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Cell fate determination is a complex and dynamic process. Across diverse cellular contexts, various 
protein modifications (PTMs) are involved throughout the entire process of cell fate determination. Linear 
ubiquitination is a specific type of PTM. Under the catalysis of linear ubiquitin chain assembly complex, 
multiple ubiquitin molecules form a unique linear ubiquitin chain and modify the substrate. A growing 
number of studies have shown that linear ubiquitination is an important regulatory target in the cell fate 
determination pathway, and that once the linear ubiquitination process of key proteins is defective, the cell 
fate determination process will be disrupted and lead to the development of various diseases. In this review, 
we systematically elaborated the key links between linear ubiquitination and cell fate determination from 
the aspects of cell proliferation, differentiation, senescence, and survival/death. Furthermore, we provide 
an in-depth exploration of the molecular mechanisms through which homeostatic imbalance of linear 
ubiquitination contributes to numerous diseases, including neoplastic, neurodegenerative, infectious, 
inflammatory, and metabolic disorders. Finally, we fully affirm the significance of linear ubiquitination 
as a promising therapeutic target for future drug discovery and development. Our critical appraisal and 
synthesis of the literature provide a foundational framework for future investigations and inform novel 
strategies for the treatment and management of related diseases.

Introduction

   Protein modifications, also referred to as post-translational 
modifications (PTMs), are chemical modifications that occur 
to proteins after biosynthesis. These modifications include the 
chemical changes of amino acids (e.g., citrullination), the addi-
tion of groups (e.g., phosphorylation, glycosylation, acetylation, 
and methylation), and the covalent coupling of small peptides 
or proteins (e.g., neddylation, sumoylation, and ubiquitination) 
[  1 ,  2 ]. PTM is essential for various biological processes and 
indispensable for life since proteins require appropriate folding 
and PTM to function normally [  3 ].

   Ubiquitin is a 76-amino-acid polypeptide that is covalently 
attached to specific amino acid residues within substrate pro-
teins. This PTM, known as ubiquitination, can further modu-
late protein function and homeostasis by influencing protein 
folding, degradation, and protein–protein interactions [  4 ]. 
Ubiquitination controls multiple physiological processes in 
cells, including proteasome-mediated degradation, DNA dam-
age repair, and the cell cycle [ 4 ]. The ubiquitination cascade 
reaction requires 3 mutually synergistic enzymes: the E1 ubiq-
uitin-activating enzyme, the E2 ubiquitin-coupling enzyme, 
and the E3 ubiquitin ligase. Only with the help of these 3 
enzymes can ubiquitin be combined with its substrate smoothly 
[  5 ]. Ubiquitination can be classified into multiple distinct types 
based on the architecture of the ubiquitin chain, the linkage 

modes between ubiquitin molecules, and the number of ubiq-
uitin molecules conjugated to the substrate. Notably, linear 
ubiquitination represents a highly distinctive form of ubiquitin 
modification. When the N-terminal methionine (Met1) residue 
in ubiquitin forms a peptide bond with the carboxyl group at 
the C-terminal Gly residue of another ubiquitin, this generates 
an “end-to-end” linear ubiquitin chain with Met1 as the linkage 
site [  6 ]. Unlike other forms of ubiquitination that use Lys resi-
dues for coupling, this unique linear ubiquitination has been 
shown to play a key role in cell proliferation, cell survival/death, 
immune response, and bacterial clearance through selective 
autophagy [  7 ].

   Cell fate determination is the process and its outcome by 
which a cell adopts a specific identity or functional state during 
development or in response to environmental cues. Key pro-
cesses in cell biology, such as cell proliferation, differentiation, 
senescence, survival, and death, are central manifestations of 
this decision-making process. This process is determined by 
the gene regulatory network, signal pathway, and external envi-
ronment [  8 ]. Once the regulation of cell fate is hindered, it leads 
to a series of serious consequences, such as cancer. The ubiq-
uitination system has been shown to be an important decision-
maker in cell fate, influencing the direction of cell fate through 
intervention at multiple levels [  9 ]. Therefore, further study on 
the relationship between ubiquitin-dependent modifications 
and cell fate is of crucial significance for understanding the 
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molecular mechanisms of cell fate determination and the 
pathogenesis of the related diseases. This review focuses on the 
key mechanisms by which linear ubiquitination governs cell 
fate determination and the association between its dysregula-
tion and various diseases. Its aim is to provide a comprehensive 
and critical synthesis of the field, thereby offering essential 
references and novel perspectives to guide future research, 
therapeutic strategies, and drug development.   

Overview of Linear Ubiquitination

Linear ubiquitin chain assembly complex
   The linear ubiquitin chain linked via Met1 is the only non-Lys 
residue-dependent chain linkage and is therefore biochemically 
and structurally unique. Up to now, the only ligase complex 
known to produce a linear ubiquitin chain is the linear ubiq-
uitin chain assembly complex (LUBAC) [  10 ]. LUBAC con-
sists of 3 subunits: heme-oxidized IRP2 ubiquitin ligase 1L 
(HOIL-1L), HOIL-1-interacting protein (HOIP), and shank-
associated RH domain-interacting protein (SHARPIN) [  11 ].

   HOIL-1L belongs to the RING-between-RING (RBR) ubiq-
uitin ligase family. It is an E3 ligase that catalyzes the formation 
of ester bonds between the C-terminal carboxylic group of ubiq-
uitin and Ser or Thr residues of its substrates (including 3 
subunits of LUBAC), subsequently initiating the de novo syn-
thesis of the ubiquitin chain [  12 ]. HOIL-1L couples monoubiq-
uitin to all subunits of LUBAC via its RBR domain and causes 
HOIP-mediated binding of linear ubiquitin chains to monou-
biquitin (i.e., auto-linear ubiquitination of LUBAC), which 
inhibits LUBAC function [  13 ]. On the other hand, HOIL-1L 
interacts with HOIP through the ubiquitin-like (UBL) domain, 
promoting the stimulation of HOIP activity [  14 ]. There is a 
unique interaction pattern between HOIL-1L and SHARPIN, 
mediated by LUBAC-tethering motifs (LTMs) that fold into a 
single spherical domain; the dimerization mediated by LTM 
plays a decisive role in the stability of the LUBAC [  15 ].

   HOIP belongs to the RBR E3 ubiquitin ligase family, and its 
RBR domain is the catalytic center for linear ubiquitin [  16 ]. The 
RBR domain contains an N-terminal RING1 and a C-terminal 
RING2, and the 2 domains are connected by the in-between-
RING (IBR) domain [  17 ]. HOIP recognizes and chelates the 
ubiquitin-carrying E2 enzyme at RING1 and transfers ubiquitin 
from E2 to specific Cys residues in RING2 (Cys885 in human), 
instantaneously forming a homologous to E6-associated protein 
C-terminus (HECT)-like covalent thioester intermediate. At this 
point, at the C-terminus of HOIP, the linear ubiquitin chain 
determining domain (LDD), which interacts with the receptor 
ubiquitin, promotes the covalent connection of the C-terminus 
of the donor ubiquitin to the N-terminus of receptor ubiquitin, 
and ultimately mediates the formation of the linear ubiquitin 
chain [ 16 ,  18 ]. Due to the intramolecular interaction between 
the RBR domain and its N-terminal domain, HOIP exists in an 
auto-inhibited state, but when HOIP interacts with the UBL 
domain in SHARPIN and HOIL-1 through its ubiquitin-asso-
ciated domain 1 and 2 (UBA1 and UBA2) respectively, HOIP is 
able to release its auto-inhibition and exerts its function as E3 
ligase [ 14 , 15 ]. The peptide:N-glycanase and UBA or ubiquitin 
regulatory X (UBX)-containing proteins (PUB) domain of HOIP 
primarily mediates interactions with OTU deubiquitinase with 
linear linkage specificity (OTULIN) and other binding partners 
[  19 ]. HOIP also contains a B-box domain, but its exact func-
tional mechanism is not fully understood at present.

   SHARPIN is a protein consisting of 387 amino acids and 
the last subunit characterized in LUBAC. In addition to LTM, 
SHARPIN is currently known to contain pleckstrin homology 
(PH), UBL, and Npl4 zinc finger (NZF) domains: the N-terminal 
PH domain mediates homodimerization and is associated with 
β1 integrin and tumor regulation [  20 ]; the UBL domain inter-
acts with the UBA1 domain of HOIP to mediate the formation 
of LUBAC [ 14 ]; and the C-terminal NZF domain possesses the 
function of recognizing and binding ubiquitin and prevents 
tumor necrosis factor alpha (TNF-α)-induced cell death [  21 ], 
but so far, the full-length structure of SHARPIN, as well as the 
specific structure of NZF, has not been completely analyzed. 
SHARPIN itself cannot produce linear ubiquitin modification, 
but it can activate the activity of LUBAC when bound to HOIP 
[  22 ]. It has been shown that SHARPIN can replace HOIL-1L 
to facilitate HOIP to synthesize linear ubiquitin chains [ 20 ]. In 
addition, endogenous HOIP can form dimers with only HOIL-1L 
or SHARPIN in the absence of HOIL-1L or SHARPIN, and 
either dimer can synthesize a linear ubiquitin chain to activate 
nuclear factor-κB (NF-κB) [ 20 ].

   Meanwhile, all 3 subunits of LUBAC contain ubiquitin-
binding domains (UBDs), such as the ZF and/or NZF. These 
UBDs play an important role in the process of LUBAC recruit-
ment into receptor-related signal complexes [ 16 ]. In summary, 
the stability of LUBAC complex is determined by the interac-
tion among HOIP, HOIL-1L, and SHARPIN. The 3 subunits 
are combined in a stoichiometric ratio of 1:1:1 to maintain the 
function of LUBAC, but the exact number of 3 subunits in the 
complex is still unknown [ 10 ], and the loss of any component 
of LUBAC will reduce the stability of other components and 
diminish the activity of LUBAC [ 16 ].   

Deubiquitinating enzymes that remove linear 
ubiquitin chains
   Linear ubiquitination modification is a dynamic and reversible 
process under strict control. This reversibility is achieved by 
deubiquitinating enzymes (DUBs) that specifically cleave linear 
ubiquitin chains. There are only 2 kinds of DUBs known to be 
capable of removing linear ubiquitination, namely, OTULIN 
and cylindromatosis (CYLD). OTULIN is the only DUB so far 
shown to specifically cleave linear ubiquitin chains [ 19 ], and 
CYLD cleaves K63-linked polyubiquitin chains in addition to 
Met1-linked linear ubiquitin chains, thereby modifying the 
substrate protein via deubiquitination [  23 ].

   OTULIN has a highly conserved OTU domain at the 
C-terminus, which is noted to be characteristic of the papain-
like family of Cys peptidases [ 19 ]. The N-terminus of OTULIN 
contains a PUB-interacting motif (PIM) that mediates direct 
interaction with the N-terminal PUB domain of HOIP [ 19 ]. 
The interaction between OTULIN and HOIP is regulated 
by multiple factors, and the binding of OTULIN to HOIP is 
blocked when Tyr56 on PIM is phosphorylated [ 16 ]. When a 
specific E3 ligase-tripartite motif-containing protein 32 couples 
polyubiquitin linked by K63 at 2 Lys residues (Lys64 and Lys66) 
near the PIM domain, it inhibits the interaction between 
OTULIN and HOIP and promote the activation of NF-κB 
induced by TNF-α [ 19 ]. The study confirmed that OTULIN 
is a key player in the regulation of linear ubiquitination of 
intracellular proteins [  24 ]. Inactivation of OTULIN results 
in a severe disruption of linear ubiquitin chain homeostasis 
within cells [ 24 ]. In the normal state, OTULIN cleaves the 
linear ubiquitin chain on LUBAC subunits, thus derepressing 
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the self-inhibition of LUBAC [ 16 ]. OTULIN appears to have a 
specific ubiquitin-binding site for the Met1 linkage, which 
enables it to interact specifically with linear chains, and in the 
presence of both the K63 and Met1 linkages, this ubiquitin-
binding site allows OTULIN to interact almost exclusively with 
the Met1 linkages without binding other ubiquitin chain types 
[  25 ]. OTULIN possesses a mechanism of substrate-assisted 
catalysis that enables it to distinguish and hydrolyze Met1 link-
ages specifically [ 25 ]. Regardless of where the linear chains are 
attached, this mechanism appears to enable OTULIN to selec-
tively bind Met1-linked ubiquitin chains with high specificity 
rather than to target individual proteins [ 25 ].

   CYLD belongs to a ubiquitin-specific protease (USP) family, 
and it consists of 3 glycine-rich cytoskeleton-associated protein 
(CAP-Gly) domains, 2 proline-rich motifs (PR), a phosphoryla-
tion region, and an N-terminal USP catalytic domain. The zinc-
finger-like B-box domain is contained within the USP domain, 
which mediates the subcellular localization of CYLD [  26 ]. In 
contrast to the direct interaction of OTULIN with HOIP, CYLD 
interacts with the PUB domain of HOIP indirectly, requiring 
bridging through spermatogenesis-associated 2 (SPATA2). 
SPATA2 contains PUB, PIM, and ZF domains, and SPATA2 
selectively binds to the PUB domain of HOIP through the PIM 
domain but does not recognize other PUB domains, while 
SPATA2 activates CYLD by interacting with the USP domain 
of CYLD through the PUB domain in a PIM-independent 
manner [  27 ]. In addition, CYLD homodimerizes via its B-box 

domain and subsequently associates with 2 SPATA2 proteins 
to form a heterotetramer [  28 ]. Since both SPATA2 and OTULIN 
interact with the PUB domain of HOIP and recognize the same 
binding motif, SPATA2/CYLD and OTULIN compete with 
each other during the interaction with HOIP, indicating that 
SPATA2 prevents excessive cleavage of linear ubiquitin chains 
on LUBAC by OTULIN [ 16 ]. In contrast to OTULIN, CYLD 
has the ability to hydrolyze both K63- and Met1-linked ubiq-
uitin chains, though it shows a preference for linear chain 
removal in vitro [  29 ]. Figure  1  shows the key domains and 
interaction modes of OTULIN, CYLD, SPATA2, and LUBAC 
subunits.            

Linear Ubiquitination: Roles in Cell Proliferation 
and Differentiation

Overview of cell proliferation and differentiation
   Cell proliferation is the process through which cells divide and 
multiply, leading to an increase in cell number. This highly 
regulated process involves key events like DNA replication 
and is controlled by cell cycle regulatory factors. The intricate 
regulatory network among cyclins, cyclin-dependent kinases 
(CDKs), and CDK inhibitors constitutes a fundamental mecha-
nism that ensures the orderly progression of the complete cell 
cycle [  30 ]. Conversely, cell differentiation, the process by which 
unspecialized cells acquire specific identities and functions, 
underpins the development of an organism. The formation of 

PH LTM

UBL

NZF
N C

LTM

N C

UBL

NZF RING1 RING2IBR

PUB

B-box ZF NZF1 NZF2 UBA2UBA1 RING1 RING2IBR LDD

N C

N

PIM OTU

C

 CAP-Gly1  CAP-Gly2  CAP-Gly3PR PR

USP

B-box

PUB

N

N

C

C
PIM ZF

HOIP

SHARPIN HOIL-1L

SPATA2

CYLD

OTULIN

Bind Bind

Bind

Bind

Bind

Bind

RBR

RBR

Linear ubiquitination

SHARPIN
HOIL-1LHOIP

LUBAC

Fig. 1. Domain structure of LUBAC subunits, OTULIN, CYLD, SPATA2, and their respective interactions. LUBAC consists of 3 subunits, HOIP, HOIL-1L, and SHARPIN. The RBR 
domain at the C-terminus of HOIP is the linear ubiquitin catalytic center of LUBAC. HOIP contains LDD, UBA1/2, NZF1/2, ZF, B-box, and PUB domains, and it interacts with 
the UBL domains of SHARPIN and HOIL-1L through the UBA1/2 domain. HOIL-1L possesses LTM and NZF domains like SHARPIN in addition to the UBL and RBR domains, and 
the two interact through the LTM domain. Additionally, SHARPIN contains a special PH domain that mainly mediates homodimerization. OTULIN contains a conserved OTU 
domain and a PIM domain that interacts with the PUB domain of HOIP. CYLD contains CAP-Gly1/2/3, PR, and USP domains, with the latter specifically encompassing the 
B-box domain. SPATA2 interacts with the USP domain of CYLD through the PUB domain and then selectively binds to the PUB domain of HOIP through the PIM domain, and 
the ZF domain is also present in SPATA2.



Huang et al. 2025 | https://doi.org/10.34133/research.1061 4

complex tissues and organs is the ultimate manifestation of this 
process. It has been established that the control of cell prolifera-
tion is associated with cell differentiation, which serves as a 
critical mechanism for inhibiting cell proliferation under physi-
ological conditions [  31 ]. Cell proliferation and differentiation 
are pivotal processes in tumorigenesis. Benign tumors typically 
exhibit dysregulated proliferation but retain a degree of differ-
entiation comparable to normal cells. In contrast, malignant 
tumors are characterized by both uncontrolled proliferation 
and aberrant differentiation [  32 ,  33 ]. Therefore, maintaining a 
balance between proliferation and differentiation is crucial for 
normal development and tissue homeostasis in multicellular 
organisms.   

Linear ubiquitination mediates cell proliferation  
and differentiation
   LUBAC primarily regulates the proliferation and differentiation 
of immune cells, with B lymphocytes and T lymphocytes 
showing a strong association with linear ubiquitination. B 
lymphocytes are a vital component of the immune system, 
and LUBAC-dependent NF-κB activation is essential for 
B-cell development and function. It has been demonstrated 
that LUBAC deficiency impairs transmembrane activator and 
calcium-modulating cyclophilin ligand interactor (TACI)-, 
CD40-, and Toll-like receptor 4 (TLR4)-mediated NF-κB acti-
vation by inhibiting inhibitor of κB (IκB) kinase (IKK) complex 
activation, ultimately leading to impaired B1 cell development 
in mice [  34 ]. Notably, B-cell receptor (BCR)-induced NF-κB 
activation remains unaffected by LUBAC deficiency [ 34 ]. 
Furthermore, deficiency in LUBAC activity not only impairs 
the proliferation and differentiation of B1 cells in mice but also 
triggers extensive TLR4-mediated B-cell death. In addition, 
HOIP-deficient mice exhibit a severely attenuated antibody 
response upon lipopolysaccharide (LPS) stimulation [  35 ]. 
These findings clearly demonstrate that the linear ubiquitina-
tion activity of LUBAC is essential for the normal proliferation, 
differentiation, and survival of B1 cells. Consistent with find-
ings in mice, HOIP-deficient patients exhibit marked defects 
in CD40-dependent B-cell activation and plasmablast differ-
entiation [  36 ]. This evidence underscores the indispensable role 
of LUBAC activity in human B-cell development.

   T lymphocytes originate in the bone marrow and mature in 
the thymus. The critical importance of LUBAC activity for the 
survival and development of mature T cells has been well estab-
lished. Loss of LUBAC function in mice severely impairs the 
development of natural killer T (NKT) cells, as well as the 
proliferation and differentiation of CD4+ T cells [  37 ]. NF-κB 
activation is a prerequisite for the normal proliferation and 
differentiation of both B lymphocytes and T lymphocytes. In 
T cells, the T-cell receptor (TCR)–NF-κB pathway is predomi-
nantly regulated by LUBAC. Deficiency in LUBAC prevents 
TCR stimulation from activating NF-κB via NF-κB essential 
modulator (NEMO), ultimately leading to impaired prolifera-
tion and developmental defects in CD4+ T cells in mice [ 37 ]. 
In Jurkat cells, TCR stimulation promotes the deposition of 
linear ubiquitin chains by LUBAC onto the CARD11–BCL10–
MALT1 (CBM) complex. This linear ubiquitination subse-
quently facilitates the stable activation of the IKK complex and 
downstream NF-κB signaling. However, this process is specifi-
cally inhibited by OTULIN, but not by CYLD [  38 ]. The authors 
indicate that the linear ubiquitination of the CBM complex 
promotes the subsequent activation of NEMO within the IKK 

complex in a manner that is independent of further LUBAC 
involvement. This pathway represents the primary mecha-
nism for TCR–NF-κB pathway activation in Jurkat cells [ 38 ]. 
Furthermore, LUBAC activity is essential for the differentiation 
of Forkhead box-P3+ regulatory T cells (Tregs) and NKT cells 
in the murine thymus, as well as for the maintenance of periph-
eral Tregs [  39 ]. Thymic epithelial cells (TECs) play a vital role 
in orchestrating T-cell differentiation and establishing immune 
tolerance. Maintaining LUBAC-mediated linear ubiquitination 
is not only a prerequisite for the survival and differentiation of 
TECs but also a critical requirement for normal thymic devel-
opment and the establishment of a naive T-cell repertoire in 
mice [  40 ].

   In addition to B and T lymphocytes, the development of 
vascular endothelial cells (VECs) is also regulated by linear 
ubiquitination. In OTULIN-KO mice, excessive linear ubiqui-
tination of activin receptor-like kinase 1 (ALK1) by LUBAC in 
the bone morphogenetic protein 9 (BMP9)–ALK1–mothers 
against the decapentaplegic homologue 1/5 (Smad1/5) path-
way leads to dysregulated proliferation and migration of 
VECs, ultimately resulting in angiogenic defects and embry-
onic lethality. These defects can be rescued either by BMP9 
stimulation or through ALK1 activation [  41 ].

   As key components of the adaptive immune response, the 
proliferation and differentiation of both B lymphocytes and T 
lymphocytes are regulated by LUBAC, indicating that LUBAC 
is a critical regulatory molecule in the body’s defense against 
pathogen invasion. It is noteworthy that the BCR–NF-κB path-
way in mice is not affected by LUBAC deficiency. We propose 
that this may represent a compensatory mechanism in B cells, 
helping them counteract certain developmental inhibition 
or death threats. Interestingly, NEMO can be activated in a 
LUBAC-independent manner in Jurkat cells with the assistance 
of the linearly ubiquitinated CBM complex. This finding is par-
ticularly intriguing as it challenges the conventional view that 
NEMO activation strictly depends on linear ubiquitination. 
This may provide an explanation for certain research observa-
tions where impaired linear ubiquitination of NEMO coexists 
with normal NF-κB activation. Research findings on mouse 
VECs remind us that excessive linear ubiquitination can exert 
toxic effects on cell proliferation and differentiation. Although 
this has not been confirmed in immune cells, it should be 
taken into consideration in all studies related to cell prolifera-
tion and differentiation. In summary, LUBAC activity serves 
as the driving force for cell (particularly immune cell) prolif-
eration and differentiation, but precise regulation of its activity 
is crucial for maintaining cellular homeostasis. Figure  2  out-
lines how linear ubiquitination regulates cell proliferation and 
differentiation.            

Linear Ubiquitination: Involvement in  
Cell Senescence

Overview of cell senescence
   Cell senescence is a state in which replication-competent cells 
enter persistent cell cycle arrest and undergo diverse pheno-
typic changes in response to stress or injury. It serves as an 
important biological process that limits tissue damage, sup-
presses tumorigenesis, and facilitates embryonic development 
[  42 ]. However, excessive accumulation of senescent cells impairs 
tissue regenerative capacity, induces tissue dysfunction, and 
can promote tumor development in a non-cell-autonomous 
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manner [ 42 ]. Senescent cells have a well-recognized set of 
core features, which include 9 major senescence hallmarks: 
(a) cell cycle arrest; p53–p21–retinoblastoma protein (RB) 
and p16INK4A (inhibitor of CDK4)–RB are 2 major signaling 
pathways that initiate and maintain cell cycle arrest; (b) the 
senescence-associated secretory phenotype (SASP); SASP is 
mainly characterized by the activation and release of a series 
of inflammatory factors, growth factors, proteases, and other 
biologically active substances; (c) chromatin alterations; PTMs 
of histones and DNA methylation lead to overall loss and local-
ized gain of heterochromatin during senescence; (d) activation 
of DNA damage response (DDR); DDR triggers cell senescence 
through ataxia-telangiectasia mutated (ATM)- and ataxia-
telangiectasia and Rad3 related (ATR)-mediated stabilization 
of p53, which activates p21 to impede cell cycle progression; 
(e) up-regulation of anti-apoptotic pathways; (f) increased lyso-
somal content; (g) metabolic adaptation; (h) altered cell sur-
face marker proteins; and (i) altered cell morphology [  43 ,  44 ]. 
Nevertheless, no single marker is sufficient to define senescence 
due to the potential overlap of these features with other cell 
states; thus, identifying senescent cells requires a combination 
of multiple markers.   

Linear ubiquitination and cell senescence
   Nuclear DNA damage caused by various factors is a central 
trigger for cell senescence. This damage, primarily in the 
form of DNA double-strand breaks (DSBs), leads to subsequent 

activation of the DDR pathway. LUBAC plays critical roles in 
regulating key steps of the DDR pathway. Specifically, DSBs 
induce autophosphorylation of ATM and ATR. Upon activa-
tion, ATM phosphorylates checkpoint kinase-2 (CHK2) while 
ATR phosphorylates CHK1, triggering the activation signal of 
the p53–p21 pathway [ 42 ,  45 ]. p21 blocks the activity of various 
cyclin–CDK complexes, resulting in the formation of a complex 
between hypophosphorylated RB and the E2F transcription 
factor (E2F)/dimerization partner heterodimer. This complex 
then binds to the promoters of target genes to repress transcrip-
tion of cell cycle-related genes [  46 ]. In addition, activated ATM 
promotes phosphorylation and monoubiquitination of NEMO, 
both of which subsequently form a complex and are exported 
to the cytoplasm to assemble into the ATM–IKK complex, 
which ultimately drives the activation of NF-κB and subsequent 
expression of SASP components [ 42 ,  47 ]. In both human and 
mouse cells, ATM promotes the nuclear export of NEMO, 
enabling its effective linear ubiquitination by LUBAC in the 
cytoplasm. This modification is a crucial prerequisite for 
the proper activation of NF-κB, which subsequently leads to 
the suppression of DNA damage-induced apoptosis. This phe-
nomenon aligns with the characteristic increased resistance to 
apoptosis observed in senescent cells [ 47 ]. Scholars have fur-
ther underscored the crucial role of linear ubiquitination in 
DNA damage-induced NF-κB activation. They emphasize 
that the ATM/NEMO-dependent NF-κB activation following 
DNA damage is directly linked to the induction of SASP [  48 ].
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   LUBAC also orchestrates the repair mechanisms following 
DNA damage. DSBs can be repaired through 2 main pathways: 
non-homologous end joining and homologous recombination 
(HR). When the repair process against DSBs is inhibited or the 
repair process is unable to withstand the persistent DNA dam-
age, DDR signaling will be prolonged, which ultimately leads 
to cell senescence. DDR pathway activated by DSBs has been 
pointed out to be one of the major pathways regulated by ubiq-
uitination in cells [  49 ]. RAD18 E3 ubiquitin protein ligase 
(RAD18) is a key enzyme involved in DNA damage repair. In 
HEK-293T cells, RAD18 is recruited to Met1- and K63-linked 
ubiquitin chains on chromatin proteins at DSB sites [ 49 ]. Direct 
binding of RAD18 to these ubiquitin chains promotes HR- 
mediated DSB repair. Importantly, the ubiquitination of chro-
matin proteins is essential for efficient recruitment and proper 
retention of RAD18 at DSB sites [ 49 ,  50 ]. Additionally, ring 
finger protein 8 (RNF8) is another important E3 ubiquitin 
ligase that promotes DSB repair. Tax, the human T-cell leuke-
mia virus type 1 (HTLV-1) viral oncoprotein, hijacks RNF8 
into the cytoplasm to induce assembly of K63-linked ubiquitin 
chains, thereby promoting activation of the transforming 
growth factor β-activated kinase 1 (TAK1) complex (composed 
of TAK1, TAK1-binding protein 1 [TAB1], and TAB2/3) in 
human cells [  51 ]. The K63-linked ubiquitin chains then recruit 
LUBAC and utilize it to generate the K63/Met1-linked hybrid 
ubiquitin chains, resulting in the activation of the IKK complex 
(composed of NEMO, IKKα, and IKKβ) as well as deregulation 
of NF-κB inhibition [ 51 ]. It has been established that over-
activation of NF-κB by Tax leads to substantial accumulation 
of p21 and p27 proteins, thereby inducing cell cycle arrest and 
cell senescence. Linear ubiquitination serves as a critical molec-
ular regulator of this process [ 51 –  53 ].

   Intriguingly, lysosomal dysfunction has also been implicated 
in the onset of cell senescence. Specifically, impaired lysosomal 
degradation has been clearly identified as a characteristic fea-
ture of senescent cells [  54 ]. Bleomycin treatment induces DNA 
damage and reactive oxygen species (ROS) generation in HT22 
cells. The resulting ROS triggers lysosomal membrane permea-
bilization (LMP) and impairs lysosomal degradative capacity, 
thereby obstructing autophagic flux and ultimately leading 
to cell senescence [ 54 ]. In human glioblastoma (GBM) cells, 
LUBAC deposits Met1-linked ubiquitin chains onto damaged 
lysosomes that have undergone LMP, as a mechanism to restore 
lysosomal autophagic degradation and lysosomal homeostasis 
[  55 ]. Therefore, linear ubiquitination is also potentially linked 
to cell senescence induced by lysosomal damage.

   LUBAC serves not only as a key responder to cell senescence 
but also as an indispensable factor in counteracting it, high-
lighting its comprehensive role in regulating this process. 
Current evidence indicates that LUBAC-mediated senescence 
regulation primarily operates in the context of 3 major biologi-
cal processes: DDR, pathogen invasion, and lysosomal impair-
ment. We propose that in response to DNA damage, LUBAC 
orchestrates the SASP to maintain the senescent state and 
inhibit cell proliferation, while concurrently facilitating DSB 
repair. Subsequently, upon repair completion, LUBAC con-
tributes to senescence termination. We hypothesize that this 
dynamic mechanism enables LUBAC to suppress disease devel-
opment, such as cancer, and maintain organismal homeostasis. 
The mechanism by which HTLV-1 exploits LUBAC to induce 
senescence is particularly intriguing. Given that senescent cells 
exhibit high resistance to apoptosis and long-term persistence, 

we speculate that HTLV-1 leverages cell senescence as a strategy 
to establish a stable and persistent latent environment, thereby 
evading immune surveillance. This hypothesis aligns with the 
clinical observation that HTLV-1 can remain latent in the 
human body for decades, even for life. Furthermore, although 
studies exploring LUBAC in lysosomal damage and those link-
ing lysosomal damage to senescence have utilized different cell 
lines, these models are all neural-derived. Notably, it has been 
demonstrated that damaged lysosomes in both human and 
mouse normal neurons are modified by linear ubiquitin chains 
[ 55 ]. Therefore, we consider investigating the relationship 
between LUBAC and cell senescence from the perspective of 
lysosomal damage to be a highly meaningful direction for 
future research. Figure  3  vividly demonstrates the strong link 
between linear ubiquitination and cell senescence.            

Linear Ubiquitination: Regulation of Cell 
Survival/Death
   The maintenance of the equilibrium between cell survival and 
death is a prerequisite for the normal progress of physiological 
activities in the body, and linear ubiquitination, as a regulatory 
pivot, is a key point to maintaining the balance of cell survival 
and death. Therefore, an in-depth study of the mechanisms of 
linear ubiquitination in the regulation of cell survival and death 
will greatly enhance our understanding of cell fate determina-
tion and related diseases. Since cell survival and death are oppo-
sites of each other, this section mainly focuses on the various 
patterns of cell death as an entry point to explore the key regula-
tory role of linear ubiquitination in cell survival and death 
decisions.  

Linear ubiquitination and apoptosis
Overview of apoptosis
   Apoptosis, a genetically regulated form of programmed cell 
death, is mainly initiated via 2 separate mechanisms: the intrin-
sic and extrinsic pathways. In the intrinsic pathway, stimuli 
such as DNA damage promote the alteration of outer mito-
chondrial membrane (OMM) permeability by B-cell lymphoma 
2 (BCL2)-associated X (BAX) and BCL2 antagonist killer 
(BAK). This leads to the release of cytochrome c (Cyt c) from 
the mitochondrial intermembrane space into the cytosol, thereby 
activating the executioner caspase-3/7 and ultimately initiating 
intrinsic apoptosis [  56 ]. The entire process is also subject to 
regulation by anti-apoptotic molecules (e.g., BCL2, BCL-extra 
large [BCL-XL], and myeloid cell leukemia 1 [MCL1]), which, 
through their interaction with pro-apoptotic proteins such as 
BAX and BAK, inhibit Cyt c release, thereby executing their 
anti-apoptotic function [  57 ].

   When various factors induce death ligands (e.g., Fas ligand 
[FasL], TNF-related apoptosis-inducing ligand [TRAIL], and 
TNF-α) to bind to their respective membrane receptors (e.g., 
Fas, death receptor 4/5 [DR4/5], and TNF receptor 1 [TNFR1]), 
Fas-associated protein with death domain (FADD) or TNFR1-
associated death domain protein (TRADD) is recruited to the 
corresponding membrane receptor, and the different mem-
brane receptors then go on to recruit distinct key proteins to 
generate receptor-associated complexes [  58 ]. These complexes 
recruit procaspase-8, with the subsequent death signaling 
promoting its cleavage and activation, ultimately leading to 
the activation of caspase-3/7 and the initiation of extrinsic 
apoptosis [ 58 ].   
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Linear ubiquitination and apoptosis
   Current research on the relationship between linear ubiquitina-
tion and intrinsic apoptosis remains limited. In the retinoic 
acid-inducible gene I (RIG-I)-induced apoptotic pathway, 
interferon regulatory factor 3 (IRF3) binds to BAX and facili-
tates its translocation to mitochondria, leading to subsequent 
Cyt c release and apoptosis in HT1080 cells. This process 
proceeds efficiently only when IRF3 undergoes linear ubiq-
uitination, and it is effectively suppressed by OTULIN [  59 ]. 
Furthermore, in human colorectal cancer (CRC) cells, matrine 
treatment markedly down-regulates SHARPIN and BCL2 expres-
sion while up-regulating caspase-3, caspase-8, and BAX levels, 
collectively inducing apoptosis [  60 ]. In mice, loss of SHARPIN 
not only causes prominent epidermal hyperplasia but also pro-
motes substantial intrinsic apoptosis in keratinocytes [  61 ]. 
Notably, SHARPIN and the LUBAC complex exhibit discordant 
regulatory functions in intrinsic apoptosis. Although both are 
generally considered pro-survival factors, LUBAC can para-
doxically promote apoptosis in specific contexts, such as the 
RIG-I-mediated pathway. We therefore hypothesize that the 
nature of the pro-death signal is a key determinant underlying 
these context-dependent regulatory outcomes.

   Currently, LUBAC-mediated linear ubiquitination has been 
shown to be more involved in regulating TNF-α-induced 
extrinsic apoptosis compared to intrinsic apoptosis. In general, 

TNF-α signaling activation does not typically induce cell death 
in mice and humans. Cells only initiate the TNF-α-mediated 
cell death pathway under severe cellular stress [  62 ]. The binding 
of TNF-α to TNFR1 promotes rapid assembly of intracellular 
complex I, containing proteins such as receptor-interacting 
protein kinase 1 (RIPK1), TNFR1, TRADD, LUBAC, CYLD, 
and SPATA2 [  63 ]. RIPK1, TNFR1, and TRADD are modified 
by K63- and Met1-linked ubiquitin chains. The K63/Met1-
linked hybrid ubiquitin chains on RIPK1 create a platform 
that recruits the TAK1 complex and the IKK complex [  64 ,  65 ]. 
Subsequent activation of the IKK complex facilitates nuclear 
translocation of activated NF-κB, which drives expression of 
numerous target genes including cellular FLICE inhibitory 
protein (c-FLIP) [ 62 ]. c-FLIP then binds to procaspase-8 within 
complex II, a cytosolic complex formed after the membrane 
dissociation of complex I, and inhibits its activation, thereby 
preventing apoptosis [ 62 ]. However, c-FLIP stability is main-
tained only after it undergoes linear ubiquitination by LUBAC 
[  66 ]. Thus, LUBAC is involved in regulating multiple key steps 
of the TNF-α signaling pathway and primarily acts as a pro-
survival factor to suppress apoptosis.

   However, disruption of linear ubiquitination homeostasis 
can shift TNF-α signaling from promoting survival to trigger-
ing death, thereby inducing extrinsic apoptosis. It has been 
demonstrated that CYLD promotes TNF-α-induced apoptosis 
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in human cells by removing linear ubiquitin chains from com-
plex I [ 65 ]. HOIP deficiency prevents linear ubiquitination of 
c-FLIP, leading to its degradation via the proteasome-dependent 
pathway and ultimately sensitizing HeLa cells to apoptosis 
[ 66 ]. Similarly, in human cells, overexpression of OTULIN 
eliminates linear ubiquitin chains on NEMO and promotes 
TNF-α-mediated apoptosis [ 25 ]. Paradoxically, knockdown 
of OTULIN also increases cellular susceptibility to apoptosis 
[ 25 ]. Other researchers have proposed a possible explanation: 
OTULIN releases LUBAC activity by preventing its auto-linear 
ubiquitination, thereby restricting TNF-α-mediated cell death 
in mouse models [  67 ]. Consequently, the maintenance of linear 
ubiquitination homeostasis requires the participation of mul-
tiple molecules, and the linear ubiquitination status of key 
molecules ultimately determines whether a cell survives or 
undergoes death.

   In summary, LUBAC exhibits a dual regulatory role in apop-
tosis control. Within the RIG-I-mediated apoptotic pathway, 
its pro-death function is hypothesized to relate to the unique 
stimulus of viral infection. Notably, numerous viruses exploit 
host cell resources for continuous replication and dissemina-
tion, while LUBAC-induced cellular collapse may prevent fur-
ther viral spread to adjacent tissues. This hypothesis is further 

supported by the observation that RIG-I-mediated apoptosis 
predominantly occurs during later stages of viral infection 
[ 59 ]. The pro-survival function demonstrated by SHARPIN 
appears to operate through LUBAC-dependent mechanisms. 
Furthermore, LUBAC acts as a definitive negative regulator in 
TNF-α-mediated extrinsic apoptosis, where its ubiquitination 
modifications on multiple proteins collectively confer resistance 
to cell death. Nevertheless, we note that OTULIN knockdown 
also triggers cell death due to ensuing excessive auto-linear ubiq-
uitination of LUBAC. Consequently, properly regulated linear 
ubiquitination is essential for maintaining cellular homeostasis. 
Figure  4  clearly illustrates the key steps through which LUBAC 
regulates apoptosis.            

Linear ubiquitination and necroptosis
Overview of necroptosis
   Necroptosis is a programmed and regulated form of necrotic 
cell death, primarily mediated by specific ligand/receptor pairs 
such as TNF-α/TNFR1; FasL/Fas; double-stranded RNA/TLR3; 
LPS/TLR4; and type I interferons (IFNs)/IFN α/β receptor 
(IFNAR) [  68 ]. For instance, the pathway mediated by mem-
brane receptors such as TNFR1 and Fas generates complexes 
containing proteins like FADD, RIPK1, and RIPK3 upon death 
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signal reception. When caspase-8 is deleted or inhibited, necro-
somes are then generated, leading to mixed lineage kinase 
domain-like protein (MLKL) activation, which disrupts plasma 
membrane integrity and induces necroptosis [ 58 ]. TLR3/4 
can recruit and activate RIPK1 and RIPK3 through the TIR 
domain-containing adaptor inducing IFN-β, thereby inducing 
necroptosis [ 58 ]. Furthermore, TLR3/4 can also activate RIPK3 
and initiate necroptosis independently of RIPK1 [ 68 ]. During 
the continuous replication of viruses like influenza A virus and 
murine cytomegalovirus, the production of z-RNA/DNA acti-
vates Z-DNA binding protein 1 (ZBP1) within the infected cell. 
ZBP1 then directly recruits RIPK3 to initiate necroptosis, 
bypassing RIPK1 entirely [ 68 ]. IFNs not only promote necro-
some assembly via the Janus kinase (JAK)/signal transduc-
tion and activator of transcription (STAT) signaling pathway 
to induce necroptosis, but also trigger ZBP1–RIPK3–MLKL 
complex formation, executing cell death program [ 68 ]. The 
above signaling pathways constitute the regulatory network 
of necroptosis.   

Linear ubiquitination and necroptosis
   To date, the majority of research on the regulation of necrop-
tosis through linear ubiquitination has centered on the TNF-α/
TNFR1 pathway, which is regarded as the primary executor of 
necroptosis. Specifically, when RIPK1 is deubiquitinated by 
CYLD, complex I dissociates from the membrane and associ-
ates with FADD, procaspase-8, and c-FLIP to form the stable 
complex IIa [  69 ,  70 ]. Conversely, when the failure of RIPK1 
ubiquitination occurs due to the depletion of cellular inhibitor 
of apoptosis protein-1/2 (cIAP1/2) or the inhibition of TAK1 
and/or LUBAC, the non-ubiquitinated RIPK1 translocates to 
the cytosol, where it forms complex IIb with RIPK3, FADD, 
c-FLIP, and procaspase-8. Under conditions where caspase-8 
is absent or inhibited, RIPK1 within both complex IIa and IIb 
interacts with RIPK3 and MLKL to form the necrosome, cul-
minating in the induction of necroptosis [ 69 , 70 ]. Therefore, 
LUBAC serves as a critical inhibitory molecule of necroptosis. 
Both the removal of linear ubiquitin chains by CYLD and the 
dysfunction of LUBAC itself create the necessary conditions 
for the initiation of necroptosis.

   Accumulating evidence has further substantiated the inhibi-
tory role of LUBAC in necroptosis, with most studies focusing 
on the kinase activity status of RIPK1. It has been demonstrated 
that deficiency in cIAP1/2 or LUBAC sensitizes cells to TNF-
α-induced necroptosis, which depends on the kinase activity 
of RIPK1 [  71 ]. In mice, the K612 residue of RIPK1 serves as 
a major site for linear ubiquitination, and linear ubiquitina-
tion at this site effectively suppresses both TNF-α-mediated 
necroptosis and apoptosis, thereby further restraining the 
development of systemic inflammation [  72 ]. Moreover, LUBAC 
deficiency in complex I causes impaired recruitment of A20-
binding inhibitor of NF-κB-1 and A20, leading to increased 
K63 ubiquitination and enhanced activity of RIPK1 within 
complex I, which ultimately triggers necroptosis in mouse 
embryonic fibroblasts (MEFs) [  73 ]. These findings reveal an 
intriguing fact: K63 ubiquitination of RIPK1 in complex I does 
not solely promote cell survival; instead, uncontrolled K63 
ubiquitination of RIPK1 can drive cells toward necroptosis. 
Beyond complex I, RIPK1 within the necrosome is also 
modified by linear ubiquitination. Surprisingly, in HT29 cells 
pretreated with IAP antagonists, the linear ubiquitination 
status of RIPK1 in the necrosome neither affects necrosome 

assembly nor influences the progression of necroptosis [  74 ]. 
Therefore, based on current evidence, it is highly likely that 
the functional consequences of RIPK1 linear ubiquitination 
in complex I differ from those in the necrosome with regard 
to the regulation of necroptosis. In addition, DUBs that target 
linear ubiquitin chains also modulate necroptosis. For instance, 
knockdown of either SPATA2 or CYLD protects L929 cells from 
necroptosis [  75 ]. Further studies indicate that SPATA2 defi-
ciency suppresses RIPK1 kinase activity by promoting its linear 
ubiquitination, thereby conferring resistance to both apoptosis 
and necroptosis in MEFs [ 29 ]. Thus, when direct modulation 
of LUBAC activity is challenging, targeting DUBs may repre-
sent an alternative strategy for regulating linear ubiquitination-
mediated necroptosis.

   However, a considerable body of research challenges the role 
of LUBAC as a negative regulator of necroptosis. In HT29 cells, 
LUBAC activity has been shown to be required for TNF-α-
mediated necroptosis. Rather than interfering with the necrop-
totic phosphorylation of RIPK1, RIPK3, and MLKL, necrosome 
formation, or MLKL oligomerization, LUBAC drives necrop-
tosis by promoting the membrane accumulation of MLKL [  76 ]. 
Furthermore, during necroptosis in HT29 cells, the levels of 
both K63 and linear ubiquitination of RIPK1 are markedly 
enhanced. Notably, the K115R mutation in RIPK1 not only 
markedly abolishes this enhancement but also disrupts necro-
some assembly and suppresses necroptosis [  77 ]. The authors 
demonstrated that the necroptotic ubiquitination of RIPK1 is 
essential for maintaining its kinase activity within the necro-
some. On the other hand, depletion of OTULIN not only 
promotes necroptosis in HaCaT cells but also enhances linear 
ubiquitination of RIPK1 and inactivates CYLD [  78 ]. The 
authors propose that increased linear ubiquitination is associ-
ated with heightened sensitivity to cell death. However, we 
posit that this enhancement may merely be a consequence of 
OTULIN deficiency, rather than a direct driver of necroptosis. 
For instance, OTULIN loss inactivates CYLD, thereby impair-
ing its antagonism of LUBAC and ultimately promoting linear 
ubiquitination.

   The role of LUBAC activity in regulating necroptosis appears 
to be context-dependent. It has been observed that the anti-
necroptotic function of LUBAC is more clearly defined in mice, 
whereas in human cells, LUBAC seems to predominantly pro-
mote necroptosis. We propose that the regulatory effect of 
LUBAC on necroptosis may involve underlying cell type-specific 
and species-dependent mechanisms. Furthermore, even within 
the same HT-29 cell model, the conclusion that linear ubiqui-
tination contributes to necroptosis remains contentious among 
researchers, which may be attributed to the use of IAP antag-
onists by some groups [ 74 ]. Notably, different studies have 
presented conflicting views regarding whether linear ubiqui-
tination promotes RIPK1 kinase activity within the necrosome 
in HT-29 cells [ 76 , 77 ]. Based on comprehensive analysis, we 
suggest that K63 ubiquitination may be the primary contribu-
tor to maintaining RIPK1 kinase activity in the necrosome 
of HT-29 cells. Additionally, the functional consequences of 
RIPK1 linear ubiquitination may differ across molecular com-
plexes (e.g., complex I versus the necrosome), and thus, these 
contexts should be examined separately in relevant studies. In 
summary, the precise role of linear ubiquitination in necrop-
tosis and its regulatory mechanisms require further elucidation. 
The modification and regulation of important nodes in necrop-
tosis by linear ubiquitination is then demonstrated in Fig.  5 .            
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Linear ubiquitination and autophagy-dependent  
cell death
Overview of autophagy-dependent cell death
   Autophagy is a conserved catabolic process, primarily classified 
into 3 types: macroautophagy, microautophagy, and chaperone-
mediated autophagy (CMA). Under most physiological condi-
tions, autophagy serves a cytoprotective role and negatively 
regulates cell death [  79 ]. Under specific circumstances, autoph-
agy also serves as a key mechanism responsible for cell death. 
It is now established that autophagy regulates virtually all forms 
of cell death in disease states [  80 ]. The key mechanisms for 
autophagy-induced cell death include both the unrestricted 
degradation of cellular components from excessive autophagy 
and the accumulation of autophagosomes due to compromised 
autophagic flux [ 80 ,  81 ]. Based on established guidelines, the 
field delineates 3 forms of cell death pertinent to autophagy: 
(a) autophagy-associated cell death; (b) autophagy-mediated 
cell death; and (c) autophagy-dependent cell death [  82 ].

   Autophagy-dependent cell death is a form of programmed 
cell death that strictly relies on the autophagy machinery (or 
its components) and operates independently of other cell death 
modalities [ 80 ]. Currently, the molecular pathways driving 
autophagy-dependent cell death remain incompletely eluci-
dated. However, the following 4 criteria serve as mandatory 
conditions for defining autophagy-dependent cell death: 

(a) autophagic flux must be elevated during cell death; (b) the 
death process must be reversible through genetic or pharmaco-
logical inhibition of autophagy; (c) cell death must depend on at 
least 2 distinct autophagy-related molecules; and (d) the process 
must occur in the absence of other cell death modalities [ 80 ].   

Linear ubiquitination and autophagy-dependent cell death
   The initial step in triggering autophagy-dependent cell death 
pathways is the induction of autophagy, with mitophagy being 
the most extensively studied form of autophagy to date. 
Mitophagy refers to the selective degradation of damaged mito-
chondria under conditions of mitochondrial stress, playing a 
crucial role in maintaining mitochondrial quality control and 
cellular homeostasis [  83 ]. Excessive activation of mitophagy 
has been proven to induce cell death, which may be attributed 
to the over-degradation of functional mitochondria and sub-
sequent disruption of mitochondrial homeostasis [  84 ]. Linear 
ubiquitin chains on mitochondria are essential for efficient 
Parkin-mediated mitophagy in HeLa cells [  85 ]. Specifically, 
phosphatase and tensin homolog-induced putative kinase 1 
(PINK1) on mitochondria first phosphorylates linear ubiquitin 
chains. The phosphorylated ubiquitin chains then recruit phos-
phorylated Parkin to the mitochondria and interact with it, 
thereby promoting the amplification of local phosphorylated-
ubiquitin signal and the subsequent recruitment of autophagy 
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and forms a TRADD-independent complex IIb with RIPK3, FADD, c-FLIP, and procaspase-8. Under conditions of caspase-8 absence or inhibition, RIPK3 is recruited to RIPK1. 
RIPK1 activates RIPK3 through cis-autophosphorylation, after which RIPK3 promotes autophosphorylation via homodimerization. Activated RIPK3 further recruits MLKL and 
facilitates its phosphorylation. Subsequently, MLKL forms oligomers and translocates to the plasma membrane, leading to membrane disruption and ultimately resulting in 
necroptosis and the release of damage-associated molecular patterns (DAMPs). LUBAC exerts its influence on the necroptotic process mainly by modifying RIPK1. Nevertheless, 
the functional significance of Met1-linked ubiquitin chains on RIPK1 in the necrosome has not yet been clarified.
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receptors such as optineurin (OPTN). This cascade ultimately 
facilitates the autophagic clearance of damaged mitochondria 
[ 85 ,  86 ]. In human GBM cells, the compound F0911-7667 
induces mitophagy-dependent cell death via the sirtuin-1–
PINK1–Parkin pathway [  87 ]. Additionally, cannabidiol has 
been shown to induce cell death in human GBM cells by trig-
gering endoplasmic reticulum stress to activate PINK1/Parkin-
mediated lethal mitophagy [  88 ]. Given the pivotal role of linear 
ubiquitin chains in Parkin-mediated mitophagy, it is reasonable 
to conclude that LUBAC activity is crucial for mitophagy-
mediated cell death.

   Distinct lysophagy also serves as a key process regulating 
autophagy-dependent cell death. LMP or complete lysosomal 
rupture represents a common and severe stress condition. 
When repair mechanisms fail, these damaged lysosomes are 
tagged with ubiquitin and eliminated via the selective macro-
autophagy pathway, a process known as lysophagy. Studies have 
demonstrated that loperamide and pimozide disrupt lipid 
homeostasis and induce excessive autophagy in human GBM 
cells through synergistic effects. This process induces severe 
autophagy-dependent LMP, consequently leading to cell death 
through a mechanism the authors have specifically termed 
“autophagy-dependent lysosomal cell death”. [  89 ] Interestingly, 
lysophagy, the selective autophagy of damaged lysosomes, pro-
motes GBM cell survival in this context [ 89 ]. This phenomenon 
is largely attributed to linear ubiquitination. Specifically, lyso-
somes that have undergone LMP are decorated with linear 
ubiquitin chains, a process dependent on pre-existing K63-
linked ubiquitin chains. This linear ubiquitination, in turn, 
facilitates human GBM cell survival by driving lysophagy [ 55 ]. 
Furthermore, linear ubiquitin chains are also deposited on 
damaged lysosomes in normal neuronal cells of both mice and 
humans [ 55 ]. In summary, these findings demonstrate that in 
human neurons, LUBAC-mediated linear ubiquitination facili-
tates the clearance of damaged lysosomes through lysophagy, 
thereby establishing a protective mechanism against autoph-
agy-dependent lysosomal cell death.

   It is evident that the regulation of autophagy-dependent cell 
death by linear ubiquitination is primarily observed in cancer 
cells, particularly in GBM. In mitophagy-dependent cell death, 
LUBAC acts as a potential facilitator. This suggests that promot-
ing LUBAC-mediated linear ubiquitination to activate this 
pathway may represent a highly promising interventional strat-
egy for cancer therapy. Conversely, in autophagy-dependent 
lysosomal cell death, LUBAC suppresses the execution of the 
cell death program via lysophagy. In our view, the suppressive 
role of LUBAC in autophagy-dependent cell death has an 
adverse clinical implication for GBM treatment, by potentially 
inducing resistance to specific therapeutic drugs in patients. 
Collectively, the divergent roles of LUBAC in autophagy-
dependent cell death highlight the complexity of linear ubiq-
uitination-mediated regulation in tumors. Further studies are 
needed to elucidate the potential association between linear 
ubiquitination, autophagy-dependent cell death, and cancer cells. 
Figure  6  illustrates the key mechanistic steps involving linear 
ubiquitination in regulating autophagy-dependent cell death.            

Linear ubiquitination and pyroptosis
Overview of pyroptosis
   Pyroptosis is a form of programmed cell death intimately 
linked to inflammation. To date, 4 distinct pathways triggering 
pyroptosis have been identified: the canonical inflammasome 

pathway, the noncanonical inflammasome pathway, the caspase-
3-mediated pathway, and the granzyme-mediated pathway. 
Overall, pyroptosis occurs predominantly in an inflammasome-
dependent manner [  90 ]. In the canonical inflammasome pathway, 
pattern recognition receptors (PRRs), such as nucleotide-binding 
oligomerization domain (NOD)-like receptor family pyrin domain 
containing 3 (NLRP3), recognize pathogen-associated molecu-
lar patterns (PAMPs) or damage-associated molecular patterns 
(DAMPs). This recognition prompts the PRR to recruit the adapter 
protein apoptosis-associated speck-like protein containing a 
CARD (ASC) and procaspase-1, assembling the inflammasome 
complex. Subsequently, procaspase-1 undergoes autocleavage 
into its active form, which then cleaves the inactive precursors 
of interleukin-1β (IL-1β) and IL-18, as well as gasdermin D 
(GSDMD). The N-terminal fragment of GSDMD (GSDMD-N) 
subsequently oligomerizes and forms pores in the plasma 
membrane, ultimately triggering the inflammatory response and 
pyroptosis. The noncanonical inflammasome pathway is trig-
gered by the direct engagement of LPS with human caspases- 
4/5 or murine caspase-11. The activation of these caspases 
leads to the cleavage of GSDMD, thereby initiating pyroptosis. 
Concurrently, the GSDMD-N pores can activate the NLRP3 
and caspase-1, leading to the maturation and release of IL-18 
and IL-1β [  91 ].   

Linear ubiquitination and pyroptosis
   The relationship between LUBAC and pyroptosis is intricate 
and complex, with its activity appearing to promote the pro-
gression of pyroptosis. LUBAC has been demonstrated to be 
essential for NLRP3 inflammasome activation in bone marrow-
derived macrophages (BMDMs) [  92 ]. Specifically, LUBAC 
induces inflammasome activation by facilitating the assembly 
of the NLRP3/ASC inflammasome, which subsequently pro-
motes the cleavage and activation of procaspase-1 and the 
secretion of IL-1β, a process independent of NF-κB activation 
[ 92 ]. Furthermore, the authors showed that ASC in both 
BMDMs and 293T cells is a substrate of LUBAC, undergoing 
pronounced linear ubiquitination upon NLRP3 stimulation 
[ 92 ]. However, the specific impact of ASC linear ubiquitina-
tion on NLRP3 inflammasome-mediated pyroptosis remains 
unclear. SHARPIN has been identified as required for NLRP3 
inflammasome activation via both canonical and noncanonical 
pathways in BMDMs, though it is not involved in the activation 
of the NLR family CARD domain-containing protein 4 or 
absent in melanoma 2 inflammasomes [  93 ]. Moreover, the 
absence of SHARPIN results in a failure to activate caspase-1 
and consequently inhibits the production of IL-1β and IL-18 
[ 93 ]. It is evident that the NLRP3 inflammasome in BMDMs 
is a primary target of LUBAC intervention. Both LUBAC and 
its subunit SHARPIN potentially provide the driving force for 
pyroptosis through their role in inflammasome activation.

   Notably, the inhibitory role of LUBAC in pyroptosis also 
appears to be supported by multiple lines of evidence. In a rat 
model of osteoarthritis (OA), linear ubiquitination of liver 
kinase B1 (LKB1) enhances its activity, leading to AMP-
activated protein kinase (AMPK) pathway activation and sub-
sequent suppression of the NLRP3 inflammasome response, 
thereby inhibiting chondrocyte pyroptosis [  94 ]. In HaCaT cells, 
LUBAC can physically interact with procaspase-1 and mediate 
its linear ubiquitination, resulting in the suppression of cas-
pase-1 function. Depletion of either HOIP or SHARPIN leads 
to enhanced caspase-1 activation and promotes cell death upon 
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inflammasome stimulation [  95 ]. Furthermore, A20, a ubiquitin-
editing enzyme, appears to have a unique connection with 
linear ubiquitination and pyroptosis. Studies in MEFs and 
HaCaT cells have confirmed that A20 directly binds to linear 
ubiquitin chains via its ZF7 domain, thereby stabilizing them, 
and this function contributes to protection against cell death 
[  96 ]. Importantly, A20-knockout mice exhibit enhanced NLRP3 
inflammasome activation, increased IL-1β secretion, and develop 
arthritis and cartilage destruction [  97 ]. Collectively, these find-
ings reveal a potential relationship between A20 and pyroptosis: 
A20 seems to function as a negative regulator of pyroptosis, 
likely through its linear ubiquitin-stabilizing activity.

   In the aforementioned studies, the phenomenon of ASC 
linear ubiquitination by LUBAC is particularly intriguing, 
although the authors did not explicitly define its specific con-
tribution to pyroptosis. Given the established conclusion 
that LUBAC induces inflammasome activation by promoting 
NLRP3/ASC inflammasome assembly, coupled with the fact 
that LUBAC stabilizes the c-FLIP/procaspase-8 complex by 
linearly ubiquitinating c-FLIP to prevent its degradation, we 
propose that Met1-linked ubiquitin chains on ASC are highly 
likely to positively regulate pyroptosis in BMDMs by stabilizing 
ASC or the NLRP3 inflammasome. Moreover, the dichotomous 
role of LUBAC in regulating pyroptosis provides further evi-
dence supporting the cell-type or tissue-type specificity of its 
regulatory functions. The relationship between A20, pyroptosis, 

and linear ubiquitination remains incompletely elucidated. 
Nevertheless, the co-demonstration in HaCaT cells of LUBAC-
mediated inflammasome suppression alongside A20’s protec-
tive stabilization of linear ubiquitin chains presents compelling 
evidence that cannot overlook the possibility of A20 inhibiting 
pyroptosis through maintaining linear ubiquitin chain stability. 
We contend that future scholarly investigation, whether con-
firming or refuting this potential mechanism, will substantially 
advance our mechanistic understanding of pyroptosis regu-
lation through linear ubiquitination. The regulatory role of 
LUBAC in pyroptosis is visually summarized in Fig.  7 .            

Linear ubiquitination and ferroptosis
Overview of ferroptosis
   Ferroptosis is an iron-dependent form of programmed cell 
death driven by lethal lipid peroxidation, which results from 
disturbed cellular metabolism and imbalanced redox homeo-
stasis. The generation of lipid peroxidation primarily involves 
2 pathways: nonenzymatic and enzymatic [  98 ]. Disturbances 
in iron excretion, impaired iron uptake, or excessive iron accu-
mulation resulting from various factors, such as inhibition or 
degradation of ferroportin, accumulation of transferrin recep-
tor (TfR) on the cell surface, or autophagic degradation of fer-
ritin, can lead to intracellular iron overload. Under these 
conditions, labile Fe2+ reacts with hydrogen peroxide (H₂O₂), 
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generating a large amount of hydroxyl radicals (•OH). These 
radicals subsequently initiate peroxidation of phospholipids 
(PLs) containing polyunsaturated fatty acids (PUFAs). All these 
processes collectively represent the nonenzymatic pathway 
[  99 ,  100 ]. In the enzymatic pathway, acyl-coenzyme A (CoA) 
synthetase long-chain family member 4 conjugates PUFAs to 
CoA to form activated fatty acyl-CoA esters. These esters are 
incorporated into phosphatidylethanolamine (PE) and phos-
phatidylcholine (PC) by lysophosphatidylcholine acyltransfer-
ase 3, yielding PL-PUFA (e.g., PE-PUFA), which subsequently 
undergo peroxidation catalyzed by lipoxygenases (LOXs) 
[  101 ]. Furthermore, cells possess multiple defense mecha-
nisms against ferroptosis, such as the System xc 

–-glutathione 
(GSH)–GSH peroxidase 4 (GPX4) axis and the ferroptosis sup-
pressor protein–CoQ10 pathway. Once these protective systems 
are compromised, the execution phase of ferroptosis may be 
initiated [  102 ].   

Linear ubiquitination and ferroptosis
   GPX4 is currently the only known mammalian enzyme capable 
of reducing PL hydroperoxides (PL-PUFA-OOH) to their cor-
responding PL alcohols (PL-PUFA-OH), while LUBAC primar-
ily participates in the regulation of ferroptosis by modifying 
GPX4. In both human and murine cells, GPX4 has been 
identified as a key substrate of LUBAC. LUBAC targets GPX4 
and catalyzes the formation of Met1-linked ubiquitin chains, 
thereby enhancing GPX4 stability and cellular resistance to 

ferroptosis. During the recruitment of LUBAC by GPX4, ubiq-
uitination of GPX4 (such as K63 ubiquitination) may serve as 
a foundation for LUBAC recruitment. Moreover, the absence 
of HOIP leads to GPX4 degradation and accumulation of lipid 
peroxides, ultimately increasing cellular sensitivity to ferrop-
tosis [  103 ]. In the context of OA, in addition to the driving 
force provided by pyroptosis in its pathogenesis, ferroptosis 
also plays a pivotal role in the disease process. p21 enhances 
the linear ubiquitination of GPX4 by facilitating its recruitment 
to LUBAC, thereby increasing GPX4 stability. This represents 
a key mechanism through which murine chondrocytes resist 
ferroptosis. Knockdown of p21 not only promotes the accu-
mulation of lipid peroxides induced by IL-1β and Erastin in 
chondrocytes but also leads to cartilage degradation in OA mice 
and a pronounced reduction in GPX4 levels within the cartilage 
[  104 ]. Therefore, the linear ubiquitination activity of LUBAC 
is both essential for GPX4 function and a critical prerequisite 
for cellular resistance to ferroptosis.

   In addition to the GPX4-mediated defense mechanism, fer-
ritinophagy is another critical physiological process involved 
in the regulation of ferroptosis. Excessive ferritinophagy leads 
to iron overload, which, in turn, causes oxidative damage and 
ferroptosis. Nuclear receptor coactivator 4 (NCOA4) is a cen-
tral protein regulating ferritinophagy, and it has been con-
firmed as a substrate of LUBAC [  105 ]. In murine hepatocytes, 
OTULIN can promote the degradation of NCOA4 via the pro-
teasomal pathway by disrupting the linear ubiquitin chains on 
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Huang et al. 2025 | https://doi.org/10.34133/research.1061 14

NCOA4, thereby enhancing other types of ubiquitination of 
NCOA4. The reduced NCOA4 levels impair the ferritinophagy 
pathway, ultimately suppressing acetaminophen-induced fer-
roptosis [ 105 ]. This study reveals that linear ubiquitin chains 
stabilize NCOA4 to hinder its degradation and promote fer-
roptosis. Furthermore, CYLD/SPATA2 enhances ferritinoph-
agy by removing ubiquitin chains from NCOA4, subsequently 
promoting doxorubicin-induced ferroptosis in murine cardio-
myocytes [  106 ]. Together, these studies provide insights into 
the potential link between linear ubiquitination and cellular 
ferroptosis from the perspectives of DUBs and NCOA4.

   The aforementioned studies convey a key insight: the regula-
tory role of linear ubiquitination in ferroptosis is not unidirec-
tional. However, we believe that this does not represent a 
contradiction. It can be observed that LUBAC’s regulation of 
GPX4 constitutes a defensive mechanism against ferroptosis, 
whereas its modification of NCOA4 participates in the induction 
of ferroptosis. This precisely illustrates the comprehensive nature 
of LUBAC’s regulatory control over the ferroptosis process. In 
the future, it may be possible to determine whether LUBAC acti-
vates or suppresses ferroptosis by modulating specific environ-
mental signals. Furthermore, while the regulatory outcomes of 
CYLD and OTULIN on NCOA4 may appear contradictory at 

first glance, this can be reconciled. Based on the facts that CYLD 
can modulate both K63 and linear ubiquitination, and that linear 
ubiquitin chains stabilize NCOA4, we hypothesize that CYLD 
may selectively remove K63-linked ubiquitin chains from 
NCOA4 while preserving its linear ubiquitin chains. This action 
would prevent NCOA4 degradation via the lysosomal pathway, 
thereby promoting ferroptosis. Validating this hypothesis will 
require further investigation. Figure  8  depicts the regulatory 
role of LUBAC in key ferroptosis processes.             

Linear Ubiquitination: Implications  
in Diverse Diseases
   In this chapter, we comprehensively review the close asso-
ciations between dysregulated linear ubiquitination and the 
pathogenesis of 5 major disease categories: neoplastic, neu-
rodegenerative, infectious, inflammatory, and metabolic dis-
orders, thereby providing insights to guide future research 
directions in these fields. For a more intuitive and comprehen-
sive understanding of the role and regulatory mechanisms of 
linear ubiquitination in disease, Table  1  assembles a summary 
of the diseases it regulates, the key pathways/axes involved, and 
its critical substrate targets.   
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− and GPX4, respectively. Furthermore, the stability and anti-ferroptotic activity of 
GPX4 are enhanced through its linear ubiquitination by LUBAC, a process facilitated by p21, which promotes the recruitment of the LUBAC complex.
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Table 1. Summary of diseases, key pathways/axes, and critical substrate targets in linear ubiquitination

Disease category Associated diseases Key pathways/axes involved Critical substrates of linear ubiquitination

Neoplastic diseases DLBCL TLR–NF-κB NEMO [107]

BCR–NF-κB NEMO and BCL10 [108]

BC TNF-α–NF-κB NEMO [111]

EGFR–NF-κB NEMO [112]

Wnt/β-catenin β-catenin [113]

HCC TNF-α–NF-κB NEMO [114]

LUBAC–caspase-8 axis Undefined [116]

OTULIN–mTOR axis Undefined [117]

OTULIN–caspase-8 axis Undefined [118]

MM TNF-α–c-FLIP axis RIPK1 and c-FLIP [120]

AML LUBAC–NF-κB axis Undefined [121]

PCa PI3K/AKT PTEN [122]

LC LUBAC–HIF1α axis HIF1α [123]

LUBAC–NF-κB axis NEMO [124]

OS LUBAC–NF-κB axis Undefined [125]

GBM OTULIN–STAT3 axis STAT3 [126]

CRC Hh Gli [127]

LUBAC–NF-κB axis Undefined [128]

Neurodegenerative 
diseases

HD p97–LUBAC axis mHTT aggregates [131]

AD Undefined tau NFTs [134]

ALS TNF-α–NF-κB NEMO [139] and TDP-43 aggregates [141]

PD NEMO–p62 axis NEMO and α-Syn aggregates [143]

Infectious diseases Salmonella RNF213–LC3 axis Salmonella [144]

Bc IFNAR–LUBAC axis Bc [148]

Mtb IKK–NF-κB axis NEMO [149]

Lp TNF-α–NF-κB LCV and NEMO [150]

S. flexneri TNF-α–NF-κB NEMO [151]

HBV Parkin–MAVS axis MAVS [152]

HCV TNF-α–NF-κB NEMO [153]

PRRSV TNF-α–NF-κB NEMO [154]

OTULIN–NEMO axis NEMO [155]

EBV LMP1–IRF7/NF-κB axis NEMO and IRF7 [156]

HTLV-1 IKK–NF-κB axis NEMO [53]

T. gondii IFN-γ–RNF213 axis PV [158]

Inflammatory  
diseases

Dermatitis TNF-α–caspase-8 axis RIPK1 [159]

TNF-α–NF-κB NEMO [160]

Arthritis LKB1–AMPK LKB1 [94]

p21–GPX4 axis GPX4 [104]

TRAF1–NF-κB axis NEMO [162]

Autoinflammatory 
disease

TNF-α–caspase-8 axis LUBAC [164]

TNF-α/IL-1β–NF-κB NEMO [165]

IBD TNF-α–caspase-8 axis RIPK1 [166]

TLR–NF-κB/ERK Undefined [167]

Hepatitis LUBAC–caspase-8 axis Undefined [116]

OTULIN–mTOR axis Undefined [117]

﻿ OTULIN–caspase-8 axis Undefined [118]

(Continued)
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Linear ubiquitination and neoplastic diseases
   Neoplastic diseases refer to a category of disorders character-
ized by uncontrolled cell proliferation, leading to the formation 
of abnormal tissues or neoplastic lesions with invasive and 
metastatic potential, ultimately resulting in pathological dam-
age. The pathogenesis of these diseases is intricately linked to 
linear ubiquitination, as exemplified in diffuse large B-cell lym-
phoma (DLBCL). DLBCL is the most common aggressive lym-
phoid malignancy, primarily classified into germinal center 
B-cell-like (GCB)-DLBCL and activated B-cell-like (ABC)-
DLBCL, with the latter posing greater clinical management 
challenges [ 107 ]. NF-κB activation mediated by TLR and BCR 
signaling pathways is a distinctive feature of ABC-DLBCL. It 
has been demonstrated that enhanced LUBAC activity pro-
motes the development of DLBCL in mouse models through 
the TLR-myeloid differentiation primary response gene 88–
NF-κB pathway [ 107 ]. Within the BCR signaling pathway 
engaged in the pathogenesis of ABC-DLBCL, the CBM com-
plex serves as the key trigger for the canonical NF-κB pathway. 
In human ABC-DLBCL cell lines, upon binding to the CBM 
complex, cIAP1/2 mediates K63 ubiquitination of both them-
selves and BCL10. The IKK complex and LUBAC are subse-
quently recruited and bind to the K63-linked ubiquitin chains. 
LUBAC then mediates the linear ubiquitination of both BCL10 
and the IKK complex, leading to the activation of the down-
stream NF-κB pathway [ 108 ]. Targeting LUBAC activity is 
therefore considered a promising strategy for the treatment of 
DLBCL.

   Breast cancer (BC) is a heterogeneous disease and the most 
frequent malignant tumor in women. Based on molecular and 
histologic evidence, BC can be divided into 3 categories: BC 
expressing human epidermal receptor 2, BC expressing hor-
mone receptor (estrogen receptor [ER] or progesterone recep-
tor), and triple-negative BC (TNBC) [  109 ]. Relevant evidence 
suggests that the mRNA levels of 3 key components that make 
up LUBAC are notably overexpressed in human BC samples, 
and that the 3 components are therefore being considered as 
diagnostic biomarkers for BC [  110 ]. HOIP has been recognized 
as a possible key drug target in ER-negative human BC [ 110 ]. 
Moreover, through their interaction with LUBAC, epsins pro-
mote NF-κB signaling and ER-negative BC development in 
mice by facilitating the recruitment of LUBAC to NEMO and 
augmenting NEMO’s linear ubiquitination [ 111 ]. Epidermal 
growth factor receptor (EGFR) can recruit and activate LUBAC 
via plakophilin2, thereby promoting NF-κB activation and 
driving the proliferation and clonogenicity of human BC cells 
[ 112 ]. A study involving multiple TNBC patients challenges 
the pro-tumorigenic role of linear ubiquitination. It is suggested 
that in human TNBC cells, OTULIN promotes cancer cell 

growth, metastasis, and drug resistance through the inhibition 
of β-catenin linear ubiquitination and subsequent activation of 
Wnt signaling [ 113 ]. Based on the aforementioned data, we 
conclude that the linear ubiquitination of distinct substrate 
proteins by LUBAC exerts divergent roles in BC. This synthesis 
substantially advances our mechanistic understanding of BC 
pathogenesis.

   Liver cancer refers to malignant tumors of the liver, 
which can be classified into primary and secondary types. 
Hepatocellular carcinoma (HCC) is the most common form of 
primary liver cancer, characterized by the malignant transfor-
mation and uncontrolled proliferation of hepatocytes. For HCC 
patients, HOIP promotes cancer cell proliferation and invasion 
by regulating TNF-α-induced NF-κB activation [ 114 ]. HOIL-1L 
stabilizes HOIP by inhibiting its ubiquitin-mediated degrada-
tion, thereby promoting the proliferation and metastasis of 
human HCC cells [  115 ]. However, findings from other scholars 
have revealed that LUBAC acts as a tumor suppressor in HCC 
[ 116 ]. Deficiency in LUBAC activity induces caspase-dependent 
apoptosis and hepatitis, followed by compensatory cell prolifera-
tion, with the final outcome being HCC development in mice 
[ 116 ]. We propose that these contradictory findings may be 
attributed to species-specific differences, which warrants further 
investigation. Additionally, OTULIN deficiency leads to severe 
steatohepatitis in mice accompanied by aberrant mechanistic 
target of rapamycin (mTOR) activation. The increased mTOR 
activity not only exacerbates hepatic fibrosis but also promotes 
the development of HCC. Dysregulated linear ubiquitination 
resulting from loss of OTULIN function serves as a key driver 
for these pathological processes [ 117 ]. Another study confirms 
the critical role of OTULIN-maintained linear ubiquitination 
homeostasis in protecting against hepatocyte apoptosis and 
hepatitis, demonstrating that OTULIN deficiency triggers 
FADD- and RIPK1 kinase activity-dependent apoptosis, which 
subsequently induces compensatory hepatocyte proliferation 
and ultimately drives HCC development in mice [ 118 ]. In con-
clusion, both LUBAC and OTULIN serve as critical regulators 
of hepatic homeostasis, whose proper functioning constitutes 
an essential requirement for protection against HCC develop-
ment. However, species-specific differences must be carefully 
considered in studies investigating the relationship between 
linear ubiquitination and HCC.

   Additionally, linear ubiquitination affects the process of 
tumorigenesis and progression in many other types of tumors. 
There are 3 main types of skin cancer: melanoma (MM), squa-
mous cell carcinoma (SCC), and basal cell carcinoma. Studies 
have confirmed that the level of linear ubiquitination is mark-
edly enhanced in human SCC cells and mouse MM cells [  119 ]. 
Research suggests that loss-of-function mutations in PP6 may 

Disease category Associated diseases Key pathways/axes involved Critical substrates of linear ubiquitination

Metabolic diseases Type 1 DM TNF-α–caspase-8 axis NEMO, RIPK1, and c-FLIP [168]

PBD Undefined Undefined [169,170]

NASH LUBAC–NF-κB axis Undefined [171]

Gout TRAF1–IL-1β axis ASC [172]

Table 1. (Continued)
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promote the development of murine MM cells by sustaining 
Met1 ubiquitination of RIPK1 and c-FLIP [ 120 ]. Furthermore, 
HOIP has been demonstrated to be essential for maintaining 
the proliferation levels of both mouse and human acute 
myeloid leukemia (AML) cells, and inhibiting LUBAC activity 
may represent an effective therapeutic strategy for AML in the 
future [ 121 ]. The linear ubiquitination of phosphatase and 
tensin homolog (PTEN) leads to a pronounced loss of its activ-
ity, a process that enhances phosphoinositide 3-kinase (PI3K)/
protein kinase B (AKT) signaling, thereby driving the progres-
sion of prostate cancer (PCa) in patients and potentially 
increasing the risk of recurrence [ 122 ]. Notably, LUBAC 
can enhance the stability and activity of hypoxia-inducible 
factor-1α (HIF1α) by depositing Met1-linked ubiquitin chains 
onto it, thereby counteracting its degradation by CMA and 
ultimately promoting the proliferation, invasion, and migra-
tion of human lung cancer (LC) cells [ 123 ]. Lung SCC (LSCC) 
is one of the most common subtypes of LC. LUBAC is a deter-
minant of cisplatin resistance in both human and mouse LSCC. 
Inhibiting LUBAC activity to block the NF-κB pathway is key 
to resensitizing LSCC-bearing mice to cisplatin [ 124 ]. At the 
same time, NF-κB activation mediated by LUBAC activity is 
an important induction condition for murine osteosarcoma 
(OS) cells to invade tissues and develop lung metastasis [ 125 ]. 
It has been found that signal transducer and activator of tran-
scription 3 (STAT3), following its linear ubiquitination, is 
dephosphorylated by T-cell protein Tyr phosphatase, which 
consequently prevents its activation and nuclear translocation 
[ 126 ]. Conversely, OTULIN maintains persistent STAT3 acti-
vation by removing the Met1-linked ubiquitin chains from 
STAT3, which, in turn, drives the stemness and self-renewal 
of human GBM cells [ 126 ]. Furthermore, by stabilizing glioma-
associated oncogene (Gli) via linear ubiquitination, LUBAC 
promotes noncanonical activation of the Hedgehog (Hh) sig-
naling, a process that drives the proliferation of cancer cells 
in CRC patients [ 127 ]. Cyclophilin J (CYPJ) is an important 
tumor suppressor that restricts LUBAC-mediated NF-κB 
activation by impeding the interaction between HOIP and 
SHARPIN, thereby inhibiting the proliferation and migration 
of human CRC cells [ 128 ].

   Currently, most research findings characterize LUBAC as a 
tumor promoter, and many tumorigenic mechanisms involve 
LUBAC-mediated activation of NF-κB signaling. Thus, design-
ing antitumor drugs targeting linear ubiquitination and NF-κB 
may represent an important future strategy for cancer treat-
ment. However, since some scholars still point out that linear 
ubiquitination has a clear tumor-suppressive effect in certain 
types of tumors, the relationship between linear ubiquitination 
and tumors still deserves to be further explored.   

Linear ubiquitination and  
neurodegenerative diseases
   Neurodegenerative disease is an umbrella term for a range 
of conditions characterized by progressive loss of neuronal 
structure and function, and representative disorders include 
Huntington’s disease (HD), Alzheimer’s disease (AD), amyo-
trophic lateral sclerosis (ALS), and Parkinson’s disease (PD). A 
hallmark pathological feature of neurodegenerative diseases is 
the abnormal deposition of misfolded protein aggregates [  129 ]. 
Also, protein aggregates are important pathogenic factors in neu-
rodegenerative diseases, and linear ubiquitination is involved in 

the formation, sequestration, and degradation of misfolded 
protein aggregates to intervene in the course of neurodegenera-
tive diseases through multiple pathways.

   HD is a multifactorial triggered neurodegenerative disease, 
and excessive intracellular production and aggregation of 
mutant huntingtin (mHTT) is an important feature of HD. It 
has been established that mHTT aggregates colocalize with 
linear ubiquitin chains in HeLa cells, and that these chains on 
mHTT serve as a critical requirement for OPTN recruitment. 
When the linear ubiquitin-binding capacity of OPTN is impaired, 
it may disrupt the autophagic clearance of mHTT and lead to 
its accumulation [  130 ]. Additionally, LUBAC is recruited to 
mHTT aggregates in a p97-dependent manner. This recruit-
ment induces linear ubiquitination of the aggregates, promot-
ing their degradation through the proteasomal pathway and 
thereby ameliorating mHTT-induced toxicity in both human 
and mouse cells [ 131 ]. Therefore, how to increase the degree 
of linear ubiquitination of mHTT aggregates may be an impor-
tant entry point for the future treatment of HD.

   AD is one of the most common dementia-inducing neuro-
logical disorders today. Excessive accumulation of characteristic 
amyloid plaques formed by oligomerization of amyloid-beta (Aβ) 
from amyloid precursor protein hydrolysis is a key pathogenetic 
mechanism of AD. A clinical study revealed that Aβ aggrega-
tion in patient macrophages induces a reactive up-regulation 
of SHARPIN, which, in turn, mediates the phagocytosis of Aβ 
plaques by promoting the expression of phagocytic receptors 
[  132 ]. Moreover, it has been proposed that all pathway mecha-
nisms involved in Aβ clearance and degradation are transcrip-
tionally orchestrated by NF-κB, which, in turn, is potently 
regulated by the LUBAC-dependent SHARPIN signaling [  133 ]. 
While this theory strengthens the mechanistic link between 
LUBAC and Aβ pathology, it is evident that NF-κB is not exclu-
sively regulated by LUBAC. Further research and evidence 
are still required to substantiate the hypothesis that LUBAC 
modulates Aβ clearance and degradation through NF-κB. 
Neurofibrillary tangles (NFTs) formed by tau protein oligo-
mers are another prominent histopathological hallmark of 
AD. Although linear ubiquitin chains have been demonstrated 
to colocalize with tau NFTs in the brains of AD patients [ 134 ], 
the specific regulatory role of LUBAC in tau NFT pathology 
remains to be further elucidated. Notably, aberrant LUBAC 
activity has been implicated in AD, and single-nucleotide 
polymorphisms (SNPs) in SHARPIN and HOIL-1L have 
recently been identified as genetic risk factors for AD [ 134 ]. 
Collectively, this evidence suggests that LUBAC may contrib-
ute to AD pathogenesis by modulating the accumulation of 
both Aβ and tau.

   ALS is a fatal neurodegenerative disease characterized by 
progressive loss of motor neurons in the brain and spinal cord. 
Nuclear clearance and aberrant cytoplasmic aggregation of 
TAR DNA-binding protein 43 (TDP-43) is a common patho-
logical feature seen in neurons of most ALS patients [  135 ]. 
Available evidence suggests that TDP-43 is primarily degraded 
by the ubiquitin–proteasomal system, whereas the degradation 
of TDP-43 aggregates is dependent on autophagy [  136 ]. The 
autophagy receptor OPTN suppresses TDP-43 aggregation by 
mediating its autophagic degradation. However, the E50K 
mutation in OPTN impairs this function, leading to the accu-
mulation of TDP-43 aggregates in mouse retinal ganglion cells 
[  137 ]. In Neuro2a cells, binding to linear ubiquitin chains is a 
prerequisite for OPTN to dissociate from Ras-related protein 
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Rab-8A (Rab8A) and subsequently bind microtubule-associated 
protein 1 light chain 3 (LC3), thereby activating autophagy 
[  138 ]. It is noteworthy that ALS-associated mutations in human 
OPTN impair its ability to bind linear ubiquitin chains. This 
defect leads to dysregulated IKK-mediated NF-κB activation, 
which constitutes a key mechanism in ALS pathogenesis [ 139 ]. 
A study of 12 ALS patients demonstrated the colocalization of 
TDP-43 aggregates with linear ubiquitin chains, HOIP, and 
SHARPIN in neuronal cells. The authors further observed that 
OPTN is recruited to TDP-43 aggregates enriched in linear 
ubiquitin, leading them to hypothesize that linear ubiquitina-
tion may facilitate the clearance of pathological TDP-43 via 
the autophagy pathway [  140 ]. Intriguingly, a contrary con-
clusion has been reported, showing that in Neuro2a cells, the 
association of linear ubiquitin chains with TDP-43 promoted 
the formation of insoluble aggregates. Moreover, inhibition of 
LUBAC activity not only considerably reduced cytosolic TDP-
43 aggregation but also down-regulated TNF-α-mediated 
NF-κB activation [ 141 ]. In conclusion, influencing the produc-
tion, aggregation, and elimination of TDP-43 by manipulating 
linear ubiquitination will be an interesting direction for future 
research on ALS.

   PD is a progressive neurodegenerative disease characterized 
by movement disorders, and its mainly pathological charac-
teristics are the loss of dopamine neurons in the substantia 
nigra pars compacta and the formation of large numbers of 
α-synuclein (α-Syn)-rich Lewy bodies [  142 ]. In both human 
and mouse cells, it has been established that NEMO promotes 
the recruitment of p62 to inclusions by amplifying linear ubiq-
uitination signals on α-Syn aggregates and binding to Met1-
linked ubiquitin chains. This process facilitates the autophagic 
clearance of protein aggregates, representing a key mechanism 
through which NEMO maintains proteostasis [ 143 ]. Therefore, 
findings from these studies demonstrate that modulating linear 
ubiquitination to preserve protein homeostasis in neurons is a 
viable strategy for future PD treatment.

   A strong link exists between linear ubiquitination and vari-
ous types of misfolded protein aggregates. Consequently, devel-
oping drugs that target the linear ubiquitination of these 
aggregates represents a promising therapeutic strategy for the 
future treatment, and potentially the cure, of neurodegenerative 
diseases.   

Linear ubiquitination and infectious diseases
   Infectious diseases are disorders caused by pathogenic micro-
organisms that invade the body, proliferate within it, and dis-
rupt normal physiological functions. Linear ubiquitination is 
involved in the development and progression of infectious 
diseases through various pathways. Among these, the relation-
ship between Salmonella and linear ubiquitination is particu-
larly close. Salmonella infection mainly causes gastroenteritis, 
typhoid fever, and septicemia. When Salmonella invades human 
and mouse cells, the host cell activates the xenophagy pathway 
to eliminate the bacteria. During this process, LUBAC deposits 
linear ubiquitin chains on the surface of Salmonella, which 
recruits the autophagy receptor OPTN to bind the ubiquitin 
chains, thereby activating xenophagy [ 144 ]. Impaired LUBAC 
activity, such as in HOIP knockout, suppresses the initiation of 
xenophagy, leading to the death of Salmonella-infected human 
cells [  145 ]. On the other hand, genetic defects in autophagy 
receptors like nuclear dot protein 52 markedly reduce the linear 
ubiquitination of Salmonella, severely impairing the formation 

of xenophagosomes and bacterial clearance in human cells 
[  146 ]. Furthermore, studies have revealed that depletion of 
OTULIN enhances the formation of Met1-linked ubiquitin 
chains on Salmonella, leading to localized recruitment of 
NEMO and subsequent activation of NF-κB. The resulting 
amplification of NF-κB-dependent inflammatory cytokine 
secretion further restricts bacterial replication in HeLa cells 
[  147 ]. Thus, LUBAC not only clears invading Salmonella via 
the xenophagy pathway but also suppresses bacterial prolif-
eration through NF-κB activation. However, it remains to be 
elucidated whether other consequences resulting from loss 
of OTULIN function may exert negative effects during the 
later stages of the cellular antibacterial response. Burkholderia 
cenocepacia (Bc) is commonly associated with lung infections 
in patients with cystic fibrosis, chronic granulomatous disease, 
and other immunodeficiencies. LUBAC deposits linear ubiq-
uitin chains onto the surface of Bc that invade human and 
mouse macrophages, thereby facilitating the degradation and 
disruption of the bacteria via the autophagy pathway [ 148 ]. 
Moreover, when Bc escape into the host cell cytosol, type I 
IFN signaling up-regulates the components of LUBAC, which 
is a key driver for the subsequent cell-autonomous anti-Bc 
immune response [ 148 ]. Tuberculosis, caused by Mycobacterium  
tuberculosis (Mtb) infection, remains a global public health 
threat. Following the invasion of THP-1 cells by Mtb, its effector 
PPE60 promotes the expression of pro-inflammatory cytokines 
and alters host cell fate through LUBAC-mediated NF-κB sig-
naling [ 149 ]. Legionella pneumophila (Lp) primarily causes 
respiratory diseases in humans, such as legionellosis. RavD is 
an effector protein encoded by Lp that specifically hydrolyzes 
linear ubiquitin chains. By preventing the accumulation of lin-
ear ubiquitin chains on the Lp-containing vacuole (LCV), RavD 
suppresses the activation of the TNF-α–NF-κB pathway during 
infection of human cells by Lp [ 150 ]. Shigella flexneri is an 
enteroinvasive pathogen that causes more than one million 
deaths annually. Upon infecting human cells, S. flexneri secretes 
2 effector proteins, IpaH1.4 and IpaH2.5, which directly inter-
act with HOIL-1L and HOIP. These effectors subsequently 
catalyze the conjugation of K48-linked ubiquitin chains to 
the RBR domain of HOIP, thereby promoting its degradation 
via the proteasomal pathway. This process ultimately leads to 
irreversible inactivation of the LUBAC and suppression of 
NF-κB nuclear translocation [ 151 ]. It can thus be concluded 
that inhibiting the innate immune response of cells to infec-
tion by inducing LUBAC dysfunction is a core immune eva-
sion strategy of Lp and S. flexneri.

   In addition to bacteria, viruses can also influence innate 
immune signaling of the body by hijacking linear ubiquitina-
tion. Chronic infection of hepatitis B virus (HBV) and hepatitis 
C virus (HCV) is one of the main causes of HCC. Upon invad-
ing human cells, HBV utilizes Parkin to recruit the LUBAC to 
mitochondria, where LUBAC-mediated linear ubiquitination 
of mitochondrial antiviral signaling protein (MAVS) disrupts 
the MAVS signalosome and hinders downstream IFN synthesis 
[ 152 ]. In vitro studies demonstrate that HCV facilitates the 
direct binding of NS3 to LUBAC, which competitively blocks 
the interaction between LUBAC and NEMO, thereby suppress-
ing the linear ubiquitination of NEMO and subsequent NF-κB 
activation in human cells [ 153 ]. Porcine reproductive and respi-
ratory syndrome virus (PRRSV) has always been considered 
one of the most important swine pathogens affecting the global 
swine industry. Nonstructural protein 1α encoded by PRRSV 
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binds to HOIP and HOIL-1L, thereby disrupting the interac-
tion between HOIP and SHARPIN. This disruption restricts 
the LUBAC-dependent linear ubiquitination of NEMO, thereby 
blocking NF-κB signaling in virus-infected HEK293T and 
MARC-145 cells [ 154 ]. In both human and porcine cells, 
PRRSV not only up-regulates OTULIN gene expression but 
also utilizes its encoded nonstructural protein 11 to recruit 
OTULIN and enhance its ability to remove linear ubiquitin 
chains from NEMO, thereby suppressing IFN production [ 155 ]. 
Epstein–Barr virus (EBV) is an oncogenic virus associated with 
a variety of lymphoid malignancies. In both human and mouse 
cells, EBV employs its encoded latent membrane protein 1 
(LMP1) to differentially regulate the activities of IRF7 and 
NF-κB. During this process, LMP1-mediated activation of 
the NF-κB pathway requires linear ubiquitination of NEMO, 
whereas linear ubiquitination of IRF7 by LUBAC substantially 
suppresses IRF7 activity, thereby inhibiting IFN-β production 
mediated by the LMP1–IRF7 signaling axis [ 156 ]. EBV-positive 
DLBCL represents a distinct subtype of DLBCL, characterized 
by constitutive NF-κB activation as a key hallmark. The critical 
role of EBV-mediated NF-κB signaling in the pathogenesis 
observed in patients has been consistently emphasized [  157 ]. 
Thus, EBV-induced hyperactivation of the LUBAC-dependent 
LMP1–NF-κB pathway may be a key mechanism underlying 
DLBCL development. HTLV-1 is an oncogenic retrovirus that 
causes adult T-cell leukemia (ATL). The HTLV-1-encoded Tax 
protein recruits LUBAC to the IKK complex, inducing the for-
mation of K63/Met1-linked hybrid ubiquitin chains in human 
and mouse cells. This process establishes persistent NF-κB 
activation, which may represent a principal mechanism under-
lying HTLV-1-induced ATL [ 53 ]. Therefore, sometimes, LUBAC 
can also be exploited by certain viruses as a tool to maintain 
their own long-term survival.

   In addition to bacteria and viruses, host immune responses 
to protozoan infections are modulated by linear ubiquitination. 
﻿Toxoplasma gondii is an obligate intracellular protozoan para-
site that causes toxoplasmosis, a zoonotic disease. Upon invad-
ing human cells, T. gondii triggers the production of IFN-γ, 
which, in turn, induces the translocation of ring finger protein 
213 (RNF213) to the T. gondii-containing parasitophorous 
vacuole (PV). RNF213 facilitates the formation of K63- and 
Met1-linked ubiquitin chains on the PV membrane, leading 
to the recruitment of host defense proteins and the triggering 
of anti-parasitic immune responses [ 158 ]. Intriguingly, the 
authors note that LUBAC appears to be dispensable for the 
ubiquitination of PV and for cell-autonomous host defense, a 
phenomenon that warrants further investigation [ 158 ].

   In summary, LUBAC participates in modulating immune 
responses against pathogens through multiple mechanisms. 
Whether LUBAC functions properly is critical for pathogen 
survival, sustained infection establishment, and tumorigenesis 
induction.   

Linear ubiquitination and inflammatory diseases
   Inflammatory diseases are a group of disorders characterized 
by inflammation as the core pathological process and essential 
feature, and they represent the category most markedly subject 
to regulation by linear ubiquitination. Dermatitis is a typical 
inflammatory disease, characterized by impaired epidermal 
barrier function and immune cell infiltration. Some scholars 
have pointed out that LUBAC activity is crucial for maintaining 
skin homeostasis. LUBAC dysfunction drives the downstream 

signaling pathways mediated by TNF-α, TRAIL, and FasL, pro-
moting excessive apoptosis and ultimately leading to lethal 
dermatitis in mice [ 159 ]. Some researchers have emphasized 
that the deficiency of SHARPIN substantially reduces the 
amount of HOIP and HOIL-1L, leading to chronic proliferative 
dermatitis in mice (cpdm) [ 160 ]. They also demonstrated that 
IFN-γ and/or IFN-α enhance NF-κB activation and suppress 
TNF-α-mediated apoptosis in mouse cells by up-regulating 
HOIP and HOIL-1L expression and increasing LUBAC levels, 
thereby ameliorating cpdm [ 160 ]. For OTULIN, its mediated 
linear deubiquitination of proteins has been confirmed to be 
essential for maintaining skin homeostasis, preventing kera-
tinocyte death, and suppressing skin inflammation. Once 
OTULIN is ablated, it leads to the death of keratinocytes and 
subsequently to skin inflammation and verrucous carcinoma 
in mice [  161 ]. Thus, it can be concluded that the dynamic 
homeostasis of linear ubiquitination maintained by LUBAC 
and OTULIN is critical for preserving skin homeostasis and 
protecting against the development of dermatitis.

   Arthritis is an inflammatory disease that occurs in the joints 
and their surrounding tissues. Linear ubiquitination of LKB1 
enhances its activity and activates AMPK, which, in turn, sup-
presses the NLRP3 inflammasome response, thereby reducing 
pyroptosis in human chondrocytes [ 94 ]. Based on this evi-
dence, the authors emphasize that promoting linear ubiquitina-
tion of LKB1 represents a potential therapeutic strategy for OA 
[ 94 ]. Ferroptosis is also an important participant in the patho-
genesis of OA. The high expression of p21 in mouse chondro-
cytes drives linear ubiquitination of GPX4 by promoting the 
LUBAC–GPX4 interaction. This linear ubiquitination serves 
as a mechanism to stabilize GPX4, thereby impeding ferroptosis 
and conferring resistance to OA in mice [ 104 ]. Interestingly, 
evidence indicates that in human cells, TNFR-associated factor 
1 (TRAF1) binds to the LUBAC and impairs linear ubiqui-
tination of NEMO, thereby restricting TLR signaling [ 162 ]. 
However, a rheumatoid arthritis (RA)-associated SNP in the 
human TRAF1 gene disrupts this restriction on TLR signaling 
and enhances the production of inflammatory cytokines, pro-
viding a compelling explanation for the increased incidence 
and severity of RA and other inflammatory diseases [ 162 ]. In 
summary, focusing on the critical role of linear ubiquitination 
in the pathogenesis of arthritis may lead to unforeseen thera-
peutic benefits for this disease.

   Autoinflammatory disease is a collective term for a series of 
disorders characterized by recurring episodes of inflammation 
due to specific defects in the innate immune system. In both 
humans and mice, loss-of-function mutations in OTULIN 
lead to the development of an autoinflammatory disease known 
as OTULIN-related autoinflammatory syndrome (ORAS). 
Patients with ORAS exhibit substantial accumulation of linear 
ubiquitin chains in their leukocytes, similarly observed in 
mouse BMDMs [  163 ]. Notably, anti-TNF therapy is generally 
effective in alleviating ORAS symptoms in both species [ 163 ]. 
A study involving patients with ORAS has elucidated part of 
its pathogenesis: mutations in the OTULIN gene lead to com-
promised catalytic activity, while LUBAC function is weakened 
due to its excessive auto-linear ubiquitination. This promotes 
the formation of cell death-inducing complex II and enhances 
TNF-α-mediated cell death. The large number of dying cells 
release DAMPs and other pro-inflammatory factors, thereby 
eliciting inflammatory responses [ 164 ]. HOIL-1L deficiency leads 
to reduced protein levels of SHARPIN and HOIP, resulting in a 
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subsequent impairment in LUBAC complex assembly. These 
findings are supported by a study of 3 HOIL-1-deficient 
patients, which demonstrated impaired LUBAC-dependent 
NF-κB pathway activation in patient-derived fibroblasts. 
The patients presented with marked immunodeficiency and 
chronic autoinflammation, the latter of which may result from 
exaggerated leukocyte responses to IL-1β [ 165 ]. We propose 
that developing agonists targeting LUBAC or OTULIN will 
offer therapeutic promise for patients with autoinflammatory 
diseases.

   Inflammatory bowel disease (IBD) is a group of chronic 
nonspecific inflammatory diseases of the intestines of undeter-
mined etiology. Researchers have proposed that A20 overex-
pression is a critical factor in the pathogenesis of IBD. They 
discovered that overexpressed A20, after homodimerizing, 
binds to linear ubiquitin chains on RIPK1. This interaction 
promotes the assembly and stability of the ripoptosome 
complex, leading to enhanced recruitment and activation of 
caspase-8. Ultimately, this results in extensive TNF-α-induced, 
RIPK1-dependent death of mouse intestinal epithelial cells 
(IECs) [ 166 ]. Furthermore, in mouse models, LUBAC dysfunc-
tion in IECs not only triggers intestinal inflammation but also 
sensitizes these cells to TNF-mediated cell death. In contrast, 
loss of LUBAC activity in macrophages considerably attenuates 
dextran sulfate sodium (DSS)-induced colitis and impairs 
the TLR-driven activation of NF-κB and extracellular signal-
regulated kinase (ERK) along with the subsequent inflamma-
tory response [ 167 ]. These findings demonstrate that linear 
ubiquitination in IECs and macrophages plays different roles in 
the progression of IBD, and that cell-specific targeting of linear 
ubiquitination might be a novel therapeutic approach for IBD.

   Hepatitis is defined as an inflammatory response in the liver 
caused by diverse pathogenic factors and is characterized by 
hepatocellular damage and concomitant abnormalities in liver 
function. Currently, chronic hepatitis is considered to be the 
main cause of HCC. Dysfunction of LUBAC in hepatocytes 
promotes cell apoptosis and disrupts hepatic homeostasis. 
The subsequent increase in hepatocyte death leads to TNFR1-
mediated inflammation, compensatory hepatocyte prolifera-
tion, and DNA damage. This tumor-promoting environment 
ultimately drives the development of HCC in mice [ 116 ]. 
However, other researchers have revealed that hepatocyte-
specific OTULIN deficiency in mice triggers steatohepatitis, 
hepatic fibrosis, and tumorigenesis. This pathological process 
occurs independently of TNFR1 signaling transduction, but is 
mechanistically linked to dysregulated linear ubiquitination 
and aberrant mTOR activation [ 117 ]. Further investigation 
revealed that the TNFR1-independent cell death pathway in 
OTULIN-deficient mice depends on the kinase activities of 
both FADD and RIPK1. Furthermore, the authors demon-
strated that OTULIN confers protection against liver inflam-
mation and HCC development through its precise cleavage of 
Met1-linked ubiquitin chains and subsequent suppression of 
hepatocyte apoptosis [ 118 ]. Based on the above evidence, it can 
be established that LUBAC deficiency and OTULIN dys-
function induce distinct patterns of linear ubiquitination 
dysregulation. These 2 defects promote murine hepatitis and 
HCC development through TNFR1-dependent and TNFR1-
independent pathways, respectively.

   It is evident that linear ubiquitination is closely associated 
with a wide range of inflammatory diseases. Dysregulation of 
linear ubiquitination often leads to immunodeficiency and cell 

death, and the resulting chronic inflammatory environment 
can further promote the development of various tumors. In 
addition, the cell-type-specific role of linear ubiquitination is 
also not negligible in related studies. Therefore, maintaining 
the stability of LUBAC’s catalytic activity represents one of the 
key future strategies for managing inflammatory diseases.   

Linear ubiquitination and metabolic diseases
   Beyond the aforementioned diseases, growing research high-
lights the pivotal regulatory role of linear ubiquitination in 
the pathogenesis of metabolic diseases, disorders marked by 
aberrant metabolism of substances such as sugars, lipids, and 
proteins. It is well-established that diabetes mellitus (DM) 
constitutes a prototypical and severe metabolic disease. It has 
been confirmed that N-acetylcysteine combined with insulin 
protects against excessive apoptosis in canine cardiomyocytes 
in a type 1 DM model. This protection is mediated by modulat-
ing the linear ubiquitination of NEMO, RIPK1, and c-FLIP 
within the TNF-α-mediated extrinsic apoptosis pathway [ 168 ]. 
This study provides a new therapeutic direction for alleviating 
cardiac complications of type 1 DM. Polyglucosan body disease 
(PBD) is a group of inherited metabolic disorders caused by 
impaired glycogen metabolism, and myopathy is often a com-
plication of PBD. Notably, LUBAC has recently been identified 
as a key player in the pathogenesis of PBD [ 169 ]. Mutations in 
HOIL-1L have been suggested as a common trigger of polyglu-
cosan body myopathy (PGBM). A study involving 4 patients 
with PGBM revealed that missense or truncating mutations in 
the HOIL-1L gene caused substantial polyglucosan accumula-
tion in cardiac and skeletal muscles, thereby promoting the 
development of progressive muscle weakness and cardiomy-
opathy in these patients [ 170 ]. The A18P mutation in HOIL-1L 
disrupts the assembly of the LUBAC complex and induces the 
formation of aberrant glycogen [ 169 ]. In addition to HOIL-1L, 
patients with HOIP deficiency also exhibit impaired LUBAC 
assembly concomitant with abnormal glycogen accumulation 
in lower limb muscles [ 169 ]. The authors further concluded 
that the formation of the LUBAC complex, even in limited 
amounts, is adequate to prevent the onset of immune disorders 
but inadequate to avert PBD [ 169 ]. To date, research exploring 
the relationship between linear ubiquitination and glycogen 
metabolism remains remarkably limited. Enhancing investiga-
tions into the regulatory role of linear ubiquitination in glyco-
gen metabolic disorders may open new therapeutic avenues for 
clinical patients.

   Lipid metabolism and uric acid metabolism are also strongly 
related to linear ubiquitination. In a mouse model of nonalco-
holic steatohepatitis (NASH), hepatic fatty acid accumulation 
likely disrupts LUBAC assembly by reducing SHARPIN expres-
sion, thereby impairing downstream NF-κB activation [ 171 ]. 
Importantly, compromised NF-κB signaling in hepatocytes 
serves as a critical factor driving steatohepatitis and HCC devel-
opment [ 171 ]. Hence, therapeutic modulation of LUBAC activ-
ity in NASH patients may yield beneficial outcomes. Gout is 
an inflammatory arthritis caused by disturbances in uric acid 
metabolism in the body. TRAF1 is a critical signaling adaptor 
protein that, in THP-1 cells, restricts the linear ubiquitination 
and oligomerization of ASC to prevent inflammasome activa-
tion and subsequent IL-1β secretion [ 172 ]. Moreover, genetic 
knockout of TRAF1 markedly exacerbates joint inflammation 
and swelling in a murine gout model [ 172 ]. The authors therefore 
suggest that this unique inhibition of inflammasome activation 
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by TRAF1 is important for limiting the onset and progression 
of gout. It is evident that linear ubiquitination is implicated in 
the regulation of both lipid and uric acid meta bolism. However, 
it exerts contrasting roles in associated pathologies: LUBAC 
activity suppresses NASH progression but conversely drives 
gout pathogenesis. Therefore, its functions must be assessed 
with reference to the specific disease context.

   Obviously, the correct linear ubiquitination of specific target 
proteins ensures normal metabolic homeostasis and is a critical 
determinant for preventing metabolic diseases. Nevertheless, 
mechanistic links between linear ubiquitination and metabolic 
diseases remain underexplored. Future research elucidating 
their interplay is anticipated to yield novel clinical benefits for 
patients.    

Conclusion and Future Perspectives
   Precise cell fate determination is fundamental to development 
from single cells to complex organisms and represents a critical 
target for maintaining health and treating disease. Dysregulation 
of this process leads to uncontrolled cellular states, organ dys-
function, and disrupted compensatory mechanisms, posing 
substantial risks to organismal health. Linear ubiquitination, a 
recently characterized PTM, has emerged as a key regulatory 
mechanism in these processes. It exerts indispensable functions 
in cellular turnover, metabolism, immune regulation, and tissue 
homeostasis by specifically controlling core biological processes 
including cell proliferation, differentiation, senescence, and 
survival/death.

   The intricate relationship between linear ubiquitination 
and cell fate determination provides substantial conceptual 
insights. First, the dual role of LUBAC activity: In organs com-
posed of terminally differentiated cells such as cardiomyocytes, 
the pro-survival effects of LUBAC are essential for maintaining 
normal organ function, whereas in tumor cells, these same 
pro-survival effects become drivers of tumor initiation, pro-
gression, and metastasis. Second, the potential cell- and spe-
cies-specific functions of LUBAC: In the context of necroptosis, 
while all studies using murine cells support an inhibitory role 
for LUBAC, research in human cells demonstrates that LUBAC 
either has no effect or even promotes necroptosis. This dis-
crepancy warrants serious consideration, as it indicates that 
findings from animal studies or specific cellular models cannot 
be indiscriminately extrapolated to human systems or other 
cell types in LUBAC research. Third, the comprehensive regu-
latory capacity of LUBAC: In both cell senescence and fer-
roptosis, LUBAC simultaneously regulates their initiation 
mechanisms and cellular defense pathways. This functional 
duality reflects profound regulatory depth rather than mecha-
nistic contradiction, underscoring the necessity for precise 
modulation of LUBAC activity when developing interventions 
targeting these physiological processes. Fourth, differential 
effects of LUBAC deficiency versus OTULIN impairment: 
Studies in human cells have confirmed that GPX4 utilizes 
LUBAC-mediated linear ubiquitination to stabilize itself [ 103 ]. 
However, other researchers have demonstrated that in human 
OS cells, OTULIN deficiency-induced increase in GPX4 linear 
ubiquitination fails to enhance GPX4 protein stability [  173 ]. 

Table 2. A collection of agents that modulate the linear ubiquitination process and their mechanism of action

Agent class Agent name Mechanism of action

LUBAC antagonist Gliotoxin [149] Selective inhibition of LUBAC via binding to the RBR domain of HOIP

HOIPIN-1/8 [174] Inhibition of the RING-HECT hybrid reaction in HOIP via  
modification of the active site Cys885

Aureothricin [107] Undefined

Thiolutin [121] Direct inhibition of the HOIP RBR domain

Compound (5)/(11a) [174] Prevention of ubiquitin loading onto the HOIP RBR domain

BAY 11-7082 [175] Blockade of ubiquitin binding to ubiquitin-conjugating enzyme H7 and 
its transfer to the HOIP active site

Bendamustine [174] Direct HOIP binding leading to inhibition of its function

α-helical stapled SHARPIN peptides [15] Inhibition of LTM-mediated HOIL-1L/SHARPIN heterodimerization

HOIP-based stapled α-helical peptides [174] Disruption of the HOIL-1L–HOIP interaction

Single-domain antibodies [174] Binding to the HOIP RBR domain leading to inhibition of its function

LUBAC agonist IFN-γ and IFN-α [160] Induction of HOIP and HOIL-1L mRNA transcription and increase in 
LUBAC levels

OTULIN antagonist PR619 [176] Undefined

OTULIN agonist N/A ﻿

CYLD antagonist Subquinocin [177] Interaction with 2 Tyr residues in the CYLD catalytic groove leading to 
inhibition of its activity

CYLD agonist Troglitazone [178] Induction of CYLD promoter transactivation

SPATA2 antagonist N/A ﻿

SPATA2 agonist N/A ﻿

N/A, not applicable
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Building upon this intriguing observation, we postulate that, 
beyond cell-type-specific effects, the distinct intracellular 
milieu resulting from LUBAC deficiency versus OTULIN 
dysfunction may represent another critical determinant. 
Validating this hypothesis would substantially advance research 
in this field. Fifth, the growing significance of LUBAC activity 
in human diseases: While the study of PTMs has been central 
to understanding human disease mechanisms, the role of 
linear ubiquitination has remained relatively underappreci-
ated. This review synthesizes growing evidence that establishes 
its critical regulatory functions across a range of diseases. 
Indeed, neoplastic, neurodegenerative, infectious, inflamma-
tory, and metabolic disorders are all influenced to varying 
degrees by linear ubiquitination. Consequently, targeting lin-
ear ubiquitination has emerged as a promising direction for 
elucidating the pathogenesis of major human diseases and 
developing precision therapeutic strategies.

   However, at the same time, this review still has some limita-
tions: linear ubiquitination is not the only determinant of cell 
fate regulation; the effects of the LUBAC-independent func-
tions of the various components of LUBAC on cell fate deter-
mination need to be further clarified; the specific mechanism 
by which linear ubiquitination regulates cell fate determination 
and the deep relationship between the two still need to be 
explored in depth. In the future, we hope that through the inte-
gration of multidisciplinary tools, interdisciplinary collabora-
tions, and the construction of appropriate animal disease 
models, researchers will promote the in-depth analysis of the 
molecular mechanisms in this field, thereby enhancing the 
translational potential of linear ubiquitination in the treatment 
of clinical diseases.

   Given the critical role of linear ubiquitination in various 
diseases, a range of agonists (e.g., troglitazone) and antago-
nists (e.g., HOIP inhibitor-1/8 [HOIPIN-1/8]) capable of 
modulating this process have been developed [  174 ]. Table  2  
summarizes potential candidate therapeutic agents that mod-
ulate the linear ubiquitination process and elucidates their 
respective mechanism of action. However, the development 
of drugs targeting linear ubiquitination continues to face for-
midable challenges. First, difficulties in detection and analy-
sis: the low abundance and highly dynamic nature of linear 
ubiquitination make it difficult to capture stably; the high 
abundance of other types of ubiquitin chains causes severe 
interference in detection; and linear ubiquitination targets 
vary across different cell types. Second, technical limitations: 
drug target development technologies, such as proteolysis-
targeting chimera, carry the risk of off-target effects; the 
enrichment efficiency in proteomics remains suboptimal; 
and tools for resolving cell-type-specific linear ubiquitina-
tion targets are lacking. Third, additional obstacles: interpa-
tient variability and the inability of experimental models to 
fully recapitulate the complex human microenvironment. 
Nonetheless, with the continuous advancement of science and 
technology, we believe that these difficulties will eventually 
be overcome. In conclusion, with the development of medi-
cine, the precise regulation of cell fate through mediating 
linear ubiquitination may become the driving force of the 
medical revolution, which will ultimately provide brand-
new possibilities for the prolongation of human lifespan, 
the improvement of the quality of life, and the cure of related 
diseases.   

Acknowledgments

   Funding: This work was supported by the Specific University 
Discipline Construction Project of South China Agricultural 
University (grant number: 2023B10564003).
   Author contributions: J.H. was primarily responsible for data 
collection, manuscript writing, creation of summary graphs, 
and error correction. L.T. was responsible for supervision, 
direction, resource provision, and full-text checking. J.L. was 
mainly responsible for data proofreading, article review, and 
financial support. All authors have read and approved the 
article.
   Competing interests:﻿ The authors declare that they have no 
competing interests.  

References

	 1.	 Wang G, Yuan J, Luo J, Ocansey D, Zhang X, Qian H, 
Xu W, Mao F. Emerging role of protein modification 
in inflammatory bowel disease. J Zhejiang Univ Sci B. 
2022;23(3):173–188.

	 2.	 Zhu D, Liang H, Du Z, Liu Q, Li G, Zhang W, Wu D, Zhou X, 
Song Y, Yang C. Altered metabolism and inflammation driven 
by post-translational modifications in intervertebral disc 
degeneration. Research. 2024;7:350.

	 3.	 Lin H, Caroll KS. Introduction: Posttranslational protein 
modification. Chem Rev. 2018;118(3):887–888.

	 4.	 Lacoursiere RE, Hadi D, Shaw GS. Acetylation, 
phosphorylation, ubiquitination (oh my!): Following 
post-translational modifications on the ubiquitin road. 
Biomolecules. 2022;12(3):467.

	 5.	 Iwai K. Discovery of linear ubiquitination, a crucial 
regulator for immune signaling and cell death. FEBS J. 
2021;288(4):1060–1069.

	 6.	 Spit M, Rieser E, Walczak H. Linear ubiquitination at a 
glance. J Cell Sci. 2019;132(2):Article jcs208512.

	 7.	 Fuseya Y, Iwai K. Biochemistry, pathophysiology, and 
regulation of linear ubiquitination: Intricate regulation 
by coordinated functions of the associated ligase and 
deubiquitinase. Cells. 2021;10(10):2706.

	 8.	 Guillemin A, Stumpf M. Noise and the molecular 
processes underlying cell fate decision-making. Phys Biol. 
2021;18(1):11002.

	 9.	 Werner A, Manford AG, Rape M. Ubiquitin-dependent 
regulation of stem cell biology. Trends Cell Biol. 
2017;27(8):568–579.

	 10.	 Iwai K. LUBAC-mediated linear ubiquitination: A crucial 
regulator of immune signaling. Proc Jpn Acad Ser B Phys Biol 
Sci. 2021;97(3):120–133.

	 11.	 Fu Y, Li L, Zhang X, Deng Z, Wu Y, Chen W, Liu Y, He S, 
Wang J, Xie Y, et al. Systematic HOIP interactome profiling 
reveals critical roles of linear ubiquitination in tissue 
homeostasis. Nat Commun. 2024;15(1):2974.

	 12.	 Kelsall IR, Zhang J, Knebel A, Arthur J, Cohen P. The E3 
ligase HOIL-1 catalyses ester bond formation between 
ubiquitin and components of the Myddosome in mammalian 
cells. Proc Natl Acad Sci USA. 2019;116(27):13293–13298.

	 13.	 Fuseya Y, Fujita H, Kim M, Ohtake F, Nishide A, Sasaki K,  
Saeki Y, Tanaka K, Takahashi R, Iwai K. The HOIL-
1L ligase modulates immune signalling and cell death 

https://doi.org/10.34133/research.1061


Huang et al. 2025 | https://doi.org/10.34133/research.1061 23

via monoubiquitination of LUBAC. Nat Cell Biol. 
2020;22(6):663–673.

	 14.	 Stieglitz B, Morris-Davies AC, Koliopoulos MG, 
Christodoulou E, Rittinger K. LUBAC synthesizes linear 
ubiquitin chains via a thioester intermediate. EMBO Rep. 
2012;13(9):840–846.

	 15.	 Fujita H, Tokunaga A, Shimizu S, Whiting AL,  
Aguilar-Alonso F, Takagi K, Walinda E, Sasaki Y, Shimokawa T,  
Mizushima T, et al. Cooperative domain formation by 
homologous motifs in HOIL-1L and SHARPIN plays a crucial 
role in LUBAC stabilization. Cell Rep. 2018;23(4):1192–1204.

	 16.	 Sasaki K, Iwai K. LUBAC-mediated linear ubiquitination in 
tissue homeostasis and disease. J Biochem. 2023;174(2):99–107.

	 17.	 Dove KK, Klevit RE. RING-between-RING E3 ligases: 
Emerging themes amid the variations. J Mol Biol. 
2017;429(22):3363–3375.

	 18.	 Smit JJ, Monteferrario D, Noordermeer SM, van Dijk WJ, 
van der Reijden BA, Sixma TK. The E3 ligase HOIP specifies 
linear ubiquitin chain assembly through its RING-IBR-
RING domain and the unique LDD extension. EMBO J. 
2012;31(19):3833–3844.

	 19.	 Weinelt N, van Wijk S. Ubiquitin-dependent and 
-independent functions of OTULIN in cell fate control and 
beyond. Cell Death Differ. 2021;28(2):493–504.

	 20.	 Stieglitz B, Haire LF, Dikic I, Rittinger K. Structural 
analysis of SHARPIN, a subunit of a large multi-protein 
E3 ubiquitin ligase, reveals a novel dimerization function 
for the pleckstrin homology superfold. J Biol Chem. 
2012;287(25):20823–20829.

	 21.	 Shimizu S, Fujita H, Sasaki Y, Tsuruyama T, Fukuda K,  
Iwai K. Differential involvement of the Npl4 zinc finger 
domains of SHARPIN and HOIL-1L in linear ubiquitin chain 
assembly complex-mediated cell death protection. Mol Cell 
Biol. 2016;36(10):1569–1583.

	 22.	 Yu B, Wang F, Wang Y. Advances in the structural and 
physiological functions of SHARPIN. Front Immunol. 
2022;13:Article 858505.

	 23.	 Shimizu Y, Taraborrelli L, Walczak H. Linear ubiquitination 
in immunity. Immunol Rev. 2015;266(1):190–207.

	 24.	 Damgaard RB, Walker JA, Marco-Casanova P, Morgan NV, 
Titheradge HL, Elliott PR, McHale D, Maher ER,  
McKenzie A, Komander D. The deubiquitinase OTULIN 
is an essential negative regulator of inflammation and 
autoimmunity. Cell. 2016;166(5):1215–1230.

	 25.	 Keusekotten K, Elliott PR, Glockner L, Fiil BK, Damgaard RB,  
Kulathu Y, Wauer T, Hospenthal MK, Gyrd-Hansen M, 
Krappmann D, et al. OTULIN antagonizes LUBAC signaling 
by specifically hydrolyzing Met1-linked polyubiquitin. Cell. 
2013;153(6):1312–1326.

	 26.	 Marin-Rubio JL, Raote I, Inns J, Dobson-Stone C, 
Rajan N. CYLD in health and disease. Dis Model Mech. 
2023;16(6):Article dmm050093.

	 27.	 Elliott PR, Leske D, Hrdinka M, Bagola K, Fiil BK, 
McLaughlin SH, Wagstaff J, Volkmar N, Christianson JC,  
Kessler BM, et al. SPATA2 links CYLD to LUBAC, 
activates CYLD, and controls LUBAC signaling. Mol Cell. 
2016;63(6):990–1005.

	 28.	 Schlicher L, Brauns-Schubert P, Schubert F, Maurer U. 
SPATA2: More than a missing link. Cell Death Differ. 
2017;24(7):1142–1147.

	 29.	 Wei R, Xu LW, Liu J, Li Y, Zhang P, Shan B, Lu X, Qian L, 
Wu Z, Dong K, et al. SPATA2 regulates the activation of 

RIPK1 by modulating linear ubiquitination. Genes Dev. 
2017;31(11):1162–1176.

	 30.	 Gao SW, Liu F. Novel insights into cell cycle regulation of  
cell fate determination. J Zhejiang Univ Sci B. 2019;20(6): 
467–475.

	 31.	 Enane FO, Saunthararajah Y, Korc M. Differentiation 
therapy and the mechanisms that terminate cancer cell 
proliferation without harming normal cells. Cell Death Dis. 
2018;9(9):912.

	 32.	 Boutry J, Tissot S, Ujvari B, Capp JP, Giraudeau M,  
Nedelcu AM, Thomas F. The evolution and ecology 
of benign tumors. Biochim Biophys Acta Rev Cancer. 
2022;1877(1):Article 188643.

	 33.	 Jogi A, Vaapil M, Johansson M, Pahlman S. Cancer cell 
differentiation heterogeneity and aggressive behavior in solid 
tumors. Ups J Med Sci. 2012;117(2):217–224.

	 34.	 Sasaki Y, Sano S, Nakahara M, Murata S, Kometani K,  
Aiba Y, Sakamoto S, Watanabe Y, Tanaka K, Kurosaki T,  
et al. Defective immune responses in mice lacking 
LUBAC-mediated linear ubiquitination in B cells. EMBO J. 
2013;32(18):2463–2476.

	 35.	 Sasaki Y, Iwai K. Crucial role of linear ubiquitin chain 
assembly complex-mediated inhibition of programmed 
cell death in TLR4-mediated B cell responses and B1b cell 
development. J Immunol. 2018;200(10):3438–3449.

	 36.	 Boisson B, Laplantine E, Dobbs K, Cobat A, Tarantino N,  
Hazen M, Lidov HG, Hopkins G, Du L, Belkadi A, et al.  
Human HOIP and LUBAC deficiency underlies 
autoinflammation, immunodeficiency, amylopectinosis, and 
lymphangiectasia. J Exp Med. 2015;212(6):939–951.

	 37.	 Okamura K, Kitamura A, Sasaki Y, Chung DH, Kagami S, 
Iwai K, Yasutomo K. Survival of mature T cells depends on 
signaling through HOIP. Sci Rep. 2016;6:36135.

	 38.	 Oikawa D, Hatanaka N, Suzuki T, Tokunaga F. Cellular and 
mathematical analyses of LUBAC involvement in T cell 
receptor-mediated NF-kappaB activation pathway. Front 
Immunol. 2020;11:Article 601926.

	 39.	 Teh CE, Lalaoui N, Jain R, Policheni AN, Heinlein M, 
Alvarez-Diaz S, Sheridan JM, Rieser E, Deuser S, Darding M, 
et al. Linear ubiquitin chain assembly complex coordinates 
late thymic T-cell differentiation and regulatory T-cell 
homeostasis. Nat Commun. 2016;7:13353.

	 40.	 Jain R, Zhao K, Sheridan JM, Heinlein M, Kupresanin F,  
Abeysekera W, Hall C, Rickard J, Bouillet P, Walczak H,  
et al. Dual roles for LUBAC signaling in thymic epithelial 
cell development and survival. Cell Death Differ. 
2021;28(10):2946–2956.

	 41.	 Fu Y, Wang H, Dai H, Zhu Q, Cui CP, Sun X, Li Y, Deng Z, 
Zhou X, Ge Y, et al. OTULIN allies with LUBAC to govern 
angiogenesis by editing ALK1 linear polyubiquitin. Mol Cell. 
2021;81(15):3187–3204.

	 42.	 Shmulevich R, Krizhanovsky V. Cell senescence, DNA 
damage, and metabolism. Antioxid Redox Signal. 
2021;34(4):324–334.

	 43.	 Suryadevara V, Hudgins AD, Rajesh A, Pappalardo A, 
Karpova A, Dey AK, Hertzel A, Agudelo A, Rocha A, 
Soygur B, et al. SenNet recommendations for detecting 
senescent cells in different tissues. Nat Rev Mol Cell Biol. 
2024;25(12):1001–1023.

	 44.	 Di Micco R, Krizhanovsky V, Baker D, D’Adda DFF. Cellular 
senescence in ageing: From mechanisms to therapeutic 
opportunities. Nat Rev Mol Cell Biol. 2021;22(2):75–95.



Huang et al. 2025 | https://doi.org/10.34133/research.1061 24

	 45.	 Marechal A, Zou L. DNA damage sensing by the ATM and 
ATR kinases. Cold Spring Harb Perspect Biol. 2013;5(9): 
Article a012716.

	 46.	 Engeland K. Cell cycle regulation: p53-p21-RB signaling. Cell 
Death Differ. 2022;29(5):946–960.

	 47.	 Niu J, Shi Y, Iwai K, Wu ZH. LUBAC regulates NF-kappaB 
activation upon genotoxic stress by promoting linear 
ubiquitination of NEMO. EMBO J. 2011;30(18): 
3741–3753.

	 48.	 McCool KW, Miyamoto S. DNA damage-dependent NF-
kappaB activation: NEMO turns nuclear signaling inside out. 
Immunol Rev. 2012;246(1):311–326.

	 49.	 Thach TT, Lee N, Shin D, Han S, Kim G, Kim H, Lee S. 
Molecular determinants of polyubiquitin recognition 
by continuous ubiquitin-binding domains of Rad18. 
Biochemistry. 2015;54(12):2136–2148.

	 50.	 Ma X, Fu H, Sun C, Wu W, Hou W, Zhou Z, Zheng H,  
Gong Y, Wu H, Qin J, et al. RAD18 O-GlcNAcylation 
promotes translesion DNA synthesis and homologous 
recombination repair. Cell Death Dis. 2024;15(5):321.

	 51.	 Zhi H, Guo X, Ho Y, Pasupala N, Engstrom HAA,  
Semmes OJ, Giam C. RNF8 dysregulation and Down-
regulation during HTLV-1 infection promote genomic 
instability in adult T-cell leukemia. PLOS Pathog. 
2020;16(5):Article e1008618.

	 52.	 Zhi H, Yang L, Kuo Y, Ho Y, Shih H, Giam C. NF-kappaB 
hyper-activation by HTLV-1 tax induces cellular senescence, 
but can be alleviated by the viral anti-sense protein HBZ. 
PLOS Pathog. 2011;7(4):Article e1002025.

	 53.	 Shibata Y, Tokunaga F, Goto E, Komatsu G, Gohda J, Saeki Y, 
Tanaka K, Takahashi H, Sawasaki T, Inoue S, et al. HTLV-1 
tax induces formation of the active macromolecular IKK 
complex by generating Lys63- and Met1-linked hybrid 
polyubiquitin chains. PLOS Pathog. 2017;13(1): 
Article e1006162.

	 54.	 Qi Z, Yang W, Xue B, Chen T, Lu X, Zhang R, Li Z, 
Zhao X, Zhang Y, Han F, et al. ROS-mediated lysosomal 
membrane permeabilization and autophagy inhibition 
regulate bleomycin-induced cellular senescence. Autophagy. 
2024;20(9):2000–2016.

	 55.	 Zein L, Dietrich M, Balta D, Bader V, Scheuer C, Zellner S,  
Weinelt N, Vandrey J, Mari MC, Behrends C, et al. Linear 
ubiquitination at damaged lysosomes induces local 
NFKB activation and controls cell survival. Autophagy. 
2025;21(5):1075–1095.

	 56.	 Bertheloot D, Latz E, Franklin BS. Necroptosis, pyroptosis 
and apoptosis: An intricate game of cell death. Cell Mol 
Immunol. 2021;18(5):1106–1121.

	 57.	 Vogler M, Braun Y, Smith VM, Westhoff MA, Pereira RS, 
Pieper NM, Anders M, Callens M, Vervliet T, Abbas M, et al.  
The BCL2 family: From apoptosis mechanisms to new 
advances in targeted therapy. Signal Transduct Target Ther. 
2025;10(1):91.

	 58.	 Newton K, Strasser A, Kayagaki N, Dixit VM. Cell death. Cell. 
2024;187(2):235–256.

	 59.	 Raja R, Sen GC. The antiviral action of the RIG-I induced 
pathway of apoptosis (RIPA) is enhanced by its ability to 
degrade Otulin, which deubiquitinates IRF3. Cell Death 
Differ. 2022;29(3):504–513.

	 60.	 Zhou YC, Wang QQ, Zhou GY, Yin TF, Zhao DY, Sun XZ,  
Tan C, Zhou L, Yao SK. Matrine promotes colorectal 
cancer apoptosis by downregulating shank-associated RH 

domain interactor expression. World J Gastrointest Oncol. 
2024;16(12):4700–4715.

	 61.	 Liang Y, Sundberg JP. SHARPIN regulates mitochondria-
dependent apoptosis in keratinocytes. J Dermatol Sci. 
2011;63(3):148–153.

	 62.	 Huyghe J, Priem D, Bertrand M. Cell death checkpoints in 
the TNF pathway. Trends Immunol. 2023;44(8):628–643.

	 63.	 Yuan J, Ofengeim D. A guide to cell death pathways. Nat Rev 
Mol Cell Biol. 2024;25(5):379–395.

	 64.	 Emmerich CH, Bakshi S, Kelsall IR, Ortiz-Guerrero J, 
Shpiro N, Cohen P. Lys63/Met1-hybrid ubiquitin chains are 
commonly formed during the activation of innate immune 
signalling. Biochem Biophys Res Commun. 2016;474(3): 
452–461.

	 65.	 Draber P, Kupka S, Reichert M, Draberova H, Lafont E,  
de Miguel D, Spilgies L, Surinova S, Taraborrelli L,  
Hartwig T, et al. LUBAC-recruited CYLD and A20 regulate 
gene activation and cell death by exerting opposing effects 
on linear ubiquitin in signaling complexes. Cell Rep. 
2015;13(10):2258–2272.

	 66.	 Tang Y, Joo D, Liu G, Tu H, You J, Jin J, Zhao X, Hung MC, 
Lin X. Linear ubiquitination of cFLIP induced by LUBAC 
contributes to TNFalpha-induced apoptosis. J Biol Chem. 
2018;293(52):20062–20072.

	 67.	 Heger K, Wickliffe KE, Ndoja A, Zhang J, Murthy A,  
Dugger DL, Maltzman A, de Sousa E, Melo F, Hung J, 
et al. OTULIN limits cell death and inflammation by 
deubiquitinating LUBAC. Nature. 2018;559(7712):120–124.

	 68.	 Zhu T, Wu B. Recognition of necroptosis: From molecular 
mechanisms to detection methods. Biomed Pharmacother. 
2024;178:Article 117196.

	 69.	 Vanden BT, Linkermann A, Jouan-Lanhouet S, Walczak H, 
Vandenabeele P. Regulated necrosis: The expanding network 
of non-apoptotic cell death pathways. Nat Rev Mol Cell Biol. 
2014;15(2):135–147.

	 70.	 Ye K, Chen Z, Xu Y. The double-edged functions of 
necroptosis. Cell Death Dis. 2023;14(2):163.

	 71.	 Dondelinger Y, Darding M, Bertrand MJ, Walczak H. Poly-
ubiquitination in TNFR1-mediated necroptosis. Cell Mol Life 
Sci. 2016;73(11–12):2165–2176.

	 72.	 Tu H, Tang Y, Zhang J, Cheng L, Joo D, Zhao X, Lin X.  
Linear ubiquitination of RIPK1 on Lys612 regulates 
systemic inflammation via preventing cell death. J Immunol. 
2021;207(2):602–612.

	 73.	 Dziedzic SA, Su Z, Jean BV, Najafov A, Mookhtiar AK, 
Amin P, Pan H, Sun L, Zhu H, Ma A, et al. ABIN-1 
regulates RIPK1 activation by linking Met1 ubiquitylation 
with Lys63 deubiquitylation in TNF-RSC. Nat Cell Biol. 
2018;20(1):58–68.

	 74.	 de Almagro MC, Goncharov T, Newton K, Vucic D. 
Cellular IAP proteins and LUBAC differentially regulate 
necrosome-associated RIP1 ubiquitination. Cell Death Dis. 
2015;6(6):Article e1800.

	 75.	 Kupka S, De Miguel D, Draber P, Martino L, Surinova S, 
Rittinger K, Walczak H. SPATA2-mediated binding of CYLD 
to HOIP enables CYLD recruitment to signaling complexes. 
Cell Rep. 2016;16(9):2271–2280.

	 76.	 Weinelt N, Wachtershauser KN, Celik G, Jeiler B, Gollin I, 
Zein L, Smith S, Andrieux G, Das T, Roedig J, et al. LUBAC-
mediated M1 Ub regulates necroptosis by segregating 
the cellular distribution of active MLKL. Cell Death Dis. 
2024;15(1):77.

https://doi.org/10.34133/research.1061


Huang et al. 2025 | https://doi.org/10.34133/research.1061 25

	 77.	 de Almagro MC, Goncharov T, Izrael-Tomasevic A,  
Duttler S, Kist M, Varfolomeev E, Wu X, Lee WP, Murray J,  
Webster JD, et al. Coordinated ubiquitination and 
phosphorylation of RIP1 regulates necroptotic cell death. Cell 
Death Differ. 2017;24(1):26–37.

	 78.	 Douglas T, Saleh M. Post-translational modification of 
OTULIN regulates ubiquitin dynamics and cell death. Cell 
Rep. 2019;29(11):3652–3663.

	 79.	 Ploumi C, Papandreou ME, Tavernarakis N. The complex 
interplay between autophagy and cell death pathways. 
Biochem J. 2022;479(1):75–90.

	 80.	 Liu S, Yao S, Yang H, Liu S, Wang Y. Autophagy: Regulator of 
cell death. Cell Death Dis. 2023;14(10):648.

	 81.	 Huang X, Yan H, Xu Z, Yang B, Luo P, He Q. The inducible 
role of autophagy in cell death: Emerging evidence and future 
perspectives. Cell Commun Signal. 2025;23(1):151.

	 82.	 Denton D, Kumar S. Autophagy-dependent cell death. Cell 
Death Differ. 2019;26(4):605–616.

	 83.	 Lu D, Li Y, Niu X, Sun J, Zhan W, Shi Y, Yu K, Huang S,  
Liu X, Xie L, et al. STAT2/SLC27A3/PINK1-mediated 
mitophagy remodeling lipid metabolism contributes to 
pazopanib resistance in clear cell renal cell carcinoma. 
Research. 2024;7:539.

	 84.	 Yang M, Wei X, Yi X, Jiang DS. Mitophagy-related regulated 
cell death: Molecular mechanisms and disease implications. 
Cell Death Dis. 2024;15(7):505.

	 85.	 Yamano K, Kikuchi R, Kojima W, Hayashida R, Koyano F, 
Kawawaki J, Shoda T, Demizu Y, Naito M, Tanaka K, et al. 
Critical role of mitochondrial ubiquitination and the OPTN-
ATG9A axis in mitophagy. J Cell Biol. 2020;219(9):Article 
e201912144.

	 86.	 Okatsu K, Koyano F, Kimura M, Kosako H, Saeki Y,  
Tanaka K, Matsuda N. Phosphorylated ubiquitin chain is the 
genuine Parkin receptor. J Cell Biol. 2015;209(1):111–128.

	 87.	 Yao ZQ, Zhang X, Zhen Y, He XY, Zhao S, Li XF, Yang B, 
Gao F, Guo FY, Fu L, et al. A novel small-molecule activator 
of Sirtuin-1 induces autophagic cell death/mitophagy as a 
potential therapeutic strategy in glioblastoma. Cell Death Dis. 
2018;9(7):767.

	 88.	 Huang T, Xu T, Wang Y, Zhou Y, Yu D, Wang Z, He L,  
Chen Z, Zhang Y, Davidson D, et al. Cannabidiol inhibits 
human glioma by induction of lethal mitophagy through 
activating TRPV4. Autophagy. 2021;17(11):3592–3606.

	 89.	 Meyer N, Henkel L, Linder B, Zielke S, Tascher G,  
Trautmann S, Geisslinger G, Munch C, Fulda S, Tegeder I,  
et al. Autophagy activation, lipotoxicity and lysosomal 
membrane permeabilization synergize to promote pimozide- 
and loperamide-induced glioma cell death. Autophagy. 
2021;17(11):3424–3443.

	 90.	 Tan Y, Chen Q, Li X, Zeng Z, Xiong W, Li G, Li X, Yang J, 
Xiang B, Yi M. Pyroptosis: A new paradigm of cell death for 
fighting against cancer. J Exp Clin Cancer Res. 2021;40(1):153.

	 91.	 Rao Z, Zhu Y, Yang P, Chen Z, Xia Y, Qiao C, Liu W,  
Deng H, Li J, Ning P, et al. Pyroptosis in inflammatory 
diseases and cancer. Theranostics. 2022;12(9):4310–4329.

	 92.	 Rodgers MA, Bowman JW, Fujita H, Orazio N, Shi M, 
Liang Q, Amatya R, Kelly TJ, Iwai K, Ting J, et al. The linear 
ubiquitin assembly complex (LUBAC) is essential for NLRP3 
inflammasome activation. J Exp Med. 2014;211(7):1333–1347.

	 93.	 Gurung P, Lamkanfi M, Kanneganti TD. Cutting edge: 
SHARPIN is required for optimal NLRP3 inflammasome 
activation. J Immunol. 2015;194(5):2064–2067.

	 94.	 Chen Y, Liu Y, Jiang K, Wen Z, Cao X, Wu S. Linear 
ubiquitination of LKB1 activates AMPK pathway to  
inhibit NLRP3 inflammasome response and reduce 
chondrocyte pyroptosis in osteoarthritis. J Orthop 
Translat. 2023;39:1–11.

	 95.	 Douglas T, Saleh M. Cross-regulation between LUBAC and 
caspase-1 modulates cell death and inflammation. J Biol 
Chem. 2020;295(16):5216–5228.

	 96.	 Priem D, Devos M, Druwe S, Martens A, Slowicka K, Ting AT,  
Pasparakis M, Declercq W, Vandenabeele P, van Loo G, et al.  
A20 protects cells from TNF-induced apoptosis through 
linear ubiquitin-dependent and -independent mechanisms. 
Cell Death Dis. 2019;10(10):692.

	 97.	 Vande WL, Van Opdenbosch N, Jacques P, Fossoul A, 
Verheugen E, Vogel P, Beyaert R, Elewaut D, Kanneganti TD,  
van Loo G, et al. Negative regulation of the NLRP3 
inflammasome by A20 protects against arthritis. Nature. 
2014;512(7512):69–73.

	 98.	 Zhang XD, Liu ZY, Wang MS, Guo YX, Wang XK, Luo K, 
Huang S, Li RF. Mechanisms and regulations of ferroptosis. 
Front Immunol. 2023;14:1269451.

	 99.	 Leng Y, Luo X, Yu J, Jia H, Yu B. Ferroptosis: A potential 
target in cardiovascular disease. Front Cell Dev Biol. 
2021;9:Article 813668.

	100.	 Kajarabille N, Latunde-Dada GO. Programmed cell-death 
by ferroptosis: Antioxidants as mitigators. Int J Mol Sci. 
2019;20(19):4968.

	101.	 Lee JY, Kim WK, Bae KH, Lee SC, Lee EW. Lipid metabolism 
and ferroptosis. Biology. 2021;10(3):184.

	102.	 Hu H, Chen Y, Jing L, Zhai C, Shen L. The link between 
ferroptosis and cardiovascular diseases: A novel target for 
treatment. Front Cardiovasc Med. 2021;8:Article 710963.

	103.	 Dong K, Wei R, Jin T, Zhang M, Shen J, Xiang H, Shan B, 
Yuan J, Li Y. HOIP modulates the stability of GPx4 by linear 
ubiquitination. Proc Natl Acad Sci USA. 2022;119(44): 
Article e2080740177.

	104.	 Zheng Z, Shang X, Sun K, Hou Y, Zhang X, Xu J, Liu H,  
Ruan Z, Hou L, Guo Z, et al. P21 resists ferroptosis in 
osteoarthritic chondrocytes by regulating GPX4 protein 
stability. Free Radic Biol Med. 2024;212:336–348.

	105.	 Gao L, Chang X, Han Y, Li J, Meng Y, Yang X, Jiang Z. 
OTULIN orchestrates NCOA4-FTH1 complex to alleviate 
APAP-induced hepatocyte ferroptosis. Int Immunopharmacol. 
2025;154:Article 114490.

	106.	 Zhou YJ, Duan DQ, Lu LQ, Tang LJ, Zhang XJ, Luo XJ,  
Peng J. The SPATA2/CYLD pathway contributes 
to doxorubicin-induced cardiomyocyte ferroptosis 
via enhancing ferritinophagy. Chem Biol Interact. 
2022;368:Article 110205.

	107.	 Jo T, Nishikori M, Kogure Y, Arima H, Sasaki K, Sasaki Y, 
Nakagawa T, Iwai F, Momose S, Shiraishi A, et al. LUBAC 
accelerates B-cell lymphomagenesis by conferring resistance 
to genotoxic stress on B cells. Blood. 2020;136(6):684–697.

	108.	 Yang Y, Kelly P, Shaffer AR, Schmitz R, Yoo HM, Liu X, 
Huang DW, Webster D, Young RM, Nakagawa M, et al. 
Targeting non-proteolytic protein ubiquitination for the 
treatment of diffuse large B cell lymphoma. Cancer Cell. 
2016;29(4):494–507.

	109.	 Barzaman K, Karami J, Zarei Z, Hosseinzadeh A, Kazemi MH,  
Moradi-Kalbolandi S, Safari E, Farahmand L. Breast cancer: 
Biology, biomarkers, and treatments. Int Immunopharmacol. 
2020;84:Article 106535.



Huang et al. 2025 | https://doi.org/10.34133/research.1061 26

	110.	 Kharman-Biz A, Gao H, Ghiasvand R, Haldosen LA, 
Zendehdel K. Expression of the three components of linear 
ubiquitin assembly complex in breast cancer. PLOS ONE. 
2018;13(5):Article e197183.

	111.	 Song K, Cai X, Dong Y, Wu H, Wei Y, Shankavaram UT, 
Cui K, Lee Y, Zhu B, Bhattacharjee S, et al. Epsins 1 and 2 
promote NEMO linear ubiquitination via LUBAC to drive 
breast cancer development. J Clin Invest. 2021;131(1): 
Article e129374.

	112.	 Hua F, Hao W, Wang L, Li S. Linear ubiquitination mediates 
EGFR-induced NF-kappaB pathway and tumor development. 
Int J Mol Sci. 2021;22(21):11875.

	113.	 Wang W, Li M, Ponnusamy S, Chi Y, Xue J, Fahmy B,  
Fan M, Miranda-Carboni GA, Narayanan R, Wu J, et al. 
ABL1-dependent OTULIN phosphorylation promotes 
genotoxic Wnt/beta-catenin activation to enhance drug 
resistance in breast cancers. Nat Commun. 2020;11(1):3965.

	114.	 Hoshino K, Nakazawa S, Yokobori T, Hagiwara K, Ishii N, 
Tsukagoshi M, Igarashi T, Araki K, Harimoto N,  
Tokunaga F, et al. RNF31 promotes proliferation and invasion 
of hepatocellular carcinoma via nuclear factor kappaB 
activation. Sci Rep. 2024;14(1):346.

	115.	 Chen X, Ye Q, Zhao W, Chi X, Xie C, Wang X. RBCK1 
promotes hepatocellular carcinoma metastasis and growth by 
stabilizing RNF31. Cell Death Discov. 2022;8(1):334.

	116.	 Shimizu Y, Peltzer N, Sevko A, Lafont E, Sarr A, Draberova H,  
Walczak H. The linear ubiquitin chain assembly complex acts 
as a liver tumor suppressor and inhibits hepatocyte apoptosis 
and hepatitis. Hepatology. 2017;65(6):1963–1978.

	117.	 Damgaard RB, Jolin HE, Allison MED, Davies SE,  
Titheradge HL, McKenzie ANJ, Komander D. OTULIN 
protects the liver against cell death, inflammation, fibrosis, 
and cancer. Cell Death Differ. 2020;27(5):1457–1474.

	118.	 Verboom L, Martens A, Priem D, Hoste E, Sze M,  
Vikkula H, Van Hove L, Voet S, Roels J, Maelfait J, et al. 
OTULIN prevents liver inflammation and hepatocellular 
carcinoma by inhibiting FADD- and RIPK1 kinase-mediated 
hepatocyte apoptosis. Cell Rep. 2020;30(7):2237–2247.

	119.	 Sasaki K, Hayamizu Y, Murakami R, Toi M, Iwai K. Linear 
ubiquitination-induced necrotic tumor remodeling elicits 
immune evasion. FEBS Lett. 2023;597(9):1193–1212.

	120.	 Wu G, Li D, Liang W, Sun W, Xie X, Tong Y, Shan B,  
Zhang M, Lu X, Yuan J, et al. PP6 negatively modulates 
LUBAC-mediated M1-ubiquitination of RIPK1 and 
c-FLIP(L) to promote TNFalpha-mediated cell death. Cell 
Death Dis. 2022;13(9):773.

	121.	 Jimbo K, Hattori A, Koide S, Ito T, Sasaki K, Iwai K, 
Nannya Y, Iwama A, Tojo A, Konuma T. Genetic deletion 
and pharmacologic inhibition of E3 ubiquitin ligase HOIP 
impairs the propagation of myeloid leukemia. Leukemia. 
2023;37(1):122–133.

	122.	 Guo Y, He J, Zhang H, Chen R, Li L, Liu X, Huang C,  
Qiang Z, Zhou Z, Wang Y, et al. Linear ubiquitination of 
PTEN impairs its function to promote prostate cancer 
progression. Oncogene. 2022;41(44):4877–4892.

	123.	 Jin Y, Peng Y, Xu J, Yuan Y, Yang N, Zhang Z, Xu L, Li L, 
Xiong Y, Sun D, et al. LUBAC promotes angiogenesis and 
lung tumorigenesis by ubiquitinating and antagonizing 
autophagic degradation of HIF1alpha. Oncogene. 
2024;13(1):6.

	124.	 Ruiz EJ, Diefenbacher ME, Nelson JK, Sancho R, Pucci F, 
Chakraborty A, Moreno P, Annibaldi A, Liccardi G,  

Encheva V, et al. LUBAC determines chemotherapy resistance 
in squamous cell lung cancer. J Exp Med. 2019;216(2):450–465.

	125.	 Tomonaga M, Hashimoto N, Tokunaga F, Onishi M, Myoui A,  
Yoshikawa H, Iwai K. Activation of nuclear factor-kappa B by 
linear ubiquitin chain assembly complex contributes to lung 
metastasis of osteosarcoma cells. Int J Oncol. 2012;40(2): 
409–417.

	126.	 Du X, Pang J, Gu B, Si T, Chang Y, Li T, Wu M, Wang Z, 
Wang Y, Feng J, et al. A bio-orthogonal linear ubiquitin 
probe identifies STAT3 as a direct substrate of OTULIN in 
glioblastoma. Nucleic Acids Res. 2023;51(3):1050–1066.

	127.	 Cheng J, Xu L, Xuan Y, Zhou F, Huang A, Zeng S, Wang H,  
Wang Y, Zhan Y, Yan X, et al. Linear polyubiquitylation 
of Gli protein regulates its protein stability and facilitates 
tumor growth in colorectal cancer. Cell Death Discov. 
2024;10(1):369.

	128.	 Sheng C, Yao C, Wang J, Mao Y, Fu L, Chen S. Cyclophilin 
J limits linear ubiquitin signaling and controls colorectal 
cancer progression. J Biol Chem. 2024;300(9):Article 107610.

	129.	 Khanam H, Ali A, Asif M, Shamsuzzaman. 
Neurodegenerative diseases linked to misfolded proteins and 
their therapeutic approaches: A review. Eur J Med Chem. 
2016;124:1121–1141.

	130.	 Li F, Xu D, Wang Y, Zhou Z, Liu J, Hu S, Gong Y, Yuan J, 
Pan L. Structural insights into the ubiquitin recognition by 
OPTN (optineurin) and its regulation by TBK1-mediated 
phosphorylation. Autophagy. 2018;14(1):66–79.

	131.	 van Well EM, Bader V, Patra M, Sanchez-Vicente A, 
Meschede J, Furthmann N, Schnack C, Blusch A,  
Longworth J, Petrasch-Parwez E, et al. A protein quality 
control pathway regulated by linear ubiquitination. EMBO J. 
2019;38(9):Article e100730.

	132.	 Krishnan D, Menon RN, Mathuranath PS, Gopala S. A 
novel role for SHARPIN in amyloid-beta phagocytosis and 
inflammation by peripheral blood-derived macrophages in 
Alzheimer’s disease. Neurobiol Aging. 2020;93:131–141.

	133.	 Krishnan D, Menon RN, Gopala S. SHARPIN: Role in finding 
NEMO and in amyloid-beta clearance and degradation 
(ABCD) pathway in Alzheimer’s disease? Cell Mol Neurobiol. 
2022;42(5):1267–1281.

	134.	 Sato Y, Terawaki S, Oikawa D, Shimizu K, Okina Y, Ito H, 
Tokunaga F. Involvement of heterologous ubiquitination 
including linear ubiquitination in Alzheimer’s disease 
and amyotrophic lateral sclerosis. Front Mol Biosci. 
2023;10:1089213.

	135.	 Mitra J, Kodavati M, Dharmalingam P, Guerrero EN, 
Rao KS, Garruto RM, Hegde ML. Endogenous TDP-43 
mislocalization in a novel knock-in mouse model reveals 
DNA repair impairment, inflammation, and neuronal 
senescence. Acta Neuropathol Com. 2025;13(1):54.

	136.	 Prtenjaca N, Rob M, Alam MS, Markovinovic A, Stuani C, 
Buratti E, Munitic I. Optineurin deficiency and insufficiency 
lead to higher microglial TDP-43 protein levels. Int J Mol Sci. 
2022;23(12):6829.

	137.	 Zhang S, Shao Z, Liu X, Hou M, Cheng F, Lei D, Yuan H. 
The E50K optineurin mutation impacts autophagy-mediated 
degradation of TDP-43 and leads to RGC apoptosis in vivo 
and in vitro. Cell Death Discov. 2021;7(1):49.

	138.	 Kitamura A, Numazawa R, Kinjo M. Conformational 
stabilization of optineurin by the dynamic interaction 
of linear polyubiquitin. Biochem Biophys Res Commun. 
2021;559:203–209.

https://doi.org/10.34133/research.1061


Huang et al. 2025 | https://doi.org/10.34133/research.1061 27

	139.	 Nakazawa S, Oikawa D, Ishii R, Ayaki T, Takahashi H, 
Takeda H, Ishitani R, Kamei K, Takeyoshi I, Kawakami H, 
et al. Linear ubiquitination is involved in the pathogenesis 
of optineurin-associated amyotrophic lateral sclerosis. Nat 
Commun. 2016;7:12547.

	140.	 Nakayama Y, Tsuji K, Ayaki T, Mori M, Tokunaga F,  
Ito H. Linear polyubiquitin chain modification of TDP-43-
positive neuronal cytoplasmic inclusions in amyotrophic 
lateral sclerosis. J Neuropathol Exp Neurol. 2020;79(3): 
256–265.

	141.	 Zhang Q, Terawaki S, Oikawa D, Okina Y, Usuki Y, Ito H, 
Tokunaga F. Suppression of linear ubiquitination ameliorates 
cytoplasmic aggregation of truncated TDP-43. Cells. 
2022;11(15):2398.

	142.	 Rocha EM, De Miranda B, Sanders LH. Alpha-
synuclein: Pathology, mitochondrial dysfunction and 
neuroinflammation in Parkinson’s disease. Neurobiol Dis. 
2018;109(Pt B):249–257.

	143.	 Furthmann N, Bader V, Angersbach L, Blusch A, Goel S,  
Sanchez-Vicente A, Krause LJ, Chaban SA, Grover P, 
Trinkaus VA, et al. NEMO reshapes the alpha-Synuclein 
aggregate interface and acts as an autophagy adapter by co-
condensation with p62. Nat Commun. 2023;14(1):8368.

	144.	 Noad J, von der Malsburg A, Pathe C, Michel MA,  
Komander D, Randow F. LUBAC-synthesized linear ubiquitin 
chains restrict cytosol-invading bacteria by activating 
autophagy and NF-kappaB. Nat Microbiol. 2017;2:17063.

	145.	 Chu Y, Kang Y, Yan C, Yang C, Zhang T, Huo H, Liu Y. 
LUBAC and OTULIN regulate autophagy initiation and 
maturation by mediating the linear ubiquitination and the 
stabilization of ATG13. Autophagy. 2021;17(7):1684–1699.

	146.	 Miyashita H, Oikawa D, Terawaki S, Kabata D, Shintani A,  
Tokunaga F. Crosstalk between NDP52 and LUBAC in 
innate immune responses, cell death, and xenophagy. Front 
Immunol. 2021;12:Article 635475.

	147.	 van Wijk SJL, Fricke F, Herhaus L, Gupta J, Hotte K, 
Pampaloni F, Grumati P, Kaulich M, Sou Y, Komatsu M, et al. 
Linear ubiquitination of cytosolic Salmonella Typhimurium 
activates NF-kappaB and restricts bacterial proliferation. Nat 
Microbiol. 2017;2:17066.

	148.	 Dorrington MG, Bradfield CJ, Lack JB, Lin B, Liang JJ,  
Starr T, Ernst O, Gross JL, Sun J, Miller AH, et al. Type I IFNs 
facilitate innate immune control of the opportunistic bacteria 
Burkholderia cenocepacia in the macrophage cytosol. PLOS 
Pathog. 2021;17(3):Article e1009395.

	149.	 Gong Z, Kuang Z, Li H, Li C, Ali MK, Huang F, Li P, Li Q, 
Huang X, Ren S, et al. Regulation of host cell pyroptosis and 
cytokines production by Mycobacterium tuberculosis effector 
PPE60 requires LUBAC mediated NF-kappaB signaling. Cell 
Immunol. 2019;335:41–50.

	150.	 Wan M, Wang X, Huang C, Xu D, Wang Z, Zhou Y, Zhu Y. A 
bacterial effector deubiquitinase specifically hydrolyses linear 
ubiquitin chains to inhibit host inflammatory signalling. Nat 
Microbiol. 2019;4(8):1282–1293.

	151.	 de Jong MF, Liu Z, Chen D, Alto NM. Shigella flexneri 
suppresses NF-kappaB activation by inhibiting linear 
ubiquitin chain ligation. Nat Microbiol. 2016;1(7):16084.

	152.	 Khan M, Syed GH, Kim SJ, Siddiqui A. Hepatitis B virus-
induced Parkin-dependent recruitment of linear ubiquitin 
assembly complex(LUBAC) to mitochondria and attenuation 
of innate immunity. PLOS Pathog. 2016;12(6): 
Article e1005693.

	153.	 Chen Y, He L, Peng Y, Shi X, Chen J, Zhong J, Chen X,  
Cheng G, Deng H. The hepatitis C virus protein NS3 
suppresses TNF-alpha-stimulated activation of NF-kappaB by 
targeting LUBAC. Sci Signal. 2015;8(403):Article ra118.

	154.	 Jing H, Fang L, Ding Z, Wang D, Hao W, Gao L, Ke W,  
Chen H, Xiao S. Porcine reproductive and respiratory 
syndrome virus nsp1alpha inhibits NF-kappaB activation by 
targeting the linear ubiquitin chain assembly complex. J Virol. 
2017;91(3):e01911–e01916.

	155.	 Su Y, Shi P, Zhang L, Lu D, Zhao C, Li R, Zhang L,  
Huang J. The superimposed deubiquitination effect of 
OTULIN and porcine reproductive and respiratory syndrome 
virus (PRRSV) Nsp11 promotes multiplication of PRRSV.  
J Virol. 2018;92(9):e00175–e00118.

	156.	 Wang L, Wang Y, Zhao J, Ren J, Hall KH, Moorman JP,  
Yao ZQ, Ning S. The linear ubiquitin assembly complex 
modulates latent membrane protein 1 activation of 
NF-kappaB and interferon regulatory factor 7. J Virol. 
2017;91(4):e01138–e01116.

	157.	 Vento-Tormo R, Rodriguez-Ubreva J, Lisio LD, Islam AB, 
Urquiza JM, Hernando H, Lopez-Bigas N, Shannon-Lowe C,  
Martinez N, Montes-Moreno S, et al. NF-kappaB directly 
mediates epigenetic deregulation of common microRNAs in 
Epstein-Barr virus-mediated transformation of B-cells and in 
lymphomas. Nucleic Acids Res. 2014;42(17): 
11025–11039.

	158.	 Hernandez D, Walsh S, Saavedra Sanchez L, Dickinson MS, 
Coers J. Interferon-inducible E3 ligase RNF213 facilitates 
host-protective linear and K63-linked ubiquitylation 
of Toxoplasma gondii parasitophorous vacuoles. MBio. 
2022;13(5):Article e188822.

	159.	 Taraborrelli L, Peltzer N, Montinaro A, Kupka S, Rieser E,  
Hartwig T, Sarr A, Darding M, Draber P, Haas TL, et al.  
LUBAC prevents lethal dermatitis by inhibiting cell death 
induced by TNF, TRAIL and CD95L. Nat Commun. 
2018;9(1):3910.

	160.	 Tamiya H, Terao M, Takiuchi T, Nakahara M, Sasaki Y, 
Katayama I, Yoshikawa H, Iwai K. IFN-gamma or IFN-alpha 
ameliorates chronic proliferative dermatitis by inducing 
expression of linear ubiquitin chain assembly complex. J 
Immunol. 2014;192(8):3793–3804.

	161.	 Hoste E, Lecomte K, Annusver K, Vandamme N, Roels J, 
Maschalidi S, Verboom L, Vikkula H, Sze M, Van Hove L, 
et al. OTULIN maintains skin homeostasis by controlling 
keratinocyte death and stem cell identity. Nat Commun. 
2021;12(1):5913.

	162.	 Abdul-Sater AA, Edilova MI, Clouthier DL, Mbanwi A, 
Kremmer E, Watts TH. The signaling adaptor TRAF1 negatively 
regulates toll-like receptor signaling and this underlies its 
role in rheumatic disease. Nat Immunol. 2017;18(1):26–35.

	163.	 Fiil BK, Gyrd-Hansen M. OTULIN deficiency causes auto-
inflammatory syndrome. Cell Res. 2016;26(11):1176–1177.

	164.	 Takeda Y, Ueki M, Matsuhiro J, Walinda E, Tanaka T,  
Yamada M, Fujita H, Takezaki S, Kobayashi I, Tamaki S, et al.  
A de novo dominant-negative variant is associated with 
OTULIN-related autoinflammatory syndrome. J Exp Med. 
2024;221(6):Article e20231941.

	165.	 Boisson B, Laplantine E, Prando C, Giliani S, Israelsson E,  
Xu Z, Abhyankar A, Israel L, Trevejo-Nunez G,  
Bogunovic D, et al. Immunodeficiency, autoinflammation 
and amylopectinosis in humans with inherited HOIL-1 and 
LUBAC deficiency. Nat Immunol. 2012;13(12):1178–1186.



Huang et al. 2025 | https://doi.org/10.34133/research.1061 28

	166.	 Garcia-Carbonell R, Wong J, Kim JY, Close LA, Boland BS,  
Wong TL, Harris PA, Ho SB, Das S, Ernst PB, et al. Elevated 
A20 promotes TNF-induced and RIPK1-dependent 
intestinal epithelial cell death. Proc Natl Acad Sci USA. 
2018;115(39):E9192–E9200.

	167.	 Sakamoto Y, Sasaki K, Omatsu M, Hamada K, Nakanishi Y, 
Itatani Y, Kawada K, Obama K, Seno H, Iwai K. Differential 
involvement of LUBAC-mediated linear ubiquitination in 
intestinal epithelial cells and macrophages during intestinal 
inflammation. J Pathol. 2023;259(3):304–317.

	168.	 Huang J, Pang X, Zhang X, Qiu W, Zhang X, Wang R,  
Xie W, Bai Y, Zhou S, Liao J, et al. N-acetylcysteine combined 
with insulin attenuates myocardial injury in canines with 
type 1 diabetes mellitus by modulating TNF-alpha-mediated 
apoptotic pathways and affecting linear ubiquitination. Transl 
Res. 2023;262:1–11.

	169.	 Aboujaoude A, Minassian B, Mitra S. LUBAC: A new 
player in polyglucosan body disease. Biochem Soc Trans. 
2021;49(5):2443–2454.

	170.	 Phadke R, Hedberg-Oldfors C, Scalco RS, Lowe DM, 
Ashworth M, Novelli M, Vara R, Merwick A, Amer H,  
Sofat R, et al. RBCK1-related disease: A rare multisystem 
disorder with polyglucosan storage, auto-inflammation, 
recurrent infections, skeletal, and cardiac myopathy-four 
additional patients and a review of the current literature.  
J Inherit Metab Dis. 2020;43(5):1002–1013.

	171.	 Matsunaga Y, Nakatsu Y, Fukushima T, Okubo H,  
Iwashita M, Sakoda H, Fujishiro M, Yamamotoya T,  
Kushiyama A, Takahashi S, et al. LUBAC formation is 
impaired in the livers of mice with MCD-dependent 
nonalcoholic steatohepatitis. Mediat Inflamm. 
2015;2015:Article 125380.

	172.	 Mirzaesmaeili A, Zangiabadi S, Raspanti J, Akram A,  
Inman RD, Abdul-Sater AA. Cutting edge: Negative 
regulation of inflammasome activation by TRAF1 can limit 
gout. J Immunol. 2023;210(5):531–535.

	173.	 Zheng Z, Zeng Y, Bao X, Huang C, Guo F, Xu F, Luo Z. 
OTULIN confers cisplatin resistance in osteosarcoma 
by mediating GPX4 protein homeostasis to evade the 
mitochondrial apoptotic pathway. J Exp Clin Cancer Res. 
2024;43(1):330.

	174.	 Li J, Liu S, Li S. Mechanisms underlying linear ubiquitination 
and implications in tumorigenesis and drug discovery. Cell 
Commun Signal. 2023;21(1):340.

	175.	 Strickson S, Campbell DG, Emmerich CH, Knebel A,  
Plater L, Ritorto MS, Shpiro N, Cohen P. The anti-
inflammatory drug BAY 11-7082 suppresses the MyD88-
dependent signalling network by targeting the ubiquitin 
system. Biochem J. 2013;451(3):427–437.

	176.	 Chen Y, Wang L, Cheng X, Ge X, Wang P. An ultrasensitive 
system for measuring the USPs and OTULIN activity using 
Nanoluc as a reporter. Biochem Biophys Res Commun. 
2014;455(3-4):178–183.

	177.	 Yamanaka S, Sato Y, Oikawa D, Goto E, Fukai S,  
Tokunaga F, Takahashi H, Sawasaki T. Subquinocin, a small 
molecule inhibitor of CYLD and USP-family deubiquitinating 
enzymes, promotes NF-kappaB signaling. Biochem Biophys 
Res Commun. 2020;524(1):1–7.

	178.	 Pseftogas A, Gonidas C, Mosialos G. Activation of 
peroxisome proliferator-activated receptor gamma in 
mammary epithelial cells upregulates the expression of 
tumor suppressor Cyld to mediate growth inhibition 
and anti-inflammatory effects. Int J Biochem Cell Biol. 
2017;82:49–56.

https://doi.org/10.34133/research.1061

	Deciphering Key Regulatory Roles of Linear Ubiquitination in Cell Fate Determination and Disease
	Introduction
	Overview of Linear Ubiquitination
	Linear ubiquitin chain assembly complex
	Deubiquitinating enzymes that remove linear ubiquitin chains

	Linear Ubiquitination: Roles in Cell Proliferation and Differentiation
	Overview of cell proliferation and differentiation
	Linear ubiquitination mediates cell proliferation and differentiation

	Linear Ubiquitination: Involvement in Cell Senescence
	Overview of cell senescence
	Linear ubiquitination and cell senescence

	Linear Ubiquitination: Regulation of Cell Survival/Death
	Linear ubiquitination and apoptosis
	Overview of apoptosis
	Linear ubiquitination and apoptosis

	Linear ubiquitination and necroptosis
	Overview of necroptosis
	Linear ubiquitination and necroptosis

	Linear ubiquitination and autophagy-dependent cell death
	Overview of autophagy-dependent cell death
	Linear ubiquitination and autophagy-dependent cell death

	Linear ubiquitination and pyroptosis
	Overview of pyroptosis
	Linear ubiquitination and pyroptosis

	Linear ubiquitination and ferroptosis
	Overview of ferroptosis
	Linear ubiquitination and ferroptosis


	Linear Ubiquitination: Implications in Diverse Diseases
	Linear ubiquitination and neoplastic diseases
	Linear ubiquitination and neurodegenerative diseases
	Linear ubiquitination and infectious diseases
	Linear ubiquitination and inflammatory diseases
	Linear ubiquitination and metabolic diseases

	Conclusion and Future Perspectives
	Acknowledgments
	References


