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Abstract. CYLD is a protein with tumor suppressor
properties which was originally discovered associated
with cylindromatosis, an inherited cancer exclusively
affecting the folicullo-sebaceous-apocrine unit of the
epidermis. CYLD exhibits deubiquitinating activity
and acts as a negative regulator of NF-xB and JNK
signaling through its interaction with NEMO and
TRAF2. Recent data suggest that this is unlikely to be
its unique function in vivo. CYLD has also been shown

to control other seemingly disparate cellular process-
es, such as proximal T cell receptor signaling, TrkA
endocytosis and mitosis. In each case, this enzyme
appears to act by regulating a specific type of
polyubiquitination, K63 polyubiquitination, that
does not result in recognition and degradation of
proteins by the proteasome but instead controls their
activity through diverse mechanisms.
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Introduction

Ubiquitination is an evolutionarily conserved mecha-
nism of posttranslational modification that affects
myriads of proteins in the cell, controlling their half-
life and activity [1, 2]. This process involves the
covalent attachment to substrates of a polypeptide of
76 amino acids (aa), ubiquitin, according to a precise
sequence of events (Fig. 1A). First, ubiquitin, which is
synthesized as an inactive precursor protein, is proc-
essed by a specific protease (ubiquitin carboxy-termi-
nal hydrolase) to make the carboxy-terminal diglycine
motif available for conjugation. Then, activation of
ubiquitin is carried out by an ubiquitin-activating
enzyme (E1) which catalyzes the formation of a
thioester bond between the carboxy terminus of
ubiquitin and its active cysteine, in an ATP-dependent
manner. Activated ubiquitin is then transferred to a
ubiquitin-conjugating enzyme (E2), forming an E2-

ubiquitin thioester. Finally, in the presence of a
ubiquitin-protein ligase (E3), ubiquitin is attached to
the target protein through an isopeptide bond between
the carboxy terminus of ubiquitin and the e-amino
group of a lysine residue in the target protein. The role
of E3 ligase enzymes, of which there are hundreds of
members in humans, is therefore to accelerate ubig-
uitin attachment in a substrate-specific fashion.
Ubiquitination is a versatile event that affects single or
multiple lysines of a given substrate and can result in
either the covalent addition of a single molecule of
ubiquitin (monoubiquitination) or formation of a
chain of polyubiquitin (polyubiquitination). Polyubi-
quitination is made possible because ubiquitin itself
contains several lysine residues (K6, K11, K27, K29,
K33, K48 and K63) (Fig. 1B), some of which used to
extend the ubiquitin chain.

Until recently, polyubiquitination was mostly viewed
as playing a role in controlling the half-life of proteins
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Ub  Figure 1. The ubiquitination
Ub  process. (A) The sequence of
Ub  events involved in protein ubig-
Ub  uitination is shown with the three

Ub  major components of the ubiqui-
tination process labeled as El,
ubiquitin-activating enzyme; E2,
ubiquitin-conjugating enzyme;

E3, ubiquitin ligase. Substrates
(S) can be monoubiquitinated,
multi-monoubiquitinated or po-
lyubiquitinated. (B) Primary se-
quence of ubiquitin. Lysine resi-
dues used to extend the chains of
polyubiquitin are indicated.
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and therefore ensuring the temporal fine-tuning of
numerous processes in the cell. Indeed, addition of
more than four ubiquitin moieties through K48
covalent linkage provides a tag for recognition by
the 26S proteasome and results in proteolysis. Never-
theless, other lysine residues of ubiquitin, such as K29
or K63, can also be used to synthesize polyubiquitin
chains and, in these specific cases, modified substrates
are not recognized by the proteasome. Instead, their
activity is somehow modified, resulting in catalytic
activation, formation of protein complexes or inter-
nalization through endocytosis [3].

A small family of approximately 100 enzymes exhib-
iting deubiquitinase activity (DUBs) have been iden-
tified in the human proteome and negatively control
the ubiquitination processes [4]. In most cases, both
their specific substrates and the class of polyubiquitin
chains they hydrolyze remain poorly defined. An
interesting member of the DUB family, CYLD, has
recently been characterized and already provides
important insights into the function of this class of
enzymes in vivo. This review describe how CYLD was
initially discovered, how it may regulate important
signaling pathways or processes and how its dysfunc-
tion has a major impact in cell pathophysiology,
including tumorigenesis.

Discovery of CYLD through its association with
human genetic diseases

Familial cylindromatosis, also called turban tumor
syndrome (OMIM#132700), is a rare inherited cancer
which is characterized by the formation of benign
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tumors, called cylindromas, in hairy parts of the body,
mostly the scalp [5]. Cylindromas are considered as
originating from a transformation event specifically
affecting the folliculo-sebaceous-apocrine unit that
produces hair and its associated glands. Early obser-
vations established that affected patients are hetero-
zygous at birth for the locus causing the disease,
whereas the cylindromas they develop exhibit a loss of
heterozygosity (LOH) [6], demonstrating the involv-
ment of a gene coding for a tumor suppressor
(‘Knudson’s two-hit model’ [7]). This gene, located
at 16q12-13, has been called CYLD.

CYLD encodes an evolutionarily conserved protein of
approximately 120kDa (956 aa) which is a divergent
member of the DUB family. Like other members of
this family of enzymes, CYLD exhibits at the C
terminus a catalytic domain composed of two con-
served subdomains containing the active cysteine and
the active histidine that form the catalytic pocket
(Fig. 2). In addition, it contains three CAP-Gly motifs
that have been proposed to participate in binding to
microtubules [8]. Nevertheless, it remains uncertain
whether CYLD directly interacts with microtubules.
Most of CYLD mutations in familial cylindromatosis
are frameshift or nonsense mutations that result in
truncation of the catalytic domain [9, 10] (Fig. 2). Very
few missense mutations have been reported. All but
one (see below) affect essential amino acids of the
catalytic pocket.

A genetic disease that shares similarities with familial
cylindromatosis, multiple trichoepithelioma (MT;
OMIM#601606), has also been shown to be caused
by CYLD mutations [11-15]. It was known for a while
that some individual cylindromatosis patients could
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Figure 2. The CYLD protein: structure and mutations in human pathology. The various structural and functional domains of the protein
are indicated. Also shown are the mutations affecting CYLD in familial cylindromatosis (Black) and multiple trichoepithelioma (Red),
with frameshift mutations represented by a thick arrow, nonsense mutations by a broken arrow and splicing mutations by a thin arrow. The
five identified missense mutations are also indicated. CAP, CAP-gly domain; P, phosphorylation sites; C and H, cysteine and histidine

boxes of the catalytic domain.

also exhibit trichoepitheliomas, benign tumors origi-
nating from the hair follicle, and that affected
members of the same family could present a hetero-
geneous phenotype with intermingled tumors [16].
This provided a rationale for looking at the CYLD
locus in MT patients. Importantly, mutations of
CYLD found in MT are not distinct from those
generating cylindromatosis (Fig.2), demonstrating
the genetic identity of both diseases and confirming
that precursor cells of the folliculo-sebaceous-apoc-
rine unit, which give rise to the hair follicle and its
adnexa, are indeed the cells from which tumors
develop (Fig. 3).
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Figure 3. Putative origin of transformed cells in familial cylindro-
matosis and multiple trichoepithelioma. The loss of heterozygosity
(LOH) events that are associated with tumor development are
supposed to affect distinct precursor cells generating the skin
adnexa. When LOH occurs in the precursors for gland cells (gl.),
cylindroma and/or spiradenoma are formed, whereas LOH occur-
ing in hair follicle (h.f.) precursors results in trichoepithelioma
formation. LOH affecting the precursor of skin adnexa (adn.) may
also result in mixed tumor formation. ESC, epidermal stem cell;
ep., epidermis precursor.

CYLD is a negative regulator of NF-kB and JNK
signaling

The NF-xB signaling pathway plays a key role in
innate and acquired immunity, inflammation and
carcinogenesis. NF-xB is a transcription factor, com-

posed of homo- and heterodimeric associations be-
tween p50, pS2, c-rel, rel A and relB subunits, which is
located in the cytoplasm of resting cells, associated
with the IkB inhibitor. Upon stimulation, IxB is
phosphorylated by IkB kinase (IKK) and this mod-
ification induces its K48-linked polyubiquitination
and degradation by the proteasome, allowing NF-kB
to translocate into the nucleus and to regulate the
expression of its target genes [17].

Multiple signaling pathways which are induced by
pro-inflammatory cytokines, including interleukin-1f3
(IL-1pB) or tumor necrosis factor-a. (TNF-a), bacterial
components of the outer membrane, including lip-
opolysaccharide (LPS) or lipoteichoic acid (LPA),
viral genetic content and its derived proteins, includ-
ing double-stranded RNA (dsRNA), Tax from HTLV-
1, or Epstein-Barr virus latent membrane protein 1
(LMP-1), and diverse forms of stress are able to
activate IKK [18]. This kinase complex is composed of
three major subunits. Two of them, IKK-1/a and IKK-
2/P, exhibit catalytic activity and share a similar
structure, whereas the third one, NEMO (NF-xB
essential modulator)/IKKy, has regulatory functions.
NEMO has been shown to be absolutely required for
IKK activation in most cases (canonical pathway),
whereas it is dispensable for a small number of stimuli
that directly target IKK-1 through a kinase called NF-
kB-inducing kinase (NIK) (non-canonical pathway)
[19].

The molecular mechanism of NEMO-dependent IKK
activation has remained quite elusive until recently. It
now appears to require a complex set of modifications
by polyubiquitination that do not result in degradation
by the proteasome. Key participants in these processes
are members of the TNF receptor associated factor
(TRAF) family of proteins which exhibit ubiquitin
ligase activity (E3) and act in concert with Ubc13/
UevlA, a dimeric ubiquitin-conjugating enzyme (E2),
to modify substrates through K63-linked polyubiqui-
tination [20, 21]. Among these subtrates are TRAFs
themselves, TAK1-binding protein (TAB)2 and TAB3
subunits of IKK kinase TAK (TGF-B-activated kin-
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ase) and NEMO. Importantly, TAB2, TAB3 and
NEMO also contain ubiquitin-binding domains with
affinity for K63-linked polyubiquitin chains. Ubiqui-
tination of both TAK components and NEMO may
therefore result in IKK activation through NEMO-
dependent recruitment of TAK (Fig. 4) [22].

Figure 4. A simplified view of the IKK activation process. The
major participants in the canonical pathway of IKK activation are
indicated, using, as examples, the signaling pathways triggered by
IL-1 and TNF. For clarity, numerous molecules (kinases, adaptors)
are not shown above TRAF and are presented by a broken arrow.
Proteins that are modified by K63-linked polyubiquitination and
represent targets of CYLD are indicated. TRAF, TRAF6 (IL1-R)
or TRAF2 (TNF-R); TAB, TAB2/3; Ub, ubiquitin; P, phosphate.
See text for more details.

CYLD has been identified as a participant in NF-xB
signaling following three distinct strategies. First,
using an shRNA library designed to target the various
members of the human DUB family, Brummelkamp
et al. [23] have shown that shRNAs specifically
targeting CYLD mRNA were the only ones able to
significantly affect NF-kB activation by TNF in Hela
cells. In this study, inhibition of CYLD resulted in
increased NF-kB signaling. Second, during a two-
hybrid screening in yeast aimed at identifying new
proteins interacting with NEMO, Kovalenko et al. [24]
and Trompouki et al. [25] also identified CYLD. A
Pro-rich sequence located near the N terminus of
NEMO and the third CAP-Gly motif of CYLD are
involved in this interaction [26]. Worth noting is that a
missense mutation of CYLD associated with cylin-
dromatosis (E474G) may affect the NEMO-binding
domain of CYLD (Fig. 2). Finally, a search for CYLD
partners by Regamey et al. [27] identified a TRAF-
interacting protein (TRIP), which had previously
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been proposed as regulating NF-kB activation by
TNF [28].

In all these studies, overexpression of CYLD has been
shown to negatively regulate NF-xB activation by
multiple stimuli, including IL-1, TNF and LPS, but not
by NIK, suggesting that this DUB may represent a
general negative regulator of the canonical NF-xkB
signaling pathway. Importantly, this inhibitory effect
requires the catalytic activity of CYLD and the
affected step(s) is (are) located above or at the level
of IKK, since CYLD is unable to deubiquitinate IxB.
It has been shown that NEMO may be a bona fide
target of CYLD since it is ubiquitinated upon cell
stimulation (see above) and binds CYLD. Alterna-
tively, or in addition, TRAF2 may also be a target for
CYLD DUB activity in vivo since CYLD directly
interacts with this E3 protein through a PXQXS/T-like
motif [24]. Finally, an interaction between CYLD and
TAKI1 has been recently reported (see below), point-
ing to another level at which CYLD might act. In
relation to these various putative substrates, CYLD
has been shown to preferentially hydrolyze K63-
linked polyubiquitinated chains, confirming the idea
that this kind of posttranslational modification is
crucial for IKK activation.

The intricate relationship between CYLD and NF-xB
signaling has been further demonstrated by showing
that CYLD synthesis is itself regulated by NF-kB [29].
CYLD mRNA induction by TNF and the Gram-
negative bacteria Haemophilus influenzae was im-
paired in ikkl —/—, ikk2 —/— and nemo — MEFs
indicating that the canonical pathway of NF-xB
activation, which is targeted by CYLD, was involved.
Moreover, although very little is known about the
regulation of CYLD catalytic activity, this DUB may
represent a target of IKK [30]. Indeed, upon stim-
ulation by TNF, LPS or phorbol 12-myristate 13-
acetate (PMA)/ionomycin, which mimicks T cell
receptor (TCR) signaling, CYLD is transiently phos-
phorylated at sites located between aa 415-445 and
this modication requires NEMO. The exact function
of this phosphorylation remains nevertheless unclear.
In addition to its role in controlling the activation of
NF-xB, CYLD also negatively regulates the c-Jun
kinase (JNK) signaling pathway, a mitogen-activated
protein kinase (MAPK) pathway that participates in
diverse cellular programs including proliferation,
differentiation and apoptosis. It has been shown that
JNK activation was modulated either by overexpress-
ing CYLD or by inhibiting its expression by RNA
interference [31]. This suggests that TRAFs may
indeed represent primary targets of CYLD since they
are used by stimuli such as IL-1, TNF, LPS or the
CD40 ligand to activate both IKK and JNK.
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Analysis of CYLD functions in vivo

A series of cyld knockout (KO) mice has been recently
engineered. They have confirmed the view that
CYLD is indeed a negative regulator of NF-xB and
JNK signaling pathways and allow a better under-
standing of what happens in vivo when these two
pathways are up-regulated. In addition these studies
have provided interesting insights into new putative
functions of CYLD.

CYLD functions in immunity and infection

Mice with cyld KO in the whole animal are viable but
exhibit several abnormalities in the immune system,
according to the studies from Sun and collaborators
[32-34]. For example, cyld —/— mice displayed
lymphoid organ abnormalities and B cell hyperplasia.
Mesenteric lymph nodes were enlarged whereas
lymph nodes or Peyer’s patches were not affected. B
cell development was not modified in the bone
marrow but it was in the marginal zone. Spontaneous
activation of B cells was observed in cyld —/— mice,
indicating a role for CYLD in maintaining the naive
phenotype of these cells. Upon stimulation by anti-
IgM, antigen exposure or LPS, B cells were hyper-
responsive. These two features were correlated with
increased basal and induced NF-kB activation. This
dysregulation may result in constitutive CD21/CD23
expression, bypassing the normal requirement of B-
cell-activating factor BAFF, an essential survival
factor for B cells [33].

T cells from cyld —/— exhibited hyperresponsiveness
to TCR stimulation. They were hyperproliferative and
synthesized much more interferon y (IFN-y) than
wild-type T cells after exposure to anti-CD3/CD28
antibodies. A constitutive activation of NF-xB and
JNK was observed in both naive and memory cyld —/—
T cells. Interestingly, TAK1 was constitutively ubig-
uitinated and activated in these cells. An interaction
between CYLD and TAK1 was demonstrated, sug-
gesting that this kinase may also be a target of CYLD
deubiquitinase activity. The T cell dysfunction ob-
served in cyld —/— mice resulted in autoimmune
symptoms and colonic inflammation with features of
human inflammatory bowel disease [34].

Cyld —/— mice also expressed fewer peripheral T cells
than wild-type mice, due to a defect in double-positive
to single-positive transition [32]. This may result from
abnormal TCR signaling in the thymocyte at the level
of lymphoid-restricted non-receptor tyrosine kinase
(Lck)/Zeta chain-associated protein kinase of 70 kD
(ZAP70) interaction. This interaction, which is neg-
atively regulated by c-Cbl-dependent ubiquitination
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of Lck, appears to be under CYLD control. By binding
to activated Lck, CYLD would counteract the effect
of c-Cbl and favor the phosphorylation and activation
of ZAP70 by this kinase.

Perturbation in NF-«B signaling was also observed in
another cyld KO mouse strain [35]. Splenic cyld —/— B
and T cells treated with anti-IgM or anti-CD40 and
anti-CD3, respectively, exhibited elevated NF-xB
stimulation. In addition, cyld —/— macrophages dis-
played receptor-specific enhancement of NF-kB and
JNK activation resulting in increased cytokine pro-
duction. In this latter cell type, basal TRAF2 ubiq-
uitination appeared increased, confirming the in vivo
targeting of this E3 by CYLD.

CYLD participation in pathogen-induced inflamma-
tion, through NF-xB regulation, has been demon-
strated by Lim et al. [36]. In this study, middle ear and
lung inflammation caused by exposure to non-type-
able H. influenzae was analyzed in cyld —/— mice. An
enhanced inflammation process, associated with leu-
kocyte infiltration and pro-inflammatory cytokine
synthesis, was observed. The perturbed signaling
pathway was identified as Toll-like receptor 2
(TLR2)/myeloid differentiation primary response
gene 88 (MyDS88)/TRAF6/TRAF7/NF-xB, CYLD
acting as a negative regulator of TRAF6 and
TRAF7 ubiquitination.

An effect of CYLD on another signaling pathway, the
p38 MAPK pathway, has also been uncovered through
the analysis of the same cyld KO [37]. In this case, the
authors tried to define the factors responsible for
acute lung injury (ALI) and lethality following S.
pneumoniae infection. In this system, MKK3/p38-
dependent expression of plaminogen activator inhib-
itor-1 (PAI-1) was shown to protect the mice from S.
pneumoniae-induced ALI. Remarkably, cyld —/—
mice were completely protected against S. prneumo-
niae exposure and exhibited hyperactivation of p38
and PAI-1. Since pneumolysin, the virulent factor of S.
pneumoniae, is recognized by TLR-4, a membrane
receptor controlling various signaling pathway
through TRAF®6, including the p38 pathway, this E3
may be the target of CYLD in this specific case [38].

CYLD functions in tumorigenesis

With respect to tumor suppressor function of CYLD
and tumorigenesis, two studies have been published
showing that cyld invalidation impacts upon cell
proliferation and transformation. When cyld KO
mice described above [35] were treated by azoxy-
methane/dextran sulfate sodium, a combination of a
DNA-alkylating agent with an inflammation-inducing
product, chronic colonic inflammation was observed
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associated with increased tumor induction. Most of
the mice did not survive the treatment after develop-
ping broad-based adenocarcinoma in the colon.
Although not directly demonstrated, this tumorigen-
esis process may result from enhanced NF-kB activity,
since inflammation observed in this setting has been
shown to be TLR dependent [39], a pathway activat-
ing NF-«xB, and to be associated with up-regulation of
cyclo-oxygenase 2 (COX-2) and inducible nitric oxide
synthase (iNOS), two genes under NF-«xB control.

In another study, the role played by CYLD in the
epidermis was more specifically addressed with the
hope of gaining insights into the cellular and molec-
ular abnormalities characterizing human pathologies
caused by CYLD mutations (see above) [40]. Cyld —/
— mice did not exhibit abnormalities of the epidermis
and did not spontaneously develop any tumors.
Nevertheless, after treating their skin with 7,12-
dimethylbenz(a)anthracene and 12-O-tetradecanoyl-
phorbol-13 acetate, which provide tumor initiation
and promotion, respectively, they developed papillo-
mas with increased frequency, number and size, as
compared to wild type mice. Moreover, TPA-induced
proliferation of cyld —/— primary keratinocytes was
increased. This may be due to higher induction of
cyclin D1 expression, caused by NF-kB up-regulation.
Interestingly, such NF-kB activation has been shown
to be triggered by nuclear accumulation of Bcl3, a
known co-activator of p50 and p52 subunits, suggest-
ing that, in this setting, CYLD indirectly, rather than
directly, influences NF-xB transcriptional activity
[40]. Indeed, K63-linked polyubiquitination of Bcl3
may regulate its shuttling between the cytoplasm and
the nucleus and would be under CYLD control. Bcl3
deubiquitination by CYLD may require a direct
interaction between the two proteins.

Conditional KOs of cyld

Importantly, the various phenotype modifications
reported above were all observed with mice lacking
CYLD protein expression, owing to their normal
viability. In contrast, when mice were engineered to
conditionally produce a catalytically inactive version
of CYLD, they died at birth, despite exhibiting no
major morphological abnormalities [41,42]. Although
the cause of death is still unknown, this demonstrates
that the absence of CYLD in mice can be somehow
compensated by another DUB, possibly A20 that also
negatively regulates NF-kB signaling [43], to control a
vital function whose nature will be interesting to
determine.

This function does not appear to require TRAF2 or
NEMO binding, suggesting that it may not be NF-xB
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related. Indeed, a mouse strain (cyld“”®) expressing,
after Cre-driven deletion, a CYLD protein lacking the
amino acid sequence encoded by exons 7 and 8, which
encompasses the binding sites for both TRAF2 and
NEMO, survived normally when housed under a
pathogen-free environment [44]. In contrast, B cell
homeostasis was shown to be severely perturbed in
cyld®™”® mice. In particular, a dramatic accumulation
of mature B lymphocytes in all secondary lymphoid
organs was observed. This accumulation was a con-
sequence of increased survival, maybe through Bcl2
up-regulation, rather than increased proliferation. It
was shown to be B cell intrinsic through the crossing
with mice expressing Cre under CD19 control. At the
molecular level, expression of CYLD®”® in B cells
resulted in the accumulation of TRAF2, TRAF3, p100
and RelB proteins, suggesting a dysregulation of the
non-canonical NF-kB signaling that may explain Bcl2
up-regulation. Importantly, the same study also
showed that the deleted protein synthesized by the
cyld*” mutant mouse is naturally produced by alter-
native splicing in wild-type animals, suggesting that
this shorter version of CYLD, called sCYLD, per-
forms some specific regulatory function in vivo.

CYLD functions in Drosophila

As discussed above, CYLD is an evolutionary con-
served protein which has an ortholog, dCYLD, in the
fly Drosophila melanogaster. Interestingly, a pathway
similar to the mammalian NF-xB pathway, the imd
pathway, also exists in this organism and plays a
critical role in innate immune defense [45]. A recent
study has analyzed the function of dCYLD and tested
the consequence of its loss on fly immunity [46]. It has
been demonstrated that dCYLD was able to interact
with kenny, the fly homolog of NEMO. In addition,
expression of the antimicrobial peptide diptericin
following infection with bacteria appeared defective
in a mutant fly strain exhibiting a deletion of dCYLD,
resulting in increased lethality. More unexpectedly,
the same strain displayed abnormal fat body mor-
phology in the adult, accumulation of triglycerides and
increased resistance to food starvation. An analogous
participation of CYLD in the regulation of fat storage/
metabolism remains to be demonstrated in mammals.
An independent study revealed additional functions
of dCYLD in vivo [47]. Flies with dCYLD deletion
(dCYLD —/—) exhibited a shortened lifespan, which
was associated with impaired oxidative stress toler-
ance. Importantly, oxidative stress tolerance in D.
melanogaster has been shown to be controled by
Basket (Bsk), the fly ortholog of INK. Overexpression
of Bsk in dCYLD —/— rescued both lifespan and
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oxydative stress resistance defects, suggesting a role of
dCYLD in the Drosophila INK pathway. This role was
further demonstrated by showing participation of
dCYLD catalytic activity in Eiger (Egr)-induced cell
death. Egr, a TNF-related protein, induces cell death
in the developping Drosophila eye by interacting with
itsreceptor Wengen (Wgn) and activating dTAK1, the
kinase regulating Bsk, through dTRAF2, a TRAF6
ortholog. In dCYLD —/— flies, Egr-induced apoptosis
was impaired, indicating an unexpected positive role
of dCYLD in JNK activation. In the Egr pathway,
dCYLD would stabilize dTRAF2 by diminishing its
ubiquitination-dependent degradation, suggesting
that CYLD, or at least dCYLD, may also control
some proteasome-dependent events.

Other putative targets and functions of CYLD

Studies summarized in the previous section have
confirmed the role played by CYLD in controlling the
activation of NF-kB and MAPK signaling pathways.
They have also suggested that this DUB may regulate
the ubiquitination state of proteins such as Lck and
Bcl3. The extent to which CYLD may impact upon
global K63-linked polyubiquitination in the cell
remains unknown, but recent publications indicate
that its targets are likely to be more numerous than
originally suspected.

First, CYLD may regulate the trafficking and activity
of cell surface receptors. A study aimed at defining the
molecular events triggered by nerve growth factor
(NGF) after binding to its receptor, tropomyosin-
related kinase A (TrkA), has revealed that Trk A was a
substrate for TRAF6-dependent ubiquitination and
that this modification was required for receptor
internalization and signaling [48]. Moreover, since
K63-linked polyubiquitination was detected, the au-
thors looked for a putative participation of CYLD and
found that this enzyme was indeed able to deubiqui-
tinate Trk A and to inhibit its internalization.

CYLD may also target components of the cell cycle
machinery. Two whole-scale searches for proteins
controlling the cell cycle, through the use of sShRNA
libraries, have identified CYLD as a positive regulator
of entry into mitosis [49, 50]. This effect was inde-
pendent of the NF-kB signaling pathway and ap-
peared to involve binding to polo-like kinase-1 (Plk-
1), which is degraded as cells exit from mitosis, thereby
helping to reset the cell cycle from the mitotic to the
G1 state [51]. Importantly, the catalytic activity of
CYLD was shown to be necessary for restoring entry
into mitosis, although the targeted ubiquitination
event(s) was (were) not identified.

Review Article 1129

Concluding remarks

The wide range of processes that are controlled by
degradative and non-degradative ubiquitination
needs to be tightly regulated. One class of proteins
that directly participates in this fine-tuning is the DUB
family of enzymes. Unfortunately, very little is still
known regarding their specific targets, the precise
kind of ubiquitination they recognize and the way they
are themselves regulated. CYLD provides one of the
first examples of the prominent role that DUBs play in
vivo and demonstrates, through the genetic diseases
that result from its mutations, how their deregulation
may have devastating effects.

One of the main targets of CYLD is likely to be the
NF-«B signaling pathway which regulates diverse key
physiological processes. Remarkably, activation of
NF-«xB heavily depends on ubiquitination, both deg-
radative (the degradation of the IkB inhibitor) and
non-degradative (the activation of IKK). CYLD
appears to negatively regulate this latter type of
ubiquitination and, most likely, helps keep in check an
activation pathway that, upon up-regulation, ends up
with disturbed immune response/autoimmunity,
chronic inflammation or tumor development. It
remains, nevertheless, important to understand fully
how CYLD exactly operates. For example, although
CYLD is itself a target gene of NF-«B it is unlikely to
act posttranscriptionally since CYLD protein is al-
ready present in cells before stimulation. Therefore, it
will be crucial to determine whether the catalytic and/
or binding activity of CYLD is regulated and, if it is,
how it is turned on and off upon cell stimulation.
Moreover, defining whether CYLD represents a
general negative regulator of NF-kB activation or
only controls a subset of pathways that activate this
transcription factor remains another important issue,
especially considering the very restricted phenotype
associated with cylindromatosis. Nevertheless, given
the other putative functions of CYLD, the hypothesis
that cylindroma development is solely caused by NF-
kB dysregulation needs to be carefully re-evaluated.
In particular, a defective JNK signaling pathway or
perturbed mitosis entry may also contribute to the
tumorigenesis process, although in the latter case,
CYLD lack-of-function mutations should stop cell
proliferation rather than enhance it.

Understanding how CYLD mutations impact on
cylindroma formation should benefit from the analysis
of mice modeling the disease. Unfortunately, the
complete KO of cyld in the mouse does not result in
spontaneous tumor development. Moreover, when
the skin is treated with pro-carcinogenic agents,
tumors that occur do not resemble cylindromas. This
may indicate that mice are either unable to develop a
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‘cylindromatosis-like’ pathology, due to differences
between their skin and human skin, or will only
develop it after invalidation in the adequate cell type/
compartment. Conditional cyld KO mice may there-
fore be instrumental in solving this question.

Finally, it will be crucial to determine whether the
tumor suppressive effect of CYLD is operant in cell
types or tissues distinct from those affected in
cylindromatosis or MT. A disparate collection of
studies suggests that this may indeed be the case. For
example, an analysis of various classes of tumors
originating from skin adnexa, including apocrine
hydrocystomas, eccrine spiradenomas and sebaceous
adenoma, have identified LOH at the CYLD locus
[52]. CYLD expression has also been shown to be
down-regulated in liver, kidney and uterus tumors
[53-55]. In addition, reintroduction of BRG1-asso-
ciated factor of 57 kDa (BAF57), a subunit of hNSWI/
SNF chromatin-remodeling complexes, in the trans-
formed breast cancer cell line BT549, down-regulated
its proliferation and induced its apoptosis. Among the
transcriptional targets of BAF57 was CYLD, which
was able by itself to induce BT549 apoptosis and
appeared to be required for BAF57-induced cell death
[56]. Last, but not least, two independent studies
aimed at analyzing genetic alterations affecting com-
ponents of the NF-kB pathway in multiple myeloma
(MM) have identified on several occasions CYLD
inactivation, through deletion or mutation [57, 58].
This observation is in accordance with a report
claiming that LOH at the CYLD locus may be a
useful criterion in determining clinal outcome in MM
[59].

In conclusion, a growing body of evidence suggests
that CYLD deubiquitinase represents a new kind of
tumor suppressor that acts not only by negatively
regulating the NF-kB activation pathway but also
controls other processes that may impact upon cell
proliferation and survival, all events sharing a require-
ment for K63-linked polyubiquitination. Deciphering
the various functions of CYLD will be challenging but
should help for a full understanding of how its
dysregulation results in inflammation and tumori-
genesis, consequently suggesting new therapeutic
avenues to treat CYLD-associated pathologies.

1 Hershko A. and Ciechanover A.(1998) The ubiquitin system.
Annu. Rev. Biochem. 67, 425-479.

2 Pickart C. M. and Eddins M. J. (2004) Ubiquitin : structures,
functions, mechanisms. Biochim. Biophys. Acta 1695, 55-72.

3 Liu Y.-C. Liu, Penninger J. and Karin M. (2005) Immunity by
ubiquitylation : a reversal process of modification. Nat.Rev.
Immunol. 5, 941-952.

4 Nijman S. M. B., Luna-Vargas M. P. A., Velds A., Brummel-
kamp T. R., Dirac A. M. G., Sixma T. K. and Bernards R.
(2005) A genomic and functional inventory of deubiquitinating
enzymes. Cell 123, 773-786.

10

11

12

13

14

15

16

17

18

19

20

21

22

23

Tumor suppressor CYLD

Bignell G. R., Warren W., Seal S., Takahashi M., Rapley E.,
Barfoot R., Green H., Brown C., Biggs P. J., Lakhani S. R.,
Jones C., Hansen J., Hofmann B., Siebert R., Evans D. G.,
Schrander-Stumpel C., Beemer F. A., van Den Ouweland A.,
Halley D., Delpech B., Cleveland M. G., Leigh I., Leisti J. and
Rasmussen S. (2000) Identification of the familial cylindroma-
tosis tumour-suppressor gene. Nat Genet. 25, 160—165.

Biggs P.J.,Wooster R., Ford D., Chapman P., Mangion J.,
Quirk Y., Easton D.F., Burn J. and Stratton M. R. (1995)
Familial cylindromatosis (turban tumour syndrome) gene
localised to chromosome 16q12-q13: evidence for its role as a
tumour suppressor gene. Nat. Genet. 11, 441-443.

Payne S. R. and Kemp C. J. (2005) Tumor suppressor genetics.
Carcinogenesis 26, 2031-2045.

Riehemann, K. and Sorg, C. (1993) Sequence homologies
between four cytoskeleton-associated proteins. Trends Bio-
chem. Sci. 18, 82-83.

Courtois G. and Gilmore T. D. (2006) Mutations in the NF-xB
signaling pathway : implications for human disease. Oncogene
25, 6831-6843.

Almeida S., Maillard C., Itin, P., Hohl D. and Huber M. (in
press) Novel CYLD mutations in skin appendage tumors:
aspartic acid 681 is essential for CYLD deubiquitinase activity.
J. Invest. Dermatol.

Zheng G., Hu L., Huang W., Chen K., Zhang X., Yang S., Sun
J.,Jiang Y., Luo G. and Kong X. (2004) CYLD mutation causes
multiple familial trichoepithelioma in three Chinese families.
Hum. Mutat. 23, 400.

Zhang X. J., Liang Y. H., He P. P, Yang S., Wang H. Y., Chen
J.J.,, Yuan W.T., Xu S.J., Cui Y. and Huang W. (2004)
Identification of the cylindromatosis tumor-suppressor gene
responsible for multiple familial trichoepithelioma. J. Invest.
Dermatol. 122, 658 -664.

Salhi A., Bornholdt D., Oeffner F., Malik S., Heid E., Happle
R. and Grzeschik K. H. (2004) Multiple familial trichoepithe-
lioma caused by mutations in the cylindromatosis tumor
suppressor gene. Cancer Res. 64, 5113-5117.

Zuo Y.-G., Xu Y., Wang B., Liu Y.-H., Qu T., Fang K. and Ho
M. G. (2007) A novel mutation of CYLD in a Chinese family
with multiple trichoepithelioma and no CYLD protein ex-
pression in the tumour tissue. Br. J. Dermatol. 157, 818-821.
Espana A., Garcia-Amigot F., Aguado L. and Garcia-Foncillas
J. (2007) A novel missense mutation in the CYLD gene in a
Spanish family with multiple familial trichoepithelioma. Arch.
Dermatol. 143, 1209-1210.

Poblete Gutierrez P., Eggermann T., Holler D., Jugert F. K.,
Beermann T., Grussendorf-Conen E. 1., Zerres K., Merk H. F.
and Frank J. (2002) Phenotype diversity in familial cylindro-
matosis: a frameshift mutation in the tumor suppressor gene
CYLD underlies different tumors of skin appendages. J. Invest.
Dermatol. 119, 527-531.

Karin M. and Ben-Neriah Y. (2000) Phosphorylation meets
ubiquitination: the control of NF-kB activity. Ann. Rev.
Immunol. 18, 621-663.

Hayden M. S. and Ghosh S. (2004) Signaling to NF-kB. Genes
Dev. 18,2195-2224.

Pomerantz J. L., Baltimore D. (2002) Two pathways to NF-kB.
Mol. Cell 10, 693-695.

Deng L., Wang C., Spencer E., Braun A., You J., Slaughter C.,
Pickart C. and Chen Z. J. (2000) Activation of the IxB kinase
complex by TRAF6 requires a dimeric ubiquitin-conjugating
enzyme complex and a unique polyubiquitin chain. Cell 103,
351-361.

Wang C., Deng L., Hong M., Akkaraju G. R., Inoue J. and
Chen Z.J. (2001) TAK1 is a ubiquitin-dependent kinase of
MKK and IKK. Nature 412, 346-351.

Sebban H., Yamaoka S. and Courtois G. (2006) Posttransla-
tional modifications of NEMO and its partners in NF-xB
signaling. Trends Cell Biol. 16, 569-577.

Brummelkamp T. R., Nijman S. M., Dirac A. M. and Bernards
R. (2003) Loss of the cylindromatosis tumour suppressor
inhibits apoptosis by activating NF-xB. Nature 424, 797-801.



Cell. Mol. Life Sci.

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

Vol. 65, 2008

Kovalenko A., Chable-Bessia C., Cantarella G., Israél A.,
Wallach D. and Courtois G. (2003) The tumour suppressor
CYLD negatively regulates NF-«B signalling by deubiquitina-
tion. Nature. 424, 801 -805.

Trompouki E., Hatzivassiliou E., Tsichritzis T., Farmer H.,
Ashworth A. and Mosialos G. (2003) CYLD is a deubiquiti-
nating enzyme that negatively regulates NF-xB activation by
TNFR family members. Nature 424, 793-796.

Saito K., Kigawa T., Koshiba S., Sato K., Matsuo Y., Sakamoto
A., Takagi T., Shirouzu M., Yabuki T., Nunokawa E., Seki E.,
Matsuda T., Aoki M., Miyata Y., Hirakawa N., Inoue M.,
Terada T., Nagase T., Kikuno R., Nakayama M., Ohara O.,
Tanaka A. and Yokoyama S. (2004) The CAP-Gly domain of
CYLD associates with the proline-rich sequence of NEMO/
IKKYy. Structure 12, 1719-1728.

Regamey A., Hohl D., Liu J. W., Roger T., Kogerman P,
Toftgard R. and Huber M. (2003) The tumor suppressor CYLD
interacts with TRIP and regulates negatively nuclear factor kB
activation by tumor necrosis factor. J. Exp. Med. 198, 1959-
1964.

Lee S. Y., Lee S.Y. and Choi Y. (1997) TRAF-interacting
protein (TRIP): a novel component of the tumor necrosis
factor receptor (TNFR)- and CD30-TRAF signaling com-
plexes that inhibits TRF2-mediated NF-«B activation. Mol.
Cell. Biol.185, 1275-1285.

Jono H., Lim J. H., Chen L.-F., Xu H., Trompouki E., Pan
Z.K., Mosialos G. and Li J. D. (2004) NF-xB is essential for
induction of CYLD, the negative regulator of NF-kB. J. Biol.
Chem. 279, 36171 -36174.

Reiley W., Zhang M., Wu X., Granger E. and Sun S.-C. (2005)
Regulation of the deubiquitinating enzyme CYLD by IkB
kinase <y-dependent phosphorylation. Mol. Cell. Biol. 25,
3886-3895.

Reiley W., Zhang M. and Sun S. C. (2004) Negative regulation
of JNK signaling by the tumor suppressor CYLD. J. Biol.
Chem. 279, 55161 -55167.

Reiley W. W., Zhang M., Jin W., Losiewicz M., Donohue K. B.,
Norbury C.C. and Sun S.C. (2006) Regulation of T cell
development by the deubiquitinating enzyme CYLD. Nat.
Immunol. 7, 411-417.

Jin W., Reiley W. R., Lee A. J., Wright A., Wu X., Zhang M.
and Sun S. C. (2007) Deubiquitinating enzyme CYLD regu-
lates the peripheral development and naive phenotype main-
tenance of B cells. J. Biol. Chem. 282, 15884 —-15893.

Reiley W. W., Jin W., Lee A.J., Wright A., Wu X., Tewalt
E.F., Leonard T. O., Norbury C. C., Fitzpatrick L., Zhang M.
and Sun S. C. (2007) Deubiquitinating enzyme CYLD neg-
atively regulates the ubiquitin-dependent kinase Takl and
prevents abnormal T cell responses. J. Exp. Med. 204, 1475-
1485.

Zhang J., Stirling B., Temmerman S. T., Ma C. A., Fuss L. .,
Derry J. M. J. and Jain A. (2006) Impaired regulation of NF-xB
and increased susceptibility to colitis-associated tumorigenesis
in CYLD-deficient mice. J. Clin. Invest. 116, 3042—3049.

Lim J. H., Jono H., Koga T., Woo C. H., Ishinaga H., Bourne
P, Xu H., Ha U.H.,, Xu H. and Li J. D. (2007) Tumor
suppressor CYLD acts as a negative regulator for non-typeable
haemophilus influenza-induced inflammation in the middle ear
and lung of mice. PLoS ONE 2, e1032.

Lim J. H., Stirling B., Derry J., Koga T., Jono H., Woo C.-H.,
Xu H., Bourne P., Ha U. H., Ishinaga H., Xu H., Andalibi A.,
Feng X. H., Zhu H., Huang Y., Zhang W., Weng X., Yan C.,
Yin Z., Briles D. E., Davis R. J., Flavell R. A. and Li J. D.
(2007) Tumor suppressor CYLD regulates acute lung injury in
lethal Streptococcus pneumoniae infections. Immunity 27,349 —
360.

Srivastana A., Henneke P., Visintin A., Morse S. C., Martin V.,
Watkins C., Paton J. C., Wessels M. R., Golenbock D. T. and
Malley R. (2005) The apoptotic response to pneumolysin is
toll-like receptor 4 dependent and protects against pneumo-
coccal disease. Infect. Immun. 73, 6479-6487.

39

40

41

4

43

44

45

46

47

48

49

50

51

52

53

54

55

Review Article 1131

Rakoff-Nahoum S., Paglino J., Eslami-Varzaneh F., Edberg S.
and Medzhitov R. (2004) Recognition of commensal micro-
flora by toll-like receptors is required for intestinal homeo-
stasis. Cell 118, 229-241.

Massoumi R., Chmielarska K., Hennecke K., Pfeifer A. and
Féssler R. (2006) Cyld inhibits tumor cell proliferation by
blocking Bcl3-dependent NF-«xB signaling. Cell 125, 665-677.
Ermolaeva M., Sebban H., Courtois G. and Pasparakis M.
(2006) Early postnatal lethality in knock-in mice expressing a
truncated catalytically inactive form of CYLD (abstract). ‘NF-
kB: 20 Years on the Road from Biochemistry to Pathology’
Keystone Symposium.

Trompouki E., Kontoyiannis D. and Mosialos G. (2006)
Targeted inactivation of the cylindromatosis tumor suppressor
gene causes perinatal lethality in mice (Abstract) ‘NF-kB: 20
Years on the Road from Biochemistry to Pathology’ Keystone
Symposium.

Heyninck K., Beyaert R. (2006) A20 inhibits NF-kB activation
by dual ubiquitin-editing functions. Trends Biochem. Sci. 30,
1-4.

Hovelmeyer N., Wunderlich F. T., Massoumi R., Jakobsen
C. G., Song J., Worns M. A., Merkwirth C., Kovalenko A.,
Aumailley M., Strand D., Bruning J. C., Galle P. R., Wallach
D., Fassler R. and Waisman A. (2007) Regulation of B cell
homeostasis and activation by the tumor suppressor gene
CYLD. J. Exp. Med. 204, 2615-2627.

Lemaitre B. and Hoffman J. (2007) The host defense of
Drosophila melanogaster. Annu. Rev. Immunol. 25, 697-743.
Tsichritzis T., Gaentzsch P. C., Kosmidis S., Brown A.E.,
Skoulakis E. M., Ligoxygakis P. and Mosialos G. (2007) A
Drosophila ortholog of the human cylindromatosis tumor
suppressor gene regulates triglyceride content and antibacte-
rial defense. Development 134, 2605-2614.

Xue L., Igaki T., Kuranaga E., Kanda H., Miura M. and Xu T.
(2007) Tumor suppressor CYLD regulates JNK-induced cell
death in Drosophila. Dev. Cell 13, 446—454.

Geetha T., Jiang J. and Wooten M. W. (2005) Lysine 63
polyubiquitination of the nerve growth factor receptor TrkA
directs internalization and signaling. Mol. Cell 20, 301-312.
Moffat J., Grueneberg D. A., Yang X., Kim S. Y., Kloepfer
A. M. and Hinkl G. (2006) A lentiviral RNAi library for human
and mouse genes applied to an arrayed viral high-content
screen. Cell 124, 1283-1298.

Stegmeier F., Rape M., Draviam V., Nalepa G., Sowa M.,
McDonald R. 3rd, Li M.Z., Hannon G.J., Sorger P. K.,
Kirschner M. W., Harper J. W. and Elledge S.J. (2007)
Anaphase initiation is regulated by antagonistic ubiquitination
and deubiquitination activities. Nature 446, 876—891.
Stegmeier F., Sowa M. E., Nalepa G., Gygi S. P., Wade Harper
J. and Elledge S.J. (2007) The tumor suppressor CYLD
regulates entry into mitosis. Proc. Natl. Acad. Sci. USA 104,
8869-8874.

Leonard N., Chaggar R., Jones C., Takahashi M., Nikitopou-
lou A. and Lakhani S.R. (2001) Loss of heterozygosity at
cylindromatosis gene locus, CYLD, in sporadic skin adnexal
tumours. J. Clin. Pathol. 54, 689—-692.

Strobel P., Zettl A.,Ren Z., Starostik P., Riedmiller H., Storkel
S., Miiller-Hermelink H. K. and Marx A. (2002) Spiradenocy-
lindroma of the kidney: clinical and genetic findings suggesting
a role of somatic mutation of the CYLD gene in the onco-
genesis of an unusual renal neoplasm. Am. J. Surg. Pathol. 26,
119-124.

Hashimoto K., Mori N., Tamesa T., Okada T., Kawauchi S.,
Oga A., Furuya T., Tangoku A., Oka M. and Sasaki K. (2004)
Analysis of DNA copy number aberrations in hepatitis C virus-
associated hepatocellular carcinomas by conventional CGH
and array CGH. Mod. Pathol. 17, 617-622.

Hirai Y., Kawamata Y., Takeshima N., Furuta R., Kitagawa T,
Kawaguchi T., Hasumi K, Sugai S. and Noda T. (2004)
Conventional and array-based comparative genomic hybrid-
ization analyses of novel cell lines harboring HPV18 from



1132

56

57

G. Courtois

glassy carcinoma of the uterine cervix. Int. J. Oncol. 24, 977-
986.

Wang L., Baiocchi R. A., Pal S., Mosialos G., Caliguri M. and
Sif S. (2005) The BRG1- and hBRM-associated factor BAF57
induces apoptosis by stimulating expression of the cylindro-
matosis tumor suppressor gene. Mol. Cell. Biol. 25,7953—-7965.
Annunziata C. M., Davis R. E., Demchenko Y., Bellamy W.,
Gabrea A., Zhan F., Lenz G., Hanamura 1., Wright G., Xiao
W., Dave S., Hurt E. M., Tan B., Zhao H., Stephens O., Santra
M., Williams D. R., Dang L., Barlogie B., Shaughnessy J. D.
Jr,Kuehl W. M. and Staudt L. M. (2007) Frequent engagement
of the classical and alternative NF-«kB pathways by diverse
genetic abnormalities in multiple myeloma. Cancer Cell 12,
115-130.

58

59

Tumor suppressor CYLD

Keats J. J., Fonseca R., Chesi M., Schop R., Baker A., Chng
W.-J., Van Wier S., Tiedemann R., Shi C.X., Sebag M.,
Braggio E., Henry T., Zhu Y. X., Fogle H., Price-Troska T.,
Ahmann G., Mancini C., Brents L. A., Kumar S., Greipp P,
Dispenzieri A., Bryant B., Mulligan G., Bruhn L., Barrett M.,
Valdez R., Trent J., Stewart A. K., Carpten J. and Bergsagel
P. L. (2007) Promiscuous mutations activate the noncanonical
NF-xB pathway in multiple myeloma. Cancer Cell 12, 131-
144.

Jenner M. W., Leone P. E., Walker B. A., Ross F. M., Johnson
D. C. and Gonzalez D. (2007) Gene mapping and expression
analysis of 16q loss of heterozygosity identifies WWOX and
CYLD as being important in determining clinical outcome in
multiple myeloma. Blood 110, 3291-3300.

To access this journal online:
http://www.birkhauser.ch/CMLS



http://www.birkhauser.ch/CMLS

