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The involvement of the homologous to E6-AP carboxyl terminus (HECT)-type E3s in crucial signaling path-
ways implicated in tumorigenesis is presently an area of intense research and extensive scientific interest.
This review highlights recent discoveries on the ubiquitin-mediated degradation of crucial tumor suppressor
molecules catalyzed by the HECT-type E3s. By providing a portrait of their protein targets, we intend to link
the substrate specificity of HECT-type E3s with their contribution to tumorigenesis. Moreover, we discuss the
relevance of targeting the HECT E3s, through the development of small-molecule inhibitors, as an anticancer

therapeutic strategy.

Introduction

Protein ubiquitylation is a highly ordered multistep enzymatic
process accomplished by the formation of an isopeptide bond
between the C-terminal Gly76 carboxyl group of ubiquitin and
the e-amino group of an internal Lys residue of the substrate
(Hershko and Ciechanover, 1998; Ciechanover, 1994, 2005;
Hershko, 2005).

After initial ATP-dependent activation by an E1 ubiquitin-acti-
vating enzyme (E1), the C-terminal carboxyl group of ubiquitin
forms a high-energy thioester bond with an active Cys group of
the E1 enzyme. Activated ubiquitin is then transferred to a spe-
cific Cys residue of one of a family of E2 ubiquitin-conjugating
enzymes (E2s) via a similar thioester linkage. The E3 ubiquitin li-
gases (E3s) play a critical role in the ubiquitin conjugation cas-
cade by recruiting ubiquitin-loaded E2s, recognizing specific
substrates, and facilitating or directly catalyzing ubiquitin trans-
fer to either the Lys residues (in most cases) or the N terminus
of their molecular targets. E3s modify protein substrates by
either monoubiquitylation or sequential attachment of ubiquitin
molecules to form polyubiquitin chains. In contrast to this canon-
ical pathway, monoubiquitylation of ubiquitin-binding domain
(UBD)-containing proteins can occur independently of E3s,
through direct recruitment of ubiquitin-loaded E2 enzymes by
UBDs (Hoeller et al., 2007).

The fate of ubiquitylated proteins is determined by the nature
of ubiquitin attachment and the type of isopeptide linkage form-
ing the polyubiquitin chain. When ubiquitin tagging to intracellu-
lar substrates occurs through Lys48-linked polyubiquitin chains,
proteins are generally labeled for 26S proteasome-mediated
recognition and proteolysis. Monoubiquitylation (Mukhopad-
hyay and Riezman, 2007) and the formation of multiubiquitin
chains by isopeptide bonds other than Lys48, such as Lys6
(Nishikawa et al., 2004), Lys29/33 (Chastagner et al., 2006;
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Al-Hakim et al., 2008), and Lys63 (Deng et al., 2000; Wang et al.,
2001; Geetha et al., 2005; Adhikary et al., 2005; Herman-Bachin-
sky et al., 2007), regulate protein degradation as well as a wide
array of cellular activities in a proteolysis-independent manner.
In addition, nonproteolytic Lys6 and Lys11 polyubiquitin linkages
have been identified in vivo, and their accumulation correlates
with the pathogenesis of neurodegenerative disorders (Cripps
et al., 2006; Bennett et al., 2007). With few exceptions, single
or multiple monoubiquitylation of cell surface receptors triggers
receptor internalization and trafficking to the endosomal-lyso-
somal degradation pathway (Levkowitz et al., 1999; Haglund
et al., 2003; Di Fiore et al., 2003).

Based on the sequence homology of their E2-binding do-
mains, E3s can be generally classified into three subfamilies:
the homologous to E6-AP carboxyl terminus (HECT) domain-
containing E3s, the really interesting new gene (RING) finger do-
main-containing E3s, and the U box E3s.

The relevance of the E3s in several biological processes is em-
phasized in vivo by the observation that their genetic alteration,
abnormal expression, or dysfunction is often accompanied by
the occurrence of pathological disorders, including cancer. Sev-
eral enzymes belonging to the RING-finger subfamily of E3s have
been classified as either tumor suppressors or oncoproteins. Itis
only recently that various HECT E3s have emerged as crucial
regulators of cancer development and therapy. Indeed, in view
of their substrate specificity, the E3s represent potentially attrac-
tive targets for anticancer treatment. This review will mainly em-
phasize the oncogenic activity of a few members of the HECT
subfamily of E3s.

General Overview of the HECT-Type E3s
The key signature of this E3 subfamily is the HECT domain,
a large C-terminal module of approximately 350 amino acids


mailto:gm89@le.ac.uk

Cancer Cell

that was originally characterized in the E6-associated protein
(E6-AP). The HECT domain associates with the E2 and provides
the catalytic E3 activity (Huibregtse et al., 1995).

The HECT ES3s are unique among the E3s in that they possess
intrinsic catalytic activity. Their reaction cycle consists of three
steps: binding to an E2, loading ubiquitin on themselves through
the formation of a ubiquitin-thioester intermediate with the cata-
lytic Cys located at the C terminus of the HECT domain, and
transfer of ubiquitin to the target protein. Thus, unlike the
RING-finger E3s, which, although able to promote the formation
of ubiquitin chains, lack a catalytic site, the HECT E3s directly
catalyze substrate ubiquitylation.

The HECT domain consists of a larger N-terminal lobe contain-
ing the E2-binding site and a smaller C-terminal lobe including
the active-site Cys residue. Structural studies have revealed
that these two lobes are connected by a flexible hinge region,
which is critical for juxtaposing the catalytic Cys residues of
the E2 and ES (i.e., the HECT domain) during ubiquitin transfer.
A conformational change involving an alteration in the relative
orientation of the two lobes is thought to facilitate the transthio-
lation reaction (Verdecia et al., 2003; Huang et al., 1999; G.M.
and A. Tramontano, unpublished data).

The substrate specificity of the HECT-type E3s is dictated by
protein-protein interaction domains, which account for their
classification into three further subfamilies: HERC E3s contain-
ing RCC1-like domains (RLDs), C2-WW-HECT ES3s possessing
tryptophan-tryptophan (WW) domains, and Sl(ngle)-HECT E3s
lacking either RLDs or WW domains (Scheffner and Staub,
2007).

The C2-WW-HECT E3s likely represent the best characterized
subgroup of HECT ligases. They consists of monomeric proteins
with a common general modular architecture composed of an
N-terminal protein kinase C (PKC)-related C2 domain, two to four
WW protein-interacting domains, and a C-terminal HECT do-
main (Schwarz et al., 1998) (Figure 1).

The G2 domain binds Ca®* and phospholipids and is involved
in targeting the HECT E3s to intracellular membranes (Dunn
et al., 2004). The C2-WW-HECT E3s are found in several subcel-
lular locations, including the plasma membrane, early and late
endosomal compartments, and lysosomes (Marchese et al.,
20083; Angers et al., 2004). Some family members can transiently
enter the nucleus to target nuclear substrates for protein ubiqui-
tylation (Hamilton et al., 2001; Neumann et al., 2003; Gwizdek
et al., 2005; Trotman et al., 2007). The WW domains mediate li-
gase-substrate associations through interactions with a variety
of proline-rich motifs and proline-containing phosphoserine/
phosphothreonine sequences of the protein substrate. WW do-
mains display preference for the PPXY (PY) consensus se-
quence, though atypical interactions with unrelated modular do-
mains in target (Qiu et al., 2000; Marchese et al., 2003; Wegierski
et al., 2006) or adaptor and regulatory proteins (Courbard et al.,
2002; Oberst et al., 2007) have also been reported.

In addition to the conformational change occurring within the
HECT domain, further mechanisms controlling the catalytic
properties of the C2-WW-HECT E3s are based on the establish-
ment of intramolecular interactions (Gallagher et al., 2006; Wies-
ner et al., 2007). As an example, the C2 domain and a region of
the HECT module in close proximity to the catalytic Cys of
Smurf2 as well as of other C2-WW-HECT E3s are engaged in

inhibitory associations. By interfering with ubiquitin thioester
formation, these interactions negatively regulate the E3 ubiquity-
lating activity and ultimately prevent its degradation (Wiesner
et al., 2007).

The C2-WW-HECT group is conserved from yeast to mam-
mals, and its evolution is schematically summarized in the phylo-
genetic tree shown in Figure 1. There is a single Nedd4 homolog
in S. cerevisiae, while three orthologs exist in S. pombe and flies.
In mammals, the family has further diverged by generating nine
homologs (Figure 1).

The C2-WW-HECT ES3s typically regulate endocytosis and
trafficking of plasma membrane proteins through monoubiquity-
lation and the stability of both transmembrane receptors and
intracellular substrates via polyubiquitylation. Their subcellular
distribution, catalytic activity, and substrate specificity are sub-
jected to many levels of regulation, including posttranslational
modifications and interaction with adaptor and accessory pro-
teins (Shearwin-Whyatt et al., 2006). Adaptor proteins generally
possess PY motifs, which mediate direct interaction with WW
domains of the C2-WW-HECT E3s and facilitate their recruitment
to specific substrates (Shearwin-Whyatt et al., 2004; Oliver et al.,
2006). Alternatively, adaptor molecules can bridge between
C2-WW-HECT E3s and protein targets, which lack canonical
binding motifs (Qiu et al., 2000; Kavsak et al., 2000; Marchese
et al., 2003; Wegierski et al., 2006).

The oncogenic potential of the HECT-type E3s is highlighted
by the identification of a number of tumor suppressor molecules
among their protein substrates, as well as by the discovery of ge-
netic aberrations and altered expression patterns of some of the
family members in human cancers. Due to the crucial role ex-
erted by the HECT E3 adaptors and protein modifiers, it is pos-
sible that dysregulation of their regulators would also influence
cellular transformation. The main features of potentially onco-
genic HECT E3s and their regulators are summarized in Table 1.

Sl(ngle)-HECT E3s

The best studied Sl(ngle)-HECT E3s are E6-AP, Huwe1 (HECT,
UBA, and WWE domain containing 1), and E3 isolated by differ-
ential display (EDD), all of which have been associated with
tumor development.

E6-AP

The founding member of the HECT E3 family is E6-AP (also
called UBE3A), a 100 kDa polypeptide that interacts with the
E6 protein of the cervical cancer-related human papillomavirus
(HPV) (reviewed in Narisawa-Saito and Kiyono, 2007). E6-AP
forms a stable complex with the adaptor protein E6. The dimeric
complex binds to and targets p53 for ubiquitin-mediated prote-
olysis, thus eventually interfering with the negative growth-regu-
lating activities of this tumor suppressor protein (Scheffner et al.,
1990; Huibregtse et al.,, 1991, 1993a; Scheffner et al., 1994)
(Figure 2).

Though E6-independent substrates have been identified (Ku-
mar et al., 1999), E6-AP does not recognize p53 in the absence
of the viral oncoprotein E6 (Talis et al., 1998). The recognition of
E6 and p53 requires an approximately 200 amino acid region of
E6-AP, located at the N-terminal end of the HECT domain (Hui-
bregtse et al., 1993b). The E6:E6-AP complex binds to the DNA-
binding domain of p53, which becomes rapidly ubiquitylated and
is targeted to proteasomes (Huibregtse et al., 1991).

Cancer Cell 14, July 2008 ©2008 Elsevier Inc. 11
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Figure 1. Phylogenetic Relationship Tree of Different Members of the C2-WW-HECT Family of E3s
(A) Orthologs of Nedd4 have been identified in yeast (red), fly (blue), and mouse and human (black). Itch clusters with WWP1 and WWP2, while Nedd4-1 and 2, the

Smurfs, and NEDL1 and 2 form separate clusters.

(B) The C2-WW-HECT E3 modular structure consists of an N-terminal Caz*/lipid—binding (C2) domain (yellow rectangles), a central region containing multiple
WW domains (red squares), and a ubiquitin-protein ligase HECT domain (teal rectangles). The HECT domain contains a conserved catalytic Cys residue involved

in the formation of a ubiquitin-thioester intermediate.

The ability to promote p53 degradation is an exclusive prereq-
uisite of E6 from the high-risk HPV types (type 16 and 18). On the
contrary, the E6 proteins from low-risk HPV types do not stably
interact with E6-AP (Huibregtse et al., 1991). This provides area-
sonable explanation for the relatively weak interaction of low-risk
E6s with p53 and their inability to induce degradation of p53.
Consistently, the majority of cervical cancer associated with
the high-risk HPV types harbors a wild-type p53 gene, and the
protein levels of p53 are extremely low. E6:E6-AP-induced inac-
tivation of p53 plays a role in the development of more than 90%
of human cervical carcinomas.

Although several other targets of E6-AP have been suggested
as potential mediators of its tumorigenic activity (Liu et al.,
2005a), the major contribution of E6-AP to tumor development
is thought to be achieved through the inactivation of p53.
Huwe1
Huwel (also named ARF-BP1, E3Histone, HectH9, LASU1,
Mule, and Ureb1) is a large protein (~500 kDa) whose function
remains controversial. The substrates reported for this E3 in-
clude Cdc6 (Hall et al., 2007), histones (Liu et al., 2005b), Mcl-1
(Zhong et al., 2005), c-Myc (Adhikary et al., 2005), and p53 (Chen
et al., 2005a). Probably the most puzzling aspect of the contro-
versy surrounding this E3 is apparent from two studies published
in the same issue of the journal Cell that reported entirely oppo-
site phenotypes (both observed in U20S cells) following silenc-
ing of Huwe1 (Chen et al., 2005a; Zhong et al., 2005). The two
divergent effects (i.e., increased survival versus increased apo-
ptosis) were linked to the ubiquitin-mediated degradation of
either Mcl-1 (an antiapoptotic protein) or p53 (a proapoptotic
protein).

Although Huwe1 targets Mcl-1 for protein ubiquitylation, ac-
cess of the E3 to Mcl-1 is not evident until cells are exposed to
DNA-damaging agents (Zhong et al., 2005). As reported by
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Chen and colleagues (2005a), under unstressed conditions,
Huwe1 directly binds to and ubiquitylates p53 (Figure 2). It was
suggested that the tumor suppressor ARF might bind to the
HECT domain of Huwe1 and inhibit its ligase activity, thus pre-
venting p53 protein ubiquitylation (Chen et al., 2005a). Experi-
ments conducted in a HDM2 null genetic background have con-
firmed that ARF-induced stabilization of p53 also involves
Huwe1. However, others have been unable to demonstrate the
inhibitory activity of ARF toward Huwe1 (Adhikary et al., 2005).

More recently, Huwe1 was shown to be incapable of control-
ling p53 abundance in response to DNA-damage stress, while
other substrates such as Mcl-1 and Cdc6 are ubiquitylated and
degraded (Hall et al., 2007). In addition, the steady-state protein
levels of p53 are not increased by depletion of Huwe1 in neuro-
blastoma cells (Zhao et al., 2008).

Despite this unresolved controversy in the field, it is interesting
to note that the Huwe1 gene is highly expressed in a significant
proportion of lung and breast carcinomas (Adhikary et al., 2005;
Chen et al., 2005a). Huwe1 overexpression has also been asso-
ciated with colorectal carcinomas, in which the expression of the
E3 directly and inversely correlates with tumor stage and p53
protein levels, respectively (Adhikary et al., 2005; Yoon et al.,
2005). The majority of colon cancer samples displaying reduced
or absent expression of p53 do not harbor p53 mutations.

Finally, it was also suggested that Huwe1 assembles Lys63-
linked polyubiquitin chains on c-Myc and that this modification
is required for gene activation by c-Myc, allowing the interaction
of c-Myc with the p300 coactivator (Adhikary et al., 2005). How-
ever, other data seem to contradict this hypothesis. First, post-
translational modifications of c-Myc do not appear to be required
for its interaction with p300, because this complex can be effi-
ciently reconstituted in vitro using bacterially expressed (and
therefore unmodified) proteins (Faiola et al., 2005; Vervoorts
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Table 1. The HECT Family of E3s and Their Involvement in Cancer

Outcome of Substrate

E3 Substrate(s) Ubiquitylation Adaptors/Regulators  Biological Function Alterations in Cancer
E6-AP p53 proteasomal degradation E6 apoptosis infection by high-risk HPV
in cervical carcinomas
Huwe1 p53 proteasomal degradation ARF apoptosis, growth arrest  overexpression in breast,
lung, and colorectal
carcinomas
EDD TopBP1 proteasomal degradation unknown DNA damage amplification and
overexpression in breast
and ovarian cancers
Nedd4-1 PTEN, Hgs, Eps15 proteasomal degradation, unknown apoptosis, genome overexpression in bladder
cytoplasmic/nuclear integrity, endocytosis and prostate carcinomas
shuffling
Nedd4-2 Smad2, Smad4, proteasomal degradation Smad6, Smad7 apoptosis, growth arrest  unknown
TBR-I/1
ltch p73, p63, Notch1, proteasomal degradation Numb apoptosis, differentiation  unknown
c-Jun
WWP1 p53, Notch1, proteasomal degradation, Smad2, Smads, apoptosis, growth arrest  amplification and
KLF2, KLF5, Smad2, nuclear export Smad7 overexpression in prostate
Smad4, TBR-I/Il and breast cancers
Smurf1 Smad1, Smad4, proteasomal/lysosomal Smad6, Smad7 apoptosis, growth arrest amplification and
Smad5, TBR-V/II, degradation overexpression
BMP-RI/II in pancreatic cancers
Smurf2 Smad1, Smad2, proteasomal/lysosomal Smad2, Smad7 apoptosis, growth arrest  overexpression in
Smad4, Smad5, degradation esophageal squamous cell

TBR-I/II

carcinomas

TopBP1, topoisomerase IIf binding protein; BMP-R, bone morphogenetic protein receptor.

et al., 2003, 2006). Second, Huwe1 has recently been found to
ubiquitylate N-Myc through Lys48-mediated linkages and target
it for destruction by the proteasome (Zhao et al., 2008).

As Huwe1 has only recently become a target of research, it is
clear that more time is required to resolve the various published
discrepancies.

C2-WW-HECT E3s

Nedd4

Nedd4 is the product of the neural precursor cell-expressed de-
velopmentally downregulated gene 4-1 (Nedd4-1). Nedd4-1 and
its closely related homolog Nedd4-2 were originally implicated in
regulation of fluid and electrolyte homeostasis by controlling the
surface abundance of epithelial cell sodium channel subunits
(Staub et al., 1997; Harvey et al., 1999). Recently, however, the
identification of the tumor suppressor PTEN as a substrate for
Nedd4-1 has extended its role to cancer development. The
PTEN gene, encoding a plasma membrane lipid phosphatase
that antagonizes phosphatidylinositol 3-kinase (PI3K)/AKT sur-
vival signaling, is frequently mutated or deleted in human can-
cers. Nedd4-1-mediated ubiquitylation of PTEN delivers a dual
signal for PTEN fate. Polyubiquitylation by Nedd4-1 is thought
to target PTEN for proteasomal degradation (Wang et al.,
2007), while covalent attachment of a single ubiquitin molecule
favors its nuclear translocation (Trotman et al., 2007) (Figure 3).
An alternative inactivation pathway of PTEN during tumorigene-
sis occurs as a result of Nedd4-1 overexpression in human blad-
der and prostate carcinomas, in which aberrant degradation of
PTEN would promote AKT signaling and ultimately provide cell

survival advantage (Wang et al., 2007). The oncogenic activity
of Nedd4-1 is further corroborated by its ability to cooperate
with K-Ras in inducing cellular transformation in a PTEN-depen-
dent fashion.

Similarly to the HDM2:p53 paradigm, Nedd4-1 can also pro-
mote PTEN nuclear import and cytoplasmic/nuclear shuffling by
targeting Lys289 and Lys13 for monoubiquitylation (Trotman
etal., 2007). Nuclear transport of PTEN would potentiate its newly
discovered nuclear function in controlling chromosomal integrity
and cell death (Trotman et al., 2007; Shen et al., 2007) (Figure 3).
The dual behavior of Nedd4-1 may be governed by several fac-
tors, including amount, subcellular localization, regulation by
posttranslational modifications, and availability of protein adap-
tors for the E3. The regulatory pathways governing Nedd4 activity
were elegantly reviewed by Shearwin-Whyatt et al. (2006). Of note,
the enzymatic activity of the HECT E3s can be modulated by their
interaction with adaptors. As an example, the ability of the S. cer-
evisiae ortholog of Nedd4, Rsp5 (Figure 1), to switch from mono-
to polyubiquitylation of its substrates is strictly dependent on
availability of the adaptors Bullp and Bul2p (Helliwell et al.,
2001). No less relevant, modifications of PTEN would also deter-
mine its fate by modulating the levels of ubiquitin conjugation.

An additional controversy in the field has been brought to light
by a recent report showing that knockout of Nedd4-1 does not
influence degradation or subcellular localization of PTEN (Fou-
ladkou et al., 2008). It remains a challenge for future research
to further validate a role for Nedd4-1 as a master regulator of
PTEN and to identify the physiological signals that trigger PTEN
destruction versus nuclear translocation.

Cancer Cell 74, July 2008 ©2008 Elsevier Inc. 13



Degradation
a B _ARF
ps3  EG-AP [
o - Huwe1
e, €
s, }UIJ e
] \,p '?‘ Ub
=
;H /
26S proteasome

Cancer Cell

Nuclear export
C
puma, i“
C > noxa, i B
T cD9s [ P |{ )
P53 WWP1 e -
—— e W
5. N L
Ub e

Nucleus

Cytoplasm

Figure 2. Ubiquitin-Mediated Mechanisms of p53 Inactivation by HECT E3s

p53 inactivation plays a primary role in human tumorigenesis. Besides gene mutation or deletion, accelerated degradation (A and B) and cytoplasmic seques-
tration (C) of p53 may account for the loss of its tumor-suppressive transcriptional activity.

(A and B) Two Sl(ngle)-HECT E3s have been implicated in aberrant ubiquitin-dependent p53 proteolysis in human cancers: E6-AP catalyzes p53 ubiquitylation by
acting in concert with the viral oncoprotein E6 as an auxiliary factor (A), and similarly to the ARF-HDM2/p53 axis, Huwe1-induced ubiquitin proteasomal degra-
dation of p53 is repressed by the tumor suppressor ARF (B). Huwe1 possesses a C-terminal HECT domain, which is responsible for its ubiquitin ligase activity.
(C) WWP1-mediated ubiquitylation of p53 is likely to generate multiubiquitin chains by isopeptide bonds other than Lys48. This modification targets p53 for nu-
clear export and increases its protein stability in the cytoplasmic compartment. Reduced levels of p53 in the nucleus would hence diminish the ability of p53 to

transactivate its target promoters.

In addition, it has been proposed that Nedd4 may play arole in
regulating the initial sorting events that promote ligand-depen-
dent endocytosis of receptor tyrosine kinases (RTKs). Nedd4-
mediated ubiquitylation of endocytic adaptors, involved in cou-
pling ubiquitylated membrane cargo to the endocytic machinery,
would promote the disassembly or inactivation of multiprotein
endocytic complexes and thus negatively regulate receptor en-
docytosis (Polo et al., 2002; Katz et al., 2002). These findings
provide grounds for speculating that overexpression of Nedd4-1
may contribute to tumorigenesis by inhibiting endocytosis of
activated RTKs, thereby enhancing receptor activation.
wwpP1
A potential oncogenic role for WW domain-containing protein 1
(WWP1) has been suggested by genetic and functional analyses
in human cancers. Gene amplification has been detected in ap-
proximately 40% of prostate and breast primary tumors (Chen
et al., 2007a, 2007b). The expression of WWP1 has been found
to be frequently upregulated at the mRNA and protein level in
both tumor types. Knockdown of WWP7T induces growth arrest
and apoptosis in breast epithelial cancer cell lines, substantiat-
ing the concept that WWP1 promotes cell proliferation and sur-
vival of tumor cells (Chen et al., 2007b).

A recent report has revealed that p53 acts as a substrate for
WWP1 (Laine and Ronai, 2007). Binding of WWP1 to the p53
DNA-binding domain results in p53 ubiquitylation. The associa-
tion is not mediated through canonical WW-PY interactions,
though it is reinforced by the presence of the p53 PY motif. In
contrast to Huwe1, WWP1-mediated ubiquitylation of p53 pro-
motes its nuclear export and accumulation in the cytoplasm,
which results in diminished p53 transcriptional activity (Figure 2).
An interesting feedback loop has been proposed according to
which p53 represses WWP1 transcription (Laine and Ronai,
2007). Upon stress, inactivation of WWP1 would facilitate com-
plete p53 transcriptional induction. It is thus conceivable that
overexpression of WWP1 may contribute to breast and prostate
carcinogenesis by attenuating p53 transcriptional activation in
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response to DNA-damaging insults. Though overexpression of
WWP1 has not been associated with known p53 status in breast
cancer cell lines, Chen and coworkers (2007b) have observed
that siRNA-induced downregulation of WWP1 does not signifi-
cantly reduce cell growth in breast cancer cell lines harboring
p53 mutations. These findings suggest that inhibition of WWP1
would sensitize only p53-proficient tumor cells to chemotherapy.

WWP1 has also been reported to target the Kriippel-like fac-
tors KLF2 and KLF5 for ubiquitin-mediated proteolysis (Chen
et al., 2005b). KLFs are transcription factors that are thought to
suppress cell growth in cancer cells, thereby playing a critical
role in the progression of several tumors, including breast can-
cer. Of note, KLF5 is frequently downregulated in breast cancer
cell lines (Chen et al., 2002).

Although the closely related WWP1 and WWP2 E3s possess
binding specificity for the same PY motif-containing peptides
and share at least some common substrates (Martin-Serrano
et al., 2005), to date WWP2 has not been similarly implicated
in the ubiquitin-dependent regulation of tumor suppressor
molecules.

Itch

Itch was initially identified through genetic studies examining the
agouti locus on mouse chromosome 2 (Perry et al., 1998). The
18H mutation, which is associated with a darker coat color, re-
sults from a radiation-induced chromosomal inversion that dis-
rupts the expression of agouti and Itch genes (Perry et al., 1998).

There are an emerging number of Itch protein targets that have
been implicated in tumorigenesis and chemosensitivity (Table 2).
Two substrates implicated in human malignancies are the p53
homologs p73 and p63. Beyond their crucial involvement in de-
velopment and differentiation, both p73 and p63 share functional
similarities with p53, being able to mediate cell-cycle arrest and
apoptosis in response to DNA damage (Bergamaschi et al.,
2003; Irwin et al., 2003; Gressner et al., 2005). Although p73
and p63 genes are rarely mutated or inactivated in human can-
cers (Melino et al., 2002, 2003), they cooperate with p53 in tumor
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suppression and chemosensitivity (Flores et al., 2005). Like p53,
p73 and p63 expression is maintained at low levels in mamma-
lian cells, and their cellular activation is mainly controlled at the
posttranslational level. Both are polyubiquitylated in vivo and de-
graded via the proteasome (Bernassola et al., 2004; Rossi et al.,
2005, 2006). They display a unique C-terminal PY motif, absent
in p53, which renders them susceptible to ltch-mediated ubiqui-
tylation and degradation (Rossi et al., 2005, 2006).

Similarly to p53, p73 and p63 accumulate in tumor cell lines in
response to vy irradiation or treatment with various chemothera-
peutic drugs (Bergamaschi et al., 2003; Irwin et al., 2003; Gress-
ner et al., 2005). Induction of p73 and p63 is at least partially
accomplished through ltch downregulation in response to DNA-
damaging agents (Rossi et al., 2005) (Figure 4). The molecular
mechanisms underlying the decline of ltch protein levels follow-
ing exposure of tumor cells to chemotherapy await further inves-
tigation.

Interestingly, loss or reduced expression of p73 and p63, pos-
sibly as result of altered proteasomal proteolysis, has been re-
ported in a number of human tumors, in which it correlated
with poor clinical outcome (Puig et al., 2003; Fang et al., 1999;
Urist et al., 2002). Thus far, no study has examined the potential
association between ltich dysregulation and protein expression
levels of p53 family members in human cancers. It is therefore
crucial to evaluate whether aberrant upregulation of ltch in tumor
cells, or enhanced enzymatic activity, may correlate with low
protein expression levels of p73 and p63 and posttranslational
suppression of the p53 family members, in a manner similar to
the HDM2:p53 paradigm.

On a similar note, the nonagouti 18H or ltchy mouse pheno-
type remains unclear with respect to tumorigenesis. On the
C57BL/6J background, ltch deficiency causes an autoim-
mune-like disease that is lethal at 6-8 months of age (Perry
et al., 1998). Although no systematic studies have been under-
taken to correlate /tch ablation with increased resistance to can-
cer development, possibly due to stabilization of the p53 family
members, differences in spontaneous tumor occurrence be-
tween normal and mutant mice have not yet been reported. In

Figure 3. A Model for PTEN Regulation by
Nedd4-1

Nedd4-1-mediated polyubiquitylation of PTEN
targets the phosphatase for proteasomal degra-
dation. Alternatively, monoubiquitylation of PTEN
leads to nuclear import and shuttling back to the
cytoplasm. Nuclear availability of ubiquitin-spe-
» cific proteases would reverse the reaction and
allow nuclear accumulation of PTEN. The nuclear
PTEN pool can be then monoubiquitylated by
Nedd4-1 to be redirected to the cytoplasm. Be-
sides Nedd4-1 localization (cytoplasm versus
nucleus) and cellular levels (e.g., oncogenic over-
expression), the existence of a distinct set of
adaptors (indicated by “A” and “B”) and/or post-
translational modifications (indicated by stars
and triangles) could select for the outcome of
PTEN modification by the E3. DUB, deubiquitylat-
ing enzymes.

this respect, it must be remembered that the immune system
of the /ltch mutant mice is seriously compromised and that their
life span is shortened by the severe inflammatory defects. Under
these circumstances, it might be difficult to reveal potentially
relevant differences in tumor latency as well as penetrance
between normal and mutant mice. It is likely that chemically in-
duced carcinogenesis or analysis of /tch deficiency on a different
background would clarify this important issue.

The Nedd4-binding partner-1 (N4BP1) protein, a molecular in-
teractor of Nedd4-1, is a negative regulator of ltch acting as
a competitor of its substrate recruitment ability (Oberst et al.,
2007). As a result, NABP1 prevents Itch-mediated transfer of
ubiquitin to its protein targets, including p73 and p63, whose
transcriptional activity is enhanced by increased protein stabili-
zation (Figure 4). The competition mechanism implies that target
selection by ltch could be regulated either by changes in the re-
ciprocal affinity for the interactors (e.g., as a result of posttrans-
lational modifications) or by alterations of their cellular availabil-
ity. In this scenario, DNA-damage-induced accumulation of p73
or p63 could be achieved either through N4BP1 induction or via
chemical/conformational modifications of N4ABP1, which in turn
would enhance its affinity for the E3 (Figure 4).

An intriguing ltch target crucially involved in controlling cell fate
specification and proliferation is the type | transmembrane re-
ceptor Notch1. Itch-mediated polyubiquitylation of the intracel-
lular domain (ICD) of membrane-tethered Notch1 results in the
degradation of the ICD following receptor activation, in turn an-
tagonizing Notch1 nuclear transcriptional activity (Qiu et al.,
2000; McGill and McGlade, 2003). In particular, Notch1 is unique
in the manner in which it associates with the HECT-type ligase.
The Notch1 ICD does not contain PY motifs but is presumed
to interact with Itch through its ankyrin repeats. A key role in
the negative regulation of Notch1-dependent signal transduction
is played by the adaptor protein Numb, which cooperatively en-
hances ltch-catalyzed ubiquitylation of the membrane-bound re-
ceptor. This effect is achieved through direct and simultaneous
binding of Numb to the Notch1 ICD and the WW1 and WW2 do-
mains of Itch (McGill and McGlade, 2003). By this means, Numb
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Table 2. Itch Substrates and Regulators

Substrate Biological Function Relationship with the /tchy Mouse Phenotype
c-Jun, JunB Th2 cell differentiation/anergy Th2-mediated allergy/autoimmune disease
JunB Th2 cell differentiation/anergy Th2-mediated allergic airway inflammation and

atopic dermatitis/autoimmune disease

PLC-y1/PKC8 T cell anergy resistance to anergy induction/autoimmune
disease
Notch1 autoimmunity, cancer autoimmune disease/skin proliferation/
differentiation defects?
Smad2 TBR signaling, cancer autoimmune disease?
p73 apoptosis, neural development, cancer unknown
p63 apoptosis, epithelial development, cancer skin proliferation/differentiation defects?
c-FLIP. apoptosis unknown
ErbB4 epithelial kinase receptor, cancer unknown
CXCR4 agonist-dependent sorting of G protein-coupled unknown
receptors
TRPV4, TRPC4 regulation of channel expression at the cell unknown
membrane
Regulator Effect on Itch Catalytic Activity or Substrate Mechanism of Regulation
Recognition Ability
JNK positive phosphorylation (Ser/Thr kinase)
Fyn negative phosphorylation (Tyr kinase)
USPI9X/FAM positive deubiquitylation
ltch positive/negative? ubiquitylation
N4BP1 negative binding (adaptor)
Numb positive binding (adaptor)
Ndfip1 positive binding (adaptor)

PLC-v1, phospholipase C-y1; PKCH, protein kinase 0; c-FLIP_, cellular FLICE-inhibitory protein; CXCR4, chemokine receptor 4; Ndfip1, Nedd4 family

interacting protein-1.

may act as an adaptor facilitating or stabilizing the WW domain/
ankyrin repeat-mediated interaction between ltch and its sub-
strates.

Notch1 exerts opposite functions in tumor development, be-
ing able to act as either an oncogene or a tumor suppressor de-
pending on signal strength, timing, and cell context (Maillard and
Pear, 2003). The Notch1 tumor suppressor function seems to be
restricted to tissues in which Notch1 signaling orchestrates the
spatiotemporal progression of terminal differentiation such as
epithelia, including the epidermis. In mouse keratinocytes,
Notch1 promotes exit from the cell cycle and entry into the differ-
entiation program by committing basal progenitors to a spinous
cell fate. Conditional ablation of Notch1 in murine epidermis re-
sults in skin carcinoma development and increased chemically
triggered skin carcinogenesis (Nicolas et al., 2003).

Although a direct correlation with cancer biology has not yet
been explored, biochemical and genetic studies have shown
that a crucial regulatory mechanism of Itch catalytic activation
is its Jun N-terminal kinase 1 (JNK1)-mediated Ser/Thr phos-
phorylation (Gao et al., 2004). In its unphosphorylated state,
ltch enzymatic activity is negatively regulated through intramo-
lecular interactions between the central region, including the
WW motifs, and the C-terminal HECT domain (“closed” con-
formation). Following phosphorylation, ltch undergoes a con-
formational change (“open” conformation) that destabilizes
the self-inhibitory intramolecular interactions, thus allowing

16 Cancer Cell 14, July 2008 ©2008 Elsevier Inc.

substrate recruitment and catalytic activation (Gallagher et al.,
2006).

Smurfs

Smad ubiquitylation regulatory factor 1 (Smurf1) and Smurf2 an-
tagonize the transforming growth factor-f (TGF-B) pathway
through ubiquitin-mediated degradation of crucial components
of its signaling transduction machinery. One of the molecular
mechanisms to prevent continuous TGF-f signaling in the ab-
sence of ligand stimulation is the Smurf-mediated elimination
of phosphorylated TGF-B receptor (TBR)-regulated Smad (R-
Smad) proteins by the proteasome (Zhang et al., 2001). The over-
all basal levels of R-Smads are also regulated by Smurfs (Zhu
et al., 1999). This is achieved in order to prevent spurious activa-
tion of the TGF-B cascade and to adjust the intensity of respon-
siveness of a particular cell to TGF-B signaling. With the excep-
tion of Smad4 and Smads, all of the Smads possess a PY motif.
Smurf1 specifically targets Smad1 and Smad5, whereas Smurf2
displays a broader specificity toward the family members (see
Table 1).

A unique property of the Smads is their ability to function as
adaptor molecules for the Smurfs or other members of the
HECT family. This mode of action is exemplified by the inhibitory
Smad (I-Smad) Smad7, which, acting in concert with Smurf1 and
Smurf2, assists the HECT E3s in recruiting the PY-deficient TBR-I
(Kavsak et al., 2000). In addition, the auxiliary role of Smad7 is
accomplished by presenting the E2 to Smurf2 and enforcing their
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In unstressed cancer cells, the steady-state levels of p73 are kept low by the ubiquitylating activity of Itch. p73 upregulation in response to treatment of tumor cells
with DNA-damaging agents may arise from (1) ltch downregulation and/or (2) the inhibitory competitive action exerted by N4BP1 on Itch substrate recruitment
ability. p73 accumulation leads to increased transactivation of proapoptotic target genes.

interaction (Ogunjimi et al., 2005). This is mediated by the N-ter-
minal domain of Smad7, which binds to both the HECT domain
and, via a leucine-rich motif, UbcH7, resulting in enhanced
Smurf2 catalytic activity. In addition, Smurf1 recruits activin
and BMP receptors through its association with I-Smads.
Smad6 and Smad7 also act as a bridge to target non-Smurf
HECT E3s, such as Nedd4-2 and WWP1 (see Table 1), to the
TBR complexes. Smad7 serves as a protein adaptor for both
Smurfs to direct Smad4 for proteasomal destruction (Moren
etal., 2005). The Smurf/I-Smad-mediated proteasomal and lyso-
somal degradation of TGF-B-like receptors and co-Smad con-
tributes to the attenuation or termination of the family signaling
events.

A distinct role as an auxiliary molecule is played by Smad2,
which upon receptor stimulation and phosphorylation forms
a complex with Smurf2 through WW-PY domain-mediated inter-
actions. As a result, Smurf2 is recruited to the transcriptional co-
repressor SnoN, which in turn is targeted for ubiquitin-mediated
proteolysis (Bonni et al., 2001). These findings define temporally
distinct roles for Smurf2 in regulating the TGF-B pathway, being
the activation or attenuation of TGF-p signaling depending on the
association of Smurf with different Smad proteins.

Somatic and germline mutations in cancer cells are present at
different levels of the TGF-f signaling pathway, including genes
encoding TBR-I, TBR-II, Smad4, and Smad2 (Markowitz et al.,
1995; Maurice et al., 2001). Insensitivity to TGF-p results in un-
controlled cell proliferation and contributes to tumorigenesis.

As they are essential modulators of the TGF-B cascade, it is
not surprising that dysregulation or dysfunction of Smurfs ham-
pers TGF-B signaling. Aberrant downregulation of TGF-f signal-
ing allows tumor cells to escape TGF-B-induced growth inhibi-
tion and thus promotes cancer development. Genetic
amplification of Smurf1 and overexpression of Smurf2 are asso-
ciated with pancreatic and esophageal squamous cell carcino-
mas, respectively (Fukuchi et al., 2002). Increased Smurf2 pro-
tein expression correlates with higher invasiveness and
metastatic potential and poorer prognosis. Interestingly, several
Smad2 and Smad4 oncogenic inactivating mutations known to
interfere with their transcriptional function in cancer cells also

affect their protein stability through accelerated degradation
(Xu and Attisano, 2000; Maurice et al., 2001). In addition, abnor-
mal expression of the adaptor protein Smad7 has been observed
in a subset of human cancers, including follicular thyroid carci-
noma cell lines and endometrial cancers (Cerutti et al., 2003;
Dowdy et al., 2005). Smad7 overexpression may represent a fur-
ther mechanism for the abrogation of the TGF-f3 response in tu-
mor cells.

While the cytostatic actions of TGF-$ are a barrier to tumor
emergence, during cancer progression tumor cells can acquire
the ability to overproduce TGF-, which in turn starts to behave
as an autocrine tumor-promoting factor by enhancing invasion
and metastasis. In later stages of the disease, Smurf2 activity
is inhibited through interaction with the adaptor protein RNF11,
which is highly expressed in invasive breast cancers (Subrama-
niam et al., 2003). RNF11 is though to promote Smurf2 protein
ubiquitylation and proteasomal degradation, thereby enhancing
TGF-B signaling and its tumor-promoting activity.

HECT ES3s as Potential Cancer Targets
The hierarchical nature of the ubiquitin-proteasome system pro-
vides a rich source of molecular targets for anticancer therapies.
The clinical relevance of targeting the ubiquitin-proteasome sys-
tem has been revealed by the use of bortezomib (Millennium
Pharmaceuticals, Inc.’s Velcade, also previously known as
PS-341), a highly selective and reversible inhibitor of the chymo-
trypsin-like activity of the proteasome. Bortezomib has been
evaluated in a number of preclinical and clinical trials for solid
and hematological malignancies (reviewed in Voorhees and
Orlowski, 2006). It is presently approved by the US Food and
Drug Administration for treatment of relapsed and refractory
multiple myeloma, for which manageable side effects have been
reported. Unfortunately, the clinical activity of bortezomib in
other forms of hematological malignancies as well as solid tu-
mors has so far been less promising, with partial or no response.
Given the lack of specificity of proteasome inhibitors, manipu-
lating less universal features of the ubiquitin-proteasome sys-
tem, such as the E2s or the neddylation system (which targets
certain RING-finger E3s), may in principle be a useful therapeutic
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strategy. Moreover, the enzymatic nature, abundance, and spe-
cific substrate recognition properties of E3s indicate ubiquitin li-
gases as even more specific and effective therapeutic targets.
Targeting individual E3s would selectively stabilize a particular
or limited number of protein substrates, thus possibly limiting un-
toward side effects. Hence, drugs targeting E3s promise a better
therapeutic ratio than proteasome inhibitors. Importantly, E3s
show a clear involvement in oncogenesis, as indicated in this
review. As one example, downregulation of ltch, with its cancer-
related substrates (Table 2), is able to sensitize cells to chemo-
therapy (Hansen et al., 2007).

However, the advantage of targeting E3s is partially reduced
by (1) the promiscuity of enzymes and substrates (each E3 usu-
ally degrades more than one substrate, and each substrate can
be degraded by several E3s), (2) the unknown nature of the “cru-
cial” oncogenic substrate or substrates for each individual E3,
and (3) the intrinsic technical difficulties inherent in high-through-
put screenings to identify small-molecule inhibitors of E3s.
Blocking E3 functions could be achieved by chemically inhibiting
E2 recruitment or, alternatively, by preventing specific substrate
recognition by E3s (either directly or allosterically).

In this regard, the HECT family, with its intrinsic catalytic activ-
ity, may be easier to inhibit than E3s belonging to the RING-finger
family. This is because, in contrast to the RING-finger E3s, HECT
E3s have intrinsic enzymatic ubiquitin transfer activity via a
mechanism somehow reminiscent of E2s. In fact, HECT E3s, fol-
lowing binding of a ubiquitin-charged E2, form a thioester bond
between their own active-site Cys and the ubiquitin C terminus.
Subsequently, the HECT domain catalyzes the formation of an
isopeptide bond between the ¢-N side chain of a Lys residue
and the ubiquitin C-terminal carboxylate. Catalysis requires a
rotation of the N and C lobes of the HECT domain on a specific
polypeptide hinge linking region (Verdecia et al., 2003; Diao
et al., 2008).

So far, most high-throughput screenings have been performed
with both E3 and substrate, or using the ability of some E3s to
self-ubiquitylate. In this latter case, although the E3:substrate
recognition inhibitors are missing, there is a stronger chance to
inhibit the active catalytic site.

The identification of specific HDM2 inhibitors has been re-
ported with success by several groups (e.g., Yang et al., 2005),
showing that inhibitors of E3s are already a reality. Even though
this indicates a proof of principle of the feasibility of this difficult
road, this is not by any means the end of the story.

Concluding Remarks

Ubiquitin-dependent proteolytic and nonproteolytic pathways
play pivotal roles in cancer cell proliferation and apoptosis. The
data reviewed here illustrate how certain HECT-type E3s may
contribute to tumorigenesis by controlling the ubiquitylation of
tumor suppressors and oncoproteins. Inappropriate degrada-
tion of these substrates due to aberrant expression, dysfunction,
or altered regulation of the HECT E3s would be tightly linked to
malignant transformation and chemoresistance. In view of their
substrate specificity, the E3s represent attractive targets for can-
cer therapy. In this scenario, therapeutic strategies that inhibit
oncogenic HECT E3s should restore normal expression of tumor
suppressors and ultimately induce regression of malignant le-
sions. A better understanding of the oncogenic potential of the
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HECT-type E3s will likely lead to the identification and develop-
ment of biomarkers and drug targets for cancer treatment.

ACKNOWLEDGMENTS

We sincerely apologize for not being able to cite some relevant references
due to space constraints. We are grateful to Michele Pagano, Richard Knight,
and Angelo Peschiaroli for fruitful discussions on the topics covered in this
article and to Anna De Antoni for help with phylogenetic analysis. This
work was supported by EU grant EPISTEM (LSHB-CT-019067), FIRB grants
RBNEO1KJHT_004 and RBNEO1NWCH_008, MIUR/PRIN  grant
004064744_003, AIRC grant 1338, ISS grant 530/F-A19, Grant Telethon
GGPO4110 to G.M., and NIH and AACR grants to M.K., who is an American
Cancer Society Research Professor.

REFERENCES

Adhikary, S., Marinoni, F., Hock, A., Hulleman, E., Popov, N., Beier, R., Ber-
nard, S., Quarto, M., Capra, M., Goettig, S., et al. (2005). The ubiquitin ligase
HectH9 regulates transcriptional activation by Myc and is essential for tumor
cell proliferation. Cell 123, 409-421.

Al-Hakim, A.K., Zagorska, A., Chapman, L., Deak, M., Peggie, M., and Alessi,
D.R. (2008). Control of AMPK-related kinases by USP9X and atypical Lys29/
Lys33-linked polyubiquitin chains. Biochem. J. 411, 249-260.

Angers, A., Ramjaun, A.R., and McPherson, P.S. (2004). The HECT domain li-
gase itch ubiquitinates endophilin and localizes to the trans-Golgi network and
endosomal system. J. Biol. Chem. 279, 11471-11479.

Bennett, E.J., Shaler, T.A., Woodman, B., Ryu, K.Y., Zaitseva, T.S., Becker,
C.H., Bates, G.P., Schulman, H., and Kopito, R.R. (2007). Global changes to
the ubiquitin system in Huntington’s disease. Nature 448, 704-708.

Bergamaschi, D., Gasco, M., Hiller, L., Sullivan, A., Syed, N., Trigiante, G., Yu-
lug, I., Merlano, M., Numico, G., Comino, A., et al. (2003). p53 polymorphism
influences response in cancer chemotherapy via modulation of p73-depen-
dent apoptosis. Cancer Cell 3, 387-402.

Bernassola, F., Salomoni, P., Oberst, A., Di Como, C.J., Pagano, M., Melino,
G., and Pandolfi, P.P. (2004). Ubiquitin-dependent degradation of p73 is
inhibited by PML. J. Exp. Med. 199, 1545-1557.

Bonni, S., Wang, H.R., Causing, C.G., Kavsak, P., Stroschein, S.L., Luo, K.,
and Wrana, J.L. (2001). TGF-beta induces assembly of a Smad2-Smurf2 ubig-
uitin ligase complex that targets SnoN for degradation. Nat. Cell Biol. 3, 587-
595.

Cerutti, J.M., Ebina, K.N., Matsuo, S.E., Martins, L., Maciel, R.M., and Kimura,
E.T. (2003). Expression of Smad4 and Smad7 in human thyroid follicular carci-
noma cell lines. J. Endocrinol. Invest. 26, 516-521.

Chastagner, P., Israél, A., and Brou, C. (2006). ltch/AlIP4 mediates Deltex deg-
radation through the formation of K29-linked polyubiquitin chains. EMBO Rep.
7, 1147-1153.

Chen, C., Bhalala, H.V., Qiao, H., and Dong, J.T. (2002). A possible tumor sup-
pressor role of the KLF5 transcription factor in human breast cancer. Onco-
gene 21, 6567-6572.

Chen, C., Sun, X., Guo, P., Dong, X.Y., Sethi, P., Cheng, X., Zhou, J., Ling, J.,
Simons, J.W., Lingrel, J.B., et al. (2005b). Human Kruppel-like factor 5 is a tar-
get of the E3 ubiquitin ligase WWP1 for proteolysis in epithelial cells. J. Biol.
Chem. 280, 41553-41561.

Chen, C., Sun, X., Guo, P., Dong, X.Y., Sethi, P., Zhou, W., Zhou, Z., Petros, J.,
Frierson, H.F., Jr., Vessella, R.L., et al. (2007a). Ubiquitin E3 ligase WWP1 as an
oncogenic factor in human prostate cancer. Oncogene 26, 2386-2394.

Chen, C., Zhou, Z., Ross, J.S., Zhou, W., and Dong, J.T. (2007b). The amplified
WWP1 gene is a potential molecular target in breast cancer. Int. J. Cancer 121,
80-87.

Chen, D., Kon, N., Li, M., Zhang, W., Qin, J., and Gu, W. (2005a). ARF-BP1/
Mule is a critical mediator of the ARF tumor suppressor. Cell 127, 1071-1083.

Ciechanover, A. (1994). The ubiquitin-proteasome proteolytic pathway. Cell
79, 13-21.



Cancer Cell

Ciechanover, A. (2005). Intracellular protein degradation: from a vague idea
thru the lysosome and the ubiquitin-proteasome system and onto human dis-
eases and drug targeting. Cell Death Differ. 12, 1178-1190.

Courbard, J.R., Fiore, F., Adélaide, J., Borg, J.P., Birnbaum, D., and Ollendorff,
V. (2002). Interaction between two ubiquitin-protein isopeptide ligases of dif-
ferent classes, CBLC and AIP4/ITCH. J. Biol. Chem. 277, 45267-45275.

Cripps, D., Thomas, S.N., Jeng, Y., Yang, F., Davies, P., and Yang, A.J. (2006).
Alzheimer disease-specific conformation of hyperphosphorylated paired heli-
cal filament-Tau is polyubiquitinated through Lys-48, Lys-11, and Lys-6 ubig-
uitin conjugation. J. Biol. Chem. 287, 10825-10838.

Deng, L., Wang, C., Spencer, E., Yang, L., Braun, A, You, J., Slaughter, C.,
Pickart, C., and Chen, Z.J. (2000). Activation of the lkappaB kinase complex
by TRAF6 requires a dimeric ubiquitin-conjugating enzyme complex and
a unique polyubiquitin chain. Cell 703, 351-361.

Diao, J., Zhang, Y., Huibregtse, J.M., Zhou, D., and Chen, J. (2008). Crystal
structure of SopA, a Salmonella effector protein mimicking a eukaryotic ubig-
uitin ligase. Nat. Struct. Mol. Biol. 15, 65-70.

DiFiore, P.P., Polo, S., and Hofmann, K. (2003). When ubiquitin meets ubiquitin
receptors: a signalling connection. Nat. Rev. Mol. Cell Biol. 4, 491-497.

Dowdy, S.C., Mariani, A., Reinholz, M.M., Keeney, G.L., Spelsberg, T.C., Po-
dratz, K.C., and Janknecht, R. (2005). Overexpression of the TGF-beta antag-
onist Smad7 in endometrial cancer. Gynecol. Oncol. 96, 368-373.

Dunn, R, Klos, D.A., Adler, A.S., and Hicke, L. (2004). The C2 domain of the
Rsp5 ubiquitin ligase binds membrane phosphoinositides and directs ubiqui-
tination of endosomal cargo. J. Cell Biol. 165, 135-144.

Faiola, F., Liu, X., Lo, S., Pan, S., Zhang, K., Lymar, E., Farina, A., and Martinez,
E. (2005). Dual regulation of c-Myc by p300 via acetylation-dependent control
of Myc protein turnover and coactivation of Myc-induced transcription. Mol.
Cell. Biol. 25, 10220-10234.

Fang, L., Lee, S.W., and Aaronson, S.A. (1999). Comparative analysis of p73
and p53 regulation and effector functions. J. Cell Biol. 147, 823-830.

Flores, E.R., Sengupta, S., Miller, J.B., Newman, J.J., Bronson, R., Crowley,
D., Yang, A., McKeon, F., and Jacks, T. (2005). Tumor predisposition in mice
mutant for p63 and p73: evidence for broader tumor suppressor functions
for the p53 family. Cancer Cell 7, 363-373.

Fouladkou, F., Landry, T., Kawabe, H., Neeb, A., Lu, C., Brose, N., Stambolic,
V., and Rotin, D. (2008). The ubiquitin ligase Nedd4-1 is dispensable for the
regulation of PTEN stability and localization. Proc. Natl. Acad. Sci. USA. Pub-
lished online June 18, 2008. 10.1073/pnas.0803233105.

Fukuchi, M., Fukai, Y., Masuda, N., Miyazaki, T., Nakajima, M., Sohda, M.,
Manda, R., Tsukada, K., Kato, H., and Kuwano, H. (2002). High-level expres-
sion of the Smad ubiquitin ligase Smurf2 correlates with poor prognosis in pa-
tients with esophageal squamous cell carcinoma. Cancer Res. 62, 7162-7165.

Gallagher, E., Gao, M., Liu, Y.C., and Karin, M. (2006). Activation of the E3
ubiquitin ligase Itch through a phosphorylation-induced conformational
change. Proc. Natl. Acad. Sci. USA 103, 1717-1722.

Gao, M., Labuda, T., Xia, Y., Gallagher, E., Fang, D., Liu, Y.C., and Karin, M.
(2004). Jun turnover is controlled through JNK-dependent phosphorylation
of the E3 ligase Itch. Science 306, 271-275.

Geetha, T., Jiang, J., and Wooten, M.W. (2005). Lysine 63 polyubiquitination of
the nerve growth factor receptor TrkA directs internalization and signaling.
Mol. Cell 20, 301-312.

Gressner, O., Schilling, T., Lorenz, K., Schulze Schleithoff, E., Koch, A.,
Schulze-Bergkamen, H., Lena, A.M., Candi, E., Terrinoni, A., Catani, M.V.,
et al. (2005). TAp63alpha induces apoptosis by activating signaling via death
receptors and mitochondria. EMBO J. 24, 2458-2471.

Gwizdek, C., Hobeika, M., Kus, B., Ossareh-Nazari, B., Dargemont, C., and
Rodriguez, M.S. (2005). The mRNA nuclear export factor Hpr1 is regulated
by Rsp5-mediated ubiquitylation. J. Biol. Chem. 280, 13401-13405.

Haglund, K., Sigismund, S., Polo, S., Szymkiewicz, |., Di Fiore, P.P., and Dikic,
1. (2003). Multiple monoubiquitination of RTKs is sufficient for their endocytosis
and degradation. Nat. Cell Biol. 5, 461-466.

Hall, J.R., Kow, E., Nevis, K.R., Lu, C.K,, Luce, K.S., Zhong, Q., and Cook, J.G.
(2007). Cdc6 stability is regulated by the Huwe1 ubiquitin ligase after DNA
damage. Mol. Biol. Cell 18, 3340-3350.

Hamilton, M.H., Tcherepanova, |., Huibregtse, J.M., and McDonnell, D.P.
(2001). Nuclear import/export of RRPF1/Nedd4 regulates the ubiquitin-depen-
dent degradation of its nuclear substrates. J. Biol. Chem. 276, 26324-26331.

Hansen, T.M., Rossi, M., Roperch, J.P., Ansell, K., Simpson, K., Taylor, D., Ma-
thon, N., Knight, R.A., and Melino, G. (2007). Itch inhibition regulates chemo-
sensitivity in vitro. Biochem. Biophys. Res. Commun. 367, 33-36.

Harvey, K.F., Dinudom, A., Komwatana, P., Jolliffe, C.N., Day, M.L., Parasi-
vam, G., Cook, D.l., and Kumar, S. (1999). All three WW domains of murine
Nedd4 are involved in the regulation of epithelial sodium channels by intracel-
lular Na+. J. Biol. Chem. 274, 12525-12530.

Helliwell, S.B., Losko, S., Kaiser, C.A., Henderson, M.J., Russell, A.J., Hird, S.,
and Mufioz, M. (2001). Components of a ubiquitin ligase complex specify poly-
ubiquitination and intracellular trafficking of the general amino acid permease.
J. Cell Biol. 153, 649-662.

Herman-Bachinsky, Y., Ryoo, H.D., Ciechanover, A., and Gonen, H. (2007).
Regulation of the Drosophila ubiquitin ligase DIAP1 is mediated via several dis-
tinct ubiquitin system pathways. Cell Death Differ. 14, 861-871.

Hershko, A. (2005). The ubiquitin system for protein degradation and some of
its roles in the control of the cell division cycle. Cell Death Differ. 72, 1191-
1197.

Hershko, A., and Ciechanover, A. (1998). The ubiquitin system for protein deg-
radation. Annu. Rev. Biochem. 67, 425-479.

Hoeller, D., Hecker, C.M., Wagner, S., Rogov, V., Détsch, V., and Dikic, .
(2007). ES3-independent monoubiquitination of ubiquitin-binding proteins.
Mol. Cell 26, 891-898.

Huang, L., Kinnucan, E., Wang, G., Beaudenon, S., Howley, P.M., Huibregtse,
J.M., and Pavletich, N.P. (1999). Structure of an E6AP-UbcH7 complex:
insights into ubiquitination by the E2-E3 enzyme cascade. Science 286,
1321-1326.

Huibregtse, J.M., Scheffner, M., and Howley, P.M. (1991). A cellular protein
mediates association of p53 with the E6 oncoprotein of human papillomavirus
types 16 or 18. EMBO J. 10, 4129-4135.

Huibregtse, J.M., Scheffner, M., and Howley, P.M. (1993a). Cloning and ex-
pression of the cDNA for E6-AP, a protein that mediates the interaction
of the human papillomavirus E6 oncoprotein with p53. Mol. Cell. Biol. 13,
775-784.

Huibregtse, J.M., Scheffner, M., and Howley, P.M. (1993b). Localization of the
E6-AP regions that direct human papillomavirus E6 binding, association with
p53, and ubiquitination of associated proteins. Mol. Cell. Biol. 13, 4918-4927.

Huibregtse, J.M., Scheffner, M., Beaudenon, S., and Howley, P.M. (1995). A
family of proteins structurally and functionally related to the E6-AP ubiquitin-
protein ligase. Proc. Natl. Acad. Sci. USA 92, 5249.

Irwin, M.S., Kondo, K., Marin, M.C., Cheng, L.S., Hahn, W.C., and Kaelin,
W.G., Jr. (2003). Chemosensitivity linked to p73 function. Cancer Cell 3,
403-410.

Katz, M., Shtiegman, K., Tal-Or, P., Yakir, L., Mosesson, Y., Harari, D., Ma-
chluf, Y., Asao, H., Jovin, T., Sugamura, K., and Yarden, Y. (2002). Ligand-in-
dependent degradation of epidermal growth factor receptor involves receptor
ubiquitylation and Hgs, an adaptor whose ubiquitin-interacting motif targets
ubiquitylation by Nedd4. Traffic 3, 740-751.

Kavsak, P., Rasmussen, R.K., Causing, C.G., Bonni, S., Zhu, H., Thomsen,
G.H., and Wrana, J.L. (2000). Smad7 binds to Smurf2 to form an E3 ubiquitin
ligase that targets the TGF beta receptor for degradation. Mol. Cell 6, 1365—
1375.

Kumar, S., Talis, A.L., and Howley, P.M. (1999). Identification of HHR23A as
a substrate for E6-associated protein-mediated ubiquitination. J. Biol.
Chem. 274, 18785-18792.

Laine, A., and Ronai, Z. (2007). Regulation of p53 localization and transcription
by the HECT domain E3 ligase WWP1. Oncogene 26, 1477-1483.

Levkowitz, G., Waterman, H., Ettenberg, S.A., Katz, M., Tsygankov, A.Y., Al-
roy, |, Lavi, S., Iwai, K., Reiss, Y., Ciechanover, A., et al. (1999). Ubiquitin ligase

Cancer Cell 74, July 2008 ©2008 Elsevier Inc. 19



activity and tyrosine phosphorylation underlie suppression of growth factor
signaling by c-Cbl/Sli-1. Mol. Cell 4, 1029-1040.

Liu, X., Yuan, H., Fu, B., Disbrow, G.L., Apolinario, T., Tomaic, V., Kelley, M.L.,
Baker, C.C., Huibregtse, J., and Schlegel, R. (2005a). The E6AP ubiquitin li-
gase is required for transactivation of the hTERT promoter by the human pap-
illomavirus E6 oncoprotein. J. Biol. Chem. 280, 10807-10816.

Liu, Z., Oughtred, R., and Wing, S.S. (2005b). Characterization of E3Histone,
a novel testis ubiquitin protein ligase which ubiquitinates histones. Mol. Cell.
Biol. 25, 2819-2831.

Maillard, ., and Pear, W.S. (2003). Notch and cancer: best to avoid the ups and
downs. Cancer Cell 3, 203-205.

Marchese, A., Raiborg, C., Santini, F., Keen, J.H., Stenmark, H., and Benovic,
J.L. (20083). The E3 ubiquitin ligase AIP4 mediates ubiquitination and sorting of
the G protein-coupled receptor CXCR4. Dev. Cell 5, 709-802.

Markowitz, S., Wang, J., Myeroff, L., Parsons, R., Sun, L., Lutterbaugh, J., Fan,
R.S., Zborowska, E., Kinzler, K.W., Vogelstein, B., et al. (1995). Inactivation of
the type Il TGF-beta receptor in colon cancer cells with microsatellite instabil-
ity. Science 268, 1336-1338.

Martin-Serrano, J., Eastman, S.W., Chung, W., and Bieniasz, P.D. (2005).
HECT ubiquitin ligases link viral and cellular PPXY motifs to the vacuolar pro-
tein-sorting pathway. J. Cell Biol. 7168, 89-101.

Maurice, D., Pierreux, C.E., Howell, M., Wilentz, R.E., Owen, M.J., and Hill,
C.S. (2001). Loss of Smad4 function in pancreatic tumors: C-terminal trunca-
tion leads to decreased stability. J. Biol. Chem. 276, 43175-43181.

McGill, M.A., and McGlade, C.J. (2003). Mammalian numb proteins promote
Notch1 receptor ubiquitination and degradation of the Notch1 intracellular do-
main. J. Biol. Chem. 278, 23196-23203.

Melino, G., De Laurenzi, V., and Vousden, K.H. (2002). p73: Friend or foe in tu-
morigenesis. Nat. Rev. Cancer 2, 605-615.

Melino, G., Lu, X., Gasco, M., Crook, T., and Knight, R.A. (2003). Functional
regulation of p73 and p63: development and cancer. Trends Biochem. Sci.
28, 663-670.

Moren, A., Imamura, T., Miyazono, K., Heldin, C.H., and Moustakas, A. (2005).
Degradation of the tumor suppressor Smad4 by WW and HECT domain ubig-
uitin ligases. J. Biol. Chem. 280, 22115-22123.

Mukhopadhyay, D., and Riezman, H. (2007). Proteasome-independent func-
tions of ubiquitin in endocytosis and signaling. Science 315, 201-205.

Narisawa-Saito, M., and Kiyono, T. (2007). Basic mechanisms of high-risk hu-
man papillomavirus-induced carcinogenesis: roles of E6 and E7 proteins. Can-
cer Sci. 98, 1505-1511.

Nicolas, M., Wolfer, A., Raj, K., Kummer, J.A., Mill, P, van Noort, M., Hui, C.C.,
Clevers, H., Dotto, G.P., and Radtke, F. (2003). Notch1 functions as a tumor
suppressor in mouse skin. Nat. Genet. 33, 416-421.

Nishikawa, H., Ooka, S., Sato, K., Arima, K., Okamoto, J., Klevit, R.E., Fukuda,
M., and Ohta, T. (2004). Mass spectrometric and mutational analyses reveal
Lys-6-linked polyubiquitin chains catalyzed by BRCA1-BARD1 ubiquitin li-
gase. J. Biol. Chem. 279, 3916-3924.

Neumann, S., Petfalski, E., Brigger, B., Grosshans, H., Wieland, F., Tollervey,
D., and Hurt, E. (2003). Formation and nuclear export of tRNA, rRNA and
mRNA is regulated by the ubiquitin ligase Rsp5p. EMBO Rep. 4, 1156-1162.

Oberst, A., Malatesta, M., Ageilan, R.l., Rossi, M., Salomoni, P., Murillas, R.,
Sharma, P., Kuehn, M.R., Oren, M., Croce, C.M., et al. (2007). The Nedd4-
binding partner 1 (N4BP1) protein is an inhibitor of the E3 ligase Itch. Proc.
Natl. Acad. Sci. USA 104, 11280-11285.

Ogunjimi, A.A., Briant, D.J., Pece-Barbara, N., Le Roy, C., Di Guglielmo, G.M.,
Kavsak, P., Rasmussen, R.K., Seet, B.T., Sicheri, F., and Wrana, J.L. (2005).
Regulation of Smurf2 ubiquitin ligase activity by anchoring the E2 to the
HECT domain. Mol. Cell 19, 297-308.

Qliver, P.M., Cao, X., Worthen, G.S., Shi, P., Briones, N., MacLeod, M., White,
J., Kirby, P., Kappler, J., Marrack, P., et al. (2006). Ndfip1 protein promotes the
function of itch ubiquitin ligase to prevent T cell activation and T helper 2 cell-
mediated inflammation. Immunity 25, 929-940.

20 Cancer Cell 74, July 2008 ©2008 Elsevier Inc.

Cancer Cell

Perry, W.L., Hustad, C.M., Swing, D.A., O’Sullivan, T.N., Jenkins, N.A., and
Copeland, N.G. (1998). The itchy locus encodes a novel ubiquitin protein ligase
that is disrupted in a18H mice. Nat. Genet. 18, 143-146.

Polo, S., Sigismund, S., Faretta, M., Guidi, M., Capua, M.R., Bossi, G., Chen,
H., De Camilli, P., and Di Fiore, P.P. (2002). A single motif responsible for ubig-
uitin recognition and monoubiquitination in endocytic proteins. Nature 416,
451-455.

Puig, P., Capodieci, P., Drobnjak, M., Verbel, D., Prives, C., Cordon-Cardo, C.,
and Di Como, C.J. (2003). p73 Expression in human normal and tumor tissues:
loss of p73alpha expression is associated with tumor progression in bladder
cancer. Clin. Cancer Res. 9, 5642-5651.

Qiu, L., Joazeiro, C., Fang, N., Wang, H.-Y., Elly, C., Altman, Y., Fang, D.,
Hunter, T., and Liu, Y.-C. (2000). Recognition and ubiquitination of Notch by
Itch, a hect-type E3 ubiquitin ligase. J. Biol. Chem. 275, 35734-35737.

Rossi, M., De Laurenzi, V., Munarriz, E., Green, D.R., Liu, Y.C., Vousden, K.H.,
Cesareni, G., and Melino, G. (2005). The ubiquitin-protein ligase Itch regulates
p73 stability. EMBO J. 24, 836-848.

Rossi, M., Ageilan, R.I., Neale, M., Candi, E., Salomoni, P., Knight, R.A., Croce,
C., and Melino, G. (2006). The E3 ubiquitin ligase ltch controls the protein sta-
bility of p63. Proc. Natl. Acad. Sci. USA 103, 12753-12758.

Scheffner, M., and Staub, O. (2007). HECT E3s and human disease. BMC Bio-
chem. 8, S6.

Scheffner, M., Werness, B.A., Huibregtse, J.M., Levine, A.J., and Howley, P.M.
(1990). The E6 oncoprotein encoded by human papillomavirus types 16 and 18
promotes the degradation of p53. Cell 63, 1129-1136.

Scheffner, M., Huibregtse, J.M., and Howley, P.M. (1994). Identification of a hu-
man ubiquitin-conjugating enzyme that mediates the E6-AP-dependent ubig-
uitination of p53. Proc. Natl. Acad. Sci. USA 91, 8797-8801.

Schwarz, S.E., Rosa, J.L., and Scheffner, M. (1998). Characterization of human
hect domain family members and their interaction with UbcH5 and UbcH7. J.
Biol. Chem. 273, 12148-12154.

Shearwin-Whyatt, L.M., Brown, D.L., Wylie, F.G., Stow, J.L., and Kumar, S.
(2004). NAWBP5A (Ndfip2), a Nedd4-interacting protein, localizes to multive-
sicular bodies and the Golgi, and has a potential role in protein trafficking. J.
Cell Sci. 117, 3679-3689.

Shearwin-Whyatt, L., Dalton, H.E., Foot, N., and Kumar, S. (2006). Regulation
of functional diversity within the Nedd4 family by accessory and adaptor pro-
teins. Bioessays 28, 617-628.

Shen, W.H., Balajee, A.S., Wang, J., Wu, H., Eng, C., Pandolfi, P.P., and Yin, Y.
(2007). Essential role for nuclear PTEN in maintaining chromosomal integrity.
Cell 128, 157-170.

Staub, O., Gautschi, |., Ishikawa, T., Breitschopf, K., Ciechanover, A., Schild,
L., and Rotin, D. (1997). Regulation of stability and function of the epithelial Na+
channel (ENaC) by ubiquitination. EMBO J. 16, 6325-6336.

Subramaniam, V., Li, H., Wong, M., Kitching, R., Attisano, L., Wrana, J., Zubo-
vits, J., Burger, A.M., and Seth, A. (2003). The RING-H2 protein RNF11 is over-
expressed in breast cancer and is a target of Smurf2 E3 ligase. Br. J. Cancer
89, 1538-1544.

Talis, A.L., Huibregtse, J.M., and Howley, P.M. (1998). The role of E6AP in the
regulation of p53 protein levels in human papillomavirus (HPV)-positive and
HPV-negative cells. J. Biol. Chem. 273, 6439-6445.

Trotman, L.C., Wang, X., Alimonti, A., Chen, Z., Teruya-Feldstein, J., Yang, H.,
Pavletich, N.P., Carver, B.S., Cordon-Cardo, C., Erdjument-Bromage, H., et al.
(2007). Ubiquitination regulates PTEN nuclear import and tumor suppression.
Cell 128, 141-156.

Urist, M.J., Di Como, C.J., Lu, M.L., Charytonowicz, E., Verbel, D., Crum, C.P.,
Ince, T.A., McKeon, F.D., and Cordon-Cardo, C. (2002). Loss of p63 expres-
sion is associated with tumor progression in bladder cancer. Am. J. Pathol.
161, 1199-1206.

Verdecia, M.A., Joazeiro, C.A., Wells, N.J., Ferrer, J.L., Bowman, M.E., Hunter,
T., and Noel, J.P. (2003). Conformational flexibility underlies ubiquitin ligation
mediated by the WWP1 HECT domain E3 ligase. Mol. Cell 17, 249-259.

Vervoorts, J., Luscher-Firzlaff, J.M., Rottmann, S., Lilischkis, R., Walsemann,
G., Dohmann, K., Austen, M., and Luscher, B. (2003). Stimulation of c-MYC



Cancer Cell

transcriptional activity and acetylation by recruitment of the cofactor CBP.
EMBO Rep. 4, 484-490.

Vervoorts, J., Luscher-Firzlaff, J., and Luscher, B. (2006). The ins and outs of
MYC regulation by posttranslational mechanisms. J. Biol. Chem. 287,
34725-34729.

Voorhees, P.M., and Orlowski, R.Z. (2006). The proteasome and proteasome
inhibitors in cancer therapy. Annu. Rev. Pharmacol. Toxicol. 46, 189-213.

Wang, C., Deng, L., Hong, M., Akkaraju, G.R., Inoue, J., and Chen, Z.J. (2001).
TAK1 is a ubiquitin-dependent kinase of MKK and IKK. Nature 412, 346-351.

Wang, X., Trotman, L.C., Koppie, T., Alimonti, A., Chen, Z., Gao, Z., Wang, J.,
Erdjument-Bromage, H., Tempst, P., Cordon-Cardo, C., et al. (2007). NEDD4-1
is a proto-oncogenic ubiquitin ligase for PTEN. Cell 128, 129-139.

Wegierski, T., Hill, K., Schaefer, M., and Walz, G. (2006). The HECT ubiquitin
ligase AIP4 regulates the cell surface expression of select TRP channels.
EMBO J. 25, 5659-5669.

Wiesner, S., Ogunjimi, A.A., Wang, H.R., Rotin, D., Sicheri, F., Wrana, J.L., and
Forman-Kay, J.D. (2007). Autoinhibition of the HECT-type ubiquitin ligase
Smurf2 through its C2 domain. Cell 130, 651-662.

Xu, J., and Attisano, L. (2000). Mutations in the tumor suppressors Smad2 and
Smad4 inactivate transforming growth factor beta signaling by targeting
Smads to the ubiquitin-proteasome pathway. Proc. Natl. Acad. Sci. USA 97,
4820-4825.

Yang, Y., Ludwig, R.L., Jensen, J.P., Pierre, S.A., Medaglia, M.V., Davydov,
1.V., Safiran, Y.J., Oberoi, P., Kenten, J.H., Phillips, A.C., et al. (2005). Small
molecule inhibitors of HDM2 ubiquitin ligase activity stabilize and activate
p53 in cells. Cancer Cell 7, 547-559.

Yoon, S.Y., Lee, Y., Kim, J.H., Chung, A.S., Joo, J.H., Kim, C.N., Kim, N.S.,
Choeg, I.S., and Kim, J.W. (2005). Over-expression of human UREB1 in colorec-
tal cancer: HECT domain of human UREB1 inhibits the activity of tumor sup-
pressor p53 protein. Biochem. Biophys. Res. Commun. 326, 7-17.

Zhang, Y., Chang, C., Gehling, D.J., Hemmati-Brivanlou, A., and Derynck, R.
(2001). Regulation of Smad degradation and activity by Smurf2, an E3 ubiquitin
ligase. Proc. Natl. Acad. Sci. USA 98, 974-979.

Zhao, X., Julian, J.I.-T., Guardavaccaro, D., Jiang, R., Pagano, M., Guillemot,
F., lavarone, A., and Lasorella, A. (2008). The HECT-domain ubiquitin ligase
Ureb1 controls neural differentiation and proliferation by destabilizing the
N-Myc oncoprotein. Nat. Cell Biol. 10.1038/ncb1727.

Zhong, Q., Gao, W., Du, F., and Wang, X. (2005). Mule/ARF-BP1, a BH3-only
ES3 ubiquitin ligase, catalyzes the polyubiquitination of Mcl-1 and regulates ap-
optosis. Cell 127, 1085-1095.

Zhu, H., Kavsak, P., Abdollah, S., Wrana, J.L., and Thomsen, G.H. (1999). A
SMAD ubiquitin ligase targets the BMP pathway and affects embryonic pattern
formation. Nature 400, 687-693.

Cancer Cell 14, July 2008 ©2008 Elsevier Inc. 21



	The HECT Family of E3 Ubiquitin Ligases: Multiple Players in Cancer Development
	Outline placeholder
	Introduction
	General Overview of the HECT-Type E3s
	SI(ngle)-HECT E3s
	E6-AP
	Huwe1
	C2-WW-HECT E3s
	Nedd4
	WWP1
	Itch
	Smurfs
	HECT E3s as Potential Cancer Targets
	Concluding Remarks

	Acknowledgments
	References


