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Abstract All organs consisting of single cells are con-

sistently maintaining homeostasis in response to stimuli

such as free oxygen, DNA damage, inflammation, and

microorganisms. The cell cycle of all mammalian cells is

regulated by protein expression in the right phase to

respond to proliferation and apoptosis signals. Post-trans-

lational modifications (PTMs) of proteins by several

protein-editing enzymes are associated with cell cycle

regulation by their enzymatic functions. Ubiquitination,

one of the PTMs, is also strongly related to cell cycle

regulation by protein degradation or signal transduction.

The importance of deubiquitinating enzymes (DUBs),

which have a reversible function for ubiquitination, has

recently suggested that the function of DUBs is also

important for determining the fate of proteins during cell

cycle processing. This article reviews and summarizes the

diverse roles of DUBs, including DNA damage, cell cycle

processing, and regulation of histone proteins, and also

suggests the possibility for therapeutic targets.
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Abbreviations

ATM Ataxia telangiectasia mutated

ATR ATM and Rad3-related

DDR DNA damage response

DUB Deubiquitinating enzyme

UPP Ubiquitin proteasomal pathway

USP Ubiquitin-specific protease

UCH Ubiquitin carboxy terminal hydrolases

OTU Ovarian tumor domain

MJD Machado–Joseph disease

JAMM Jab1/MPN domain-associated

metalloisopeptidase

Introduction

Cellular response to maintaining genomic stability from

the several genotoxic stresses is an important reaction

in cancer cell homeostasis. The expression and activa-

tion of the cell-cycle checkpoint proteins begin with

diverse proteins such as transcription factors and post-

translational modifying enzymes in each phase by

diverse stimulations in both prokaryotic and eukaryotic

cells. In addition, the damaged cells undergo cell cycle

arrest and programmed cell death, and these processes

are regulated by the orchestration of various proteins.

For example, upstream checkpoint kinases such as

ataxia telangiectasia mutated (ATM) and ATM and

Rad3-related (ATR) play an important role in the ini-

tiation of DNA damage response (DDR) [1]. Besides,

p53, a well-characterized cell-cycle checkpoint regula-

tor, contributes to cell cycle arrest and/or apoptosis by

the DDR signaling cascade [2]. Checkpoint proteins

can control cell cycle progression, and they monitor

whether the previous phase has been suitably completed

in order to progress to the next phase. The way pro-

teins ensure cell cycle arrest, proliferation, and

apoptosis in cells through signal transduction is one of

important questions in the field of cell biology.
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In mammalian cells, most proteins are subjected to post-

translational modifications (PTMs). Ubiquitination is one

of these PTMs, and it regulates the proteins’ fate by a series

of enzymatic cascade reactions [3]. In the course of these

enzymatic reactions, ubiquitin (Ub) as a 76-residue

polypeptide is activated by Ub-activating enzyme (E1)

with high-energy thioester. Activated ubiquitin is subse-

quently transferred to a cysteine residue of Ub-conjugating

enzymes (E2). The E3 Ub-ligase enzyme catalyzes

between the carboxyl terminus as a glycine (Gly or G)

residue of Ub and a lysine (Lys or K) residue of a targeted

protein, and this interaction finally makes an isopeptide

bond (Fig. 1a) [4]. Ubiquitination is involved in the regu-

lation of diverse functions in the cells, including protein

degradation by the 26S proteasome, immune response,

protein transport, transcription, and cell cycle progression

[5]. Ubiquitin can mark substrates by its monomeric

(monoUb) or polymeric (polyUb) form as a chain. In

addition, Ub moieties can make diverse branches through

their Lys residues by utilizing the editing function of E3

Ub-ligases (K6, K11, K27, K29, K33, K48, and K63) in

cells [6]. In general, the protein marked by K48-linked

polyUb chains is recognized by the 26S proteasome, and it

leads to proteolysis [7]. On the other hand, K63-linked

polyUb chains serve in intracellular signaling as a monoUb

[8]. A proteomic approach to quantification for Ub–Ub

links with seven Lys sites showed a relative abundant order

of K48[K63 and K11 � K33, K27, and K6 in yeast [6].

DUBs belong to the cysteine protease subfamily and

negatively regulate ubiquitination by disassembling the Ub

chains between diGly (GG) peptides on the ubiquitin

proximal site and Lys (K) peptide on targeted proteins, and

accordingly have a crucial role in the regulation of the

ubiquitination process and its subsequent physiological

functions in cells [9] (Fig. 1b). Several DUBs also cleave

themselves on their own diGly sites [10, 11] (Fig. 1c).

Therefore, DUBs control numerous bioactivities in cell

cycle regulation, signal transduction, membrane traffick-

ing, DNA damage response, immune response, and

programmed cell death [12]. The human genome encodes

approximately 100 DUB enzymes, and these can be clas-

sified into at least six families according to their functional

and structural properties: ubiquitin-specific proteases

(USPs), ubiquitin carboxy-terminal hydrolases (UCHs),

ovarian-tumor proteases (OTUs), Machado–Joseph dis-

eases (MJDs), JAB1/MPN/MOV34 metalloenzymes

(JAMMs), and monocyte chemotactic protein-induced

proteases (MCPIPs) [13]. DUBs have specific conserved

domains, including Cys, Asp/Asn, and His domains, which

determine their catalytic activity. However, JAMMs lack-

ing in these three domains are zinc metalloproteases [9].

Each class of DUB enzymes differs in the size and

arrangement of conserved sequences. The structural anal-

ysis performed based on their conserved sequences

revealed that there are various conserved motifs throughout

these DUBs [9], and an elegant review also has described

and compared the structures of DUBs recently [14].

Cell-cycle checkpoint proteins are synthesized and

produced to assist in the progression of the cell cycle. It is

well known that various cancer cells have mutations or

overexpression of checkpoint proteins. However, the reg-

ulatory mechanism of PTM in the ubiquitination and

deubiquitination that regulate the fate of cell-cycle check-

point proteins in cancer cells is not completely understood.

Here, we focus on how DUBs regulate cell cycle check-

points, and the potentially utilizing DUB inhibitors in

cancer therapy process by understanding the enzymatic

mechanisms of DUBs.

DNA damage and DUBs

Cells exposed to DNA damage agents activate DDR

pathways to counteract DNA lesions. Commonly, base

excision repair (BER), direct repair (DR), homologous

recombination (HR), nucleotide excision repair (NER),

non-homologous end joining (NHEJ), and mismatch repair

(MMR) are classified as types of DNA lesion progression

[15]. Cell cycle checkpoint is coordinated with DNA repair

as part of DDR. We have summarized DUBs according to

the type of DNA lesions upon DDR (Fig. 2). The DNA

damage checkpoint halts the progression through cell cycle

in the G1, S, or G2 phase until the recovery of genomic
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Fig. 1 The role of DUBs within the ubiquitin–proteasome system.

a Ubiquitin is composed of 76 amino acids, and it undergoes a series

of enzyme reactions, such as E1 (activating enzyme), E2 (conjugating

enzyme), and E3 (ligase enzyme), to attach to target proteins. b Most

proteins are ubiquitinated on one or more multiple-lysine sites, and

DUBs dissociate the ubiquitin-substrate bond through recognizing

and cleaving at the diGly site. c A scheme of autocleavage for DUBs
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damages by sensor proteins occurs. The initiation of signal

transduction to respond to DNA damage is conducted by

upstream kinases such as ATM and ATR. In general, these

two extremely huge protein kinase complexes directly

phosphorylate several substrates to accomplish their signal

transduction for DDR [16]. In addition, ATM and ATR

target CHK1 and/or CHK2 to regulate cyclin-dependent

kinases (CDK) activity through various pathways and

phosphorylate and activate p53 [17, 18].

In base excision repair (BER)

Cells exposed to chemical toxins, ionizing radiation (IR),

ultraviolet radiation (UV), and reactive oxygen species

(ROS) can cause DNA lesions and produce DNA single-

strand breaks (SSBs) and double-strand breaks (DSBs)

[19]. SSBs brought about by ROS and IR are repaired by

BER. In BER, damaged bases are recognized by DNA

glycosylase and removed from the double helix, and then

polymerases and ligases excise the damaged section [20].

The most proliferous cells with unrepaired SSBs from the

exposure of physically damaging agents result in the

blockage of cell cycle progression and collapse of DNA

replication forks in the S phase [21]. Moreover, these

harmful situations possibly accompany DSBs [22]. Poly(-

ADP-ribose) polymerase (PARP) enzymes are considered

to be monitoring proteins in an abundance of SSBs, and

they induce cell death through the release of apoptosis-

inducing factors (AIFs) from mitochondria-related

stimulation [23]. PARP1 and PARP2, as the PARP super-

family members, are primarily detected and activated in

SSBs, and these proteins subsequently synthesize poly

(ADP-ribose) (PAR) chains at DNA breaks through a zinc

finger motif [21]. Activated PARP1 is detected in BER,

and it interacts with the XRCC1-DNA ligase III complex to

regulate DNA ligation [24]. PARP modifies not only its

targeting proteins but also itself with PAR modification

(PARsylation) [25], and a recent in vitro study showed that

only PARsylated PARP1 is recognized by Iduna as a PAR-

dependent E3 ligase, and this protein–protein interaction

leads to PARP1 polyubiquitination [26]. A further study

identified a PARP1 regulating an E3 ligase such as

checkpoint with fork-head associated and ring finger

(CHFR) in the early stage of DDR [27]. The functional

interaction between PARP1 and CHFR was also shown in

mitosis, and we will discuss this issue in the next sec-

tion. Even though PARP1-regulating DUBs have not been

identified as of yet, USP36, one of the DUBs, was identi-

fied as a PARP1 binding partner by global proteomic

analysis [28]. A genome-wide analysis showed that Ubp10

(known as USP36) is induced by oxidative stress in bud-

ding yeast [29]. Our biochemical analyses showed that

USP36 stabilizes and regulates mitochondrial superoxide

dismutase SOD2 in mammalian cells [30, 31]. Moreover, a

study on Drosophila revealed that the mutation of USP36

leads to nuclear protein aggregates such as H2B, and

selective autophagy induced by deficiency of USP36 [32].

This finding supports the role of USP36 on genomic

functions through the regulation of histone protein. Previ-

ous studies have demonstrated that USP36 is localized into

rDNA locus, and it catalyzes the ubiquitin on H2B with

deubiquitinating activity [33–36]. The mechanistic details

of USP36 in DNA damage have been studied. For example,

a recent study revealed that high oxidative stress induced

Ubp10 inactivation, and it leads to an increase of protein

carbonylation in Ubp10-depleted cells [37]. Ubiquitination

and carbonylation can be a marker of ROS [38], which also

strongly supports this study.

In nucleotide excision repair (NER)

Whereas BER is concerned with small base adduction,

NER recognizes and processes in the bulkier distorting

base lesions such as cyclobutane pyrimidine dimers (CPD)

and pyrimidine(6-4)pyrimidone photoproducts (6-4PP) in

DNA helix by UV. Generally, NER is classified into two

subpathways as global genomic NER (GG-NER), which

repairs DNA lesions of the entire genome, and transcription

coupled with NER (TC-NER), which is removal of tran-

scription-blocking lesions [39]. GG-NER in DNA

distorting is recognized by two types of protein complexes

as a UV-damaged DNA binding protein (UV-DDB), which
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Fig. 2 Involvement of DUBs in DNA repair mechanisms. DNA

damage reagents cause several types of genomic instability including

single-strand breaks (SSBs) to base mismatches. DNA repair is

triggered by several repair systems, such as base excision repair

(BER), nucleotide excision repair (NER), homologous recombination

(HR), non-homologous end-joining (NHEJ), and mismatch repair

(MMR). Several DUBs are involved in and associated with DNA

repair mechanisms and regulation of p53 in DNA damage responses
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is known as DDB1-DDB2-containing the E3-ubiquitin

ligase CUL4A complex and XPC-RAD23B protein com-

plex [40]. UV-DDB is associated with UV-damage

response to regulate genome stability [41]. DDB1 (known

as p127) was found to be an adaptor protein that alloster-

ically regulates CUL4 E3 ligase activity [42], and this

complex is recruited by DDB2 to the site of damaged DNA

in regulating the initiation of GG-NER [43, 44]. PCNA has

a role in the processing of DNA replication through

interactions between several binding proteins and DNA,

and its ubiquitination is tightly regulated during DDR to

orchestrate the function of binding partners by PTMs [45].

The PTMs of PCNA with ubiquitin or small ubiquitin-like

modifier (SUMO) in the DNA damage condition have been

studied over the past decade [46]. A recent study added a

phenomenon for the PTMs of PCNA with ISG15 ubiquitin-

like modifier (ISG15) in triggering translesion DNA syn-

thesis (TLS) [47]. The coordinators for the PTMs of PCNA

have been well summarized and reviewed in several out-

standing papers [45, 48, 49], and we will discuss PCNA-

associated DUBs and their binding proteins in this review.

A part of the DDB2 protein degradation in UV-exposed

cells is shown in that DDB2 requires PCNA to degrade

itself by ubiquitination [50]. USP1-UAF1 makes a complex

by UV irradiation; this complex regulates PCNA

monoubiquitination, and this interaction leads to the reg-

ulation of DNA synthesis. The role of the USP1-UAF1

complex will be discussed in detail. In addition, a recent

study showed that USP24 stabilizes DDB2 through its

deubiquitinating activity [51]. XPC also undergoes the

proteasomal degradation by ubiquitination in cells, and

USP7 has deubiquitinating activity in XPC regulation

under the UV damage condition [52]. In addition, the UV-

irradiated cell that is depleted with USP7 decreased the

processing of 6-4PP [52]. Thus, this kind of evidence

suggests that several DUBs are directly or indirectly

associated with the DDB2 regulation pathway in NER.

In homologous recombination (HR), nucleotide

and non-homologous end joining (NHEJ)

The HR and NHEJ pathways have functions for dealing

with chromosome repair for DSBs [19]. HR mostly acts in

the S and G2 phases during the cell cycle, and it can be

separated into three stages as pre-synapsis, synapsis, and

post-synapsis to recover DNA sequences in the damaged

location [53]. The nucleotides around the DSB ends

resected to 30-OH by the Mre11-Rad50-Xrs2 (MRX)

complex during pre-synapsis. In synapsis, Rad51 that binds

with ssDNA forms a D-loop through DNA strand invasion

and the sister chromatid is utilized as a template for DNA

synthesis. RNAi-based screening at IR-induced foci for

identification of the regulator protein for HR protein

assembly found BRAC1-associated protein 1 (BAP1) [54].

BAP1 belongs to the UCH subfamily (UCH-L1, UCH-L3,

UCH37, and BAP1) and is known to be a tumor suppressor

protein that is mutated in various melanomas [55].

Experimental evidence with BAP1 knock-out cells showed

the novel function of BAP1 in HR and the BAP1-deficient

cells sensitized to DSBs and the deubiquitinating activity

of BAP1 or its phosphorylation is needed for DNA repair

[54]. USP1 is a well-defined DUB for both the regulation

of HR repair and the Fanconi anemia pathway through the

interaction of its binding partner, UAF1 [56, 57]. During

the cell cycle process, USP1 eliminates monoUb on PCNA

to regulate error-prone TLS polymerase. Moreover, USP1

has a di-Gly (GG-K) site on its His domain, and it leads to

autocleavage by its protease activity upon DNA damage

condition [11]. Cleaved USP1 undergoes proteasomal

degradation, and it leads to an increase in the level of

monoubiquitinated PCNA [11]. UAF1 has been identified

as an USP1 interacting protein, and this interaction was

increased in DNA damage condition [58]. Further studies

have suggested that USP1 has to interact with UAF1 to

have a function in deubiquitinating activity [59–61]. A

mouse model for USP1 in DDR showed that USP1-/-

mouse embryonic fibroblast cells (MEFs) increased UV

sensitivity and monoUb of both PCNA and FANCD2 [62].

Further studies have supported this phenomenon. Murai

and colleagues employed USP1-/-, UAF1-/-, and

USP1-/-UAF1-/- DT40 cells to investigate the USP1/

UAF1 complex in DDR, and these cells also increased the

level of mono-Ub for both PCNA and FANCD2 [63]. In

addition, USP1- and/or UAF1-depleted DT40 cells sensi-

tized the treatment of several DNA damage reagents, such

as camptothecin and PARP inhibitors, and resulted in

reduced HR repair [63]. A recent study showed the

importance of the UAF1-USP1 regulatory mechanism in

HR repair in UAF1-deficient mice, which can be observed

in embryonic lethality in E7.5, and its embryonic stem cells

(ESCs) showed hypersensitivity to several DNA damage

reagents and chromosomal abnormality [64]. BRCA1,

known as a tumor suppressor, is also well characterized in

cancer and is defined as a DNA damage regulator to

respond to HR [65]. The molecular events and pathways of

BRCA1 in HR have been reviewed in an outstanding

article [66]. However, a DUB as an essential regulator for

BRCA1 has not been identified yet.

In p53 regulation upon DNA damage

The kinetics of p53 upon DDR has also been widely evi-

denced in several biochemical and mice studies. These

investigations revealed that many residues on p53 protein

are coordinated by diverse kinases to respond to DDR.

Upon DNA damage, seven serine residues (S6, S9, S15,

1442 K.-H. Lim et al.
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S20, S33, S36, and S36) and two tyrosine residues (T18

and T81) on p53 are phosphorylated, and six lysine resi-

dues (K370, K372, K373, K381, K382, and K386) are

acetylated [67], and these modifications induce transacti-

vation to several p53 transcriptional targets [68]. In

addition, six lysine residues for p53 acetylation can be

shared with ubiquitination [67]. So far, several studies have

identified approximately 27 E3 ubiquitin ligases for p53,

and MDM2 is the most studied negative regulator for p53

stability [69]. In contrast, eight DUBs (USP2a, USP7,

USP10, USP11, USP13, USP42, OTUB1, and OTUD5)

have been identified for deubiquitination of p53 [70–77].

These findings were expected in that the regulatory

mechanism for DDR via p53 is tightly regulated by the

ubiquitination or deubiquitination, and another unknown

DUB can also be a regulator for p53 in cell cycle

processing.

DUBs and cell cycle processing

In mammalian cells, cell cycle processing can be divided

into four phases as G1, S, G2, and mitosis. The cell cycle

progression is determined by the expression and activation

of several relative regulators such as CDKs, cyclin-de-

pendent kinase inhibitors (CDKIs), cyclins, and aurora

kinases. Several studies have reported on the direct or

indirect function of DUBs in the cell cycle processing

(Fig. 3).

Interphase (G1, S and G2 phase)

Synthesis of RNA and proteins occurs in the G1 phase,

which prepares for the onset of DNA replication. USP17

was identified as a cytokine inducible immediate-early

DUB, and it can modulate cell proliferation by blocking

Ras-converting enzyme 1 (RCE1) activity [78, 79]. The

ability of USP17 for regulation of cell proliferation is

elucidated by Ras-mediated CDKIs activation [79, 80].

Lack of USP17 leads to an accumulation of CDKIs such as

p21Cip1 and p27Kip1, resulting in the inhibition of the G1-S

transition. USP17 can also regulate apoptosis through the

interaction of several apoptosis-associated factors, and

detailed properties have been well reviewed by a recent

article [81]. DUB-1 is also known as a cytokine inducible

DUB in murine and cells are arrested in the G1 phase by

the overexpression of DUB-1 [82]. Further studies revealed

that DUB-1 is regulated by the JAK/STAT pathway and

interacts with dynein heavy chain during cell cycle pro-

cessing [3, 83], but the essential binding partner of DUB-1

for regulation of the G1-S transition has not yet been

identified yet. Lu and colleagues found that USP19 is

associated with the regulation of stability for p27Kip1 dur-

ing the cell cycle [84]. p27Kip1, one of the CDKIs, is

ubiquitinated by two E3 ligases, KPC1/KPC2 and Skp1-

Cul1-F-box (SCF)Skp2 in the G1-S phase. Lu and col-

leagues have observed that p27Kip1 was accumulated from

G1 to early S phases by depletion of USP19. In addition,

USP19 can stabilize KPC1 by its deubiquitinating activity,

and their interaction leads to the degradation of p27Kip1.

However, most cells are not controlled by the absence or

presence of USP19 by p27Kip1 regulation during G1-S

transition [85]. NCI-H226 non-small lung cancer cells, as

BAP1-deficient cells, are used to study BAP1 function.

Overexpression of BAP1 accelerates G1-S transition, and it

leads to cell death [86]. The human herpes simplex virus-

associated host cell factor 1 (HCF-1) was identified as a

BAP1 interacting protein [87]. During G1-S transition, E2F

proteins (E2Fs) promote transcription of cell cycle-asso-

ciated proteins, and HCF-1 has the function of an E2Fs

coactivator [88]. BAP1 has deubiquitinating activity for

inhibition of HCF-1 ubiquitination, specifically dissociat-

ing Lys48-linked ubiquitin chains from HCF-1 [89].

Therefore, deubiquitination of HCF-1 by BAP1 regulates

G1-S processing. Similarly, overexpression of USP37 also

accelerates G1-S transition [90]. The E3 ubiquitin ligase

anaphase-promoting complex (APC/C) controls the overall

cell cycle. Because APC/C consists of multimeric proteins,

the activity of APC/C depends on its substrates during cell

cycle processing [91]. Cyclin A is a substrate of APC/C,

BAP1
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Fig. 3 DUBs in cell cycle regulation. Living cells process the cell

cycle in four sequential phases: the first gap phase (G1); the DNA

synthesis phase (S) for DNA replication; the second gap phase for

preparing mitosis (G2); and finally mitosis. Withdrawal of cells after

many cellular divisions leads to the quiescent phase (G0). Each

distinct phase is controlled by several DUBs

Decision for cell fate: deubiquitinating enzymes in cell cycle checkpoint 1443

123



and APC/C subsequently ubiquitinates and degrades cyclin

A from the G1-S phase to mitosis [91]. A recent study

showed the role of USP37 for G1-S transition, including

the regulation of cyclin A [90]. The transcription factors

E2Fs induce USP37 in the G1 phase, and CDK2 as a kinase

phosphorylates USP37 to confer deubiquitinating activity

[90]. These events lead to the stabilization of cyclin A

before mitotic entry, and the expression of USP37 subse-

quently decreases by E3 ligase SCFbTrCP in the G2 phase

[90, 92]. Interestingly, p27 was destroyed by the KPC1-

USP19 complex as we mentioned previously [84], but

USP37 rescued p27 expression by its deubiquitinating

activity [93].

Mitosis

Mitosis is the most strictly regulated phase in the cell cycle.

Although it is the shortest phase in the entire cell cycle,

many dynamic cellular events rapidly compared to other

periods [94]. In comparison with interphase, which is the

period including cell growth and replication of DNA, the

key point of mitosis is cell division (also known as

cytokinesis). There are six well known steps involved in

mitosis–prophase, prometaphase, metaphase, anaphase,

telophase, and cytokinesis. Through this entire cycle flow,

five main significant events occur—disassociation of the

nuclear envelope, chromatid condensation, attachment of

microtubules, moving to opposite pole and cytokinesis—

and must occur successively and without mistakes [95].

Otherwise, cells undergoing mitosis may acquire

metabolically related disorders [95]. Some modulators or

regulators are required for repairing a damaged cell cycle

from abnormal progressions [96]. One of the vital events

for making progression in mitosis is spindle assembly.

APC/C has shown their functions and regulations in the

attachment of microtubules. In mitosis, APC/C mainly

functions in triggering the metaphase-anaphase transition

via degradation of two main proteins; securin and cyclin B.

Ubiquitination of the separase inhibitor securin by the E3-

ubiquitin ligase activity of APC results in proteolytic

degradation [97, 98]. Separase is activated and its protease

activity cleaves cohesin rings so that they detach from each

sister chromatid, resulting in the transition from metaphase

to anaphase. A recent biochemical study in yeast screened

both securin- and cyclin B-associated DUBs [99]. Ubp1,

Ubp2, Ubp3, Ubp10, and Ubp12 were screened for both

polyubiquitinated securin and cyclin B regulating DUBs

[99]. In addition, Ubp6 (known as human USP14) and

Ubp14 (known as human isopeptidase T) have DUB

activity for the monoubiquitination of both securin and

cyclin B [99]. Regulations by Aurora B during spindle

assembly are noticeable, and a recent study has shown that

mRNA levels of Aurora B are intimately associated with

USP39 [100]. USP39 is required for maintenance of the

mitotic spindle checkpoint and its function for cytokinesis

as a stout assistant [100]. Besides, not only USP39 but also

USP44 and USP4 are significantly involved in the regula-

tion of spindle assembly checkpoint. Spindle assembly

checkpoint monitors whether attachment between all

paired-sister chromatids at their kinetochore by micro-

tubules is normally stable. USP44 plays a role in the

regulation of mitotic checkpoint interacting with cell-di-

vision cycle protein 20 (CDC20). USP44 participates in the

cytokinesis promoting activity of APC/C by stabilizing

CDC20-MAD2 as a result of the deubiquitinating activity

to CDC20 [101]. In addition, USP44-null mouse has the

defects of regulating mitotic cell cycle checkpoint and in

chromosome lagging [102]. This observation indicates that

USP44 takes part in the functional role of centrosome and

the role of the natural formation of the mitotic spindle.

Further, USP44 functions as a tumor suppressor by pro-

tecting against the missegregation of chromosomes [102].

Other observations of deubiquitinating activity with USP7

in mitosis have suggested that USP7 could be essential for

mitosis regulation. Claspin synthesized in the S phase

functions as an adaptor protein for Chk1 signaling, and it is

degraded by both E3 ligases SCFbTrCP and APC/C in

mitosis and G1 phase processing, respectively [103]. USP7

counteracts with SCFbTrCP but not APC/C in claspin sta-

bility during mitosis. Oppositely, USP7 does have

deubiquitinating activity for claspin degradation that is

ubiquitinated by SCFbTrCP during the G1 phase [103].

Depletion of USP7 increases the genomic stability, and the

cells that completely depleted USP7 lead to a blockage of

mitosis and the G1 phase [104, 105].

Resting phase (G0 phase)

Three DUBs—Rpn11, Uch37, and USP14—are incorpo-

rated in the 26S proteasome [106–108]. Rnp11 has

deubiquitinating activity to target proteins ATP-depen-

dently and positively promotes substrate degradation [109].

On the contrary, Rpn11, Uch37, and USP14 deubiquitinate

target proteins, and negatively promote substrate degrada-

tion in the proteasome through an Ub-chain trimming

activity; namely, Uch37 and USP14 have a role as a pro-

teasome inhibitor [109]. The biological function of USP14

has shown that depletion of USP14 increases G0/G1 and

reduces S phase population in the cells [110]. In addition,

clinical analysis has revealed that the survival ratio of lung

adenocarcinoma patients depends on USP14 expression

level [110].

Commonly, the canonical function of DUBs is involved

in dissociation of ubiquitin from target proteins, and this

reaction is related to several cellular processes. However,

the non-canonical function of DUBs also contributes
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cellular regulation through protein–protein interaction.

UCH-L1 can be a good example of the non-canonical

function of DUBs. UCH-L1 is a well-characterized DUB in

Parkinson’s disease and several cancer progressions [111].

A recent study has shown that cell cycle and proliferation

were enhanced by interaction between UCH-L1 and CDKs

(CDK1, CDK4, and CDK5) [111]. However, the role of

their interaction in the cell cycle and proliferation is not

dependent on UCH-L1 deubiquitinating activity [111].

Histones and DUBs in the cell cycle

Some studies have demonstrated and proved that PTMs of

histone proteins from DUBs are charged with many con-

siderable tasks in cell cycle, including chromatin formation

and structure. During the cell cycle, histones are covered

by DNA, and linked histones between each nucleosome

are, in total, divided into mainly five kinds of histone

protein: H1/H5, H2A, H2B, H3, and H4; however, only

H2A, H2B, H3, and H4 are considered as core histones

[112]. Several decades ago, Richmond et al. investigated

the crystal structure of a histone octamer wrapped in DNA

[113]. Although each of the four core histones seems not to

be similar in sequence, each has a histone-fold motif which

is called helix-loop-helix [114]. Further, it was estimated

that all four core histone proteins commonly contain

20–24 % of arginine and lysine and have a highly positive

charge [115].

H2A and DUBs

Histone ubiquitination is fundamentally required for the

orchestration of nucleus events including chromatin sta-

bility, transcriptional regulation, DNA repair, X

chromosome inactivation, cell cycle progression, and gene

silencing. Despite the fact that chromosomal histone pro-

teins are in a stable state, extra histones not attached to

chromatin undergo proteasomal degradation [116]. The

first identification of ubiquitination on histone protein

(H2A) was studied several decades ago [117]. Further

research discovered that histone ubiquitination including

cross-talk between ubiquitination and methylation was

identified [118]. In addition, trans-histones have provided

insights into research on PTMs and cellular mechanisms

[119]. The ubiquitination ratio of chromosomal H2A and

H2B has shown that more ubiquitins tend to be conjugated

at H2A (about 5–15 %) than at H2B (1–2 %) [120–122]. In

general, H2A and H2B are conjugated to ubiquitin at their

Lys-119 and Lys-120, respectively, and the counteraction

of monoUb-histone proteins occurs by several DUBs [123,

124]. The consequence of H2A monoUb on K119 residue

tends to be accompanied by gene silencing [125].

Therefore, segregation of ubiquitin from this site by DUBs

is consistent with gene activation and cell cycle progres-

sion [126]. In addition to the bulk of the monoUb pattern

on H2A and H2B, the polyUb form of H2A was also found

in many cell types [127]. A recent study has demonstrated

other ubiquitin-binding sites of H2A located at the N-ter-

minal sequence, K13, and K15, which are targets for E3

ligase RNF8 and RNF168 upon DDR [128].

Lots of specific binding substrates of H2A are involved

in the dissociation of H1 (also known as a linker histone),

which links each nucleosome to histone proteins [129,

130]. It has been suggested that ubiquitins bound to H2A

are removed for chromatin condensation in mitosis and are

related to apoptotic response [131, 132]. Therefore, The

H2A deubiquitination is closely related to chromatin sta-

bilization, gene expression, cell cycle progression, and

DDR [126, 133]. Several DUBs for the deubiquitination of

H2A have been found; USP3 (most homologous to Ubp8 in

yeast), USP16 (homologous to Ubp-M in yeast), USP21,

USP22 (homologous to Ubp-8 in yeast), USP29, USP44,

and Dub-2A [129, 131, 134–137].

Not only is H2B deubiquitinated by USP3, but H2A is

also the enzymatic target of USP3, which is the most

homologous to Ubp-8 in yeast [138]. H2B deubiquitination

by USP3 will also be discussed later. Recent studies have

examined and demonstrated that USP3 deubiquitinates

ubiquitin conjugated at K13 on H2A, and it plays a vital

role in genome stability and cell cycle progression, espe-

cially in the S phase transition [137]. Cesare and colleagues

observed the tumor development and an unstable pattern of

chromosomal integrity in USP3-depeleted animals [139].

Further, USP3 was used to demonstrate the necessity of

H2A ubiquitination in response to IR-induced DSB.

Overexpressed USP3 led to an interruption in the recruit-

ment of RNF168 at the DSB sites, indicating that the

ubiquitinated H2A is indispensable to RNF168-included

complex formation [140]. Recently, Hu and colleagues

found that a decreased H2A ubiquitination level is also

related to USP7 [141]. However, whether USP7 directly

deubiquitinates H2A is still unknown. Instead, they

demonstrated that the interaction between USP7 and

HSCARG (also known as NmrA-like family domain con-

taining 1, NMRAL1) results in reduced PRC1 complex-

mediated H2A ubiquitination [141]. HSCARG is a newly

identified protein that interacts with USP7 and is included

in the dehydrogenase family but does not show dehydro-

genase activity [142]. Several functions and substrates of

USP16 have been revealed and found in the cell cycle. A

recent study identified that the H2A lysine sites for deu-

biquitination by USP16 were not only K119 but also K15,

and that the detachment of ubiquitin from K15 on H2A is

responsible for DNA damage response [143]. It has been

shown that one of the vital functions of USP16 in the cell

Decision for cell fate: deubiquitinating enzymes in cell cycle checkpoint 1445

123



cycle was identified by a knockdown experiment [126].

Deficiency of USP16 leads to defects in mitosis, resulting

in decreased growth rate and G2/M transition, indicating

the importance of USP16 for cell growth and cell cycle

progression [126]. Further studies have also suggested that

the deubiquitinating activity of USP16 and its important

role in cell cycle regulation are prerequisites for S10

phosphorylation on H3, which plays a vital role in genome

stability and acts as a marker for chromatin condensation in

the cell cycle, especially in mitosis [126, 144]. Based on

microarray expression from the regenerating hepatocytes,

Nakagawa and colleagues revealed that USP21 conducts a

hydrolyase activity on histone H2A proteins, resulting in

the detachment of conjugated ubiquitin [136]. Deubiquiti-

nated H2A by USP21 could exert influence on di- or tri-

methylation at H3K4, which is required for transcription

initiation, via a ‘trans-histone’ pathway [136]. USP21 has

been relatively less understood for its histone-related

functions in the cell cycle. A further study on the influence

of H2A-USP21 on cell cycle regulation is needed. USP22

also deubiquitinates both H2A and H2B by acting as a

component of the TFTC/STAGA complexes that function

in transcriptional activation in vitro and that have drawn

much attention as an important factor involved in either

transcription activation or G1/S transition [121, 122, 135].

Zhang et al. demonstrated that the remarkable effect of

USP22 depletion by RNA interference (RNAi) is the cell

cycle arrest in the G1 phase [135]. USP29 was also found

to mediate the deubiquitination of the H2A-conjugated

ubiquitin, and its activity results in cell cycle regulation

[134]. Both USP29 and USP44 were identified as partici-

pating in H2A deubiquitination and playing roles including

suppression of IR-induced 53BP1 formation and its

recruitment into damaged chromatin sites for DSB [134].

The deubiquitinating activity of USP44 toward H2B was

recently investigated with ESCs [145]. So, further studies

on USP44-H2B interactions and their following influences

on the cell cycle are needed. Recent works have shown that

USP46 and USP12 also target and detach the ubiquitin

from both H2A and H2B in vitro and in vivo, by interacting

with the WD40 repeat-containing protein 48 (WDR48),

which is required for these two DUB’s activities [146,

147]. DUB-2A and its deubiquitinating activity toward

H2A were also investigated [129]. DUB-2A targets K119

on H2A to counteract the H2A E3 ligase activity and is

involved in transcriptional regulation, including transcrip-

tion initiation and elongation [129]. cH2AX is a member of

H2A family and has been elucidated for its PTMs because

it is also ubiquitinated by an ubiquitin E3 ligase, RNF168,

on K13 and K15 [148]. In addition to the discovery of

ubiquitination factors toward cH2AX, the DUB of cH2AX,
USP3, was also recently found. Ectopic expression results

in deubiquitination of cH2Ax under the UV-induced DNA

damage condition [149].

H2B and DUBs

H2B ubiquitination as well as H2A play many important

roles in cell cycle regulation and in DNA damage response

even though the ubiquitination on H2B does not frequently

occur compared to H2A. It was revealed that the ubiqui-

tination at the H2BK123 (K120 in humans) site by the

Rad6-Bre1 complex in yeast influences on H3K4 and

H3K79 methylation, resulting in Rad53 kinase activation,

which is involved in DNA damage response and cell cycle

arrest [119, 150]. Therefore, DUBs that antagonize these

effects modifying histone proteins might play a role in cell

cycle progression. Collectively, less than 10 DUBs

involved in the detachment of ubiquitin on H2B have been

investigated so far: USP3, USP7, USP12, USP15 (indi-

rectly regulates the ubiquitination of H2B), USP22,

USP42, USP44, USP46, and USP49.

It has been studied that USP3 deubiquitinates not only

H2A but also H2B-attached ubiquitin [137]. Similarly, not

only H2A, but USP7 also is involved in H2B deubiquiti-

nation [151]. It interacts with 50-monophosphate synthetase

(GMPS), and its interaction could trigger the H2B ubiquitin

cleavage by enzymatic activity for deubiquitination [151].

USP12 and USP46 were co-studied as putative substrates

of H2A and H2B, and it was revealed that both have a role

in deubiquitinating each histone protein [146]. The activity

of these two DUBs was identified from their developmental

functions in the Xenopus model [146]. However, cell cycle-

related influences from USP12 and USP46 activities

toward both H2A and H2B are not clearly understood.

Recently, it has been suggested that USP15 indirectly

participates in the ubiquitin detachment of non-nucleoso-

mal free H2Bub via direct interaction with the squamous

cell carcinoma antigen recognized by T-cells 3 (SART3,

also known as TIP110 or p110), but does not have direct

interaction with H2B E3 ligase [152]. The deubiquitinating

activity of USP22 on H2B has been revealed and is

required for SAGA-related gene activation [153]. A further

study on the association between USP22 and H2B sug-

gested that USP22 is involved in cell cycle progression

[135, 153, 154]. Meanwhile, rather than the relatively well

understood effects of USP42 on p53 regulation, a recent

study found that USP42 also cleaves the conjugated ubiq-

uitin on H2B through its deubiquitinating activity [75,

145]. In addition, a further study demonstrated that a main

function of USP42 on H2B is accompanied by transcrip-

tional regulation [155]. An increased H2Bub level was

found under the USP44-knockdown condition, indicating

that USP44 negatively regulates H2B ubiquitination [145].
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In contrast with the USP44-H2A interaction, during the

differentiation of stem cells, USP44-mediated H2B deu-

biquitination is involved in the regulation of gene

expression which is closely related to the cell cycle event

[145]. The newly discovered H2B-DUB, USP49, counter-

acts the ubiquitination of H2B and influences the

processing of pre-mRNA both in vitro and in vivo [151].

Research upon histone H2B has not been active in

comparison to that of H2A. So, the cell cycle-involved

H2B DUBs are not much studied. Further studies on H2B

and its DUBs in the cell cycle are needed. The other two

core histone proteins, H3 and H4, are poorly understood

and their ubiquitin sites have not been found. However, the

PTMs of their residues play many critical roles in cell cycle

events, and, the ubiquitination or deubiquitination of the

previous two core histones (H2A and H2B) could exert

profound influences on the PTMs of histones H3 and H4 in

many cases.

DUBs for therapeutic targets

The ubiquitin–proteasome system for anticancer drugs has

been targeted, and the proteasome inhibitor bortezomib

(known as Velcade) was approved by the FDA in 2003 for

the treatment of multiple myeloma (MM) and mantle cell

lymphoma [156]. However, the ubiquitin–proteasome

system is highly incorporated in intracellular regulation,

and side effects in treatment with the proteasome inhibiter

have arisen [157]. Therefore, the development of specific

drugs to minimize toxicity in the ubiquitin–proteasome

system is required. Since Sowa et al. mapped the DUBs

and their interacting protein networks [28], DUBs are

considered as potential therapeutic targets for generation of

anticancer drugs. As we described above, DUBs are

defined by their ability to dissociate the ubiquitin from

substrates that usually contain Lys residue, and all DUBs

have conserved motifs, which are important in regulating

DUB activity. It is presumed that the active site of each

class of DUB has subtle difference, and blocking of

specific DUB active site or its substrate binding site by

small molecules can be a good target for development of

anti-cancer drugs. Understanding of the cell-based assays

to identify antagonists and agonists for DUBs is required

for drug development. Recently, an excellent review paper

has addressed the development of DUB inhibitors by

activity-based probes with the cell-based assay [158]. In

addition, the possibility of whether DUBs can be used in a

chemical drug for cancer treatment has been suggested [9,

159], and the development of anticancer drugs with DUBs

based on small-molecule screening is still being investi-

gated by many world-wide research groups. It is feasible

that the identified and developed DUB inhibitors have

affected and targeted only one DUB [9]. Because the

identified DUB inhibitors predominantly have functions for

targeting different cell cycle phases, the side effects of

DUB inhibitors need to be evaluated and considered from

various angles to apply clinical therapy.

Fanconi anemia (FA) is mainly caused by the dysfunc-

tion of several FA proteins, and the mutation of 15 FA

genes has been identified in FA patients so far [160].

Because most FA is related to a genetic disorder, it has

been considered as an important model for the study of

several genetic diseases and cancers [66]. The FA pathway

is impaired in terms of the repair of DNA interstrand

crosslinks (ICLs), and several DNA repair-related proteins

are orchestrated in ICLs to complete DNA repair [66]. For

example, deubiquitination of both FANCD2 and FANCI

terminates the final step of ICLs by the USP1-UAF1

complex [57, 58]. Pimozide and GW7647 were firstly

identified as USP1-UAF1 inhibitors, and the treatment of

these drugs increases FANCD2 monoubiquitination [161].

However, pimozide and GW7647 have no effect on H2A

ubiquitination [161]. Further, the USP1 catalytic activity

inhibitor, C527, has been identified [162]. ID1 is an USP1-

binding substrate, and it regulates the cell proliferation and

cell cycle processes [163]. Functionally, USP1 promotes

ID1 stability by its deubiquitinating activity. Analysis for

the treatment of C527 has shown that C527 inhibits leu-

kemic cell growth, as shown with pimozide [162]. Lately,

ML323 as an USP1-UAF1 inhibitor was screened [164],

and the drug was shown to prevent the deubiquitination of

PCNA and FANCD2 [164]. The treatment of ML323 had

no effect on cell cycle regulation. However, a combination

treatment with cisplatin as a DNA damage agent and

ML323 increases S1 phase arrest and apoptosis compared

to cisplatin along in cancer cells [164].

USP7 is the most important DUB for the p53-mediated

cell cycle regulation pathway in several kinds of cancer

cells [165], and inhibitors targeting USP7 are currently

being considered for preclinical trials [166]. HBX 19,818,

P05091, and analogues such as P045204 and P22077, and

HBX 41,108, have recently been identified as USP7 inhi-

bitors, and these have shown to be effective as anti-cancer

compounds. HBX 19,818 covalently binds USP7 and

blocks deubiquitinating activity for USP7, inducing p53-

mediated apoptosis in cancer cells [167]. A further study

revealed that P05091 has a great anti-proliferative effect on

reducing multiple myeloma when combined with other

drugs such as dexamethasone, lenalidomide, and/or

suberoylanilide hydroxamic acid [168]. A recent study

revealed the effect of the USP7 inhibitor P22077 for neu-

roblastoma (NB), and treatment with P22077 led to p53-

mediated cell growth inhibition and apoptosis in an NB

mouse model [169]. Because USP7 is highly expressed in

NB patients, P022077 can be an NB-specific drug [169]. A
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natural compound, Spongiacidin C, from the marine

sponge Stylissa massa was screened as a USP7 inhibitor

recently, and it has shown inhibition of deubiquitinating

activity for USP7, but the specific in vivo function remains

to be determined [170].

IU1 was identified as a small molecule inhibitor of

USP14 [171]. IU1 enhanced the proteasome activity via

inhibition of USP14 and stimulated target protein degra-

dation [171]. Further studies have suggested the role of IU1

in cells such as the inhibition of dengue virus replication

[172]. In contrast to the role of bortezomib for targeting the

inhibition of whole proteasome activity, targeting a specific

component of proteasome can suggest a valuable aspect of

MM treatment for IU1.

USP30 was first identified as a mitochondrial-associated

DUB, and it regulates mitochondria morphology through

localization of the outer mitochondrial membrane

depending on deubiquitinating activity [173]. A further

study added a role of USP30 in mitochondria, revealing

that it has an opposite function with parkin as an E3 ligase

for mitochondrial degradation [174]. Recently, a diter-

penoid derivative 15-oxospiramilactone (S3) was identified

as an USP30 inhibitor, which promotes mitochondrial

fusion [175]. The effect of S3 remains unevaluated in

Parkinson’s disease (PD), but it may prove to be a valuable

drug for PD.

Most DUBs share similar domains such as Cys and His

and these domains are closed to the regulation of deubiq-

uitinating activity. This has indicated an advantage for

developing inhibitors targeting multiple DUBs. Several

inhibitors targeting not only one specific DUB, but two or

more DUBs have been screened and studied. The role of

WP1130, as a JAK-STAT-signaling inhibitor, was char-

acterized for its anti-proliferative and apoptotic effect in

chronic myeloid leukemia (CML) through down-regulation

of the Bcr/Abl protein [176–178]. A further study identified

the ability of WP1130 in that several DUBs, such as USP5,

USP9X, USP14, and UCH37, inhibited their deubiquiti-

nating activity through treatment with WP1130 without

restriction of the 26S proteasome activity [179]. The

observation that the cells form aggresome and undergo

apoptosis through treatment with WP1130 has suggested

that WP1130 has an effect on the modification of Ub-K63

chains in Bcr/Abl in CML [180]. In addition, apoptosis

through down-regulation of the proapoptotic protein Mcl-1

through the inhibition of USP9X through treatment with

WP1130 was detected not only in CML but also in several

cancers [181–184]. Similar to WP1130, the small molecule

b-AP15 inhibits proteasome-associated DUBs such as

UCH37 and USP14 without affecting proteasome activity

[185, 186]. Upon targeting UCH37 and USP14 by b-AP15,

cancer cells undergo apoptosis regardless of the expression

of TP53 and anti-apoptotic protein B cell lymphoma 2

(Bcl-2) [185]. Moreover, a recent study identified the effect

of b-AP15 on the cell cycle, in which it induces cell cycle

arrest through down-regulation of cell-cycle checkpoint

proteins, including cdc25c, cdc2, and cyclin B1 in MM

[186].

The elegant studies with anti-cancer drugs to define its

functions in several cancers solve their uncovered function.

For example, paclitaxel has been known as an anticancer

drug targeting microtubule assembly [187]. USP4 has

drawn attentions for its functions in cell signaling pathways

and binding partners during mitosis, and a recent study

demonstrated that the down-regulation of USP4 by treating

with paclitaxel results in spindle assembly checkpoint

bypass [188]. Metformin has been used for diabetes treat-

ment, cancers, and polycystic ovary syndrome (PCOS)

[189, 190]. Increasing evidence suggests that metformin

affects the inhibition of cell proliferation and tumor growth

by induction of cell cycle arrest in the G0-G1 phase [191–

193]. In a variety of metformin-induced intracellular sig-

naling, USP7 is positively targeted by treatment with

metformin [194]. Recently, 9-oxo-9H-indeno[1,2-b]pyr-

azine-2,3-dicarbonitrile analogues as a potential inhibitor

of USP8 has been identified [195], but their biological

functions should be elucidated for pre-clinical trial.

Conclusions

A number of in vivo and in vitro studies on the activity,

function, and turnover of proteins have disclosed the

complicated molecular cascades that contribute to cell

cycle regulation. However, these molecular cascades reg-

ulate cell cycle progression and are associated with several

PTMs, such as acetylation, methylation, phosphorylation,

and ubiquitination. For maintenance of cellular homeosta-

sis, in part, protein turnover needs to be eliminated and

synthesized in cells. Most proteins are targeted by either

lysosome or the 26S proteasome degradation pathway. In

addition, approximately 80 % of intra cellular proteins are

followed by proteasomal degradation through the attach-

ment of ubiquitins. Several hundreds of E3 ligases lead to

substrate degradation, whereas relatively far fewer num-

bers of DUBs are responsible for detaching or trimming

ubiquitins from ubiquitinated proteins. Therefore, each

single DUB might have the responsibility for many sub-

strates that participate in many different types of cellular

processes. Although many challenges have arisen, now

several international research groups have identified DUB

inhibitors at the cell, pre-clinical, and clinical levels to

improve or identify the targeting of several diseases. As

numerous studies have been validated with DUBs so far,

DUBs may be one of the most ideal and attractive targets

for several diseases and cancers.
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