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Abstract

Polyubiquitination is a post-translational modification involved in a wide range of immunological
events, including inflammatory responses, immune cell differentiation, and development of
inflammatory diseases. The versatile functions of polyubiquitination are based on different types of
ubiquitin linkage, which enable various UBD (ubiquitin binding domain)-containing adaptor proteins
to associate and induce distinct biological outputs. A unique and atypical type of polyubiquitin chain
comprising a conjugation between the N-terminal methionine of the proximal ubiquitin moiety and
the C-terminal glycine of the distal ubiquitin moiety, referred to as a linear or M1-linked ubiquitin
chain, has been studied exclusively within the field of immunology because it is distinct from other
polyubiquitin forms: linear ubiquitin chains are generated predominantly by various inflammatory
stimulants, including tumor necrosis factor-a (TNF-a) and interleukin-1p (IL-1B), and act as a critical
modulator of transient and optimal signal transduction. Moreover, accumulating evidence suggests
that linear ubiquitin chains are of physiological significance. Dysregulation of linear ubiquitination
triggers chronic inflammation and immunodeficiency via downregulation of linear ubiquitin-
dependent nuclear factor-kappa B (NF-xB) signaling and by triggering TNF-a-induced cell death,
suggesting that linear ubiquitination is a homeostatic regulator of tissue-specific functions. In this
review, we focus on our current understating of the molecular and cellular mechanisms by which linear
ubiquitin chains control inflammatory environments. Furthermore, we review the role of linear
ubiquitination on T cell development, differentiation, and function, thereby providing insight into its

direct association with maintaining the immune system.

Running title: Optimal inflammation via linear ubiquitination

Keywords: LUBAC, TNF signaling, Inflammation, Cell death, T cell
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Introduction

Ubiquitin was identified originally as a critical modifier of energy-dependent proteasomal degradation
of discarded intracellular proteins. Accumulating evidence has shown the versatility of ubiquitin
modification during various cellular physiological processes, including the cell cycle, DNA repair,
and signal transduction. Ubiquitin conjugation occurs in three sequential steps, which are catalyzed
by specialized enzymes: a ubiquitin-activating enzyme (E1), a ubiquitin conjugating enzyme (E2), and
a ubiquitin ligase (E3) (1). Binding of a ubiquitin to a substrate protein, followed by elongation to
initiate conjugation of another ubiquitin to the substrate, generates a polyubiquitinated protein. A
distinct inter-ubiquitin linkage can increase structural diversity of polyubiquitin chains, which allows
a variety of ubiquitin chain-specific UBD (ubiquitin binding domain)-containing adaptor proteins to
interact with them, resulting in expansion of ubiquitin-dependent biological outputs (2) (Fig. 1A). In
general, one of seven Lys residues within ubiquitin (K6, K11, K27, K29, K33, K48, and K63) act as
an acceptor for another ubiquitin. However, this review highlights a newly identified atypical form of
polyubiquitin generated by conjugation between the N-terminal methionine (M1) of the proximal
ubiquitin moiety and the C-terminal glycine of the distal ubiquitin moiety; this is referred to as a linear
or M1-linked ubiquitin chain (3) (Fig. 1A).

The well-known K48- or K63-linked ubiquitin chains, which are the main promoters of
protein degradation and cellular signaling, respectively, occupy the majority of intracellular ubiquitin
chains; linear ubiquitin is hardly detectable under stable (unstimulated) conditions. Notably, linear
ubiquitin production is induced by the linear ubiquitin assembly complex (LUBAC), the only
recognized E3 ligase that generates linear ubiquitin chains, in response to inflammatory stimulants
such as tumor necrosis factor-o (TNF-o) and interleukin-13 (IL-1B) (4) (Fig. 1A). In general,
polyubiquitin modification is spatially and temporally controlled by the cooperative reaction between

an E3 ligase (as a writer) and a deubiquitinating enzyme (DUB; as an eraser), which cleaves the
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conjugated ubiquitin chains. We already know the DUBs responsible for linear ubiquitin cleavage:
OTU deubiquitinase with linear linkage specificity (OTULIN), and cylindromatosis (CYLD) (5,6).
Such strictly-regulated and reversible linear ubiquitination in specified immune-related cells provides
a substantial benefit with respect to both optimal expression of genes encoding cytotoxic inflammatory

molecules and immediate remission of undesired inflammatory reactions.

Molecular mechanism underlying linear ubiquitination

LUBAC, the only E3 ligase to catalyze linear ubiquitination, comprises three distinct subunits: HOIL-
1L interacting protein (HOIP, also known as RNF31), heme-oxidized IRP2 ligase 1L (HOIL-1L, also
known as RBCK1), and SHANK-associated RH domain-interacting protein (SHARPIN) (7-9) (Fig.
1B). Gel filtration studies estimate the molecular mass of LUBAC to be 600 kDa, but the summed
mass of the three subunits is actually 218 kDa. Thus, although the molecular mechanism responsible
for assembly of the ligase, which is mediated by interactions between their binding domains (the
ubiquitin-like domains (UBL) of HOIL-1L and SHARPIN, the ubiquitin-associated (UBA) domain of
HOIP, and the LUBAC-tethering motifs (LTM) of HOIL-1L and SHARPIN), has been clarified (10)
(Fig. 1B), the exact conformation of intracellular LUBAC remains unknown. Expression of LUBAC
components is ubiquitous in humans and rodents. In particular, previous reports show high level
expression of LUBAC components in murine splenocytes and thymocytes. According to the genome-
wide gene expression analysis across immune cells, Immunological Genome Project (ImmGen), there
is almost no difference in the expression among subsets of immune cells including hematopoietic stem
cells (HSCs), lymphocytes and myeloid cells. Although there is little information about human
immune cells, these are indicative of the major role of LUBAC during generation and maintenance of

the adaptive immune system (8).
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The catalytic center of LUBAC is the C-terminal RING-IBR-RING (RBR) domain of HOIP
(Fig. 1B). Although HOIL-1L and SHARPIN, accessory molecules of LUBAC, are dispensable for
linear ubiquitination activity, they stabilize the tripartite LUBAC complex. Loss of either results in
rapid degradation of other LUBAC components, including HOIP, and decreases ligase activity for
linear ubiquitination. The RBR domain includes two RING domains: N-terminal RING1 and C-
terminal RING2. HOIP interacts with ubiquitin-bound E2 at RING1, and transfers the ubiquitin from
E2 to the conserved Cys residue (Cys885 in human) in RING2 to form a transient thioester
intermediate. Then, C-terminal Gly of ubiquitin is transferred to the N-terminal Met of the acceptor
ubiquitin that is docked on the linear ubiquitin chain-determining domain (LDD) at the C-terminus of
HOIP (11,12) (Fig. 1B). HOIL-1L also has a similar RBR domain. A recent report shows that HOIL-
1L ligase activity catalyzes formation of oxyester bonds between the C-terminal carboxylate of
ubiquitin and the Ser and Thr residues of its substrates IRAK1, IRAK2, Myd88, and LUBAC, which
accelerates Toll-like receptor signaling (13). In addition, our study revealed a novel regulatory
mechanism by which HOIL-1L -catalyzing monoubiquitination of LUBAC subunits regulates LUBAC

activity, leading to suppression of the linear ubiquitination activity of HOIP (14).

Linear ubiquitination in response to TNF-a signaling

TNF-a is a pivotal regulator of local immune response and its surrounding inflammatory environment.
TNF-o enables to induce canonical nuclear factor-kappa B (NF-xB) activation signaling involving the
1B kinase (IKK) complex (comprising IKK1 (IKKa), IKK2 (IKK), and NF-xB essential modulator
(NEMO, IKKYy)). The positive effects of LUBAC-producing linear ubiquitin on this pathway have
been characterized extensively. Binding of TNF-a to its receptor TNFR1 triggers transient assembly
of the signaling complex referred to as TNFR1 complex I, which initiates downstream signaling.

TNFR1 complex | comprises multiple adaptor proteins, including TNFR1-associated death domain
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(TRADD), TNF-receptor associated factor 2 (TRAF2), cellular inhibitor of apoptosis protein 1 and 2
(clAP1 and clAP2), and receptor interacting serine/threonine-protein kinase 1 (RIPK1). The clAP1/2
E3 ligases conjugate K63-, K11-, and K48-linked ubiquitin chains onto RIPK1 and several
components of the TNFR1 complex I. The polyubiquitin chains further serve as a scaffold to recruit
other signal intermediate complexes, including LUBAC, through K63 ubiquitin binding via the NZF
domains in HOIP and SHARPIN (15,16). Conjugation of LUBAC-generated linear ubiquitin chains
to the TNFR1 complex I, cooperatively with other types of polyubiquitin chains, activates signaling
cascades.

In addition to LUBAC, the IKK complex and the TAK1-TAB complex, which comprises
transforming growth factor-p-activated kinase 1 (TAK1), TAK1-binding protein 1 (TAB1), and either
TAB2 or 3, are also recruited to the polyubiquitin structure on the TNFR1 complex I via the C-terminal
zinc finger (ZF) domain of NEMO and the Npl4 zinc finger (NZF) domain of TAB2/3, respectively.
Linear ubiquitination of TNFR1 complex | components such as RIPK1 facilitates accumulation of
other LUBACS via preferential binding of the NZF domains of SHARPIN and HOIL-1L to linear
ubiquitin chains (7,17). In addition, LUBAC interacts with NEMO through the HOIP NZF1 domain
and generates linear ubiquitin chains on NEMO (18). NEMO also contains ubiquitin binding ABIN
and NEMO (UBAN) motifs, which interact with linear ubiquitin with much higher affinity than K63
ubiquitin (19). In addition to IKK2 phosphorylation by TAK1 sequestered onto K63 chains, linear
ubiquitin-dependent accumulation of several IKK complexes triggers dimerization of IKK2, followed
by its activation by trans-autophosphorylation (15,20). The activated IKK complex then induces
phosphorylation of inhibitor of NF-xB proteins (1xB), leading to activation of NF-kB signaling. Since
loss of LUBAC dampens expression of NF-kB-inducible genes, LUBAC-mediated linear

ubiquitination is critical for amplification of NF-«xB signaling in response to TNF-a (18).
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OTULIN and CYLD, DUBs responsible for cleavage of linear ubiquitin, negatively regulate
TNF-a-induced activation of NF-kB (6). While both is constitutively expressed in most cells including
all immune cell subsets, expression of CYLD is further increased by TNF-o and IL-1f in the NF-kB
signaling-dependent manner. In addition to the inflammatory cytokines, a variety of NF-kB inducers
including peptidoglycan, Gram-negative bacterium Haemophilus influenzae, and Gram-positive
bacterium Streptococcus pneumoniae potentiates expression of CYLD, indicating that CYLD acts as
a negative feedback regulator for NF-kB activation upon various inflammatory simulation (21).
CYLD cleaves both linear and K63 ubiquitin, whereas OTULIN appears to be specific for linear
ubiquitin (5). OTULIN includes an N-terminal PUB-interacting motif (P1M), which interacts with the
N-terminal peptide N-glycosidase/ubiquitin-associated (PUB) domain of HOIP (6,22).
Phosphorylation of Tyr56 in the PIM of OTULIN negatively regulates binding to HOIP, suggesting
that linear ubiquitination is regulated by an unknown tyrosine kinase-dependent mechanism. Although
reversible ubiquitination by LUBAC and DUBs coordinately optimizes the strength and duration of
TNF-a signals, removal of linear ubiquitin chains by OTULIN maintains the integrity of LUBAC for

linear ubiquitination (23).

Regulatory role of LUBAC during extrinsic cell death

SHARPIN is the third component of LUBAC, and a causative gene of spontaneous autosomal
recessive mutant mice, referred to as chronic proliferative dermatitis mice (cpdm) (8,9) (Fig. 2). These
mice develop severe chronic inflammation of the skin, which is characterized by epidermal
hyperplasia, hyperkeratosis, and increased programmed cell death of keratinocytes. Moreover,
infiltration of the skin, multiple organs (the lungs and liver), and several joints by granulocytes and
macrophages is observed (24). Lymphocytes are dispensable for disease development because

lymphocyte-lacking cpdm mice also exhibit a similar phenotype. Skin-specific deletion of the Sharpin
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gene induces dermatitis, whereas skin-specific deletion of the Tnfrl gene ameliorates disease
development (25-27). Since loss of SHARPIN results in a marked decrease in expression of HOIL-1L
and HOIP, LUBAC activity in keratinocytes is critical for maintenance of skin homeostasis and
constitutive TNF-a-mediated responses (Fig. 2). In addition, complete loss of HOIL-1L or HOIP
results in embryonic lethality at mid-gestation via increased TNFR1-mediated endothelial cell death
(28,29). Thus, these in vivo data suggest that LUBAC-mediated suppression of programmed cell death,
rather than NF-xB activation, would be more requisite for TNF-a-mediated homeostatic processes.

LUBAC-mediated linear ubiquitination protects against TNF-a-induced apoptotic and
necroptotic cell death independent of NF-kB activation. Upon LUBAC deficiency, TNF-a. stimulation
results in release of RIPK1 from the TNFR1 complex | to yield a cytosolic TNFR1 complex I1 (30).
Generation of complex 1l is critical for induction of programmed cell death. Complex Il comprises
RIPKZ1, Fas-associated death domain protein (FADD), cellular FADD-like IL-1B-converting enzyme
(FLICE)-like inhibitory protein (cFLIP), caspase-8, RIPK3, and mixed lineage kinase domain-like
protein (MLKL). The complex Il exerts two distinct modes of programmed cell death: caspase 8-
dependent apoptosis and RIPK3-MLKL-dependent necroptosis, a recently identified form of
programmed necrotic cell death. We observed both modes of keratinocyte cell death in
autoinflammatory or autoimmune skin disease models; therefore, different types of TNF-a-inducible
cell death occur simultaneously in vivo (27). Regulation of complex Il-dependent cell death pathways
in each cell is dependent on expression or activity of cell death executers or suppressors.

We do not know how LUBAC-mediated linear ubiquitination protects from TNF-a-induced
apoptotic and necroptotic cell death. In addition to LUBAC deficiency, treatment with clAP inhibitors
promotes programmed cell death in response to TNF-a. Moreover, recent reports show that K63
ubiquitination of RIPK1 is requisite for prevention of TNF-a-induced cell death, and Ripk1K376R/K376R

knock-in mice, in which K63 ubiquitination of RIPK1 is impaired, show embryonic lethality due to
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increased expression of complex Il (31). RIPK1 kinase activity regulates transition from TNFR1
complex I to complex I1. K63 ubiquitination of RIPK1 recruits TAK1 to phosphorylate RIPK1, leading
to inhibition of its kinase activity (32). RIPK1 kinase activity is also controlled by kinases such as the
IKK complex and MK2 (33-36). Notably, TBK1 and IKKe are newly identified kinases of RIPK1
(37). Upon TNF-a stimulation, NEMO, which recognizes linear ubiquitin chains via its UBAN
domain, recruits TBK1 and IKKe to the TNFR1 complex via adaptor proteins TANK and NAPL. This
mechanism demonstrates, at least partly, linear ubiquitin-dependent protection from TNF-a-induced

cell death.

Effect of LUBAC on T cell receptor (TCR) signaling and T cell-mediated immunity
LUBAC-compromised mice exhibit severe immunodeficiency, and LUBAC components are highly
expressed by lymphocytes, suggesting involvement of LUBAC-mediated linear ubiquitination in
immune homeostasis. In this section, we focus specifically on the significance of linear ubiquitin with
respect to T cell biology. In general, T cells recognize antigen peptide-bound major histocompatibility
complex molecules on the surface of target cells through their variable TCRs. LUBAC is essential for
TCR-mediated NF-xB signaling and subsequent T cell activation because LUBAC deficiency in T
cell hybridoma and Jurkat cells decreases expression of NF-kB-target genes, as well as secretion of
IL-2, upon TCR stimulation (27). In addition, TCR activation-induced phosphorylation of RelA,
which is a component of NF-kB transcription factors, and degradation of 1kBa., are slightly inhibited
in murine T cells isolated from Sharpin-deficient mice, resulting in reduced surface expression of
CD25 and CD69, both of which are surface markers of T cell activation (27).

After peptide antigen recognition by the TCR, tyrosine kinases such as Lck and ZAP70, as
well as adaptor proteins, are recruited to mediate downstream signaling. Then, PKC6 phosphorylates

CARMAI1 and promotes assembly of the CARMA1-BCL10-MALT1 (CBM) complex, followed by
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its recruitment to the cell membrane. The CBM complex binds to HOIP in LUBAC, resulting in linear
ubiquitination of CBM components (38). In addition to linear chains, K63 ubiquitin is also conjugated
to BCL10 in the CBM complex. Regarding the role of RIPK1 during TNF-q signaling, linear and K63
ubiquitin chains on the CBM complex serve as a platform for recruitment of the IKK complex via the
ubiquitin binding ability of NEMO, followed by NF-«xB activation (39). However, negative regulation
of TCR signaling also occurs. MALT1, which has paracaspase activity, mediates proteolytic cleavage
of HOIL-1L to downregulate TCR-mediated activation of NF-kB (40). Notably, and in contrast to
previous observations, our data and those of others show that ubiquitin binding, but not the linear
ubiquitin ligase ability of LUBAC, is indispensable for full activation of NF-xB signaling upon TCR
stimulation (27,41). Thus, LUBAC is a critical signal mediator, although its precise role in TCR-
mediated NF-«B activation remains elusive.

TCR signaling contributes to T cell development, differentiation, and effector function. A
decrease in the mature Foxp3* regulatory T cell (Treg) population, an anti-inflammatory T cell subset,
is found in cpdm and T cell-specific SHARPIN-deficient mice (27,42). Since SHARPIN partially
contributes to the stability of the LUBAC conformation, as well as its ligase activity, these
observations indicate that Treg development and homeostasis are highly dependent on LUBAC (Fig.
2). The high LUBAC dependency of Tregs is not surprising because Tregs require relatively strong
TCR stimulation during development in the thymus and are maintained in peripheral tissues by
autocrine IL-2 stimulation. The absence of HOIL-1L or HOIP (resulting in near- or complete loss,
respectively, of LUBAC) results in severe depletion of Tregs. Notably, Treg-specific deletion of
HOIP-encoding Rnf31 causes systemic autoimmune disease due to severe Treg loss and
hyperactivation of peripheral conventional T cells, which results in all of the phenotypic hallmarks of
Foxp3-deficient scurfy mice (27,42). To a lesser extent, development of Foxp3- conventional T cells

is also impaired gradually, along with a decline in LUBAC expression. During the late stage of
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thymocyte differentiation, LUBAC is required for appropriate gene expression, but not for protection
from TNF-a-induced cell death. Additionally, the proinflammatory effector function of T cells is
dependent on strong TCR activation; thus LUBAC plays a wide role in T cell mediated immunity.
Our recent publication focused on the function of LUBAC in skin tissue homeostasis (27)
(Fig. 2). Specific ablation of Sharpin in Tregs mimics the cpdm phenotype characterized by skin
inflammation, suggesting that partial activation of autoimmune T cell subset facilitates TNF-a-
mediated keratinocyte apoptosis and necroptosis via an innate immune mechanism, despite sufficient
expression of LUBAC components in the skin. Moreover, loss of SHARPIN from both Tregs and skin
cells results in more severe disruption of skin architecture, accompanied by abundant T cell infiltrates,
than that observed in mice lacking SHARPIN in Tregs or keratinocytes. These observations reaffirm
that LUBAC plays multiple roles in various cell types, and contributes to maintenance of physiological
skin homeostasis in healthy individuals by regulating both T cell-associated immune balance and

tissue tolerance to proinflammatory cytokine-induced cell death (Fig. 2).

Role of linear ubiquitin in human immunological diseases

Whole exome sequencing of clinical samples revealed that LUBAC and linear ubiquitin-related genes
cause autoinflammatory diseases. Autoinflammation is an inherited, and mostly monogenic, disorder
characterized by recurrent fever and sterile systemic inflammation. An early study showed that
biallelic loss-of-expression and loss-of-function mutations in HOIL-1L are the cause (43). Such
patients develop chronic autoinflammation, invasive bacterial infections, and muscular
amylopectinosis. Fibroblasts from patients show impaired NF-«xB activation in response to IL-1. Two
cases of homozygous mutations in HOIP have been reported (44,45). The biallelic missense L72P
mutation in HOIP destabilizes the LUBAC complex, resulting in severe hypomorphic expression.

Patients exhibit multiorgan autoinflammation, combined immunodeficiency, subclinical



260

261

262

263

264

265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

amylopectinosis, and systemic lymphangiectasia. Another case of HOIP deficiency due to compound
heterozygous mutations in RNF31 presented with early-onset immune deficiency and
autoinflammation. Considering that fibroblasts from these patients show reduced expression of
LUBAC coupled with decreased activation of NF-xB upon IL-13 or TNF-a stimulation, systemic
accumulation of cytokine-induced cell death is likely the main cause of autoinflammation.
Dysfunction or hypomorphic expression of OTULIN, a linear ubiquitin-specific DUB, also
results in TNF-a-induced systemic inflammatory disease in humans. Nine patients carrying
homozygous missense or premature stop mutations in the OTULIN have been reported, and all
suffered from systemic autoinflammation, termed OTULIN-related autoinflammatory syndrome
(ORAS) or Otulipenia (46-49). The disease is characterized by recurrent fever, diarrhea, panniculitis,
and arthritis, accompanied by an increase in leucocyte and neutrophil numbers during the neonatal
period. Fibroblasts and B cells harboring heterozygous missense variants of OTULIN exhibit lower
expression OTULIN and higher production of linear ubiquitin than normal cells (50). As mentioned
above, LUBAC induces cytokine-induced cellular responses and inflammation. Therefore, it has been
hypothesized that hyperactivation of a wide range of immune cell types, and increased systemic
secretion of inflammatory cytokines, cause sterile autoinflammation in ORAS patients. Intriguingly,
OTULIN enables trimming of the linear ubiquitin chains conjugated to LUBAC subunits to maintain
its function. Auto-linear ubiquitination of LUBAC subunits is detected in OTULIN-deficient cells,
and attenuates its function (23). Although we do not know whether such interruption of LUBAC-
mediated linear ubiquitination occurs in ORAS patients, accelerated programmed cell death may
contribute to pathogenesis by inducing a mechanism similar to that which causes LUBAC-deficient

autoinflammation.

Conclusions and perspectives
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Here, we provide an overview of the mechanism(s) underlying linear ubiquitination, and describe its
function in vivo. In addition to the TNF-a or T cell-specific immune signals mentioned above, linear
ubiquitin chains are generated by other extrinsic inflammatory ligands to regulate several physiologic
conditions. For a long time, studies on linear ubiquitin and LUBAC subunits focused on inflammatory
responses; however, roles including xenophagy, cell cycle, protein homeostasis, and glycogen
metabolism have been discovered (51-56). This encouraged us to explore the biological connection
between LUBAC ligases and other research fields. A lack of linear ubiquitin chains can cause systemic
diseases, suggesting that it plays a significant role in maintenance and protection of physiologic tissue
environments with low concentrations of linear ubiquitin-producing cytokines. Although it is obvious
that linear ubiquitin is requisite for homeostasis in healthy tissues and organs, its pathogenic
contribution to various undesired chronic inflammatory events during autoinflammation or
autoimmune disease, chronic infection, and tumorigenesis remains unclear because there are few
methods that can detect linear ubiquitin chains in vivo in real-time. Multifaced observations of linear
ubiquitin chains and their function would allow us to better understand their precise contribution to

pathogenesis or remission of inflammatory diseases.
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Figure legends
Fig. 1. (A) The ubiquitin codes. Polyubiquitin chains are classified according to the type of inter-
ubiquitin linkage. Isopeptide bonds formed between the C-terminal carboxyl group of the distal
ubiquitin and an g-amino group of one of seven Lys (K) residues in the proximal ubiquitin results in
generation of seven types of linkage (K6, K11, K27, K29, K33, K48, and K63), whereas linear (M1-
linked) ubiquitin is formed by peptide bonds formed with the a-amino group of the N-terminal Met
residue in ubiquitin. Each type of the chain is recognized specifically by intracellular adaptor proteins,
leading to selective physiological outputs. For example, the major intracellular ubiquitin chains K48
and K63 serve as intermediates for proteasomal degradation and homeostatic biological functions,
respectively. Linear ubiquitin chains are produced transiently upon extrinsic stimulation, and function
to activate NF-kB, protect cells from extrinsic cell death, and stimulate immune cell differentiation.
(B) Schematic representation of LUBAC. LUBAC comprises HOIP, HOIL-1L, and SHARPIIN, which
interact with each other via their UBL, UBA domain, or LTM motif (indicated by arrows). The
catalytic center of LUBAC ligase is present within the C-terminal RBR domain of HOIP. The ZF and
NZF domains interact with pre-existing or self-produced polyubiquitin chains. The N-terminal PUB
domain of HOIP is associated with OTULIN or CYLD, deubiquitinating enzymes that cleave linear

ubiquitin chains.

Fig. 2. Linear ubiquitination-mediated skin homeostasis. A representative picture of SHARPIN-

deficient cpdm mice (Left). Loss of SHARPIN destabilizes the LUBAC complex, leading to loss of
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HOIL-1L and HOIP. These mice develop severe skin inflammation along with epidermal hyperplasia,
hyperkeratosis, parakeratosis, keratinocyte cell death, and infiltration of the skin by immune cells.
Extensive investigation of LUBAC and linear ubiquitin functions at the molecular level revealed that
the skin disease in cpdm mice is induced by distinct etiologies: autoinflammation and autoimmunity.
In an autoinflammatory context, increased susceptibility of keratinocytes to cell death destroys skin
tissue architecture directly. Undetectable responses by TNF-a and other death ligands constitutively
expressed in the skin is thought to trigger autoinflammation. In addition, LUBAC contributes to T cell
receptor (TCR)-mediated thymocyte differentiation and activation of mature T cells. In particular, anti-
inflammatory Treg cells depend on LUBAC. LUBAC deficiency disrupts peripheral T cell-mediated
immune balance between Foxp3* Tregs and effector subsets of Foxp3- conventional T cells. This
autoimmune effect drives death-induced skin inflammation. Thus, LUBAC and linear ubiquitination
maintain skin tissue homeostasis by exerting pleiotropic functions in various cell type in healthy

individuals.
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