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Abstract It has become apparent that ubiquitination
plays a critical role in cell survival and cell death. In
addition, deubiquitinating enzymes (DUBs) have been
determined to be highly important regulators of these
processes. Cells can be subjected to various stresses and
respond in a variety of different ways ranging from acti-
vation of survival pathways to the promotion of cell death,
which eventually eliminates damaged cells. The regulatory
mechanisms of apoptosis depend on the balanced action
between ubiquitination and deubiquitination systems.
There is a growing recognition that DUBs play essential
roles in regulating several binding partners to modulate the
process of apoptosis. Thus, the interplay between the tim-
ing of DUB activity and the specificity of ubiquitin
attachment and removal from its substrates during apop-
tosis is important to ensure cellular homeostasis. This
review discusses the role of a few ubiquitin-specific DUBs
that are involved in either promoting or suppressing the
process of apoptosis.
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Ubiquitin proteasome pathway

Ubiquitination is a posttranslational modification that
involves the covalent attachment of ubiquitin molecules to
targeted proteins that are directed towards the ubiquitin
proteasome pathway (UPP). UPP is the major system
responsible for elimination of intracellular proteins espe-
cially misfolded cellular proteins in eukaryotes [1, 2]. This
process regulates a number of cellular processes such as
stability, function and localization of the targeted proteins
and is catalyzed by the sequential action of three enzymes,
a ubiquitin-activating enzyme (E1), a ubiquitin-conjugating
enzyme (E2), and a ubiquitin ligase (E3) [2]. However,
some ubiquitin elongation factors, referred to as E4
enzymes, are involved in the formation of multiubiquitin
chains on targeted proteins [3]. El activates ubiquitin
through the formation of ATP-dependent thiol ester bond
between the C terminus of ubiquitin and the active cysteine
site of the E1, which is then transferred to active cysteine
site of E2. Finally, E3 catalyzes the transfer of ubiquitin to
a lysine residue on the targeted protein. The conjugation of
polyubiquitin chains on targeted protein is directed towards
ATP-dependent hydrolysis by the 26S proteasome (Fig. 1).

These ubiquitin chains can assemble in several different
ways depending on the lysine site used to form the
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Fig. 1 The ubiquitin proteolytic pathway (UPP). The process of
ubiquitination is regulated by organized milieu of El, E2 and E3
enzymes, which mediate the ligation of ubiquitin to the lysine
residues in proteins targeted to the 26S proteasome for degradation.
Ubiquitins are recycled by the action of DUB enzymes

polyubiquitin chains including lysine (K)6, K11, K29, K48
and K63 [4]. It has been reported that ubiquitin chains can
be formed from all these lysine residues on the substrate
with various lengths and shapes in vitro and in vivo [5, 6].
Among them, polyubiquitin chains formed through K48
and K63 appear to be more frequent and have been
extensively studied [5, 7]. K48-branched polyubiquitina-
tion is known to regulate protein stability and signals for
proteasomal degradation of the substrate [2, 5]. Recently,
K29 and K33-branched mixed chains have been implicated
in the regulation of AMP-activated protein kinase-related
kinases [8]. Additionally, K29-branched ubiquitin chains
promote the proteasomal and lysosomal degradation of
proteins [9-11], whereas K63-branched polyubiquitination
plays a key role in the regulation of endocytosis, DNA
repair, protein kinase activation [12, 13], signal transduc-
tion [14], intracellular trafficking of membrane proteins
[14], and stress responses [15].

Monoubiquitination and polyubiquitination have also
been implicated in non-proteasomal regulatory functions
like targeting proteins to the nucleus, cytoskeleton and
endocytic machinery, or modulating enzymatic activity and
protein—protein interactions [14, 16]. Recent reports have
indicated that the substrate modules consist of ubiquitin-
binding domains (UBDs) with diverse structural folds, by
which specific ubiquitin modification can be recognized
[14]. The nonproteasomal functions of ubiquitination was
first recognized in the process of endocytosis in yeast [17],
where monoubiquitination is responsible for an endocytic
internalization signal [18] and K63-branched ubiquitin

promotes endocytosis [14, 19]. The K63-branched chains
have a linear topology and increase the avidity of binding
to UBDs [7, 14] which results in productive internalization
of K63-conjugated proteins. In yeast, several plasma
membrane proteins depend mainly on their ubiquitination
for internalization [20]. Ubiquitination is also known to
function as an endosomal sorting signal to target its sub-
strate protein to the interior of the multivesicular body
(MVB), which is eventually transported to lysosomes [14,
21]. For example, this ubiquitination targets the MHC I
molecules for degradation through the MVB pathway [22].
Taken together, UPP plays a major role in balancing the
levels of critical proteins involved in major cellular pro-
cesses such as cell cycle progression, DNA replication and
repair, transcription, immune responses, and apoptosis
[23-25]. In addition, disruption of the UPP system has been
associated with a number of disorders and tumors [26].

Deubiquitination

Deubiquitination is a process where ubiquitinated proteins
can be reversed to counterbalance the ubiquitination pro-
cess by cleaving ubiquitin from ubiquitin-conjugated
protein substrates with the help of DUBs [27-29]. DUBs
are involved in four major events: First, they activate and
process ubiquitin proproteins into mature ubiquitin mono-
mers [30]. Second, they are involved in recycling the
utilized ubiquitin molecules during the ubiquitination
process [31]. Third, they act as an antagonist for ubiquiti-
nated proteins by reversing the process of ubiquitination
or ubiquitin like modification of proteins [24, 29] and
regenerating monoubiquitin molecules from the poly-
ubiquitin chains that have been synthesized or released
during the ubiquitination process [32]. Lastly, DUBs plays
a major role in removing ubiquitin molecules that are not
associated with proteasomal degradation during the ubiq-
uitination process [24]. To date, nearly 100 DUBs have
been identified from the human genome and have been
divided into at least five major families: UBP or USP
(ubiquitin-specific processing proteases), UCH (ubiquitin
carboxy terminal hydrolases), JAMM (Jadl/Pad/MPN-
domain-containing metallo enzymes), OTU (Otu-domain
ubiquitin—aldehyde-binding proteins) and Ataxin-3/Josephin
[24, 29].

Although, the mechanism of deubiquitination is less
well understood, the removal of ubiquitin appears to be a
highly regulated process that has been implicated in
numerous cellular functions. DUBs are involved in the
regulation of cell cycle progression and chromosome
segregation [33], preventing proteins from degradation
[24, 28], gene expression [24], proteasome or lysosome-
dependent protein degradation [34], DNA repair [35, 36],
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kinase activation [34], apoptosis [37, 38], localization and
degradation of signaling intermediates, and microbial
pathogenesis [39]. Furthermore, disruptions in deubiquiti-
nation events have been shown to lead to tumorigenesis
and several disorders [40]. Earlier reviews have mainly
discussed DUBs from pathogens [39], specificity for
ubiquitin-like proteins [27], diverse cellular roles [24], and
its association with diseases [40]. This review concentrates
on those DUBs involved in either promoting or inhibiting
apoptosis due to their response to several exogenous
factors.

Cellular stress responses

Cells react in various ways to cellular stress either by
activating several pathways that accelerate cell proliferation
and promote survival or by eliciting programmed cell death
that removes damaged cells. Most of the time, cells tend to
defend against the stressful stimulus and recover from the
insult. There are many different types of responses that cells
undergo to cope with stress such as DNA damage response,
cell death response, heat shock response, unfolded protein
response and oxidative stress response. However, the cel-
lular response depends on the type and the level of stress
factors, if cells fail to defend against noxious stress stimu-
lus, and then the cells may activate death signaling
pathways to eliminate the damaged cells from the organism.
UPP plays a key role in coping with stress and regulating the
process of cell death [41]. The Bcl-2 superfamily members
play a critical role in regulating the balance of cell fate,
which are degraded by the UPP system. The phosphory-
lation of Bcl-2 on Ser70 and Ser87 is required for
ubiquitination and deubiquitination [42]. Bax, Bid and Bim
protein levels are also regulated by the UPP system [43].
Thus, specific regulation of individual Bcl-2 family mem-
bers by ubiquitination can lead to promoting or preventing
cell death. Ubiquitination of receptor interacting protein 1
(RIP1), which is a death receptor-interacting protein, pre-
vents TNF-induced cell death, whereas monoubiquitinated
RIP1 serves as a pro-apoptotic-signaling molecule by
engaging caspase 8 [44]. Therefore, the function of RIP1 is
regulated by the UPP system. In addition, ubiquitination can
regulate the function of caspase-3 and -7 through direct
interaction with inhibitor of apoptosis proteins (IAP) E3
ligases [45]. The proteasome inhibitors can decrease the
protein expression of the Fas-like inhibitor protein (FLIP) in
tumors, resulting in increased apoptosis signaling due to
increased caspase-8 activation [46]. p53, which is a tumor
suppressor, plays a critical role in the induction of a
pleiotropic apoptotic program in response to various cel-
lular stresses via transcription-dependent and -independent
mechanisms. Regulation of p53 protein levels and its

susceptibility to apoptosis can be deregulated by the human
homolog Hdm2 (Mdm?2) E3 ligase [47]. Activation of p53
increases the expression of cell death genes such as Bax,
Noxa and Puma, which may lead to apoptosis. However,
Mdm?2-mediated monoubiquitination of p53 promotes its
mitochondrial translocation and thus it directs mitochon-
drial apoptosis [48]. Therefore, activation of cell death
signaling cascades can be regulated at multiple sites fol-
lowing the degradation of key regulatory proteins by the
UPP system. Although significant attention has been given
to the UPP system during cell death signaling, we must also
consider the role of DUBs in regulating these processes.

DUBs in regulating apoptosis

There is a growing recognition that DUBs are involved in
the process of switching from prosurvival signaling to cell
death signaling. These DUBs either up- or down-regulate
their protein level or actively regulate their substrates when
a cell encounters stressors such as DNA damage, unfolded
protein, and oxidative stress signaling eventually resulting
in cell death. The process of cell death is associated with a
series of biochemical and morphological changes that are
relevant to development, degenerative disease and cancer
[49, 50]. Thus, the study of factors regulating programmed
cell death has made a strong impact in various fields of
biology and medicine [51].

Apoptosis is a physiological process for killing cells and
is critical for the normal development and function of
multicellular organisms. Currently, apoptosis and delinea-
tion of the underlying biochemical pathway like post-
translational modifications have dominated cell death
research. Several studies have proposed that the protea-
some complex itself plays a major role in the regulation of
the apoptotic cascade [52]. Recent studies on the role of
DUBs have proven productive in revealing its role in the
process of apoptosis (Fig. 2). A few illustrative examples
are discussed below.

DUB-1, 2 and 3

The specificity of DUB in regulating cell proliferation and
apoptosis has been well studied in cytokine-inducible
DUBs of murine lymphocytes [53-55]. The DUB family of
USP was initially identified in mice as hematopoietic-
specific DUBs, which are rapidly induced in response to a
range of cytokines. DUB-1 is induced by IL-3, IL-5 and
GM-CSF and ubiquitously expressed in a number of
hematopoietic cell types [55], while DUB-2 is an imme-
diate early gene that is induced by IL-2 in CTLL-2 and its
expression is confined to T cells [54]. DUB-2A is also a
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Fig. 2 Schematic overview of DUBs involved in the process of cell
death by regulating its substrates. Activities involved in the inhibition
of apoptosis are represented with lines ending in a ‘7" symbol.
Activities involved in inducing apoptosis are represented with
arrowheads. USP family proteins are represented in blue, UCH
family proteins are represented in yellow, and ataxin family proteins
are represented in green. A detailed explanation of the figure is given
in the text

member of the DUB family and is expressed primarily in
hematopoietic cells [53]. Human DUB-3, a member of the
DUB protein family induced by IL-4 and IL-6, is expressed
in a number of hematopoietic tumors [37]. These genes are
believed to form a part of the head-to-tail repeat of DUB
genes on mouse chromosome 7, which resulted from a
tandem duplication event [54]. Several lines of evidence
also suggest that this family regulates cell growth and
survival. Constitutive expression of DUB-1 from a steroid
inducible promoter induces IL-3-specific signal transduc-
tion leading to growth arrest in the G1 phase of the cell
cycle. Growth suppression by DUB-1 was specific to
hematopoietic cells, indicating a hematopoietic-specific
substrate may be involved in promoting this inhibitory
effect [55]. DUB-2 expression can inhibit apoptosis fol-
lowing cytokine withdrawal [54]. DUB-2 is expressed in
human T cell lymphotropic virus-1 (HTLV-1) transformed
T cells with constitutive activation of the IL-2 signaling
pathway [56]. When DUB-2 is expressed in Ba/F3 cells, it
significantly inhibits apoptosis induced by the withdrawal
of cytokines [56], as well as prolonging STATS5 phos-
phorylation [57]. Thus, DUB-2 may have an influence on
cell survival by modulating STATS5 activation, which is
essential for the action of several oncogenes [57]. mRNAs
for both DUB-1 and DUB-2 are rapidly degraded as the
cytokine response is down-regulated [54, 55, 58]. Cytokine
withdrawal most likely initiates polyubiquitination and
directs DUBs to proteasomes [59, 60]. DUB-3, which is

also known as USP17, is responsible for the regulation of
cell growth and survival, and the constitutive expression of
DUB-3 can block cell proliferation and initiate apoptosis
[37]. Several studies have examined the mechanism by
which DUB-3/USP17 induces apoptosis. First, USP17 was
reported to have two hyaluronan binding motifs at its C
terminus region that are responsible for blocking cell
proliferation and inducing apoptosis through caspase-3
activation [38]. Several lines of evidence show that the
presence of a few hyaluronan binding motifs in the protein
sequence can trigger apoptotic signaling cascade [61].
Recent studies have demonstrated that USP17 regulates
cell survival by modulating Ras processing and Ras/MEK/
ERK signaling, by regulating the ubiquitination status
of the ‘CAAX’ box protease Ras-converting enzyme 1
(RCEL1). Furthermore, USP17 is responsible for a RCEI-
dependent inhibitory effect on cell proliferation [62].
Recently, DUB-3 was reported to interact with Cdc25A
and regulate its protein stability to promote oncogenic
transformation in cancerous cells [63]. However, the effect
of DUB-3 expression level on cell fate and growth prop-
erties might depend on the cell type and the substrate to
which DUB-3 interacts.

USP2

USP2 has two isoforms, USP2a and USP2b, which were
initially detected in rat testis [64]. The functional role of
USP2a is to stabilize and extend the half-life of fatty acid
synthase (FAS) [65]. FAS is an androgen-regulated gene
that has been recognized as an emerging oncology target
[66]. Inhibition of FAS results in a reduction in cell pro-
liferation and induction of apoptosis in several tumor cell
lines [67]. RNA interference of USP2a increases poly-
ubiquitinated FAS levels and induces apoptosis [65].
USP2a regulates the p53 pathway by targeting Mdm?2, and
the suppression of USP2a increases the mRNA levels of
pS3-responsive genes involved in both cell cycle arrest and
apoptosis including Mdm?2 itself [68]. Recently, USP2a
was reported to be a deubiquitinating enzyme for MdmX
and was shown to be involved in stabilizing the MdmX
protein level [69]. Thus, USP2a influences cell survival
through the regulation of the p53 pathway by stabilizing
the activity of Mdm2 and MdmX.

USP7 and USP10

USP7, also known as Herpes Associated Ubiquitin Specific
Protease (HAUSP), was originally identified as an ubiqui-
tin-specific protease that binds to a viral-encoded protein
called Vmw110, which is required for the lytic cycle of the
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herpes simplex virus [70]. USP7 plays a key role in sta-
bilizing the half-life of p53 by regulating both p53 and its
ubiquitin E3 ligase Mdm?2 [71, 72]. In contrast, knockdown
of USP7 increased p53 stability because USP7 was repor-
ted to be a deubiquitinating enzyme for Mdm2. Thus, a
lower expression of USP7 results in the accumulation of
non-ubiquitinated p53 [72, 73]. Different types of ubiqui-
tination of p53 by various E3 ligases have been linked to its
differential effects on p53-mediated stress responses, and
ubiquitinated p53 may actively regulate cell proliferation
or death [74]. The deubiquitinating action of USP7 was
inhibited by the Epstein—Barr nuclear antigen 1 (EBNAI)
protein of Epstein—Barr virus (EBV). Consequently, cells
were protected from apoptotic challenges by lowering p53
levels [75]. HAUSP is highly expressed in organs that rely
on apoptosis for development and is specifically processed
upon dexamethasone and gamma-irradiation-induced cell
death [76]. The overexpression of mHAUSP induces
apoptosis in cervical adenocarcinoma cells [77]. Recently,
inhibitors that were developed for USP7 induced
p53-dependent apoptosis in cancer cell lines [78]. The
Forkhead box O (FOXO) class of transcription factors are
involved in the several cellular responses including cell
cycle progression and apoptosis [79]. Overexpression of
FOXO04 induces growth suppression in cell lines, including
a Ras-transformed cell line, through the transcriptional
activation of cyclin-dependent kinase inhibitor p27 [80].
HAUSP deubiquitinates FOXO04 in a p53-independent
manner and inactivates FOX0O4 [81]. Recently, Mdm2 was
identified as an ubiquitin E3 ligase for FOXO, which reg-
ulates its transcription activity [82]. Thus, USP7 as a DUB
enzyme for Mdm?2 and FOXO plays a major role in regu-
lating cellular stress responses. Recently, a new DUB
enzyme called USP10 was identified to be a key regulator
of the stability of the p53 tumor suppressor protein. In
unstressed cells, USP10 remains in the cytoplasm and
directly deubiquitinates p53 and mediates re-entry of p53
into the nucleus. Upon cellular stress, USP10 gets phos-
phorylated and is transported to the nucleus along with
USP7 to stabilize p53 via p53 deubiquitination. Indeed,
depletion of USP10 results in increased p53 degradation
[83]. These combined results demonstrate that a central
component of the DNA damage response is the activation
of p53, which regulates processes such as cell cycle arrest,
apoptosis, or senescence. Thus, USP7 and USP10 play a
major role in apoptosis by regulating the p53 responsive
genes and p53 pathway.

USPS8

USP8 (UBPY) was initially characterized as a growth-
regulated UBP and appears to play a critical role in

controlling mammalian cell proliferation. Inhibition of
UBPY accumulation prevents fibroblasts from entering the
S-phase in response to serum stimulation. Overexpression
or suppression of UBPY was directly correlated with the
regulation of cell proliferation [84]. Nrdpl is an E3 ligase,
which promotes ubiquitination and proteasomal degrada-
tion of BRUCE leading to the induction of apoptosis [85].
USPS8 acts as a DUB enzyme for Nrdpl and augments
Nrdpl activity by mediating its stability [86]. Thus, USP8
may be involved in the induction of apoptosis by regulating
Nrdpl-mediated ubiquitination of BRUCE.

USP9

USPO is one of the largest members of the USP family and
was initially identified in Drosophila, where mutations
caused characteristic eye defects called fat facets (FAF).
In mammals, USP9 is known as FAM [87]. USP9X has
recently been identified as a DUB enzyme for apoptosis
signal-regulating kinase 1 (ASK1). ASKI is a mitogen-
activated protein kinase kinase kinase (MAP3K) family
member that mediates oxidative stress-induced cell death
and inflammation through activation of the JNK and p38
MAPK pathways [88, 89]. USP9X was found to interact
and deubiquitinate ASK1, and as a functional consequence,
it antagonizes oxidative stress-induced ubiquitination
and stabilizes ASK1 by preventing it from undergoing
proteasomal degradation. USP9-deficient cells exhibited
resistance to oxidative stress-induced cell death and a
reduced level of JNK pathway activation was observed
in these USP9-deficient cells [90]. In contrast, USP9X
interacts and stabilizes MCL1, and promotes tumor cell
survival. MCL1 is required for the survival of stem and
progenitor cells of multiple lineages, and belongs to pro-
survival BCL2 family [91]. Overexpression of MCLI is
associated with various disorders such as multiple mye-
loma, breast cancer, relapsing acute myeloid leukemia and
acute lymphocytic leukemia [92]. USP9X deubiquitinates
and prevents myeloid cell leukemia-1 (MCL1) protein
degradation by removing K48-linked polyubiquitin chains;
thus, USP9X-mediated stabilization of MCL1 is expected
to increase survival when used to treat degenerative con-
ditions where excessive apoptosis occurs [93].

USP15

USPI15 is a member of the USPs that are involved in
processing inactive ubiquitin precursors and maintaining
26S proteasomes free of inhibitory ubiquitin chains
[94, 95]. USP15 has been characterized as a paclitaxel
sensitivity-related gene in HeLa cells, and is responsible
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for the activation of caspase-3 during paclitaxel-induced
apoptosis. USP15 regulates the stability of procaspase-3
and binding between procaspase-3 and the SCF complex
(Skp1-CULI1-F-box) in such a way that procaspase-3 is
deubiquitinated, released from the SCF complex and
cleaved to cause apoptotic cell death [96].

USP16

USP16, also known as ubiquitin-processing protease
Ubp-M, is phosphorylated at the onset of mitosis and is
dephosphorylated during the metaphase/anaphase transi-
tion. Ubp-M-transfected cells eventually stop dividing and
trigger apoptosis signaling. Ubp-M may deubiquitinate
several critical proteins that are involved in the conden-
sation of mitotic chromosomes, mainly on ubiquitinated
proteins of the chromatin such as histones H2A and H2B
[97]. Further studies revealed that the deubiquitination
action of Ubp-M on histone H2A regulates Hox gene
expression during cell cycle progression [98]. Deubiquiti-
nation of monoubiquitinated nucleosomal H2A and H2B is
closely associated with mitotic chromatin condensation,
appearance of plasma blebbing, and nuclear pyknosis in
cells, which lead to apoptosis. The apoptotic stimulus by
deubiquitination of H2A is prevented by the pan-caspase
inhibitor or by Bcl-xL overexpression. Thus, H2A
deubiquitination is a downstream consequence of procas-
pase activation and may function as a cellular sensor to
undergo apoptosis in response to various stresses [99].

USP18

USP18 acts as an antiapoptotic protein in cells treated with
drugs such as bortezomib and IFN-«. The ectopic expres-
sion of USP18 results in repressed apoptotic signaling
caused by IFN-o, TRAIL, or bortezomib. Ablation of
USP18 increases tumor necrosis factor-related apoptosis-
inducing ligand production along with an elevation of
certain transcription factors like IFN-regulatory factor
(IRF)-1, IRF-7, and IR-9, which aid in triggering extrinsic
pathways of apoptosis [100].

USP28

USP28 has been identified as a DUB enzyme that regulates
the Chk2-p53-PUMA pathway, which is a major in vivo
regulator of DNA-damage-induced apoptosis in response
to double-strand breaks. USP28 plays a critical role in
stabilizing Chk2 and 53BP1 in response to DNA-damage-
induced apoptosis by regulating p53 induction of proa-
poptotic genes like PUMA. Knockdown of USP28 renders

cells resistant to both IR-induced killing and IR-induced
apoptosis [101].

USP41

USP41 was pegged as a proapoptotic ubiquitin-specific
protease due to its ability to induce apoptosis in transfected
mammalian cells. Overexpression of USP41 results in
activation of caspase-3, which was revealed by the obser-
vation that apoptosis was inhibited when cells were treated
with the caspase inhibitor zZVAD-fmk. USP21 and USP18,
the two homologous genes of USP41, did not show any
signs of apoptosis when stably transfected in 293T cells,
indicating that they are highly specific towards the sub-
strates responsible for apoptotic induction. Furthermore,
overexpression of USP41 has been shown to down-regulate
cell cycle proteins such as p21, p27 and cyclin B resulting
in the induction of apoptosis [102].

USP47

USP47 interacts with f-Trcp to regulate cell survival [103].
p-Trep plays a critical role in controlling cell survival in
addition to various other biological functions [104]. f-Trcp
produces a pro-apoptotic effect by accumulating several
substrates that negatively regulate cell survival [104]. In
contrast, modulation or knockdown of -Trcp did not affect
expression of USP47 under various cellular stress condi-
tions. However, depletion of USP47 results in suppression
of cell survival and elevates the anti-proliferative effect of
anticancer drugs in several tumor cell lines. Thus, USP47
may be involved in sensitizing tumor cells to undergo
apoptosis when they are treated with chemotherapic agents
[103].

CYLD

The cylindromatosis gene (CYLD) was first identified in
humans affected with familial cylindromatosis (FC), a
genetic condition that predisposes patients to the develop-
ment of tumors on skin appendages, termed cylindroma
[105]. The human CYLD gene is located on chromosome
16q12.1 and encodes a protein that is 956 amino acids in
length. The C-terminal region of CYLD possesses a cata-
Iytic domain that has sequence homology to USP family
members [105]. The tumor-suppressing function of this
protein has been extensively studied using animal models.
Loss of CYLD in mice makes them more prone to chemical
tumorigenesis [106], and also CYLD levels are down-
regulated in many tumor types [107]. CYLD plays a critical
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role in germ cell apoptosis and spermatogenesis [108]. The
early wave of germ cell apoptosis is a controlled biological
process that occurs during spermatogenesis, which is
important for removing excess germ cells to maintain the
proper balance between the germ cells and the supporting
Sertoli cells [109]. CYLD knockout male mice showed
attenuation in the early wave of germ cell apoptosis, which
resulted in blocking spermatogenesis [108]. The loss of
CYLD in testicular cells results in the activation of the
transcription factor NF-kB in germ cells, which leads to
aberrant expression of antiapoptotic genes such as Bcl-2. In
addition, CYLD is involved in negative regulation of RIP1,
which is an ubiquitin-dependent activator of NF-xB. CYLD
binds to RIP1 and inhibits its ubiquitination, which is
required for not only NF-xB activation but also to prevent
RIP1 from accessing caspase-8 and activating apoptosis
[110]. Thus, CYLD regulates germ cell apoptosis by regu-
lating RIP1 ubiquitination to control the RIP1/NF-xB
signaling axis in the testis.

USP19, USP21, and USP36

There are several USPs that modulate cell proliferation but
are not directly involved in the induction of apoptosis.
USP19 promotes cell proliferation by stabilizing the Kipl-
promoting complex (KPC). KPC is an ubiquitin ligase for
p27Kipl, and it regulates p27Kipl ubiquitination during
normal cellular processes [111]. Knockdown of USP19
results in the accumulation of p27Kipl and thus inhibits
cell proliferation by slowing the GO/G1 to S-phase transi-
tion during the cell cycle [112]. USP21 has a dual
specificity for ubiquitin and NEDD8-conjugated proteins
inhibit U20S cell growth [113]. Knockdown of USP36
results in reduced cell proliferation in HeLa cells, which
did not involve induction of apoptosis [114].

UCH

Ubiquitin C-terminal hydrolases (UCHs) is a member of
the DUB family. Among mammalian UCHs, UCHL-1 and
UCHL-3 have been extensively studied and share >40%
amino acid sequence identity [115]. UCHL-3 is ubiqui-
tously expressed, whereas UCHL-1 is selectively expressed
in neuronal cells and in the testis/ovary [115]. UCHL-1 and
UCHL-3 play distinct roles in spermatogenesis and regu-
late germ cell apoptosis to maintain testicular homeostasis
[109, 116]. The pathophysiological roles of UCHL-1 and
UCHL-3 were extensively studied in gad and Uchl3
knockout mice during cryptorchid injury. Upon cryptorchid
injury, a balance between the expression of apoptosis-
inducing and preventing proteins is regulated by UCHs. In

gad mice, cryptorchid injury promotes antiapoptotic pro-
teins Bcl-2, Bcel-xL and XIAP along with expression of
prosurvival proteins like pCREB and BDNF [117]. In
contrast, Uchl3 knockout mice showed a slight increase in
the expression of apoptotic proteins p53, Bax and caspase-
3 [117]. Thus, during cryptorchid injury, UCHL-1 main-
tains the balance between the expression of apoptotic and
antiapoptotic proteins, whereas UCHL-3 appears to prevent
germ cell apoptosis. In addition, high levels of UCHL-1
expression in transgenic mice promote the arrest of sper-
matogenesis through massive germ cell death, leading to
male sterility [117]. UCHL-1 is essential for the early
apoptotic wave and for normal sperm production, motility
and morphology [117].

Ataxin-3/Josephin

Ataxin-3 (ATX3) is one of the best characterized members
among the subclasses of DUBs [29]. The deubiquitinating
activity of ATX3 is due to the cysteine residue at position
14 in its N-terminal josephin domain, which is responsible
for protease activity [118]. Several lines of evidence sug-
gest that ATX3 plays a major role in the ubiquitin
proteasomal system, by interacting with ubiquitin and an
ubiquitin-like protein called NEDDS8 [119]. ATX3 was
reported to bind and hydrolyze polyubiquitin chains in
vitro [120] and has been shown to be involved in the
regulation of proteasome by interacting with various sub-
strates such as p45, VCP/p97, and Ubxn-5 [121-123].
Spinocerebellar ataxia type 3 (SCA3) is an autosomal-
dominant neurodegenerative disease caused by polygluta-
mine-expanded ataxin-3. Normal ataxin-3 contains 1244
glutamines, but it is expanded to ~60-87 glutamines in
Machado—Joseph disease (MID) [124].

Association of ATX3 with apoptosis was first observed
when the C-terminal fragment of ATX3 containing an
expanded polyglutamine tract was found to induce apop-
totic signals in cultured cells [125]. It has been reported that
full length expanded ataxin-3-containing cells were also
prone to the staurosporine-induced apoptotic insult due to a
significant decrease in Bcl-2 protein expression, leading to
an increase in cytochrome c release from the mitochondria
and subsequent activation of caspase-3 [126, 127]. How-
ever, the molecular mechanism behind neuronal cell death
in the brain was revealed when polyglutamine-expanded
ataxin-3 was shown to be responsible for the activation of
the mitochondrial apoptotic pathway by up-regulating
Bax and down-regulating Bcl-xL expression in cultured
cerebellar, striatal and substantia nigra neurons [128].
Similarly, ataxin-7 or polyglutamine-expanded huntingtin
were responsible for caspase-3 activation and apoptotic
neuronal death by releasing cytochrome ¢ and Smac from
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the mitochondria [129, 130]. Thus, mutant polyglutamine-
expanded proteins may induce apoptotic cell death by
promoting mitochondrial release of apoptogenic proteins in
polyglutamine diseases. A cellular model for SCA3 using
the rat mesencephalic dopaminergic cell line CSM14.1,
which expresses a high level expanded full-length ataxin-3
protein, was shown to have a higher formation of nuclear
inclusion bodies, which caused non-apoptotic cell death
[131]. Ataxin-2, the product of the spinocerebellar ataxia
type 2 (SCA2) gene, is a member of the protein family that
causes human neurodegenerative diseases. Expression of
full-length ataxin-2 with an expanded repeat disrupts nor-
mal morphology and localization of the Golgi complex and
leads to cell death by promoting the expression of caspase-3
[132]. Ectopic expression of ataxin-2 was reported to be an
important regulator in sensitizing neuroblastoma cells to
apoptotic stimuli [133].

A20

A20 was first recognized as a cytokine-induced gene in
human umbilical vein endothelial cells [134]. Initially, A20
was characterized as a primary response gene of the pro-
inflammatory cytokines TNFo, IL-1f, and LPS. These
cytokines significantly increased the A20 mRNA Ievel but
not protein synthesis [134]. Thus, A20 is also known as
tumor necrosis factor-c-induced protein 3 (TNFAIP3).
Analysis of the A20 domain revealed seven repeats of an
A20-type zinc finger (ZnF-A20) in one single polypeptide
chain, which exhibits E3 ligase activity, modulating the
ubiquitination status of key adaptors in the NF-«B signal-
ing cascade [135]. Additionally, an OTU domain that
contained DUB protease activity was found at the N
terminus of A20 [136]. It has been reported that overex-
pression of A20 inhibits TNF-mediated cell death and also
down-regulates NF-xB signaling [135, 137]. NF-kB sig-
naling is known to play a key role in host defense, immune
response, cell survival, and vascular inflammation and
injury [138]. Upon treatment with TNF, A20 expression
was found to increase in variety of cells [139]. In addition,
an increase in the transcription and protein synthesis of
A20 was observed in TNF resistance MCF7 cell lines
[139]. Mice deficient in A20 were prone to inflammation,
and persistent activation of NF-xB by Toll-like and TNF
receptors was observed in these mice [140]. Thus, A20
is critical for limiting inflammation by terminating TNF-
induced NF-xB responses in vivo. The constitutive
expression of A20 in different cell types prevents TNF-
a-induced cell apoptosis [139, 141, 142]. Furthermore, it
has been reported that a loss of A20 expression increased
the lethality of TNF-a and lipopolysaccharides due to
activation of NF-xB [143, 144]. Taken together, these

results indicate that A20 plays a major role in the signaling
mechanisms of cell survival.

Concluding remarks

Cellular stress response is an integral part of normal
physiology to either activate the pathways that promote cell
survival or alternatively to eliminate damaged or unwanted
cells. UPP is involved in regulating cellular stress respon-
ses. While much attention has been given to the role of the
ubiquitination system in regulating apoptosis, reversal of
ubiquitination by DUBs plays an equally important role.
DUBs are often found as a part of large multi-protein
complexes that function directly in regulating the activa-
tion or suppression of apoptotic signaling cascades. In this
review, we described the existence of a number of DUBs
that actively regulate or suppress the process of apoptosis
and which are illustrated in Table 1.

It is clear that the DUBs play a critical role in the reg-
ulation of apoptosis. Several important cellular proteins
that are involved in apoptosis are degraded by the UPP.
Aberrant cellular stress responses are directly linked to
many human disorders. A better understanding of the
molecular mechanism by which DUBs either promote or
suppress apoptosis is expected to help in the development
of more specific drugs that target the UPP. Additionally,
new insights into the mechanistic basis of apoptosis will

Table 1 List of DUBs discussed in this review and their regulatory
role in apoptosis

DUBs Regulatory action References
DUB-2 Prevent apoptosis [54]

USP2 Promote apoptosis [65, 68]
USP7 Promote apoptosis [76-78, 81]
USP8 Promote apoptosis [84, 86]
USP9X Promote apoptosis [88-91]
USP15 Promote apoptosis [96]
USP16 Promote apoptosis [98, 99]
USP17 Promote apoptosis [38, 62]
USP18 Prevent apoptosis [100]
USP28 Promote apoptosis [101]
USP41 Promote apoptosis [102]
CYLD Promote apoptosis [108-110]
UCHL-1 Promote apoptosis [117]
UCHL-3 Prevent apoptosis [117]
Ataxin-2 Promote apoptosis [132, 133]
Ataxin-3 Promote apoptosis [126-128]
Ataxin-7 Promote apoptosis [129, 130]
A20 Prevent apoptosis [137, 141, 142]
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provide new insights for the development of DUB-targeted
treatment approaches for various human disorders.
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