2 cell differentiation. Additionally, F-box and WD repeat domain-containing 7 (FBW7), acting as an E3 enzyme, engages in the ubiquitinating degradation of 
GATA Binding Protein (GATA), thereby suppressing Th2 cell differentiation and eosinophil production. The regulatory protein, An E3 ubiquitin ligase gene related to anergy 
in lymphocytes (GRAIL) assumes a central role in mediating the ubiquitinating degradation of CUL5. This action promotes Interleukin-2 (IL-2) activation mediated by 
phosphorylated Janus kinase (pJAK1), ultimately enhancing Treg activation and, consequently, inhibiting inflammation. The E3 enzyme Suppressor of cytokine signaling 
(SOCS1) plays a crucial role in mediating the ubiquitinating degradation of Insulin Receptor Substrate 2 (IRS-2), leading to a reduction in phosphorylated IRS-2 levels and 
ultimately inhibiting M2 macrophage polarization. Moreover, the E3 enzyme PARK exerts inhibitory effects on the secretion of inflammatory cytokines Interleukin-1β (IL-1β) 
and Interleukin-13 (IL-13), mediated by House Dust Mite (HDM). This inhibition is achieved through the ubiquitinating degradation of NOD-like receptor thermal protein 
domain associated protein 3 (NLRP3). Collectively, these intricate molecular interactions culminate in the inhibition of inflammation, contributing to the attenuation of 
asthma’s course and progression. 
Abbreviations: FBXL19, F-box and leucine-rich repeat protein 19; IL-8, Interleukin-8; TRIM21, Tripartite -motif protein 21; TRPM2, Transient Receptor Potential Cation 
Channel Subfamily M Member 2; PPARγ, peroxisome proliferators-activated receptor γ; Cbl-b, Casitas B lymphoma-b; CUL5, Cullin-5; STAT6, Signal Transducer and 
Activator of Transcription 6; Th2, T helper 2; GATA3, GATA Binding Protein 3; IL-4, Interleukin-4; CUL4B, Cullin 4b; FBW7, F-box and WD repeat domain-containing 7; 
GATA, GATA Binding Protein; GRAIL, An E3 ubiquitin ligase gene related to anergy in lymphocyte; IL-2, Interleukin-2; pJAK1, phosphorylated Janus kinase; SOCS1, 
Suppressor of cytokine signaling; IRS-2, Insulin Receptor Substrate 2; IL-1β, Interleukin-1β; IL-13, Interleukin-13; HDM, House Dust Mite; NLRP3, NOD-like receptor 
thermal protein domain associated protein 3.
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OVA-induced asthma and reduce the infiltration of inflammatory cells.45 TRIM31 deficiency exacerbates NLRP3 
inflammasome activation in OVA-induced asthmatic mice and HDM-stimulated airway epithelial cells.45 In this exten-
sive TRIM family, distinct proteins play varied roles in the pathological mechanism of asthma. Further exploration of the 
TRIM family will facilitate a more comprehensive understanding of the pathological mechanism of asthma.

PPARγ
Peroxisome proliferator-activated receptor-γ (PPAR-γ), first identified in rodents 30 years ago, belonged to the recipient 
family of nuclear hormones, acting on fat metabolism, insulin sensitivity, and glucose stability.72 Recent studies indicate 
that PPARγ can function as an E3 ubiquitin ligase. In OVA-induced asthma models, PPARγ binds to the phosphorylated 
signal transducer and activator of transcription 6 (STAT6) and initiates its ubiquitination and degradation, thereby 
inhibiting the synthesis of serum IgE downstream.47 It is well known that most asthma cases are linked to IgE- 
mediated responses, and elevated serum IgE levels are one of the hallmarks of allergic asthma.73 PPARγ-induced 
downregulation of IgE would alleviate symptoms associated with allergic asthma. Additionally, a signaling pathway 
upstream of PPAR-γ was also explored in this study. The researchers found that serum IgE levels were significantly 
increased in E-prostanoid 4 (EP4) receptor deficient mice, and bioinformatics analysis showed that the inhibitory effect 

Table 2 E3 Ubiquitin Ligases suppressing the progression of Asthma

E3 Ligase Promotion (+) 
Or 

Inhibition (−)

Targeted 
Molecules

Asthma 
Models

Effects in Asthma Reference

FBXL19 (−) ST2L OVA-induced Inhibit IL-8 and inflammation reaction. [43]

TRIM21 (−) TRPM2 OVA-induced Promote macrophage apoptosis, inhibition of cytokine 

production.

[44]

TRIM31 (−) NLRP3 OVA- and 

HDM-induced

Reduce the infiltration of inflammatory cells, inhibit NLRP3 

inflammasome activation.

[45]

March1 (−) unknown HDM-induced Inhibits neutrophil inflammation. [46]

PPARγ (−) STAT6 OVA-induced Inhibit IgE. [47]

ITCH (−) GATA3 
STAT6

OVA-induced Inhibit IL-4 secretion, Th2 differentiation. [48]

Cbl-b (−) STAT6 OVA-induced Inhibit Th2 differentiation. [49]

CUL5 (−) pJAK1 OVA-induced Inhibit Th2 differentiation. [50]

CUL4B (−) H2A(K119) OVA-induced Inhibit Th cells differentiation. [51]

GRAIL (−) CUL5 – Promote IL-2R activation, Treg active. [52]

FBW7 (−) GATA HDM-induced Inhibit Th2 differentiation, eosinophils infiltrate into the 

lungs.

[53–55]

SOCS1 (−) IRS-2 OVA-induced Inhibit M2 polarization. [56]

RNF125 (−) HMGB1 OVA-induced Inhibit epithelial autophagy, oxidative stress. [57]

PARK2 (−) NLRP3 HDM-induced Inhibit inflammasome activation, IL-1β, IL-18 secretion, 
cellular epithelial dysfunction.

[58]

Abbreviations: FBXL19, F-box and leucine-rich repeat protein 19; ST2L, Suppression of Tumorigenicity 2; OVA, ovalbumin; IL-8, Interleukin-8; TRIM21, Tripartite -motif 
protein 21; TRPM2, Transient Receptor Potential Cation Channel Subfamily M Member 2; TRIM31, Tripartite -motif protein 31; NLRP3, NOD-like receptor protein 3; HDM, 
house dust mice; March1, membrane associated ring-CH-type finger 1; PPARγ, peroxisome proliferators-activated receptor γ; STAT6, Signal Transducer and Activator of 
Transcription 6; ITCH, ITCHy E3 ubiquitin protein ligase; GATA3, GATA Binding Protein 3; IL-4, Interleukin-4; Th2, T helper 2; Cbl-b, Casitas B lymphoma-b; CUL5, Cullin-5; 
pJAK1, phosphorylated Janus kinase 1; CUL4B, Cullin 4B; H2A, H2A clustered histone; GRAIL, also known as RNF128, ring finger protein 128; FBW7, F-box and WD repeat 
domain-containing 7; GATA, GATA Binding Protein; IL-2R, Interleukin 2 receptor subunit alpha; SOCS1, Suppressor of cytokine signaling; IRS-2, Insulin Receptor Substrate 2; 
RNF125, RING finger protein 125; HMGB1, high mobility group box 1 protein; PARK2, parkin RBR E3 ubiquitin protein ligase; IL-1β, Interleukin-1β; IL-18, Interleukin-18.
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of EP4 signaling on IgE was dependent on activation of the PI3K-AKT pathway.47 In conclusion, the EP4-PI3K-AKT- 
PPARγ-STAT6-IgE pathway significantly contributes to the induction and pathogenesis of OVA-induced allergic asthma.

ITCH
The E3 ubiquitin ligase ITCH was named based on the genetic analysis of mutant mice showing abnormal immune 
phenotypes and severe skin scratching.74 ITCH interacts with signal molecules like Jun protein, Smad2, Notch, and p73, 
contributing significantly to DNA damage response and cell cycle regulation.74 Mutation in the ITCH gene is a cause of 
syndromic multisystem autoimmune diseases.75 Allergic asthma is a complex inflammatory disease, which is a type II 
immune disease characterized by the increased number of TH2 cell-mediated inflammatory factors IL-4, IL-5, IL-13, and 
eosinophils.76

Itch−/− mice have increased Th2-type inflammation in the lungs and digestive tract.74 To explore the role of ITCH in Treg 
cells, researchers generated Treg-specific ITCH knockout mice and challenged them with OVA in an allergic asthma model. 
They found that ITCH abolished Treg-specific mice had more severe lung inflammation than control mice, with specific IgE 
and Th2 cytokines were significantly increased.48 With further study, ITCH-deficient Treg cells have Th2 properties and 
produce Interleukin-4 (IL-4) to guide the development of Th2 inflammatory responses.48 GATA binding protein 3 (GATA3) 
expression in Tregs is essential for the maintenance of Treg suppressive function and stability.77,78 However, the molecular 
pathway through which ITCH selectively inhibits GATA3-mediated Th2 response is crucial for controlling the progression of 
allergic asthma.48 In addition, ITCH has been shown to inhibit inflammatory signaling via the nucleotide binding oligomer-
ization domain containing 2 (NOD2) pathway through ubiquitination and degradation of inhibitor of apoptosis proteins (IAP), 
especially cIAP1.79 Furthermore, ITCH has been demonstrated to inhibit asthma, Crohn’s disease, sarcoidosis and other 
inflammatory diseases that are highly associated with the NOD2 signaling pathway.80,81

Cbl-b
Casitas B lineage lymphoma b (Cbl-b) is an E3 ubiquitin ligase containing multiple domains such as the protein tyrosine 
kinase binding (TKB) domain, RING-finger domain, and proline-rich domain.82 These domains are required for the Cbl- 
b protein to recruit ubiquitin-binding enzymes, recognize ubiquitin-coupled target proteins and degrade proteins. In 
addition, Cbl-b is involved in T cell differentiation, B cell antigen receptor signaling, and peripheral tolerance 
regulation.83,84 Cbl-b was known to affect immune/anergy switching points at multiple levels.85

In OVA-induced allergic asthma mouse models, compared to the normal mice, the Cbl-b−/− allergic asthma mice had 
more severe inflammatory cell infiltration in the blood vessels and around the bronchus and increased mucus secretion. In 
addition, respiratory resistance responses to methylamine choline (methch) aerosols showed that Cbl-b−/− mice remained 
highly responsive to methyl groups 24 hours after OVA attack, indicating that severe airway inflammation in Cbl-b−/− 

mice led to increased airway hyperreactivity (AHR), which is a classic sign of asthma.49 Cbl-b deficiency led to elevated 
IL-4, IL-5, IL-9, and IL-13 production by T cells in vitro and in the bronchoalveolar of mice in vivo. Higher levels of 
these cytokines in lavage compared to the WT group suggested that Cbl-b negatively regulates the differentiation of Th2 
and Th9 cells.49 Further investigation showed that Cbl-b could target STAT6 for ubiquitination degradation, thereby 
inhibiting Th2 reaction and IL-4-STAT6 signal transduction.49

CUL Family
Cullin-RING E3 ubiquitin ligases (CRLs), the largest family of E3 enzymes, are responsible for the post-translational 
modification of nearly 20% of intracellular proteins and controlling numerous important cellular physiological and 
biochemical functions.86 However, Cullin5 (CUL5) is a scaffold protein nucleating CRLs complex.87 Nedd8, a ubiquitin- 
like protein, covalently attaches to CUL5 to activate its E3 ubiquitin ligase activity.88 The Suppressor of cytokine 
signaling (SOCS) box domain in the SOCS protein allows it to act as a substrate receptor for the CRL5 complex, 
facilitating ubiquitination of the substrate.89 It was demonstrated in a previous study that a cytokine induced CIS, 
a member of the SOCS protein family, restricts Th2 and Th9 differentiation, as well as lung inflammation in OVA- 
induced experimental asthma.90 Mice with low CUL5 expression in T cells exhibit Th2 inflammation that will further 
worsen with age.50 CUL5-deficient T cells show a propensity for Th2 and Th9 differentiation and heightened STAT6 
inflammatory signaling.50 The specific mechanism is that CUL5 forms a complex with CIS and phospho-Jak1 to promote 
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the ubiquitination and degradation of phospho-Jak1. CUL5 deletion will inhibit this process and increase the intracellular 
levels of phospho-Jak1 and phospho-Stat6, thereby reducing the threshold of IL-4 receptor signaling.50 Thus, these 
CUL5-deficient CD4+T cells can differentiate from Treg to Th9 even under conditions of low levels of IL-4, thereby 
increasing susceptibility to OVA-induced allergic asthma.50 In addition, a recent study showed that in a mouse model, 
preexisting allergic insult induces CUL5 expression, impairs antiviral immunity and promotes neutrophil inflammation 
that exacerbates asthma.91

Like CUL5, Cullin 4B (CUL4B) is also a scaffold protein of its corresponding complex CRL4B, which plays an 
important role in various physiological, biochemical, and developmental degradations.92 Disruption of the CUL4B gene 
results in X-linked mental retardation in humans and severely inhibits a range of developmental processes such as cell 
proliferation, hematopoiesis, and neurogenesis in mice.93–96 In addition, CUL4B also plays a key role in Th cell 
differentiation.51 In OVA-induced mouse models of asthma, CUL4B-deficient mice have a more severe Th2 response 
than controls.51 CUL4B depletion enhances CD4+ T cell differentiation into Th1 and Th2 cells in vitro.51 In addition to 
classical transcription factors, several epigenetic factors have also emerged as key regulators in CD4+T cell 
differentiation.97,98 For example, IL-4 in Th1 cells and Ifng in Th2 cells are marked by the repressive mark trimethylated 
histone H3 at lysine 27 (H3K27me3).99 Polycom repression complex 2 (PRC2) plays a key role in catalyzing H3K27 in 
this process.100 Thus, when PRC2-mediated trimethylation of H3K27me3 is inhibited, CD4+T cells will enhance their 
differentiation into Th1 and Th2 cells.100 In addition, polycomb repression complex 1 (PRC1) recognizes H3K27me3 
established by PRC2 to enhance PRC2 action, and PRC1 catalyzes H2AK119ub1, which is essential for the efficient 
recruitment and activity of PRC2 on its target genes.101 CRL4B during this series of compounds by promoting H2AK119 
single ubiquitin (H2AK119ub1) and PRC2 mediated H3K27me3 three methylation, which inhibits their expression in the 
process of Th cell differentiation.51

GRAIL
Allergic asthma can develop due to defects in peripheral regulatory T cells (Tregs).102 In previous studies, the use of low- 
dose Interleukin-2 (IL-2) has been reported to successfully treat autoimmune diseases caused by Tregs.103,104 Researchers 
have isolated equal numbers of Tregs from patients with allergic asthma and patients with autoimmune diseases and 
compared their responses to low doses of IL-2 in vitro. The results showed that it is not a defect in Treg numbers that 
influences disease development but that Tregs in these patients lose their suppressive regulatory role in IL-2R 
desensitization.105 In this process, Tregs from healthy people can inhibit IL-2R desensitization and prolong the sustained 
expression of key factors (eg pSTAT5 and Deptor) of its downstream pathways, thereby maintaining Treg stability by 
promoting STAT5 transcription as well as mTOR inhibition.106–108 However, when activated by IL-2, CRL degradation 
of pJAK1 and Deptor associated with the IL-2Rβ chain occurs, and sustained expression of pSTAT5 and Deptor is 
suppressed, resulting in a loss of Treg stability.105

An E3 ubiquitin ligase gene related to anergy in lymphocytes (GRAIL) was abundantly expressed in healthy 
controls.52 GRAIL can ubiquitinate the lysine (K724) on CUL5 protein, which is required for CRL activation to degrade 
Deptor and pJAK1 by SUMOylating.52,108 Therefore, GRAIL can be used as a competitive inhibitor of this 
SUMOylating modification to block the activation of CUL5 CRLs complex, thereby preserving the protein activity 
and expression of pJAK1 and Deptor.50,87,109 At this point, the treatment idea for allergic asthma can be transformed 
from immunosuppression to self-tolerance recovery.

FBW7
Allergic asthma involves persistent eosinophilic airway inflammation due to Th2 cells released-cytokines like IL-4 and 
IL-5.110 Therefore, inhibiting the development of Th2 cells and the differentiation of CD4+ T cells into Th2 cells are 
beneficial measures to treat or relieve the symptoms of allergic asthma. However, the classical JAK/STAT6 signal 
transduction pathway is closely linked to T cell development, Th2 differentiation, and the regulation of Th1/Th2 
balance.111,112 The mechanism is that activated STAT6 initiates transcription in the downstream region of Th2-specific 
genes by up-regulating GATA3 to induce the functional differentiation of CD4+ T cells into Th2 cells.113 The E3 
ubiquitin ligase F-box and WD repeat domain-containing 7 (FBW7), part of the F-box protein family, plays a crucial role 
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in tumor development.114,115 In addition, FBW7 can regulate the ubiquitination of GATA3, thereby disrupting its 
structure, and conditionally inactivating FBW7 in the T cell lineage, which results in the reduction of thymic CD4 single- 
positive cells and splenic CD4+ and CD8+ T cells.53,54 Therefore, enhancing FBW7 function can effectively inhibit Th2 
cell development and prevent the development of allergic asthma. This conclusion has been demonstrated experimentally. 
Ken-Ichi Suehiro’s group found that SRY-Box Transcription Factor 12 (Sox12−/−) mice showed increased eosinophil 
infiltration into the lungs and exacerbated Th2 cell differentiation in response to HDM.55 Moreover, Sox12 enhanced 
FBW7-mediated ubiquitination of GATA3, a process demonstrated by the elimination of Sox12 repression of GATA3 
upon FBW7 knockdown.55

SOCS1
SOCS family proteins can act as inhibitory signals in a negative feedback loop in the JAK-STAT pathway.116 These 
proteins feature a central SH2 domain and a C-terminal SOCS box domain and interact with RING finger proteins, Culin 
proteins, and elongin B and C to exert E3 ubiquitinating enzyme activity.89,117–120 As one of the most potent signaling 
suppressors of the SOCS family, SOCS1 can regulate the polarization of the M2 phenotype.121 Numerous studies in 
asthmatic patients have shown that the presence of M2 macrophages in the lungs and airways correlates with the severity 
of pneumonia as well as poor lung function.121,122 Inhibiting the polarization of M2 macrophages will be the key to 
reducing allergic pulmonary inflammation. In macrophages, IL-4 activates insulin receptor substrate (IRS)-2 upon 
binding to its corresponding IL-4 receptor, thereby inducing differentiation of M2 macrophages.123–125 SOCS1 was 
found to be highly induced in human monocytes upon IL-4 receptor activation, and knockdown of SOCS1 by siRNA 
resulted in extended IRS-2 tyrosine phosphorylation and heightened M2 differentiation.56 In addition, healthy monocytes 
with higher SOCS1 content showed higher IRS-2 ubiquitination and lower M2 polarization than allergic monocytes upon 
IL-4 stimulation.56 In this process, SOCS1 shortens IRS-2 tyrosine phosphorylation by promoting ubiquitination of IRS- 
2, which in turn inhibits the transduction of downstream signals and ultimately inhibits M2 differentiation.56

RNF125
RING finger protein 125 (RNF125) is an E3 ubiquitin ligase in the RING domain family,126 interacting with the high 
mobility group (HMG) B-box domain of high mobility group box 1 protein (HMGB1) and degrade it through UPS 
system, thereby inhibiting autophagy and oxidative stress in airway epithelium and alleviating the progression of 
asthma.57 RNF125 expression was significantly decreased in asthmatic patients and mice, and further studies showed 
that RNF125 hypermethylation was the cause of RNF125 low expression in primary airway epithelial cells of OVA- 
treated mice.57 Therefore, demethylation therapy targeting RNF125 may be one of the methods for precision treatment of 
OVA-induced asthma in the future.

PARK2
As an E3 ubiquitin ligase, PARK2 is involved in various cellular processes through ubiquitination degradation, and 
research on PARK2 has mainly focused on Parkinson’s disease.127 Ge and his team used HDM to induce airway 
epithelial cells BEAS-2B to mimic allergic asthma in vitro58 and found that the expression of PARK2 is significantly 
down-regulated in HDM-induced asthma models, which can effectively alleviate asthma inflammation.58 The specific 
mechanism by which PARK2 exerts its effects is as follows: it promotes the ubiquitination of NLRP3 inflammasome, 
negatively regulates NLRP3 protein, suppresses NLRP3 inflammasome activation, and reduces the secretion and release 
of pro-inflammatory factors IL-1β and IL-18. This ultimately protects the airway epithelial cell barrier.58 PARK2 will 
eventually relieve the symptoms of HDM-induced allergic asthma.

Deubiquitinases and Their Mechanisms Involved in Asthma Pathology
The reported studies on the effects of deubiquitinases like Ubiquitin-specific protease (USP) family, A20, 
Cylindromatosis gene (CYLD), ovarian tumor domain protease domain-containing ubiquitin aldehyde-binding protein 
1 (OTUB1) and BRCA1/BRCA2-containing complex subunit 3 (BRCC3) on asthma pathology exhibit both pro- and 
anti-asthmatic properties, as depicted in Figure 3 and Table 3. The mechanisms of action of these deubiquitinases will be 
explained in more detail below.
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Ubiquitin Specific Protease Family
Ubiquitin-specific proteases (USPs) are the largest subfamily of deubiquitinating enzymes (DUBs) with 58 vertebrate 
members.141 USPs are cysteine proteases with three parts of the USP conservation region called the finger, thumb, and 
palm.142,143 To endow USPs with substrate specificity, not only the terminal extension, but also the ubiquitous associated 
domain (UBA), ubiquitous interacting motif (UIM) and zinc finger ubiquitous specific protease domain (ZnF-UBP) are 
included.142,144 USPs play a crucial role in cancer development by regulating the cell cycle and aiding in DNA damage 
repair.145,146 In addition to their roles in the regulation of cancer, USPs play important roles in some metabolic diseases 
such as obesity, diabetes, and atherosclerosis.147–149 Nowadays, the effects of USPs on asthma have also been studied 
increasingly. In this part of the review, we will summarize the role of USPs in asthma pathogenesis.

Figure 3 Deubiquitinases functioning in asthma pathology. The deubiquitinating enzyme Ubiquitin specific protease 10 (USP10) can inhibit the degradation of T-bet by removing 
the ubiquitin residues connected to T-bet, thereby promoting the proliferation and differentiation of T helper 1 (Th1) cells, and ultimately promoting the development of airway 
inflammation. Similarly, Ubiquitin specific protease 38 (USP38) promotes T helper 2 (Th2) cell proliferation and differentiation by inhibiting JunB ubiquitination and degradation. 
Ubiquitin specific protease (USP4) can promote the development of airway inflammation by promoting the proliferation of Th2 and T helper 17 (Th17) cells and inhibiting the 
proliferation of Treg cells. Ubiquitin specific protease 25 (USP25) inhibits airway inflammation by promoting BRCA1 Associated RING Domain 1 (BARD1), which in turn inhibits 
the secretion of inflammatory factors Interleukin-13 (IL-13), Tumor Necrosis Factor (TNF-α), Interleukin-4 (IL-4) and Interleukin-8 (IL-8). Ubiquitin specific protease 21 
(USP21) can inhibit the ubiquitination of GATA Binding Protein 3 (GATA3), thereby increasing the expression of GATA3, promoting the function of Treg, and ultimately inhibiting 
airway inflammation. A20, as a common deubiquitinating enzyme, can inhibit the expression of GATA3, thereby inhibiting the proliferation and differentiation of Th2 cells, and 
then inhibiting airway inflammation. Cylindromatosis (CYLD) can inhibit the ubiquitination and degradation of Nuclear Factor Kappa-light-chain-enhancer (NF-κB), thereby 
activating the NF-κB inflammatory pathway and promoting airway inflammation. OTU domain-containing ubiquitin aldehyde-binding protein 1 (OTUB1) promotes the 
formation of inflammasome by inhibiting the ubiquitination and degradation of Tumor necrosis factor Receptor-Associated Factors (TRAF3), which ultimately promotes 
airway inflammation. BRCA1/BRCA2-containing complex subunit 3 (BRCC3) inhibits the activation of NOD-like receptor thermal protein domain associated protein 3 
(NLRP3) inflammasome by reducing the ubiquitination level of NLRP3, thereby reducing airway inflammation in asthma. 
Abbreviations: USP10, Ubiquitin specific protease 10; Th1, T helper 1; USP38, Ubiquitin specific protease 38; Th2, T helper 2; USP4, Ubiquitin specific protease; Th17, 
T helper 17; USP25, Ubiquitin specific protease 25; BARD1, BRCA1 Associated RING Domain 1; IL-13, Interleukin-13; TNF-α, Tumor Necrosis Factor; IL-4, Interleukin-4; 
IL-8, Interleukin-8; USP21, Ubiquitin specific protease 21; GATA3, GATA Binding Protein 3; CYLD, Cylindromatosis; NF-κB, Nuclear Factor Kappa-light-chain-enhancer; 
OTUB1, OTU domain-containing ubiquitin aldehyde-binding protein 1; TRAF3, Tumor necrosis factor Receptor-Associated Factors; BRCC3, BRCA1/BRCA2-containing 
complex subunit 3; NLRP3, NOD-like receptor protein 3.
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USP10
T-box expressed in T cells (T-bet), a transcription factor, governs the development and differentiation of naive CD4+ 

T cells into Th1 cells.150 It can drive Th1 immune responses by promoting the expression of IFN-γ, a hallmark cytokine 
of Th1 cells.151 The endogenous co-immunoprecipitation assay demonstrated the interaction between the deubiquitinat-
ing enzyme USP10 and T-bet, while their co-localization in the nucleus were confirmed by immunofluorescence assay 
after transfection with HA-T-bet and Myc-USP10.128 Specifically, USP10 promotes the deubiquitination of T-bet via its 
enzymatic activity, thereby preventing its post-ubiquitination degradation and enhancing the stability.128 Lys-313 has 
been reported to be a key site for the interaction of T-bet with the IFN-γ gene promoter, and the expression of T-bet is 
controlled by the ubiquitin-proteasome degradation pathway at the Lys-313 site.128 This provides an idea for the 
exploration of the interaction site between USP10 and T-bet, but the specific mechanism remains unknown. In addition, 
the expression of USP10 and IFN-γ and the transcriptional level of T-bet are highly up-regulated in peripheral blood 
mononuclear cells (PBMCS) from asthma patients, suggesting that USP10 may maintain high levels of T-bet and IFN-γ, 
promote Th1 responses to combat Th2-dominated asthma.128 In this study, the provenance of the samples from asthma 
patients was not specified with regard to the particular allergen exposure situation. However, it is speculated that the 
samples may in fact represent a group of asthma patients induced by various allergens.

USP38
Th2 cells, by producing signature cytokines IL-4 and IL-5, play a pivotal role in allergic asthma pathogenesis.110,152 

USP38 can be induced by T-cell receptor (TCR) activation, and genome-wide association studies have indicated its 

Table 3 Deubiquitinases Functioning in Asthma

Deubiquitinases Promotion 
(+) 
Or 

Inhibition (−)

Targeted 
Molecules

Asthma 
Models

Effects in Asthma Reference

USP10 (+) T-bet – Promotes the development and differentiation of Th1 cells 
and drives Th1 immune response.

[128]

USP38 (+) JUNB OVA- and 
HDM-induced

Promotes IL-4 secretion and Th2 cell response. [129]

USP25 (−) BARD1 HDM-used Inhibits nuclear damage, inflammation in the body, and 

TNF-α, IL-4, IL-8, IL-13 production.

[130–132]

USP21 (+) FOXP3/ 

GATA3

– Inhibits the stability of Treg. [133–135]

USP17 (−) HDAC2 – Promote the production of glucocorticoid receptors and 

inhibit the activation of inflammatory genes.

[136]

A20 (−) GATA3/ 

NF-κB

OVA-and 

HDM-induced

Inhibits Th2 cell differentiation and the production of 

inflammatory cytokines.

[137]

CYLD (+) NF-κB OVA-induced Promotes the production of inflammatory factors. [138]

OTUB1 (+) TRAF3 – Promotes TGF-β-induced cellular inflammation and 
remodeling.

[139]

BRCC3 (+) NLRP3 OVA-and 
HDM-induced

Increase the expression levels of NLRP3 inflammasome, 
cleaved Caspase-1, cleaved Gasdermin, IL-1β and IL-18

[140]

Abbreviations: USP10, Ubiquitin specific protease 10; T-bet, T-box expressed in T cells; Th1, T helper 1; USP38, Ubiquitin specific protease 38; JUNB, JunB Proto- 
Oncogene; OVA, ovalbumin; HDM, house dust mite; IL-4, Interleukin-4; Th2, T helper 2; USP25, Ubiquitin specific protease 25; BARD1, BRCA1 Associated RING Domain 
1; TNF-α, Tumor Necrosis Factor; IL-8, Interleukin-8; IL-13, Interleukin-13; USP21, Ubiquitin specific protease 21; FOXP3, Forkhead Box P3; GATA3, GATA Binding Protein 
3; USP17, Ubiquitin specific protease 17; HDAC2, histone deacetylase 2; NF-κB, Nuclear Factor Kappa-light-chain-enhancer; CYLD, Cylindromatosis; OTUB1, OTU domain- 
containing ubiquitin aldehyde-binding protein 1; TRAF3, Tumor necrosis factor Receptor-Associated Factors; TGF-β, Transforming growth factor-β; BRCC3, BRCA1/BRCA2- 
containing complex subunit 3; NLRP3, NOD-like receptor thermal protein domain associated protein 3; IL-1β, Interleukin-β; IL-18, Interleukin-18.
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presence at chromosomal loci associated with human asthma.153 In USP38-deficient allergic asthma models induced by 
OVA and aluminum, the total number of cells, eosinophils, and lymphocytes in BALF were significantly decreased, as 
well as the percentage and absolute count of Th2 cells in mediastinal lymph nodes detected by flow cytometry.129 In 
addition, depletion of USP38 in HDM-induced allergic asthma has similar results to OVA-induced allergic asthma,129 

suggesting that USP38 is an essential regulator of allergic asthma. Mechanistically, USP38 interacts with JunB Proto- 
Oncogene (JunB) to maintain the stability of JunB by removing polyubiquitination of JunB.129 JunB is a TCR-activated 
transcription factor that plays a specific role in Th2 development by promoting IL-4 transcription.154 However, some E3 
ubiquitin ligases such as ITCH participate in JunB ubiquitination and degradation, thereby disrupting JunB function in 
inflammatory diseases.155,156 USP38 deubiquitinates Lys-48-linked JunB polyubiquitylation, thereby blocking TCR- 
induced JunB turnover.129 USP38 deubiquitinase is a specific site that mediates Th2 immunity and related asthma, 
which provides a target for the precise diagnosis and treatment of asthma in the future.

In these two models, the researchers induced asthma with specific allergens (OVA or HDM) to simulate the 
pathogenesis of allergic asthma and systematically detected the changes in related cytokines, cell numbers, and 
transcription factors to explore the role of USP38.

USP4
As a deubiquitinase, USP4 functions as a key regulator in various cellular pathways. USP4 can inhibit the tumor 
suppressor effect of p53, thus acting as a potential oncogene.157 In addition to its role in cancer development, USP4 also 
plays an important role in autoimmune diseases, and the USP4 inhibitor Vialinin A is an important anti-inflammatory 
compound.158,159 In vitro, USP4 can act as a key regulator of Treg and Th17 cells, which play important roles in the 
pathogenesis of chronic asthma.157,160–163 In an OVA-induced mouse model of asthma, USP4 null mice have lower 
airway hyperresponsiveness and airway inflammation in the lung, as well as reduced production of Th2 and Th17-related 
cytokines and increased percentage of Forkhead Box P3 (Foxp3+) Treg cells compared with controls.164 Since FoxP3- 
driven gene expression patterns can largely determine Treg regulatory function,165 USP4 can lead to impaired Treg cell 
suppressive function by down-regulating Foxp3, thereby promoting further inflammation development. However, the 
USP4 inhibitor Vialinin A can decrease the inflammatory cell infiltration in the lungs of OVA-induced mice.164 

Therefore, USP4 may be a distinct inhibitory target for the treatment of asthma and other chronic airway diseases.
In these studies, the OVA-induced asthma model was used to systematically observe the effects of USP4 knockout or 

inhibition on asthma-related inflammatory indicators, cytokines, and immune cells, thereby revealing its role and 
potential therapeutic value in the pathogenesis of asthma.

USP25
In allergic asthma patients, many genotoxic reactive oxygen species and reactive nitrogen species are produced in 
immune cells in response to allergen exposure such as HDM.166 These RONS can damage biological macromolecules 
such as nucleic acids and proteins, thus further aggravating the deterioration of asthma patients.167 Among them, DNA 
double-strand breaks are one of the most cytotoxic forms, which can lead to genomic instability and even cell death.168 It 
has recently been shown that USP25 can promote the stability of DNA repair-related proteins in lung epithelial cells of 
patients with lung lesions due to frequent smoking.130 In an in vitro allergic asthma model of HDM-induced BEAS-2B 
cells, USP25 inhibited HDM-induced DNA damage and reduced the production of pro-inflammatory cytokines TNF-α, 
IL-4, IL-8, and IL-13, while knockdown of USP25 had the opposite effect. USP25 can inhibit HDM-induced DNA 
damage and inflammation in vivo by enhancing BARD1 protein expression.131 BARD1 is one of the key proteins in the 
process of homologous recombination to repair DNA damage, and its loss will lead to genomic instability.132

The studies above focused on the HDM-induced asthma model. Both in vitro cell experiments and in vivo animal 
experiments were carried out in the context of HDM, a specific allergen, to thoroughly investigate the role of USP25 in 
mitigating HDM-induced asthma-related damage (such as DNA damage and inflammatory response) and its relationship 
with DNA repair-related proteins.
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USP21
Treg cells play an important role in asthma disease, and their deficiency will lead to allergic inflammation in mice, which 
in turn will trigger the pathological features of asthma.169 As the severity of asthma increases, the proportion of Treg 
cells in patients decreases significantly.170 The E3 deubiquitinase USP21 can increase the stability of GATA3 and up- 
regulate its expression in Treg cells by removing its polyubiquitination.133,134 In another regulatory mechanism, USP21 
and the serine/threonine kinase PIM2, which can phosphorylate FOXP3 and thereby activate FOXP3 function, are 
increased in Treg cells from asthmatic patients.135,171 GATA3 is a key transcription factor that co-works with FOXP3 to 
attenuate the immune effects of Treg cells, so USP21 suppresses the limiting effect of Treg cells on Th2-type 
inflammatory responses in asthma by stabilizing them.172,173

The present section of the study is mainly based on clinical observations of asthma patients and related cell 
mechanism studies. Although the specific allergen-induced situation was not explicitly delineated, it elaborated on the 
role of USP21 in regulating Treg cell function and asthma inflammatory response within the overall context of asthma, 
providing an important basis for understanding the immune imbalance in asthma.

USP17
Smoking is one of the most common causes of asthma. Studies on smoking-induced asthma have found that oxidative 
stress caused by cigarette smoking leads to inactivation of histone deacetylase 2 (HDAC2).174,175 HDAC2 can inhibit the 
activation of inflammatory genes by acetylating glucocorticoid receptors, and it plays a crucial role in regulating 
inflammatory genes and mediating the anti-inflammatory effects of glucocorticoids in a variety of chronic inflammation 
such as asthma.176,177 In addition to interacting with HDAC2 in co-immunoprecipitation assays, USP17 can remove the 
K48 and K63 linked ubiquitin chains covalently bound to HDAC2, suggesting that USP17 can stabilize HDAC2 by 
deubiquitination and inhibit its degradation.136 USP17 is significantly reduced in airway epithelial cells exposed to 
cigarette smoke extract compared with healthy airway epithelium, leading to HDAC2 hyper ubiquitination and degrada-
tion, which can be reversed by overexpression of USP17.136 Therefore, USP17 can be used as a target for precision 
treatment in asthma and provides a new direction for the treatment of glucocorticoid resistance.

This study focused on smoking as an inducer of asthma. By analyzing the effects of cigarette smoke on USP17 and 
HDAC2 in airway epithelial cells, it revealed the potential role and therapeutic significance of USP17 in the pathogenesis 
of smoking-induced asthma, thus providing a new idea for asthma treatment.

A20
A20, as a common deubiquitinase, plays a crucial role in the regulation of human inflammatory pathways mainly via 
down-regulation of the NF-κB inflammatory pathway.178,179 Its role in asthma has also been explored in recent years. 
Mice lacking A20 expression have more severe allergic airway inflammation, mucus production, and higher airway 
responsiveness and Th2 cytokine expression than control mice under the conditions of HDM-induced allergic asthma.180 

The expression of GATA3 factor, which induces Th2 cell differentiation, is significantly increased in CD4+ T cells with 
A20 deletion, indicating that A20 can control the occurrence and progression of asthma by stabilizing the expression 
level of GATA3 and preventing excessive Th2 differentiation.180

Treatment of allergic airway inflammation by A20 has also been reported. Nam-In Kang and colleagues used an 
adenovirus containing A20 cDNA (Ad-A20) to treat allergic airway inflammation induced by OVA in mice.137 It was 
found that Ad-A20 could attenuate airway inflammatory cell recruitment and peribronchiolar validation by inhibiting NF- 
κB signaling and the production of various inflammatory cytokines in the bronchoalveolar.137 There are no human studies 
of A20 yet, but we still believe that A20 has great potential for the treatment of human chronic inflammation such as 
asthma.

In this part of the study, the HDM-induced asthma model was used to study the effect of A20 deletion on the 
pathological features of asthma. Concurrently, the OVA-induced asthma model was employed to explore the effect of 
A20 gene therapy, revealing the potential value of A20 in the pathogenesis and treatment of asthma from different 
perspectives.
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CYLD
The Cylindromatosis gene (CYLD) encodes a common deubiquitinase that can affect the activity of the inflammatory 
factor NF-κB by removing ubiquitin residues.181,182 In addition to the suppression of thymic and peripheral CD4 - and 
CD8-positive T cell development in CYLD knockout mice, CYLD also plays an important role in tumorigenesis.183–185 

The experimenter bred a transgenic mouse that can overexpress the naturally occurring short isoform (sCYLD).138 In an 
OVA-induced model of allergic asthma, these mutant mice have more eosinophils and lung mucus production than wild- 
type mice.138 Further studies found that sCYLD could promote the overexpression of T cell-derived IL-9 allergic pro- 
factor.138 Therefore, the sCYLD mutation can be reversed by inhibiting the IL-9 factor, which provides a new idea for the 
treatment of asthma by targeting the IL-9 factor.

OTUB1
OTU domain-containing ubiquitin aldehyde-binding protein 1 (OTUB1) is a common deubiquitinase that plays a crucial 
role in various physiological processes, including cell metabolism, proliferation, and differentiation.186 OTUB1 has been 
reported to play a key role in the development of numerous lung diseases, and OTUB1 can promote the progression of non- 
small cell lung cancer and pulmonary fibrosis.187,188 In addition to this, OTUB1 has been proposed as a potential biomarker 
for chronic fibrotic idiopathic interstitial pneumonia.189 Recently, OTUB1 has also been reported to play an important role 
in the progression of asthma.139 The expression of OTUB1 was increased in asthmatic bronchial mucosa and in TGF- 
β1-induced BEAS-2B cells. Inhibition of OTUB1 expression reduces TGF-β1-induced airway inflammation and 
remodeling.139 This suggests that OTUB1 may have a progressive role in the progression of asthma. Mechanistically, 
OTUB1 enhances the stability of tumor necrosis factor receptor-associated factor 3 (TRAF3) by removing its ubiquitination, 
thereby promoting the activation of NLRP3 inflammasome.139 NLRP3 inflammasome activation then promotes chronic 
inflammation in the allergic airway of bronchial asthma, Th2 differentiation as well as allergic airway inflammation.190,191

The preceding researches were mainly based on samples of bronchial mucosa from asthma patients and an in vitro 
cell model (TGF-β1-induced BEAS-2B cells), which revealed the role and mechanism of OTUB1 in the process of 
asthma airway inflammation and remodeling, thus providing a new perspective for understanding the progression of 
asthma.

BRCC3
BRCA1/BRCA2-containing complex subunit 3 (BRCC3) is a subunit of BRCC3-containing isopeptidase complex that 
possesses deubiquitinating enzyme activity.192 The expression of BRCC3 has been shown to be elevated in OVA-induced 
asthma in murine models. In comparison with wild type (WT) mice, BRCC3 knockout (KO) mice exhibited a marked 
improvement following OVA stimulation, as demonstrated by reduced inflammatory cell infiltration and decreased levels 
of inflammatory cytokines.140 Furthermore, the NLRP3 inflammasome is found to be highly activated in asthmatic mice, 
and that BRCC3 knockout resulted in decreased expression of the NLRP3 inflammasome, ASC, cleaved Caspase-1, 
cleaved Gasdermin D (GSDMD), IL-1β and IL-18. In vitro studies have showed that BRCC3 levels in airway epithelial 
cells are increased under the stimulation of HDM.140 Further investigation revealed that silencing BRCC3 could increase 
the ubiquitination level of NLRP3, while overexpression of BRCC3 could reduce its ubiquitination level.140 

Consequently, the study suggests that BRCC3 could be a viable target for asthma treatment by inhibiting the activation 
of the NLRP3 inflammasome, thereby alleviating airway inflammation in asthma.

Future Directions and Clinical Implications
The UPS system, as a specific biomarker, has been widely used in disease diagnosis, disease detection and prognosis 
evaluation. E3 ligase Trim35, a highly effective and active biomarker, has been shown to predict the prognosis of non- 
small cell lung cancer (NSCLC) treated with targeted therapy and immunotherapy.193 In addition, E3 ligases have shown 
superiority in the early monitoring of pancreatic cancer, Alzheimer’s disease, esophageal cancer and other diseases.194– 

196 Further study of the UPS system is expected to reveal biomarkers indicative of the activity of UPS-related enzymes, 
the levels of substrates or products, as well as inflammatory factors or immune cell-related molecules regulated by UPS. 
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The monitoring of these biomarkers enables physicians to make more accurate diagnoses of asthma patients, to make 
timely adjustments to the treatment plans, and to enhance treatment outcomes.

The study of UPS-related enzymes in asthma is of significant clinical importance. Proteasome inhibitors have been 
proved to be effective new drugs for the treatment of multiple myeloma and mantle cell lymphoma.197–199 In addition, 
many proteasome targeted therapies are in clinical trials.200 Proteasome inhibitors such as bortezomib, carfilzomib and 
ixazomib have been approved by the US Food and Drug Administration (FDA) since 2003.200–202 By regulating the UPS, 
it may be possible to intervene in the inflammatory response and immune imbalance that characterize asthma. For 
example, the development of specific inhibitors against the E3 enzyme that promotes asthma could become a new 
therapeutic strategy. Furthermore, the enhancement of the activity or function of enzymes that inhibit asthma, such as 
GRAIL and USP21, may also contribute to the alleviation of asthma symptoms. In addition, UPS-based treatment 
strategies may offer enhanced personalization potential, given the potential for varied abnormal regulation of UPS among 
different patients. In the future, personalized UPS targeted therapy can be developed according to the gene expression 
profile or proteomic characteristics of patients to improve the effectiveness of treatment.

Despite the advancement in research, there are still significant research gaps in the study of the relationship between 
UPS and asthma. Firstly, further in-depth studies on the mechanism of UPS in different asthma subtypes are required, 
given the heterogeneity of asthma and the potential involvement of different molecular pathways in different subtypes. 
Secondly, further exploration into the interaction network between the UPS and other signaling pathways is necessary to 
achieve a comprehensive understanding of the pathogenesis of asthma. In addition, the development of more potent 
modulators or inhibitors of UPS-related enzymes and the conduct of preclinical and clinical trials are important directions 
for future research. Concurrently, the exploration of the potential of UPS to regulate immune cell function, particularly in 
the context of T cell subset balance and macrophage polarization, holds promise for novel therapeutic interventions for 
asthma. Finally, the search for novel biomarkers for early diagnosis, disease monitoring, and treatment response 
assessment is also one of the key areas for future research.

Conclusion
Post-translational modification represents a pivotal regulatory mechanism for gene expression, with ubiquitination being 
a critical component of this process. The E3 ubiquitin ligase is a pivotal component of this process, impacting the 
function and physiological state of substrate proteins. A comprehensive review of recent studies on E3 ubiquitinases and 
deubiquitinases in the context of chronic lung inflammation and asthma has been undertaken. It is well established that 
Th2 cell inflammation is a key feature of allergic asthma, and the majority of related enzymes affect its pathogenesis by 
regulating Th2 cell differentiation. For instance, AMFR promotes Th2 cell proliferation/differentiation, while ITCH 
inhibits asthma by reducing Th2 cytokine production. USP38 has been identified as a promoter of asthma pathogenesis, 
and immune imbalance (Treg function) has also been found to be a contributing factor. USP21, on the other hand, has 
been shown to inhibit Treg function. There has been an increase in the number of clinical reports on ubiquitination in the 
treatment of asthma. The nano-vaccine with A20 and OVA in PLGA can inhibit Th2 response and promote Treg 
production. However, the mechanisms underlying certain E3 enzymes, such as March1, remain to be fully elucidated. In 
OVA-induced asthma models, March1 shows complex effects on lung inflammation. Asthma, a global health concern, 
necessitates prolonged treatment regimens.

In the studies discussed in this review, the vast majority of mouse asthma models were generated with OVA or HDM. 
Among them, AMFR, TRIM27, FBXL19, TRIM21, PPARγ, ITCH, Cbl-b, CUL5, CUL4B, RNF 125, USP 4, and CYLD 
have been demonstrated to be implicated in OVA-induced models, while Cbx4, MID1, FBW7, PARK2, USP 25 have been 
implicated in HDM-induced models. Notably, both OVA and HDM have been used in the investigation of the mechanisms 
underlying TRIM31, USP 38, A20 and BRCC3. OVA-and HDM-induced mouse asthma models exhibit notable parallels in 
terms of inflammatory cell infiltration, cytokine expression, airway hyperresponsiveness, and airway remodeling. The two 
models primarily elicit Th2-type immune responses, with Th2 cells being activated in both, leading to increased secretion of 
Th2-type cytokines, such as IL-4, IL-5, and IL-13. In addition, both result in the infiltration of inflammatory cells in the 
airways and lungs. A significant accumulation of eosinophils in the surrounding tissues of the airway has been observed, 
resulting in the secretion of inflammatory mediators, damage to airway epithelial cells, and impairment of the airway 
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epithelial barrier function.203 In the two models, eosinophils predominate in the inflammatory cell infiltration observed in the 
OVA-induced model, although eosinophil infiltration is also evident in the HDM model, albeit with a more complex 
inflammatory cell infiltration pattern. By contrast, neutrophils infiltration may be more pronounced in HDM-induced asthma 
model, especially in the case of acute exacerbations of asthma or in conjunction with bacterial infection. Additionally, HDM 
may also lead to increased activation and infiltration of other inflammatory cells such as mast cells.203 Therefore, OVA-and 
HDM-induced mouse asthma models share similarities in several aspects, which reflect the basic pathological features of 
asthma and provide an important experimental model basis for studying the pathogenesis and treatment of asthma. 
Nevertheless, there are also some discrepancies, and it is necessary to select the most appropriate model according to the 
research objective and specific research problem. The potential for combining these two asthma models, as has been achieved 
by TRIM31, USP38, A20 and BRCC3, holds great promise in offering more scientific and comprehensive conclusions.

A plethora of studies have been conducted that utilize murine models to elucidate the mechanisms of the unfolded 
protein response (UPS) in asthma. However, it is imperative to acknowledge the inherent differences between murine 
models and human asthma. In mouse models, specific genetic manipulations or pharmacological interventions may 
produce distinct phenotypic changes, but the translation of these results into human asthma requires careful considera-
tion. For instance, the relevance of altered expression and function of certain E3 enzymes or deubiquitinating enzymes in 
mouse models of asthma to human asthma has not been fully defined. In the future, more clinical studies are needed to 
directly detect the expression and activity of UPS-related components in asthmatic patients and analyze their relationship 
with clinical indicators such as disease severity and treatment response, to better translate findings in mouse models into 
understanding and treatment strategies for human asthma. Furthermore, histamine and bronchospasm are closely related 
in the pathogenesis of asthma. A study has shown that TRIM26 may affect aspirin-induced bronchospasm, and this gene 
can be used as a candidate gene for the diagnosis of Aspirin-exacerbated respiratory disease.204 However, their 
association with the UPS system remains unclear and needs to be explored.

Data Sharing Statement
The data supporting this review are from previously reported studies and datasets, which have been cited. The processed 
data are available from the corresponding author upon request.

Acknowledgments
This work was supported by grants from the National Natural Science Foundation of China (32170793, 31960147 and 
82070080), Jiangxi Provincial Natural Science Foundation (20212BAB206086 and 20224ACB216013).

Author Contributions
Shuzhou Deng drafted the manuscript and prepared figures and tables. Le Ding and Yisong Qian edited and revised the 
manuscript. Xuan Huang conceived and revised the manuscript for final submission. All authors made a significant 
contribution to the work reported, whether that is in the conception, study design, execution, acquisition of data, analysis 
and interpretation, or in all these areas; took part in drafting, revising or critically reviewing the article; gave final 
approval of the version to be published; have agreed on the journal to which the article has been submitted; and agree to 
be accountable for all aspects of the work.

Disclosure
The authors do not have any competing interests in this work.

References
1. Vij N, Chandramani-Shivalingappa P, Van Westphal C, Hole R, Bodas M. Cigarette smoke-induced autophagy impairment accelerates lung aging, 

COPD-emphysema exacerbations and pathogenesis. Am J Physiol Cell Physiol. 2018;314(1):C73–c87. doi:10.1152/ajpcell.00110.2016
2. Collison A, Li J, Pereira de Siqueira A, et al. Tumor necrosis factor-related apoptosis-inducing ligand regulates hallmark features of airways 

remodeling in allergic airways disease. Am J Respir Cell Mol Biol. 2014;51(1):86–93. doi:10.1165/rcmb.2013-0490OC
3. Macleod KA, Horsley AR, Bell NJ, Greening AP, Innes JA, Cunningham S. Ventilation heterogeneity in children with well controlled asthma with 

normal spirometry indicates residual airways disease. Thorax. 2009;64(1):33–37. doi:10.1136/thx.2007.095018

Journal of Asthma and Allergy 2025:18                                                                                            https://doi.org/10.2147/JAA.S490039                                                                                                                                                                                                                                                                                                                                                                                                    323

Deng et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://doi.org/10.1152/ajpcell.00110.2016
https://doi.org/10.1165/rcmb.2013-0490OC
https://doi.org/10.1136/thx.2007.095018


4. Huang K, Yang T, Xu J, et al. Prevalence, risk factors, and management of asthma in China: a national cross-sectional study. Lancet. 2019;394 
(10196):407–418. doi:10.1016/S0140-6736(19)31147-X

5. Justiz Vaillant AA, Vashisht R, Zito PM. Immediate hypersensitivity reactions (Archived). In: StatPearls. Treasure Island (FL): StatPearls 
Publishing LLC.; 2025.

6. Valverde-Molina J, Sánchez-Solís M, Pastor-Vivero MD, García-Marcos L. [Association between chronic colonization or infection with 
Pseudomonas aeruginosa and bronchial hyperreactivity in patients with cystic fibrosis]. Arch Bronconeumol. 2008;44(4):180–184. 
doi:10.1157/13119536

7. Akenroye AT, Segal JB, Zhou G, et al. Comparative effectiveness of omalizumab, mepolizumab, and dupilumab in asthma: a target trial 
emulation. J Allergy Clin Immunol. 2023;151(5):1269–1276. doi:10.1016/j.jaci.2023.01.020

8. Nopsopon T, Lassiter G, Chen ML, et al. Comparative efficacy of tezepelumab to mepolizumab, benralizumab, and dupilumab in eosinophilic 
asthma: a Bayesian network meta-analysis. J Allergy Clin Immunol. 2023;151(3):747–755. doi:10.1016/j.jaci.2022.11.021

9. Agache I, Beltran J, Akdis C, et al. Efficacy and safety of treatment with biologicals (benralizumab, dupilumab, mepolizumab, omalizumab and 
reslizumab) for severe eosinophilic asthma. A systematic review for the EAACI Guidelines - recommendations on the use of biologicals in 
severe asthma. Allergy. 2020;75(5):1023–1042. doi:10.1111/all.14221

10. Almeida-Oliveira AR, Aquino-Junior J, Abbasi A, et al. Effects of aerobic exercise on molecular aspects of asthma: involvement of 
SOCS-JAK-STAT. Exerc Immunol Rev. 2019;25:50–62.

11. Braun A. Animal models of asthma. Curr Drug Targets. 2008;9(6):436–437. doi:10.2174/138945008784533516
12. Costa-Pinto FA, Basso AS, De Sá-rocha LC, Britto LR, Russo M, Palermo-Neto J. Neural correlates of IgE-mediated allergy. Ann N Y Acad Sci. 

2006;1088:116–131. doi:10.1196/annals.1366.028
13. Mata-Cantero L, Lobato-Gil S, Aillet F, Lang V, Rodriguez MS. The Ubiquitin-Proteasome System (UPS) as a cancer drug target: emerging 

mechanisms and therapeutics. In: Wondrak GT, editor. Stress Response Pathways in Cancer: From Molecular Targets to Novel Therapeutics. 
Dordrecht: Springer Netherlands; 2015:225–264.

14. Bard JAM, Goodall EA, Greene ER, Jonsson E, Dong KC, Martin A. Structure and Function of the 26S Proteasome. Annu Rev Biochem. 
2018;87:697–724. doi:10.1146/annurev-biochem-062917-011931

15. Pickart CM. Mechanisms underlying ubiquitination. Annu Rev Biochem. 2001;70:503–533. doi:10.1146/annurev.biochem.70.1.503
16. Hershko A, Ciechanover A. The ubiquitin system. Annu Rev Biochem. 1998;67:425–479. doi:10.1146/annurev.biochem.67.1.425
17. Popovic D, Vucic D, Dikic I. Ubiquitination in disease pathogenesis and treatment. Nat Med. 2014;20(11):1242–1253. doi:10.1038/nm.3739
18. Song L, Luo ZQ. Post-translational regulation of ubiquitin signaling. J Cell Biol. 2019;218(6):1776–1786. doi:10.1083/jcb.201902074
19. de Bie P, Ciechanover A. Ubiquitination of E3 ligases: self-regulation of the ubiquitin system via proteolytic and non-proteolytic mechanisms. 

Cell Death Differ. 2011;18(9):1393–1402. doi:10.1038/cdd.2011.16
20. Snyder NA, Silva GM. Deubiquitinating enzymes (DUBs): regulation, homeostasis, and oxidative stress response. J Biol Chem. 2021;297 

(3):101077. doi:10.1016/j.jbc.2021.101077
21. Komander D, Clague MJ, Urbé S. Breaking the chains: structure and function of the deubiquitinases. Nat Rev Mol Cell Biol. 2009;10 

(8):550–563. doi:10.1038/nrm2731
22. Reyes-Turcu FE, Ventii KH, Wilkinson KD. Regulation and cellular roles of ubiquitin-specific deubiquitinating enzymes. Annu Rev Biochem. 

2009;78:363–397. doi:10.1146/annurev.biochem.78.082307.091526
23. Cockram PE, Kist M, Prakash S, Chen SH, Wertz IE, Vucic D. Ubiquitination in the regulation of inflammatory cell death and cancer. Cell 

Death Differ. 2021;28(2):591–605. doi:10.1038/s41418-020-00708-5
24. Zhang H, Wei R, Yang X, et al. AMFR drives allergic asthma development by promoting alveolar macrophage-derived GM-CSF production. 

J Exp Med. 2022;219(5):e20211828. doi:10.1084/jem.20211828
25. Huang W, Yu C, Wu H, et al. Cbx4 governs HIF-1α to involve in Th9 cell differentiation promoting asthma by its SUMO E3 ligase activity. 

Biochim Biophys Acta Mol Cell Res. 2023;1870(7):119524. doi:10.1016/j.bbamcr.2023.119524
26. Collison A, Hatchwell L, Verrills N, et al. The E3 ubiquitin ligase midline 1 promotes allergen and rhinovirus-induced asthma by inhibiting 

protein phosphatase 2A activity. Nat Med. 2013;19(2):232–237. doi:10.1038/nm.3049
27. Dimasuay KG, Schaunaman N, Martin RJ, et al. Parkin, an E3 ubiquitin ligase, enhances airway mitochondrial DNA release and inflammation. 

Thorax. 2020;75(9):717–724. doi:10.1136/thoraxjnl-2019-214158
28. Aguilera-Aguirre L, Bacsi A, Saavedra-Molina A, Kurosky A, Sur S, Boldogh I. Mitochondrial dysfunction increases allergic airway 

inflammation. J Immunol. 2009;183(8):5379–5387. doi:10.4049/jimmunol.0900228
29. Mabalirajan U, Dinda AK, Kumar S, et al. Mitochondrial structural changes and dysfunction are associated with experimental allergic asthma. 

J Immunol. 2008;181(5):3540–3548. doi:10.4049/jimmunol.181.5.3540
30. Liu K, Gu Y, Gu S, et al. Trim27 aggravates airway inflammation and oxidative stress in asthmatic mice via potentiating the NLRP3 

inflammasome. Int Immunopharmacol. 2024;134:112199. doi:10.1016/j.intimp.2024.112199
31. Epelman S, Lavine KJ, Randolph GJ. Origin and functions of tissue macrophages. Immunity. 2014;41(1):21–35. doi:10.1016/j. 

immuni.2014.06.013
32. Lambrecht BN, Hammad H, Fahy JV. The cytokines of asthma. Immunity. 2019;50(4):975–991. doi:10.1016/j.immuni.2019.03.018
33. Joshi V, Upadhyay A, Kumar A, Mishra A. Gp78 E3 Ubiquitin Ligase: essential Functions and Contributions in Proteostasis. Front Cell 

Neurosci. 2017;11:259. doi:10.3389/fncel.2017.00259
34. Ismail IH, Gagné JP, Caron MC, et al. CBX4-mediated SUMO modification regulates BMI1 recruitment at sites of DNA damage. Nucleic Acids 

Res. 2012;40(12):5497–5510. doi:10.1093/nar/gks222
35. Merrill JC, Melhuish TA, Kagey MH, Yang SH, Sharrocks AD, Wotton D. A role for non-covalent SUMO interaction motifs in Pc2/CBX4 E3 

activity. PLoS One. 2010;5(1):e8794. doi:10.1371/journal.pone.0008794
36. Liang S, Zhou Z, Zhou Z, et al. Blockade of CBX4-mediated β-catenin SUMOylation attenuates airway epithelial barrier dysfunction in asthma. 

Int Immunopharmacol. 2022;113(Pt A):109333. doi:10.1016/j.intimp.2022.109333
37. Collison AM, Li J, de Siqueira AP, et al. TRAIL signals through the ubiquitin ligase MID1 to promote pulmonary fibrosis. BMC Pulm Med. 

2019;19(1):31. doi:10.1186/s12890-019-0786-x

https://doi.org/10.2147/JAA.S490039                                                                                                                                                                                                                                                                                                                                                                                                                                                               Journal of Asthma and Allergy 2025:18 324

Deng et al                                                                                                                                                                            

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://doi.org/10.1016/S0140-6736(19)31147-X
https://doi.org/10.1157/13119536
https://doi.org/10.1016/j.jaci.2023.01.020
https://doi.org/10.1016/j.jaci.2022.11.021
https://doi.org/10.1111/all.14221
https://doi.org/10.2174/138945008784533516
https://doi.org/10.1196/annals.1366.028
https://doi.org/10.1146/annurev-biochem-062917-011931
https://doi.org/10.1146/annurev.biochem.70.1.503
https://doi.org/10.1146/annurev.biochem.67.1.425
https://doi.org/10.1038/nm.3739
https://doi.org/10.1083/jcb.201902074
https://doi.org/10.1038/cdd.2011.16
https://doi.org/10.1016/j.jbc.2021.101077
https://doi.org/10.1038/nrm2731
https://doi.org/10.1146/annurev.biochem.78.082307.091526
https://doi.org/10.1038/s41418-020-00708-5
https://doi.org/10.1084/jem.20211828
https://doi.org/10.1016/j.bbamcr.2023.119524
https://doi.org/10.1038/nm.3049
https://doi.org/10.1136/thoraxjnl-2019-214158
https://doi.org/10.4049/jimmunol.0900228
https://doi.org/10.4049/jimmunol.181.5.3540
https://doi.org/10.1016/j.intimp.2024.112199
https://doi.org/10.1016/j.immuni.2014.06.013
https://doi.org/10.1016/j.immuni.2014.06.013
https://doi.org/10.1016/j.immuni.2019.03.018
https://doi.org/10.3389/fncel.2017.00259
https://doi.org/10.1093/nar/gks222
https://doi.org/10.1371/journal.pone.0008794
https://doi.org/10.1016/j.intimp.2022.109333
https://doi.org/10.1186/s12890-019-0786-x


38. Winter J, Basilicata MF, Stemmler MP, Krauss S. The MID1 protein is a central player during development and in disease. Front Biosci. 
2016;21(3):664–682. doi:10.2741/4413

39. Barodia SK, Creed RB, Goldberg MS. Parkin and PINK1 functions in oxidative stress and neurodegeneration. Brain Res Bull. 2017;133:51–59. 
doi:10.1016/j.brainresbull.2016.12.004

40. Müller-Rischart AK, Pilsl A, Beaudette P, et al. The E3 ligase parkin maintains mitochondrial integrity by increasing linear ubiquitination of 
NEMO. Mol Cell. 2013;49(5):908–921. doi:10.1016/j.molcel.2013.01.036

41. Letsiou E, Sammani S, Wang H, Belvitch P, Dudek SM. Parkin regulates lipopolysaccharide-induced proinflammatory responses in acute lung 
injury. Transl Res. 2017;181:71–82. doi:10.1016/j.trsl.2016.09.002

42. Jung YY, Son DJ, Lee HL, et al. Loss of Parkin reduces inflammatory arthritis by inhibiting p53 degradation. Redox Biol. 2017;12:666–673. 
doi:10.1016/j.redox.2017.04.007

43. Zhao J, Wei J, Mialki RK, et al. F-box protein FBXL19-mediated ubiquitination and degradation of the receptor for IL-33 limits pulmonary 
inflammation. Nat Immunol. 2012;13(7):651–658. doi:10.1038/ni.2341

44. Li X, Wang W, Shao Y, et al. LncTRPM2-AS inhibits TRIM21-mediated TRPM2 ubiquitination and prevents autophagy-induced apoptosis of 
macrophages in asthma. Cell Death Dis. 2021;12(12):1153. doi:10.1038/s41419-021-04437-6

45. Xue J, Jiang C, Chen X, Wang L. Trim31 deficiency exacerbates airway inflammation in asthma by enhancing the activation of the NLRP3 
inflammasome. Int Immunopharmacol. 2024;138:112591. doi:10.1016/j.intimp.2024.112591

46. Kishta OA, Sabourin A, Simon L, et al. March1 E3 ubiquitin ligase modulates features of allergic asthma in an ovalbumin-induced mouse 
model of lung inflammation. J Immunol Res. 2018;2018:3823910 doi:10.1155/2018/3823910.

47. Wu J, Wang Y, Zhou Y, et al. PPARγ as an E3 ubiquitin-ligase impedes phosphate-stat6 stability and promotes prostaglandins E(2)-mediated 
inhibition of IgE production in asthma. Front Immunol. 2020;11:1224. doi:10.3389/fimmu.2020.01224

48. Jin HS, Park Y, Elly C, Liu YC. Itch expression by Treg cells controls Th2 inflammatory responses. J Clin Invest. 2013;123(11):4923–4934. 
doi:10.1172/JCI69355

49. Yang WX, Jin R, Jiang CM, et al. E3 ubiquitin ligase Cbl-b suppresses human ORMDL3 expression through STAT6 mediation. FEBS Lett. 
2015;589(15):1975–1980. doi:10.1016/j.febslet.2015.06.015

50. Kumar B, Field NS, Kim DD, et al. The ubiquitin ligase Cul5 regulates CD4(+) T cell fate choice and allergic inflammation. Nat Commun. 
2022;13(1):2786. doi:10.1038/s41467-022-30437-x

51. Qin L, Song Y, Zhang F, et al. CRL4B complex-mediated H2AK119 monoubiquitination restrains Th1 and Th2 cell differentiation. Cell Death 
Differ. 2023;30(6):1488–1502. doi:10.1038/s41418-023-01155-8

52. Anandasabapathy N, Ford GS, Bloom D, et al. GRAIL: an E3 ubiquitin ligase that inhibits cytokine gene transcription is expressed in anergic 
CD4+ T cells. Immunity. 2003;18(4):535–547. doi:10.1016/S1074-7613(03)00084-0

53. Kitagawa K, Shibata K, Matsumoto A, et al. Fbw7 targets GATA3 through cyclin-dependent kinase 2-dependent proteolysis and contributes to 
regulation of T-cell development. Mol Cell Biol. 2014;34(14):2732–2744. doi:10.1128/MCB.01549-13

54. Gao SF, Zhong B, Lin D. Regulation of T helper cell differentiation by E3 ubiquitin ligases and deubiquitinating enzymes. 
Int Immunopharmacol. 2017;42:150–156. doi:10.1016/j.intimp.2016.11.013

55. Suehiro KI, Suto A, Suga K, et al. Sox12 enhances Fbw7-mediated ubiquitination and degradation of GATA3 in Th2 cells. Cell Mol Immunol. 
2021;18(7):1729–1738. doi:10.1038/s41423-020-0384-0

56. McCormick SM, Gowda N, Fang JX, Heller NM. Suppressor of Cytokine Signaling (SOCS)1 Regulates Interleukin-4 (IL-4)-activated Insulin 
Receptor Substrate (IRS)-2 tyrosine phosphorylation in monocytes and macrophages via the proteasome. J Biol Chem. 2016;291 
(39):20574–20587. doi:10.1074/jbc.M116.746164

57. Hu J, Ding R, Liu S, Wang J, Li J, Shang Y. Hypermethylation of RNF125 promotes autophagy-induced oxidative stress in asthma by 
increasing HMGB1 stability. iScience. 2023;26(8):107503. doi:10.1016/j.isci.2023.107503

58. Ge X, Cai F, Shang Y, et al. PARK2 attenuates house dust mite-induced inflammatory reaction, pyroptosis and barrier dysfunction in BEAS-2B 
cells by ubiquitinating NLRP3. Am J Transl Res. 2021;13(1):326–335.

59. Nandi D, Tahiliani P, Kumar A, Chandu D. The ubiquitin-proteasome system. J Biosci. 2006;31(1):137–155. doi:10.1007/BF02705243
60. Skowyra D, Craig KL, Tyers M, Elledge SJ, Harper JW. F-box proteins are receptors that recruit phosphorylated substrates to the SCF 

ubiquitin-ligase complex. Cell. 1997;91(2):209–219. doi:10.1016/S0092-8674(00)80403-1
61. Katoh M, Katoh M. Identification and characterization of FBXL19 gene in silico. Int J Mol Med. 2004;14(6):1109–1114 doi:org/10.3892/ 

ijmm.14.6.1109.
62. Ozato K, Shin DM, Chang TH, Morse HC. TRIM family proteins and their emerging roles in innate immunity. Nat Rev Immunol. 2008;8 

(11):849–860. doi:10.1038/nri2413
63. Ahn Y, Hwang JH, Zheng Z, Bang D, Kim DY. Enhancement of Th1/Th17 inflammation by TRIM21 in Behçet’s disease. Sci Rep. 2017;7 

(1):3018. doi:10.1038/s41598-017-03251-5
64. Vinter H, Langkilde A, Ottosson V, et al. TRIM21 is important in the early phase of inflammation in the imiquimod-induced psoriasis-like skin 

inflammation mouse model. Exp Dermatol. 2017;26(8):713–720. doi:10.1111/exd.13269
65. Nguyen JQ, Irby RB. TRIM21 is a novel regulator of Par-4 in colon and pancreatic cancer cells. Cancer Biol Ther. 2017;18(1):16–25. 

doi:10.1080/15384047.2016.1252880
66. Zhou W, Zhang Y, Zhong C, et al. Decreased expression of TRIM21 indicates unfavorable outcome and promotes cell growth in breast cancer. 

Cancer Manag Res. 2018;10:3687–3696. doi:10.2147/CMAR.S175470
67. Das A, Dinh PX, Pattnaik AK. Trim21 regulates Nmi-IFI35 complex-mediated inhibition of innate antiviral response. Virology. 

2015;485:383–392. doi:10.1016/j.virol.2015.08.013
68. Girodet PO, Nguyen D, Mancini JD, et al. Alternative macrophage activation is increased in asthma. Am J Respir Cell Mol Biol. 2016;55 

(4):467–475. doi:10.1165/rcmb.2015-0295OC
69. Draijer C, Peters-Golden M. Alveolar macrophages in allergic asthma: the forgotten cell awakes. Curr Allergy Asthma Rep. 2017;17(2):12. 

doi:10.1007/s11882-017-0681-6

Journal of Asthma and Allergy 2025:18                                                                                            https://doi.org/10.2147/JAA.S490039                                                                                                                                                                                                                                                                                                                                                                                                    325

Deng et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://doi.org/10.2741/4413
https://doi.org/10.1016/j.brainresbull.2016.12.004
https://doi.org/10.1016/j.molcel.2013.01.036
https://doi.org/10.1016/j.trsl.2016.09.002
https://doi.org/10.1016/j.redox.2017.04.007
https://doi.org/10.1038/ni.2341
https://doi.org/10.1038/s41419-021-04437-6
https://doi.org/10.1016/j.intimp.2024.112591
https://doi.org/10.1155/2018/3823910
https://doi.org/10.3389/fimmu.2020.01224
https://doi.org/10.1172/JCI69355
https://doi.org/10.1016/j.febslet.2015.06.015
https://doi.org/10.1038/s41467-022-30437-x
https://doi.org/10.1038/s41418-023-01155-8
https://doi.org/10.1016/S1074-7613(03)00084-0
https://doi.org/10.1128/MCB.01549-13
https://doi.org/10.1016/j.intimp.2016.11.013
https://doi.org/10.1038/s41423-020-0384-0
https://doi.org/10.1074/jbc.M116.746164
https://doi.org/10.1016/j.isci.2023.107503
https://doi.org/10.1007/BF02705243
https://doi.org/10.1016/S0092-8674(00)80403-1
https://doi.org/10.3892/ijmm.14.6.1109
https://doi.org/10.3892/ijmm.14.6.1109
https://doi.org/10.1038/nri2413
https://doi.org/10.1038/s41598-017-03251-5
https://doi.org/10.1111/exd.13269
https://doi.org/10.1080/15384047.2016.1252880
https://doi.org/10.2147/CMAR.S175470
https://doi.org/10.1016/j.virol.2015.08.013
https://doi.org/10.1165/rcmb.2015-0295OC
https://doi.org/10.1007/s11882-017-0681-6


70. Draijer C, Boorsma CE, Robbe P, et al. Human asthma is characterized by more IRF5+ M1 and CD206+ M2 macrophages and less IL-10+ 
M2-like macrophages around airways compared with healthy airways. J Allergy Clin Immunol. 2017;140(1):280–283.e3. doi:10.1016/j. 
jaci.2016.11.020

71. Hecquet CM, Malik AB. Role of H(2)O(2)-activated TRPM2 calcium channel in oxidant-induced endothelial injury. Thromb Haemost. 
2009;101(4):619–625. doi:10.1160/TH08-10-0641

72. Issemann I, Green S. Activation of a member of the steroid hormone receptor superfamily by peroxisome proliferators. Nature. 1990;347 
(6294):645–650. doi:10.1038/347645a0

73. Froidure A, Mouthuy J, Durham SR, Chanez P, Sibille Y, Pilette C. Asthma phenotypes and IgE responses. Eur Respir J. 2016;47(1):304–319. 
doi:10.1183/13993003.01824-2014

74. Liu YC. The E3 ubiquitin ligase Itch in T cell activation, differentiation, and tolerance. Semin Immunol. 2007;19(3):197–205. doi:10.1016/j. 
smim.2007.02.003

75. Lohr NJ, Molleston JP, Strauss KA, et al. Human ITCH E3 ubiquitin ligase deficiency causes syndromic multisystem autoimmune disease. Am 
J Hum Genet. 2010;86(3):447–453. doi:10.1016/j.ajhg.2010.01.028

76. Cohn L, Elias JA, Chupp GL. Asthma: mechanisms of disease persistence and progression. Annu Rev Immunol. 2004;22:789–815. doi:10.1146/ 
annurev.immunol.22.012703.104716

77. Wang Y, Su MA, Wan YY. An essential role of the transcription factor GATA-3 for the function of regulatory T cells. Immunity. 2011;35 
(3):337–348. doi:10.1016/j.immuni.2011.08.012

78. Wohlfert EA, Grainger JR, Bouladoux N, et al. GATA3 controls Foxp3+ regulatory T cell fate during inflammation in mice. J Clin Invest. 
2011;121(11):4503–4515. doi:10.1172/JCI57456

79. Tigno-Aranjuez JT, Bai X, Abbott DW. A discrete ubiquitin-mediated network regulates the strength of NOD2 signaling. Mol Cell Biol. 
2013;33(1):146–158. doi:10.1128/MCB.01049-12

80. Ogura Y, Bonen DK, Inohara N, et al. A frameshift mutation in NOD2 associated with susceptibility to Crohn’s disease. Nature. 2001;411 
(6837):603–606. doi:10.1038/35079114

81. Rosé CD, Doyle TM, McIlvain-Simpson G, et al. Blau syndrome mutation of CARD15/NOD2 in sporadic early onset granulomatous arthritis. 
J Rheumatol. 2005;32(2):373–375.

82. Thien CB, Langdon WY. c-Cbl and Cbl-b ubiquitin ligases: substrate diversity and the negative regulation of signalling responses. Biochem J. 
2005;391(Pt 2):153–166. doi:10.1042/BJ20050892

83. Jeon MS, Atfield A, Venuprasad K, et al. Essential role of the E3 ubiquitin ligase Cbl-b in T cell anergy induction. Immunity. 2004;21 
(2):167–177. doi:10.1016/j.immuni.2004.07.013

84. Sohn HW, Gu H, Pierce SK. Cbl-b negatively regulates B cell antigen receptor signaling in mature B cells through ubiquitination of the tyrosine 
kinase Syk. J Exp Med. 2003;197(11):1511–1524. doi:10.1084/jem.20021686

85. Till SJ, Raynsford EJ, Reynolds CJ, et al. Peptide-induced immune regulation by a promiscuous and immunodominant CD4T-cell epitope of 
Timothy grass pollen: a role of Cbl-b and Itch in regulation. Thorax. 2014;69(4):335–345. doi:10.1136/thoraxjnl-2013-204324

86. Soucy TA, Smith PG, Milhollen MA, et al. An inhibitor of NEDD8-activating enzyme as a new approach to treat cancer. Nature. 2009;458 
(7239):732–736. doi:10.1038/nature07884

87. Okumura F, Joo-Okumura A, Nakatsukasa K, Kamura T. The role of cullin 5-containing ubiquitin ligases. Cell Div. 2016;11:1. doi:10.1186/ 
s13008-016-0016-3

88. Sarikas A, Hartmann T, Pan ZQ. The cullin protein family. Genome Biol. 2011;12(4):220. doi:10.1186/gb-2011-12-4-220
89. Babon JJ, Sabo JK, Zhang JG, Nicola NA, Norton RS. The SOCS box encodes a hierarchy of affinities for Cullin5: implications for ubiquitin 

ligase formation and cytokine signalling suppression. J Mol Biol. 2009;387(1):162–174. doi:10.1016/j.jmb.2009.01.024
90. Yang XO, Zhang H, Kim BS, et al. The signaling suppressor CIS controls proallergic T cell development and allergic airway inflammation. Nat 

Immunol. 2013;14(7):732–740. doi:10.1038/ni.2633
91. Zhang H, Xue K, Li W, et al. Cullin5 drives experimental asthma exacerbations by modulating alveolar macrophage antiviral immunity. Nat 

Commun. 2024;15(1):252. doi:10.1038/s41467-023-44168-0
92. Hannah J, Zhou P. Distinct and overlapping functions of the cullin E3 ligase scaffolding proteins CUL4A and CUL4B. Gene. 2015;573 

(1):33–45. doi:10.1016/j.gene.2015.08.064
93. Zou Y, Mi J, Cui J, et al. Characterization of nuclear localization signal in the N terminus of CUL4B and its essential role in cyclin 

E degradation and cell cycle progression. J Biol Chem. 2009;284(48):33320–33332. doi:10.1074/jbc.M109.050427
94. Jiang B, Zhao W, Yuan J, et al. Lack of Cul4b, an E3 ubiquitin ligase component, leads to embryonic lethality and abnormal placental 

development. PLoS One. 2012;7(5):e37070. doi:10.1371/journal.pone.0037070
95. Li P, Song Y, Zan W, et al. Lack of CUL4B in adipocytes promotes PPARγ-mediated adipose tissue expansion and insulin sensitivity. Diabetes. 

2017;66(2):300–313. doi:10.2337/db16-0743
96. Lin CY, Chen CY, Yu CH, et al. Human X-linked intellectual disability factor CUL4B is required for post-meiotic sperm development and male 

fertility. Sci Rep. 2016;6:20227. doi:10.1038/srep20227
97. Hirahara K, Vahedi G, Ghoreschi K, et al. Helper T-cell differentiation and plasticity: insights from epigenetics. Immunology. 2011;134 

(3):235–245. doi:10.1111/j.1365-2567.2011.03483.x
98. Wilson CB, Rowell E, Sekimata M. Epigenetic control of T-helper-cell differentiation. Nat Rev Immunol. 2009;9(2):91–105. doi:10.1038/ 

nri2487
99. Wei G, Wei L, Zhu J, et al. Global mapping of H3K4me3 and H3K27me3 reveals specificity and plasticity in lineage fate determination of 

differentiating CD4+ T cells. Immunity. 2009;30(1):155–167. doi:10.1016/j.immuni.2008.12.009
100. Tumes DJ, Onodera A, Suzuki A, et al. The polycomb protein Ezh2 regulates differentiation and plasticity of CD4(+) T helper type 1 and type 2 

cells. Immunity. 2013;39(5):819–832. doi:10.1016/j.immuni.2013.09.012
101. Tamburri S, Lavarone E, Fernández-Pérez D, et al. Histone H2AK119 mono-ubiquitination is essential for polycomb-mediated transcriptional 

repression. Mol Cell. 2020;77(4):840–856.e5. doi:10.1016/j.molcel.2019.11.021
102. Hatzioannou A, Boumpas A, Papadopoulou M, et al. Regulatory T cells in autoimmunity and cancer: a duplicitous lifestyle. Front Immunol. 

2021;12:731947. doi:10.3389/fimmu.2021.731947

https://doi.org/10.2147/JAA.S490039                                                                                                                                                                                                                                                                                                                                                                                                                                                               Journal of Asthma and Allergy 2025:18 326

Deng et al                                                                                                                                                                            

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://doi.org/10.1016/j.jaci.2016.11.020
https://doi.org/10.1016/j.jaci.2016.11.020
https://doi.org/10.1160/TH08-10-0641
https://doi.org/10.1038/347645a0
https://doi.org/10.1183/13993003.01824-2014
https://doi.org/10.1016/j.smim.2007.02.003
https://doi.org/10.1016/j.smim.2007.02.003
https://doi.org/10.1016/j.ajhg.2010.01.028
https://doi.org/10.1146/annurev.immunol.22.012703.104716
https://doi.org/10.1146/annurev.immunol.22.012703.104716
https://doi.org/10.1016/j.immuni.2011.08.012
https://doi.org/10.1172/JCI57456
https://doi.org/10.1128/MCB.01049-12
https://doi.org/10.1038/35079114
https://doi.org/10.1042/BJ20050892
https://doi.org/10.1016/j.immuni.2004.07.013
https://doi.org/10.1084/jem.20021686
https://doi.org/10.1136/thoraxjnl-2013-204324
https://doi.org/10.1038/nature07884
https://doi.org/10.1186/s13008-016-0016-3
https://doi.org/10.1186/s13008-016-0016-3
https://doi.org/10.1186/gb-2011-12-4-220
https://doi.org/10.1016/j.jmb.2009.01.024
https://doi.org/10.1038/ni.2633
https://doi.org/10.1038/s41467-023-44168-0
https://doi.org/10.1016/j.gene.2015.08.064
https://doi.org/10.1074/jbc.M109.050427
https://doi.org/10.1371/journal.pone.0037070
https://doi.org/10.2337/db16-0743
https://doi.org/10.1038/srep20227
https://doi.org/10.1111/j.1365-2567.2011.03483.x
https://doi.org/10.1038/nri2487
https://doi.org/10.1038/nri2487
https://doi.org/10.1016/j.immuni.2008.12.009
https://doi.org/10.1016/j.immuni.2013.09.012
https://doi.org/10.1016/j.molcel.2019.11.021
https://doi.org/10.3389/fimmu.2021.731947


103. Graßhoff H, Comdühr S, Monne LR, et al. Low-Dose IL-2 therapy in autoimmune and rheumatic diseases. Front Immunol. 2021;12:648408. 
doi:10.3389/fimmu.2021.648408

104. Klatzmann D, Abbas AK. The promise of low-dose interleukin-2 therapy for autoimmune and inflammatory diseases. Nat Rev Immunol. 
2015;15(5):283–294. doi:10.1038/nri3823

105. Fathman CG, Yip L, Gómez-Martín D, et al. How GRAIL controls Treg function to maintain self-tolerance. Front Immunol. 2022;13:1046631. 
doi:10.3389/fimmu.2022.1046631

106. Chinen T, Kannan AK, Levine AG, et al. An essential role for the IL-2 receptor in T(reg) cell function. Nat Immunol. 2016;17(11):1322–1333. 
doi:10.1038/ni.3540

107. Catena V, Fanciulli M. Deptor: not only a mTOR inhibitor. J Exp Clin Cancer Res. 2017;36(1):12. doi:10.1186/s13046-016-0484-y
108. Wedel J, Bruneau S, Liu K, et al. DEPTOR modulates activation responses in CD4(+) T cells and enhances immunoregulation following 

transplantation. Am J Transplant. 2019;19(1):77–88. doi:10.1111/ajt.14995
109. Gao F, Fan Y, Zhou B, et al. The functions and properties of cullin-5, a potential therapeutic target for cancers. Am J Transl Res. 2020;12 

(2):618–632.
110. Lambrecht BN, Hammad H. The immunology of asthma. Nat Immunol. 2015;16(1):45–56. doi:10.1038/ni.3049
111. Kaplan MH, Schindler U, Smiley ST, Grusby MJ. Stat6 is required for mediating responses to IL-4 and for development of Th2 cells. Immunity. 

1996;4(3):313–319. doi:10.1016/S1074-7613(00)80439-2
112. Zheng W, Flavell RA. The transcription factor GATA-3 is necessary and sufficient for Th2 cytokine gene expression in CD4 T cells. Cell. 

1997;89(4):587–596. doi:10.1016/S0092-8674(00)80240-8
113. Paul WE, Zhu J. How are T(H)2-type immune responses initiated and amplified? Nat Rev Immunol. 2010;10(4):225–235. doi:10.1038/nri2735
114. Uddin S, Bhat AA, Krishnankutty R, Mir F, Kulinski M, Mohammad RM. Involvement of F-BOX proteins in progression and development of 

human malignancies. Semin Cancer Biol. 2016;36:18–32. doi:10.1016/j.semcancer.2015.09.008
115. Thompson BJ, Buonamici S, Sulis ML, et al. The SCFFBW7 ubiquitin ligase complex as a tumor suppressor in T cell leukemia. J Exp Med. 

2007;204(8):1825–1835. doi:10.1084/jem.20070872
116. Linossi EM, Babon JJ, Hilton DJ, Nicholson SE. Suppression of cytokine signaling: the SOCS perspective. Cytokine Growth Factor Rev. 

2013;24(3):241–248. doi:10.1016/j.cytogfr.2013.03.005
117. Hilton DJ, Richardson RT, Alexander WS, et al. Twenty proteins containing a C-terminal SOCS box form five structural classes. Proc Natl Acad 

Sci U S A. 1998;95(1):114–119. doi:10.1073/pnas.95.1.114
118. Zhang JG, Farley A, Nicholson SE, et al. The conserved SOCS box motif in suppressors of cytokine signaling binds to elongins B and C and 

may couple bound proteins to proteasomal degradation. Proc Natl Acad Sci U S A. 1999;96(5):2071–2076. doi:10.1073/pnas.96.5.2071
119. Zhang JG, Metcalf D, Rakar S, et al. The SOCS box of suppressor of cytokine signaling-1 is important for inhibition of cytokine action in vivo. 

Proc Natl Acad Sci U S A. 2001;98(23):13261–13265. doi:10.1073/pnas.231486498
120. Babon JJ, Kershaw NJ, Murphy JM, et al. Suppression of cytokine signaling by SOCS3: characterization of the mode of inhibition and the basis 

of its specificity. Immunity. 2012;36(2):239–250. doi:10.1016/j.immuni.2011.12.015
121. Whyte CS, Bishop ET, Rückerl D, et al. Suppressor of cytokine signaling (SOCS)1 is a key determinant of differential macrophage activation 

and function. J Leukoc Biol. 2011;90(5):845–854. doi:10.1189/jlb.1110644
122. Melgert BN, Ten Hacken NH, Rutgers B, Timens W, Postma DS, Hylkema MN. More alternative activation of macrophages in lungs of 

asthmatic patients. J Allergy Clin Immunol. 2011;127(3):831–833. doi:10.1016/j.jaci.2010.10.045
123. Murray PJ, Allen JE, Biswas SK, et al. Macrophage activation and polarization: nomenclature and experimental guidelines. Immunity. 2014;41 

(1):14–20. doi:10.1016/j.immuni.2014.06.008
124. Heller NM, Qi X, Junttila IS, et al. Type I IL-4Rs selectively activate IRS-2 to induce target gene expression in macrophages. Sci Signal. 2008;1 

(51):ra17. doi:10.1126/scisignal.1164795
125. Heller NM, Qi X, Gesbert F, Keegan AD. The extracellular and transmembrane domains of the γC and interleukin (IL)-13 receptor α1 chains, 

not their cytoplasmic domains, dictate the nature of signaling responses to IL-4 and IL-13. J Biol Chem. 2012;287(38):31948–31961. 
doi:10.1074/jbc.M112.348896

126. Giannini AL, Gao Y, Bijlmakers MJ. T-cell regulator RNF125/TRAC-1 belongs to a novel family of ubiquitin ligases with zinc fingers and a 
ubiquitin-binding domain. Biochem J. 2008;410(1):101–111. doi:10.1042/BJ20070995

127. Lücking CB, Dürr A, Bonifati V, et al. Association between early-onset Parkinson’s disease and mutations in the parkin gene. N Engl J Med. 
2000;342(21):1560–1567. doi:10.1056/NEJM200005253422103

128. Pan L, Chen Z, Wang L, et al. Deubiquitination and stabilization of T-bet by USP10. Biochem Biophys Res Commun. 2014;449(3):289–294. 
doi:10.1016/j.bbrc.2014.05.037

129. Chen S, Yun F, Yao Y, et al. USP38 critically promotes asthmatic pathogenesis by stabilizing JunB protein. J Exp Med. 2018;215 
(11):2850–2867. doi:10.1084/jem.20172026

130. Long C, Lai Y, Li T, Nyunoya T, Zou C. Cigarette smoke extract modulates Pseudomonas aeruginosa bacterial load via USP25/HDAC11 axis in 
lung epithelial cells. Am J Physiol Lung Cell Mol Physiol. 2020;318(2):L252–l263. doi:10.1152/ajplung.00142.2019

131. Gan C, Wang Y, Zhao Q, et al. USP25 inhibits DNA damage by stabilizing BARD1 protein in a house dust mite-induced asthmatic model 
in vitro and in vivo. Cell Biol Int. 2022;46(6):922–932. doi:10.1002/cbin.11775

132. Zhang J, Yang S, Guan H, Zhou J, Gao Y. Xanthatin synergizes with cisplatin to suppress homologous recombination through JAK2/STAT4/ 
BARD1 axis in human NSCLC cells. J Cell Mol Med. 2021;25(3):1688–1699. doi:10.1111/jcmm.16271

133. Zhang J, Chen C, Hou X, et al. Identification of the E3 deubiquitinase ubiquitin-specific peptidase 21 (USP21) as a positive regulator of the 
transcription factor GATA3. J Biol Chem. 2013;288(13):9373–9382. doi:10.1074/jbc.M112.374744

134. Nijman SM, Luna-Vargas MP, Velds A, et al. A genomic and functional inventory of deubiquitinating enzymes. Cell. 2005;123(5):773–786. 
doi:10.1016/j.cell.2005.11.007

135. Deng G, Nagai Y, Xiao Y, et al. Pim-2 kinase influences regulatory T cell function and stability by mediating Foxp3 protein N-terminal 
phosphorylation. J Biol Chem. 2015;290(33):20211–20220. doi:10.1074/jbc.M115.638221

136. Song H, Tao L, Chen C, et al. USP17-mediated deubiquitination and stabilization of HDAC2 in cigarette smoke extract-induced inflammation. 
Int J Clin Exp Pathol. 2015;8(9):10707–10715.

Journal of Asthma and Allergy 2025:18                                                                                            https://doi.org/10.2147/JAA.S490039                                                                                                                                                                                                                                                                                                                                                                                                    327

Deng et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://doi.org/10.3389/fimmu.2021.648408
https://doi.org/10.1038/nri3823
https://doi.org/10.3389/fimmu.2022.1046631
https://doi.org/10.1038/ni.3540
https://doi.org/10.1186/s13046-016-0484-y
https://doi.org/10.1111/ajt.14995
https://doi.org/10.1038/ni.3049
https://doi.org/10.1016/S1074-7613(00)80439-2
https://doi.org/10.1016/S0092-8674(00)80240-8
https://doi.org/10.1038/nri2735
https://doi.org/10.1016/j.semcancer.2015.09.008
https://doi.org/10.1084/jem.20070872
https://doi.org/10.1016/j.cytogfr.2013.03.005
https://doi.org/10.1073/pnas.95.1.114
https://doi.org/10.1073/pnas.96.5.2071
https://doi.org/10.1073/pnas.231486498
https://doi.org/10.1016/j.immuni.2011.12.015
https://doi.org/10.1189/jlb.1110644
https://doi.org/10.1016/j.jaci.2010.10.045
https://doi.org/10.1016/j.immuni.2014.06.008
https://doi.org/10.1126/scisignal.1164795
https://doi.org/10.1074/jbc.M112.348896
https://doi.org/10.1042/BJ20070995
https://doi.org/10.1056/NEJM200005253422103
https://doi.org/10.1016/j.bbrc.2014.05.037
https://doi.org/10.1084/jem.20172026
https://doi.org/10.1152/ajplung.00142.2019
https://doi.org/10.1002/cbin.11775
https://doi.org/10.1111/jcmm.16271
https://doi.org/10.1074/jbc.M112.374744
https://doi.org/10.1016/j.cell.2005.11.007
https://doi.org/10.1074/jbc.M115.638221


137. Kang NI, Yoon HY, Lee YR, et al. A20 attenuates allergic airway inflammation in mice. J Immunol. 2009;183(2):1488–1495. doi:10.4049/ 
jimmunol.0900163

138. Reuter S, Maxeiner J, Meyer-Martin H, et al. Cylindromatosis (Cyld) gene mutation in T cells promotes the development of an IL-9-dependent 
allergic phenotype in experimental asthma. Cell Immunol. 2016;308:27–34. doi:10.1016/j.cellimm.2016.06.003

139. Shang L, Du Y, Zhao Y, Zhang Y, Liu C. The interaction of OTUB1 and TRAF3 mediates NLRP3 inflammasome activity to regulate TGF- 
β1-induced BEAS-2B cell injury. Appl Biochem Biotechnol. 2023;195(11):7060–7074. doi:10.1007/s12010-023-04434-9

140. Wang H, Chen Y, Zhang J, Wang N, Tian T. Deletion of BRCC3 ameliorates airway inflammation in asthma by inhibiting the activation of 
NLRP3 inflammasome. Int Immunopharmacol. 2025;145:113720. doi:10.1016/j.intimp.2024.113720

141. Sun J, Shi X, Mamun MAA, Gao Y. The role of deubiquitinating enzymes in gastric cancer. Oncol Lett. 2020;19(1):30–44. doi:10.3892/ 
ol.2019.11062

142. Cruz L, Soares P, Correia M. Ubiquitin-Specific Proteases: players in Cancer Cellular Processes. Pharmaceuticals. 2021;14(9):848. 
doi:10.3390/ph14090848

143. Yuan T, Yan F, Ying M, et al. Inhibition of ubiquitin-specific proteases as a novel anticancer therapeutic strategy. Front Pharmacol. 
2018;9:1080. doi:10.3389/fphar.2018.01080

144. Chen S, Liu Y, Zhou H. Advances in the development Ubiquitin-Specific Peptidase (USP) inhibitors. Int J Mol Sci. 2021;22(9):4546. 
doi:10.3390/ijms22094546

145. Hu B, Zhang D, Zhao K, et al. Spotlight on USP4: structure, function, and regulation. Front Cell Dev Biol. 2021;9:595159. doi:10.3389/ 
fcell.2021.595159

146. Ning F, Xin H, Liu J, et al. Structure and function of USP5: insight into physiological and pathophysiological roles. Pharmacol Res. 
2020;157:104557. doi:10.1016/j.phrs.2019.104557

147. Coyne ES, Bédard N, Gong YJ, Faraj M, Tchernof A, Wing SS. The deubiquitinating enzyme USP19 modulates adipogenesis and potentiates 
high-fat-diet-induced obesity and glucose intolerance in mice. Diabetologia. 2019;62(1):136–146. doi:10.1007/s00125-018-4754-4

148. Elumalai S, Karunakaran U, Moon JS, Won KC. High glucose-induced PRDX3 acetylation contributes to glucotoxicity in pancreatic β-cells: 
prevention by Teneligliptin. Free Radic Biol Med. 2020;160:618–629. doi:10.1016/j.freeradbiomed.2020.07.030

149. Nelson JK, Sorrentino V, Avagliano Trezza R, et al. The Deubiquitylase USP2 Regulates the LDLR pathway by counteracting the E3-Ubiquitin 
Ligase IDOL. Circ Res. 2016;118(3):410–419. doi:10.1161/CIRCRESAHA.115.307298

150. Szabo SJ, Kim ST, Costa GL, Zhang X, Fathman CG, Glimcher LH. A novel transcription factor, T-bet, directs Th1 lineage commitment. Cell. 
2000;100(6):655–669. doi:10.1016/S0092-8674(00)80702-3

151. Lord GM, Rao RM, Choe H, et al. T-bet is required for optimal proinflammatory CD4+ T-cell trafficking. Blood. 2005;106(10):3432–3439. 
doi:10.1182/blood-2005-04-1393

152. Martinez FD, Vercelli D. Asthma. Lancet. 2013;382(9901):1360–1372. doi:10.1016/S0140-6736(13)61536-6
153. Hirota T, Takahashi A, Kubo M, et al. Genome-wide association study identifies three new susceptibility loci for adult asthma in the Japanese 

population. Nat Genet. 2011;43(9):893–896. doi:10.1038/ng.887
154. Li B, Tournier C, Davis RJ, Flavell RA. Regulation of IL-4 expression by the transcription factor JunB during T helper cell differentiation. 

EMBO J. 1999;18(2):420–432. doi:10.1093/emboj/18.2.420
155. Oliver PM, Cao X, Worthen GS, et al. Ndfip1 protein promotes the function of itch ubiquitin ligase to prevent T cell activation and T helper 2 

cell-mediated inflammation. Immunity. 2006;25(6):929–940. doi:10.1016/j.immuni.2006.10.012
156. O’Leary CE, Riling CR, Spruce LA, et al. Ndfip-mediated degradation of Jak1 tunes cytokine signalling to limit expansion of CD4+ effector T 

cells. Nat Commun. 2016;7:11226. doi:10.1038/ncomms11226
157. Bellini A, Marini MA, Bianchetti L, Barczyk M, Schmidt M, Mattoli S. Interleukin (IL)-4, IL-13, and IL-17A differentially affect the 

profibrotic and proinflammatory functions of fibrocytes from asthmatic patients. Mucosal Immunol. 2012;5(2):140–149. doi:10.1038/mi.2011.60
158. Okada K, Ye YQ, Taniguchi K, et al. Vialinin A is a ubiquitin-specific peptidase inhibitor. Bioorg Med Chem Lett. 2013;23(15):4328–4331. 

doi:10.1016/j.bmcl.2013.05.093
159. Onose J, Yoshioka Y, Ye YQ, et al. Inhibitory effects of vialinin A and its analog on tumor necrosis factor-α release and production from RBL- 

2H3 cells. Cell Immunol. 2012;279(2):140–144. doi:10.1016/j.cellimm.2012.10.008
160. Lin R, Nie J, Ren J, et al. USP4 interacts and positively regulates IRF8 function via K48-linked deubiquitination in regulatory T cells. FEBS 

Lett. 2017;591(12):1677–1686. doi:10.1002/1873-3468.12668
161. Yang J, Xu P, Han L, et al. Cutting edge: ubiquitin-specific protease 4 promotes Th17 cell function under inflammation by deubiquitinating and 

stabilizing RORγt. J Immunol. 2015;194(9):4094–4097. doi:10.4049/jimmunol.1401451
162. Hartl D, Koller B, Mehlhorn AT, et al. Quantitative and functional impairment of pulmonary CD4+CD25hi regulatory T cells in pediatric 

asthma. J Allergy Clin Immunol. 2007;119(5):1258–1266. doi:10.1016/j.jaci.2007.02.023
163. Mamessier E, Nieves A, Lorec AM, et al. T-cell activation during exacerbations: a longitudinal study in refractory asthma. Allergy. 2008;63 

(9):1202–1210. doi:10.1111/j.1398-9995.2008.01687.x
164. Hou X, Zhu F, Ni Y, et al. USP4 is pathogenic in allergic airway inflammation by inhibiting regulatory T cell response. Life Sci. 

2021;281:119720. doi:10.1016/j.lfs.2021.119720
165. Chen Z, Barbi J, Bu S, et al. The ubiquitin ligase Stub1 negatively modulates regulatory T cell suppressive activity by promoting degradation of 

the transcription factor Foxp3. Immunity. 2013;39(2):272–285. doi:10.1016/j.immuni.2013.08.006
166. Cheng C, Ng DS, Chan TK, et al. Anti-allergic action of anti-malarial drug artesunate in experimental mast cell-mediated anaphylactic models. 

Allergy. 2013;68(2):195–203. doi:10.1111/all.12077
167. Ho WE, Cheng C, Peh HY, et al. Anti-malarial drug artesunate ameliorates oxidative lung damage in experimental allergic asthma. Free Radic 

Biol Med. 2012;53(3):498–507. doi:10.1016/j.freeradbiomed.2012.05.021
168. Panier S, Durocher D. Push back to respond better: regulatory inhibition of the DNA double-strand break response. Nat Rev Mol Cell Biol. 

2013;14(10):661–672. doi:10.1038/nrm3659
169. Josefowicz SZ, Niec RE, Kim HY, et al. Extrathymically generated regulatory T cells control mucosal TH2 inflammation. Nature. 2012;482 

(7385):395–399. doi:10.1038/nature10772

https://doi.org/10.2147/JAA.S490039                                                                                                                                                                                                                                                                                                                                                                                                                                                               Journal of Asthma and Allergy 2025:18 328

Deng et al                                                                                                                                                                            

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://doi.org/10.4049/jimmunol.0900163
https://doi.org/10.4049/jimmunol.0900163
https://doi.org/10.1016/j.cellimm.2016.06.003
https://doi.org/10.1007/s12010-023-04434-9
https://doi.org/10.1016/j.intimp.2024.113720
https://doi.org/10.3892/ol.2019.11062
https://doi.org/10.3892/ol.2019.11062
https://doi.org/10.3390/ph14090848
https://doi.org/10.3389/fphar.2018.01080
https://doi.org/10.3390/ijms22094546
https://doi.org/10.3389/fcell.2021.595159
https://doi.org/10.3389/fcell.2021.595159
https://doi.org/10.1016/j.phrs.2019.104557
https://doi.org/10.1007/s00125-018-4754-4
https://doi.org/10.1016/j.freeradbiomed.2020.07.030
https://doi.org/10.1161/CIRCRESAHA.115.307298
https://doi.org/10.1016/S0092-8674(00)80702-3
https://doi.org/10.1182/blood-2005-04-1393
https://doi.org/10.1016/S0140-6736(13)61536-6
https://doi.org/10.1038/ng.887
https://doi.org/10.1093/emboj/18.2.420
https://doi.org/10.1016/j.immuni.2006.10.012
https://doi.org/10.1038/ncomms11226
https://doi.org/10.1038/mi.2011.60
https://doi.org/10.1016/j.bmcl.2013.05.093
https://doi.org/10.1016/j.cellimm.2012.10.008
https://doi.org/10.1002/1873-3468.12668
https://doi.org/10.4049/jimmunol.1401451
https://doi.org/10.1016/j.jaci.2007.02.023
https://doi.org/10.1111/j.1398-9995.2008.01687.x
https://doi.org/10.1016/j.lfs.2021.119720
https://doi.org/10.1016/j.immuni.2013.08.006
https://doi.org/10.1111/all.12077
https://doi.org/10.1016/j.freeradbiomed.2012.05.021
https://doi.org/10.1038/nrm3659
https://doi.org/10.1038/nature10772


170. Shi YH, Shi GC, Wan HY, et al. An increased ratio of Th2/Treg cells in patients with moderate to severe asthma. Chin Med J. 2013;126 
(12):2248–2253. doi:10.3760/cma.j.issn.0366-6999.20121841

171. Chen T, Hou X, Ni Y, et al. The imbalance of FOXP3/GATA3 in regulatory T cells from the peripheral blood of asthmatic patients. J Immunol 
Res. 2018;2018:3096183. doi:10.1155/2018/3096183

172. Ziegler SF. FOXP3: of mice and men. Annu Rev Immunol. 2006;24:209–226. doi:10.1146/annurev.immunol.24.021605.090547
173. Gao Y, Lin F, Su J, et al. Molecular mechanisms underlying the regulation and functional plasticity of FOXP3(+) regulatory T cells. Genes 

Immun. 2012;13(1):1–13. doi:10.1038/gene.2011.77
174. Moodie FM, Marwick JA, Anderson CS, et al. Oxidative stress and cigarette smoke alter chromatin remodeling but differentially regulate 

NF-kappaB activation and proinflammatory cytokine release in alveolar epithelial cells. FASEB J. 2004;18(15):1897–1899. doi:10.1096/fj.04- 
1506fje

175. Yang SR, Chida AS, Bauter MR, et al. Cigarette smoke induces proinflammatory cytokine release by activation of NF-kappaB and 
posttranslational modifications of histone deacetylase in macrophages. Am J Physiol Lung Cell Mol Physiol. 2006;291(1):L46–57. 
doi:10.1152/ajplung.00241.2005

176. Barnes PJ. Histone deacetylase-2 and airway disease. Ther Adv Respir Dis. 2009;3(5):235–243. doi:10.1177/1753465809348648
177. Ito K, Barnes PJ, Adcock IM. Glucocorticoid receptor recruitment of histone deacetylase 2 inhibits interleukin-1beta-induced histone H4 

acetylation on lysines 8 and 12. Mol Cell Biol. 2000;20(18):6891–6903. doi:10.1128/MCB.20.18.6891-6903.2000
178. Ruland J. Return to homeostasis: downregulation of NF-κB responses. Nat Immunol. 2011;12(8):709–714. doi:10.1038/ni.2055
179. Harhaj EW, Dixit VM. Regulation of NF-κB by deubiquitinases. Immunol Rev. 2012;246(1):107–124. doi:10.1111/j.1600-065X.2012.01100.x
180. Yokoyama Y, Tamachi T, Iwata A, et al. A20 (Tnfaip3) expressed in CD4(+) T cells suppresses Th2 cell-mediated allergic airway inflammation 

in mice. Biochem Biophys Res Commun. 2022;629:47–53. doi:10.1016/j.bbrc.2022.08.097
181. Trompouki E, Hatzivassiliou E, Tsichritzis T, Farmer H, Ashworth A, Mosialos G. CYLD is a deubiquitinating enzyme that negatively regulates 

NF-kappaB activation by TNFR family members. Nature. 2003;424(6950):793–796. doi:10.1038/nature01803
182. Kovalenko A, Chable-Bessia C, Cantarella G, Israël A, Wallach D, Courtois G. The tumour suppressor CYLD negatively regulates NF-kappaB 

signalling by deubiquitination. Nature. 2003;424(6950):801–805. doi:10.1038/nature01802
183. Reiley WW, Zhang M, Jin W, et al. Regulation of T cell development by the deubiquitinating enzyme CYLD. Nat Immunol. 2006;7(4):411–417. 

doi:10.1038/ni1315
184. Massoumi R, Chmielarska K, Hennecke K, Pfeifer A, Fässler R. Cyld inhibits tumor cell proliferation by blocking Bcl-3-dependent NF-kappaB 

signaling. Cell. 2006;125(4):665–677. doi:10.1016/j.cell.2006.03.041
185. Zhang J, Stirling B, Temmerman ST, et al. Impaired regulation of NF-kappaB and increased susceptibility to colitis-associated tumorigenesis in 

CYLD-deficient mice. J Clin Invest. 2006;116(11):3042–3049. doi:10.1172/JCI28746
186. Saldana M, VanderVorst K, Berg AL, Lee H, Carraway KL. Otubain 1: a non-canonical deubiquitinase with an emerging role in cancer. Endocr 

Relat Cancer. 2019;26(1):R1–r14. doi:10.1530/ERC-18-0264
187. Bisserier M, Milara J, Abdeldjebbar Y, et al. AAV1.SERCA2a gene therapy reverses pulmonary fibrosis by blocking the STAT3/FOXM1 

pathway and promoting the SNON/SKI axis. Mol Ther. 2020;28(2):394–410. doi:10.1016/j.ymthe.2019.11.027
188. Xie JJ, Guo QY, Jin JY, Jin D. SP1-mediated overexpression of lncRNA LINC01234 as a ceRNA facilitates non-small-cell lung cancer 

progression via regulating OTUB1. J Cell Physiol. 2019;234(12):22845–22856. doi:10.1002/jcp.28848
189. Horimasu Y, Ishikawa N, Taniwaki M, et al. Gene expression profiling of idiopathic interstitial pneumonias (IIPs): identification of potential 

diagnostic markers and therapeutic targets. BMC Med Genet. 2017;18(1):88. doi:10.1186/s12881-017-0449-9
190. Besnard AG, Guillou N, Tschopp J, et al. NLRP3 inflammasome is required in murine asthma in the absence of aluminum adjuvant. Allergy. 

2011;66(8):1047–1057. doi:10.1111/j.1398-9995.2011.02586.x
191. Xiao Y, Xu W, Su W. NLRP3 inflammasome: a likely target for the treatment of allergic diseases. Clin Exp Allergy. 2018;48(9):1080–1091. 

doi:10.1111/cea.13190
192. Py BF, Kim MS, Vakifahmetoglu-Norberg H, Yuan J. Deubiquitination of NLRP3 by BRCC3 critically regulates inflammasome activity. Mol 

Cell. 2013;49(2):331–338. doi:10.1016/j.molcel.2012.11.009
193. Tang F, Lu C, He X, et al. E3 ligase Trim35 inhibits LSD1 demethylase activity through K63-linked ubiquitination and enhances anti-tumor 

immunity in NSCLC. Cell Rep. 2023;42(12):113477. doi:10.1016/j.celrep.2023.113477
194. Tan P, Cai S, Huang Z, et al. E3 ubiquitin ligase FBXW11 as a novel inflammatory biomarker is associated with immune infiltration and NF-κB 

pathway activation in pancreatitis and pancreatic cancer. Cell Signal. 2024;116:111033. doi:10.1016/j.cellsig.2024.111033
195. Zhang Y, Wu J, You G, et al. Bioinformatic analysis and experimental validation of ubiquitin-proteasomal system-related hub genes as novel 

biomarkers for Alzheimer’s disease. J Integr Neurosci. 2023;22(6):138. doi:10.31083/j.jin2206138
196. Xia T, Meng L, Xu G, Sun H, Chen H. TRIM33 promotes glycolysis through regulating P53 K48-linked ubiquitination to promote esophageal 

squamous cell carcinoma growth. Cell Death Dis. 2024;15(10):740. doi:10.1038/s41419-024-07137-z
197. Spano JP, Bay JO, Blay JY, Rixe O. Proteasome inhibition: a new approach for the treatment of malignancies. Bull Cancer. 2005;92(11):E61– 

66,945–952.
198. Terpos E, Roussou M, Dimopoulos MA. Bortezomib in multiple myeloma. Expert Opin Drug Metab Toxicol. 2008;4(5):639–654. doi:10.1517/ 

17425255.4.5.639
199. Utecht KN, Kolesar J. Bortezomib: a novel chemotherapeutic agent for hematologic malignancies. Am J Health Syst Pharm. 2008;65 

(13):1221–1231. doi:10.2146/ajhp070272
200. Dick LR, Fleming PE. Building on bortezomib: second-generation proteasome inhibitors as anti-cancer therapy. Drug Discov Today. 2010;15 

(5–6):243–249. doi:10.1016/j.drudis.2010.01.008
201. Adams J, Kauffman M. Development of the proteasome inhibitor Velcade (Bortezomib). Cancer Invest. 2004;22(2):304–311. doi:10.1081/ 

CNV-120030218
202. Kuhn DJ, Chen Q, Voorhees PM, et al. Potent activity of carfilzomib, a novel, irreversible inhibitor of the ubiquitin-proteasome pathway, against 

preclinical models of multiple myeloma. Blood. 2007;110(9):3281–3290 doi:10.1182/blood-2007-01-065888.
203. Debeuf N, Haspeslagh E, van Helden M, Hammad H, Lambrecht BN. Mouse models of asthma. Curr Protoc Mouse Biol. 2016;6(2):169–184. 

doi:10.1002/cpmo.4

Journal of Asthma and Allergy 2025:18                                                                                            https://doi.org/10.2147/JAA.S490039                                                                                                                                                                                                                                                                                                                                                                                                    329

Deng et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://doi.org/10.3760/cma.j.issn.0366-6999.20121841
https://doi.org/10.1155/2018/3096183
https://doi.org/10.1146/annurev.immunol.24.021605.090547
https://doi.org/10.1038/gene.2011.77
https://doi.org/10.1096/fj.04-1506fje
https://doi.org/10.1096/fj.04-1506fje
https://doi.org/10.1152/ajplung.00241.2005
https://doi.org/10.1177/1753465809348648
https://doi.org/10.1128/MCB.20.18.6891-6903.2000
https://doi.org/10.1038/ni.2055
https://doi.org/10.1111/j.1600-065X.2012.01100.x
https://doi.org/10.1016/j.bbrc.2022.08.097
https://doi.org/10.1038/nature01803
https://doi.org/10.1038/nature01802
https://doi.org/10.1038/ni1315
https://doi.org/10.1016/j.cell.2006.03.041
https://doi.org/10.1172/JCI28746
https://doi.org/10.1530/ERC-18-0264
https://doi.org/10.1016/j.ymthe.2019.11.027
https://doi.org/10.1002/jcp.28848
https://doi.org/10.1186/s12881-017-0449-9
https://doi.org/10.1111/j.1398-9995.2011.02586.x
https://doi.org/10.1111/cea.13190
https://doi.org/10.1016/j.molcel.2012.11.009
https://doi.org/10.1016/j.celrep.2023.113477
https://doi.org/10.1016/j.cellsig.2024.111033
https://doi.org/10.31083/j.jin2206138
https://doi.org/10.1038/s41419-024-07137-z
https://doi.org/10.1517/17425255.4.5.639
https://doi.org/10.1517/17425255.4.5.639
https://doi.org/10.2146/ajhp070272
https://doi.org/10.1016/j.drudis.2010.01.008
https://doi.org/10.1081/CNV-120030218
https://doi.org/10.1081/CNV-120030218
https://doi.org/10.1182/blood-2007-01-065888
https://doi.org/10.1002/cpmo.4


204. Lee JS, Bae JS, Kim JH, et al. Association study between TRIM26 polymorphisms and risk of aspirin-exacerbated respiratory disease. Int J Mol 
Med. 2012;29(5):927–933 doi:10.3892/ijmm.2012.898.

Journal of Asthma and Allergy                                                                                                    

Publish your work in this journal 
The Journal of Asthma and Allergy is an international, peer-reviewed open-access journal publishing original research, reports, editorials and 
commentaries on the following topics: Asthma; Pulmonary physiology; Asthma related clinical health; Clinical immunology and the 
immunological basis of disease; Pharmacological interventions and new therapies. The manuscript management system is completely online 
and includes a very quick and fair peer-review system, which is all easy to use. Visit http://www.dovepress.com/testimonials.php to read real 
quotes from published authors.  

Submit your manuscript here: https://www.dovepress.com/journal-of-asthma-and-allergy-journal

Journal of Asthma and Allergy 2025:18 330

Deng et al                                                                                                                                                                            

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://doi.org/10.3892/ijmm.2012.898
https://www.dovepress.com
http://www.dovepress.com/testimonials.php
https://www.facebook.com/DoveMedicalPress/
https://twitter.com/dovepress
https://www.linkedin.com/company/dove-medical-press
https://www.youtube.com/user/dovepress

	Introduction
	E3 Ligases and Their Mechanisms Involved in Asthma Pathology
	E3 Ubiquitin Ligases Promote the Advancement and Course of Asthma
	AMFR
	Cbx4
	Midline-1
	Parkin
	TRIM27

	E3 Ubiquitin Ligases Inhibit the Development and Progression of Asthma
	FBXL19
	TRIM Family Proteins
	PPARγ
	ITCH
	Cbl-b
	CUL Family
	GRAIL
	FBW7
	SOCS1
	RNF125
	PARK2


	Deubiquitinases and Their Mechanisms Involved in Asthma Pathology
	Ubiquitin Specific Protease Family
	USP10
	USP38
	USP4
	USP25
	USP21
	USP17

	A20
	CYLD
	OTUB1
	BRCC3

	Future Directions and Clinical Implications
	Conclusion
	Data Sharing Statement
	Acknowledgments
	Author Contributions
	Disclosure

