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Introduction

Ubiquitin, a small, highly conserved regulatory protein that is 
covalently tagged to proteins as a signal for proteasome degra-
dation, has been implicated in the control of multiple cellular 
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By virtue of its ability to regulate both protein turnover and non-
proteolytic signalling functions, ubiquitin protein conjugation 
has been implicated in the control of multiple cellular 
processes, including protein localization, cell cycle control, 
transcription regulation, DNA damage repair and endocytosis. 
Ubiquitin metabolism enzymes have been identified as either 
oncogenes or tumor suppressors in a variety of cancers. Given 
that ubiquitin metabolism is governed by enzymes—E1, E2, 
E3, E4, deubiquitinases (DUBs) and the proteasome-the system 
as a whole is ripe for target and drug discovery in cancer. Of 
the ubiquitin/proteasome system components, the E3s and 
DUBs can recognize substrates with the most specificity, and 
are thus of key interest as drug targets in cancer. This review 
examines the molecular role in cancer, relevant substrates and 
potential for pharmacologic development, of E3s and DUBs 
that have been associated thus far with human malignancies 
as oncogenes or tumor suppressors.
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processes including protein localization, cell cycle control, tran-
scription regulation, DNA damage repair and endocytosis.1,2 As 
the addition and removal of ubiquitin chains is a fundamental 
biologic process in all eukaryotic cells, it is not surprising that 
ubiquitin metabolism enzymes feature prominently as either 
oncogenes or tumor suppressors in a variety of cancers and many 
signaling/regulatory pathways relevant to cancer. More impor-
tantly, given that ubiquitin metabolism is governed by enzymes—
E1, E2, E3, E4, deubiquitinases (DUBs) and the proteasome- the 
system as a whole is ripe for target and drug discovery in cancer 
as well as many other human diseases. Though only one drug 
targeting the ubiquitin/proteasome system, bortezomib (a protea-
some inhibitor), is currently FDA approved in cancer, many are 
in development.3 Of the ubiquitin/proteasome system compo-
nents, the E3s and DUBs can recognize substrates with the most 
specificity and are thus of key interest as drug targets in cancer. 
This review will therefore examine the molecular role in cancer, 
relevant substrates and potential for pharmacologic development, 
of E3s and DUBs that have been associated thus far with human 
malignancies as oncogenes or tumor suppressors.

The mechanics of ubiquitin conjugation. Protein ubiquitina-
tion is an ATP-dependent and highly ordered multistep enzy-
matic process (Fig. 1) that requires the sequential action of three 
enzymes. The E1 activating enzyme forms a thioester bond with 
the C-terminal glycine of ubiquitin through its active site cyste-
ine.4 Ubiquitin is then transferred from the E1 to the active site 
cysteine of an E2 conjugating enzyme.4 An E3 ubiquitin ligase 
next facilitates transfer of ubiquitin to the protein substrate, cat-
alyzing either the polyubiquitination of protein substrates that 
can lead to rapid proteasome degradation or monoubiquitination 
of protein substrates, which is often associated with signaling or 
vesicle trafficking events.4 The extension of polyubiquitin chains 
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(Homolog of E6-AP C Terminus) E3s are usually monomeric 
and facilitate ubiquitin transfer onto protein substrates via forma-
tion of a thioester intermediate with ubiquitin.4 RING (Really 
Interesting New Gene) domain E3s can function individually as 
“single-subunit” E3s or as components of multisubunit E3s. In 
both configurations, the RING domain recruits the E2 within 
proximity of the substrate, facilitating direct ubiquitin transfer 
from the E2 to protein substrate.4 A hallmark of RING domain 
E3s is autoubiquitination by the E2/E3 complex. PHD domain 
and U-box-type E3s are more recently discovered E3 families, 
and their enzymatic domain structures closely resemble the 
RING motif, despite disparate primary sequence signatures.10 
Other “atypical” E3 enzymes have also been recently character-
ized that share the property of coordinating zinc, but are distinct 
from RING E3s in structure.11

Ubiquitin deconjugation. Ubiquitin conjugation, like other 
protein modifications, can be reversed by deubiquitinating 

on certain monoubiquitinated protein substrates requires the 
cooperation of an additional “E4” ubiquitin ligase, which might 
encode an independent ligase activity or enhance the processiv-
ity of the E3.5-7 In addition, polyubiquitin chains can be formed 
using any of the 7 lysines found in ubiquitin and these differ-
ent chain topologies lead to different functional outcomes. Of 
the most well studied linkages, K48-linked polyubiquitin chains 
generally target substrates in vivo for proteasomal degradation, 
while K63-linked chains are often involved in non-proteolytic 
signal transduction or DNA damage repair processes.8,9

The E3 ubiquitin ligases, unlike E1 and E2, are specific to 
the protein substrate. E3s provide substrate selectivity through 
a specific substrate recognition domain or via other cofactors in 
the E3 ubiquitin complex. In accordance, more than 600 pro-
teins have been identified bearing E3 signatures, and they can be 
grouped into four major classes, based on their structure and bio-
chemical mechanism in the ubiquitination reaction. The HECT 
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Figure 1. The enzyme cascade of the ubiquitin/proteasome system. Catalytic ubiquitin conjugating and deconjugating enzymes are pictured. Inhibi-
tors have been characterized for all the Ub metabolism enzymes and the proteasome, as noted, except for E4s. The separation of monoubiquitination 
and polyubiquitination into two steps requiring two enzymes occurs for certain substrates, but as indicated, many substrates are effectively polyubiq-
uitinated by a single E3 enzyme.



member of the HECT E3 ubiquitin ligase family, encoding a 350 
amino acid residue C-terminal ubiquitin ligase domain. High-
risk human papillomaviruses (HPV) 16 and 18 have been etio-
logically associated with malignant lesions, most notably with 
cervical cancer, but also with anal, genital and head and neck 
cancers.16-19 E6-AP was initially discovered as an interaction part-
ner of the E6 oncoproteins of HPV 16 or 18 that mediates their 
interaction with p53 protein, and is required for E6 mediated 
ubiquitination and degradation of p53.15 Therefore, E6-AP cata-
lyzes ubiquitin conjugation and subsequent proteasome degrada-
tion of p53 upon virus infection by high risk HPV’s, but not in 
uninfected cells where HPV E6 protein is not present.15 HPV 
infected cells, as a result, are released from p53-induced cell cycle 
arrest to allow viral genome replication.15

Subsequent to the discovery of E6/E6AP as a specific p53 E3, 
MDM2 was discovered as the principal physiologic E3 ubiquitin 
ligase of mammalian p53. Mouse genetic studies revealed that 
MDM2 is the principal cellular negative regulator of p53.20 The 
MDM2-null mouse is lethal due to uncontrolled p53 activity, 
and the lethality can be rescued by concurrent p53 deletion.21 
Similar to E6/E6-AP, MDM2 is an oncogenic E3 ligase when 
overexpressed, due to its ability to maintain p53 instability and 
prevent p53 activation in the face of genotoxic stress.14 MDM2 
gene amplification and protein overexpression are present in more 
than one third of human sarcomas, breast cancer, lung cancers 
and many other tumor types.22-24

The prevalence of MDM2 dysregulation in tumorigenesis, 
and our deep understanding of the p53-MDM2 regulatory loop 
have generated great interest in MDM2 as a bone fide target in 
cancer therapy. Several different strategies have been used to 
design MDM2 inhibitors: (1) Detaching MDM2 from p53 by 
interfering with their interaction; (2) Targeting MDM2 intrinsic 
E3 ligase activity; (3) Reducing MDM2 expression.25 Nutlin-3a, 
a small chemical inhibitor that interferes with p53-MDM2 bind-
ing,26 can induce cell cycle arrest or apoptosis in tumor cells 
expressing wild type p53, and exhibits modest antitumor activity 
in mouse models.27 The pre-clinical investigation and clinical tri-
als of other anti-MDM2 cancer therapeutic compounds RITA, 
MI-63 and syl-155 is ongoing, and all of these therapeutics, like 
Nutlin, are based on targeting the MDM2-p53 interaction.28-30

Another p53 E3 ligase, ARF-BP1, originally purified in a com-
plex with p14ARF, can directly interact with p53 and induce p53 
ubiquitination and degradation.31 ARF-BP1 is highly expressed 
in 80% of breast cancer cell lines suggesting a potential role of 
ARF-BP1 in breast cancer tumorigenesis.32 COP1, Pirh2 and 
synoviolin have also been characterized as E3 ubiquitin ligases 
for p53 in various contexts.33-35 Their physiological significance 
in tumorigenesis, however, remains to be determined.

p27 and SCFskp2 E3 ligase complex. SCF (Skp1-Cullin-F-box) 
type multisubunit E3 ubiquitin ligases play multiple roles in cell 
proliferation, cell survival and cell size control.36 SCF ligases are 
composed of invariable subunits Skp1 (bridging/adaptor protein), 
Cul1 (scaffold) and the enzymatic RING finger ligase Rbx1/
Roc1, along with a variable F-box subunit protein that serves as 
a recognition site for protein substrates.37 Sixty-nine F-box pro-
teins have been identified in the human genome and nine F-box 

enzymes (DUBs; Fig. 1). Over 100 DUBs have been identified in 
the human genome and they have been linked to the physiologic 
regulation of diverse cellular functions.12 DUBs are able to regen-
erate monoubiquitin for reuse by the cell by disassembling polyu-
biquitin chains that are either free or attached to target proteins.12 
DUBs also function in ubiquitin maturation via the modification 
of the ubiquitin pro-protein, which is usually fused to ribosomal 
proteins.12 Whereas some DUBs act non-specifically to disas-
semble Ub chains without regard to their conjugated substrate, 
many DUBs are now known to trim or remove Ub moieties from 
specific substrates, with the same level of specificity as encoded 
in the E3s that attach Ub chains to substrates. Thus, DUBs play 
a role in the Ub/proteasome system akin to phosphatases in the 
protein kinase/phosphatase regulatory network.

DUBs are categorized into five conserved families. Except for 
the JAB1/MPN/Mov34 metalloenzyme (JAMM) domain fam-
ily, which are zinc metalloproteases, all other DUB families are 
papain-like cysteine proteases.12 The four classes of cysteine pro-
tease DUBs are: ubiquitin C-terminal hydrolase (UCH); ubiqui-
tin specific protease (USP); ovarian tumor domain (OTU); and 
Machado Josephin domain (MJD). Of these DUB families, the 
USP family is by far the largest, with over 50 predicted members.12

E3 Ubiquitin Ligases in Cancer

E3 ligases regulate diverse cellular processes such as cell prolifera-
tion, cell cycle arrest and apoptosis. The dysregulation of these 
E3s and their ubiquitin network is often linked with human dis-
eases, particularly neurodegenerative disease and cancer,3 and E3 
ligases are the second most prevalent cancer-related functional 
gene family next to protein kinases.13 E3 ubiquitin ligases can be 
either tumor suppressors or oncogenes, depending, in turn, on 
their ability to trigger degradation of either oncogenes or tumor 
suppressor proteins, respectively (Table 1). As E3 ligases are either 
intrinsic enzymes (e.g., HECT E3s) or incorporate an E2 enzyme 
as part of a multisubunit E3, oncogenic E3s have also generated 
intense interest as potential therapeutic targets for cancer therapy, 
and a limited number of E3 inhibitors have been described, with 
many more under development.3 The following are among the 
most well understood E3 ubiquitin ligases with a role in cancer 
development or suppression:

p53 and its E3s: MDM2, E6AP and Arf-BP1. p53, known as 
the “guardian of the genome”, is perhaps the most well studied 
tumor suppressor gene. p53 is a transcription factor that marshals 
the cellular response to a wide variety of oncogenic and non-
oncogenic stress signals. The pivotal role of p53 in tumor sup-
pression is to prevent genome instability and mutation, by either 
halting DNA replication to allow for genome repair or activat-
ing apoptotic programs in the face of catastrophic DNA damage. 
p53 activity is restrained and kept silent in unstressed conditions 
due to highly active ubiquitination and proteasome degradation. 
Ubiquitination plays a key role in regulating p53 not only due 
to signaling p53 degradation by the 26S proteasome, but also by 
regulating the activity and localization of p53.14

E6-Associated Protein (E6-AP) was the first E3 ubiquitin 
ligase found to target p53 for degradation.15 It is the prototype 
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accelerated mammary and prostate tumorigenesis in transgenic 
oncogene-driven mouse models.44 As the E3 ligase of p27, 
SCFskp2 was predicted to have tumorigenic activity, and forced 
overexpression of SCFskp2 in mice was found to promote tumor 
formation.45 In addition, SCFskp2 overexpression correlates with 
lower p27 expression in breast and colon cancer specimens.46,47 
Given the mouse tumorigenesis data on Skp2 overexpression 
and correlations of SKP2 overexpression with reduced p27 lev-
els in human tumors, SCFskp2 is a clearly attractive therapeutic 
target for development of an E3 inhibitor—whether directed 
to the catalytic subunit, which may be problematic given the 
participation of Rbx1 in many different SCF complexes, vs. 
targeting of SKP2, which may offer a better therapeutic index.

Another SCF ubiquitin ligase, SCFFBW7 is believed to act as a 
tumor suppressor complex.48 SCFFBW7 targets multiple oncogenic 
protein substrates such as c-Myc,49 c-jun,50 Notch,51 mTOR52 and 

proteins have been paired with specific substrates.36 In contrast 
to other ubiquitin ligases, SCF F-box proteins generally recog-
nize protein substrates only after post-translational modification, 
most often phosphorylation.38

Skp2 and Fbw7 are the two most well studied F-box pro-
teins and the dysregulation of their SCF complexes, SCFskp2 
and SCFFBW7 has been linked to cell cycle dysregulation and 
tumorigenesis.36 SCFskp2 promotes entry into S phase by regu-
lating the ubiquitination of several cell cycle control proteins, 
notably p27, a CDK (Cyclin Dependent Kinase) inhibitor and 
tumor suppressor gene.39 Indeed, several independent studies 
found accelerated p27 degradation coupled with lower pro-
tein levels of p27 in many aggressive human tumors.40 p27 
knockout (-/-) mice spontaneously develop pituitary tumors 
and show increased susceptibility to carcinogen induced tumor 
formation.41-43 p27 haploinsufficiency is also associated with 

Table 1. E3’s and cancer

E3 Substrate Category Associated cancer
Biological 

function(s) impacted 
by dysregulation

Outcome of 
substrate 

ubiquitination
Alteration in tumors

E6-AP p53,15 p27131 Oncogene

Infection by high-risk 
HPV in cervical, anal, 

genital, head and neck 
carcinomas15,16

Cell cycle control, 
apoptosis

Proteasomal 
degradation

No link of mutation to 
non-HPV tumors; co-factor 
for HPV E6 at physiologic 

levels15,16

MDM2 p53132 Oncogene
One third of sarcomas,23 

breast24 and lung  
cancer22

Cell cycle control, 
apoptosis

Proteasomal 
degradation,  

N/C translocation

Gene amplification and 
overexpression,22 missense, 
non-sense, frameshift muta-
tion in Zinc-finger domain133

SCFskp2 p2736, 39 Oncogene

Lung, glioma, gastric, 
prostate, ovarian,36 

breast47  and colon 
cancer46

Cell cycle control
Proteasomal 
degradation

Gene amplification and 
overexpression134

SCFfbw7

c-Myc,49 
c-jun,50 

Notch,51 
mTOR52 and 

cyclin E53

Tumor 
suppressor

Cholangiocarcinomas, 
T-cell acute 

lymphocytic leukemia, 
endometrium, colon 

and stomach cancer135

Cell cycle control, 
cell growth, cell 
division and cell 
differentiation

Proteasomal 
degradation

A wide spectrum of muta-
tions as high as 6%, includ-

ing missense, non-sense, 
and 75% are point muta-

tions in substrate recogni-
tion domain48,135

VHL HIF-1α57 Tumor 
suppressor

Renal cell carcinoma 
of the clear cell type, 

Pancreatic cancer, 
cerebellar and retinal 
hemangioblastomas55

Tumor vascularization
Proteasomal 
degradation

20–37% large or partial 
germline deletion, 30–38% 
missense mutation, 23–27% 

nonsense or frameshift 
mutations59

BRCA1
CtIP,68 NPM,66 

RNA poly-
merase II67

Tumor 
suppressor

Breast and ovarian 
cancer62

DNA damage 
response, cell cycle 

control

Chromatin associa-
tion, DNA damage 
foci formation and 

protein stabilization

Genomic rearrange-
ment (deletion, exon 

amplification),136 single point 
mutations, hypermethyla-

tion of promoter137

Nedd4-1
PTEN?70,74 
Viral gag 

proteins138

Oncogene?
Prostate and bladder 

cancer,70 colorectal and 
gastric cancer139

Apoptosis. cell 
transformation

Proteasomal 
degradation,  

N/C translocation
Overexpression70,139

Smurf2

Smad1,75 
Smad2,77 

TGFβ 
receptor 176

Oncogene?
Esophageal squamous 

cell cancer79

Cell growth, 
cell migration, 

metastasis?

Proteasomal 
degradation

Overexpression79

WWP1
KLF5,140 

p53,85 p63,141 
ErbB4142

Oncogene
Breast and prostate 

cancer143,144

Transcription activity, 
apoptosis, cell cycle 

control

Proteasomal 
degradation,  

N/C translocation

Gene amplification and 
overexpression81,144
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activity.65 The bona fide protein substrate of BRCA1/BARD1 E3 
ligase activity has not yet been identified, though there have been 
a number of candidates proposed over the past few years.66-68 One 
could imagine that if the target of BRCA1 E3 activity must be 
inactivated for tumor suppression to be maintained, then the 
physiologic target of BRCA1 E3 activity might serve as a drug 
target for the prevention or treatment of inherited as well as cer-
tain BRCA1-deficient sporadic cases of breast or ovarian cancer.

Nedd4-like E3s. The Nedd4-like subgroup of HECT E3 
ligases contain three conserved functional domains: a C-terminal 
HECT domain for ubiquitin protein ligation, an N-terminal C2 
domain for membrane binding, and a WW2 domain for pro-
tein-protein interaction.69 Nedd4-like E3s regulate monoubiq-
uitin-mediated trafficking, proteasome degradation and nuclear 
translocation of many protein targets. Nedd4-like E3s include 
nine members, and among them, Smurf2, WWP1 and Nedd4-1 
have been genetically linked to tumorigenesis.

Nedd4-1. Nedd4-1 has been proposed as an oncogene, as 
it negatively regulates the tumor suppressor Phosphatase and 
Tensin Homolog (PTEN) by mediating PTEN ubiquitination 
and degradation.70 PTEN is a lipid phosphatase that inactivates 
PI3-kinase, and is the one of the most frequently mutated tumor 
suppressor genes in human tumors.71 Overexpression of Nedd4-1 
was correlated with lower PTEN protein levels in a mouse 
prostate tumor model and multiple human cancer samples.70 
Furthermore, the depletion of Nedd4-1 inhibited xenograft 
tumor growth, and this inhibition of tumor growth was PTEN 
dependent.70 However, Nedd4-1 mediated PTEN ubiquitina-
tion may serve other functions beyond signaling degradation.72 
Nedd4-1 dependent PTEN ubiquitination on K289 led to PTEN 
translocation into the nucleus and mono-ubiquitinated PTEN 
accumulated in the nucleus when Nedd4-1 was overexpressed.72 
Nuclear localization of PTEN has been reported to correlate with 
its tumor suppressor function.73 Taking all of the current data 
together, Nedd4-1 E3 ligase regulates the proteasome degrada-
tion and subcellular localization of PTEN, and thereby, modu-
lates PTEN tumor suppression function.70,72

In contrast to all of the above data, a Nedd4-1 knockout 
mouse demonstrated no dysregulation of PTEN protein level or 
cellular distribution, arguing against a critical role for Nedd4-1 
in PTEN regulation.74 A caveat to understanding the Nedd4-1 
mouse knockout data and phenotype interpretation is the pos-
sibility of a compensating epigenetic change that suppresses the 
phenotype occurring during development of the Nedd4-1 knock-
out mouse. Further research is therefore necessary to resolve the 
disparities among the various experimental systems, but there is 
no doubt that a clearer understanding of how PTEN stability 
and localization is regulated—whether by-Nedd4-1 or not—is 
important to understanding the etiology and progression of a 
multitude of malignancies.

Smurf2. Smad ubiquitination regulatory factor 2 (Smurf2) 
is a Nedd4-like E3 ligase that regulates the protein stability of 
Smad2, Smad1 and TGFβ (transforming growth factor β) recep-
tor 1, the key signal mediators of TGFβ signaling cascades.75-77 
Smad2 becomes activated upon TGFβ receptor activation and 
translocates into the nucleus to trigger the expression of target 

cyclin E.53 Fbw7 is mutated in a wide spectrum of tumors, sug-
gesting its loss is positively selected for in tumorigenesis. In the 
mouse, Fbw7 functions as a p53-dependent haploinsufficient 
tumor suppressor.54 The identity of which Fbw7 targets are most 
critical for tumor suppressor activity, however, remains incom-
pletely understood.48

HIF-1 and VHL ligase complex. The von Hippel-Lindau 
(VHL) gene is named after a hereditary cancer syndrome first 
described over 100 years ago. Patients with VHL disease are 
characterized by the development of a variety of highly angio-
genic tumors, including renal cell carcinoma of the clear cell 
type (CC-RCC), pancreatic cysts and tumors, as well as heman-
gioblastomas of the retina and central nervous system.55 After 
identification of the VHL gene by positional cloning using cells 
from VHL patients,56 VHL protein was discovered to serve as a 
substrate recognition subunit in the VCB-Cul2-VHL ubiquitin 
ligase complex. VHL, together with Cul2, Rbx1 and elongins B 
and C, compose the VCB-Cul2-VHL complex and Elongin C 
and Cul2 resemble Skp1 and Cdc53/Cul1 in the SCF ubiquitin 
complex.57

One of the best known substrates of the VHL ligase is HIF-1α 
(Hypoxia-inducible factor-1α), a key mediator of oxygen homeo-
stasis and regulator of genes in energy metabolism and angiogen-
esis.57 Under normoxic conditions, HIF-1α is hydroxylated at a 
conserved proline, leading to its recognition by VHL, ubiquiti-
nation by the VCB complex and rapid proteasome degradation. 
Under hypoxic conditions, HIF-1α escapes from VHL-induced 
degradation and induces such genes as Vascular Endothelial 
Growth Factor and Glucose Transporter 1, which promote 
angiogenesis and boost metabolism in favor of tumor vasculariza-
tion.58 Mutations in VHL prevent degradation of HIF-1α under 
normal oxygen conditions, leading to the upregulation of HIF-
1α-induced genes, which enable high levels of vascularization of 
tumors.59,60 The tumor suppression function of VHL therefore 
becomes manifest through the functional link with HIF-1α. The 
restoration of VHL ligase function, should it prove technically 
feasible, would be a promising strategy to cure or treat VHL-
associated—sporadic or inherited—tumors.

BRCA1/BARD1. The BRCA1 (Breast cancer susceptibility 
gene 1) tumor suppressor gene behaves as a classic autosomal 
dominantly inherited tumor suppressor gene, and is mutated in 
more than 50% of inherited breast cancers.61 BRCA1 mutation 
results in predisposition to early-onset breast and ovarian can-
cers, due to the development of genomic instability in the epithe-
lial precursor cells for breast and ovarian cancers, leading to the 
development of a malignant phenotype.62 Accordingly, BRCA1 
has been implicated as an important factor involved in both 
DNA damage repair and the regulation of cell cycle checkpoint 
control.

BRCA1 encodes an N-terminal RING E3 ubiquitin ligase,63 
and acquires significantly increased ubiquitin ligase activity when 
heterodimerized with another RING finger protein, BRCA1 
Associated Ring Domain 1 (BARD1).64 It is clear that the E3 
ligase activity of BRCA1 is of critical functional importance for 
the tumor suppressor function of BRCA1, since tumor-derived 
BRCA1 alleles are frequently deficient in E3 ubiquitin ligase 
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Interestingly, WWP1 has been reported to regulate p53 ubiq-
uitination and leads to subsequent p53 translocation to the cyto-
plasm and diminished p53 transcriptional activity.85 In theory, the 
inactivation of WWP1 will facilitate p53 transcriptional induc-
tion. This reverse correlation of WWP1 and p53 provides a new 
avenue for understanding regulation of p53 transcription activity, 
and thus WWP1 may have additional value as a cancer drug tar-
get if its inhibition can activate p53, beyond its effects on KLF5.

DUBs and Cancer

Like E3s, DUBs have been implicated in the regulation of pro-
teasome dependent degradation, protein localization, transcrip-
tion activities and endocytosis. The dysregulation of DUBs is 
highly related to human diseases, especially human cancers, with 
examples of both oncogenic and tumor suppressor DUBs that 
are discussed below (Table 2). Moreover, the growing interest in 
the role of oncogenic DUBs in cancer is linked to the idea that 
DUBs are evolutionarily linked to a well-studied pharmaceuti-
cal target class—proteases—and DUBs may serve as equally or 
more useful drug targets within the ubiquitin/proteasome system 
alongside E3s and the proteasome.

HAUSP (USP7). Originally identified in complexes with her-
pes viral proteins vmw 110 (also known as infected cell protein 0 
ICP0) and Epstein-Barr nuclear antigen 1,86,87 and termed Herpes 
Associated Ubiquitin Specific Protease (HAUSP), HAUSP sub-
sequently was shown to be a critical regulator of p53 stability 
through a complicated mechanism of targeting both p53 and its 

genes in the TGFβ pathway. Smurf2 mediated ubiquitination of 
Smad2, which is induced by TGFβ,75 decreases the cellular levels 
of Smad2 protein and attenuates the cellular response to TGFβ.75 
Notably, the TGFβ pathway can either inhibit cancer cell prolif-
eration or promote tumor progression depending on the cellular 
and tissue context.78

Smurf2 upregulation and decreased Smad2 protein level 
have been observed in esophageal squamous cell carcinoma.79 
Increased Smurf2 expression is also associated with higher inva-
siveness and metastatic potential in esophageal squamous cell 
cancer.79 In this case, the TGFβ pathway is likely operating in a 
tumor suppressive mode and loss of Smad2 and TGFβ signaling 
in these cancers enhances tumor progression—though the data 
remains purely correlative at this time, and lacking in dispositive 
animal data to confirm or refute this hypothesis.

WWP1. WWP1 is another Nedd4-like E3 ubiquitin ligase 
aberrantly regulated in human cancers. The frequent amplifica-
tion of WWP1, and the overexpression of its gene product in pros-
tate and breast cancer samples, suggests that WWP1 is a potential 
oncogene in these specific cancer types.80,81 WWP1 has been pro-
posed to target the KLF5 (Krüppel-like factor 5) transcription fac-
tor for ubiquitination, inducing KLF5 proteasome degradation.82 
KLF5 is a putative tumor suppressor, as evidenced by frequent 
downregulation in breast cancer cell lines, and its ability to gener-
ally suppress cell growth in cancer cells.82-84 Thus, it is highly pos-
sible that WWP1 could act as an oncogene by inhibiting KLF5. 
The initial work on WWP1/KLF5 requires further animal model 
experiments to provide physiologic support to this mechanism.

Table 2. DUBs and cancer

DUB Substrate Category Associated cancer
Biological 
function

Outcome of 
substrate 

Deubiquitination
Alteration in tumors

HAUSP 
(USP7)

p53,88 MDM2,89 
MDMX,91 PTEN,93 

FOXO492

Oncogene/
Tumor sup-

pressor?

Prostate cancer;93 tumor 
suppressor in colon cancer, 

non-small cell lung cancer?145,146

Apoptosis, cell 
cycle arrest, cell 

proliferation

Protein 
stabilization, N/C 

translocation

Overexpression,93 
downregulation145, 146

USP2a
FAS,97 MDM2,99 

MDMX100 Oncogene Prostate cancer101 Apoptosis
Protein 

stabilization
Overexpression101

USP28
c-MYC,105 CHK2, 

53BP1106 Oncogene Colon and breast cancers105

Cell cycle control, 
apoptosis, DNA 

damage response

Protein 
stabilization

Overexpression, 
somatic mutation in 

lobular breast cancer114

CYLD
TRAF2, TRAF6, 

TRAF7, NEMO, RIP1 
and TAK1108-113

Tumor 
suppressor

Familial cylindromatosis (skin 
tumors), multiple myeloma, 

B-cell malignancy, hepatocel-
lular carcinoma, uterine cervix 

carcinoma, kidney cancer, colon 
cancer and melanomas115

Immune 
response, 

apoptosis, cell 
proliferation, cell 

migration and 
spermatogenesis

Signaling, N/C 
translocation

Somatic mutation 
in cylindromatosis, 

reduced expression, 
gene mutation and 
gene copy number 

reduction in multiple 
cancers115

A20
RIP1, RIP2, TRAF2, 
TRAF6, NEMO and 

MALT11,117-122, 124

Tumor 
suppressor

Several lymphomas, including 
B cell lymphomas, Hodgkin 

lymphoma, mantle cell lympho-
ma, MALT lymphoma, marginal 

zone lymphoma125,126

Immune 
response, 
apoptosis

Signaling, 
proteasomal 
degradation

Genomic deletion and 
mutations, promoter 

methylation147-149

USP9x
β-catenin?128 

SMAD4,129 MCL1130 Oncogene

 Follicular lymphomas, diffuse 
large B-cell lymphomas, colon 
cancers,  small cell lung carci-

noma, breast cancer130-150

Apoptosis, cell 
migration

Protein 
stabilization, 

signaling
Overexpression130
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significant repressor of p53 activity, adding to its potential value as 
a therapeutic target, especially in wild type p53 expressing cancers.

USP2a exhibits oncogenic behavior in cultured cells, in that 
its overexpression protects human tumor cell lines from apop-
tosis.101 Increased expression of USP2a was found in 44% of 
prostate tumor samples, and the overexpression of USP2a was 
also correlated with increased fatty acid synthesis.101 The bona 
fide physiological contribution of USP2a to tumorigenesis will 
require further animal and human tumor studies. However, bio-
chemical studies characterizing the targets of its DUB activity do 
support further investigation of USP2a as a therapeutic target, at 
least in those cancers where it is overexpressed.

Usp28. C-Myc, as the first identified and extensively studied 
oncogene, is a central regulator of cell growth, proliferation and 
apoptosis.102 It was traditionally thought to be regulated mainly 
at the transcriptional level.103 However, like most transcription 
factors, c-Myc is a fundamentally unstable protein and two 
independent groups have identified the F-box ubiquitin ligase 
SCFFBW7 as capable of inducing ubiquitin dependent degrada-
tion of c-Myc.49,104 Linking ubiquitin dependent regulation to 
its oncogenic functions, the c-Myc hot spot mutation at Thr58 
found in Burkitt lymphoma converts the protein to a form resis-
tant to SCFFBW7 induced degradation and induces an elevation in 
protein level of c-Myc.49,104

A recent genome-wide shRNA screen for genes required for 
c-Myc induced apoptosis identified USP28.105 USP28 does not 
directly interact with c-Myc. Instead, USP28 is recruited to 
c-Myc through its binding to SCFFBW7, the E3 ligase that tar-
gets c-Myc.105 SCFFBW7 thus ubiquitinates and USP28 deubiq-
uitinates, c-Myc, with both requiring Thr58 phosphorylation of 
c-Myc for their activities.105 Adding complexity, USP28 stability 
is increased when SCFFBW7 is depleted.105 The ability of USP28 
to deubiquitinate and stabilize c-Myc suggests that USP28 has 
oncogenic potential. In fact, USP28 is overexpressed in colon and 
breast carcinomas.105 Furthermore, USP28 is essential for c-Myc 
induced tumor cell proliferation in colon carcinoma cells.105 
C-Myc dysregulation is nearly universal in human malignancy 
and cancer cells require c-Myc activity for growth.102 However, 
c-Myc has proved difficult to practically and efficiently target 
in cancer cells with any type of pharmacologic strategy. The 
inhibition of USP28 may therefore provide a means of targeting 
malignancies via indirect interference with c-Myc function, by 
accelerating its degradation.

As is the case for most other DUBs when considering their 
inactivation as a therapeutic strategy, the cellular functions of 
USP28 are pleiotropic. USP28 is also involved in DNA damage 
responses, and is required for 53BP1 and CHK2 stabilization 
after DNA damage.106 In the absence of USP28, DNA dam-
age signals are attenuated and p53-induced apoptosis is abro-
gated.106 Therefore, USP28 positively regulates the CHK2-p53 
repair pathway, the critical component of the DNA damage 
pathway that responds to ionizing radiation and many geno-
toxic chemotherapeutics.106 Taken together, USP28 warrants 
further investigation as a therapeutic target in cancer, if agents 
can be developed that selectively block its ability to stabilize 
c-Myc, but do not interfere with its functions that contribute 

E3 ubiquitin ligase, MDM2.88-90 HAUSP independently interacts 
with, and catalyzes deubiquitination of, both p53 and MDM2; 
therefore, HAUSP counteracts ubiquitin-dependent proteasome 
degradation and stabilizes both p53 and MDM2.88,89 The com-
plete depletion of HAUSP has a net stabilization effect on p53 in 
cells where MDM2 is the major negative regulator of p53 stabil-
ity.89,90 Upon DNA damage stress, ATM-dependent regulation 
causes reduced interaction between HAUSP and MDM2 and 
results in destabilized MDM2, therefore allowing proper p53 
activation after DNA damage.91 The HAUSP role in DNA dam-
age regulation of p53 is further supported by its deubiquitina-
tion and destabilization of MDM2’s dimerization partner and 
co-regulator of p53 activity, MDM-X, upon DNA damage.91 This 
dynamic role of HAUSP in the p53-MDM2 pathway is the first 
clue to a likely role for this DUB in tumorigenesis.

More recently, HAUSP was discovered to deubiquitinate two 
tumor suppressor proteins—Forkhead box O4 (FOXO4) and 
PTEN. FOXO4 was shown to interact with HAUSP upon oxi-
dative stress.92 HAUSP deubiquitination does not influence the 
stability of FOXO4, but instead decreases the nuclear target-
ing and transcriptional activity of FOXO4.92 HAUSP-mediated 
deubiquitination of PTEN favors PTEN cytoplasmic accumu-
lation, as monoubiquination is a nuclear localization signal for 
PTEN.93 HAUSP overexpression and associated PTEN nuclear 
exclusion are found in human prostate tumors and correlate 
with tumor aggressiveness.93

With its multiplicity of tumor suppressor targets, HAUSP 
could be a therapeutic target in human cancers due to its nega-
tive regulation of these tumor suppressor genes. A genome wide 
RNAi screen of the active DUBs in cancer models identified 
inhibition of HAUSP as a promising DUB to target in cancer 
treatment.94 The small molecule HAUSP inhibitor HBX 41108 
(Hybrigenics) has been reported to effectively activate p53 in a 
non-genotoxic manner, leading to p53-dependent apoptosis.95 
Ongoing basic research on HAUSP, especially animal models 
of HAUSP inactivation, will clarify the net outcome of HAUSP 
positive and negative dysregulation, and provide more compre-
hensive and precise knowledge for the use of HAUSP inhibitors 
in cancer therapy.

USP2a. The USP2 gene encodes two ubiquitin-specific pro-
teases, USP2a and USP2b, that arise due to alternative splic-
ing of the 5' USP2 exon.96,97 USP2a mRNA abundance in the 
mammalian brain is regulated by the circadian regulator pro-
tein, CLOCK.98 Another CLOCK-regulated gene in mouse 
liver is fatty acid synthase (FAS), a deubiquitination substrate 
of USP2a.97,98 FAS is overexpressed in many cancers, including 
breast and prostate cancers.97 Growing evidence suggests that 
FAS is a metabolic oncogene, facilitating de novo lipid biogen-
esis required for cancer cell growth and tumor progression.97 
Significantly, USP2a deubiquitinates, and subsequently sta-
bilizes FAS and the depletion of USP2a destabilizes FAS and 
results in apoptosis due to loss of FAS anti-apoptotic activity.97

Additionally, USP2a interacts with and deubiquitinates, 
MDM2. Ectopic USP2a expression stabilizes MDM2 and pro-
motes p53 degradation.99 MDMX, another MDM2-like p53 
repressor, is also a USP2a substrate.100 USP2a, therefore, is a 
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A20 deficient mice, which exhibit spontaneous inflammation 
and premature death.122

Recent studies have, not surprisingly, identified A20 as a cru-
cial tumor suppressor gene. A20 protein is often inactivated by 
deletion, bi-allelic mutation or promoter methylation in several 
B cell lymphomas and Hodgkin’s lymphoma.125 Among B cell 
malignancies, A20 inactivation has been reported in mantle cell 
lymphoma, MALT lymphoma and marginal zone lymphoma.126 
The study of A20 has therefore linked ubiquitination, inflam-
mation and tumorigenesis in mouse models and human disease. 
Like CYLD, A20 is not an obvious drug target, but further 
understanding of its action could again lead to uses as a bio-
marker or lead to proteins that act as A20 negative regulators 
that themselves might be useful drug targets.

USP9x. Originally cloned from Drosophila where its mutation 
leads to erroneously developed eyes, USP9x (FAM in Drosophila) 
is a DUB belonging to the USP family.127 USP9x was first linked 
to cancer with the discovery of its ability to stabilize β-catenin, 
given that β-catenin is well known for promoting colon cancer 
cell growth.128 Later, it was established that USP9x positively 
regulates the TGFβ signaling pathway by targeting Smad4 for 
deubiquitination.129 Monoubiquitination of Smad4 impedes 
its association with phosphorylated Smad2, which is a decisive 
step in the activation of the TGFβ signaling pathway.129 USP9x 
removes the inhibitory monoubiquitination signal from Smad4 
allowing Smad4 to positively regulate the TGFβ pathway.129 The 
exact relationship of USP9x with cancer development based on 
its regulation of Smad4 remains unclear, however, given the con-
sideration of the dual roles of TGFβ signaling in tumor initiation 
vs. progression which is highly dependent on signal strength and 
duration, as well as distinctive cellular/tissue contexts.

A more recent discovery, which established USP9x as the spe-
cific deubiquitinase of MCL1, provides a stronger link between 
USP9x and its potential role as an oncogene.130 MCL1 is a power-
fully anti-apoptotic BCL-2 homolog.130 High levels of MCL1 in 
some subtypes of lymphomas, leukemias and myelomas contrib-
utes to chemotherapy resistance.130 USP9x deubiquitination of 
MCL1 blocks MCL1 proteasome degradation, providing a new 
mechanism for aberrant MCL1 stabilization in certain tumors.130 
USP9x overexpression is coupled with MCL1 upregulation in fol-
licular lymphomas, diffuse large B-cell lymphomas, breast ductal 
adenocarcinomas, colon adenocarcinomas and small lung cancer 
carcinomas. MCL1 overexpression is also often associated with 
poor prognostic outcome.130 Inhibition of USP9x destabilizes 
MCL1 and can sensitize resistant cancer cells to chemotherapy.130 
USP9x is thus an exciting new therapeutic target in diseases where 
its expression is upregulated-perhaps with particular use as a che-
mosensitizer for resistant hematologic malignancies that also over-
express MCL1.

Concluding Remarks

E3 ubiquitin ligases clearly contribute to either cancer initia-
tion and development or tumor suppression. E3s that degrade 
tumor suppressor genes, such as MDM2, are oncogenes. E3s that 
degrade oncogenic genes are tumor suppressors, for example the 

to p53 activation after DNA damage. Alternatively, USP28 
may serve as a useful target specifically in p53 mutated/deleted 
tumors.

CYLD. CYLD is a UCH-family DUB that is mutated in  
the autosomally dominant inherited disease Familial 
Cylindromatosis, characterized by the development of multiple 
skin tumors.107 The full extent of substrates and pathways regu-
lated by CYLD remains unclear, but CYLD’s regulation of the 
NFκB pathway has been well studied. NFκB is a crucial media-
tor of immune responses and cell survival. Multiple reports have 
shown that CYLD negatively regulates NFκB by deubiquiti-
nating K63-linked polyubiquitin chains from TNF Receptor 
Associated Factors 2, 6 and 7 (TRAF2, TRAF6 and TRAF7), 
Nuclear factor kappa B Essential Modifier (NEMO), Receptor 
Interacting Protein 1 (RIP1) and TGFβ-activated kinase 1 
(TAK1),108-113 all of which are critical mediators of I kappa kinase 
(IKK) and NFκB activation. CYLD impacts the NFκB pathway 
also through the deubiquitination of Bcl-3 protein,114 which is 
a critical transcription co-activator for NFκB. Bcl-3 is inactive 
in the cytoplasm and polyubiquitination triggers its transloca-
tion into the nucleus, where it forms a complex with the NFκB 
dimer p50/p52 to switch p50/p52 function from repression to 
activation. In turn, Bcl-3 activates NFκB transcription activ-
ity and promotes cell survival.114 The CYLD-Bcl-3 association 
removes K63-linked polyubiquitin chains from Bcl-3 and blocks 
its nuclear translocation, therefore inhibiting NFκB activation.114 
CYLD-/- knockout mice recapitulate the phenotype of famil-
ial cylindromatosis patients.114 These CYLD deficient mice are 
highly sensitive to chemically induced skin tumors, in accor-
dance with increased NFκB activity.114

Reduced expression or mutation of CYLD has been charac-
terized in multiple myeloma, B-cell malignancies, hepatocellular 
carcinoma, uterine cervix carcinoma, kidney cancer, colon cancer 
and melanoma.115 CYLD is also involved in the regulation of other 
cellular processes, such as cell migration and spermatogenesis.116 
Though not a therapeutic target due to its tumor suppressor status, 
a better understanding of CYLD regulation may be of value in 
developing strategies to reactivate its expression, and/or lead to its 
use as a biomarker for prognostic or therapeutic use related to the 
activity of the NFκB pathway in various cancers.

A20. A20 is a second DUB functioning in the restriction of 
NFκB activity. A20 bears unique biochemical characteristics, 
in that it is both an E3 ubiquitin ligase and a deubiquitinating 
enzyme, regulating the ubiquitination status of multiple pro-
tein mediators in the NFκB signaling pathway. A20 contains an 
OTU domain at the N-terminus, which removes activating K63-
linked polyubiquitin chains from RIP1, RIP2, TRAF6, NEMO 
and Mucosa-associated lymphoid tissue lymphoma translocation 
protein 1 (MALT1).11,117-122 A20 contains seven zinc fingers at its 
C-terminus that function as an E3 ubiquitin ligase, conjugating 
K48-linked polyubiquitin chains to RIP1 and TRAF2, which 
then target RIP1 and TRAF2 for degradation.123 A20 therefore 
inhibits NFκB activation both by disassembly of K63 ubiquitin 
chains, as well as by K48 polyubiquitination and degradation of 
NFκB signaling intermediates. The interference of A20 with the 
NFκB pathway, and thus immune responses, was confirmed in 
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linked directly to oncogenic or tumor suppressor phenotypes, 
there appears to be in most substrates a symmetry of DUB and E3 
action not unlike that seen with kinases and phosphatases. The 
number and diversity of DUBs, at least for now, is well below that 
of E3s, but it is quite likely that additional DUB domains or DUB 
complexes will be discovered that will add to the diversity and 
specificity of substrate activity, and therefore add to the potential 
value of DUBs as specific and useful drug targets in cancer.
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VHL ligase complex. Distinctive E3s function in different types 
of cancers. The large body of evidence from cell culture work, 
primary tumor sample studies and mouse models provides, in 
many cases, a molecular explanation of individual E3 action in 
tumorigenesis. The interference with protein-protein interaction 
between E3s and their substrates may lead to the development 
of cancer therapeutics, though the drug development process has 
been hampered by technical difficulties of specificity and potency 
of inhibitors. However, in theory, E3 ligase-based drugs might be 
expected to generate less toxic cancer drugs compared with 26S 
proteasome inhibitors, which carry substantial toxicity due to the 
lack of target specificity.

The targeting of DUBs by small molecules has been techni-
cally simpler and may yield more practical cancer therapeutics 
than anti-E3 drugs. Though DUBs have only very recently been 
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