
ORIGINAL PAPER

PTMs in Conversation: Activity and Function of Deubiquitinating
Enzymes Regulated via Post-Translational Modifications

Benedikt M. Kessler • Mariola J. Edelmann

Published online: 12 April 2011

� The Author(s) 2011. This article is published with open access at Springerlink.com

Abstract Deubiquitinating enzymes (DUBs) constitute a

diverse protein family and their impact on numerous bio-

logical and pathological processes has now been widely

appreciated. Many DUB functions have to be tightly con-

trolled within the cell, and this can be achieved in several

ways, such as substrate-induced conformational changes,

binding to adaptor proteins, proteolytic cleavage, and post-

translational modifications (PTMs). This review is focused

on the role of PTMs including monoubiquitination,

sumoylation, acetylation, and phosphorylation as charac-

terized and putative regulative factors of DUB function.

Although this aspect of DUB functionality has not been

yet thoroughly studied, PTMs represent a versatile and

reversible method of controlling the role of DUBs in bio-

logical processes. In several cases PTMs might constitute a

feedback mechanism insuring proper functioning of the

ubiquitin proteasome system and other DUB-related

pathways.

Keywords Ubiquitin � Protease � Post-translational

modification � Phosphorylation � Acetylation �
Ubiquitination � Deubiquitination � Deubiquitinating

enzymes

Abbreviations

UCH Ubiquitin C-terminal hydrolase

USP Ubiquitin-specific protease

OTU Ovarian tumor domain

PTM Post-translational modification

Introduction

The human genome encodes for approximately 80 putative

deubiquitinating enzymes (DUBs), including cysteine

proteases and several metalloproteases [1]. The diverse

functions that DUBs play within the cell can be classified

into three major categories. Firstly, DUBs process linear

polyubiquitin precursor proteins, such as ribosomal fusion

proteins, into single ubiquitin molecules (reviewed in [2]).

Secondly, DUBs recycle ubiquitin by processing poly-

ubiquitin chains to generate free ubiquitin that can subse-

quently enter the ubiquitin pool for subsequent ubiquitin

conjugation events. This is a critical process since free

polyubiquitin chains can inhibit the binding of polyubiq-

uitinated substrates to the 26S proteasome competitively

[3–5]. Finally, DUBs remove ubiquitin from ubiquitinated

substrates, antagonizing ubiquitin conjugation by E3 liga-

ses [6, 7]. The vast number of DUBs belonging to five

distinct protein families suggests that there is a special-

ization in terms of their function and specificity. Indeed, it

has been demonstrated that DUBs target distinct pathways

and their localization may be limited to certain subcellular

compartments [1, 8]. Moreover, many DUBs have been

linked to pathological conditions, underlying their physi-

ological significance in health and disease (reviewed in

[9]).
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Modes of Regulation of DUB Activity

Since the catalytic activity of DUBs is so specific and in

many cases functionally critical, one would anticipate

multiple mechanisms of its control, and several ones have

been already described (reviewed in [10]). DUBs are

generally expressed as active enzymes, rather than inactive

precursors. However, certain DUBs require ubiquitin

binding to obtain their active conformation and that pre-

vents their uncontrolled proteolytic activity. The structural

data for several DUBs reveal that ubiquitin-binding by

DUBs is accompanied by active site rearrangements and

that such conformational alterations induce their hydro-

lytic activity, which has been demonstrated for OTUB1,

UCH-L1, UCH-L3, USP7, USP14, and S. cerevisiae

YUH1 [11–19]. Another way of modulating DUB activity

is through the binding of scaffold and adaptor proteins.

Some DUBs display low affinity for ubiquitin and there-

fore require additional interactors for binding ubiquitinat-

ed substrates efficiently [20]. DUBs may require to be

incorporated into large macromolecular complexes to

attain the active state, exemplified by USP14 or POH1 that

are activated by their binding to the 26S proteasome

complex [10, 21, 22]. Activation of USP8 and AMSH is

facilitated by signal transducing adaptor molecule 2

(STAM2), and both proteins are involved in regulating

endocytic trafficking [23]. Protein–protein interactions can

also inhibit protease activity, for example UCH37 function

is inhibited by its binding to the chromatin-remodeling

complex [24]. Proteolytic cleavage of DUBs is another

way of regulation of their function. This is exemplified by

USP1, which undergoes autoproteolysis that in turn inac-

tivates this enzyme [25]. Last but not least, many DUBs

are subjected to post-translational modifications (PTMs),

possibly representing an effective and reversible means of

regulating their activity or function. This review will

discuss the documented examples of the PTMs in DUBs

and their various phenotypic consequences (summarized in

Table 1).

Phosphorylation of CYLD in the NF-jB Pathway

The ubiquitin-specific protease involved in cylindromatosis

(CYLD) is one of the best studied examples of post-

translationally modified DUBs. CYLD specifically cleaves

Lys63-linked polyubiquitin chains and acts on TRAF2,

TRAF6, and several other substrates, which results in

negative regulation of the NF-jB pathway ([26–28],

reviewed in [29]). CYLD is a tumor suppressor and an

important player in the host defense mechanisms against

bacterial infection, as shown for several pathogens [30–33].

CYLD becomes phosphorylated as a response to treatment

with a number of NF-jB-inducing factors, such as LPS or

TNF-a [34]. This transient modification occurs at several

sites in a region located within close proximity to

the TRAF2-binding site, which includes Ser418. The

biochemical analysis using phosphomimetic mutants

demonstrated that this PTM negatively affects the

deubiquitinating activity of CYLD on TRAF2, most likely

through interfering with the catalytic activity of CYLD,

since the binding of TRAF2 to a CYLD mutant mimicking

phosphorylation on Ser418 is not affected (Fig. 1a; [34]).

There is some initial evidence that IKKc (I kappa B kinase

gamma) mediates CYLD phosphorylation on Ser418 [34],

although a more recent report suggests that IKKe (I kappa

B kinase epsilon) is a much more efficient kinase for this

site [35]. Interestingly, IKKa (I kappa B kinase alpha) and

IKKß (I kappa B kinase beta) are also able to phosphory-

late CYLD in vitro, although in vivo they require addi-

tional assistance of IKKc. In addition to down-regulation of

the NF-jB pathway [34], CYLD phosphorylation has been

demonstrated to have a physiological relevance in

increasing cell transformation [35], hence precise identifi-

cation of a kinase or a kinase cascade involved in this

process might provide potential targets for pharmacologi-

cal intervention strategies in the treatment of cancer.

Phosphorylation-Regulated Activity of A20

A20 is an ovarian tumor domain (OTU)-containing prote-

ase with a well-defined function in pro-inflammatory

events. It down-regulates activation of the transcription

factor NF-jB and therefore plays an important role in

inflammation [36–38]. Interestingly, next to the OTU

domain involved in cleavage of Lys63-linked polyubiquitin

chains from the protein substrates TRAFs, RIPs and

NEMO, it also contains the C-terminal zinc finger domain

that acts as a ubiquitin ligase and is responsible for building

Lys48-linked polyubiquitin conjugates on RIPs, thus tar-

geting them to the proteasome [39, 40]. Therefore, A20 has

a dual, or editing function on its substrates, removing

one type of polyubiquitin chain and attaching another. A

positional scanning peptide library technique combined

with a bioinformatics approach identified A20 as a putative

substrate for the IKKß kinase. Mass spectrometric analysis

mapped the phosphorylation site to Ser381 that was verified

in vitro and in vivo. IKKß-mediated A20 phosphorylation

has been shown to increase its activity toward NEMO,

thereby further down-regulating the NF-jB pathway. It is

not conclusive, however, whether phosphorylation on

Ser381 affects the E3 ubiquitin ligase or deubiquitinase

activity of A20, although the modification occurs at the

zinc finger domain of the protein, so the former would be

expected [41].
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Post-Translational Modifications Modulate Function

of Ataxin-3

Ataxin-3 (AT3) is a polyglutamine disease protein regu-

lating ERAD substrate trafficking to the proteasome. It

contains an N-terminal Josephin domain [42] and prefer-

entially cleaves Lys63-polyubiquitin chains, displaying

even higher activity toward Lys63-ubiquitin linkages

that are within mixed linkage ubiquitin chains [43]. AT3

undergoes ubiquitination [44], which increases its ability

to process hexa-ubiquitin chains but in the tested condi-

tions it does not alter its specificity to the linkage type [45].

This observation has been made for both wild-type AT3

and the pathogenic AT3 with polyQ expansion causing a

neurodegenerative disorder, spinocerebellar ataxia type

3/Machado-Joseph disease (SCA3/MJD). Ubiquitination of

AT3 can be induced by certain stress factors, including

inhibition of the proteasome or treatment with dithiothre-

itol (DTT) that promotes the unfolded protein response

(UPR). It has therefore been proposed that AT3 is regulated

by a feedback loop mechanism that helps to restore the

homeostasis related to the ubiquitin pathway [45]. More-

over, AT3 is phosphorylated by protein casein kinase 2

(CK2). Phosphorylation occurs within the ubiquitin inter-

acting motif (UIM) of AT3 and is critical for the nuclear

localization of normal and pathogenic AT3. Inhibition of

AT3 phosphorylation contributes to its decreased translo-

cation to the nucleus and formation of nuclear inclusions.

CK2-dependent phosphorylation of AT3 might be crucial

in the stress response, because thermal stress has been

shown to increase the CK2-modulated nuclear abundance

of AT3. Furthermore, phosphorylation might also stabilize

AT3, as observed in a pulse-chase experiment using an

AT3 mutant mimicking phosphorylation [46].

Otubain 1 Phosphorylation Interferes with its Catalytic

Activity and Function in Bacterial Infection

Otubain 1 (OTUB1), a member of OTU-containing protein

family, is the only DUB for which specificity for Lys48-

ubiquitin linkages has been clearly documented [12, 47].

OTUB1 functions in T cell anergy [48, 49], infection with

Yersinia [50] and in DNA double strand break repair [51].

OTUB1 is predicted to have multiple phosphorylation sites,

and three of them have been mapped to Ser16, Ser18,

and Tyr26 [50]. Phosphomimicry analysis suggests that

phosphorylation on these sites influences protein–protein

binding and the ability of OTUB1 to react with a ubiquitin-

based active-site probe, indicating reduction of its catalytic

activity. OTUB1-mediated stabilization of a small GTPase

RhoA involved in cytoskeletal alterations has been nega-

tively regulated by phosphorylation, which might be either

due to decreased protein–protein binding capabilities or a

lower catalytic activity. Finally, the physiological rele-

vance of this modification is highlighted by the fact that

OTUB1 phosphomimetic mutants did not influence bacte-

rial invasion, in contrast to the wildtype OTUB1 [50]. The

phosphorylation sites are all located in the N-terminal part

of OTUB1, a domain that has been shown to be critical to

exert its function in regulating DNA double strand break

repair, indicating a possible regulatory mechanism [51, 52].

Ubp-M Phosphorylation on the Onset of Mitosis

A novel ubiquitin-processing protease Ubp-M (USP16) has

been recently identified in the pool of proteins phosphor-

ylated during mitosis [53]. Its function is yet unknown,

but it has been postulated that Ubp-M might interfere with

cell viability by modifying chromatin functions. The fact

that Ubp-M is capable of deubiquitinating histone H2A

in vitro is consistent with this hypothesis. Interestingly,

Fig. 1 PTMs in control of DUB activity exemplified by CYLD and

UCH-L1. a Phosphorylation of CYLD impairs its deubiquitinating

activity toward TRAF2. CYLD cleaves Lys63-linked polyubiquitin

chains from TRAF2, which results in negative regulation of the

NF-jB pathway by inactivation of kinases JNK and IKK. IKKc-

mediated phosphorylation impairs its catalytic activity, in effect

contributing to activation of JNK and IKK and positive regulation of

NF-jB. b Monoubiquitination of UCH-L1 modulates its enzymatic

function. UCH-L1 shortens conjugated polyubiquitin chains on the

substrate proteins, and monoubiquitination of UCH-L1 hinders this

activity by impairing its binding to ubiquitin. UCH-L1 is able to self-

regulate its own ubiquitination status through auto-deubiquitination

24 Cell Biochem Biophys (2011) 60:21–38
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phosphorylation does not interfere with the enzymatic

activity of this DUB, but it does correlate with histone H2A

deubiquitination during the cell cycle. Ubp-M gets rapidly

dephosphorylated during a shift from metaphase to ana-

phase [53, 54].

Post-Translational Modifications of UCH-L1 Involved

in Neurodegenerative Diseases

UCH-L1, a ubiquitin C-terminal hydrolase involved in

Parkinson’s disease and other neurodegenerative disorders

(reviewed in [55]), is highly expressed in neurons but its

substrates and function have not yet been defined. UCH-L1

is O-glycosylated in the nerve terminals, although this

modification has not been shown to have any effect on its

function [56]. Moreover, UCH-L1 undergoes monoubiq-

uitination at multiple lysines within close proximity to its

active site. This PTM appears to control the enzymatic

function of UCH-L1 since monoubiquitination impairs its

binding to ubiquitin and an ability to increase the mono-

ubiquitin pool in cells, but it has no effect on its localiza-

tion (Fig. 1b). Importantly, UCH-L1 is able to regulate its

own ubiquitination status through auto-deubiquitination,

therefore controlling its catalytic capabilities in an auto-

regulatory feedback loop [57].

Ubiquitination of USP6 in the Context of Protein–

Protein Interaction

USP6 (TRE17) is a ubiquitin-specific protease implicated

in human neoplasia with unidentified targets for its DUB

activity [58]. It has been shown to be mono- and poly-

ubiquitinated, and mono-ubiquitination of USP6 depends

on its association with calcium (Ca2?)-binding protein

calmodulin (CaM). USP6 can promote its own deubiqui-

tination, suggesting a possible mode of auto-regulation, but

the physiological relevance of this modification, including

the effect on its catalytic activity, remains to be uncovered

[59].

USP7—A Deubiquitinase Involved in Tumor

Development is Phosphorylated and Ubiquitinated

USP7 (Herpes-associated USP; HAUSP), a DUB described

predominantly for its role in cancer biology, is involved in

processes such as transcriptional regulation, DNA replica-

tion, apoptosis, and possibly in endosomal organization

([60], reviewed in [61, 62]). It interacts with p53, Hdm2

and Hdmx, and its deubiquitinating function towards these

proteins protects cells from apoptosis [63, 64]. PTMs

documented for USP7 include phosphorylation on Ser18

and Ser963, and ubiquitination on Lys869, although any

relation of these modifications to its activity has not been

demonstrated so far [65, 66]. Ser18 is likely to be a target

for casein kinase 2 (CK2)-mediated phosphorylation,

especially since CK2 co-immunoprecipitates with USP7,

suggesting their possible interaction [66]. Both phosphor-

ylation sites of USP7 are located near its protein–protein

interaction domains, similarly to the ones of CYLD [34]. It

is therefore plausible that this modification might have an

effect on USP7 substrates or possibly other protein inter-

actions. Interestingly, the ubiquitination site of USP7 is

placed close to the region where it was reported to interact

with ICP0, a viral E3 ubiquitin ligase [67], supporting the

previous finding that ICP0 targets USP7 for ubiquitination

[68].

Role of Phosphorylation Events in the Activity

and Stability of USP8

USP8 (UBPY) plays a role in endosomal sorting by

deubiquitinating ligand-activated epidermal growth factor

(EGFR) on early endosomes [69]. A mass spectrometry-

based analysis of the phosphoproteome identified USP8 as

an interactor of 14-3-3e during anaphase, and two inde-

pendent studies mapped the phosphorylation site to Ser680

[70, 71]. This site has been then demonstrated to be critical

for the subcellular localization of USP8, and while the

wildtype USP8 localizes primarily to the cytosol, the

majority of USP8 was found in the nucleus if the Ser680

was mutated to alanine [70, 71], but this finding was not

supported by another study [72]. Furthermore, the catalytic

activity of USP8 is inhibited by phosphorylation on Ser680,

based on the fact that the S680A mutant of USP8 exhibites

enhanced DUB activity toward polyubiquitin chains and

EGFR. This phosphorylation-mediated regulation of USP8

is present during the interphase, while during the M phase

USP8 is dephosphorylated [72]. Another study found USP8

to be a substrate for the EGF-activated Src-family tyrosine

kinases although its biological significance is not yet

understood and the phosphorylation sites mediated by these

kinases have not been mapped thus far [73]. USP8 is also

phosphorylated by Akt on Thr907, which contributes to its

stability [74, 75].

Translocation and Stabilization of USP10 is Mediated

by Phosphorylation

USP10 has been recently described as a DUB targeting p53

for polyubiquitin chain cleavage [76]. As mentioned ear-

lier, USP7 is a DUB that deubiquitinates p53 and its E3

Cell Biochem Biophys (2011) 60:21–38 25

123



ligase Hdm2 [63], but in contrast to USP7, USP10 has been

only found to interact with and deubiquitinate p53, and it is

predominantly localized in the cytoplasm in unstressed

cells, while USP7 is mainly a nuclear protein [76].

Therefore, while USP7 targets p53 in the nucleus, USP10

deubiquitinates cytoplasmic p53 and upon genotoxic stress

it translocates to the nucleus to activate p53. ATM phos-

phorylates USP10 on Thr42 and Ser337, and this event is

required for the stabilization of USP10 and its translocation

into nucleus after DNA damage. The alanine mutation of

the Thr42/Ser337 has not been shown to interfere with the

capability of USP10 to deubiquitinate p53, but it impedes

its nucleolar translocation and stabilization, which in effect

suppresses USP10-mediated activation of p53 in response

to DNA damage [76].

Various PTMs of USP25 and their Effect on its

Catalytic Activity

The physiological role of USP25, a member of the USP

family [77] remains to be explored. This USP contains a

ubiquitin-associated domain (UBA) as well as two ubiq-

uitin binding-domains (UBDs, [78]), and its muscular

isoform interacts with three sarcomeric proteins, having a

stabilizing effect on one of them, myosin binding protein

C1 (MyBPC1; [79]). Recently, the tyrosine kinase SYK has

been found to phosphorylate USP25, predictably on the

Tyr740 residue. The protease activity of USP25 is not

affected by SYK-mediated phosphorylation, but it decrea-

ses its protein levels, although not due to its increased

proteasomal degradation [80]. USP25 is also modified by

SUMO-1 and SUMO-2/3, among which the latter PTM has

been shown to be more predominant. Sumoylation occurs

on Lys99 and Lys141, which are located within the ubiqui-

tin-interacting motif (UIM), required for the protease

activity of USP25. USP25 sumoylation indeed inhibits the

catalytic activity of USP25 imposed by its reduced binding

to polyubiquitin chains [81]. Moreover, ubiquitination of

muscular isoforms of USP25 has also been detected, and

similarly to sumoylation it affected Lys99. Mutation of this

residue negatively regulates USP25-mediated stabilization

of MyBPC1 and a mutually exclusive modification on

Lys99—sumoylation and ubiquitination—might have

opposite effects on the enzyme isopeptidase activity.

Importantly, USP25 is able to auto-deubiquitinate itself

possibly representing a mechanism of auto-regulation [78].

ATM/IR-Dependent Phosphorylation of USP28

A deubiquitinase USP28 binds to the SCFFbw7 ubiquitin E3

ligase, stabilizing Myc, and therefore promoting cell

proliferation [82]. Moreover, USP28 binds checkpoint

proteins 53BP1, Claspin, and Mdc1 [83]. In response to IR,

USP28 becomes phosphorylated on Ser67 and Ser714 in an

ATM-dependent manner [83]. This modification is likely to

regulate the complex-formation with the DNA checkpoint

proteins, supported by the fact that cell exposure to irra-

diation induces Myc dissociation from USP28 [82].

Phosphorylation of USP44 during Mitosis

USP44, a predominantly nuclear DUB and an important

regulator of the spindle checkpoint, undergoes phosphor-

ylation during mitosis [84]. This step may activate USP44

specifically for the checkpoint arrest, regulated for instance

by mitotic cyclin-dependent kinases or spindle checkpoint

kinases [85]. Moreover, USP44 is a documented target for

Lys48- and Lys63-linked polyubiquitination, but the effect

of these modifications is not yet understood [84].

PTMs on DUBs Identified by Global Proteomics Studies

In addition to the biochemically-characterized examples of

PTMs, several high-throughput studies aimed at mapping

the phosphoproteome, ubiquitinome, and acetylome yiel-

ded information on additional post-translationally modified

residues in DUBs (several such studies are summarized in

Table 2, [65, 86–114]). Strikingly, large-scale phospho-

proteomics studies have found 37 out of 55 USPs to be

phosphorylated in vivo (reviewed in [115]). Global phos-

phoproteome analyses targeted to a particular kinase might

be of special value, placing a phosphorylated DUB within a

biological context. For instance, Matsuoka et al. [90]

detected various DUBs as kinase substrates of ATM (ataxia

telangiectasia mutated) and ATR (ATM and Rad3-related)

in response to the DNA damage, which include USP1,

UCHL3, USP19, USP24, USP28, and USP34, although the

relevance of ATM/ATR-mediated phosphorylation of these

enzymes is presently unclear [90]. Furthermore, proteomic

studies such as [8] provide information on novel protein–

protein interactions, including association with kinases,

methyl transferases, and other proteins that might post-

translationally modify DUBs.

All this indicates that the number of the PTMs affecting

DUBs must be extensive, providing a great scope for future

studies exploring roles of these already discovered modifi-

cations. Location of the modifiable residues within various

DUB domains might give an initial clue on the mechanistic

effect of PTMs on DUB function. For instance, different

outcomes are to be expected for modifications occurring

within the ubiquitin-binding domain, components of the

catalytic site, or protein–protein interaction domains.

26 Cell Biochem Biophys (2011) 60:21–38
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Multi-PTM Crosstalk

Although there are multiple examples of post-translation-

ally modified DUBs, the biochemical data is too scarce to

draw any general conclusions, especially in relation to

PTM-mediated regulation of the catalytic activity of DUBs.

Future studies are likely to reveal trans-regulatory mecha-

nisms of PTMs in the control of DUB catalytic activity

and function. Such complex crosstalks between pathways

have been recognized for many proteins, perhaps best

described for kinases and histones. For instance, in some

cases priming phosphorylation events are necessary to

enable subsequent phosphorylation, sumoylation, or ubiq-

uitination, while methylation or ubiquitination of certain

residues in histones might be a prerequisite for their acet-

ylation (reviewed in [116]). So far, no example of a similar

mechanism has been discovered for DUBs, but they are

anticipated. In particular, an occurrence of a phosphodeg-

ron, or a priming phosphorylation event necessary for

recognition by an E3 ubiquitin ligase, leading to ubiquiti-

nation and proteasomal degradation, should be carefully

examined for DUBs down-regulated by phosphorylation

events. For instance, phosphorylation of USP25 [80] might

trigger subsequent Lys48-polyubiquitination resulting in

proteasomal degradation. On the other hand, phosphory-

lation-driven negative regulation of ubiquitination might

also be common. For example, it would be interesting to

investigate this mechanism for USP8, since phosphoryla-

tion of Thr907 leads to accumulation of this protein [74, 75].

Another attractive aspect of post-translational events is a

direct competition for a modifiable residue, such as for

USP25, where Lys99 has been shown to be both ubiquiti-

nated and sumoylated, with a potentially opposite func-

tional outcome [78, 81].

Auto-Regulatory Mechanisms Keep DUBs in Check

Internal adaptive mechanisms controlling kinase enzymatic

activity and therefore cell homeostasis have been known

for a long time (reviewed in [117, 118]), but they have also

been described for E3 ubiquitin ligases (e.g., Smurf2 [119])

and acetyltransferases (e.g., Rtt109 [120]). Since attach-

ment of ubiquitin or ubiquitin-like molecules to protein

substrates has been recognized as a multi-purpose regula-

tory modification, self-deubiquitination represents an

attractive means of auto-regulation, whether it concerns

control over lifespan, localization, or catalytic activity of

DUBs. Indeed, this principle has been proposed for UCH-

L1 [57], USP6 [59], and USP25 [78]. Monoubiquitination

is particularly interesting since it impairs deubiquitinating

properties of UCH-L1, while USP25 catalytic activity is

most likely induced by this PTM [57, 78]. These studies

indicate that auto-deubiquitination might contribute to

both, inhibition and activation of the DUB function.

Further knowledge on how DUB function is regulated

by PTMs may provide novel insights into their biology.

Moreover, since many DUBs are implicated in cancer,

inflammation, microbial disease, and neurodegeneration,

novel insights into PTM-mediated regulation of DUBs

might provide opportunities for combining inhibitors of

DUBs and enzymes responsible for regulatory PTMs (e.g.,

kinase or phosphatase inhibitors) as more efficient entry

points for pharmacological intervention strategies.
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