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Abstract
Ubiquitination, and its control by deubiquitinating enzymes (DUBs), mediates protein stability, function, signaling and cell
fate. The ovarian tumor (OTU) family DUB OTULIN (FAM105B) exclusively cleaves linear (Met1-linked) poly-ubiquitin
chains and plays important roles in auto-immunity, inflammation and infection. OTULIN regulates Met1-linked
ubiquitination downstream of tumor necrosis factor receptor 1 (TNFR1), toll-like receptor (TLR) and nucleotide-binding
and oligomerization domain-containing protein 2 (NOD2) receptor activation and interacts with the Met1 ubiquitin-specific
linear ubiquitin chain assembly complex (LUBAC) E3 ligase. However, despite extensive research efforts, the receptor and
cytosolic roles of OTULIN and the distributions of multiple Met1 ubiquitin-associated E3-DUB complexes in the regulation
of cell fate still remain controversial and unclear. Apart from that, novel ubiquitin-independent OTULIN functions have
emerged highlighting an even more complex role of OTULIN in cellular homeostasis. For example, OTULIN interferes with
endosome-to-plasma membrane trafficking and the OTULIN-related pseudo-DUB OTULINL (FAM105A) resides at the
endoplasmic reticulum (ER). Here, we discuss how OTULIN contributes to cell fate control and highlight novel ubiquitin-
dependent and -independent functions.

Facts

● OTULIN is an OTU DUB that exclusively hydrolyzes
Met1-linked poly-ubiquitination.

● OTULIN interacts with the LUBAC component HOIP
and controls Met1 ubiquitination levels, NF-κB activa-
tion and cell fate in cell- and context-dependent cellular
settings.

● OTULIN is involved in regulating interferon (IFN)/
antiviral signaling and autophagic clearance of intracel-
lular bacteria, as well as proteasomal degradation of
cellular aggregates.

● Novel ubiquitin-independent functions of OTULIN and
OTULINL have started to emerge at specific subcellular
organelles.

Open questions

● Is OTULIN statically interacting with LUBAC or in
dynamic equilibrium with CYLD or other factors, and
how relates this to DUB-E3 functions, target specificity
and subcellular control of Met1 ubiquitination?

● Does OTULIN have additional cytosolic functions and
do these rely on the LUBAC interaction or Met1
ubiquitin hydrolysis?

● How does OTULIN control autophagy and mTOR
signaling?

● By what means is the activity of OTULIN regulated by
external factors, like post-translational modifications or
protein interactions, and how do these affect OTULIN
function?

● What is the cellular role of OTULINL and how does it
relate to OTULIN?

Introduction

The control of ubiquitination, i.e., the post-translational
covalent modification of substrates with the small and
conserved ubiquitin (Ub), is crucial for the regulation of
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signaling cascades in numerous cellular processes, includ-
ing innate immunity and inflammation. Ub conjugation
occurs through the combined action of E1 and E2 enzymes
and specific E3 Ub ligases, capable of assembling poly-Ub
chains linked through eight different Ub linkages, i.e., Lys6,
Lys11, Lys27, Lys29, Lys33, Lys48, Lys63, and Met1-
linked (linear) Ub. These chains are recognized by proteins
via their ubiquitin-binding domains (UBDs) [1] and the
position, linkage type and conformation of poly-Ub chains
determine their function, ranging from proteasomal degra-
dation to the control of protein-protein interactions, protein
activity and signaling [2].

Met1-linked non-degradative ubiquitination is mediated
by the linear ubiquitin chain assembly complex (LUBAC).
LUBAC and Met1 Ub are closely associated with innate
immune receptor signaling and control pro-inflammatory
signaling through nuclear factor-κB (NF-κB) or mitogen-
activated protein kinases (MAPK), and cell death. Hence, a
tight regulation of Met1-linked poly-Ub at receptor signal-
ing complexes is critical for cell fate control and tissue
homeostasis, and deregulation of the Met1 Ub machinery is
associated with severe inflammatory diseases [3–9].

Ubiquitination is counteracted by deubiquitinating
enzymes (DUBs), specialized proteases which remove Ub
from target proteins. To date, seven distinct DUB families
have been described in humans, i.e., the ubiquitin-specific
proteases (USPs), the ovarian tumor (OTU) proteases, the
Machado-Joseph Disease (MJD) DUBs, the ubiquitin C-
terminal hydrolases (UCHs), the motif interacting with
ubiquitin (MIU)-containing novel DUB family (MINDY),
the JAB1/MPN/MOV34 metalloprotease DUBs (JAMMs),
and the recently discovered zinc finger-containing ubiquitin
peptidase 1 (ZUP1) [10]. Most of the known human DUBs
show no or only poor activity towards Met1-linked Ub
[11–13], with the exception of the USP DUB cylin-
dromatosis (CYLD), which cleaves Lys63 and Met1-linked
poly-Ub chains with similar activity, and OTULIN (OTU
DUB with linear specificity, also called FAM105B or
Gumby) [14–17]. OTULIN is, up till now, the only mam-
malian DUB described to exclusively hydrolyze Met1-
linked poly-Ub chains, thereby counteracting the generation
of Met1-linked Ub by LUBAC [16, 17]. OTULIN directly
interacts with LUBAC and regulates immune receptor sig-
naling. Accordingly, OTULIN deficiency results in severe
auto-inflammatory disease in patients with OTULIN-related
auto-inflammatory syndrome (ORAS, also termed otulipe-
nia) and in mouse models [7–9, 18–20]. Intriguingly, new
roles for OTULIN have been described in the control of
type I interferon (IFN) signaling and antiviral responses
[21–23], autophagy [24] and mammalian target of rapa-
mycin (mTOR) signaling [25]. Furthermore, OTULIN
activity is not only restricted to Ub-dependent functions.
OTULIN has been implicated to regulate cellular trafficking

[26] and the pseudo-DUB OTULINL (FAM105A) localizes
to the endoplasmic reticulum (ER), where it supposedly
mediates protein-protein interactions [27]. Here, we sum-
marize the current knowledge of OTULIN-mediated cell
fate control and discuss novel regulatory mechanisms and
emerging Ub-dependent and -independent functions of
OTULIN.

Structure-function relationships of OTULIN

The 352-amino acid protein OTULIN has been identified by
Keusekotten et al. in a bioinformatics approach to identify
previously uncharacterized OTU DUBs [16]. In parallel,
Rivkin et al. demonstrated that mutations in the OTULIN
gene cause the gumby phenotype in mice, resulting in
embryonic death after embryonic day E12.5 due to defective
development of the cranial vasculature [17]. OTULIN con-
tains a highly conserved catalytic OTU domain that shares
features of the papain-like family of cysteine peptidases [28]
and employs a Cys129/His339/Asn341 catalytic triad
[16, 17]. Apart from a PDZ (PSD95–Dlg1–ZO-1) domain-
binding motif at the C-terminus [17, 26], OTULIN contains
a peptide:N-glycanase (PNGase)/UBA-containing or UBX-
containing proteins (PUB) interaction motif (PIM) at the N-
terminus, that includes a phosphorylation site at Tyr56
involved in LUBAC binding (see below) [18, 19] (Fig. 1a).
Intriguingly, OTULIN exclusively hydrolyzes Met1-linked
poly-Ub chains, without affecting other Ub linkage types
[11, 16, 17], including the structurally similar Lys63-linked
poly-Ub chains, even at high enzyme concentrations
[16, 17]. The striking specificity of OTULIN for Met1-
linked poly-Ub originates from a highly conserved Ub
binding site that discriminates between Met1-linked and
Lys63-linked Ub [16]. Upon binding to Ub, the S1’ binding
site in OTULIN orientates the Met1 residue of the proximal
Ub towards the catalytic center (Fig. 1b), while the inter-Ub
Lys residues remain remote from the catalytic center, except
for Lys63, which is fixed in a dedicated binding pocket [16].
Binding of Ub chains with different linkages, even the
structurally similar Lys63-linked chains, would rotate the
proximal Ub for several degrees and restrict proper binding
to the S1’ binding site [16]. Therefore, the conformation of
the Ub binding pocket of OTULIN already contributes sig-
nificantly to its specificity, which is reflected by the 100-fold
reduced affinity of Lys63-linked di-Ub (KD: 12 µM) com-
pared to Met1-linked di-Ub (KD: 120 nM) [16]. Apart from
regulation by post-translational modifications, like phos-
phorylation, oxidation, ubiquitination and SUMOylation,
DUB activity is also controlled by allosteric effects [29]. In
addition, Ub has been demonstrated to directly contribute to
DUB activation, and this substrate-assisted catalysis has first
been reported for OTULIN [16, 17]. Similar mechanisms
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have been described for the Lys11-specific OTU DUB
Cezanne (OTUD7B) as well [30]. In the absence of Ub,
OTULIN Cys129, His339, and Asn341 adopt an inhibited
catalytic triad conformation, where non-catalytic Asp336
restricts His339 from its catalytic position and Cys129 is
present as an inactive rotamer [16]. This auto-inhibition is
released upon binding to Met1-linked proximal Ub and
the steric interference by its carbonyl group [16]. More

specifically, the side chain of Glu16 of the proximal Met1-
linked Ub inserts into the catalytic center of OTULIN to
displace the inhibitory Asp336 and to activate the catalytic
His339, leading to deprotonation of catalytic Cys129 [16]
(Fig. 1b). Moreover, Ub Glu16 coordinates catalytic
Asn341, resulting in activation of OTULIN’s catalytic triad
[16] (Fig. 1b). Notably, mutation of Ub Glu16 to Ala leads
to a 240-fold decrease in the turnover number (kcat),

Fig. 1 Structural and mechanistic characteristics of OTULIN/
Gumby/FAM105B and the OTULIN-related pseudo-deubiquiti-
nating enzyme OTULINL/FAM105A. a Schematic comparison of
the domain structures, important residues and interaction regions of
human OTULIN/Gumby/FAM105B and the pseudo-DUB OTULINL/
FAM105A. The N-terminus of OTULIN contains the PUB-interacting
motif (PIM) that mediates the interaction with the HOIP subunit of
LUBAC and includes the Tyr56 phosphorylation site. In addition,
OTULIN contains an N-terminal caspase-3 cleavage site at Asp31 and
an ubiquitination site at Lys64/66 which is targeted by TRIM32. The
C-terminal OTU domain of OTULIN contains a catalytic triad con-
sisting of Cys129/His339/Asn341 and a PDZ binding motif (PDZbm),
responsible for binding to SNX27. Mutation of residues Gly174,
Tyr244, Leu272, or Gly281 results in catalytically inactive OTULIN

or reduced protein stability, causing the severe inflammatory pheno-
type in ORAS patients. In contrast, the pseudo-DUB FAM105A OTU
domain contains a disrupted catalytic triad (Asp139/His350/His352)
that lacks catalytic activity towards any di-ubiquitin linkage.
FAM105A contains an N-terminally predicted membrane localization
motif (PMLM). b Structural representation of the OTULIN OTU
domain (blue; with Cys129 mutated to Ala) in complex with Met1-
linked di-Ub (yellow) (PDB code: 3znz) [16] with a close-up view of
the catalytic triad. Substrate specificity is mediated through Ub-
assisted catalysis, whereby, in the presence of Met1-linked di-Ub, the
Glu16 residue of the proximal Ub displaces the inhibitory residue
Asp336 and coordinates the catalytic residue Asn341 to activate the
catalytic triad (Cys129/His339/Asn341) of OTULIN.

Ubiquitin-dependent and -independent functions of OTULIN in cell fate control and beyond 495



confirming the critical role of Ub Glu16 for catalysis [16].
Together, the remarkable specificity of OTULIN for Met1
Ub and the Met1-Ub-assisted catalysis suggest that Met1-
linked poly-Ub needs to be tightly regulated in cells [16].
Indeed, extensive research conducted over the past decade
confirmed the critical roles of Met1-linked poly-ubiquitina-
tion in cell fate control, tissue homeostasis and other cellular
processes (see below) [31, 32].

Genes encoding OTULIN can be found in organisms of
the vertebrate lineage, as well as in a few non-chordates,
and these taxa also carry genes encoding the LUBAC
components [16], suggesting a potential co-evolution.
LUBAC is a multi-protein complex consisting of Sharpin
(shank-associated RH domain-interacting protein), HOIL-1
(RBCK1) and HOIP (HOIL-1-interacting protein, RNF31)
[5, 6, 33, 34]. Within the complex, HOIP supplies the E3
ligase activity responsible for Met1-linked ubiquitination
through a C-terminal really interesting new gene (RING)/in-
between RING (IBR)/RING motif [35]. In addition, a
conserved linear ubiquitin chain-determining domain
(LDD) contributes to the specificity of HOIP for producing
Met1-linked poly-Ub chains [36, 37]. HOIP contains a
ubiquitin-associated (UBA) domain, several zinc finger
domains and an N-terminal PUB domain that mediates
binding to OTULIN [35]. OTULIN selectively interacts
with LUBAC through the N-terminal PIM, covering Asp54-
Met55-Tyr56-Arg57-Ala58 [18, 19], but is not able to
interact with the PUB domains of UBX domain-containing
protein 1 (UBXD1) or PNGase. Although HOIP is able to
interact with the AAA ATPase p97/valosin-containing
protein (VCP) [18, 19], which has recently been implicated
in the recruitment of LUBAC to misfolded Huntingtin
species [38], the HOIP PUB domain binds OTULIN with a
40-fold higher affinity compared to p97/VCP and NMR-
based in vitro studies indicate a more stable interaction
between HOIP and OTULIN compared to p97/VCP [19].
The specificity of the HOIP PUB-OTULIN interaction
stems from a binding preference of the HOIP PIM pocket
for internal PIMs in contrast to the C-terminal PIM of p97/
VCP [18, 19]. The PIM is the sole interaction site between
OTULIN and HOIP, and the OTU domain is dispensable
for binding of HOIP [16, 17]. Consistently, mutation of the
OTULIN catalytic Cys129 does not affect the association
with HOIP [18]. Intriguingly, LUBAC also uses PUB-PIM
interactions to interact with CYLD through the adapter
spermatogenesis-associated protein 2 (SPATA2) [39–41].
Therefore, three different interaction profiles for the HOIP
PUB domain have been identified so far, suggesting that
there may exist at least three different cellular pools of
LUBAC, possibly with different functions depending on
cellular context or compartment. Up till now, the underlying
mechanisms controlling the abundance and distribution
of these distinct complexes remain largely elusive.

Importantly, endogenous OTULIN co-immunoprecipitates
with HOIP and tumor necrosis factor receptor 1 (TNFR1)
after stimulation with tumor necrosis factor α (TNFα)
[16, 18] and has been detected in TNFR1 receptor signaling
complexes (RSCs) by LC-MS/MS (liquid chromatography
mass spectrometry) after pulldown experiments using
FLAG-tagged TNFα [42]. In addition, endogenous
OTULIN and LUBAC have been shown to be part of the
nucleotide-binding and oligomerization domain-containing
protein 2 (NOD2) receptor complex in cells overexpressing
HA-tagged NOD2 [43]. Accordingly, CYLD is recruited to
TNFR1 and NOD2 RSCs in a HOIP-dependent manner, as
well, where it targets Lys63- and Met1-linked poly Ub
chains [44, 45]. In contrast to these findings, Draber et al.
demonstrated that, although both OTULIN and CYLD
interact with HOIP under basal conditions, OTULIN is
absent from RSCs [44] (Fig. 2) and that knock-out of
OTULIN resulted in an increase of Met1-linked poly-Ub
chains in the cytosol but not at TNFR1 or NOD2 RSCs
[44]. Since both SPATA2 and OTULIN recognize the same
binding motif in the PUB of HOIP, interaction of HOIP
with SPATA2/CYLD and OTULIN is mutually exclusive
[18, 19, 39, 44]. HOIP (120 kDa), HOIL-1 (58 kDa) and
Sharpin (40 kDa) form a high-molecular-mass complex of
~600 kDa, indicating that LUBAC may contain more than
one HOIP molecule [19, 34, 45]. Given that, LUBAC may
form a putative complex which includes both OTULIN and
CYLD bound to two HOIP molecules [45, 46]. However,
OTULIN’s activity at RSCs is likely dynamic or time-
dependent, and the interaction with LUBAC appears to be
tightly regulated (Fig. 2).

Intriguingly, the relevance of OTULIN for Met1-linked
poly-Ub and control of pro-inflammatory NF-κB signaling
largely depends on the interaction with LUBAC. Mutation
of Tyr56 in the OTULIN PIM domain abrogates HOIP
binding, resulting in reduced ability of OTULIN to inhibit
NF-κB activity and reduced cell death signaling
[18, 19, 46, 47]. OTULIN, phosphorylated at Tyr56, dis-
plays reduced binding to HOIP, leading to HOIP auto-
ubiquitination [18, 19]. Notably, neither mutation of Tyr56
nor phosphorylation of OTULIN affects the catalytic
activity of OTULIN in vitro [18, 47], suggesting that Tyr56
phosphorylation mainly regulates the OTULIN–LUBAC
interaction. Interestingly, OTULIN is hyper-phosphorylated
at Tyr56 during necroptosis, pointing towards a role of
OTULIN Tyr56 phosphorylation in the regulation of
necroptotic cell death [47] (see below). Although the
responsible kinase(s) have not yet been identified, the dual
specificity protein phosphatase 14 (DUSP14) has been
reported to dephosphorylate OTULIN [47].

The OTULIN–HOIP interaction is also modulated
by ubiquitination of OTULIN by the E3 ligase tripartite
motif-containing protein 32 (TRIM32). TRIM32 interacts
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with the OTULIN OTU domain and conjugates non-
proteolytic Lys63-linked poly-Ub at two lysine residues
(Lys64 and Lys66) in the vicinity of the PIM domain
(Fig. 1a), thereby reducing the HOIP interaction and
enhancing TNFα-induced NF-κB activation [48]. Impor-
tantly, stimulation with TNFα increased the
OTULIN–TRIM32 interaction, indicating that TRIM32-
mediated ubiquitination contributes to the control of
inflammatory signaling [48].

Ubiquitin-dependent functions of OTULIN in
immune signaling and cell fate control

Engagement of immune receptors, like TNFR1, NOD-like
receptors (NLRs), CD40, toll-like receptors (TLRs) and the
interleukin-1 receptor (IL-1R), initiates the formation of
RSCs in which Lys63 Ub-dependent recruitment of
LUBAC is a key event that allows Met1-linked ubiquiti-
nation of TNFR1, receptor-associated proteins or existing
Lys63 poly-Ub chains [32, 44, 49–51] (Fig. 3). These
Lys63 and Met1 Ub chains subsequently recruit the trans-
forming growth factor β (TGFβ)-activated kinase 1 (TAK1)
complex and inhibitor of κB kinase (IKK) complex to allow
downstream MAPK and NF-κB signaling [49, 50, 52, 53].
The ability of OTULIN to counteract LUBAC-mediated

Met1 ubiquitination and NF-κB activation has been
demonstrated in numerous studies [7–9, 16–19, 43, 45, 46].
Consistently, OTULIN deficiency or overexpression of
catalytically inactive OTULIN mutants strikingly induce
cellular Met1 Ub levels [8, 9, 16, 17, 19, 24, 43, 44], as well
as accumulation of Met1-linked Ub on several key proteins
of inflammatory pathways, including TNFR1, receptor-
interacting serine/threonine-protein kinase-1 (RIPK1),
receptor-interacting serine/threonine-protein kinase-2
(RIPK2), NF-κB essential modulator (NEMO) and
LUBAC [9, 16, 19, 23, 43–45, 47]. However, recent studies
revealed that the role of OTULIN in the context of NF-κB
activation and cell fate control is more complex and cell
type-specific. Initially, OTULIN has been described as a
negative regulator of NF-κB-mediated inflammatory
responses [16]. TNFα-mediated NF-κB activation and gene
transcription decrease upon ectopic expression of OTULIN,
while OTULIN knockdown enhances NF-κB activation and
LUBAC auto-ubiquitination [16]. In contrast to CYLD and
the Ub-modulating enzyme A20 (TNFAIP3), which coun-
teract NF-κB signaling through a negative feedback loop,
OTULIN is not transcriptionally regulated by NF-κB
[16, 17, 43, 54, 55]. This might suggest that OTULIN
primarily controls basal Met1 Ub levels under non-
stimulated conditions, but OTULIN has been shown to
regulate Met1-linked Ub on RIPK2 upon stimulation of

Fig. 2 Met1 Ub-processing DUBs are distributed in distinct
cellular localization patterns that correspond with their biological
function. Mutually exclusive OTULIN- and CYLD-containing
LUBAC complexes have been identified in different cellular loca-
tions and settings. The biological functions of these complexes depend
on the DUB that interacts with LUBAC and range from the control of

LUBAC auto-inhibition and activity, as well as modification of
membrane- or cytosol-based substrates that control cell fate and
additional processes. At present, it remains unclear (indicated by
question marks) if OTULIN and CYLD are statically complexed with
LUBAC or exist in dynamic equilibriums, regulated by context-type
and cell-type specific determinants.
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NOD2 [43]. In contrast, although RIPK1 has been described
to be targeted by LUBAC [5, 16, 56], RIPK1 Met1 Ub
levels are only slightly altered in OTULIN knockdown cells
upon TNFα treatment [16]. Interestingly, overexpression of
catalytically inactive OTULIN C129A also suppressed NF-
κB signaling, in contrast to the Ub-binding mutant OTULIN
W96A, likely due to the ability of OTULIN C129A to
compete with endogenous UBDs involved in NF-κB sig-
naling, as it is the case for Ub-binding domain in ABIN
proteins and NEMO (UBAN)-based Met1 Ub sensors as
well [16, 57]. Intriguingly, the notion that OTULIN mainly
functions by counteracting LUBAC-mediated activation of
pro-inflammatory NF-κB or MAPK signaling has
recently been challenged. Heger et al. demonstrated that
NF-κB activation upon TNFα treatment is reduced in
OTULINC129A/C129A mouse embryonic fibroblasts, while
apoptotic and necroptotic cell death is increased [23], sug-
gesting a destabilization of TNFR complex I. In line with
these observations, TNFα stimulation results in reduced
Met1 ubiquitination of RIPK1 and NEMO, and decreased
NF-κB signaling in OTULIN-deficient keratinocytes [47].
Strikingly, OTULIN deficiency or expression of catalytic
inactive OTULIN, but not CYLD deficiency, results in

Met1 ubiquitination of LUBAC components
[7, 16, 19, 23, 43–45, 47]. This is also the case when
OTULIN is phosphorylated at Tyr56 and in cells expressing
the binding mutant OTULIN Y56F, both of which disrupt
the OTULIN–HOIP interaction [18, 19]. Thus, active
OTULIN is required to interact with LUBAC in order to
inhibit LUBAC auto-ubiquitination (Fig. 2). Recent studies
also indicate that loss of OTULIN expression correlates
with reduced abundance of LUBAC components in fibro-
blasts and in B-cells and T-cells, whereas LUBAC levels in
OTULIN-deficient myeloid cells remain stable [7–9, 23].
Concomitant loss of LUBAC in OTULIN-deficient fibro-
blasts and lymphocytes prevents the hyper-inflammatory
phenotype observed in OTULIN-deficient myeloid cells
[7, 8]. Together, these findings reveal that OTULIN pro-
motes rather than counteracts LUBAC function by pre-
venting its auto-ubiquitination (Fig. 2). Moreover, these
observations also highlight an intricate relationship between
OTULIN and LUBAC protein abundance and stability.

Met1-linked Ub abundance at RSCs appears to be deci-
sive for cell fate, as decreased Met1-linked Ub results in
destabilization of complex I upon TNFR1 activation and
initiation of apoptotic or necroptotic cell death [58].

Fig. 3 Control of Met1-linked ubiquitin by OTULIN–LUBAC and
CYLD-LUBAC complexes regulates innate immune signaling
pathways and cell fate. LUBAC is recruited to immune receptors,
including tumor necrosis factor receptor 1 (TNFR1), toll-like receptors
(TLRs), the interleukin-1 receptor (IL-1R), CD40 and nucleotide-
binding and oligomerization domain-containing protein 1/2 (NOD1/2)
through HOIP, where it mediates Met1-linked ubiquitination of
receptor-associated proteins and pre-existing Lys63 Ub chains.
TNFR1 activation leads to recruitment and LUBAC-mediated Met1-
linked ubiquitination of RIPK1 and NEMO, whereas upon stimulation
of TLRs and IL-1R the adapter protein MyD88 and kinases IRAK1
and IRAK4 are recruited to the respective receptor and targeted by

LUBAC. Activation of the cytosolic pattern recognition receptors
NOD1/2 results in LUBAC-mediated ubiquitination of RIPK2.
Although LUBAC plays important roles at CD40 receptor complexes,
the Met1-linked Ub targets remain unclear. Ubiquitination at innate
immune receptors is counteracted by the deubiquitinating enzymes
OTULIN and CYLD. OTULIN targets Met1-linked Ub and counter-
acts LUBAC auto-ubiquitination, thereby promoting NF-κB activation
and MAPK signaling. In contrast, CYLD targets both Met1-linked and
Lys63-linked Ub, leading to destabilization of receptor signaling
complexes and thus inhibition of pro-survival signaling via NF-κB and
MAPK signaling and induction of cell death signaling.
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Consistent with the role of OTULIN in maintaining
LUBAC activity, loss of OTULIN or expression of cata-
lytically inactive OTULIN render cells hypersensitive
towards TNFα/cycloheximide (CHX)-induced apoptosis
and TNFα/CHX/zVAD-induced necroptosis [47]. Surpris-
ingly, overexpression of wild-type OTULIN abrogates the
RIPK1-NEMO interaction and sensitizes to TNFα-induced
cell death, as well [16]. Intriguingly, several post-
translational modifications and events on OTULIN have
recently been discovered (Fig. 1a) that affect TNFR1-
mediated cell death. For example, OTULIN becomes
cleaved at Asp31 by caspase-3 during TNFα/CHX-induced
or UVB irradiation-induced apoptosis, resulting in reduced
apoptosis and accumulation of the anti-apoptotic protein
cellular FLICE (FADD-like IL-1β-converting enzyme)-
inhibitory protein (c-FLIP) [47]. c-FLIP itself is a substrate
of LUBAC and remains protected from proteasomal
degradation by Met1-linked Ub [59]. In addition, OTULIN
becomes hyper-phosphorylated at Tyr56 upon induction of
necroptosis, whereby it promotes necroptosis, supposedly
by regulating RIPK1 Ub levels [47]. Tyr56 phosphorylation
is counteracted by DUSP14 [47], a phosphatase which is
also involved in the regulation of NF-κB signaling by
dephosphorylating TAK1 and TAK1-binding protein 1
(TAB1) [60, 61]. Interestingly, recent findings also suggest
that OTULIN deficiency results in spontaneous inhibitory
phosphorylation of CYLD, thereby limiting CYLD activity,
which can be rescued by LUBAC inhibition [47]. Alto-
gether, these findings provide valuable and novel insights in
how OTULIN controls immune receptor signaling in cell-
dependent and context-dependent manners. Nevertheless, it
still remains unclear if OTULIN is part of RSCs, whether its
function is restricted to the regulation of LUBAC activity
and Met1 Ub levels in the cytosol or if OTULIN has
additional Met1 Ub-dependent functions independent of the
interaction with LUBAC (Fig. 2).

Apart from its role in TNFR1-mediated NF-κB activa-
tion, OTULIN also controls innate immune signaling
downstream of pattern recognition receptors, such as NOD2
and TLRs, and IL-1R. OTULIN negatively regulates mur-
amyl dipeptide (MDP)-induced activation of the cytosolic
pattern recognition receptor NOD2 [43, 45]. NOD2 acti-
vation induces the formation of RSCs composed of RIPK2,
TNFR-associated factor 2 (TRAF2) and X-linked inhibitor
of apoptosis protein (XIAP). XIAP promotes Lys63-linked
ubiquitination of RIPK2 to recruit LUBAC which deposits
Met1-linked poly-Ub onto RIPK2 [62] (Fig. 3). Loss of
OTULIN leads to Met1-linked poly-Ub of LUBAC and
RIPK2, thereby recruiting NEMO to allow increased MDP-
induced NF-κB signaling [43, 45]. LUBAC-mediated Met1-
linked poly-ubiquitination also plays important roles in
lipopolysaccharide (LPS)-mediated TLR and IL-1R sig-
naling [32]. Upon stimulation with IL-1β, IL-1R-associated

kinases 1 and 4 (IRAK1/4) and the adapter protein myeloid
differentiation primary response gene 88 (MyD88) are
modified with Met1 Ub [50] (Fig. 3). Loss of OTULIN
expression induces increased cytokine production upon
treatment with LPS or staphylococcal enterotoxin B in
ex vivo experiments [9]. LUBAC also targets the adapter
protein apoptosis-associated speck-like protein containing a
CARD (ASC) [63]. Met1-linked ubiquitination of ASC is
required for nucleotide-binding domain and leucine-rich
repeat protein (NLRP) 3 inflammasome formation, which
mediates activation of pro-caspase-1, resulting in processing
of pro-inflammatory cytokines or induction of pyroptosis
[63, 64]. Notably, UVB irradiation of OTULIN-deficient
keratinocytes, which induces activation of the NLRP1-
caspase-1 inflammasome [65], leads to enhanced caspase-1
processing compared to control cells [47]. In line with this,
accumulation of Met1-linked Ub on ASC upon IL-1β
treatment in primary cells of ORAS patients, deficient in
functional OTULIN (see below), results in increased ASC-
mediated inflammation [9]. Therefore, OTULIN appears to
play important roles in the control of inflammatory
responses, through TLR/IL-1R signaling and inflamma-
somes, that underlie OTULIN-related inflammatory dis-
orders. However, the exact function of OTULIN in the
context of IL-1R and TLR signaling has yet to be
determined.

Mice carrying the OTULIN loss-of-function mutations
W96R and D336E die embryonically after embryonic day
E12.5 due to defective Wnt signaling, resulting in an
abnormal cranial vasculature [17]. Deficiency in functional
OTULIN caused by these mutations increases Met1 Ub
levels, suggesting a potential role for the LUBAC/OTULIN
axis in canonical Wnt signaling [17, 46]. In addition,
OTULIN interacts with disheveled 2 (DVL2), a signal
transducer of canonical and non-canonical Wnt receptor
signaling [66], via its N-terminal region [17]; but how exactly
OTULIN affects Wnt signaling has yet to be determined.
Interestingly, OTULINC129A/C129A mice die at embryonic day
E10.5 and show extensive cell death in cells of the yolk sac
and placenta [23], and tamoxifen-induced adult CreERT2-
OtulinLacZ/flox mice become moribund within a day [8], sug-
gesting that the lethality in OTULIN-deficient mice is not
restricted to defects in developmental Wnt signaling and may
involve extensive cell death as well [23].

The pathophysiological relevance of inflammatory roles of
OTULIN is most evident in ORAS. ORAS is a fatal
inflammatory disease characterized by episodes of sterile
systemic inflammation with recurrent fevers and panniculitis
[7–9, 67]. ORAS patients carry OTULIN mutations which
affect the catalytic activity and protein stability and thus
result in disturbance of immune receptor signaling. So far,
four OTULIN mutations have been identified to cause the
ORAS phenotype in humans, Tyr244Cys, Leu272Pro,
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Gly281Arg, and Gly174Aspfs*2, the latter causes a pre-
mature stop codon [7–9] (Fig. 1a). ORAS is a TNFα-driven
disease defined by enhanced Met1 Ub levels and a strong
inflammatory phenotype in myeloid cells with enhanced
NF-κB and MAPK activation, increased cytokine secretion
and the presence of auto-antibodies in the serum, indicating
autoimmunity [7–9]. Intriguingly, the functional con-
sequences of OTULIN deficiency in ORAS are cell type-
specific, as has been demonstrated in both patient-derived
cells and mouse models [7, 8]. OTULIN deficiency in
fibroblasts, and in B-cells and T-cells results in proteasomal
degradation of LUBAC components [7–9]. Accordingly,
these cell types lack a strong inflammatory phenotype, sug-
gesting that LUBAC destabilization prevents excessive
Met1 Ub-dependent signaling [7–9]. Furthermore, cell
death may contribute to the ORAS pathophysiology as
well, since apoptotic cell death could be detected in the skin
of an ORAS patient during ORAS-dependent inflammation
and patient-derived OTULIN-deficient fibroblasts are sensi-
tized to TNFα/CHX-induced apoptosis [7]. Consistently,
ORAS can be successfully treated with TNFα-blocking
drugs [7–9].

Emerging and novel functions of OTULIN

The severe inflammatory phenotypes in ORAS patients are
mainly attributed to deregulation of immune receptor sig-
naling in myeloid cells, leading to TNFα-driven inflamma-
tion. Surprisingly, OTULIN deficiency in non-hematopoietic
cells resulted in severe liver pathology in mice [25].
Hepatocyte-specific OTULIN knock-out mice develop
chronic inflammatory liver disease with premalignant
alterations, ultimately leading to hepatocellular carcinoma
[25, 68]. Loss of OTULIN expression in mouse hepatocytes
increases cellular Met1 Ub levels, decreases LUBAC levels
and does not induce NF-κB hyper-signaling, but sensitizes to
apoptosis [25, 68], in line with previous reports [7, 23].
Importantly, co-deletion of TNFR1 in OTULIN-deficient
mice does not ameliorate liver pathology, suggesting TNFα-
independent mechanisms [25, 68]. This is in contrast with
dysregulated TNFR1 signaling commonly observed in liver
disease and cancer and the fact that liver-specific deletion of
CYLD induces TNFR1-mediated liver inflammation and
development of hepatocellular carcinoma [69, 70]. Intrigu-
ingly, hepatocyte-specific deletion of OTULIN in mice
results in aberrant activation of the mTOR pathway (Fig. 4),
characterized by phosphorylation of mTOR and mTOR
substrates, as well as reduced levels of negative regulators of
mTOR [25]. Liver pathology in OTULIN knock-out mice
can be rescued by treatment with the mTOR inhibitor
rapamycin, confirming important roles for OTULIN in
mTOR signaling in the liver [25].

Although the exact mechanisms of how OTULIN con-
trols mTOR signaling remain to be established, there are
clues indicating additional roles of OTULIN and Met1 Ub
in regulating autophagy (Fig. 4). For example, Met1-linked
ubiquitination has been identified on cytosolic Salmonella
that escape the Salmonella-containing vacuole (SCV) or
that come in contact with the host cytosol upon leakage of
these SCVs [57]. Although the nature of Met1 Ub substrates
around intracellular bacteria remains to be established, just
like a potential role of Met1-Lys63 hybrid chains, Met1
poly-Ub around bacteria recruit autophagy receptor pro-
teins, like p62 and optineurin, that mediate autophagic
clearance by lysosomal degradation (xenophagy) [71–74].
Importantly, Met1 Ub at the bacterial surface also recruits
NEMO to locally activate IKK and NF-ĸB in a manner
comparable to death receptor activation [24, 74]. Met1 Ub
at bacteria is controlled by LUBAC and OTULIN, clearly
demonstrating that the Met1 Ub signaling machinery has
important functions in the cytosol outside RSC pathways
[24, 74]. Accordingly, it has been demonstrated in a recent
study that LUBAC and OTULIN also play important pro-
survival roles in the recognition and processing of mis-
folded proteins associated with neurodegenerative diseases,
such as mutated Huntingtin, superoxide dismutase 1
(SOD1) and TAR DNA-binding protein 43 (TDP-43) [38].
Aggregated forms of polyQ-expanded Huntingtin (Htt-
polyQ) recruit LUBAC through PUB-mediated interaction
with p97/VCP, leading to the deposition of poly Met1 Ub
chains on these aggregates [38]. Modification of the
aggregate surface with Ub chains repels the transcription
factor Sp1 that transcriptionally controls LUBAC subunit
expression [38]. Increased Met1 Ub of Htt-polyQ induces
proteasomal degradation of aggregates [38]. Importantly,
loss of OTULIN expression exerts cytoprotective functions
by reducing cleaved caspase-3 levels [38]. Although NEMO
and optineurin are recruited to Met1-modified Htt-polyQ
clusters as well, Met1 ubiquitination of protein aggregates
mainly serves proteasomal degradation [38].

Recently, OTULIN has also been described to interact
with sorting nexin 27 (SNX27), involved in endosomal
protein recycling from the cell surface [26] (Fig. 4).
OTULIN binding prevented SNX27 cargo loading, the
complexation of SNX27 with the retromer component
VPS26A and trafficking of glucose transporter 1 (GLUT1)
or the trafficking reporter GFP-SLC1A4 from endosomes to
the membrane [26]. Interestingly, SNX27 binding did not
affect the catalytic activity of OTULIN, the LUBAC
interaction or cytosolic Met1 Ub levels, suggesting novel,
catalytically-independent roles of OTULIN in protein
recycling and trafficking [26]. Intriguingly, the OTULIN
pseudo-deubiquitinating enzyme FAM105A (OTULINL)
shares ~33% amino acid sequence identity with OTULIN
(Fig. 1a), but lacks Met1 Ub catalytic activity or the ability
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to interact with Ub or LUBAC [27, 75]. In contrast,
FAM105A employs a predicted membrane localization
motif (PMLM) that directs the protein to membranes [27].
Indeed, FAM105A locates to the cytosol, the nuclear
envelope and ER-like membrane and interacts with proteins
involved in mediating ER-organelle contacts [27]. At pre-
sent, it remains unclear why an OTULIN-like pseudo-DUB
is expressed in cells and might locate to cellular membranes
and further research is required to uncover these functions.

The cytosolic roles of OTULIN and Met1 Ub are not only
restricted to control “non-self” responses to bacteria or
protein aggregates or protein trafficking, but recent findings
also link the linear Ub machinery to antiviral signaling and
expression of antiviral cytokines, including type-I IFNs
(Fig. 4). LUBAC and Met1-linked Ub are implicated in
virus-induced retinoic acid-inducible gene I (RIG-I)-depen-
dent IFN production [76, 77]. Virus infection can induce the
upregulation of HOIP to enhance HOIP-mediated Met1-
linked ubiquitination of signal transducer and activator of
transcription 1 (STAT1) [21]. Ubiquitination of STAT1
blocks the STAT1-IFNα/β receptor 2 (IFNAR2) interaction
and IFN-I-induced antiviral activity [21]. Importantly,
OTULIN overexpression results in decreased Met1 Ub
levels of STAT1, leading to enhanced STAT1-IFNAR2

interaction and expression of IFN-stimulated genes upon
IFN-I treatment [21]. Consistently, OTULIN knockdown
blocks STAT1-IFNAR2 interaction and IFN-I-mediated
STAT1 activation, demonstrating that OTULIN regulates
STAT1 Met1-linked ubiquitination during IFN-I-induced
antiviral signaling [21].

Interestingly, liver inflammation observed in OTULIN-
deficient mice is accompanied by increased expression of IFN
response genes [68] and murine OtulinC129A/C129A Ripk3−/−

Casp8−/− BMDMs show spontaneous activation of IKKε
and TANK-binding kinase 1 (TBK1) [23], indicating that
OTULIN suppresses IFN-I production pathways. Indeed,
stimulation of OtulinC129A/C129A Ripk3−/− Casp8−/− BMDMs
with the RIG-I ligand ppp-dsRNA results in enhanced pro-
duction of type-I IFN compared to control cells [23].

In contrast, the porcine reproductive and respiratory
syndrome virus (PRRSV) hijacks porcine OTULIN to
negatively regulate innate immunity during PRRSV infec-
tion. OTULIN is upregulated in a PRRSV infection model
and interacts with the PRRSV non-structural protein 11
(Nsp11) to decrease Ub levels on NEMO and to block NF-
κB activation and IFN-regulatory transcription factor 3
(IRF3)-mediated type-I IFN production [22]. Furthermore,
using a genome-wide functional knock-out screen,

Fig. 4 Emerging and novel functions of OTULIN. Recent data link
OTULIN-mediated regulation of Met1 Ub to the control of autophagic
clearance of bacteria (xenophagy) and degradation of protein aggre-
gates. In addition, OTULIN has been implicated in the regulation of
mTOR signaling in the context of liver pathologies. Furthermore,

OTULIN-mediated control of Met1 ubiquitination of STAT1 has been
shown to regulate IFN-mediated antiviral signaling. Finally, OTULIN
interacts with SNX27 to regulate endosome-to-plasma membrane
trafficking, thus revealing a novel Ub-independent cytosolic function
of OTULIN.
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OTULIN has recently been implicated in the reactivation of
HIV-1 in a HIV-1 latency cell line model [78].

Conclusions

Although, in recent years, it became well established that
tight control of Met1-linked ubiquitination serves crucial
functions in inflammatory signaling and cell fate, the key
player OTULIN remains largely elusive. Cell- and context-
dependent differences in catalytic activity, cellular locali-
zation, interaction partners, post-translational modifications
and cleavage balance the function of OTULIN. Increasing
evidence suggests intriguing roles of OTULIN at RSCs,
apart from its role in controlling LUBAC activity, but many
questions remain unanswered. Since immune receptor sig-
naling networks need to be tightly controlled, LUBAC- and
OTULIN-centered interaction networks are dynamic and
carefully regulated as well. The spatiotemporal formation of
transient protein interactions and complexes, regulated by
post-translational modifications, contribute as well to sig-
naling control. It also remains unclear if OTULIN–LUBAC
and CYLD–LUBAC are in equilibrium and could exchange
DUB subunits or if these are physically different com-
plexes. Loss of OTULIN expression remarkably increases
cellular Met1-linked Ub levels, suggesting that OTULIN
regulates cytosolic Met1 ubiquitination-dependent pro-
cesses. Novel Ub-dependent and -independent roles of
OTULIN in diverse cellular compartments and organelles
are emerging that unexpectedly connect novel cellular and
biological functions with a key player of the Met1 Ub
machinery.
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