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Abstract

The conserved cylindromatosis (CYLD) codes for a deubiquitinating enzyme and is a crucial
regulator of diverse cellular processes such as immune responses, inflammation, death, and
proliferation. It directly regulates multiple key signaling cascades, such as the Nuclear Factor
kappa B [NF-kB] and the Mitogen-Activated Protein Kinase (MAPK) pathways, by its catalytic
activity on polyubiquitinated key intermediates. Several lines of emerging evidence have linked
CYLD to the pathogenesis of various maladies, including cancer, poor infection control, lung
fibrosis, neural development, and now cardiovascular dysfunction. While CYLD-mediated
signaling is cell type and stimuli specific, the activity of CYLD is tightly controlled by
phosphorylation and other regulators such as Snail. This review explores a broad selection of
current and past literature regarding CYLD’s expression, function and regulation with emerging
reports on its role in cardiovascular disease.
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1. INTRODUCTION
1.1. CYLD

The cylindromatosis gene CYLD is a cornerstone of the inflammatory response and is a
critical regulator, via control over NF-kB-mediated inflammation, of many cellular
processes. Much research into CYLD’s function and mechanics has been reported in the
literature, but there is a lack of knowledge in the role of CYLD in the cardiovascular system.
Since recent developments in the body of evidence for a CYLD/cardiovascular interaction
have opened up a new frontier of CYLD research, this review will present a broad slice of
current knowledge (form, function, regulation) and then examine the newest data that
potentially links CYLD to cardiovascular disease, along with some speculation as to the
mechanisms by which this link occurs.
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1.2. Brief History

The cylidromatosis gene CYLD’s existence and location on chromosome 16¢q12-13 were
first elucidated in 1995 by Biggs and colleagues, exploring CYLD’s role in skin
cylidromatosis tumors [1]. In 1999, Thomson and colleagues followed with more detail on
CYLD’s genetic association with the cylindromatosis tumors. A landmark report in 2000 by
Bignell and colleagues established CYLD’s coding region by exploring the genomic
mutations in multiple cases of the tumors [2]. This paper also reported three Cap-Gly
domains in CYLD. Other studies explored cases of CYLD mutation in 21 families afflicted
with cylindromatosis and found that truncation of the functional Cap-Gly domains was
present [3]. After sparking interest, a spate of papers were published in rapid succession
exploring the role of CYLD in the regulation of the NF-kB pathway [4-7]. Once the
importance of CYLD in NF-kB signaling was confirmed, Saito and colleagues used nuclear
magnetic resonance and computer fit modeling to discover that a specific Cap-Gly domain
(aa470-684) in CYLD binds with the proline-enriched portion of NEMO, providing
evidence of direct interaction [8]. Exploration then continued with the thought of CYLD as
being a tumor suppressor and inflammatory control factor, especially in the skin [9, 10]. As
more pathogen responses and developmental aspects of cellular biology began to be linked
to inflammation, CYLD’s role as a master regulator of NF-kB-induced inflammation came
into the forefront as a factor that could switch off NF-kB and prevent tissue damage that
leads to necrosis, cancer and loss of cell proliferation [11-13]. From 2009, many reports
detailing specific instances in diverse tissue types (such as lungs, immune cells, breast tissue
and bone) where CYLD loss of function is deleterious have been published [14-22]. From
the first discovery of NF-kB regulation by deubiquitination to key roles in immune response
and cell maintenance to recent studies in cellular necrosis, CYLD is proving to be important
in controlling critical cellular pathways. Accordingly, it is not surprising that CYLD has
been implicated in the pathogenesis of several maladies including cardiovascular disease.

2. CYLD OVERVIEW

2.1. Structure, Catalytic Function, Location, and Regulation of CYLD Deubiquitinase

CYLD is a gene of 60 kb in length on Chromosome 16¢12.1 in humans (Genecards.org). It
encodes for a thioesterase enzyme that is 956 amino acids in length and contains three Cap-
Gly domains for interaction with targets such as NEMO in the NF-kB pathway [8, 14]. It is
capable of cleaving ester sulfhydryl groups and also contains a C-terminal USP catalytic
domain that acts on specific lysine residues in ubiquitin [23]. Furthermore, a triumvirate of
Cys601, His871, and Asp889 in the al helical subdomain of CYLD effects a nucleophilic
attack on the K63 of ubiquitin [23]. This region was resolved to 2.8A.

CYLD is found primarily in the cytoplasm and per-inuclear spaces of multiple cell types.
Array data based on RNA transcript abundance at Genecards.org indicates that CYLD is
found in low levels in a large percentage of somatic cells, with immune cells expressing
more of it [24]. Unlike other deubiquitinases such as A20, CYLD is constitutively
expressed, albeit at a low basal level [25, 26]. Regulation of both CYLD transcription and
translation is highly variable, with multiple mechanisms available, including direct
phosphorylation by kinases, treatment with allosteric caspase inhibitors like zZVAD,

Curr Drug Targets. Author manuscript; available in PMC 2016 January 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Mathis et al.

Page 3

protealytic cleavage, external serum receptor transduction and subsequent modification via
kinases [such as SRF to MAPK and CaMKII pathways], control by other transcription
factors and gene interactions, and direct binding by miRNAs [27-37]. (Fig. 2A) Reactive
oxygen species [ROS] caused by serum starvation or ROS-generating chemicals like
meniadone were shown to negatively regulate transcription of CYLD and other cell
regulatory genes in a HepG2 hepatocyte cell line while serum levels regulate CYLD through
the action of MAPK [30, 38]. A review by Sun extensively details CYLD structure, function
and known regulation [39].

Evidence of regulation of CYLD expression by pharmacological agents is scarce in the
literature, but it may be possible to indirectly regulate CYLD levels by agents that act on
regulatory factors for CYLD, such as Serum Response Factor [SRF] or kinase inhibitors.
Clinical disease due to a lack of CYLD function resulting in cylindromatosis can be
modulated by agents known to downregulate inflammation, such as aspirin [4]. Levels of
CYLD may be indirectly increased by allosteric inhibition of caspase 8 (which cleaves
CYLD) by zVAD-FMK [40].

Multiple mutations of CYLD are possible, with mutations in the catalytic domain causing an
ablation of deubiquitinating activity [14, 15]. Medical literature contains no current reports
on clinical mutations that overexpress CYLD.

2.2. Ubiquitination as a Key Process in Cellular Homeostasis

Ubiquitin was first characterized by Ciehanover and colleagues in 1978, and its interaction
with the proteasome was elucidated in 1990 by Driscoll and Goldberg. It is a 76-amino acid
small protein that is controlled primarily by 3 classes of ubiquitin-related enzymes: E1
ubiquitin-activators, E2 ubiquitin-conjugators, and E3 ubiquitin ligases [41-44]. Ubiquitin
has a C-terminal end that can attach to these enzymes and, on the N terminus, 7 lysine (K)
which can attach to proteins and which control the effect of the ubiquitin on the proteins K6,
11, 27, 29, 33, 48, and 63 [41, 45, 46]. The location and number of ubiquitin is critical, as
they will signal for different outcomes. For example, K48 monoubiquitination is a signal for
proteasomal degradation, while K63 polylinkages are used in signal transduction pathways
[23, 47, 48]. Exhaustive and extensive reviews are available for every aspect of
ubiquitination, with recent research attempting to elucidate the roles of lesser studied lysine
chain links such as K11, which seems to be involved in cell cycle regulation, K29 which
seems to form a foundation for further K48 linkages, and linear linkages via LUBAC, which
bear similarity to K63 polyubiquitin chains, but do not bind similarly to NEMO and can
promote proteasomal degradation [49, 50]. As its name suggests, ubiquitin is found
everywhere in multiple cell types, including immune cells, hepatocytes, skeletal muscle and
even vascular smooth muscle cells (VSMCs) [51, 52]. Ubiquitination has even been linked
with nitric oxide production through the ubiquitin binding domain of the GTP cyclohydrase
GTPCHYL1, which catalyzes the rate limiting step of tetrahydrobopterin (BH4), the key
component in Nitric Oxide Synthase’s manufacture of nitric oxide [53]. This indirect control
of vascular tone by ubiquitin regulation is yet another example of the importance of
ubiquitin in every somatic system. Thus, it is clear that with such a large number of possible
combinations of lysine linkages, dozens of E2 and E3 enzymes to provide specificity and a
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proteasomal system that can discriminate between linkage types, the process of
ubiquitination is a critical part of cellular homeostasis and reactivity to the extracellular
environment. Given the importance of the process of appending ubiquitins, it stands to
reason that the process of ubiquitin removal would act as a key regulator of cellular
homeostasis, a role that CYLD fills.

2.3. Prominent Diseases Featuring CYLD

The most prominent disease caused by a functional deletion or inherited mutation of CYLD
is cylindromatosis. These benign tumors grow profusely from the sweat glands around the
head, face and neck. Known as Brooke-Spiegler syndrome, the phenotypic manifestation of
hereditary cylindroma was mentioned in the clinical literature as far back as 1982, with the
first English language journal paper being published 9 years later [54, 55]. There is also
some evidence that CYLD is responsible for Paget’s disease of the bones, which is marked
by fragility due to affected osteoclast differentiation [16].

Neuroscientific studies have indicated that CYLD accumulates in the postsynaptic density
(PSD) and is thought to be involved in removing K-63 from PSD proteins, preventing their
autophagic regulation [56]. This accumulation and lack of recycling may cause
neurodegeneration [56]. CaM-KII (calmodulin-dependent protein kinase I1) mediates this
recruitment of CYLD in the brain [31].

Cancer seems to be the overwhelming disease mediated by a lack of CYLD enzymatic
activity. This is deemed to be due to CYLD’s role in checking inflammation which has been
demonstrated in many types of cancer [17, 18, 34, 35, 57-60]. Since NF-kB-mediated
inflammation is widely known to cause the generation of tissue damaging reactive oxygen
species, inflammatory cytokine cascades and recruitment of immune cells (which release
factors like granzymes and superoxides), it is logical that CYLD’s ability to cut off NF-kB
activation would limit subsequent damage. For an in depth look at NF-kB and its myriad
targets, regulation and pathways affected, an excellent review by Hayden is recommended
[61].

3. CYLD FUNCTION
3.1. CYLD and NF-kB: The Chief Pathway

CYLD’s main role in the cell is to regulate the TNFR-mediated activation of NF-kB (Fig. 1).
NF-kB is kept under constant suppression by IkB until it is phosphorylated by IKK (which
contains catalytic subunits named IKKa and IKKp) [46]. The IKK protein has a catalytic
subunit named IKKy (a.k.a, NEMO), which is polyubiquitinated in a K63-linked fashion to
signal it to phosphorylate 1kB, which then releases p50 and p65 to translocate to the nucleus
where they upregulate transcription of inflammatory factors [7, 46]. CYLD can
deubiquitinate NEMO, preventing it from causing phosphorylation of IkB, thereby killing
the signal [4, 8, 62, 63]. For a more detailed treatment of this process, a review by Harhaj
and Dixit is recommended [46]. Since NF-kB is a transcription factor that controls so many
other aspects of cellular homeostasis (apoptosis, inflammation, growth, etc.), regulation by
CYLD on NF-kB becomes an important mediator for the immune system, development, and
cell death.
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B. CYLD in Immune System Regulation and Response to Infectious Diseases (Fig. 2B)

CYLD plays a critical role in the regulation of immune cell maintenance and differentiation.
CYLD can regulate recruitment of Lck to Zap70 to control T cell development and NF-kB
suppression by CYLD prevents errant B cell activation [62, 63]. T cell regulation by CYLD
is extensively reported in the literature, with PKC 6/B activation from the T cell receptor
opposing the negative regulation of activation by CYLD [64]. Additionally, splice variants
of CYLD (CYLD 7/8, aka “short” CYLD, where a deletion of exons 7 and 8 affect catalytic
action) have been shown to result in an increase in FoxP3+ T regulatory cells that lack
suppressive capacity [65]. This splice variant lacks binding sites for NEMO and TRAF2
removing the variant’s ability to regulate the NF-kB-mediated activation of B cells [66].
CYLD is assisted in regulatory activities by the action of a de-SUMOylator called SNEPS6,
which removes the Small Ubiquitin-like Modifier SUMO-2/3 on NEMO so that CYLD can
deubiquitinate it [67]. This allows for transduction of the TLR signal in septic infection and
subsequent activation of the immune system. It has also been reported that even dendritic
cells, professional Antigen Presenting Cells (APCs) which are descended from monocytes or
bone marrow, are controlled by CYLD. A report showed that murine primary cells with a
non-catalytic CYLD isoform (CYLD 7/8) increased allogenic T cell stimulation and had no
toleragenic activity, while treatment of these cells with the NF-kB inhibitor dexamethasone
restored toleragenic activity [68]. CYLD can thus be said to reach almost every cell in the
immune system. This extends the CYLD paradigm into the tight control of immune cells by
regulating their inflammatory cascades and modes of action.

CYLD has also been shown to extensively regulate the response to pathogens by modulating
the inflammatory cascade in immune cells. For example, CYLD has been proven to
negatively regulate TLR2 by TRAF6 and TRAF7 and an antiviral response in an H.
influenza co-infection model [11, 69]. In E. coli-induced pneumonia, CYLD has been shown
to negatively regulate the immune response by blocking PAMP (Pathogen Associated
Molecular Pattern)-induced NF-kB activation [21]. The PAMP-mediated pathway is readily
verified in CYLD’s negative regulation of lung and ear inflammation in H. influenza in mice
[22]. The net result of this negative regulation is increased tissue damage in the lungs by
hindering the immune system’s control of the pathogens. However, CYLD can also inhibit
S pneumonia-induced lung damage by reducing expression of pneumolysin-induced PAI-1,
which is dependent on MKK3-p38 kinase activation [20]. This seemingly contradictory
information indicates that CYLD has a dual role in infection response by the immune
system, with the degree of CYLD’s action determining whether or not an immune activating
inflammation threshold is reached. Loss of CYLD function in mice causes extensive fibrosis
of the lungs after S. pneumoniae infection [19]. This was discovered to be due to CYLD’s
inhibition of TGFp signaling via deubiquitination of Smad3. CYLD can inhibit
ubiquitination of the RIG1 cytoplasmic viral RNA sensor and also downregulate antiviral
Interferon production by controlling IKK activation [69]. This downregulates inflammation
and, thusly, activation of the immune system. This is in addition to indications that NF-B,
which enhances HIV Long Terminal Repeat transcription by NF-KB/NFAT sites that flank
the LTR, is able to drive transcription of viral LTRs when CYLD action was removed in T
cell lines, indicating that at least some viral strategies include control of NF-kB and CYLD
may be the key to stopping the hijacking of NF-kB in these cases [70]. CYLD impairs
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production of fibrin in Listeria infection in mice by inhibiting NF-kB-mediated activation of
IL-6 production and IL-6s activation of the STAT3 pathway that leads to fibrosis [71].
Since fibrosis in L. monocytogenes infection is considered to be protective, this is yet
another instance of CYLD’s negative regulation of the immune system causing harm by
blocking necessary inflammation that provokes a protective response. Taken together, while
the immune response itself is intimately controlled by CYLD, there are other factors (such
as cytokine milieu and presence or absence of T regulatory cells) that eventually determine
whether or not the inflammation is detrimental (tissue damage, edema, etc.) or beneficial
(proper immune response to control the infection or injury).

3.3. Cancer and Other Diseases Resulting from CYLD Misregulation

The TNFR-mediated NF-kB pathway is responsible for a myriad of maladies that stem from
inflammation-induced tissue damage and errant immune activation which result in the
release of reactive oxygen species and tissue damaging components (e.g., granzymes).
CYLD is best known as a major negative regulator of this pathway. There are several
excellent reviews that detail the involvement of CYLD with NF-kB activation, including an
extensive review by Chen on NF-kB and IKK [46, 72, 73]. After initial details of the
negative regulation of NF-kB by CYLD emerged, it was found that TRAF3, TRAF5 and
TRAF6 do not interact with CYLD but a TRAF-interacting protein (TRIP) does [7, 12]. This
shows that, although CYLD is a keystone of NF-kB regulation, alternate mechanisms exist
to suppress inflammation and that indirect and alternate regulation could be important
factors in TNFR signaling. From this information, multiple mechanisms of inflammation
affected by regulation of CYLD are possible. Proteasomal inhibitors can accumulate CYLD
and impair RANKL-induced NF-kB expression in an osteoclast-like cell line [74]. Our lab
has found that CYLD may play a key role in IgA-induced nephropathy via regulating
inflammation that damages nephrons [75]. STAT3, the Signal Transducer and Activator of
Transcription, can activate micro RNAs miR-21 and miR-181b-1, suppressing CYLD
transcription and causing a transformation to cancer cells via NF-kB-mediated inflammation
in MCF10A cells [60]. Upregulation may also have an effect, as CYLD has been shown to
prevent apoptotic resistance in two liver cancer cell lines by downregulating NF-kB [76]. In
mice, Takl (an MLK family kinase important in response to IL-1 that helps activate NF-kB)
can be effectively regulated by a complex of CYLD and the Itch E3 Ligase [77, 78].
Overexpression of CYLD in lung cancer cell lines increases the action of TRAIL by NF-kB
inhibition, thus promoting apoptosis [79]. Regulation of CYLD can be achieved by
suppressive regulatory factors such as the phosphodiesterase PDE4B (which regulates
CYLD by activating INK2 but not INK1). For example, inhibiting PDE4B in an HMEEC
cell line caused an upregulation of CYLD and a concomitant reduction in inflammation [80].
When considered as a whole, the most important aspect of CYLD is the regulation of
inflammation, regardless of initial cause. By linking multiple pathways of activation and
response to the hub of inflammation, CYLD acts not only as an oncogene, but also a master
regulator of critical pathways that result in diverse cellular effects.

3.4. CYLD in Cellular Proliferation, Signaling, and Development (Fig. 2C)

CYLD, while being a master regulator of inflammation, has also been found to play a major
role in cellular development and proliferation. Initially, investigations were focused on the
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role of CYLD in immune cell development as previously discussed [62, 63]. However, it
was soon discovered that CYLD had far reaching regulatory effects in multiple cellular
pathways. CYLD can act upon PIk1 (Polo-Like Kinase 1) to regulate HeLa cell entry into
mitosis [81]. This is notable because PIk1 is a key stabilizer of kinetochore and microtubule
formation [82]. CYLD can also regulate micro-tubule development in Hela and CV1 cells
by direct interaction with tubulin via its Cap-Gly domains [83]. Angiogenesis is regulated by
CYLD modulation of the migration of vascular endothelial cells, which is microtubule
dependent [84]. Mitatic spindle formation is a critical step in the cell cycle and CEP192
(Centrosomal Protein of 192kD) interacts directly with CYLD to form the mitotic spindle,
further bolstering the proof of CYLD’s regulatory role in cell division [85]. Collectively,
this evidence strongly suggests that CYLD has a direct influence on the formation of
microtubules, which can then affect migration and cellular division. Additional evidence has
also shown CYLD involvement in the regulation of RhoA, JNK and Akt, which are key
modulators of proliferation [86-88]. RhoA, in particular, was found to be controlled by
CYLD through action on LARG (Leukemia Associate RhoGEF) [86]. Basal cell carcinoma,
one of the most common cancers in humans, was shown to downregulate CYLD transcript
by the action of the Snail transcription factor, which is in turn activated by the Kruppel zinc
finger gene GLI1 [32, 35]. This downregulation affected the keratinocyte cancer cells by
increasing their proliferation, which could no longer be controlled by CYLD. It was
demonstrated that Notch downstream element Hes-1(Hairy and Enhancer of Split-1) could
repress CYLD expression to increase NF-kB activity in mouse primary cell T Acute
Lymphoblastic Leukemia [36, 89]. Repression of CYLD expression in this case helps
maintain the disease. Knockout of CYLD in tumor cells can prevent K63-linked
deubiquitination of Dvl [Dishevelled], which enhances Wnt/p-catenin signaling [90]. Since
the Wnt/B-catenin pathway strongly regulates proliferation, it is logical that CYLD exerts
strong pressure on Dvl, thereby regulating cell proliferation in a direct manner [91]. Dvl, as
a master proliferation gene, also acts as a keystone for spindle formation. CYLD-mediated
deubiquitination of Dvl can regulate spindle formation by both stabilization of microtubules
[using the aforementioned Cap-Gly domains] and by promoting a dynactin complex
formation with Dishevelled and NuMA [Nuclear Mitotic Apparatus protein] [88].
Apparently, Dishevelled binding to its dynaction-NuMA complex becomes more favorable
after deubiquitination, indicating yet another critical cellular pathway regulated by CYLD.
Eversince the discovery of ubiquitin’s ability to act as both a proteasomal marker and a
signaling transduction facilitator, its role in multiple pathways has been extensively
catalogued [25, 47, 49, 73, 92, 93]. Since K63-linked ubiquitination is an important
transducer of cellular signaling, it then logically follows that the removal of ubiquitin also
affects signal pathways. In view of the evidence presented, it is not surprising to find that
CYLD also functions as a fundamental regulator of eukaryotic cell development [93].

3.5. CYLD in Necrosis (Fig. 2C)

It is important to include the regulation of cellular death in CYLD’s list of actions. Although
necrosis was the classic term in medical literature for cellular death, as far back as 1972 the
concept of a differential cell death was known to exist [94]. It was later found that certain
environmental changes or exposures could induce this type of death, with starved cells or
irradiated cells undergoing a type of death dubbed “apoptosis” [95, 96]. This type of cell
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death is thought to serve as both protective and necessary in physiological development by
safely disposing of damaged or superfluous cells although it can be detrimental as a
component of aging or injury in the brain and other tissues [97-99]. Necrosis, on the other
hand, is considered to be highly inflammatory and undesirable in all cases. CYLD plays a
strong role in activation of necrosis. This leads to the question as to how the cell chooses to
undergo an apoptotic or necrotic death, which has grave implications in the prognosis of
cancer and developmental disorders. Scrutiny of CYLD’s mode of necrotic regulation gives
valuable insight on possible targeting therapies to induce preferential apoptotic death by
controlling CYLD transcription or translation.

Necrosis is a tightly regulated process. Upon activation of the TNFa receptor, RIPK1, a
signaling kinase, is ubiquitinated and activated to interact with IKK proteins in the NF-kB
pathway (as discussed previously). CYLD can deubiquitinate RIPK1, freeing it to be
phosphorylated and complex with RIPK3 (Complex I1b) to form the necrosome [100-104].
Conversely, TNFR signaling associated with TRADD and TRAF, along with properly
ubiquitinated RIPK1 and IAP (Inhibitor of Apoptosis Proteins) form a complex called
“complex 1” that moves forward to NF-kB activation and protection from cell death [105,
106]. The critical step in the formation of the functional necrosome is thought to be CYLD-
mediated deubiquitination of RIPK1. The necrosome itself is an NP-40 insoluble protein
aggregate that shreds the cell membrane, but other intracellular effects such as depletion of
ATP (due to repair enzymes using up the available pool) or loss of mitochondrial membrane
potential also occur [101, 102, 107]. Unlike apoptosis, where the death can be considered a
controlled “implosion”, the process of necrosis could be likened to an “explosion” of the
cell. An extensive review by Kung and colleagues details the differences in the process and
possible biomarkers (including cell rupture, lack of caspase activity and depleted ATP) to
distinguish between necrosis and late stage apoptosis [101]. Necrosis is associated with
heavy membrane swelling, as opposed to blebbing in apoptosis [101]. In addition to non-
fragmentation of chromatin material, necrosis is also marked by release of cellular products
such as heat shock proteins, cyclophilin A and LDH (Lactate Dehydrogenase) [101, 108].
Model systems where TNFa and a pancaspase inhibitor are used to treat cells have proven to
be a reliable inducer of necrosis. Also, Necrostatin-1 (an allosteric inhibitor for RIPK1)
treatment is able to halt the entire process, thereby demonstrating the reliance of the necrotic
process on the formation of the necrosome [106, 109]. Caspases can play a critical role in
this process, as the cell will preferentially choose apoptosis over necrosis by the favorable
action of the pro-apoptotic caspases. It has been reported in several papers that caspase
blockage with inhibitors such as zZVAD-FMK (an allosteric pancaspase inhibitor) can protect
against TLR/RIPK3-mediated necrosis in microglial cells, but treatment of TNFa and
pancaspase inhibitors almost always results in cell death [110]. This action is due to CYLD
and its close ties with TNFR. TNFa-induced necrotic signaling can be blocked in some
chronic leukemias by the action of LEF1 (Lymphoid Enhancer binding Factor 1), which acts
on the Wnt/BCatenin pathway to downregulate CYLD at the transcriptional level [34].
CYLD has been shown to play an integral role in the formation of the necrosome by the
deubiquitination of RIPK1, but is itself acted upon by caspase 8, which cleaves it and
renders it unable to process RIPK1 [40]. The required action of caspase 8 in cleaving CYLD
to halt its deubiquitination of RIPK1 indicates that treatment with a pancaspase inhibitor
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would not only remove the action of caspase 8, but would remove the action of other pro-
apopotic caspases, forcing the cell into necrosis. The intimate involvement of CYLD in
necrotic death was elucidated in a landmark paper by Moquin and colleagues that detailed
CYLD-mediated regulation of TNFa-induced necrosis by deubiquitination of RIPK1 in
MEF and L929 cells, while, conversely, CYLD downregulation by Toll-Like Receptors
protects mouse macrophages from necrosis [107, 111]. These reports proved that CYLD
induction of necrosis is not limited to a single cell type but that the CYLD-RIPK1 pathway
is probably conserved throughout the body. Additionally, both RIPK1 and RIPK3 are
deemed to be separate entities that can form a necrosome, versus RIPK3 being a backup for
RIPK1. Linker-mann and colleagues reported that RIPK3-deficient mice are protected
against TNFa-zVAD-mediated necrosis but that Necrostatin-1 increased death in TNFa-
treated RIPK3 knockout mice [that did not also receive caspase inhibitors] but these RIPK3
knockout mice could survive a TNFa challenge without caspase inhibitors and without
Necrostatin-1 [106]. This indicates that there is a separate mode of action that prevents
simple blockage of RIPK1 from being equivalent to silencing of RIPK3. Further studies are
needed to evaluate the role of CYLD in the regulation of RIPK3, but current evidence does
not indicate that CYLD can regulate RIPK3 in the same manner as RIPK1. Thus, the role of
CYLD as a regulator of necrosis is well supported by its role as the master switch of NF-kB
(which induce apoptosis) or in necrosis by the RIPK1 switch. The negative regulation of
CYLD by caspase 8 and the subsequent prevention of necrosis leads to further questions as
to whether other forms of CYLD regulation (such as phosphorylation or silencing) can force
cells to choose between necrosis or apoptosis. Additionally, since necrosis is often found in
reperfusion/ischemic injuries, there is the possibility that negative regulation of CYLD in
ischemic tissue could provide protection against necrosis [112].

4. CYLD AND THE CARDIOVASCULAR SYSTEM: A NEW FRONTIER

4.1. The Cardiovascular System

The vascular system is a complex network of specialized organs that distribute blood,
nutrients, and growth factors to every part of the body, in addition to serving as a conduit for
immune cells. The blood vessels consist of three main layers: the innermost intima
(endothelial cells lining the blood vessels), the media (a sheath composed of smooth muscle
cells that maintain tone), and the outermost adventitia (a tough, fibrous collagen-rich layer
that protects and supports the vessel). The pathology and progression of vascular disease and
several intriguing areas of ongoing research will be discussed in the context of current
knowledge and potential discoveries of the role of CYLD in this system.

Even as far back as 1907, when Duval reported that the toxins of B. mallei caused vascular
lesions in rabbits, it was known that injury of some kind would result in the formation of
lesions within the vascular structures that suffered the insult [113]. Fast forward to the
present where it is now known that multiple types of injuries and insults, such as necrosis,
bacterial toxins, mechanical injury (e.g., balloon denudation), hypoxia and lipid-mediated
atherosclerosis, can form lesions in the vascular system [114-120]. Multi-stage
atherosclerosis, in particular, has been identified as a major cause of lesions in blood vessels,
especially those closely associated with the heart, such as the coronary artery and aortic arch
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[115]. Its pathology is extremely complex, with multiple cell types, inflammation and agents
interacting to form a lesion which may be stable at first and then rupture later. Such lesions
also may be found in the major cardiovascular areas, including aortic, brain and kidney
vessels.

Within the medial layer reside smooth muscle cells and a small population of resident stem
cells. The dominant theory in vascular biology is that, upon injury, a large percentage of
affected, mature smooth muscle cells (Myosin Heavy Chain and actin positive) will revert to
an immature, secretory and synthetic phenotype in a process known and described as
“dedifferentiation”. However, a recent discovery by Shi and colleagues has challenged the
orthodoxy in the field of vascular lesion formation with a report that proves the presence and
action of a small population of resident stem cells that are activated and then differentiated
into synthetic or contractile smooth muscle cells [121]. This may be linked to various
developmental processes and microenvironmental factors that CYLD is known to affect.

4.2. Effect of CYLD in the Cardiovascular System (Fig. 3)

As stated above, the arteries consist of three main layers: the innermost intima, the medial
layer and the outermost adventitia [122]. These layers form from unique populations of
progenitor cells during the developmental stage. The heart, on the other hand, consists
mainly of cardiomyocytes and fibroblasts, with smaller populations of vascular smooth
muscle cells and endothelial cells [123]. It is in the intimal layer of the vessels and the
cardiomyocytes in which CYLD may prove to mediate lesion formation and cardiac
dysfunction.

Empirical evidence of CYLD’s involvement in vascular disease is scarce, with very few
reports that provide extensive mechanistic studies into the role of CYLD in the
cardiovascular system. Our lab has previously enumerated CYLD’s role in modulating
tubulointerstitial inflammation in IgA nephropathy, which is a hallmark of end-stage kidney
disease [75]. Apparently, knockout of CYLD did not affect aloumin or peroxide-related cell
death in human epithelial HK-2 cells, but it did increase ICAM-1 and JNK levels upon
TNFa stimulation. Another report dealt with the vascular smooth muscle cells (VSMCs) in
the aortic arch, thought to be involved in lesion formation [13]. An adenoviral knockdown
of CYLD showed a notable decrease in TNFa-induced inflammatory cytokines Mcp-1, IL-6
and ICAM-1. Furthermore, CYLD knockdown also suppressed downstream
proinflammatory kinases such as MAPK, ERK, JNK and p38. In both cases, the
inflammatory response and CYLD’s direct control of that response were critical, but an
interesting observation that CYLD expression was increased in injured coronary artery
afflicted with neointimal hyperplasia reinforces the idea of CYLD’s involvement in
formation of lesions. For a good starting point in this new CYLD/vascular system
connection, a review by Takami and colleagues is recommended [124].

Although there is some initial evidence to link CYLD to the formation of vascular lesions
through both the inflammatory and cell cycle pathways, much work remains to be done in
this area.
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4.3. Conclusions and Future Directions in Cardiovascular Research (Fig. 4)

CYLD has been extensively studied in the immune system as well as areas involving cell
signaling, development and death. Numerous pathways such as Wnt/B-catenin, NF-kB and
MAPK are affected by CYLD. Although the details of CYLD’s regulation of these
important pathways has been well elucidated in the literature, little is known regarding
CYLD’s role in the cardiovascular system.

The precise mechanism of vascular lesion formation is still unknown. However, emerging
evidence has implicated a potential role of CYLD. A report of polyubiquitin as a
discriminatory marker for synthetic versus contractile VSMCs, along with a subsequent
finding that angiocidin is regulated by polyubiquitination, has raised the possibility that
CYLD is intimately involved in the vascular lesion process, thus revealing a potential
therapeutic target [42,52]. Indeed, CYLD is upregulated in injured carotid arteries of rats,
reduces cyclin D1 levels, and is capable of suppressing vascular lesion formation. However,
it must be kept in mind that since CYLD is associated with normal cellular cycling and
development, that its involvement in cardiovascular disease is not as simple as detecting the
presence or absence of CYLD as a biomarker.

A potential area may be the downregulation of Cyclins by CYLD. This could be of critical
importance, since Cyclins are known to be highly expressed in newly developing hearts, but
are normally downregulated in adults. However, abnormally high levels of Cyclin D1 are
known to contribute to intimal accretion [125]. Accordingly, this provides clear evidence
that CYLD is involved in the atherosclerotic process via the regulation of a developmentally
essential protein, and presents a possible direction for further study. Another potential area is
inflammation (from infection or injury) which is a major player in vascular lesions as
evidenced in the literature concerning activation of NF-kB-mediated inflammatory
signaling. The inflammatory reports discussed above also apply here. Indirect lack of control
by CYLD can result in a rampant immune reaction which damages endothelial and intimal
cells and releases additional inflammatory cytokines (e.g., IL-1B). This cycle of recruitment,
inflammation, damage, recruitment results in a large lesion on a blood vessel. A few reports
corroborate this, as TRAF6 (controlled by IL-1B, TLR2 and CYLD) was found to
immortalize lymphocytes thereby sustaining the damage they can do without the check of
CYLD-mediated apoptosis [126]. Artery damaging inflammation in Human T-Cell
Associated Leukemia Virus 1 cases is due to the action of viral protein Tax1, which was
shown to directly interact with CYLD to inhibit Tax1’s ubiquitination and activation [127].
IL-1B has itself been found to induce IRF-1, which not only plays a critical role in Nitric
Oxide Synthase (NOS) activity, but also upregulates CXCL10 and CCLS5 to recruit
monocytes (IRF-1 is K63 polyubiquitinated]) [128]. While the recruited monocytes result in
release of inflammatory cytokines, they will be negatively regulated by CYLD to reduce
inflammatory damage to the vascular system. Ventilator-induced pulmonary injury in mice
has been reported to increase levels of Akt, which protects against the damage [129].
Interestingly, Akt is polyubiquitinated by TRAF6 in a K63-linked manner, providing a
possible target for CYLD, while UCHLL1 (controlled by DNA damage-inducible GADD45a
demethylation of the UCHL1 promoter) removes K48-linked ubiquitin, preventing Akt
degradation [129]. An earlier report from our lab demonstrated that UCHL1
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deubiquitination can itself negatively regulate TNFa-mediated VSMC proliferation by
suppressing Erk [130]. Such complex roles for ubiquitin [degrading markers versus active
signal transducers] were detailed in a review by Willis and colleagues in 2011, where
deubiquitination of key regulatory inflammation genes like TRAF2 and Bcl3 as well as the
control of autophagy as a driving force behind cardiovascular disease are discussed [45].
Thusly, autophagy may be a third area of potential study. The Willis review states that
aggregation of damaged proteins can damage the vascular system and that proteasomal
destruction is not effective against large amounts of protein aggregates but that autophagy
exists to recycle these errant proteins and this is mediated by protein aggregate sensor
receptors p62, HDAC and NBR1 [45]. CYLD interacts with p62 directly and CYLD can
directly inactivate HDACS, thereby controlling autophagy [131]. While proteasomal
clearance of damaged cardiovascular proteins was known earlier from canine experiments, a
subsequent report linked desmin-related cardiomyopathy to accretion of misfolded proteins
and activation of the autophagy pathway [132, 133]. In addition to the aforementioned
ubiquitin-regulated p62 and NBR1, autophagy has extensive regulatory elements, such as
HO1, HMGB1 and Beclin-1, which interact via CYLD- associated TRAF6 [134-139]. In
this manner, CYLD can affect the autophagic pathway that clears damaged protein
aggregates and reduces the chances of lesion formation. Thus, by its ability to control the
cell cycle, inflammation and autophagic factors that contribute to the formation of lesions,
the role of CYLD as a master regulator in vascular disease is evident. Future research that
focuses on these aspects of CYLD will allow for new understanding of the mechanisms of
vascular disease.
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Fig. (2A) The regulation of CYLD is complex and multimodal. As the key effector of K63-
linked deubiquitination, which transduces cellular signals, CYLD is tightly regulated at the
transcript and protein level, as well as by phosphorylation.

Fig. (2B). CYLD’s regulation of the immune system.

Fig. (2C). CYLD’s interaction with important regulators of necrosis and development.
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Fig. 3.
CYLD?’s regulation of factors known to play an important role in cardiovascular disease.
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Fig. 4.
CYLD in cardiovascular disease model. CYLD may affect any or all of these pathways to
regulate the formation of vascular lesions.
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