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WWP1: a versatile ubiquitin E3 ligase in signaling and diseases
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Abstract WW domain-containing E3 ubiquitin protein
ligase 1 (WWP1) is a multifunction protein containing an
N-terminal C2 domain, four tandem WW domains for
substrate binding, and a C-terminal catalytic HECT domain
for ubiquitin transferring. WWP1 has been suggested to
function as the E3 ligase for several PY motif-containing
proteins, such as Smad2, KLF5, p63, ErbB4/HER4,
RUNX2, JunB, RNF11, SPG20, and Gag, as well as several
non-PY motif containing proteins, such as TSR1, Smad4,
KLF2, and EPS15. WWP1 regulates a variety of cellular
biological processes including protein trafficking and
degradation, signaling, transcription, and viral budding.
WWPI1 has been implicated in several diseases, such as
cancers, infectious diseases, neurological diseases, and
aging. In this review article, we extensively summarize the
current knowledge of WWP1 with special emphasis on the
roles and action of mechanism of WWPI in signaling and
human diseases.
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WWP1 (WW domain-containing E3 ubiquitin protein ligase
1), also known as TIUL1 (TGIF-interacting ubiquitin ligase
1) [1] or AIP5 (Atropin-1-interacting protein 5) [2], is a C2-
WW-HECT (homologous to E6-AP COOH terminus)-type
ubiquitin E3 ligase. The C2-WW-HECT E3 ligase family
contains nine members, i.e. NEDD4-1 NEDD4-2/NEDD4L,
WWP1, WWP2/AIP2, Itch/AIP4, SMURF1, SMURF2,
NEDLI, and NEDL2. They all share three common func-
tional domains: an N-terminal Ca’*/lipid-binding C2
domain, 2-4 substrate-binding WW domains, and a C-ter-
minal catalytic HECT domain [3]. The NEDD4-like family
is involved in a diverse variety of cellular processes, such as
membrane protein trafficking, protein degradation, signal-
ing, transcription, and apoptosis [3-6]. Several family
members have been implicated in cancers, hypertension,
neurological diseases, bone metabolism, and immune dis-
eases [3]. Accumulating evidence indicates that WWP1
plays important roles in cancers, infectious diseases, and
neurological diseases. We attempt to comprehensively
summarize the recent progresses of WWPI1 investigations
including the protein structure and functions, gene expres-
sion, regulation, substrates, and animal models.

Biochemistry of WWP1
WWP1 protein structure

The human WWP1 protein contains 922 amino acid resi-
dues with the molecular weight of ~ 110 kDa. It contains a
C2 domain, four WW domains, and a HECT domain
(Fig. 1a). The N-terminal C2 domain may mediate the
protein—protein interaction, Ca>" dependent membrane
binding, and enzyme activation according to the studies on
other WWPI1 family members, such as NEDD4 [7-9] and
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SMURF2 [10]. Consistently, WWP1 is predominately
localized to the endosome [11].

WWPI has four tandem WW domains in its central part.
The WW domain is composed of 38—40 semi-conserved
residues with two conserved tryptophans (W) that are
spaced 20-22 residues apart and has been shown to
mediate protein—protein interaction [12]. The WW domain
binds to Pro-rich polypeptide ligands, such as PPXY (PY
motif), PPLP, PPR, or p(S/T)P [13]. WW#1 and #3 of
WWPI1 are type I WW domains that bind to PY motifs with
higher affinities as compared to WW#2 and #4 [14-16].
The C-terminus of WWP1 possesses a HECT domain that
interacts with a ubiquitin (Ub) conjugation enzyme (i.e.
UbcHS or UbcH7) and is responsible for its ubiquitin E3
ligase enzyme activity [17]. E3 ligases are key enzymes for
protein ubiquitination because they determine substrate
specificity. Unlike the RING finger type E3 ligases, the
HECT type E3 ligases contain a catalytic cystein (C) that
can form a covalent isopeptide bond with ubiquitin. To
date, 28 of over 600 ubiquitin E3 ligases have been iden-
tified to be HECT type E3s in mammalian cells. The
catalytic C890 of human WWP1 is responsible for ubiq-
uitin transferring from the WWP1 protein to a substrate
protein [1].
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Fig. 1 a The diagram of the WWPI protein domains. The WWP1
protein contains 922 amino acid residues. The C2 domain at
N-terminus is responsible for membrane and protein binding. The
four WW domains in the central region are responsible for the
interaction with substrate proteins. The WW1 and WW3 are type 1
WW domains that recognize PY motifs. The HECT domain at the
C-terminus is responsible for the ubiquitin—protein ligase activity.
The Cystein-890 is the catalytic activation site. b WWP1 regulates
different substrates in different cellular processes
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WWPI gene expression

The WWPI gene is highly conserved among different
animals including C. elegans, chicken, mouse, and human.
The C. elegans wwp-1 gene encodes 792 amino acid resi-
dues [18]. The human WWPI gene is localized on
chromosome 821 and encompasses 26 exons, which span
at least 142 kb DNA [19]. The 8q21 chromosome region is
frequently amplified in several human cancers, including
prostate and breast cancers. We reported that gain of gene
copy number for WWPI was detected in 31-51% of
prostate and breast cancers [20, 21]. Furthermore, the
WWPI gene is mutated in human cancers. In 30 prostate
cancer samples, two sequence alterations that change the
WWPI1 protein sequence were detected [20]. However, the
functions of these mutations have not been characterized.

The WWPI mRNA is ubiquitously expressed in multiple
tissues. Mosser et al. [14] investigated the WWPI mRNA
expression by northern blot and found that WWP1 is highly
expressed in the heart and skeletal muscle. This result was
confirmed by an independent northern blot study [2].
Quantitative PCR results indicated that WWPI is highly
expressed in the liver, heart, and testis [22]. Several studies
showed that the WWP] mRNA is normally expressed in the
prostate and breast at low levels [22, 23]; however, it is
elevated in a subset of prostate and breast tumors [20, 21, 24].

The WWPI mRNA undergoes alternative splicing. WWPI
shows two splice variants in different human tissues by
northern blot [2, 14]. Flasza et al. [25] identified six WWPI
splice variants by RT-PCR in the T47D human breast cancer
cell line. By northern blot, Huang et al. [18] demonstrated
that mouse Wwpl mRNA has four different splice variants
that are highly expressed in the heart, kidney, liver, and testis.
The relative ratios of different splice products appear to be
tissue-specific. The WWPI mRNA alternative splicing may
be functional relevant. Some isoforms without the C2
domain may have distinct or dominant negative functions
[25]. We found an extra, smaller WWP1 protein band below
the wild-type WWP1 band in two prostate cancer cell lines
PC-3 and LAPC-4 [20].

WWP1 protein subcellular localization: membrane,
cytoplasm, or nucleus?

The WWPI protein is predominantly localized in the early
endosome, in the cytoplasm, and occasionally in the
nucleus. By immunofluorescence (IF) analysis, Seo et al.
[1] demonstrated that exogenous WWP1/Tiull protein is
expressed in both the nucleus and cytoplasm of MDCK
canine kidney epithelial cells. Consistently, we found that
the exogenous WWPI1 protein is expressed in both the
nucleus and cytoplasm of the 22Rv1 prostate cancer cell
line although WWP1 has no nuclear localization signal [11,
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23]. It is worth pointing out that the exogenous WWP1
protein is predominantly localized in cytoplasmic punctate
membrane structures and occasionally localized in the
nucleus [11]. Flasza et al. [26] demonstrated that the
exogenous WWPI1 protein is localized to the early endo-
some in C2C12 murine skeletal muscle-derived myoblast
cells. By immunohistochemistry (IHC), Huu et al. [24]
detected both nuclear and cytoplasmic endogenous WWP1
protein expression in breast tumors. However, we only
detected the cytoplasmic WWP1 protein expression in
breast tumors using a mouse monoclonal anti-WWP1
antibody [27]. Thus, all studies support the cytoplasmic
localization of WWP1 while the nuclear localization of
WWP1 is context dependent. In agreement with different
WWP1 subcellular localizations, WWP1 ubiquitinates not
only cytoplasmic substrates, such as ErbB4 and TSR1, but
also nuclear substrates, such as KLF5 and p63.

Additionally, the cellular localization of WWP1 is reg-
ulated by the Notch signaling. Notch could deplete WWP1
out of the nucleus, and co-localize with WWP1 in early
endosomes. In non-differentiated C2C12 cells, WWPI is
distributed in both the nucleus and cytoplasm. When the
cells were induced to differentiate, the localization of
WWP1 was exclusively in the cytoplasm [26].

Regulation of WWP1

WWP1 has been shown to be regulated under the physio-
logical processes. WWPI mRNA levels are increased
during osteoblast differentiation [28]. Zhao et al. [29]
recently reported that tumor necrosis factor o (TNFo)
induced the WWPI mRNA expression in mesenchymal
stem cells. We found that transforming growth factor f
(TGFp) induced WWPI mRNA expression in HaCaT and
PC-3 cells [3]. It is possible that the induction of WWPI by
TGFf is a negative feedback mechanism for controlling the
TGFf signaling pathway since WWPI1 suppresses TGFf
signaling [1, 22]. During the cellular senescence, WWP1
has been shown to be downregulated [30].

Under the pathological conditions, DNA damage che-
motherapeutic drugs (Doxorubicin and Cisplatin) induced
WWPI in a p53-dependent manner in MCF10A and
HCT116 cells [15]. However, Wwpl mRNA levels
decreased after exposure to UV- or y-irradiation in p53
wild-type mouse embryo fibroblast cells [31]. Thus, DNA
damage may increase the p53 protein level that regulates
the WWP1 expression in a cell line-dependent manner.
Nevertheless, these results imply that WWP1 is a down-
stream target gene of p53. Interestingly, WWP1 negatively
regulates the activities of p53 and its closely related family
member p63 [15, 31]. Further investigations are necessary
to elucidate the mechanism by which WWPI1 is regulated
by p53.

In addition, WWP1 has been suggested to be induced by
androgen in the LAPC9 prostate cancer cell line [32]. We
reported that the WWP1 protein expression correlates with
the estrogen receptor (ERa) positive status in breast tumors
[27]. Most recently, estrogen was shown to induce the
formation of complexes containing ERpf, KLF5, and
WWPI, resulting in the ubiquitination and degradation of
KLF5 in prostate cancer [33]. Whether the WWPI
expression is regulated by other hormones is unclear.

Autoubiquitination and proteasomal degradation are
features common to most E3 ligases. We previously
showed that the WWPI1 protein is degraded by the 26S
proteasome [3]. The half-life of WWP1 protein is about 3 h
in 22Rv1 cells. The proteasome inhibitor MG132 could
dramatically increase the WWP1 protein levels in
MCF10A and 22Rv1 cells [3].

Whether WWPI1 is regulated by other posttranslational
modifications, such as phosphorylation is currently
unknown. Understanding the regulatory mechanisms of
WWP1 will help us design effective strategies for targeting
the WWPI1 pathway in diseases.

WWP1-ubiquitinated substrate proteins

As an ubiquitin E3 ligase, WWP1 interacts with a variety
of substrate proteins and regulates their expression levels
and activities. To date, WWP1 has been shown to function
as the E3 ligase for TfR1, Smad2, ErbB4/HER4, RNF11,
SPG20, KLF5, p63, RUNX2, JunB, p27, and others
(Fig. 1b; Table 1). How WWPI1 specifically binds to dif-
ferent substrates is not completely understood at present.
The subcellular localization, the expression level in a
specific cell type, and posttranslational modifications of
substrates may contribute to the specificity.

TGFp signaling pathway

The TGFf superfamily regulates cell proliferation, differ-
entiation, apoptosis, and migration in numerous cell types.
TGFf ligands bind to a type II receptor (TR2), which
recruits and phosphorylates TSR1. Then, TfR1 recruits and
phosphorylates receptor-regulated Smads (R-Smads),
Smad2 and Smad3. The phosphorylated R-Smads bind to
the common Smad4, enter the nucleus, and form tran-
scription complexes to regulate gene expression.
Accumulating evidence suggests that WWP1 negatively
regulates the TGFf signaling pathway [1, 20, 22]. WWP1
inhibits TGFf-induced transcriptional activities as well as
PAI-1 and JunB expression [1, 22]. In addition, overex-
pression of WWP1 in MDCK cells reduces the TGFp-
induced growth inhibition [1]. Among eight Smads, WWP1
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;Ir‘l?(:)rl:ctlingl;)ioltiitn(;f WWPI WWPI interacting Regulation Functions References
proteins
PY motif containing substrates
ErbB4/HER4 Degradation Differentiation and cancer [16, 41]
p63 Degradation Apoptosis and cancer [15]
KLF5 Degradation Proliferation, apoptosis, and cancer [23, 51]
RNF11 Ubiquitination, no degradation EGFR and ErbB2 degradation [11]
Spartin (SPG20) mUb, no degradation Troyer syndrome [46, 47]

Nogo-A Degradation Central nervous system regeneration [71]
Smad2 Degradation TGEFp signaling [1, 20]
Smad6 No degradation Adaptor for RUNX2 [28]
Smad7 No degradation TGFJ signaling [1, 22]
RUNX2 Degradation Osteoblast differentiation [28, 58, 59]
JunB Degradation Osteoblast differentiation [29]
Gag mUDb, no degradation Virus budding [63, 64, 67, 75]
ARRDCl1 Ubiquitination, no degradation Virus budding [68]
Atrophin-1 Muscular dystrophy [2]
WBP-1/2 Co-activator of PR and ER [75, 76]
RasGAP Apoptosis and migration [75]
p53-BP2 [75]
IL6Rx Inflammatory response [75]
NF-E2 (p45) Globin gene transcription [14]
Non-PY motif containing substrates
TpR1 Degradation TGEFp signaling [1, 22]
Smad4 Degradation TGFJ signaling [20, 34]
TGIF No degradation Adaptor for Smad2 [1]
Shn3 No degradation Adaptor for RUNX2 [58]
pS3 Subcellular localization Apoptosis [31]
p27 Degradation Senescence [30]
KLF2 Degradation Transcription [52]
EPS15 mUDb, no degradation Trafficking [3]

can strongly interact with Smad2, 3, 6, 7 proteins, weakly
with Smadl and 5, but not with Smad4 and Smad8, which
do not contain a PY motif [1, 22]. WWP1 directly targets
Smad2 for ubiquitination and degradation in the presence
of TGIF [1, 22]. Two independent studies suggest that
WWPI targets TSR1 for ubiquitin-mediated degradation
through the Smad7 adaptor [1, 22]. Morén et al. [34]
reported that WWP1 uses Smad7 to induce Smad4 ubiq-
uitination and degradation. Thus, WWP1 inhibits the TGF-
f signaling pathway directly or indirectly by targeting the
TpR1, Smad2, and/or Smad4 proteins for degradation.

Epithelial growth factor (EGF) signaling pathway

The EGF receptor (EGFR) subfamily of receptor tyrosine
kinases are cell-surface receptors, consisting of 4 homol-
ogous members: EGFR, ErbB2/HER2, ErbB3, and ErbB4/
HER4 [35]. EGFRs are overexpressed in multiple tumors,
including breast cancer and lung cancer [36].

@ Springer

ErbB4 has three PY motifs that are the targets of several
WW domain-containing proteins, such as WWOX [37],
YAP [38, 39] and AIP4/Itch [40]. Recently, two indepen-
dent studies suggest that WWP1 promotes ErbB4 protein
ubiquitination and degradation [16, 41]. The protein—pro-
tein interaction between WWP1 and ErbB4 is through the
first and third WW domains of WWPI and the second PY
motif (PPAY) of ErbB4-CYT1 that overlaps with the
docking site (YTPM) of PI3K [16]. The phosphorylated
tyrosine will activate the PI3K/AKT survival signaling
pathway while the non-phosphorylated PY motif may
facilitate WWP1 and Itch binding. Thus, the tyrosine
phosphorylation of ErbB4 may act as a binary switch for
ErbB4’s activity and stability. A similar effect of the
tyrosine phosphorylation has been observed in RNA
Polymerase II [13].

ErbB4 is well known to undergo a two-step proteolytic
cleavage, during which a membrane-anchored fragment of
80 kDa is first produced and a soluble 80-kDa fragment is
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subsequently liberated [42]. WWP1-mediated degradation
is more efficient for the full-length ErbB4 protein and for
the membrane-anchored fragment as compared to the sol-
uble fragment [41]. Unlike other EGFR subfamily
members, the ErbB4/HER4 expression correlates with
positive ERa, lower tumor grade, and a better prognosis
[43, 44]. Intriguingly, the expression levels of WWP1 and
ErbB4 seem to be correlated in breast cancer cell lines [16].

Additionally, our previous study showed that WWP1
overexpression also upregulated the EGFR and ErbB2
expression levels in MCF10A and MDA-MB-231 breast
cell lines in a manner independent of E3 ligase activity
[11]. WWP1 depletion decreased the cell surface EGFR
and ErbB2 levels. The regulation of EGFR and ErbB2 by
WWP1 may partially rely on RNF11, a PY motif con-
taining RING finger type E3 ligase promoting EGFR and
ErbB2 protein degradation. The interaction between
WWP1 and RNF11 is through the first and third WW
domains of WWP1 and the PY motif of RNF11 [11].

EGFR is well known to undergo rapid endocytosis upon
ligand stimulation. SPG20/Saprtin is necessary for efficient
degradation of EGFR [45]. Recently, two independent
studies suggested that WWPI1 interacts with SPG20
through WW/PY motifs [46, 47]. SPG20 can be recruited
to the endosome and to lipid droplets [46, 47]. While
WWP1 overexpression can promote SPG20 mono-ubiqui-
tination, the mono-ubiquitination of endogenous SPG20 is
not affected by WWPI1 depletion [46, 47]. Interestingly,
WWP1 ubiquitinates another endocytosis protein, EPS15,
that interacts with SPG20 [3, 46]. Further investigation will
be required to clarify the role of WWPI in regulating
SPG20, EPS15, and endocytosis.

Taken together, WWP1 may regulate the EGF signaling
pathway by not only directly targeting ErbB4 for degra-
dation but also indirectly inhibiting EGFR and ErbB2
endocytosis through other proteins, including RNFI11,
SPG20, and EPS15.

Kriippel-like factor (KLF) family

The KLF family members are well-established zinc finger
transcription factors that play critical roles in cell prolif-
eration, survival, differentiation, and stemness [48]. Both
KLF5 and KLF2 have been implicated in cancers and
cardiovascular diseases and reported to be WWPI
substrates.

KLF5 promotes cell proliferation, survival, and angio-
genesis [49]. KLF5 turns over rapidly through the
ubiquitin—proteasome pathway [50]. The KLF5 transacti-
vation domain contains a PY motif that interacts with the
WW domains of WWP1 [23]. The E3 ligase activity of
WWP1 is essential for WWP1 to target KLF5 for ubiqui-
tination and degradation [23]. WWP1 depletion increases

the endogenous KLF5 protein levels in MCF10A, MCF7,
and PC-3 [23, 51]. As expected, the expression of WWP1
is negatively correlated with that of KLF5 in human breast
cancer cell lines [51]. Most recently, Yuka Nakajima et al.
[33] reported that estrogen induced the formation of com-
plexes containing ER 5, KLF5, and WWPI, resulting in the
ubiquitination and degradation of KLF5.

In contrast to KLF5, KLF2 does not have a PY motif.
Zhang et al. [52] reported that WWP1 interacted with the
inhibitory domain of KLF2, ubiquitinated KLF2, and tar-
geted it for proteasomal degradation in an E3 ligase
activity-independent manner. These findings suggest that
WWPI1 may facilitate KLF2 ubiquitination and degradation
as an adaptor protein. Whether endogenous WWP1 regu-
lates KLF2 has not been investigated.

p53 family

The p53 transcription factor family contains three mem-
bers, p53, p63, and p73. pS3 is a well-known tumor
suppressor that responds to diverse cellular stresses and
induces cell cycle arrest, apoptosis, and senescence [53].
p53 has been reported to be ubiquitinated by several E3
ligases, such as MDM?2 [54], Pirh2 [55], and WWPI [31].

Laine et al. [31] reported that WWP1 interacts with the
p53 DNA-binding domain. The proline-rich domain of p53
does not have a PY motif but increases the efficiency of
protein—protein interaction. WWP1 ubiquitinated p53 in an
E3 ligase-dependent manner and increased the nuclear
export of p53 [31]. We demonstrated that WWP1 targeted
p63 for ubiquitin-mediated protein degradation [15]. Using
different promoters, p63 can be expressed as ANp63 and
TAp63 that have an opposite function in terms of apopto-
sis. The pro-survival ANp63 protein is the predominant p63
isotype in the prostate and breast [15]. There are three
isoforms (o, f, y) for both ANp63 and TAp63. WWPI1
interacts with p63o through WW-PY motifs and targets
p63a for ubiquitin-mediated proteasomal degradation [15].
In ANp63-positive breast cells, WWP1 depletion confers
apoptosis resistance [15]. Paradoxically, Peschiaroli et al.
[56] found that WWP1 did not trigger ANp63 proteasome-
dependent degradation. WWPI1 modified ANp63 with K63-
linked polyubiquitin chains, increased the ANp63-mediated
transcription, and induced cell cycle arrest in human pri-
mary keratinocytes [56]. Thus, WWP1 may regulate p63 in
a cell type-dependent manner. It is likely that WWP1 uses
different E2s to ubiquitinate ANp63 in different cell types.
Whether WWP1 targets the PY motif containing p73 for
degradation has not been tested. Interestingly, WWP1 is
induced by DNA damage agents in a p53-dependent
manner [15]. Thus, WWPI is p53 downstream gene that
can inhibit p53 family member activities through a feed-
back mechanism.
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RUNX2 and JunB

RUNX2 and JunB are principal transcription factors for
osteoblast differentiation and associate with tumor growth
in the bone [57]. RUNX2 is frequently overexpressed in
invasive breast and prostate cancers [57]. WWPI1 uses
Shn3 or Smad6 as adaptors to target RUNX?2 for ubiqui-
tination and degradation although RUNX2 itself has a PY
motif [58, 59]. Shn3 increases the protein interaction
between WWP1 and RUNX2 [58]. Mice lacking Shn3
display increased bone mass [58]. Surprisingly, the
expression levels of Wwpl/Shn3 and Runx2 increased
during osteoblast differentiation [28]. It was speculated that
WWP1 only functions at the late stage of osteoblast dif-
ferentiation, as RUNX2 must be downregulated in fully
matured osteoblasts. Most recently, WWP1 was reported to
promote the ubiquitin-mediated degradation of JunB,
which is another transcription factor critical for osteoblast
formation in mesenchymal stem cells [29].

WWPI1 has been reported to modify substrates with
mono-ubiquitin (SPG20 and EPS15), K48-linked poly-
ubiquitin chains (KLF5 and p27), and K63-linked
polyubiquitin chains (ANp63). Although it is well known
that different types of ubiquitination have different physi-
ological functions, the determination of the ubiquitin
conjugate types catalyzed by WWP1 requires further study.

WWP1 and diseases

WWP1 is ubiquitously expressed in human tissues and
participates in multiple physiological and pathological
processes, such as cancers, infectious diseases, neurologi-
cal diseases, and even aging.

Cancers

WWP1 appears to function in a context-dependent manner
in cancers. The WWPI mRNA and protein levels are fre-
quently up-regulated in a subset of prostate and breast
cancers [20, 21]. Interestingly, the expression of WWP1 in
breast tumors correlates with positive ERa and insulin-like
growth factor 1 receptor (IGF-1R) statuses, which are good
prognosis biomarkers in breast tumors. Indeed, Huu et al.
[24] found that tumors with low/absent WWP1 expression
have a worse prognosis than tumors with WWP1 expres-
sion. Similar results were observed in head and neck
squamous cell carcinoma [60]. In MCF10A breast cells,
when WWP1 was knocked down by siRNA, the cells
became more resistant to doxorubicin-induced apoptosis
[15]. This result suggests that WWP1 has a pro-apoptotic
function in MCF10A. The WWP1 pro-apoptotic function
can be attributed to targeting several pro-survival proteins,
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such as ANp63 [15] and KLF5 [23], for ubiquitin-mediated
degradation. Consistently, the expression of WWP1 is
negatively correlated with the expression of ANp63 [15]
and KLF5 [51] in breast cancers.

In contrast to the WWP1 pro-apoptotic function in ERa-
negative breast cells, WWP1 depletion in ERa-positive
MCF7 and HCC1500 breast cancer cell lines suppressed
cell proliferation and induced apoptosis [11, 21, 24, 27].
Depletion of WWP1 activated caspase-8 and sensitized
these breast cancer cells to TRAIL-induced apoptosis [61].
Similar results were obtained in MDCK [1], PC-3 [20], and
HCT116 cells [15]. In addition, WWPI1 overexpression
promoted breast epithelial cell growth and anchorage-
independent growth [24]. In 2BS and WI38 fibroblast cell
lines, overexpression of WWP1 increased cell proliferation
while depletion of WWPI induced senescence [30].
WWP1 enhances cell proliferation and survival likely
through both ubiquitin ligase-dependent and -independent
activities. In MDCK cells, WWP1 suppressed the expres-
sion of TAR1, Smad2, and TGFf-induced PAIl and JunB
[1]. In PC-3, WWPI1 suppressed the expression of TSRI,
Smad4, and the cell cycle-dependent kinase inhibitor p15
[20]. In HCT116, WWP1 targeted the TAp63 for degra-
dation [15]. In addition, WWP1 enhances MAPK signaling
through decreasing the ErbB2 and EGFR turnover [11].
Thus, WWP1 may have a context-dependent role in cancer
development. To conclusively sort this out, the physio-
logical role of WWP1 needs to be elucidated in animal
models.

Infectious diseases

Available evidence suggests that WWP1 may participate in
viral internalization and budding. Galinier et al. [62] first
reported that WWP1 interacted with the adenovirus penton
base protein that has two PY motifs and is involved in viral
internalization. It is becoming obvious that WWPI1 pro-
motes retrovirus particle assembly and release through
binding to Gag. The Gag precursor protein is well known to
drive the assembly and release of enveloped retroviruses.
Many Gag late assembly function domains contain a PY
motif [63]. Heidecker et al. [64] reported that mutation of
the PY motif severely decreased human T cell leukemia
virus type 1 (HTLV-1) virus budding. Chen et al. [65]
suspected that Gag of avian retroviruses and LMP2 of the
Epstein-Barr virus (EBV) may interact with WW domain-
containing proteins through their PY motifs. Consistently,
cis expression of a WW domain in the Gag protein can
block budding of Rous sarcoma virus (RSV) [66]. These
studies suggest that the Gag PY motif is essential for
budding through recruiting the WW domain proteins.
WWP1 has been demonstrated to mono-ubiquitinate
Gag proteins at a single lysine [46, 64], and mutation of the
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Gag ubiquitination site dramatically inhibited viral budding
[67], suggesting that the Gag ubiquitination by WWP1 may
play a role for viral budding. This notion is supported by
another independent study [63]. Martin-Serrano et al. [63]
reported that the E3 ligase activity was required for WWP1
functions in this context. The HECT domains from WWP1,
WWP2, or Itch recruited class E vacuolar protein-sorting
(VPS) factors and ubiquitinated them for viral budding
[63]. Importantly, frans expression of dominant negative
WWP1 (C2-WW or WW) proteins inhibited budding of
HTLV-1, murine leukemia virus (MLV), and Ebola viruses
[63, 64]. Most recently, WWP1 was proposed to recruit the
ESCRT (endosomal sorting complex required for trans-
port)-III to the site of viral budding through interacting
with ARRDCI1 (arrestin domain-containing protein 1) [68].
These studies suggest that the WW domain polypeptide
may be a potential therapeutic intervention for viral
infection.

WWP1 may also be involved in innate immunity. Wwp-
1 deficient C. elegans are hypersensitive to killing by pore-
forming toxins and the bacterial pathogen Pseudomonas
aeruginosa [69]. Wwp-1 may regulate innate immunity
through antagonizing the DAF-2 insulin-like signaling
pathway in C. elegans. Whether WWP1 plays a role in
mammalian immunity is currently unknown.

Neurological diseases

Ubiquitination is well documented to play important roles in
neurological diseases. WWP1 interacts with several proteins
implicated in neurological diseases. Firstly, WWP1 interacts
with Atrophin-1, a nuclear receptor corepressor containing
PY motifs and a polyglutamine repeat [2]. Atrophin-1 was
identified as a neurodegenerative disease gene because it is
mutated in dentatorubral-pallidoluysian atrophy. Disease-
causing mutations are expansions of a DNA triplet repeat
leading to the expression of a protein with an extended
stretch of glutamine residues that causes neuronal death [70].
The functional consequences of the WWP1/Atrophin-1
interaction have not yet been explored. Secondly, WWP1
interacts with Nogo-A, a key inhibitor for central nervous
system (CNS) regeneration [71]. The Nogo-A protein con-
tains a PY motif and localizes to the endoplasmic reticulum.
The protein solution structure of WWP1 WW4 domain with
the Nogo-A PY motif peptide has been determined by NMR
[71]. Qinetal. [71] claimed that WWP1 ubiquitinated Nogo-
A and regulated the Nogo-A protein level. It would be
interesting to investigate whether WWP1 regulates CNS
regeneration. Finally, WWP1 interacts with Saprtin/SPG20,
a protein mutated in Troyer syndrome [46, 47, 72]. The
aforementioned studies suggest that WWP1 mono-ubiqui-
tinates SPG20 and regulates its protein levels and subcellular
localization [46, 47].

Aging and other diseases

In response to dietary restriction, wwp-1 acts as a positive
regulator of lifespan in an E3 ubiquitin ligase-dependent
manner in C. elegans [73]. In contrast to three WWP
ligases (WWP1, WWP2, and AIP4) in mammalians, there
is only one WWP E3 ligase in C. elegans. AIP4 is the
wwp-1 most related human WWP ligase according to the
conserved WW and HECT domain sequences [18].
Depletion of wwp-1 leads to abnormal embryogenesis and
a lethal phenotype [18]. Carrano et al. [73] demonstrated
that loss of wwp-1 functions by RNAi or mutation
decreases lifespan. The wwp-1 transgenic lines lived up to
20% longer than the controls. Chen et al. [69] confirmed
that wwp-1 mutations decreased lifespan in C. elegans. The
possible molecular mechanism by which wwp-1 partici-
pates in longevity regulation is that wwp-1 is inhibited by
the PDK-1 kinase downstream of the DAF-2 insulin/IGF-1
signaling pathway in C. elegans [69]. It would be inter-
esting to elucidate the role and mechanism of action of
WWP1 in mammalian longevity. Most recently, Cao et al.
[30] reported that the expression level of WWPI1 in young
human fibroblasts is significantly higher than that in aged
fibroblasts with senescence. Further investigation revealed
that WWP1 targets the cell cycle-dependent kinase inhib-
itor p27"'P protein for ubiquitin-mediated degradation in
human fibroblasts [30].

In addition, WWP1 may be involved in bone diseases
because it targets RUNX2 and JunB for degradation [29,
58, 59]. Patients with chronic inflammation, such as rheu-
matoid arthritis, often have severe bone loss and increased
incidence of bone fractures. One possible molecular
mechanism is that TNFo induces the expression of WWPI1,
which in turn promotes JunB for ubiquitination and deg-
radation in mesenchymal stem cells [29]. Inhibition of
WWP1 may provide a new therapy for inflammatory
0steoporosis.

WWP1 has also been reported to be responsible for
chicken muscular dystrophy [74]. A WWPI missense
mutation was identified in dystrophic chickens [74].

Conclusions and perspectives

In summary, WWP1 is a WW domain-containing HECT-
type ubiquitin E3 ligase. WWP1 targets a number of PY
motif containing substrate proteins, including Smad2,
KLF5, p63, ErbB4, RUNX2, RNF11, and SPG20 for
ubiquitination. In addition, WWP1 may indirectly regulate
other substrates without a PY motif through adaptors.
WWPI1 plays important roles in a variety of diseases, such
as cancers, infectious diseases, neurological diseases, and

aging.
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In the future, Wwpl knock-out and tissue-specific
transgenic mouse models will be urgently required to elu-
cidate the physiological and pathological functions of
WWPI1 in human diseases. Xenograft mouse models will
also be useful to determine the role of WWPI1 in cancer
growth and metastasis. Whether the genetic and expression
alterations of WWP1 can be used as biomarkers in cancers
and other diseases should be studied in large cohorts of
patients. Additionally, it is very important to dissect the
distinct and redundant functions of the WWP1 E3 family
members in order to design the most effective interven-
tions. Furthermore, the mechanism of WWP1 regulation is
still poorly understood. Finally, if further studies clarify the
role of WWP1 and other family members in disease
processes, it would be interesting to develop small
molecular inhibitors or peptides for treating WWP1-related
diseases.
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