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Abstract

Germline mutations in the cylindromatosis (CYLD) gene have been described in families with
cylindromas, trichoepitheliomas, and/or spiradenomas. Brooke-Spiegler syndrome (BSS) is the
autosomal dominant predisposition to skin appendageal neoplasms including cylindromas,
trichoepitheliomas, and/or spiradenomas. We review the clinical features, molecular genetics, and
the animal models of BSS. To date, a total of 51 CYLD mutations have been reported, occurring in
exons 9-20, in 73 families with diverse ethnic and racial backgrounds. Of 51 mutations, 86% are
expected to lead to truncated proteins. The seven missense mutations reported to date occur only
within the ubiquitin-specific protease (USP) domain of the CYLD protein and most are associated
exclusively with multiple familial trichoepithelioma. CYLD functions as a tumor suppressor gene.
CYLD encodes a deubiquitinating (DUB) enzyme that negatively regulates the NF-kappaB and c-
Jun N-terminal kinase pathways. CYLD DUB activity is highly specific for lysine 63 (K63)-linked
ubiquitin (Ub) chains but has been shown to act on K48-linked Ub chains as well. In 2008 the
CYLD USP domain was crystallized, revealing that the truncated Fingers subdomain confers
CYLD’s unique specificity for K63-linked ubiquitin chains. Recent work using animal models
revealed new roles for CYLD in immunity, lipid metabolism, spermatogenesis, osteoclastogenesis,
anti-microbial defense and inflammation.
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Introduction

Brooke-Spiegler syndrome [Online Mendelian Inheritance in Man (MIM# 605041) is an
autosomal dominantly inherited predisposition towards skin appendage tumors including
cylindromas, trichoepitheliomas, and/or spiradenomas. Familial cylindromatosis (MIM#
132700) and multiple familial trichoepithelioma (MIM# 601606) are allelic diseases with a
common genetic basis (Welch et al., 1968; Young et al., 2006; Oranje et al., 2008). Familial
cylindromatosis (FC) and multiple familial trichoepithelioma (MFT) represent the two ends
within the spectrum of Brooke-Spiegler syndrome but most families and patients fall
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somewhere in the middle. In this review, we use the term Brooke-Spiegler syndrome to
include classic form as well as FC and MFT.

In 1996, the familial cylindromatosis locus was mapped to chromosome 16q12-13 by
linkage analysis in two large families (Biggs et al., 1995) and later refined to a 1MB region
(Takahashi et al., 2000). Bignell et al. identified the susceptibility gene for familial
cylindromatosis (CYLD; MIM# 605018) by detecting germline mutations in 21 families and
somatic mutations in 6 cylindromas (Bignell et al., 2000). Subsequently, Zhang et al.
showed that families with multiple familial trichoepithelioma also had germline mutations in
CYLD (Zhang et al., 2004). The CYLD gene is 56 kb, spanning 20 exons with the first 3
exons untranslated (GenBank NM_015247) (Figure 1). CYLD has three major splice
variants. Exon 3 (in the 5° UTR) and exon 7 exhibit alternative splicing (Bignell et al.,
2000). To date, 49 unique CYLD mutations have been identified in 70 families.

The CYLD gene encodes the cylindromatosis protein (CYLD) (GenBank NP_056062), also
known as ubiquitin-specific-processing protease CYLD, and ubiquitin carboxyl-terminal
hydrolase CYLD. CYLD has 956 amino acids and a molecular weight of approximately 120
kDa. CYLD has moderate homology with proteins of the ubiquitin-specific protease class
and is highly conserved among vertebrates. CYLD is a deubiquitinating (DUB) enzyme that
removes ubiquitin chains from several proteins, notably the TNF-receptor associated factor
(TRAF) 2 and TRAF6, and the NF-«xB essential modulator (NEMO). Through removal of
ubiquitin (Ub), CYLD regulates cell signaling including NF-xB and c-Jun N-terminal kinase
(JNK) pathways. CYLD has a strong preference for activity at lysine 63 (K63)-linked Ub
chains (Komander et al., 2008) but has been shown to act on K48-linked polyubiquitin
chains as well (Reiley et al., 2006). K63-linked polyubiquitination affects protein
interactions by acting as a specific recognition sequence for other proteins (Haglund and
Dikic, 2005). CYLD is widely expressed and regulates a myriad of cell functions including
inflammation and cell proliferation.

Patients with Brooke-Spiegler syndrome characteristically present in late childhood to early
adulthood with cylindromas, trichoepitheliomas, and/or less commonly spiradenomas.
Patients may develop any or all of these tumors at any point in their lifetime and there is
variability of expression between and within families. Cylindromas and spiradenomas,
trichoepietheliomas are tumors of follicular-apocrine differentiation (Uede et al., 2004).
Cylindromas are slowly growing tumors that typically occur on the scalp and occasionally
on the face. They are histologically characterized by dermal nodules of epithelial cells
composed of large cells with abundant cytoplasm in the center and small basaloid cells in
the periphery, lined by thick, basement membrane-like material, and arranged in a
characteristic “jigsaw puzzle” pattern (Lian and Cockerell, 2005). Specifically, cylindromas
exhibit expression patterns of highly specific hair keratins (Massoumi et al., 2006a).
Trichoepitheliomas classically occur as small skin colored papules on the central face,
predominantly on the nose and/or nasolabial folds. They histologically consist of uniform
basaloid cells with peripheral palisades, arranged in variably sized nests or cribriform
patterns surrounded by dense stroma and fibroblasts arranged in bulbs (Alsaad et al., 2007).
Spiradenomas are purple to bluish nodules that are paroxysmally painful when symptomatic,
usually located on the trunk and extremities. Spiradenomas are nodular neoplastic nodules
composed of tumor nests of two main types of epithelial cells arranged in cords, which
exhibit tubular or alveolar differentiation (Obaidat et al., 2007). Frequently spiradenomas
are vascular and have glassy eosinophilic material in their interior. The tumor nests in
spiradenomas are larger and have rounded outlines in contrast with the smaller, more
angulated outlines seen in cylindromas (Michal et al., 1999). Some tumors, termed
spiradenocylindromas, or “hybrid tumors” have features of both cylindromas and
spiradenomas (Kazakov et al., 2008; Kazakov et al., 2005; Pizinger and Michal, 2000),
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which may suggest that both entities represent a continuous morphological and
differentiation spectrum of a single disease entity. There are several reports of spiradenomas
transforming into spiradenocarcinomas, and spiradenocarcinomas are likely more aggressive
in the setting of BSS. (Kazakov et al., 2009; Braun-Falco et al., 2003; Ishikawa et al., 2001;
Chou et al., 2004; Cooper et al., 1985; Engel et al., 1991).

CYLD Mutations

A review of the literature was performed to identify all of the known CYLD mutations. In
2000, Bignell reported CYLD mutations in 21 cylindromatosis families (Bignell et al., 2000).
To date, a total of 51 distinct germline CYLD mutations have been reported in 73 families
(Table 1, Figure 1). Mutations have been reported among patients with Chinese, Irish,
Spanish, German, Algerian, Turkish, and Japanese backgrounds though most reported
mutations are from the UK and USA. Of the 51 mutations, 41% (21) are frameshift, 35%
(18) are nonsense, 14% (7) are missense, and 10% (5) are putative splice site. Eighty-six
percent (44/51) of the mutations are predicted to result in truncated proteins. The seven
missense mutations reported occur within the ubiquitin-specific protease (USP) domain
(amino acids 583-956): p.G596D (Zuo et al., 2007), p.V654E (Kazakov et al. 2009),
p.D681G (Almeida et al., 2008) p.E747G (Hu et al., 2003; Saggar et al., 2008), p.G896A
(Espana et al., 2007), p.P904L (Lv et al., 2008), p.D941V (Zheng et al., 2004) (Figure 1).
CYLD mutations have been solely identified in the C-terminal two-thirds of the gene (exons
9-20) even though exons 4-8 are translated (Figure 1). The most 5° mutation (c.1096—
1097delCA) occurs in exon 9 and the most 3° mutation (¢.2822A>T) occurs in exon 20. A
possible explanation for the lack of reported mutations in exons 4-8 is avoidance of a
dominant-negative effect that may occur with more N-terminal truncation (Bignell et al.
2000). The most common sites for CYLD mutations are exons 16 and 17 (14% each)
followed by exons 18 and 10 (10% each) (Figure 1).

The most common reported mutation in CYLD is ¢.2806C>T (8 families) followed by c.
2272C>T (4 families), ¢.2305delA (3 families), c.2172delA (3 families) and ¢.1112C>A (3
families). The ethnic and racial heritage of these families has generally not been reported,
making it difficult to conjecture about potential founder effect. Haplotype analysis has been
reported in four families with two different CYLD mutations. Two families of unknown
background with the ¢.2469+1G>A mutation showed identical haplotype segregation
(Bignell et al., 2000). This is the only reported founder CYLD mutation reported to date. In
contrast, haplotype analysis of two families with ¢.2272C>T did not show a shared
haplotype, excluding a possible founder (Bignell et al., 2000).

Based on the 87 BSS families in whom CYLD mutation analysis was reported (Table 1), the
mutation detection rates were: 84% (73/87) for BSS overall, 88% (30/34) for familial
cylindromatosis, and 72% (18/25) for multiple familial trichoepitheliomas. In contrast,
previously reported CYLD mutation detection rates for familial cylindromatosis and multiple
familial trichoepithelioma were 100% (3/3) and 44% (4/9), respectively (Saggar et al.,
2008). The 13 families without CYLD mutations suggest possible genetic heterogeneity, as
does previous mapping of a familial trichoepithelioma locus to chromosome 9p21 (Harada
et al., 1996). However, the clinical and histologic differential diagnosis of multiple inherited
facial papules and nodules is complex and misdiagnosis is a possibility (Crotty et al., 2003).

Genotype-Phenotype correlation

Bowen et al. described a lack of correlation between CYLD mutations and a specific
phenotype in six individuals from unrelated families (3 BSS, 2 MFT, and 1 FC) (Bowen et
al., 2005). Five truncating mutations were identified without any differential clustering by
phenotype and one MFT family did not exhibit a CYLD mutation (Bowen et al., 2005).
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However, six individuals are not enough to detect a correlation. There is variability of
expression between and within families with the same mutation. Oiso et al. reported a family
of two patients with the ¢.2272C>T mutation who presented with 4 and 5 cylindromas less
than 3 cm in diameter, respectively (Oiso et al., 2004). In contrast, Zhang et al. reported a
patient with the same mutation but severely affected with hundreds of confluent cylindromas
(Zhang et al., 2006a). Marked phenotype diversity was found in a family with the c.
2252delG mutation in whom some affected family members presented only with small
tumors limited to the nasolabial region, others had mild scalp involvement; and one member
exhibited multiple large cylindromas on the trunk and a turban-tumor appearance (Poblete
Gutierrez et al., 2002).

We investigated whether six reported CYLD missense mutations were associated with a
specific phenotype since missense mutations are rare. We found that 4 of the 6 (67%)
missense mutations were reported exclusively in trichoepitheliomas families. Of the
remaining three mutations; one (p.D681G) occurred in a family with 3 affected members in
whom 11/12 tumors analyzed were trichoepitheliomas and one individual had a solitary
spiradenoma (Almeida et al., 2008). Another mutation (p.E747G) was reported in two
families. One family of Turkish descent had 13 individuals with multiple trichoepitheliomas
(Hu et al., 2003) including one individual with isolated papular cylindromas but no classic
turban tumors. It seems that missense mutations tend to be associated with
trichoepitheliomas and a milder phenotype. One additional missense was recently reported
without specific histological tumor description (Kazakov et al., 2009). Furthermore, only
25% (11/44) of the truncating CYLD mutations have been reported solely in multiple
familial trichoepithelioma and they are distributed exons 10, 11, 13, and 15-18. We did not
observe a particular clustering or distribution of CYLD mutations associated with multiple
familial trichoepithelioma. Interestingly, only 21% (8/39) of mutations reported outside of
China but 92% (11/12) CYLD mutations reported in Chinese/Taiwanese families were
exclusively associated with multiple familial trichoepithelioma. Ascertainment, diagnostic
and/or publication bias could account for this finding. The ethnic discrepancy could also be
due to inherent differences in skin type, modifier genes, and/or environmental factors.

CYLD Homologs and Structure

The Cyld protein is encoded by a single gene in the fruit fly Drosophila melanogaster
(FlyBase gene 1D:CG5603) and the worm Caenorhabditis elegans (F40F12.5;3K988). C.
elegans Cyld is transcribed into at least two different mMRNAs due to alternative splicing
(Bignell et al. 2000). Using Blast (http://blast.ncbi.nlm.nih.gov/Blast.cgi) (Altschul et al.,
1997), we found CYLD conservation is striking, with 94% identity between human and
mouse. The strongest homology occurs in the C-terminal half of the protein.

CYLD is a member of the ubiquitin-specific protease (USP) family of proteins. CYLD
contains three cytoskeleton-associated protein glycine-rich (CAP-GLY) domains and a USP
domain (Komander et al., 2008). The CAP-GLY domains are responsible for microtubule
binding and the USP domain for deubiquitinating activity (Gao et al., 2008; Komander et al.,
2008). CYLD is most known for its deubiquitination (DUB) function. Like all ubiquitin-
specific proteases (USPs), CYLD possesses a catalytic triad (Cysgo1, Hisg71, and Aspggg).
The cysteine and histidine amino acid residues are highly conserved amongst ubiquitin-
specific proteases. The catalytic triad of CYLD removes ubiquitin chains from different
substrates including BCL-3, TRAF2, TRAF6, NEMO, Lck, TRPAL and TRAF-7
(Kovalenko et al., 2003; Trompouki et al., 2003; Jono et al., 2004; Yoshida et al., 2005;
Massoumi et al., 2006b; Reiley et al., 2006).
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The catalytic core of the USP family was initially defined based on the crystal structure of
HAUSP/USP-7 (Hu et al. 2002). Subsequently, the crystal structures of USP2 (Renatus et
al., 2006), USP8 (Avvakumov et al., 2006), and USP14 (Hu et al., 2005) were determined,
further defining the catalytic core of USPs. Before the crystal structure of CYLD USP
domain was known, the USP domain of HAUSP/USP-7 was used to model the CYLD
mutation D681G (Almeida et al., 2008). The D681 residue is notable in that the homologous
residue in USP7 (D295) (NP_003461.2) forms a hydrogen bond with leu73 of Ub and
functional studies showed that the D681G mutant has diminished K63-linked DUB activity
(Almeida et al., 2008). The predicted effect of other CYLD missense mutations has not been
reported.

In 2008, Komander et al. determined and crystallized the CYLD USP domain (aa 583-956)
(Komander et al., 2008). The CYLD USP domain is organized in four subdomains (Palm,
Thumb, B box and truncated Fingers) (Figure 1). The Fingers sub domain is significantly
shorter than in other USPs and likely explains the internal hydrolysis of K63-linked
ubiquitin chains (Komander et al., 2008). The B box domain appears involved in
cytoplasmic localization. The residues surrounding the CYLD catalytic triad are highly
conserved among species but not among the family of ubiquitin-specific proteases
(Komander et al., 2008). CYLD mutants lacking the extreme C-terminal 20 amino acids
(937-956) are catalytically inactive (Trompouki et al., 2003).

Biological Relevance

Approximately 100 enzymes have been identified with DUB activity and CYLD is among
the best studied (Nijman et al., 2005; Courtois, 2008). Ubiquitination is a reversible process
by which the 76-amino-acid protein ubiquitin is covalently conjugated to a target protein.
Classically viewed as a protein turnover pathway, ubiquitination is recognized to modulate
protein activity with such diversity that the process has been compared to phosphorylation
(Sun, 2008). Ubiquitination is important in DNA repair, nuclear translocation, and
endocytosis (Haglund and Dikic, 2005). Given the important processes in which
ubiquitination is involved, dynamic control is necessary. The ubiquitin-protein linkage
occurs by an isopeptide bond between the target protein’s lysine residue and the C-terminal
residue of ubiquitin. Polyubiquitination is achievable because ubiquitin itself contains seven
lysine residues (K6, K11, K27, K29, K33, K48, and K63) that serve as anchors for
additional ubiquitin attachment. When polyubiquitin chains form through one of the internal
lysine residues, lysine 48 (K48), the target protein is directed to degradation via the
ubiquitin-proteosome pathway. CYLD DUB activity is highly specific for K63-linked chains
(Komander et al., 2008) but has been shown to act on K48-linked polyubiquitin chains as
well (Reiley et al., 2006). K63-linked polyubiquitination influences protein-protein
interactions and has clear roles in cell signaling (Song and Rape, 2008). Yet, CYLD has
been shown to modulate proteasomal degradation of some of its targets, a function
classically associated with regulation of ubiquitination on K48 (Xue et al., 2007).

CYLD Expression

In Drosophila, CYLD is expressed in the ovaries, genital tract, digestive tract, fat body, and
parts of the nervous system (Tsichritzis et al., 2007). CYLD is highly expressed in normal
human brain, testis, and skeletal muscle (Bignell et al., 2000). Similar expression occurs in
mice (Massoumi et al., 2006b). CYLD is enriched in immune cells of humans (Friedman et
al., 2008) and it is also expressed in the inner root sheath of normal human scalp hair
follicles (Massoumi et al., 2006a).

Regulatory roles for CYLD have been demonstrated in development, immunity, and
inflammation. CYLD regulates cell proliferation (Stegmeier et al., 2007), the cell cycle
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(Stegmeier et al., 2007), cell survival (Brummelkamp et al., 2003; Wright et al., 2007),
spermatogenesis (Wright et al., 2007), osteoclastogenesis (Jin et al., 2008), calcium channel
function (Stokes et al., 2006), anti-microbial defense and inflammation (Lim et al., 2007a;
Lim et al., 2007b; Lim et al., 2008a; Lim et al., 2008b), the development and activation of
immune cells (Reiley et al., 2006; Jin et al., 2007; Reiley et al., 2007), and cell migration via
microtubule assembly (Gao et al., 2008). Reviews of these CYLD roles and the associated
molecular mechanisms have been made elsewhere (Massoumi and Paus, 2007; Courtois,
2008; Sun, 2008).

CYLD negatively regulates NF-xB activation (Figure 2). NF-xB is a transcription factor that
prevents apoptosis in a variety of tissues under disparate conditions (Karin et al., 2002;
Perkins, 2007). The NF-«xB pathway is induced by a wide variety of stimuli including but
not limited to: tumor necrosis factor-a (TNF-a), IL-1, lipopolysaccharide (LPS), dsSRNA,
RANK, BAFF, and CD40. Regulation of the NF-xB pathway occurs through
downregulation of IKK, and deubiquitination is a key mechanism of IKK control (Hacker
and Karin 2006). CYLD has several putative direct targets in the NF-xB pathway including
NEMO, TRAF2, TAK1, and TRAF6 (Figure 2) (Brummelkamp et al., 2003; Kovalenko et
al., 2003; Trompouki et al., 2003; Reiley et al., 2007). NEMO binds CYLD and is
subsequently deubiquitinated (Brummelkamp et al., 2003). TRAF2 (Kovalenko et al., 2003)
and TAK1 (Reiley et al., 2007) have also been shown to interact with CYLD. The
interaction of CYLD with TRAF®6 is dependent upon a signal adaptor protein p62 and this
interaction drives DUB activity of CYLD (Wooten et al., 2008). The third CAP-GLY
domain of CYLD interacts with a proline-rich region of IKK, a function likely conferred by
the atypical resemblance of this CAP-GLY domain to an SH3 domain, which is known to
bind proline-rich sequences (Saito et al., 2004). It is notable that CYLD has shown
regulatory action of only the classical NF-xB pathway, not the alternative NIK pathway and
that all of the CYLD regulatory targets are at or above the level of IKK. Interestingly, CYLD
is a target gene of NF-xB, suggesting a negative feedback loop; when NF-xB is induced by
TNF-alpha and H. flu, CYLD is induced (Jono et al., 2004). CYLD is induced by TLR2 as a
component of an antiviral signaling response in which CYLD attenuates H. flu-induced
TLR7 activation (Sakai et al., 2007). Furthermore, CYLD is phosphorylated by IKK, and
this is required for downstream activity including TRAF2 deubiquitination (Reiley et al.,
2005). TRAF-interacting protein (TRIP), a protein that regulates NF-xB induced activation
by TNF, also binds CYLD (Regamey et al., 2003).

CYLD also modulates the INK pathway, which serves important roles in apoptotic/cell
survival regulation and proliferation (Figure 2). This regulation occurs in response to
stimulation by several cytokines (Reiley et al., 2004). CYLD modulation of JNK likely
occurs through CYLD-directed DUB of TRAF2, a requisite protein in the JINK pathway
(Xue et al., 2007). CYLD reduces the activity of MKK7/JINKK2, the MAPK that
phosphorylates JINK (Koga et al., 2008).

CYLD also inhibits the growth-promoting IRF3 signaling pathway by acting as a negative
regulator of RIG-I (a cytoplasmic RNA sensor) (Friedman et al., 2008; Zhang et al., 2008).
The mechanism is likely via CYLD deubiquitination of RIG-I and the IKK related kinases
IKKe/TBK1, kinases that phosphorylate IRF3. CYLD expression is reduced in the presence
of tumor necrosis factor and viral infection (Friedman et al., 2008).

In addition, CYLD localizes to microtubules in interphase, the midbody during telophase,
and decreases as the cell completes mitosis, supporting a cell-cycle regulatory function
(Stegmeier et al., 2007). PLK1 is a candidate target for CYLD regulation of mitotic entry.
Surprisingly CYLD downregulation delays the G2/M progression, implying a tumor-
promoting activity for CYLD (Stegmeier et al., 2007). CYLD interacts with microtubules,
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mainly through its first CAP-GLY domain (Gao et al., 2008). This interaction is critical for
wound healing cell migration, occurring through enhancement of tubulin polymerization
into microtubules.

Animal Models

Recently, Drosophila melanogaster has been used as an animal model to investigate the
function of CYLD in development and signaling pathways. Xue and co-workers identified in
vivo functions of CYLD by generating D. melanogaster CYLD (dCLYD) mutants and
transgenic flies expressing wild-type or mutant dCYLD proteins (Xue et al., 2007). dCYLD
mutants are normal at birth but have a shortened life span and impaired response to induced
oxidative stress. The phenotype was rescued with single copy dCYLD restoration. They
showed that dCYLD deubiquitinates dTRAF2, preventing degradation of dTRAF2 and that
dCYLD regulates TNF-induced JNK activation and cell death. In 2007, Tsichritzis and co-
workers showed that in dCYLD mutants adult flies have altered fat body morphology and
increased triglycerides levels (Tsichritzis et al., 2007). In addition, flies with reduced CYLD
expression were associated with susceptibility to bacterial infections. In conclusion, these
investigations showed that in Drosophila CYLD is a DUB which serves functions in
development, metabolism, and immunity (Xue et al., 2007; Tsichritzis et al., 2007)

Several Cyld knockout mouse models, deleting CYLD exons one (Reiley et al., 2006), 2 and
3 (Zhang et al., 2006), and 4 (Massoumi et al., 2006), have been generated to investigate the
phenotypic consequences as well as the CYLD physiological functions. Cyld 7~ mice are
normal at birth with unremarkable prenatal history (Zhang et al., 2006b;1216 Jin et al.,
2007; Massoumi et al., 2006). Cyld 7~ mice exhibit increasing lymphoid hyperplasia in
lymph nodes, spleen, lungs, and salivary glands with aging (Zhang et al., 2006b; Reiley et
al., 2006). Cyld 7~ mice develop colonic autoimmune symptoms and inflammation
analogous to human inflammatory bowel disease that has been attributed to T cell
dysfunction (Reiley et al., 2007). Yet, there are no reports of increased spontaneous
malignancy in Cyld ~~ mice. However, Cyld 7~ mice subjected to azoxymethane and
dextran sodium sulfate treatment, to induce colitis and colon tumors (Tanaka et al., 2003),
develop more colonic tumors than wild type mice (Zhang et al., 2006). Colon tumors from
Cyld ™~ mice have increased expression of iNOS and COX-2, both NF-kB regulated
products. Increased TRAF-2 ubiquitination and JNK activation were also observed in
Cyld~~ mice (Zhang et al., 2006). Cyld 7~ mice have no detectable abnormalities in naive
skin but are susceptible to chemically induced skin cancers (Massoumi,R., 2006). Cyld 7~
mice treated with topical application of TPA and DMBA developed increased frequency,
number, and size of skin papillomas compared to wild-type mice. Primary keratinocytes
from Cyld 7~ mice had increased proliferation in response to TPA. Skin tumors from
Cyld ™~ mice had increased activation of Bcl-3 and downstream expression of cyclin D1.

Reiley and co-workers generated Cyld 7~ mice by homologous recombination in stem cells
(Reiley et al., 2006). They showed that CYLD regulates TCR signaling in thymocytes. T-
cells from Cyld 7~ mice fail to transition from CD4+/CD8+ cells to single positive lineage
and hyperproliferate following exposure to anti-CD3/CD28 antibodies. CYLD functions as a
positive regulator of proximal TCR signaling by promoting recruitment of active LCK to its
substrate Zap70 (Reiley et al., 2006). Subsequently, the same group showed that Cyld 7~
mice have spontaneous activation of B cells as well as hyperresponsiveness to anti-IgM,
LPS, or antigen exposure (Jin et al., 2007). Through the breeding process in the original
study (Reiley et al., 2006) it was observed that Cyld~/~ male mice were sterile, as they failed
to produce offspring when mated with wild-type females. Further studies showed that loss of
CYLD in testicular cells leads to aberrant germ cell apoptosis and impaired spermatogenesis

Hum Mutat. Author manuscript; available in PMC 2011 December 20.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Blake and Toro

Page 8

(Wright et al., 2007). This study suggests that CYLD plays an essential role controlling the
RIP1/NF-xB signaling axis in testis.

In 2008, Jin and co-workers showed that Cyld 7~ mice have severe osteoporosis with
abnormal osteoclast differentiation and activity (Jin et al., 2008). Ex-vivo Cyld 7~ osteoclast
precursors are hyperresponsive to RANKL-induced differentiation. Through interaction with
the adaptor p62, CYLD is recruited to TRAF6 and inhibits TRAF6 ubiquitination-linked
events (Jin et al., 2008). In conclusion, CYLD regulates osteoclastogenesis in mice by
negative regulation of RANK signaling.

Lim and colleagues found that Cyld~ mice inoculated with intratracheal Streptococcal
pneumoniae lysate or pneumolysin (PLY) had decreased acute lung injury, mitigated
microvascular leakage, hypothermia, and mortality compared to wild type mice (Lim et al.,
2007a). They showed that CYLD is induced by PLY and negatively regulates MKK-p38 and
its downstream products including plasminogen activator inhibitor-1. Conversely, Cyld =~
mice had a detrimental inflammatory response to nontypeable H. influenzae (Lim et al.,
2007b). CYLD reduces inflammation via a deubiquitination-dependent inhibition of
TRAF6/7. Lung tissue from Cyld 7~ mice had increased TLR2 mRNA upregulation
following S. pneumoniae inoculation (Lim et al., 2008). PLY appears to be the major
virulence factor. CYLD acts as a negative regulator of S. pneumoniae-induced TLR2 up-
regulation via negative-crosstalk with NF-kB signaling. A subsequent study showed that
Cyld ™~ mice were hypersusceptible to E. coli pneumonia and had an enhanced innate
immune response to E. coli (Lim et al., 2008). Cyld 7~ cells exhibited enhanced NF-kB
activation upon E. coli inoculation, and the enhanced NF-«kB activation by E. coli was
abolished by perturbing IKK signaling. Furthermore, inhibition of IKK rescued Cyld 7~
mice from lethal infection during E. coli pneumonia and reduced inflammation. Taken
together, these data showed that CYLD acts as a crucial negative regulator for E. coli
pneumonia through negative regulation of NF-«xB.

CYLD in Health and Disease

Familial cylindromatosis and multiple familial trichoepithelioma are variants of a single
disease entity: Brooke-Spiegler syndrome. There is variable phenotypic expression among
and within families and patients (Bowen et al., 2005; Zhang et al., 2006a). Penetrance is
quite high at increasing age. Overall, studies have reported a female predominance (van
Balkom and Hennekam, 1994), which may be due to reduced penetrance in males (Anderson
and Howel,l 1976). It is of interest that other benign adnexal tumors such as multiple
syringomas have been reported in patients with Brooke-Spiegler syndrome (Uede et al.,
2004). In these patients malignant transformation into cylindrocarcinoma has been reported
and 9/15 cylindrocarcinomas that were reported in one analysis metastasized (Gerretsen et
al., 1993) (Durani et al., 2001; Pizinger and Michal, 2000). Similarly, spiradenoma-like
tumor degeneration into carcinoma or sarcoma has been reported in Brooke-Spiegler
syndrome patients (Kazakov et al., 2009) (De Francesco et al., 2005) and in sporadic
spiradenomas (Braun-Falco et al., 2003) (Kazakov et al., 2009). In addition, malignant
transformation of trichoepitheliomas into BCC has been reported in Brooke-Spiegler
syndrome patients (Lee et al., 2008) Pariser, 1986; Ayhan et al., 2001; Johnson and Bennett,
1993; Pincus et al., 2008). Conclusions may be presumptuous given that BCC is a common
cancer (Lee et al., 2005). However, Pincus et al. reported a patient in which multiple BCCs
originated exclusively within the field of his multiple trichoepitheliomas with
histopathologic sections showing TE and BCC in direct continuity, supporting
transformation of trichoepitheliomas to BCC (Pincus et al., 2008).
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Several lines of evidence consistently support that CYLD functions as a tumor-suppressor
gene. Almost 90% of the tumor-predisposing germline mutations in CYLD are truncating
mutations. LOH of the wild-type allele at the CYLD locus (chromosome 16q12-13) is
frequent in cylindromas and TE and some tumors without LOH have somatic mutations of
CYLD (Biggs et al., 1996; Thomson et al., 1999; Bignell et al., 2000; Leonard et al., 2001).
Other skin appendageal tumors such as hidrocystomas, eccrine spiradenomas, and sebaceous
adenoma also have LOH at chromosome 16q12-13 (Leonard et al., 2001). Decreased CYLD
expression has been shown in cylindromas by immunohistochemistry (Massoumi et al.,
2006a).

Increasing evidence supports that Brooke-Spiegler syndrome is associated with salivary
gland tumors, specifically basal cell monomorphic adenomas (Antonescu and Terzakis,
1997; Baican et al., 1998; Jungehulsing et al., 1999; Kakagia et al., 2004; Bowen et al.,
2005; Saggar et al., 2008). Given multiple reports of the association it is suggested that
patients with Brooke-Spiegler syndrome be examined for salivary gland tumors (Baican et
al., 1998). Further research is needed to evaluate the risk of salivary gland tumors in these
patients. Furthermore, LOH at chromosome 16q12-13 was found in 80% of salivary gland
basal cell monomorphic adenomas (Choi et al., 2002). CYLD negatively regulates NF-xB
signaling in human salivary gland tumor cell lines and CYLD expression is inversely
correlated with NF-xB activity in salivary gland tumors, though not associated with tumor
stage (Fukuda et al., 2008). These studies support that CYLD may play a role in the
pathogenesis of salivary gland tumors.

Loss of CYLD has been implicated in solid tumors of the colon and liver (Hellerbrand et al.,
2007), kidney (Strobel et al., 2002), cervix (Hirai et al., 2004), prostate (Kikuno et al.,
2008), and lung (Zhong et al., 2007). Colon and hepatocellular cancer (HCC) cell lines show
downregulation or loss of CYLD. CYLD transfection into HCC revealed that CYLD
expression decreases NF-xB activity (Hellerbrand et al., 2007). Comparative genome
hybridization (CGH) array revealed that over 30% of hepatitis-C associated HCC have
decreased CYLD (Hashimoto et al., 2004). HCC cells treated with tumor necrosis factor-
related apoptosis-inducing ligand (TRAIL) resisted apoptosis through induction of the NF-
kB pathway and vector-driven expression of CYLD in HCC cells induced rapid apoptosis
(Chu et al., 2006).

A genome-wide gene expression microarray found CYLD to be downregulated in
inflammatory bowel disease, a finding confirmed with RT-PCR (Costello et al., 2005). The
phytoestrogen genistein appears to decrease NF-«B activity in prostate cancer cells in part
through demethylation and acetylation of the CYLD promoter (Kikuno et al., 2008). CYLD is
epigenetically silenced in some non-small cell lung cancers (NSCLC) (Zhong et al., 2007).
CYLD has been identified as inactivated by either mutation or deletion in multiple myeloma
(MM) (Annunziata et al., 2007; Keats et al., 2007) and CYLD inactivation has been reported
as negative predictor of survival in MM (Jenner et al., 2007). The mechanism by which
CYLD appears to regulate tumorigenesis most often involves the NF-xB pathway
(Massoumi et al., 2006b; Zhang et al., 2006b; Courtois, 2008), but other pathways have been
implicated (Stegmeier, et al. 2007).

Genetic testing is useful in families because CYLD mutation detection rate is relatively high
overall (84%), especially in familial cylindromatosis (88—-100%) (Saggar et al., 2008). In
contrast, the mutation detection rate for multiple familial trichoepitheliomas is lower (44—
72%) (Saggar et al., 2008); this may be due to genetic heterogeneity. To date, all germline
CYLD mutations reported have been identified by direct sequencing. Therefore, it is still
possible that large deletions, insertions, or complex rearrangements may account for those
mutations undetectable by direct sequencing. Over 75% of Brooke-Spiegler syndrome
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families have CYLD mutation in exons 16—-20 and so it is recommended these sites be
evaluated first in probands.

Prenatal diagnosis for pregnancies of Brooke-Spiegler syndrome families may be a useful
endeavor in families with identified CYLD mutations in a parent or sibling. In these cases, a
prenatal test showing no mutation in CYLD predicts that the offspring will not be affected
due to a CYLD mutation. Options for prenatal diagnosis include chorionic villus sampling
(CVS), amniocentesis, or preimplantation genetic diagnosis (PGD). CVS is performed
between gestational weeks 10-13 and amniocentesis between weeks 15-18. Prenatal
diagnosis may be of interest to families, especially those with family history of a severe
phenotype. To our knowledge, there are no reports describing prenatal diagnosis in Brooke-
Spiegler syndrome. CYLD mutation carriers should be informed that Brooke-Spiegler
syndrome is highly penetrant for skin appendageal tumors though age of onset ranges from
childhood to late adulthood. Early identification of mutations and management of skin
appendageal tumors provides an opportunity to potentially minimize disfigurement or detect
malignant lesions.

Future Directions

In less than a decade, our understanding of CYLD has evolved from its initial recognition as
an uncharacterized protein encoded by a gene implicated in familial cylindromatosis to a
multifunctional deubiquitinating enzyme involved in a diverse range of major cellular
pathways including NF-kB, and JNK, critical in cell regulation. The important
multifunctional roles of CYLD are contrasted with the relatively benign and specific
phenotype characteristic of Brooke-Spiegler syndrome when the CYLD is mutated in
humans. This paradox may reflect that either other clinical features have not been fully
unmasked in Brooke-Spiegler syndrome or that other compensating pathways are activated
when CYLD is deficient.

Germline mutations in the CYLD tumor-suppressor gene predispose individuals with
Brooke-Spiegler syndrome to the development of tumors whose features recapitulate the
morphogenesis of the folliculo-sebaceous-apocrine unit (Uede et al., 2004). Brooke-Spiegler
syndrome-associated skin tumors derive from a single pluripotent follicular stem cell. How
mutations in CYLD lead to the clinical phenotype is currently unknown. We hypothesize that
CYLD may play a critical role in the stem cell folliculo-apocrine differentiation. Patients
with Brooke-Spiegler syndrome have a CYLD germline mutation or “first hit” in every cell
including both mesenchymal and the epithelial cells of the folliculo-sebaceous-apocrine unit.
It has been shown that up to 70% of cylindromas have LOH (Bignell et al., 2000) supporting
that CYLD functions as a tumor-suppressor gene. The developmental time point (embryonic
vs postnatal) and the cell type (pluripotent vs. mesenchymal vs. follicular epithelial) in
which the “second hit” occurs could explain in part the development of the variety of
tumors. Furthermore, secondary epigenetic events downstream can lead to inappropriate
activation of signaling pathways that regulate differentiation. A related and alternative
explanation is that CYLD can alter normal mesenchymal-epithelial interactions. The
mesenchymal-epithelial interaction entails a complex communication that includes cell
surface receptors, cell adhesion molecules, extracellular matrix products, and secreted
chemical messengers that can regulate cell proliferation, apoptosis, and differentiation.
Furthermore, different mesenchymal-epithelial interactions may occur at different anatomic
locations, explaining also in part the anatomic preference of these tumors. It is possible that
modifier genes or environmental factors may also play a role. Identification of the signaling
molecules and pathways in developing and postnatal hair follicles is therefore vital to our
understanding of pathogenic states in the skin in patients with Brooke-Spiegler syndrome.

Hum Mutat. Author manuscript; available in PMC 2011 December 20.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Blake and Toro

Page 11

Moreover, given that CYLD is expressed in many tissues other than skin, it is surprising that
CYLD deficiency manifests with a striking predilection for skin appendageal tumors. Future
investigations of the mechanism(s) by which CYLD dysfunction leads to susceptibility for a
variety of tumors may provide clues to the pathogenesis of adnexal tumors and other tumors
associated with Brooke-Spiegler syndrome. Study of known CYLD targets such as TRAFs,
NEMO, and BCL3 and their role in normal skin biology as well as in appendageal tumors
may provide novel insights. Conversely, investigations of skin appendageal tumors may
elucidate the mechanisms by which CYLD regulates tumorigenesis.

Furthermore, CYLD also serves as a potential link between two unique but related
processes: inflammation and carcinogenesis. Present knowledge of the pathways that
regulate CYLD is scant and identification of positive and negative regulators of CYLD
could be of intense value, since they could be potentially novel anti-inflammatory or anti-
neoplastic agents. Further investigations of the efficacy of salicylates (NK-kB antagonists)
(Oosterkamp et al. 2006) as well as other existing anti-inflammatory therapies such as the
TNF-alpha antagonists (Fisher and Geronemus, 2006;) in the treatment of adnexal tumors
are warranted.
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scale; C, CYLD protein domains, drawn to scale; D, CYLD USP subdomains, drawn to
scale; E, reported CYLD missense mutations. Figure based on the published GenBank

sequence NM_015247.2
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Figure 2. CYLD in cell signaling

Model of how CYLD regulates different signaling pathways regulating survival,
proliferation and inflammation in different cell types through deubiquitination. Dotted
arrows denote multistep or incomplete pathways. CYLD and its known binding partners are
in white font. Targets activated by CYLD are in green. Key targets for CYLD include
removal of K63-linked Ub from TRAF2 and TRAF6, proteins that form a complex for NF-
kB signaling. CYLD also deubiquitinates RIP1, a protein that associates with TRAF2.
Deubiquitination of TRAF2 inhibits MKK7 activation and downstream JNK signaling.
Deubiquitination of TRAF2, TRAF6, TRAF7 and TAK1 inhibit downstream dissociation of
IKK from NF-kB and NF-KB signaling. In addition, deubiquitination of TRAF6 also
inhibits downstream activation of RANK signaling and internalization of the TRKA
receptor. CYLD interaction with TRAF6 requires the adaptor protein p62. In response to
dsRNA, RIG-I is activated. CYLD DUB of RIG-I and TBK1 inhibits downstream activation
of IRF3 signaling. RIG-1 is a known activator of NF-kB as well. CYLD deubiquitination of
BCL3 prevents its translocation from the cytoplasm to the nucleus in response to UV light.
Nuclear BCL-3 activates cyclinD1 and promotes cell proliferation. CYLD also activates
cyclinD1, possibly through PLK1. CYLD associates with the calcium channel, TRPA1, and
maintains its activation by removing ubiquitin.
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Page 23

Blake and Toro
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TZ Uoxa se panodal >__mc_m__ov_
uoleINW SIY} YIM Saljiwey) ¢ paniodal Emmcm—
UoREINW SIY} YHM Saljiwey z pauiodal __mcm_m__

uoneINW SIY} Y)Mm saljiwe) z pariodal _mmmmmc

voIEINW SI) LM Saljie) Z paroda [jaubig

/T UOXa Se payiodal \A__m:_m:oh

TT UOX3 Se panodal >__mc_m__om

6 UOXa se paniodas >__c:_mtoc

GT UOX3 Se payiodal >__mc_mtoo
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