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Abstract Covalent post-translational modification of

proteins by ubiquitin and ubiquitin-like factors has

emerged as a general mechanism to regulate myriad intra-

cellular processes. The addition and removal of ubiquitin or

ubiquitin-like proteins from factors has recently been

demonstrated as a key mechanism to modulate DNA

damage response (DDR) pathways. It is thus, timely to

evaluate the potential for ubiquitin pathway enzymes as

DDR drug targets for therapeutic intervention. The syn-

thetic lethal approach provides exciting opportunities for

the development of targeted therapies to treat cancer: most

tumours have lost critical DDR pathways, and thus rely

more heavily on the remaining pathways, while normal

tissues are still equipped with all DDR pathways. Here, we

review key deubiquitylating enzymes (DUBs) involved in

DDR pathways, and describe how targeting DUBs may

lead to selective therapies to treat cancer patients.
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Abbreviations

5FU 5-Fluoro-uracil

BER Base excision repair

CPD Cyclobutane pyridine dimer

DDR DNA damage response

DSB DNA double-strand break

FA Fanconi anaemia

H2O2 Hydrogen peroxide

HR Homologous recombination

HU Hydroxyurea

IR Ionising radiation

MMC Mitomycin C

NER Nucleotide excision repair

NHEJ Non-homologous end-joining

TLS Trans-lesion synthesis

UV Ultra-violet light

DNA Damage Responses and Cancer

Tumorigenesis is a multistep process, driven by genetic

alterations that allow the progressive transformation of

normal cells into highly malignant tumours. Genomic

instability is fuelled by DNA damage and errors introduced

during DNA replication. Many factors—which include

endogenously arising agents, such as reactive oxygen

species and metabolic by-products together with exogenous

agents, such as ultra-violet light, ionising radiation, tobacco

smoke chemicals and other genotoxic chemicals—have

been identified that generate a range of different damage

types or lesions on DNA; see [1] for a recent review.

Several complex and interconnected DNA-repair systems

have therefore evolved to recognise and correct most of the

insults inflicted on the cell’s vital genetic information.

Importantly, radiotherapy and most commonly-used anti-

cancer chemotherapies operate by generating DNA dam-

age. While, effective tumour eradication by these treat-

ments results from the generation of irreparable DNA
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damage in tumour cells, resistance mechanisms are pro-

vided by tumour cell DNA-repair pathways. DNA damage

to normal cells results in the toxicities usually associated

with such treatments.

Overlapping DNA repair pathways operate in mamma-

lian cells and, together with DNA-damage signalling pro-

cesses, they comprise what is often referred to as the

cellular ‘‘DNA damage response’’ (DDR), defects in which

cause various human diseases [2, 3]. Prime aspects of the

DDR are the various DNA repair mechanisms, which

encompass: the nucleotide excision repair (NER) and base

excision repair (BER) pathways that deal with various

DNA helix-distorting lesions and single-strand breaks;

mismatch repair pathways that deal with base mismatches

and insertions/deletions; while very toxic DNA double-

strand breaks (DSBs) are either dealt with by the non-

homologous end-joining pathway (NHEJ) and/or less error-

prone homologous recombination (HR) pathways. In

addition, the Fanconi anaemia (FA) pathway operates in

conjunction with certain HR factors to recognise and repair

lesions such as inter-strand DNA cross-links.

The cellular response to DNA damage is propagated

through signal transduction and post-translational modifi-

cation of proteins involved in the various DNA repair

pathways. The amplification of signals from the damage

site has an important regulatory function in controlling the

cell’s responses to the DNA lesion [4]. Responses to

damage can take several forms, depending on where a cell

is in its cell cycle, replication status or the level of damage

incurred. For instance, signalling can trigger cell-cycle

checkpoints that cause the cell to slow or stop cell-cycle

progression, thereby preventing replication of damaged

DNA templates or mitotic segregation of damaged chro-

mosomes [5–7]. If, however, the level of damage is too

high and incompatible with repair, DDR signalling may

trigger apoptotic cell death, autophagy or senescence

mechanisms, where either the cell is killed or placed into a

non-dividing phenotype [8–10]. Central to many of the

responses following DNA damage, is the regulation of p53

and the modification of chromatin mediated by various

post-translational processes, which are important to trigger

various DDR events and maintain genomic integrity [11–

13].

Although DDR deficiencies have been linked to a wide

range of human pathologies, such as infertility, immune-

system defects, neurological defects and developmental

disorders, most research has focused on the striking asso-

ciations that exist between DDR defects and cancer [3, 14].

Indeed, hereditary mutations or epigenetic silencing of a

variety of genes that control DNA repair processes are

recognised to cause or contribute to early cancer formation

in many instances. For example, mutations in the DNA

mismatch repair genes MSH2 and MLH1 can lead to non-

polyposis colorectal cancers (HNPCC) in a significant

number of patients [15, 16]. Similarly, defects in the HR-

promoting and DDR-signalling protein kinase ATM,

characterised by the syndrome ataxia telangiectasia, are

associated with increased incidence of malignancies [17,

18]. Furthermore, mutations in DNA repair genes, such as

NBS1, BLM and WRN, all give rise to syndromes associ-

ated with high-cancer prevalence [19]. Inherited mutations

in the strongly breast cancer predisposing genes BRCA1

and BRCA2, both involved in HR DSB repair processes,

are responsible for a considerable proportion of familial

breast and ovarian cancers cases [20–22]. BRCA1/2

mutation carriers also show increased risks of developing

other cancer types, including prostate, pancreatic and

stomach cancers [23, 24]. FA is another disease where

mutations in one of fifteen FA genes lead to defects in

DNA inter-strand cross-link (ICL) repair, and HR is asso-

ciated with increased cancer incidence [25, 26].

In addition to DDR factors being linked to cancer

through the above hereditary connections, there is strong

and growing evidence that DDR defects contribute more

widely to sporadic cancers. Indeed, one of the most fre-

quent, early events in tumorigenesis involves abrogation of

particular DDR processes. One aspect of such DDR dys-

function is that it can result in increased genomic insta-

bility and consequently an increase in mutation rates that,

in turn, fosters cancer initiation and progression. In addi-

tion, loss of certain DDR components appears to be

selected for during early stages of tumorigenesis to dampen

genotoxic stress-induced cell death pathways that would

otherwise be triggered by heightened levels of DNA

damage induction that exists in many cancers and in their

precursors. Part of this higher DNA-damage load in can-

cers arises from factors such as telomere shortening—

which triggers DDR activation [27]—and through their

growth in non-optimal environments. Moreover, recent

study has shown that activation of various oncogenes, such

as Ras and Myc, leads to replicative stress, thus leading to

DNA damage in S-phase [9, 28]. In light of these factors,

cancer cells invariably display differences in their DDR

repertoire to normal cells of the patient, and crucially, this

often means that cancer cells are more reliant on certain

DDR pathways than normal cells. It is this addiction or

reliance on particular repair pathway(s) that can be

exploited therapeutically in cancer, through the concept of

synthetic lethality [29, 30]. In this scenario, a drug inhib-

iting a particular DDR component will be much more toxic

to cancer cells than normal cells (Fig. 1). In other instan-

ces, such a DDR targeting drug will enhance the cytotox-

icity of standard radiotherapy or chemotherapies much

more in cancer cells than in normal cells.

While there are various potential avenues to drug DDR

pathways, most study to date has focused on targeting
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enzymes that control DNA repair by mediating post-trans-

lational modifications. Such modifications operate in many

ways in the DDR but often do so by regulating the assembly

and disassembly of DDR–protein complexes as well as by

controlling the localisation and/or intrinsic activities of

DDR components [31, 32]. Indeed, several compounds

operating in this way by blocking DDR protein phosphor-

ylation or poly-ADP-ribosylation have been generated and

are producing encouraging results in clinical trials. As

discussed previously, it has recently become evident that

ubiquitylation as well as its reversal by the process of

deubiquitylation play key roles in the DDR and associated

downstream processes [31–38]. Consequently, enzymes

controlling ubiquitylation and related processes offer vari-

ous new opportunities for therapeutic intervention.

Ubiquitylation and Deubiquitylation

Ubiquitin, a 76 residue polypeptide is used as a post-

translational modification to alter intracellular protein

functions. Historically, the ubiquitylation system was

identified as an ATP-dependent signal for targeting intra-

cellular proteins for proteasomal degradation [39–41].

Ubiquitylation of proteins is a multi-step process requiring

the sequential action of three enzymes: the ubiquitin-acti-

vating enzymes (E1s) activate ubiquitin that is subse-

quently loaded onto ubiquitin-conjugating enzymes (E2s)

and finally, the ubiquitin is covalently linked to a lysine

side-chain from the E2s via specific recruitment of the

target protein, and facilitation of the transfer by ubiquitin

ligases (E3s). Notably, in addition to ubiquitin being

sometimes linked to target proteins singly, to form mono-

ubiquitin adducts, in many cases the initial ubiquitin

attached is then extended by the covalent attachment (again

by E1, E2 and E3 proteins) of additional ubiquitin moieties

to form poly-ubiquitin chains. Moreover, because any one

of ubiquitin’s seven internal lysine residues or its amino

terminus can serve as sites for conjugation, the resulting

poly-ubiquitin chains can have various, highly distinct

topologies with different biochemical and biological

functions. While Lys-48 (K48)-linked poly-ubiquitylation

of proteins is widely recognised as a critical pathway for

protein degradation, many additional roles have been

attributed to either poly-ubiquitylation of proteins via non-

K48 chains, linear ubiquitin chains as well as mono-ubiq-

uitylation of proteins [42–45]. In addition to post-transla-

tional modification by ubiquitin, a whole family of

ubiquitin-like modifications have been described. The

degree of conservation between ubiquitin and ubiquitin-

like factors is somewhat limited at the protein sequence

level; however, all members of the family share similar

overall three-dimensional structures and highly related

mechanisms of conjugation to their respective targets

involving E1, E2 and E3 enzymes [46–48].

DUBs and Their Broad Effects on DDR Processes

As for other protein post-translational modifications, con-

jugation of ubiquitin or ubiquitin-like factors to target

protein is reversible, this being mediated by isopeptidase

enzymes that are often collectively referred to as deubiq-

uitylating enzymes or DUBs. DUBs comprise a large class

of intra-cellular peptidases that cleave ubiquitin from

polypeptide substrates. Their substrates can be ubiquitin

precursors, ubiquitin adducts, poly-ubiquitin chains, mono-

ubiquitylated proteins or poly-mono-ubiquitylated proteins

Fig. 1 Synthetic lethality

relationships. The process of

loss of DDR pathways during

tumorigenesis is depicted here,

and summarises the critical

differences between normal and

tumour cells. Cancer is in part

driven by changes in a cell’s

DNA repair capacity and DDR.

Inhibiting these pathways can

selectively kill cancer cells

through a process called

synthetic lethality
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[45]. If we include ubiquitin-like peptidases in our calcu-

lations, over a hundred DUBs are encoded by the human

genome.

DUBs can be classified into five families (Fig. 2):

ubiquitin carboxyl-terminal hydrolases (UCH), ubiquitin-

specific proteases (USPs), ovarian tumour proteases

(OTU), MJD (Josephins) and MPN?/JAMM (JAB1/MPN/

MOV34 metallo-enzymes). The first four families are

cysteine peptidases, while MPN?/JAMMs are metallo-

peptidases [40–51]. In addition to processing ubiquitin and

ubiquitin adducts, some USPs have been shown to selec-

tively process specific ubiquitin-like proteins (for example,

USP18 acts on the ubiquitin-like protein ISG15) [52]. In

the case of the SUMO family of ubiquitin-like proteins,

however, adducts are reversed by a specialised group of

DUBs termed SENPs, all of which are cysteine peptidases

[46, 53]. While all DUBs are peptidases, there are con-

siderable differences between their precise mechanisms of

action, and there are also major differences in the regula-

tory mechanisms that modulate DUB selectivity and

specificity [54]. In this regard, DUBs can be classified into

three main categories according to their type of substrate

cleavage activity: some generate free ubiquitin from linear

substrates, such as poly-ubiquitin chains or ribosomal

protein fusions; others liberate ubiquitin from proteins

modified post-transnationally on lysine residues; while, a

third class comprises DUBs that edit poly-ubiquitin chains

[54]. For in depth discussions of DUB mechanism-

of-action, we refer the reader to several excellent reviews

on this subject [49, 54–58].

Given the prominent role played by ubiquitylation pro-

cesses in the DDR [31, 38, 59–61], it is not surprising to

find multiple DUBs involved in regulating DNA repair and

downstream processes (Fig. 3). While there is significant

interest in ubiquitin E1, E2 and E3 proteins as DDR reg-

ulators and as potential drug targets, in this review we

focus on DUBs, a drug target class that we feel has so far

been under-appreciated and under-exploited. We survey

how many DUBs are intimately connected to the DDR and

associated cancer-relevant pathways, and highlight how,

and in which contexts, DUB inhibitors may offer exciting

new opportunities for treating cancers, eventually through

synthetic lethal or related strategies.

USP1 Functions in Multiple Repair Pathways

The USP1 protein was one of the first ubiquitin hydrolases

characterised as a key player in a well-defined DDR

pathway. Thus, it was shown that USP1 selectively

hydrolyses mono-ubiquitin adducts from the proteins

FANCD2 and PCNA [62, 63]. Mono-ubiquitylation of the

FA protein FANCD2 is critical for effective ICL DNA

repair. The mono-ubiquitylation of FANCD2 does not de-

stabilise the protein: both forms of the protein are equally

stable; however, mono-ubiquitylation of FANCD2 is

Fig. 2 DUB phylogenetic tree.

Approximately 100 genes

belong to the DUB family of

peptidases. Six classes of DUBs

have been identified so far in the

human genome. Five families

belong to the cysteine peptidase

class: the ubiquitin carboxyl-

terminal hydrolases (UCH); the

ubiquitin-specific proteases

(USPs); the SENPs or SUMO

peptidases; the OTU and the

MJD. In addition, the MPN?/

JAMM family belongs to the

metallo-peptidases class of

enzymes. The phylogenetic tree

represents only human DUBs

and does not cover bacterial or

viral DUBs that display

additional levels of divergence
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regulated in a cell cycle-dependent manner. Upon mono-

ubiquitylation on lysine 561, FANCD2 re-localises to

nuclear DNA-damage foci, where it interacts with BRCA1

and the RAD51 recombinase and co-localises with

FANCD2 and BRCA2 [64–66]. Interestingly, USP1 was

identified in a screen for enzymes that prevent the removal

of ubiquitin from FANCD2 [62]. Like mono-ubiquitylated

FANCD2, USP1 levels are regulated during the cell cycle,

and USP1 has also been shown to interact directly with

FANCD2 and to co-localise with chromatin. Notably,

however, the isolated USP1 protein does not display strong

deubiquitylating activity in vitro. Instead, the co-factor,

UAF1 (WDR48), is necessary to form an active USP1

enzyme. UAF1 (WDR48) is a WD40 repeat-containing

protein that forms a stoichiometric complex with USP1 in

cells and activates the catalytic activity of the USP1

complex [67]. Mechanistically, UAF1 increases the cata-

lytic turnover (kcat), but does not increase the affinity of

USP1 for its substrate (KM). Regulation of DUBs by co-

factors or upon substrate binding is a common regulatory

feature of that class of peptidases. In addition, USP1 has

also been shown to remove mono-ubiquitin from PCNA,

thus regulating one of the earliest steps of trans-lesion

DNA synthesis (TLS)—a process in which specialised

DNA polymerases synthesise DNA past a DNA lesion [63,

67]. The USP1/UAF1 complex is also recruited to mono-

ubiquitylated PCNA via an interaction between UAF1 and

the protein ELG1, a protein involved in replication com-

plexes and in loading PCNA onto DNA for efficient rep-

lication, and independently identified as a factor required to

suppress genomic instability [68, 69].

Initial observations indicated that reduced levels of

USP1 would protect cells from DNA damage [62, 63];

however, follow-up studies evaluating the role of USP1 in

gene inactivation studies in mice have clearly demonstrated

that USP1 depletion results in genomic instability. Tar-

geted deletion of mouse Usp1 results in elevated perinatal

lethality, male infertility, DNA cross-linker hyper-sensi-

tivity, and a FA phenotype. Usp1-/- mouse embryonic

fibroblasts display heightened levels of mono-ubiquitylated

FANCD2 in chromatin and exhibit impaired FANCD2

focus assembly and a defect in HR repair. Interestingly,

Usp1/Fancd2 double knock-out mice display a higher level

of DDR dysfunction than in the Usp1 single knock-out

condition, suggesting additional DDR roles for USP1

beyond its effects on FANCD2 [70]. Additional support for

a critical role played by USP1 in protecting cells against

DNA damage was obtained from a study in chicken DT40

cells: Usp1 disruption resulted in cellular hypersensitivity

to DNA damaging agents, strongly supporting a model,

whereby, USP1 is a positive regulator of DNA repair [71].

Disrupting the USP1 complex in DT40 cells also leads to

increased sensitivity to camptothecin (CPT) (a topoiso-

merase I inhibitor), poly(ADP-ribose) polymerase inhibi-

tors and the DNA cross-linking agent mitomycin

C (MMC), together with defects in HR. These defects were

largely rescued by removing Ku70, a key regulator of DSB

repair by NHEJ. The USP1 complex is thus, a critical

regulator of ICL repair and HR and, together with the FA

pathway in general, it has a role in suppressing NHEJ [72].

During replication fork stalling, the G2/M checkpoint

response is controlled by CHK1 phosphorylation. Recent

evidence suggests that USP1 controls a feedback loop that

limits CHK1 activity to rescue DNA-damaged cells.

Stimulation of CHK1 degradation by mono-ubiquitylated

FANCD2 may thus, represent a feedback mechanism that

contributes to the recovery of damaged cells [73]. In

addition, USP1 is required to prevent aberrant recruitment

of DNA polymerase J to replication forks. Lack of

recruitment of polymerase J to the replication fork

results in decreased replication fork speed and enhance-

ment of genomic instability. The process is USP1 driven

and generated as a result of elevated PCNA ubiquitylation

[74]. PCNA mono-ubiquitylation and trans-lesion syn-

thesis (TLS) polymerase recruitment to UV lesions have

also recently been implicated in NER, a DNA repair

mechanism that can take place outside of the replication

phase [75]. USP1 levels are controlled at the protein level

by APC/CCdh1. Low levels of USP1 enable robust UV-

induced PCNA mono-ubiquitylation during G1, which is

likely to allow recruitment of TLS polymerases to UV

lesions [76].

Fig. 3 DUBs involved in DNA

damage responses. DUBs

involved in the DDR can be

classified according to their

substrates or interaction partners

and artificially grouped into

DUBs directly interfering with

the response to DNA damage at

sites of damage, or DUBs that

regulate the activities of key

DDR proteins involved in the

cellular response to the DNA

insult
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A novel function for USP1 deubiquitylating activity has

recently been uncovered: USP1 regulates the stability of ID

(inhibitors of DNA binding) proteins [77]. ID proteins

antagonise basic-helix–loop–helix (bHLH) transcription

factors to inhibit differentiation and maintain stem cell fate

[78]. ID ubiquitylation and proteasomal degradation occur

in differentiated tissues, but IDs appear to escape degra-

dation in many neoplasms [79]. Whether or not the regu-

lation of ID proteins is linked to the known functions of

USP1 in regulating DNA damage responses or not remains

to be fully determined. In the same study [77], the authors

were able to demonstrate that USP1, through its catalytic

DUB activity, promotes in vitro transformation and in vivo

tumour formation, thus further supporting models in which

USP1 acts as an oncogene. Taken together with its key

roles in promoting DNA repair, these findings highlight the

potential of USP1 as an attractive target for developing

anti-cancer drugs.

USP2 Regulates p53 Activity and Cellular Responses

to DNA Damage

USP2 is a DUB with oncogenic properties that regulates

cellular levels of fatty acid synthase (FAS) in prostate cells.

Furthermore, USP2 over-expression confers resistance to

apoptosis induced by chemotherapeutic agents such as

cisplatin and paclitaxel in prostate epithelial cells [80]. By

virtue of its activity to deubiquitylate the p53 E3 ligase

Mdm2, USP2 has been demonstrated to regulate the p53

checkpoint pathway. However, unlike USP7 that is able to

target both p53 and Mdm2 (see below), USP2 shows

exquisite selectivity towards Mdm2 [81]. Unfortunately,

the role played by USP2 in regulating Mdm2 activity under

DNA damage conditions has not been described and

remains to be characterised. The Mdm2-related protein

Mdmx is also a substrate and a partner for USP2a, one of

the two USP2 isoforms in human cells, with USP2a cata-

lytic activity being required for Mdmx deubiquitylation. In

accord with these findings, USP2a depletion causes desta-

bilisation of Mdmx and results in decreased cellular Mdmx

levels [82]. The chemotherapeutic agent cisplatin regulates

both USP2a and Mdmx levels, and moreover, USP2a

depletion sensitises testicular carcinoma cells to cisplatin,

suggesting that USP2 pharmacologic inhibition may lead to

anti-tumour activity [82].

The Histone DUB USP3 Affects the S-Phase Checkpoint

and Replication

USP3 is a chromatin-associated DUB that regulates ubiq-

uitylation of histones H2A and H2B. Cellular ablation of

USP3 leads to checkpoint activation, and delays in S-phase

progression associated with the accumulation of DNA

breaks and enhanced replication stress [83]. By virtue of its

ability to oppose histone H2A ubiquitylation and the fact

that USP3 over-expression can block accumulation of the

ubiquitin E3 ligase RNF168 at DSB sites, USP3 has been

linked to the key RNF8–RNF168 pathway of assembling

repair and signalling components at DSB sites [84]. Given,

the critical and selective role played by replication stress in

tumour survival [3], one might speculate that pharmaco-

logical USP3 inhibition might have benefits for cancer

treatment. Interestingly, USP3 ablation has also been

described as required for hepatocyte-growth factor scat-

tering of epithelial cells [85].

USP4 Regulates p53 Activity and Protects Against

Ionising Radiation

USP4 has been recently described as a key regulator of p53

stability: USP4 interacts directly and deubiquitylates the E3

HUWE1 (ARF-BP1; MULE), resulting in reduced p53 lev-

els [86]. While Usp4 deficient mice are viable and devel-

opmentally normal, they show enhanced apoptosis in the

spleen and thymus upon ionising radiation. Usp4 deficient

mouse embryonic fibroblasts recapitulate most of the phe-

notypes one would expect from a DUB that regulates p53

levels: retarded growth, premature cellular senescence,

resistance to oncogenic transformation and hyperactive

DNA damage checkpoints [86]. Indeed, it has been sug-

gested that Usp4 is a potential oncogene because it inhibits

p53 activity, p53-associated apoptosis and cell-cycle

checkpoints; depletion of USP4 promotes cell senescence;

loss of USP4 inhibits oncogene-induced primary cell trans-

formation, and finally USP4 is over-expressed in a subset of

human cancers [86]. A study has recently described a role for

USP4 in modulating the therapeutic efficacy of the topoi-

somerase II inhibitor doxorubicin through TAK1 ubiquity-

lation [87] that may link the putative oncogene status of Ups4

with a role in chemo-resistance. Notably, studies have also

indicated functions for USP4 in regulating growth factor

signalling by the Toll-like receptor/IL1 pathway [88], TGF-

b receptor type I [89, 90], TNFa receptor [91], growth factor-

activated kinase regulation [92] and Wnt signalling [93],

making USP4 a prime target for further evaluation as an

oncology drug target with strong potential in DDR contexts.

USP5 Regulates p53 Stability Via Unanchored

Ubiquitin Chains

Depletion of USP5 has been reported to cause accumula-

tion of nuclear p53 and increase p53 transcriptional

30 Cell Biochem Biophys (2013) 67:25–43
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activity. Activation of p53 can be accounted for by the

ability of USP5 suppression to inhibit the proteasomal

degradation of p53 without affecting the degradation of

Mdm2. The differential effect of USP5 depletion on protein

stability may be due to the differences in the sensitivities of

p53 and Mdm2 to inhibition of proteasomal activity by

free/unanchored poly-ubiquitin that accumulates after the

USP5 loss [94]. While indirectly linked to the key DNA

damage checkpoint factor p53, USP5 has not been strictly

identified as a modulator of the DDR and further investi-

gations are needed to assess its roles in DNA damage

signalling or repair.

USP7 Regulates Multiple DNA Repair and Checkpoint

Pathways

In unstressed cells, p53 levels are kept low via proteasomal

targeting, while under stress conditions, p53 is stabilised

and contributes to the DDR. USP7 (initially named

HAUSP) has a pivotal role in regulating the G2/M

checkpoint upon DNA damage [95, 96]. Furthermore, a

specific USP7 isoform (USP7S) has recently been descri-

bed as a downstream effector of the checkpoint pathway

controlled by the DSB-responsive kinase ATM, with

USP7S activity being down-regulated by the ATM-

dependent protein phosphatase PPM1G in response to the

DNA damage, thereby impairing Mdm2 and activating the

p53 response [97].

FOXO4, a member of the Forkhead box transcription

factors that regulates cellular metabolism, cell-cycle pro-

gression and cell death, is regulated by mono-ubiquityla-

tion in response to the oxidative stress, resulting in its

re-localisation to the nucleus and an increase in its tran-

scriptional activity. Notably, USP7 has been identified as

the DUB that deubiquitylates FOXO4 and modulates its

transcriptional activity in response to oxidative stress [98],

making USP7 a prime controller of oxidative stress

responses that are frequent hallmarks of tumours and are

often associated with the DDR defects [99]. USP7 has also

been reported to modulate BER of oxidative lesions by

modulating DNA accessibility and consequently the rate of

repair of oxidative lesions through effects on chromatin

remodelling [100].

Transcription-coupled nucleotide excision repair (TC-

NER) is a sub-pathway of NER that efficiently removes

highly toxic RNA polymerase II blocking lesions on DNA.

Defective TC-NER gives rise to the human disorders—

Cockayne syndrome and UV-sensitive syndrome (UVSS)

[101]. Recently, the UVSSA protein was shown to recruit

USP7 to ERCC6 TC-NER complexes upon DNA damage,

representing a critical regulatory mechanism in restoring

gene expression upon damage [102]. As we describe in

later sections, the efforts at targeting USP7 with small

molecule inhibitors have been undertaken based on the fact

that USP7 regulates p53 checkpoint activity [103] and also

behaves as a key DUB for multiple DDR pathways.

USP9x Regulates Sensitivity of Tumour Cells to DNA

Damaging Agents

Myeloid cell leukaemia sequence 1 (Mcl-1), an anti-

apoptotic member of the Bcl-2 family, is often over-

expressed in tumour cells and has been demonstrated as a

factor limiting therapeutic success. Mcl-1 differs from

other Bcl-2 members by its high-turnover rate [104], with

its expression being tightly regulated by ubiquitylating and

DUBs. Recently, the deubiquitylase ubiquitin-specific

protease 9x (USP9x) was described as a factor removing

poly-ubiquitin chains from Mcl-1, thereby stabilising Mcl-

1 and increasing resistance to apoptosis induced by the Bcl-

2/Bcl-xL inhibitor ABT-737 [105]. Notably, increased

USP9x and Mcl1 protein expression correlate with prog-

nosis for patients with multiple myeloma [105]. In addi-

tion, ionising radiation-induced activation of USP9x

inhibits Mcl-1 degradation, resulting in increased radio-

resistance and apoptosis [106]. While the exact linkage

between Mcl-1 stability and radio-resistance remains to be

firmly demonstrated, these findings suggest that the Mcl-1

inhibition might be used in conjunction with radiotherapy

in cancer treatment if it can be demonstrated that this

would have greater effects on the cancer cells than normal

tissues. It is tempting to speculate that cancer with low

levels of USP9x expression, such as aggressive pancreatic

cancers, might be specifically sensitised to some conven-

tional therapeutic agents [107].

USP10 Affects Homologous Recombination and the p53

Checkpoint

The tumour suppressor functions of p53 are critically

regulated via modulation of its stability, with several DUBs

implicated in this control. USP10 is a cytoplasmic ubiq-

uitin-specific protease that deubiquitylates p53, reversing

Mdm2-induced p53 nuclear export and degradation [108].

After DNA damage, USP10 is stabilised, and a fraction of

USP10 translocates to the nucleus to activate p53. The

translocation and stabilisation of USP10 is regulated by

ATM-mediated phosphorylation of USP10 on Thr-42 and

Ser-337. In addition, USP10 suppresses the tumour cell

growth in cells with wild-type p53, and USP10 expression

is down-regulated in a high percentage of clear cell car-

cinomas known to have few p53 mutations [108]. A recent

study also suggested that USP10 regulates p53 through an
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additional mode-of-action involving the tumour suppressor

Beclin, which regulates the activity of USP13 and USP10

and thus impacts on the p53 stability [109]. The recent

identification of USP10 inhibitors may help better under-

stand the DDR roles of USP10 and, in this way, identify the

therapeutic opportunities [109].

USP11 Affects Oncogene-Induced Senescence

and Homologous Recombination

Ubiquitylation of chromosome-associated proteins is

important for many aspects of DNA repair and transcrip-

tional regulation. An important facet of transcriptional

repression by polycomb repressive complex 1 (PRC1) is

the mono-ubiquitylation of histone H2A by the combined

action of the Polycomb group proteins, or PcG [110].

USP11, together with USP7 are recruited at chromatin

sites, bind PcG and contribute to the regulation of the

tumour suppressor gene locus p16INK4A by modulating the

ubiquitylation status of PcG proteins. Given the importance

of the p16INK4A locus in oncogene-induced mechanisms,

the role played by USP11 could be quite critical. Indeed,

the central function of ubiquitylation in regulating INK4a

and the possibility that USP7 and USP11 can promote

bypass of oncogene-induced senescence by stabilising the

PRC1 complex suggests exciting opportunities for using

specific USP inhibitors in a variety of therapeutic contexts,

including in DDR deficient backgrounds [110].

In accord with the above, USP11 was also identified in a

screen for factors that trigger the hypersensitivity to PARP

inhibitors, with USP11 catalytic activity being needed for

effective HR repair at DSB sites [111]. In this regard,

mammalian cells lacking the functional BRCA2 are

hypersensitive to DNA damaging agents [112], show

genomic instability [113, 114], and are deficient in

homology-directed DNA repair [115, 116]. Several lines of

evidence point towards a critical role for USP11 in regu-

lating BRCA2 stability: USP11 interacts and co-purifies

with BRCA2, USP11 deubiquitylates BRCA2, USP11

depletion sensitises cells to DNA damaging agents and

finally, mitomycin C(MMC) regulates the stability of

BRCA2 in a USP11-dependent manner [117]. Collectively,

USP11 has been clearly linked to essential DDR mecha-

nisms and oncogene-induced senescence, highlighting it as

a potentially attractive target for therapeutic agents.

USP16 is Implicated in DNA Damage Responses

In a similar manner to USP3, USP16 has been character-

ised as an enzyme removing ubiquitin from histone H2A

and involved in regulating the RNF8–RNF168 pathway

[118]. The available evidence suggests that USP16 may

regulate the DSB-induced transcription silencing by

opposing the activities of RNF8 and RNF168 [119]. The

recent identification of histone H2A Lys-13/Lys-15 ubiq-

uitylation as a target of RNF168 adds additional potential

substrates for USP3 and USP16 [120]. USP16 character-

isation and its potential roles in the DDR are, however, still

in their infancy, and further investigations are needed to

shed the light on its cellular roles.

USP24 is Connected to Nucleotide Excision Repair

Damage-specific DNA-binding protein 2 (DDB2) was first

isolated as a subunit of the UV-DDB heterodimeric com-

plex that is involved in DNA damage recognition in the

NER pathway. DDB2 is required for efficient repair of UV

lesions in chromatin and is a component of the CRL4

(DDB2) E3 ligase that targets for ubiquitylation histones,

DDB2 itself and XPC, a protein that functions in damage

detection involved in the first step of global genome NER.

USP24 was recently identified as a DUB interacting with

DDB2 and involved in controlling the stability of DDB2

[121]. Further investigations into the precise roles played

by USP24 and potentially other DUBs in NER, therefore,

warrant exploration.

USP28 is Connected to the DDR and Homologous

Recombination

In response to DNA damage, effector kinases such as

ATM, ATR and DNA-PK, initiate cascades of cellular

effects that modulate gene transcription, cell-cycle pro-

gression, DNA repair and apoptosis [122]. Factors such as

53BP1, MDC1, and Claspin are then important to link

these initial responses to downstream effector DDR path-

ways [123, 124]. USP28 was identified as an interaction

partner of 53BP1 [125], and loss of USP28 has been

reported to lead to IR-induced apoptosis in H460 cells, in a

similar manner to what has been seen in Chk2, p53 and

PUMA null mice. Moreover, the catalytic activity of

USP28 has been described as essential for such functions

[125]. Independently, USP28 has been reported to modu-

late the activity of the Myc proto-oncogene [126]. The

authors claimed that USP28 controls Myc stability through

antagonising the activity of the SCFFBW7 ubiquitin ligase

complex, and that the stabilisation of Myc by USP28 is

required for proliferation of several tumour cell types and

for inhibition of cell differentiation in colon carcinoma. A

number of reports have suggested that the steady-state

levels of Myc rapidly decline in response to DNA damage

[127–129], and Popov et al. have suggested that the USP28
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dissociation from Fbw7 in response to DNA damage pro-

vides a potential mechanism that couples Myc stability to

DNA damage. While USP28 has been firmly connected to

the DDR through the above studies, it remains to be

determined the extent to which these functions operate in

other cell lines, and therefore whether USP28 represents an

attractive therapeutic target.

USP29 Regulates p53 Stability Upon Oxidative Stress

Cellular networks involving c-Myc and p53 control pro-

liferation, differentiation and apoptosis, and are responsive

to, and cross-regulate a variety of stress, metabolic and

biosynthetic processes. At the c-Myc gene, the far upstream

element binding protein (FBP) and FBP-interacting

repressor (FIR) program transcription by looping to RNA

polymerase II complexes engaged at the promoter. Another

FBP partner, JTV1/AIMP2, a structural subunit of a multi-

aminoacyl-tRNA synthetase (ARS) complex, has also been

reported to stabilise p53 via an apparently independent

mechanism [130]. In response to the oxidative stress, JTV1

dissociates from the ARS complex, translocates to the

nucleus, associates with FBP and co-activates the tran-

scription of the FBP target, ubiquitin-specific peptidase 29

(USP29). A previously uncharacterised deubiquitylating

enzyme, USP29 binds to, cleaves poly-ubiquitin chains

from, and stabilises p53. This accumulated p53 quickly

induces apoptosis. Thus, FBP and JTV1 help coordinate the

molecular and cellular responses to oxidative stress medi-

ated by USP29 [130].

USP44, a Tumour Suppressor Regulating

Chromosomal Stability

To preserve genomic integrity, the cells must ensure the

accurate and timely segregation of chromosomes to

daughter cells in mitosis. A complex pathway known as the

spindle assembly checkpoint or mitotic checkpoint ensures

that the transition to anaphase is delayed until all the

chromosome kinetochores are properly attached to the

mitotic spindle [131]. While not directly involved in the

DDR, defects in the mitotic checkpoint result in mis-seg-

regation of chromosomes and can thereby lead to genomic

instability. USP44 has been identified as a DUB critical for

spindle assembly checkpoint activity in RNAi screens,

where USP44 depletion was found to cause bypass of this

checkpoint [132, 133]. Recently, Usp44 null mice were

generated and display cellular and biochemical features

consistent with a role for USP44 in the mitotic checkpoint

but also unravelled a function for USP44 in centrosome

regulation [134, 135]. Additionally, Usp44 deficient mice

were found to be prone to spontaneous tumours of the lung,

supporting a role for Usp44 as a tumour suppressor gene

and underscoring its role in cancer.

USP47 Regulates BER and is Involved is DNA Damage

Sensitisation

BER, is an essential cellular mechanism for maintaining

the genome stability, mediating the repair of DNA lesions

arising due to the chemical instability of DNA molecules or

base changes induced by endogenous or environmental

mutagens [136]. Polymerase b (Pol-b) is a critical BER

enzyme possessing abasic site lyase activity that removes

the 50-sugar phosphate and also functions as a DNA

polymerase, adding one nucleotide to the 30-end of the

arising single-nucleotide gap [137]. USP47 has been

identified as the major enzyme that deubiquitylates Pol-b,

mainly through the stabilisation of newly synthesised Pol-

b, and consequently regulates BER activity [138]. Reduced

levels of cytoplasmic Pol-b following USP47 depletion are

unable to effectively respond to DNA damage induced by

exogenous agents, such as MMS, and are insufficient to

elevate the levels of nuclear Pol-b protein required for

efficient DNA repair [138]. USP47 has also been described

as an interaction partner for the ubiquitin E3 ligase com-

plex, b-TrCP, with the authors of this study showing that

silencing of USP47 expression inhibits cell survival and

sensitises cells to chemotherapeutic agent-induced apop-

tosis [139]. A hypomorphic Usp47 mouse model was

generated, and fibroblasts derived from the Usp47 deficient

mice exhibited UV hypersensitivity, thus further support-

ing a role for USP47 in the DDR [139]. Along with USP7,

USP47 is thus so far one of the very few DUBs described

as regulating BER [100].

UCHL1 a DUB Regulating p53 Stability

and Tumorigenesis

Ubiquitin C-terminal hydrolase L1 (UCHL1), a member of

the UCH class of DUBs, is probably the most studied

DUB: its association with neurodegenerative conditions,

including Parkinson’s disease, and a wide range of malig-

nancies have generated an abundant literature. Despite this,

many aspects of the molecular mechanisms and functions

of UCHL1 remain either contradictory or poorly under-

stood. While UCHL1 is normally almost exclusively

expressed in neurones, the neuroendocrine system and the

gonads, its aberrant expression has been described in many

tumour types (reviewed in [51]). While clear roles for

UCHL1 in the DDR have not been formally demonstrated,

UCHL1 can be included in the list of DUBs that have been
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reported to modulate the ubiquitylation status of proteins in

the p53-mdm2 checkpoint pathways. Thus, in breast cancer

models, UCHL1 can induce the levels of p53 and reduce

mdm2 protein levels. UCHL1 also induced G0/G1 cell-

cycle arrest and apoptosis of breast tumour cells, an

activity that requires its catalytic activity and depends on

the accumulation of p53 [140]. Similar observations have

also been made in head and neck cancer [141], as well as in

prostate cancer [142]. The above mentioned publications

all support a role for UCHL1 as a tumour suppressor gene;

although it is also important to mention that several reports

have demonstrated oncogenic properties for UCHL1 in

other cancer types such as lymphoma [143] and colorectal

cancer [144]. UCHL1 therefore seems to play important

roles in tumorigenesis but a clear understanding of a

mechanism for this or for a DDR role(s) remains to be

firmly established. It is also quite difficult to reconcile the

roles played by UCHL1 in neurons and neuro-endocrine

cells, with its functions in cancer cells.

BRCC36 is a Key Player in Cellular Responses to DSBs

BRCC36, which belongs to the JAMM (JAB1/MPN/

Mov34 metallo-enzyme) family of DUBs, is a lysine

63-ubiquitin (K63-Ub)-specific DUB and a member of two

protein complexes: the DNA damage-responsive BRCA1–

RAP80 complex, and the cytoplasmic BRCC36 isopepti-

dase complex (BRISC). BRCC36 was initially isolated

from a multi-protein complex containing the HR-promot-

ing factors BRCA1, BRCA2 and Rad51 [145]. Notably,

BRCC36 depletion has been shown to impair activation of

BRCA1 and to sensitise breast cancer cells to IR-induced

apoptosis [146]. The interaction of the BRCA1 BRCT

domain with RAP80, a ubiquitin-binding protein, targets a

complex containing the BRCA1–BARD1 (BRCA1-asso-

ciated ring domain protein 1) E3 ligase and BRCC36 to

MDC1–cH2AX-dependent lysine(6)- and lysine(63)-linked

ubiquitin polymers at sites of DSBs [147]. Interestingly, it

appears that concomitant and opposing RNF8–Ubc13

ubiquitin ligase and RAP80–BRCC36 ubiquitin hydrolysis

activities are responsible for determining steady-state

ubiquitin levels at DSB sites [148, 149].

Recent discoveries have shed some light on the mode-of-

action of the BCC36-containing complex. Thus, in striking

contrast to other BRCA1-containing complexes that are

known to promote homology-directed repair, the BRCA1–

RAP80 complex restricts DNA end resection in S/G2 phase

of the cell cycle, thereby limiting HR. Consequently,

RAP80 or BRCC36 deficiency was found to result in ele-

vated MRE11–CtIP-dependent 50 DNA end resection with a

concomitant increase in HR mechanisms that rely on 30

single-stranded overhangs. In this way, the BRCA1–RAP80

complex limits nuclease activities at DSB sites, preventing

excessive end resection and potentially deleterious homol-

ogy-directed DSB repair mechanisms that can impair gen-

ome integrity [150]. Notably, the human BRCC36 gene is

located at the Xq28 locus, a chromosomal break-point in

patients with prolymphocytic T cell leukaemia [151]. Fur-

thermore, BRCC36 is aberrantly expressed in the majority

of breast tumours, indicating a potential role in the patho-

genesis of this disease [145]. Taking these findings together,

BRCC36 is clearly a key player in controlling cellular DSB

responses through regulating the ubiquitylation status of

repair factors at DNA damage sites.

MYSM1 is Involved in Maintaining Genome Stability

and histone Ubiquitylation

MYSM1 is a member of the MPN?/JAMM family of

DUBs. It was initially identified as a histone H2A deub-

iquitylating enzyme involved in regulating transcriptional

programmes and epigenetic regulation of B cell differen-

tiation [152, 153]. Furthermore, analyses of MYSM1

deficient mice uncovered a role for MYSM1 in bone

marrow stem cell maintenance, control of oxidative stress

and genomic stability in hematopoietic progenitors, and in

the development of lymphoid and erythroid lineages [154].

Given the intricate links between epigenetic regulation of

histone ubiquitylation and DNA damage responses [13], it

will be interesting to further explore the roles played by

MYSM1 in such processes.

PSMD14, a Proteasome Subunit Involved in the DNA

Damage Response

The sequential recruitment of multiple protein complexes at

sites of damage involves multiple post-translational modi-

fications, with several key steps requiring modification of

DDR proteins by ubiquitin or the ubiquitin-like protein

SUMO [32]. ATM-dependent phosphorylation signalling

that leads to ubiquitin conjugation at DSB sites is promoted

by RNF8 and RNF168, with resulting ubiquitin-conjugated

histones H2A, H2AX and other proteins promoting the

recruitment of 53BP1 and other proteins to potentiate repair

and DSB signalling [35, 61, 155, 156]. Recently, the pro-

teasome-associated DUB POH1 (PSMD14) was shown to

function in the DDR, at least in part through opposing RNF8/

RNF168-mediated formation of Lys-63 linked ubiquitin

chains at DSB sites, thereby restricting 53BP1 accumulation

[157]. In addition, these authors found that POH1 also

enhances RAD51 loading at DNA damage sites, thereby

facilitating HR repair. Intriguingly, POH1 and BRCC36 (see

above section) are two members of the JAMM family with
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K63-ubiquitin chain linkage specificity that are now known

to affect formation of 53BP1 foci, with co-depletion exper-

iments suggesting that they act on the same repair pathways

[158]. Additional connections between DSB responses and

the proteasome have been established recently through

studies on the SUMO-targeted ubiquitin E3 ligase, RNF4,

which together with RNF8 mediates proteasome recruitment

to DNA damage sites to promote DSB repair [159].

OTUB1, an OTU Family Member Regulates DSB

Repair

The OTU-family DUB OTUB1 was identified as a negative

regulator of RNF168-dependent ubiquitylation, through it

inhibiting DSB-induced chromatin ubiquitylation [160].

Surprisingly, this function of OTUB1 was found to be

independent of its isopeptidase activity. Instead, OTUB1 is

able to bind and inhibit a subset of E2 conjugating enzymes

that comprises UBC13 and UbcH5 proteins, E2s that are

employed by RNF168 [160–163]. Notably, OTUB1 uses a

highly unusual mechanism to bind and inhibit ubiquitin-

charged E2s through the assembly of a pseudo-cleavage

product in its catalytic site [161–163]. OTUB1 has also

been described as a regulator of p53 ubiquitylation in cells

and in vitro [164], with OTUB1 inhibition markedly

impairing p53 activation induced by DNA damaging

agents such as etoposide, UV light or 5-FU. OTUB1

appears to directly suppress MDM2-mediated p53 ubiqui-

tylation, independently of its catalytic activity by sup-

pressing the activity of UbcH5 proteins that function with

MDM2. Interestingly, unlike USP7 that regulates p53/

MDM2 ubiquitylation in the nucleus, OTUB1 does so in

the cytoplasm upon DNA damage [164] in a similar

manner to USP10 (see above).

While OTUB1’s roles in regulating the DDR are

strongly supported by multiple publications, making

OTUB1 an attractive therapeutic target, it seems to be clear

that the catalytic activity of OTUB1 is not required for such

processes, thus preventing the possibility of applying

classical enzyme assay-based drug discovery for OTUB1

inhibition.

SENP1 Regulates DSB Responses and Modulates

p53-Dependent Cell Senescence

Apart from its role in metabolism and energy homeostasis,

the protein SIRT1 has been shown to regulate the DDR.

SIRT1 de-acetylates protein substrates with established

roles in the DDR. These proteins include p53, FOXO

factors and Ku70, and deacetylation of p53 reduces both its

transcriptional and apoptotic activities. SIRT1 has been

shown to be sumoylated, and its desumoylation by SENP1

regulates cellular responses to genotoxic stress [165].

Multiple SENPs (SENP1, SENP2 and SENP7) play critical

roles in the modulation of p53-dependent premature

senescence and suggests that inhibition of some SENPs

may be attractive for anti-tumour activities [166]. In

addition, SENP1 levels correlate with HIF1 levels in

human prostate carcinoma. SENP1 expression correlates

with the severity of the disease, as high levels of SENP1

are observed in more aggressive prostate cancer [167].

SENP1 has also been reported as a critical regulator of the

activity of the KAP1; an essential downstream effector of

the ATM-dependent DDR [168]. However, the detailed

mechanism-of-action of SENP1-dependent regulation of

the DDR is still not clearly established.

SENP2 Regulates Survival Upon Genotoxic Stress

and p53 Checkpoint Activity

Multiple lines of evidence have linked the desumoylating

enzyme SENP2 to the regulation of various aspects of the

DDR. For example, in response to DNA damage, sumoy-

lation of NEMO, an essential NF-jB modulator, is critical

for NF-jB activation. Notably, only SENP2 can efficiently

associate with NEMO, desumoylate NEMO and inhibit

NF-jB activation induced by DNA damage [169]. Inter-

estingly, SENP2 is also an NF-jB inducible gene, with NF-

jB-dependent SENP2 induction preventing the second

phase of NF-jB activation to significantly limit cell sur-

vival in response to genotoxic stress [169]. Another DDR

link for SENP2 comes from it desumoylating the protein

hnRNP K: under DNA-damage conditions, hnRNP-K is

transiently stabilised and serves as a transcriptional co-

activator of p53 for cell-cycle arrest [170]. UV-induced

sumoylation of hnRNP-K has been shown to prevent its

ubiquitylation for stabilisation. These findings indicate that

SUMO modification plays a crucial role in the control of

hnRNP-K function as a p53 co-activator in response to

DNA damage [68]. By reversing this modification, SENP2

likely also affects cellular responses to UV and perhaps

other DNA damaging agents. SENP2-mediated regulation

of Mdm2 is also reported to be critical for promoting

genome integrity via p53-dependent stress responses, with

an isoform of SENP2 associating with Mdm2, regulating

its cellular localisation and DDR function [171].

SENP6 Regulates Replication and Responses

to Genotoxic Stress

The replication protein A complex (RPA) plays a crucial

role in DNA replication and various DDR processes.
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Notably, the 70 kDa subunit of RPA (RPA70) associates in

the nucleus with the SUMO-specific protease SENP6, to

maintain RPA70 in a hypo-sumoylated state during S

phase. CPT, an inducer of replication stress, dissociates

SENP6 from RPA70, allowing RPA70 to be modified by

SUMO-2/3, which in turn facilitates recruitment of RAD51

to the DNA damage sites to promote DNA repair through

HR [172]. These results thus support a key role for SENP6

in regulating HR. Another connection between SENP6 and

the DDR comes through the histone acetyl-transferase

TIP60 that regulates the DDR by acetylating histones and

remodelling chromatin as well as targeting and activating

the DDR kinase ATM. Using a proteomic approach,

SENP6 has been identified as a TIP60 binding partner.

Interestingly, the association between the two proteins was

reported to be induced by UV. The reversible modification

of TIP60 by sumoylation has a critical impact on the

acetyl-transferase activity of TIP60 and illustrates how an

ubiquitin-like modification is able to act as an essential

regulator of DDR pathways [173].

Viral DUBs and the DDR

Ubiquitin or ubiquitin-like systems exist or are hijacked by

pathogens, viruses or bacteria to interfere with the proper

functioning of human cells [174], with several viral DUBs

having been linked to the DDR. For instance, in addition to

the cellular DUB USP1, the Epstein–Barr virus DUB-like

protein BPLF1 has recently been described to deubiquity-

late PCNA and attenuates polymerase g recruitment to

DNA damage sites [175]. Interestingly, the DUB activity of

BPLF1 is conserved amongst other members of the herpes

virus family.

Conclusions on DUB Therapeutic Opportunities

Inhibiting the proteasome and selected E1, E2 or E3

enzymes are providing exciting new therapeutic opportu-

nities [176–180]. Many DUBs have been described as

being attractive therapeutic targets and the level of bio-

logical target validation is becoming very clear for many

DUBs [181–183]. Indeed, most DDR pathways have

already been allocated at least one DUB, which clearly

highlights the large number of ubiquitin modifications

involved in responses to DNA damage. It is also interesting

to note that DUBs from most families of DUBs have been

reported to play critical roles in the DDR (Fig. 4). DUBs

regulating the processes of HR, NHEJ, NER, BER, TLS,

FA, mismatch repair and checkpoint control have been

identified (Table 1). Moreover, examples of synthetic

lethality interaction between DDR pathways clearly iden-

tified as mutated in tumours but fully functional in normal

cells have triggered a plethora of screening approaches for

the identification of novel therapeutic opportunities [26,

184–187], which may include DUBs. In addition, many

DUBs have been linked to cancer pathways that have not

been linked to DDR pathways, thus further broadening the

scope for DUB inhibitors in oncology [37, 51, 57]. Having

said this, the drug discovery aspects of DUB biology

remain largely untapped and challenging, with very few

selective inhibitors of DUBs being described so far.

Nonetheless, a limited number of studies have been

reported and will be summarised below.

Selective and cell active inhibitors of the USP1/UAF1

deubiquitylase complex seem to be able to reverse the

cisplatin-resistance of non-small cell lung cancer cells

in vitro [188]. However, a clear recapitulation of a USP1

phenotype expected from the biochemical and genetic

Fig. 4 DUBs are involved in all

DDR pathways. A picture is

now emerging of the fine

control that certain DUBs play

in all DNA repair processes of a

cell. By identifying these DUBs

and through their selective

inhibition certain DDR

pathways can be targeted in

cancer cells
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studies with the use of the USP1 inhibitors remains to be

demonstrated (see USP1 section above). As described

previously, USP7 seems to play critical roles in many DNA

repair events as well as being a regulator of p53-mdm2

pathways; and unsurprisingly, USP7 has received much

attention as a possible drug target for the development of

anti-tumour therapies [189–192] and remains the DUB that

has been most used as a paradigm for tackling DUBs

for drug discovery. Selective USP7 inhibitors have

been identified recently and will very likely help charac-

terise the potential for USP7 inhibitors in preclinical

settings [193–195]. However, the number of attractive

chemical series selectively inhibiting USP7 still remains

limited. Innovative drug discovery breakthroughs would

benefit the field and indeed, novel technological advances

are currently being employed to tackle the problem [196].

In addition, a number of DUB inhibitors with various

degrees of selectivity but whose links with the DDR have

not yet been evaluated have been described [197–206].

Probe inhibitors of SENPs have also been described

recently [207, 208]. As described above, we now know of

many DUBs that modulate or are connected to the DDR,

Table 1 The table lists DUBs that have been reported to be involved in the DNA damage response and checkpoint activities

DUB Interaction

partner or

substrate

DDR

pathway

Sensitisation References

USP1 FANCD2, PCNA,

UAF1, Elg1, pol K,

ID1, ID2

TLS, FA PARP inhibitor,

MMC,

camptothecin,

Nijman et al. [62], Huang et al. [63], Yang 2011, Oestergaard

et al. [71], Kim et al. [70], Murai et al. [72], Jones et al. [74],

Cotto-Rios et al. [76]

USP2a FAS, Mdm2, Mdmx Checkpoint Cisplatin,

paclitaxel

Priolo et al. [80], Stevenson et al. [81], Allende-Vega et al. [82]

USP3 Histone H2A DSB IR Nicassio et al. [83]

USP4 ARF-BP1 Checkpoint IR, doxorubicin Liang et al. [87]

USP5 p53 Checkpoint ND Dayal et al. [94]

USP7 mdm2, p53, FOXO4,

chromatin

BER, NER, HR UV, HU, IR,

etoposide. H2O2

Schwertman et al. [102], Faustrup et al. [96], Meulmeester

et al. [95], Khoronenkova et al. [97], van der Horst et al. [98]

USP9x MCL1 BER. MMR IR, 5FU Harris et al. [107], Trivigno et al. [106]

USP10 p53, beclin DSB IR Yuan et al. [108]

USP11 Histone H2A, PRC1,

BRCA2

DSB IR, PARP

inhibitor, MMC

Schoenfeld et al. [117], Wiltshire et al. [111]

USP16 Histone H2A DSB ND Shanbhag et al. [119]

USP24 DDB2 NER CPD Zhang et al. [121]

USP28 53BP1, Myc HR, checkpoint HU, UV, IR Zhang et al. [125]

USP29 p53 Checkpoint H2O2 Liu et al. [130]

USP44 ND Checkpoint ND Zhang et al. [134, 135]

USP47 Polymerase b BER MMS, UV Parsons et al. [138]

UCHL1 p53 Checkpoint ND Xiang et al. [140], Li et al. [141], Ummanni et al. [142]

BRCC36 BRCA1, BRCA2,

RAD51, RAP80

HR IR Dong 2003, Wang 2007, Shao 2008, Feng 2009,

Shao et al. [148], Hu et al. (2011)

MYSM1 Histone H2A Genomic

stability,

DSB

ND Zhu et al. [152], Nijnik et al. [154]

PSMD14 K63 Ub chains, 26S

proteasome

HR IR, HU Butler et al. [157]

OTUB1 UBC13, UBCH5 DSB Etoposide. UV,

5FU

Sun et al. [164], Nakada et al. [160]

BPLF1 PCNA TLS UV, HU Whitehurst et al. [175]

SENP1 KAP1 DSB UV, doxorubicin Li et al. [168]

SENP2 NEMO, Mdm2 Etoposide, UV NER, checkpoint, Lee et al. [68, 169], Jiang (2010)

SENP6 RPA HR Camptothecin Dou et al. [53]

Key interaction partners or substrates are summarised as well as the pathways in which each DUB has been described to be involved in. In

addition, chemotherapeutic agents known to sensitise tumours cells depleted or over-expressing DUBs along with key references for supporting

data are listed. Summary of DUBs involved in the DDR

ND Not determined
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and which deserve closer attention as potential therapeutic

targets. Given the growing interest for this enzyme class by

academic groups, pharma and biotech such as MISSION

Therapeutics, it seems likely that the next few years will

witness significant advances in our appreciation of thera-

peutic opportunities for DUBs as well as development of

compounds that can begin to exploit this potential in the

clinic as recently illustrated for other DDR inhibitors [209].
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