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CYLD, A20 and OTULIN deubiquitinases in NF-kB
signaling and cell death: so similar, yet so different

Marie Lork'?, Kelly Verhelst'? and Rudi Beyaert* 2

Polyubiquitination of proteins has a pivotal role in the regulation of numerous cellular functions such as protein degradation, DNA
repair and cell signaling. As deregulation of these processes can result in pathological conditions such as inflammatory diseases,
neurodegeneration or cancer, tight regulation of the ubiquitin system is of tremendous importance. Ubiquitination by E3 ubiquitin
ligases can be counteracted by the activity of several deubiquitinating enzymes (DUBs). CYLD, A20 and OTULIN have been
implicated as key DUBs in the negative regulation of NF-xB transcription factor-mediated gene expression upon stimulation of
cytokine receptors, antigen receptors and pattern recognition receptors, by removing distinct types of polyubiquitin chains from
specific NF-xB signaling proteins. In addition, they control TNF-induced cell death signaling leading to apoptosis and necroptosis
via similar mechanisms. In the case of A20, also catalytic-independent mechanisms of action have been demonstrated to have an
important role. CYLD, A20 and OTULIN have largely overlapping substrates, suggesting at least partially redundant functions.
However, mice deficient in one of the three DUBs show significant phenotypic differences, indicating also non-redundant
functions. Here we discuss the activity and polyubiquitin chain-type specificity of CYLD, A20 and OTULIN, their specific role in NF-
kB signaling and cell death, the molecular mechanisms that regulate their activity, their role in immune homeostasis and the

association of defects in their activity with inflammation, autoimmunity and cancer.
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Facts

e CYLD, A20 and OTULIN are key DUBs in the regulation of
NF-«kB and cell death signaling.

e CYLD, A20 and OTULIN target partially overlapping protein
substrates.

e CYLD, A20 and OTULIN hydrolyze M1 and K63 polyubi-
quitin chains with different specificities.

e A20 has catalytic-independent mechanisms of action.

e Defects in CYLD, A20 or OTULIN are associated with
inflammation, autoimmunity and cancer.

Open Questions

e Why are (at least) three different DUBs with partially overlapping
activities required to regulate NF-«B signaling and cell death?

e How is the catalytic activity or substrate binding capacity
turned on or off?

e Do CYLD and OTULIN have catalytic-independent activ-
ities similar to A20?

e Is there crosstalk between the different DUBs?

e Can we modulate CYLD, A20 and OTULIN activity for
therapeutic purposes?

The Ubiquitination/Deubiquitination Machinery

Ubiquitination has emerged as one of the most important
post-translational modifications in various cellular processes

by regulating protein degradation, autophagy, intracellular
protein trafficking, DNA damage responses, protein activation
and protein—protein interactions." This diversity of functions is
achieved by the ability to form eight structurally different types
of polyubiquitin chains where the C-terminal glycine of the
distal ubiquitin molecule is attached to one of the seven lysine
residues (K6, K11, K27, K29, K33, K48 and K63) or the
N-terminal methionine (M1) within the proximal ubiquitin
residue. Things got even more complex with the identification
of mixed chain types such as M1/K63 and K48/K63 hybrid
chains.2® K48 polyubiquitination mainly marks proteins for
proteasomal degradation, whereas K63 and M1 polyubiquitin
chains are non-degradative and serve as important regulators
of immune-related signaling. Different types of ubiquitination
are recognized by specific ubiquitin-binding domain (UBD)-
containing proteins that mediate downstream signaling.
Ubiquitination can be reversed by deubiquitinating enzymes
(DUBs). Human cells contain ~100 DUBs belonging to six
families. Five families, the ovarian tumor (OTU), the ubiquitin-
specific proteases (USPs), the ubiquitin C-terminal hydro-
lases, the Josephin domain family and the newly discovered
motif interacting with ubiquitin-containing novel DUB family
(MINDY) are papain-like cysteine proteases, whereas JAB1/
MPN/Mov34 metalloenzyme domain family members are zinc-
dependent metalloproteases.*® Mutations in specific DUBs
have been linked with neurodegeneration, chronic inflamma-
tion, autoimmunity, infectious disease and cancer. Several
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Domain structure of CYLD, A20 and OTULIN. CYLD contains three cytoskeleton-associated protein glycine-rich (CAP-Gly) domains that mediate microtubule

binding, two proline-rich (PR) motifs and the USP domain harboring its DUB activity. A20 consists of an OTU responsible for its DUB activity and seven C-terminal zinc finger (ZF)
domains. ZF4 mediates E3 ligase activity as well as binding to K63 polyubiquitin. ZF7 specifically binds M1 polyubiquitin. OTULIN is mostly made up of its OTU domain. An
N-terminal PUB-interacting motif (PIM) is essential for its interaction with HOIP. Catalytic cysteines conferring the DUB activity are indicated by a star. Proteolytic processing sites
by caspase-8 and MALT1, as well as specific phosphorylation sites (P), are indicated. Amino-acid numbering is for the human proteins

DUBs, such as CYLD, A20 and OTULIN, act as negative
regulators of NF-kB signaling and have an important role in
TNF-induced cell death signaling.

CYLD

Activity and specificity of CYLD. The N-terminal part of
CYLD comprises three cytoskeleton-associated protein-
glycine-rich (CAP-Gly) domains (Figure 1), the first two
mediating microtubule binding, whereas the third CAP-Gly
domain binds to the inhibitor of kB (I«B) kinase (IKK) adaptor
protein NEMO.®” CYLD further contains two conserved
proline-rich (PR) motifs, which may interact with SH3
domains in other proteins, and a TRAF2-binding motif
(PVQES). The C-terminal part of CYLD contains a catalytic
USP domain that mediates the cleavage of various poly-
ubiquitin linkages with a preference for K63 and M1
polyubiquitin, and to a lesser extent K11 and K48 poly-
ubiquitin in vitro.? Structural studies of the CYLD USP domain
shed further light on how specificity for K63 and M1
polyubiquitin chains is achieved.® "

CYLD in NF-kB signaling and cell death. CYLD has been
extensively studied in the context of NF-kB signaling.® In
basal conditions NF-«B is sequestered in the cytosol by IkB
proteins. In the classical NF-«kB pathway, which is activated
by a wide range of triggers, including TNFR, IL-1R, TLR and
T- or B-cell receptor stimulation, receptor engagement
activates the IKK complex, consisting of the catalytic subunits
IKKa and IKKB and the regulatory subunit NEMO (Figure 2).
IKKB phosphorylates IkBa, triggering its ubiquitination and

degradation, thus allowing NF-kB translocation into the
nucleus. CYLD removes K63 and M1 polyubiquitin chains
from a range of NF-«B signaling proteins (Table 1 and Figure
2). Most recently, K48—-K63 branching was shown to protect
K63 linkages from CYLD-mediated deubiquitination.® In
agreement with its role in deubiquitinating several key NF-
kB signaling proteins, CYLD deficiency leads to constitutive
NF-kB activation resulting in proinflammatory gene
expression.'?7'*

Loss of CYLD inhibits apoptosis by promoting NF-«B
activation and NF-«kB-dependent expression of prosurvival
genes (Figure 3).'>'* Additionally, an siRNA screen for
regulators of necroptosis revealed CYLD as an essential
mediator of necroptosis, a caspase-independent form of
programmed cell death that depends on RIPK1 and RIPK3
kinases.'® Furthermore, CYLD is negatively regulated by
caspase-8-mediated cleavage, and expression of an unclea-
vable CYLD mutant facilitates TNF-induced necroptosis.'®
Also, cells expressing uncleavable CYLD show decreased
RIPK1 ubiquitination and RIPK1-NEMO interaction, and
hence a destabilization of TNFR complex |. Moquin et al.”
demonstrated that CYLD regulates RIPK1 ubiquitination not
only at the TNFR1 complex but also at the necrosome and
thereby facilitates RIPK1 kinase activation and necroptosis
(Figure 3). CYLD is not only required for necroptosis induced
by TNF but also in response to stimulation of several TLRs.
More specifically, constitutive transcriptional downregulation
of CYLD in macrophages from the wild-derived inbred
MOLF/EiJ mouse strain renders cells less susceptible to
TLR3- and TLR4-induced necroptosis, independent of auto-
crine TNF signaling, most likely due to increased RIPK1
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Figure 2 General principles of regulation of NF-xB signaling downstream of different receptors by CYLD, A20 and OTULIN. (Left) Toll-like receptor (TLR) or interleukin-1
receptor (IL-1R) stimulation leads to the recruitment of the adaptor protein MyD88 and the kinases IRAK1 and IRAK4. Subsequent recruitment of the E3 ligase TRAF®6 results in
the K63 poly ubiquitination of IRAK1/4 and TRAF6 itself. (Middle) T-cell receptor (TCR) or B-cell receptor (BCR) crosslinking by antigen results in the downstream activation of
protein kinase C (PKC), which phosphorylates CARMA1, leading to the formation and activation of the CBM complex consisting of CARMA1, Bcl10 and MALT1. Recruitment of
the E3 ligase TRAF6 to MALT1 leads to the modification of several signaling proteins with K63 polyubiquitin. (Right) TNF induces binding of TNFR1 to the adapter protein TRADD,
which in turn recruits the kinase RIPK1 as well as the E3 ligases TRAF2 and TRAF5. TRAF2 interacts with the E3 ligases clAP1 and clAP2, which modify various TNFR1 complex
components with K63 polyubiquitin. These serve for the recruitment of the linear ubiquitin assembly complex (LUBAC), which mediates the modification of TNFR1, TRADD,
RIPK1 and NEMO with M1-linked chains, including the formation of mixed K63/M1 ubiquitin chains. (Bottom left) Following ligand sensing NOD2 binds RIPK2, which recruits clAP
family members (XIAP, clAP1/2) that facilitate RIPK2 K63 poly ubiquitination, serving as a platform for LUBAC and the generation of M1 polyubiquitin. In all cases, ubiquitination
serves to recruit and stabilize TAB2/TAB3/TAK1 and NEMO/IKK kinase complexes, leading to downstream activation of MAPKs (not shown) and NF-«xB. NF-xB signaling is
counteracted by the DUBs CYLD, A20 and OTULIN. CYLD and A20 remove K63 polyubiquitin from several substrates. In the case of TNFR1 signaling, A20-mediated K63
deubiquitination of RIPK1 is followed by its A20-mediated K48 ubiquitination (not shown), either directly or indirectly, resulting in its proteasomal degradation. Furthermore, binding
of A20 to M1 polyubiquitin can prevent deubiquitination by other DUBs as well as interfere with ubiquitin-mediated protein—protein interactions. OTULIN specifically removes M1
polyubiquitin from its substrates

ubiquitination.'® TRIF-dependent TLR3/TLR4 signaling also the protein level, CYLD is rapidly and transiently phosphory-
activates caspase-8-mediated CYLD cleavage to protect lated in response to TNF, LPS and mitogens on multiple
cells from autonecroptosis.'® Taken together, CYLD regulates residues within a serine cluster between amino acids 418 and
cell death pathways on two levels: (a) by regulating prosurvival 444.2* The presence of several IKKB consensus phosphor-
gene expression via NF-«kB, and (b) by regulating the ylation sites in this cluster, the NEMO dependency of the
ubiquitination status of RIPK1 and its commitment for inducible CYLD phosphorylation and the ability of recombi-
complex | or Il. nant IKKa and IKKB to phosphorylate CYLD in vitro, is
CYLD has a role in various other cellular processes compatible with an important role for IKKs. Mechanistically,
including cell cycle progression, cell migration, DNA damage CYLD phosphorylation prevents CYLD-mediated TRAF2
and Wnt signaling, which are extensively reviewed  deubiquitinaton and promotes TNF-induced gene
elsewhere.?*?! expression.>* Another group showed that CYLD is phos-
phorylated at Ser418 upon coexpression of the IKKg-related

Regulation of CYLD activity. CYLD is constitutively kinase IKKe, leading to decreased DUB activity and
expressed in most cell types, but NF-«kB-dependent transcrip- contributing to cellular transformation.?® IKKe-dependent
tional upregulation®® as well as miRNA-mediated down- Ser418 phosphorylation and inactivation of CYLD has also
regulation of CYLD expression have been reported.?® At been reported in response to stimulation of the C-type lectin
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Table 1 Substrates that are deubiquitinated by CYLD, A20 and OTULIN in the context of NF-kB signaling and cell death

DUB substrate Receptor/stimulus Pathway Ref.
CYLD TRAF2 TNFR1 NF-«B 12,108
NEMO TNFR1 NF-kB 108
TNFR1 TNFR1 NF-kB, cell death 41
TRADD TNFR1 NF-kB, cell death 41
TAKA1 TCR, TNFR1 NF-kB, JNK 85,109
RIPK2 NOD2 NF-kB, MAPK 110
RIPK1 TNF, TLR NF-kB, MAPK, cell death 17,4111
TRAF6 TLR2, TNFR1 NF-«B, p38 14112
TRAF7 TLR2 NF-kB, p38 12
A20 RIPK1 TNFR1 NF-kB 49,58
TRAF6 TLR4 NF-kB, MAPK 48
RIPK2 NOD2 NF-«B 113
NEMO TNFR1, TCR NF-kB 14,115
MALT1 TCR, BCR NF-«B 80
Caspase-8 DR4, DR5 Apoptosis 68
RIPK3 TNFR1 (+CHX/zVAD) Necroptosis m
TNFR1 TNFR1 NF-xB, cell death 50
OTULIN RIPK1 TNFR1, LUBAC expression NF-kB, JNK 95
NEMO TNFR1, LUBAC expression NF-kB, JNK 86.95
RIPK2 NOD2 NF-«B 42,57
TNFR1 TNFR1 o7
HOIP — LUBAC autoubiquitination 41,97
HOIL-1 — LUBAC autoubiquitination 41.97
Sharpin — LUBAC autoubiquitination 41

Abbreviations: BCR, B-cell receptor; CHX, cycloheximide; DR, death receptor; DUB, deubiquitinating enzyme; IL-1R, interleukin-1 receptor; JNK, c-Jun N-terminal
kinase; LUBAC, linear ubiquitin assembly complex; MAPK, mitogen-activated protein kinase; NF-kB, nuclear factor-«B; NOD2, nucleotide-binding oligomerization
domain-containing protein 2; TNFR, tumor necrosis factor receptor; TCR, T-cell receptor; TLR, toll-like receptor; zZVAD, carbobenzoxy-valyl-alanyl-aspartyl-[O-methyl]-

fluoromethylketone

receptor DC-SIGN in dendritic cells, resulting in the accumu-
lation and nuclear translocation of ubiquitinated Bcl3, which
modulates cytokine expression.?® A contradictory report,
showing that CYLD Ser418 phosphorylation increases its
DUB activity towards K63 polyubiquitin in vitro,?” illustrates
that the molecular mechanisms and biological function of
CYLD phosphorylation are far from clear.

As mentioned above, CYLD can be inactivated by caspase-
8-mediated cleavage at Asp215 in response to TNF and TLR
stimulation.'®'® Our group showed that paracaspase MALT1
cleaves CYLD upon TCR stimulation at Arg324, separating
the N-terminal first two CAP-Gly domains from the third CAP-
Gly domain and the C-terminal catalytic domain.?® MALT1-
mediated CYLD cleavage promotes TCR-induced JNK
activation and gene expression, but does not affect NF-«B
activation. MALT1-dependent CYLD cleavage also has a role
in the initiation of T-cell acute lymphoblastic leukemia
(T-ALL).2® More specifically, ectopic expression of the N-term-
inal CYLD cleavage fragment is sufficient to transform human
PBMCs into cells with a T-ALL-like phenotype. Recently,
thrombin-induced MALT1-mediated CYLD cleavage was
shown to interfere with its microtubule-destabilizing function,
leading to endothelial cell retraction and disruption of the
endothelial barrier integrity.*°

CYLD is ubiquitinated by SCF# TR in response to RANK
triggering, leading to its proteasomal degradation and
accumulation of ubiquitinated TRAF6, which contributes to
RANKL-induced osteoclastogenesis.®' CYLD ubiquitination is
dependent on prior phosphorylation at Ser432/436 by IKKg.
Additionally, in neuroblastoma cells it has been reported that
CYLD activity can be directly inhibited by SUMOylation.%2

CYLD physically interacts with several UBD-containing
proteins as well as E3 ubiquitin ligases, adding another level
of fine-tuning to CYLD activity. In particular, CYLD physically
interacts with ubiquitin adapters p62 and OPTN to approach its
substrates TRAF6 and RIPK1 in RANKL- and TNF-induced NF-
KB signaling, respectively.3*3* CYLD also interacts with the E3
ubiquitin ligase ltch to sequentially remove K63 polyubiquitin
from and add K48 polyubiquitin to the kinase TAK1, thus
regulating inflammatory signaling.35 Furthermore, CYLD
associates with the E3 ubiquitin ligase HOIP® which is the
catalytic subunit of the linear ubiquitin chain assembly complex
(LUBAC). Recently, several reports demonstrated that this
interaction is facilitated by SPATA2.3"7*° More specifically, the
N-terminal PNGase/UBA or UBX (PUB) domain of SPATA2
interacts with the USP domain of CYLD, whereas the C-terminal
PUB-interacting motif (PIM) of SPATA2 interacts with the HOIP
PUB domain.®”~3° SPATA2 already binds to CYLD and LUBAC
under steady-state conditions and mediates CYLD recruitment
to TNFR1 and NOD2 signaling complexes in stimulated
cells.3~° Binding of SPATA2 to CYLD also activates its DUB
activity,3”*° resulting in CYLD-mediated removal of M1 and K63
polyubiquitin from specific substrates in TNFR1 (RIPK1,
TNFR1 and TRADD) and NOD2 (RIPK2) signaling
complexes.*'*? In agreement, SPATA2 deficiency increases
TNF-induced NF-«kB activation and decreases TNF-induced
necroptosis.3®4°

CYLD in tissue homeostasis and disease. CYLD was
originally identified as a tumor suppressor gene mutated in
familial cylindromatosis, a genetic condition that predisposes
patients to develop multiple neoplasms of skin

1175
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Figure 3 General principles of regulation of TNF-induced cell death signaling by CYLD- and A20-mediated deubiquitination. TNF-induced formation of signaling complex |
(RIPK1, clAP1/2, TRADD and TRAF2/5) at the cell membrane leads to the ubiquitin-dependent activation of NF-xB and the NF-xB-dependent expression of antiapoptotic genes.
Deubiquitination of RIPK1 by CYLD inhibits NF-xB signaling, and leads to the formation of complex Ila (RIPK1, TRADD, caspase-8 and FADD) in the cytosol. Activation of
caspase-8 in this complex results in apoptosis, and also the caspase-8-mediated cleavage of CYLD, restoring NF-xB signaling and imposing a delicate cell survival/apoptosis
balance. In the presence of RIPK3, inhibition of caspases induces the formation of complex llb (RIPK1/RIPK3/MLKL; also known as the necrosome) and the induction of
necroptosis. Increased RIPK1 K63 ubiquitination in the necrosome correlates with impaired RIPK1 and RIPK3 phosphorylation and function. CYLD-mediated deubiquitination of
RIPK1 in the necrosome facilitates necroptosis. A20 binding to M1 polyubiquitin protects them from degradation and stabilizes complex I. In addition, by binding to M1 chains, A20
also competes with ubiquitin-binding proteins like NEMO, thereby inhibiting downstream NF-xB activation. A20 also cleaves K63 polyubiquitin from RIPK3, thereby inhibiting
RIPK1-RIPK3 interaction and necroptosis. The function of OTULIN in the regulation of cell death is less clear, as both, depletion and overexpression of OTULIN have been shown

to sensitize to cell death

appendages.'®'4*3 More recently, a tumor suppressor func-
tion for CYLD has been described in other cancers, with the
majority of CYLD mutations and truncations found in patients
negatively affecting its expression or DUB activity.** Genome-
wide association studies revealed that CYLD polymorphisms
are associated with inflammatory bowel disease.*®

Various CYLD genetic mouse models illustrate the impor-
tant regulatory function of CYLD in diverse biological
processes, including immune cell development and function,
innate immunity, osteoclastogenesis, spermatogenesis and
hepatocellular homeostasis. Table 3 gives an overview of the
different CYLD knockout and knock-in mouse models and
their phenotypes. Of note, different conclusions regarding cell-
type-specific roles of CYLD were made in studies using
independently generated CYLD-deficient mice, which may be
due to compensatory mechanisms by redundant proteins, or
dominant-negative functions of truncated CYLD.

A20

Activity and specificity of A20. A20, also known as
TNFAIP3 (TNFa-induced protein 3), contains an N-terminal

Cell Death and Differentiation

OTU domain, whereas the C-terminal part contains seven
Cys2-Cys2 zinc-finger (ZF) domains (Figure 1).*®¢ While A20
hydrolyzes K48 and K11 polyubiquitin and to a lesser extent
K63 polyubiquitin in vitro,*®*” it exhibits strong activity
towards K63-polyubiquitinated substrates in cells.*34° In
agreement, IKKB-mediated A20 phosphorylation at Ser381
increases A20s in vitro DUB activity towards K63 polyubi-
quitin, indicating a role for post-translational modifications in
the regulation of A20 activity.>° Next to its DUB activity, A20
was originally shown to hold E3 ubiquitin ligase activity that is
mediated by its ZF4, enabling a dual ubiquitin-editing
function. More specifically, A20 replaces K63 polyubiquitin
from RIPK1 with K48 polyubiquitin, leading to its proteasomal
degradation.*® Although in vitro studies with recombinant A20
showed a direct E3 ubiquitin ligase activity,*® in cells A20-
associated E3 ubiquitin ligases such as RNF11 and lich may
be involved in A20-mediated K48 ubiquitination.>'*2 Finally,
A20 ZFs act as ubiquitin-binding domains: A20 ZF4 binds
K63 polyubiquitin,®® whereas ZF7 binds M1 polyubiquitin.?4®°

A20 in NF-kB signaling and cell death. Similar to CYLD,
A20 is an important regulator of inflammatory signaling and
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Table 2 DUB-independent functions of A20 in NF-kB signaling and cell death
Substrate Receptor/ Pathway Mechanism of action Ref
stimulus

RIPK1 TNFR1 NF-kB K48 polyubiquitination 49
TRAF6 TLR4, IL-1R NF-kB Prevention of interaction TRAF6-UbcH5¢/13 61
clAP1 TNFRH1 NF-xB Prevention of interaction clAP1-Ubc13 61
TRAF2 TNFR1 NF-«xB Prevention of interaction TRAF2-Ubc13 61
UbcH5¢/13 TNFR1, IL-1R, TLR  NF-kB K48 polyubiquitination 61

NF-«kB, TNF-zVAD-mediated
necroptosis
JNK-mediated apoptosis

M1 polyubiquitin - TNFR1

ASK1 TNFR1

Prevention of recruitment of ubiquitin-binding proteins to ~ #1:54%%

M1 polyubiquitin

K48 polyubiquitination 69

Abbreviations: DUB, deubiquitinating enzyme; IL-1R, interleukin-1 receptor; JNK, c-Jun N-terminal kinase; NF-kB, nuclear factor-«B; TNFR, tumor necrosis factor
receptor; TLR, toll-like receptor; zZVAD, carbobenzoxy-valyl-alanyl-aspartyl-[O-methyl]- fluoromethylketone

cell death. A20 is an NF-«kB-responsive gene that is involved
in the negative feedback regulation of NF-kB activation in
response to many proinflammatory stimuli including TNF,
IL-1, LPS, T- and B-cell receptor antigens, and NOD2 ligands
(Figure 2).%® A20 DUB activity disassembles K63 polyubiqui-
tin from multiple NF-kB signaling intermediates (Table 1),
which has been proposed to mediate its NF-kB inhibitory
function. In addition, A20 mediates K48 ubiquitination of
several substrates (Table 2), leading to their degradation and
subsequent inhibition of downstream signaling. Despite
numerous reports describing a role for A20 DUB activity in
the regulation of NF-kB signaling, the physiological relevance
of A20 catalytic activity has recently been challenged by the
finding that A20 knock-in mice bearing an inactivating
mutation in DUB or ZF4 domains do not mimic the severe
inflammatory phenotype of full A20-knockout mice.>”~>°
Furthermore, reconstitution of A20-deficient MEF cells with
the corresponding mutant proteins does not or only margin-
ally abolishes A20 ability to inhibit TNF-induced NF-«B
activation,®®®° suggesting a non-catalytic mechanism of
action. Indeed, multiple examples illustrate the ability of A20
to modulate ubiquitin-dependent signaling via non-catalytic
mechanisms (Table 2). Binding of A20 to K63 and M1
polyubiquitin via its ZF4 and ZF7, respectively, recruits A20 to
ubiquitinated proteins at the TNFR1 signaling complex,
where it may compete with other ubiquitin-binding proteins
such as NEMO to prevent IKK activation and downstream
NF-«B signaling.#°%%% Interestingly, the presence of A20
was shown to result in the accumulation of M1 polyubiquitin
at the TNFR1 complex, most likely because A20-ZF7 binding
to M1 polyubiquitin chains protects them from cleavage by
other DUBs like CYLD.*' A20 also inhibits the activity of
several E3 ligases including TRAF6, TRAF2 and clAP1/2 by
preventing their interaction with specific E2 enzymes.®"
Although A20 was initially described as a protein that
inhibits TNF-induced apoptosis,®? its antiapoptotic effect
seems to be much more restricted and dependent on the
cellular context than its NF-«B inhibitory function.®® In B cells
and dendritic cells (DCs), A20 was even shown to have a
proapoptotic function, probably because of its NF-«B inhibitory
activity, leading to decreased expression of antiapoptotic
proteins.®*%% Similarly, A20 sensitizes smooth muscle cells to
cytokine and Fas-mediated cell death.®® The mechanism by
which A20 regulates cell death remains largely unclear. It has
been proposed that A20 inhibits TNF-induced cell death by

blocking the recruitment of RIPK1 and TRADD to TNFR1,
thereby inhibiting subsequent recruitment of FADD and
caspase-8.° Another report suggests that A20 acts by
counteracting CUL3-dependent ubiquitination and activation
of caspase-8.5% A20 was further shown to ubiquitinate ASK1
upon TNF stimulation, marking it for proteasomal degradation
and hereby blocking JNK-mediated apoptosis.®® An important
role for A20-ZF7 was established, as reconstitution of A20-
deficient MEF cells with a ZF7 mutant protein could not rescue
these cells from TNF-induced cell death, most likely because
A20 can no longer bind to M1-polyubiquitinated proteins and
prevent RIPK1 from forming the cell death-inducing complex
11.41:7° Finally, A20 also restricts ubiquitination of RIPK3 and its
binding to RIPK1, protecting cells from necroptosis
(Figure 3).”"

Regulation of A20 activity. A20 was originally identified as
a TNF-responsive gene in human endothelial cells.”?
Although A20 is constitutively expressed in some cell types,
in most cell types A20 expression is low or absent in resting
conditions.®® However, its transcription is rapidly upregulated
in an NF-kB-dependent manner in response to various
stimuli, thus providing negative feedback control of NF-«B
signaling.”® Several other mechanisms contribute to tran-
scriptional regulation of A20. Promoter methylation can result
in inactivation of A20, which is mainly observed in different
types of lymphomas.”* Depending on the cellular context,
expression of A20 can also be up- or downregulated by
specific miBRNAs. For example, miR125a and miR125b
suppress A20 expression in diffuse large B-cell lymphoma,
thereby contributing to constitutive NF-kB signaling and tumor
cell proliferation.75 In contrast, in sarcoma cells miR29
protects A20 transcripts from degradation by preventing
binding of RNA-binding protein HUR and recruitment of the
RNA degradation complex.”®

At the protein level, A20 is regulated by several post-
translational modifications including glycosylation, phosphor-
ylation, ubiquitination and proteolytic cleavage. Under high
glucose conditions A20 is O-glycosylated in smooth muscle
cells, leading to its subsequent ubiquitination and
degradation.”” TNF or LPS stimulation leads to IKKg-
mediated phosphorylation of A20 at Ser381, increasing A20
NF-kB inhibitory potential.”® This is in agreement with the
finding that Ser381 phosphorylation increases A20's in vitro
DUB activity towards K63 polyubiquitin.?® In lymphocytes,

Cell Death and Differentiation
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Table 3 Phenotype of mice deficient in CYLD, A20 or OTULIN
Tissue Modification Phenotype Ref.
CYLD Allcells KO T-cell development |, T-cell responsiveness and proliferation 1, bowel 104,109

inflammation 1

All cells KO TPA-induced skin tumors 1, keratinocyte proliferationt, B-cell activation =, 5195107
B-cell numbers =

All cells KO Susceptibility to DSS-induced colon inflammation and tumor development 1, T- 108
and B-cell responsiveness 1, B-cell numbers =

All cells KO NKT cell survival and function | 116

All cells KO B-cell hyperplasia, B-cell activation and proliferation 1, NF-kB activation in B 106
cells t

All cells KO Aberrant osteoclast differentiation, development of osteoporosis 33

All cells KO Germ cell apoptosis |, spermatogenesis | 11

All cells KO Susceptibility to viral infection 1 "z

All cells CYLDex9? Premature death (respiratory dysfunction) 18

Liver CYLDex9 Hepatomegaly, liver fibrosis, hepatocyte death 1 1

Skin CYLDex9 Hair and dental defects, development of sebaceous gland hyperplasia 120

IEC CYLDex9 Susceptibility to experimentally induced adenoma formation 1 121

All cells CYLDex7/8° Amounts of regulatory T cells 1, regulatory T-cell function | 122

All cells CYLDex7/8 Mature B-cell populations 1, B-cell survival 123

All cells CYLDex7/8 Hyperresponsive DC 124

All cells CYLDex7/8 Thymic medullary epithelial cells | 125

A20  Allcells KO Premature death (severe multiorgan inflammation) 86

IEC KO Sensitivity to DSS-induced colitis 1, sensitivity to TNF 1 126

Myeloid cells KO Polyarthritis, inflammasome activation 1 88,127

Myeloid cells KO Protection against influenza A virus infection 128

DC KO B and T cells expansion/activation 1, glomerulonephritis, antibodies against 64
dsDNA, thrombocytopenia, SLE-like phenotype

DC KO DC activation 1, T-cell expansion/activation, spondyloathritis, IBD-like 129
phenotype

Lung epithelium KO Protection against influenza A virus infection 130

B cells KO B-cell proliferation and survival 1, autoimmune pathology 65,108

Keratinocytes KO Epidermal proliferation 1, hair and skin defects 131

Neurons/all CNS cells KO No phenotype 152

Astrocytes KO Susceptibility to EAE 1, inflammatory cytokines in spinal cord 1, NF-xB 133

activation 1
IEC and myeloid cells KO

Colitis, IEC apoptosis, loss of paneth and goblet cells, IEC proliferation 1,

134

microbiota dysbiosis, colon cancer

T cells KO
NKT2 activation t
OTULIN All cells LOF
Immune cells Inducible deletion®

Myeloid cells KO

Embryonic lethality, vascular defects, defective Wnt signaling
Multiorgan inflammation, weight loss, rescue with anti-TNF
Serum cytokines 1, splenomegaly, autoimmune phenotype, M1 polyubiquitin

NKT1 and NKT2 (but not NKT17) cell differentiation and survival |, NKT1and '3

96
102
102

1, deregulated NF-«xB

Band T cells KO
Tcells |

No inflammatory phenotype, HOIP and Sharpin (but not HOIL-1) in B and

102

Abbreviations: DC, dendritic cells; DSS, dextran sulfate sodium; DUB, deubiquitinating enzyme; EAE, experimental autoimmune encephalomyelitis; IBD, inflammatory
bowel disease; IEC, intestinal epithelial cells; ko, knockout; LOF, loss-of-function mutation; NF-kB, nuclear factor-«B; NKT, natural killer T cells; SLE, systemic lupus
erythematosus; TNF, tumor necrosis factor; TPA, 12-O-tetradecanoylphorbol-13-acetate

@Mice carrying a homozygous deletion of CYLD exon 9 (resulting in a C-terminal truncation of CYLD and inactivation of its DUB activity)

PMice carrying a homozygous deletion of CYLD exons 7 and 8 (resulting in truncated CYLD lacking the TRAF2 and NEMO binding sites)

°Mixed bone marrow chimera

where A20 is constitutively expressed, antigen receptor
stimulation induces A20 cleavage by MALT1 at Arg439,
followed by its proteasomal degradation.”® Moreover,
MALT1-independent proteasomal degradation of A20 has
been reported in T cells. In this context, RNF114-mediated
ubiquitination of A20 was shown to stabilize A20,8" indicating
a complex regulatory role for A20 ubiquitination. Finally, A20
DUB activity was shown to be regulated by reversible oxidation
of the catalytic cysteine residue in vitro.8?

Many A20-interacting proteins are ubiquitin-binding
proteins, bridging A20 to its substrates or other ubiquitinated
proteins. For example, TAX1BP1 can recruit A20 to
K63-ubiquitinated substrates like TRAF6,838* whereas
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ABIN1 can recruit A20 to M1-ubiquitinated proteins such as
NEMO.%®

A20 in tissue homeostasis and disease. The important
role of A20 in the regulation of NF-kB signaling and cell death
is reflected in the phenotype of A20-deficient mice, which die
prematurely because of severe multiorgan inflammation.®®
Several cell-type-specific A20-deficient mice illustrate the key
regulatory role of A20 in different cell types to maintain
cellular homeostasis (Table 3). The development of auto-
immunity and inflammation may not only reflect enhanced
NF-kB or cell death signaling. For example, development of
arthritis in myeloid-specific A20-knockout mice reflects the



absence of an inhibitory effect of A20 on NLRP3 inflamma-
some activity and IL-18 ubiquitination, resulting in increased
caspase-1-mediated processing of IL-143.57:88

Genome-wide association studies identified human A20 as
a susceptibility gene for several inflammatory diseases, such
as psoriasis, Crohn’s disease, systemic lupus erythematosus
(SLE) and rheumatoid arthritis.®® Most single-nucleotide
polymorphisms (SNPs) are located up- or downstream of the
A20 coding regions or in intronic sequences, indicating
increased disease susceptibility by regulating A20 expression.
TALEN-mediated genome editing to disrupt specifically the
TT>A enhancer region associated with SLE impaired its
interaction with the A20 promoter by long-range DNA looping,
thereby reducing A20 expression, indicating a causal
contribution.®® Two SNPs leading to nonsynonymous muta-
tions in the A20 DUB domain were shown to reduce the NF-«B
inhibitory potential of A20 upon overexpression.®’ More
recently, loss-of-function mutations leading to A20 haploinsuf-
ficiency were shown to cause early-onset autoinflammatory
disease that resembles Behget's disease.® Furthermore, an
A20 frameshift mutation that results in a 415 amino-acid
protein fragment has been identified in a patient with an
autoimmune lymphoproliferative syndrome-like phenotype,
and T cells from this patient exhibit increased NF-«B
activation.®® Finally, A20 was shown to be a tumor suppressor
that is downregulated in several cancers including lymphomas
and pancreatic cancer.®*

OTULIN

Activity and specificity of OTULIN. OTULIN (OTU DUB
with linear linkage specificity), also named FAM105B/Gumby,
was discovered in 2013 by two independent groups as the
first DUB, which exclusively hydrolyzes M1 polyubiquitin.®%96
Rivkin et al® found that mutations in this protein are
causative for an angiogenic phenotype in gumby mice and
named it Gumby. Using a bioinformatics approach, Keuse-
kotten et al.®® found OTULIN as a new member of the OTU
family that is mostly made up of its OTU domain (Figure 1).
The remarkable specificity for M1 polyubiquitin can be
explained by two features. First, its high-affinity ubiquitin-
binding sites are capable to bind M1 polyubiquitin 100-fold
more tightly than structurally similar K63 polyubiquitin.
Second, the proximal ubiquitin, more specifically its Glu16
residue, is directly involved in the organization of the catalytic
center, where it orients the residues of the catalytic triad in a
catalytically active state.®®> OTULIN is the first DUB known to
apply this mechanism of substrate-assisted catalysis. Such a
mechanism suggests that OTULIN targets M1 polyubiquitina-
tion in general and not that of specific substrates.

OTULIN in NF-kB signaling and cell death. Different
groups have reported that OTULIN antagonizes the genera-
tion of M1 polyubiquitin by LUBAC and LUBAC-mediated
NF-«kB activation.®>° The absence of OTULIN results in the
accumulation of several M1-ubiquitinated proteins, including
LUBAC components, but TNF-induced HOIP recruitment to
TNFR1 is not affected. Conversely, ectopic expression of
OTULIN leads to delayed TNF-induced NF-«kB activation and
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proinflammatory signaling.®®%” In the context of TNFR1
signaling, removal of M1 polyubiquitin by OTULIN inhibits
the association of NEMO with polyubiquitinated RIPK1.%®
Also, expression of a catalytically inactive OTULIN C129A
mutant leads to decreased NF-kB activation,®® which can be
explained by the ability of this mutant to still bind ubiquitin and
to exert a dominant-negative effect. Indeed, Fiil et al®’
provide evidence that a double mutant C129A-W96A, which
is catalytically inactive and cannot bind ubiquitin, no longer
suppresses NF-kB.%>°7 M1 ubiquitination also protects from
TNF-induced cell death by stabilization of complex 1.8
Accordingly, stable OTULIN overexpression sensitizes cells
to TNF-induced cell death.®® Surprisingly, knockdown of
OTULIN, and hence M1 ubiquitin accumulation, also induced
cell death.

Next to its effects on TNFR1 signaling, OTULIN regulates
NOD2 receptor signaling. NOD2 stimulation induces RIPK2
polyubiquitination by multiple E3 ligases, leading to recruit-
ment of LUBAC, which in turn assembles M1 polyubiquitin on
RIPK2 (Figure 2).°° RIPK2 M1 ubiquitination is increased
upon knockdown of OTULIN, correlating with enhanced
recruitment of NEMO to RIPK2 and an increased NF-«kB
response.”” Vice versa, overexpression of OTULIN inhibits
RIPK2 M1 polyubiquitination and NEMO recruitment.

The role of OTULIN at receptor signaling complexes (e.g.
TNFR1 and NOD2 complex) is still rather unclear. Draber
et al.*' showed that OTULIN is not recruited to the TNFR1
signaling complex and does not regulate the amount of M1
ubiquitination at the signaling complex itself (e.g. of RIPK1 or
NEMO), but rather the amount of cytosolic M1-ubiquitinated
proteins including LUBAC components themselves. However,
Wagner et al.*° found low levels of endogenous OTULIN in the
TNFR1 complex upon TNF stimulation, and the Gyrd-Hansen
lab showed that OTULIN regulates RIPK2 ubiquitination at the
NOD2 receptor complex.**” Altogether, these data indicate
that OTULIN recruitment to receptor signaling complexes
might be weak or dynamic.

Regulation of OTULIN activity. OTULIN co-immunoprecip-
itates with different LUBAC components including HOIP.%>%6
More specifically, OTULIN binds to the PUB domain in HOIP
via a conserved PIM domain (Figure 1).'%%1°! The interaction
is dependent on OTULIN Tyr56 within the PIM motif and HOIP
Asn102. Binding of OTULIN to HOIP prevents autoubiquitina-
tion of HOIP under basal conditions and is necessary for
OTULIN’'s ability to antagonize LUBAC-induced NF-«xB
activity.'® Using a non-binding mutant of HOIP, it was shown
that the interaction of HOIP with OTULIN as well as CYLD (see
above) is important for TNF-induced NF-kB activation.®®
OTULIN and CYLD associate with HOIP in a mutual exclusive
manner, indicating that there are two different pools of HOIP,
one associated with OTULIN and one with CYLD.*' Tyr56
phosphorylation in the OTULIN PIM domain prevents OTULIN
binding to HOIP and hence governs OTULIN function.'®
However, kinases and phosphatases involved in this regulation
are yet to be determined.

OTULIN in tissue homeostasis and disease. Mice carrying
OTULIN loss-of-function mutations are embryonically lethal
(E12.5-E14) because of deficient Wnt signaling and vascular
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defects.®® Recently, the Komander lab generated different
conditional OTULIN knockout mice, demonstrating that
OTULIN is an essential negative regulator of inflammation
and autoimmunity by mediating cell-type-specific effects on
M1 ubiquitin signaling (Table 3)."%2

Patients carrying OTULIN mutations develop a fatal
inflammatory syndrome with episodes of systemic inflamma-
tion without any evidence of infection.'®>1%% This condition,
termed otulipenia or OTULIN-related inflammatory syndrome,
was treatable with Infliximab (anti-TNF), consistent with the
important regulatory function of OTULIN in TNF signaling.
Zhou et al'®® identified two missense (Leu272Pro and
Tyr244Cys) and one frameshift mutation (Gly174Aspfs*2) in
four patients.'®® Fibroblasts and PBMCs from these patients
show increased NF-kB signaling and inflammatory cytokine
production. Damgaard et al.'®® showed that Leu272Pro
missense mutations in OTULIN found in patients result in
reduced stability and activity of OTULIN, consistent with
increased M1 polyubiquitin compared with controls.'®?

Molecular mechanisms determining the non-redundant
functions of CYLD, A20 and OTULIN. CYLD, A20 and
OTULIN all regulate NF-kB and cell death signaling where
they deubiquitinate a number of overlapping substrates
(Table 1). One would therefore predict that their function is
largely redundant. However, the corresponding knockout
mice show significant differences: while A20 or OTULIN-
deficient mice are embryonically lethal because of multiorgan
inflammation or vascular defects, respectively,6-°¢ CYLD-
deficient mice show no overall defects in growth and
survival.'® Different phenotypes have been observed in the
case of cell-type-specific knockout mice. For example, while
A20 deficiency in B cells causes B-cell hyperreactivity,®1°®
reported consequences of CYLD deficiency are controver-
sial, ranging from an absence of effects to marked B-cell
hyperplasia.®®1°5-1% These differences could reflect varying
compensation for the loss of CYLD function by AZ20.
However, compound loss of A20 and CYLD did not
exacerbate the effects of A20 deficiency,'® indicating that
the discrepancy of the various reported effects of CYLD
deficiency is not due to functional compensation by A20.
The non-redundant function of CYLD, A20 and OTULIN can
be partially explained by their different specificity for various
types of polyubiquitin. /n vitro DUB assays revealed that both,
CYLD and OTULIN hydrolyze M1 polyubiquitin, while CYLD
additionally cleaves K63 polyubiquitin and with lower pre-
ference K11 and K48 polyubiquitin. A20 can cleave K48 and
K11 polyubiquitin and less efficiently K63 polyubiquitin
in vitro.8*” However, ubiquitin chain specificity of DUBs may
be different in a specific cellular context, which is demon-
strated by the fact that A20 phosphorylation by IKKB increases
its DUB activity towards K63 polyubiquitin.®® Recent evidence
suggests that the recognition of different linkages by DUBs is
differentially regulated by the presence of specific types of
polyubiquitin branching. More specifically, K48—K63 branch-
ing protects K63 linkages from CYLD-mediated deubiquitina-
tion, while the activity of A20 is not affected.® A20-mediated
K63 deubiquitination is, however, inhibited by M1 polyubiqui-
tination, either mixed or branched with K63.%° Finally, it is
possible that the ubiquitin chain specificity of different DUBs
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differs depending on the substrate and cellular context,
including the presence and binding of adaptor proteins
(e.g. TAX1BP1, ABINs, OPTN, p62) that recruit DUBs to
specific ubiquitinated substrates,33-34:83-85

In addition to different polyubiquitin chain specificities,
deubiquitination-independent activities may contribute to the
non-redundant function of CYLD, A20 and OTULIN. In the
case of A20, this may involve its E3 ligase activity,*
either directly or indirectly by interacting with other E3 ligases.
Moreover, binding of DUBs to specific proteins or different
types of polyubiquitin can affect the formation or stability of
signaling complexes. Such non-catalytic mechanisms of
action have already been shown for A20,%'®56' and could
create a functional niche also for CYLD and OTULIN.

Spatial and temporal differences in expression of CYLD,
A20 and OTULIN may also explain their non-redundant
functions. In contrast to CYLD and OTULIN, A20 is not or
only weakly expressed in most resting cells, and needs to be
transcriptionally upregulated upon cellular stimulation in an
NF-«kB-dependent manner. Therefore, it can be postulated that
CYLD and OTULIN regulate basal ubiquitination in unstimu-
lated cells to prevent aberrant signal transduction and dampen
early responses, whereas A20 is more critical to the negative
feedback regulation and termination of immune signaling. For
instance, OTULIN associates with LUBAC in unstimulated
cells, and absence of OTULIN leads to accumulation
of M1-ubiquitinated proteins and constitutive NF-«B
activation.'® However, there is substantial evidence that
CYLD and OTULIN not only impact signaling under baseline
conditions but also at the level of receptor signaling complexes
that are formed upon stimulation.*®2° Finally and as already
described in previous sections, inducible and cell-type-
specific expression of miRNAs, as well as post-translational
modifications, may contribute to spatial and temporal
differences in expression and activity of specific DUBs.

Conclusion and Future Perspectives

Itis clear that NF-«B activation and cell death are controlled by
a tight regulatory network of DUBs to ensure optimal signal
transduction and immune homeostasis. The elucidation of
novel and complex types of ubiquitination can be expected to
further reveal specific functions and mechanisms of action of
CYLD, A20 and OTULIN, as well as their crosstalk with each
other or other DUBs. In addition, the careful analysis of
conditional DUB-specific knockout and knock-in mice, as well
as patients carrying specific mutations, is likely to reveal novel
DUB functions that may reach far beyond inflammation and
immunity, which is already described in the case of CYLD. As
A20, CYLD and OTULIN have all been implicated in
inflammatory diseases or cancer, the ultimate challenge will
be to translate this fundamental knowledge in novel and better
therapies.
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