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Abstract
The ubiquitin-proteasome system (UPS) governs the protein degradation process and 
balances proteostasis and cellular homeostasis. It is a well-controlled mechanism, 
in which removal of the damaged or excessive proteins is essential in driving signal 
pathways for cell survival or death. Accumulation of damaged proteins and failure in 
removal may contribute to disease initiation such as in cancers and neurodegenerative 
diseases. In this notion, specific protein-protein interaction is essential for the recog-
nition of targeted proteins in UPS. WW domain plays an indispensable role in the 
protein-protein interactions during signaling. Among the 51 WW domain-containing 
proteins in the human proteomics, near one-quarter of them are involved in the UPS, 
suggesting that WW domains are crucial modules for driving the protein-protein 
binding and subsequent ubiquitination and degradation. In this review, we detail a 
broad spectrum of WW domains in protein-protein recognition, signal transduction, 
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1  |   INTRODUCTION

Eukaryotic cells possess at least two proteolytic systems to 
tackle misfolded or damaged proteins. One is the ubiqui-
tin-proteasome system (UPS), which is target-specific and is 
responsible for most of the proteolytic events. The other one 
is autophagy, which accounts for approximately 10%-20% of 
the cellular proteolysis.1 The term “ubiquitination” is coined 
to describe the covalent conjugation of ubiquitin molecules 
to the targeted protein for degradation via the proteasomal 
system. The central mechanism of protein ubiquitination 
involves three steps.2 First, the ubiquitin-activating enzyme 
E1 activates ubiquitin through the formation of thiol ester 
with the carboxyl group of Gly76 of ubiquitin. Second, the 
resulting activated C-terminus of ubiquitin is transferred to 
the ubiquitin-conjugating E2 enzyme. Lastly, the E3 enzyme 
recognizes the substrate and catalyzes the transfer of ubiq-
uitin from the E2 to the substrate. To date, there are at least 
600 E3 ligases for determining the fate of tens of thousands 
of proteins in the human body.3 At least four distinct groups 
of E3 ligases have been classified, including HECT-type, 
RING-finger-type, U-box domain proteins, and RBR E3s.3-5

In particular, among the E3s, HECT-type ubiquitin E3 li-
gases have the C-terminal HECT domain and the N-terminal 
extension, which contains a distinct domain recognizing 
specific target proteins. There are 51 WW domain-contain-
ing proteins identified in the human proteome. Among them, 
nine WW domain-containing proteins are involved in UPS, 
and these proteins belong to the NEDD4 subfamily of HECT-
type ubiquitin E3 ligase. In other words, all the E3 ligases in 
the NEDD4 subfamily contain WW domains in their tertiary 
structures, implying a unique role of the WW domain in de-
termining the substrate specificity and protein-protein inter-
actions during signaling. Disruption of the normal signaling 
process might lead to enhanced disease development and 
progression.

2  |   WW DOMAIN-CONTAINING 
PROTEINS IN THE PROTEIN 
UBIQUITINATION-PROTEASOME 
SYSTEM

WW domain is a compact protein module comprising 35-40 
amino acids and two conserved tryptophan (W) residues 
spaced apart by ~20 amino acids.6-10 Since the discovery of 

WW domains in 1994, more than 2000 WW domain-con-
taining proteins have been identified. Similar to the SH3 do-
main, WW domain binds the proline-rich region in proteins. 
However, the consensus binding sequence for WW domain is 
different from that of SH3 domain.11,12 This property confers 
the unique binding feature of WW domain-containing pro-
teins with their targets. WW domains are divided into four 
groups.9 The group I WW domain recognizes the core con-
sensus PPxY or LPxY motif (PY motif); group II recognizes 
PPLP motifs (PL motif); group III recognizes proline-rich 
sequences with arginine residues ([R]-R/K/x-PP or PP-
R/x-[R]; PR motifs); group IV recognizes phospho(serine/
threonine)-proline containing sequences (p(S/T)P motif). In 
addition, a newly defined group V has a substrate specificity 
of the uninterrupted polyproline sequences (p/f)PPPPP.8

WW domain-containing proteins not only play roles in 
signal transduction, but also participate in regulating protein 
post-translational modifications. Certain WW domain-con-
taining proteins are involved in the UPS. Interestingly, all 
the WW domain-containing proteins participate in the UPS 
belonging to the NEDD4 ubiquitin ligase subfamily,13 sug-
gesting the unique role of the  WW domain in regulating 
protein ubiquitination. Proteins in NEDD4 ubiquitin ligase 
subfamily have similar features, including an N-terminal C2 
domain, two to four WW domains, and a C-terminal HECT 
domain.13 The C2 domain is responsible for membrane re-
cruitment upon Ca2+ stimulation,14 and the HECT domain 
catalyzes the transfer of the ubiquitin thioester intermedi-
ater from E3 ubiquitin ligase to the substrate.15 Therefore, 
the NEDD4 ubiquitin ligase subfamily is categorized into 
the HECT-type ubiquitin ligase. Among them, nine proteins 
containing WW domains include NEDD4, NEDD4L, ITCH, 
WWP1, WWP2, SMURF1, SMURF2, NEDL1/HECW1, 
and NEDL2/HECW2.13 Almost all the WW domains in 
NEDD4 family E3 ligases recognize the  PY motif, while 
phosphoylation of the serine or threonine residue preceding 
the PY motif, that is, p(S/T)P, leads to physically interact 
with the group IV WW domains.

3  |   ROLE OF WW DOMAIN-
CONTAINING E3 LIGASE IN 
CANCERS AND MANY DISEASES

Failure of protein degradation is the common cause of ac-
cumulation of the malfunctioned and/or oncogenic proteins. 
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and relevance to diseases. New perspectives in dissecting the molecular interactions 
are provided.
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These aberrant protein aggregates may contribute to tumori-
genesis, neuronal diseases. and other devastating disorders.16 
While the WW domains in the HECT-type ubiquitin ligases 
are involved in protein-protein recognition and physical 
binding, a dispensable role of the WW domain in the pro-
tein ubiquitination/proteasomal degradation in the particular 
signaling event is suggested.

The majority of the tumor cells are originated from the 
epithelial lineages.17,18 Under harsh environmental condi-
tions, rapid cell replacement to cover the damaged or worn 
out tissues is necessary to maintain the physical barrier that 
protects tissues from pathogenic invasion and chemical ero-
sion. In such a circumstance, the signals that dictate those 
cellular events must be well controlled. Aberrant or uncon-
trolled signaling frequently causes excessive cell growth and 
contributes to tumor development.

3.1  |  EGFR family proteins and regulation 
by WW domain proteins

The EGFR family of receptor tyrosine kinases (RTKs) plays an 
important role in epithelial cell homeostasis. The EGFR fam-
ily includes EGFR/ErbB1/HER1, ErbB2/HER2, ErbB3/HER3, 
and ErbB4/HER4. Each protein has a distinct role in control-
ling cellular function. Abnormal EGFR signaling and EGFR 
amplification cause tumorigenesis and malignancy.19,20 The 
WW domain-containing E3 ligases participate in EGFR signal-
ing and regulate the downstream signaling, including NEDD4, 
NEDD4L, WWP1, and ITCH. Notably, ErbB4/HER4 is a com-
mon target for those E3 ligases (Table 1).

NEDD4 binds ErbB4/HER4 through its second and third 
WW domains.21 Also, NEDD4 physically binds the PY mo-
tifs in the Cyt1 region of ErbB4/HER4.22 Mutations in PY 
motifs impair the binding interactions, and thereby lead to a 
reduced ubiquitination level and increased protein stability of 
ErbB4/HER4.

Similarly, the WW domains of NEDD4 physically bind 
the C-terminal PY motif in ErbB3/HER3 for ubiquitination 
and degradation (Figure 1A). Loss of NEDD4 increases the 
kinase activities of ErbB3/HER3 and downstream proteins 
such as PI3K and MAPK for promoting cell proliferation. 
Moreover, NEDD4 and ErbB3/HER3 protein expression lev-
els are inversely correlated in prostate cancer tissues, sug-
gesting that loss of NEDD4 promotes malignant prostatic 
cell growth.23 In contrast, inhibition of the nonreceptor ty-
rosine kinase PKY2 induces ErbB3/HER3 degradation and 
increases NDRG1 expression in breast cancer cells. NDRG1 
promotes the interaction of ErbB3/HER3 and NEDD4 and 
enhances ErbB3/HER3 ubiquitination and degradation. As a 
result, combined targeting of both EGFR and PKY2 reduces 
cancer cell survival and promotes tumor regression in tri-
ple-negative breast tumors.24

NEDD4L has a structure similar to NEDD4. NEDD4L 
does not directly mediate EGFR ubiquitination but regu-
lates EGFR signaling through an EGFR-associated protein, 
ACK1. ACK1 is a tyrosine kinase mediating the downstream 
signaling of EGFR. ACK1 interacts with EGFR and blocks 
EGFR from ubiquitination.25 Mechanistically, the second 
and third WW domains of NEDD4L bind to the PY motif 
in ACK1, and the binding promotes ACK1 ubiquitination 
and degradation upon EGF stimulation (Figure 1B). Hence, a 
previous study reported that NEDD4L does not directly regu-
late EGFR, and the participation of other E3 ubiquitin ligases 
might be required.26

ErbB4/HER4 has at least four isoforms originated from 
alternative splicing. Upon activation, ErbB4/HER4 is 
cleaved by TACE, resulting in the generation of an 80-kDa 
membrane-associated ErbB4/HER4 (m80). Only the iso-
forms containing the  JM-a domain can be recognized and 
cleaved by TACE. The m80 is further cleaved by γ-secre-
tase to produce a soluble 80-kDa fragment, s80HER4. The 
cleavage of Cyt1 and Cyt2 gives rise to a distinct s80HER4 
that has different biological functions in the nucleus.27-29 
Naresh et al showed that s80HER4 derived from JM-a Cyt1 
has a proapoptotic BH3 domain and promotes apoptotic cell 
death.30 Also, nuclear s80HER4 increases the expression of 
WWP1, which specifically binds the three PY motifs in JM-a 
Cyt1 and promotes the degradation of the membrane-bound 
full-length and the 80-kDa membrane-associated forms, but 
not the s80HER4. Notably, loss of the C2 domain in WWP1 
promotes s80HER4 degradation, suggesting that the unique 
spatial distribution of WWP1 is a key factor for regulating 
the ErbB4/HER4 protein level.31 Clinically, ErbB4/HER4 
is a well-recognized prognosis marker.32 WWP1 promotes 
ErbB4/HER4 degradation, thereby blocking the anti-prolif-
eration and differentiation functions of ErbB4/HER4 (Figure 
1C). Other E3 ligases also participate in the regulation of 
ErbB4/HER4. For example, ITCH and HECW1 reduce the 
ErbB4/HER4 protein level in breast cancer.21,33 However, 
the detailed molecular mechanism of how HECW1 regulates 
ErbB4/HER4 has not been addressed.

Taken together, WW domain-containing E3 ubiquitin 
ligases play an indispensable role in controlling EGFR sig-
naling and maintaining the balance between proliferation 
and anti-proliferation function of EGFR. Loss of WW do-
main-containing E3 ubiquitin ligases contributes to the im-
balanced epithelial proliferation and tumorigenesis.

3.2  |  SMURF1/2 and NEDD4L control 
BMP and TGF-β pathways

SMURF1 and NEDD4L are involved in the BMP and TGF-β 
pathways. SMURF1 recognizes the phospho-PY motif in 
Smad1/5 that are phosphorylated sequentially by CDK8/9 
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T A B L E  1   Representative WW domain proteins and their binding targets

Protein
Tandemly repeated WW 
domainsa Binding proteins Target sequences/motifs Reference

NEDD4
Diseases:
1.	Prostate and breast cancers23,24

2.	Liddle syndrome101,102

3.	Parkinson's disease106

Signaling:
1.	Signaling by ERBB421,22

#1 to 4 HER3 972-PPRY-975 23

#2 & 3 ErbB4/
HER4-Cyt1

1032-PPIY-1035
1053-PPAY-1056
1298-PPPY-1301

21,22

#1 to 3 (#2 is more specific 
to phosphor-PY motif)

Connexin Cx43 279-pSPMpSPPGY-286 98,99

WW domains (not specified) RTP801 Proline rich region close to the 
N-terminus

106

WW domains (not specified) Numb Proline rich region between a.a.199-
415 and a.a.416-593

78

#2 to 4 ENaC β subunit 615-PPNY-618 103

NEDD4L
Disease:
1.	Prostate and gastric cancers48,49

2.	Liddle syndrome105

Signaling:
1.	TGF-beta and receptor signaling 

activates SMADs47,142

2.	Voltage-gated Sodium channels 
(Nav)

108

3.	Wnt signaling50

# 2 to 4 ENaC β subunit 615-PPNY-618 102,105

# 2 & 3 ACK1 632-PPAY- 635 25

#2 & 3 (#2 is stronger) Smad2 220-TPPPGY-225 47

#2 & 3 (#2 is stronger) Smad3 179-TPPPGY-184 47

#2 & 3 (#2 is stronger) Smad7 207-PPPPY-211 142

#3 (stronger than 2) Dvl1 546-PPCFPPAYQDPG-557 50

#3 (stronger than 2) Dvl2 561-YSPQPPPYHELS-572 50

#3 (stronger than 2) Dvl3 655-PPGVPPLYGPPM-666 50

#4 Nav 
(Nav1.1- Nav1.8)

PPSY in the C-terminal tail 108

ITCH
Disease:
1.	Autoimmune disease, multi-

system, with facial dysmorphism 
and organomegaly53,143

2.	Soft tissue sarcoma, ovarian, and 
breast cancers54,55

Signaling:
1.	ERBB4 Signaling21

2.	Hippo signaling56,57

3.	Ras signaling61

#3 & 4 P73 479-SHCTPPPPYHA-489 69

WW domains (not specified) P63 501-PPPY-504 in TAp63α; 
446-PPPY-449 in ΔNp63α

68

WW domains (not specified) Cyld 482-PPFY-485 93

WW domains (not specified) LATS1 556-PPPY-559 58

WW domains (not specified) RASSF5A 10-RPYP-14 61

WW domains (not specified Ptch1 PPPY in the C-terminal domain and 
PPXY motif in the central loop

123

#1 & 4 ErbB4/
HER4-Cyt1

PPPIY; PPPAY only in Cyt1; PPPPY 21

WWOX
Diseases:
1.	Spinocerebellar ataxia, 

autosomal recessive epileptic 
encephalopathy, early 
infantile144,145

Signaling:
1.	WWOX and transcriptional 

regulation with many 
transcriptional factors146,147

2.	Hyal-2/ WWOX/Smad4 
signaling148

3.	WWOX/p53 signaling149

4.	Apoptosis, autophagy, and 
bubbling cell death150

#1 ITCH 661-LPFY-664; 877-LPPY-880 62

(Continues)
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Protein
Tandemly repeated WW 
domainsa Binding proteins Target sequences/motifs Reference

WWP1
Disease:
1.	Spastic Paraplegia 20, Autosomal 

Recessive151

Signaling:
1.	ERBB4 signaling31,33

2.	Cellular senescence89

WW domains (not specified) KLF5 324-PPPSY-328 83

WW domains (not specified) P53 Proline-rich region in a.a.68-91 70

#1 & 3 ErbB4-CYT1 PPPAY in CYT-1 33

#1 to 4 HER4 PY2 PY3 31

#1 to 4 (#1 is the strongest) P63 501-PPPY-504 in TAp63α; 446-PPPY-
449 in ΔNp63α

68

WWP2
1.	Plantar Fasciitis152

Signaling:
1.	SMAD Signaling Network153

2.	PTEN signaling79

3.	Notch signaling90

4.	T cell and TLR signaling91,92

#1 & 2 (#2 stronger) Oct4 Proline-rich motif (not specified) 154

#1 & 4 EGR2 165-PPPPPPPPY-173; 204-PPPSY-208 91

N.A. (Not addressed) PTEN phosphatase domain a.a. 100-187 79

#2 to 4 TRIF N-terminal and TIR domain 92

#1 to 4 Notch3 2208-PPPY-2211 in the PEST domain 90

HECW1
Diseases:
1.	Neuroblastoma72

2.	Familial amyotrophic lateral 
sclerosis72,114

Signaling:
1.	Wnt signaling72

2.	JNK/c-Jun signaling72

#1 & 2 Dvl1 545-PPPCFPPAY-553; 642-PPPHP-
646; 657-PPGGPP-662

72

Linker between C2 and WW 
domains

Mutant SOD1 N. A. (not specified) 72

#1 & 2 translocon-
associated 
protein-δ 
(TRAP-δ)

N. A. (not specified) 72

C2, Linker, WW domain 
(without HECT)

P53 Proline-rich motif 73

HECW2
1.	Hirschsprung's disease117,118

Signaling:
1.	p73 transcriptional activity115

2.	Tight junction/endothelium 
stability116

#1 & 2 p73α and p73β 405-PPSY-408 and 484-PPPY-487 115

#1 & 2 AMOLT1 310-PPEY-313; 367-PPEY-370 116

SMURF1
Diseases:
1.	Wolfram Syndrome155

2.	Cerebral cavernous 
malformations156,157

3.	Important for brain 
development122

Signaling:
1.	Smad signaling34,36,47,52,142

2.	Sonic hedgehog signaling 
pathway122

#1 & 2 MEKK2 166-PPGY-169 38

#1 & 2 Smad1 222-TPPPAY-227 47,52

#1 & 2 Smad5 219-TPPPAY-224 47,52

WW domains (not specified) Smad6 linker domain (181-331) SPPPPYSR 36

WW2 Smad7 207-PPPPY-211 34,142

WW domains (not specified) Ptch1 643-PPPY-646; 1313-PPPY-1316 122

WW domains (not specified) Runx2 418-YHTYLPPPYPGSSQ-431 37

SMURF2
Diseases:
1.	Important for brain 

development122

Signaling:
1.	Signaling by BMP39-41,142

2.	Sonic hedgehog signaling 
pathway122

#2 & 3 Smad2 (244-434) PY motif, not specified 39

#2 & 3 Smad2 220-pT-PPPGY-225 40

#2 & 3 Smad3 179-pT-PPPGY-184 40

WW3 Smad7 207-PPPPY-211 41,142

WW domains (not specified) KLF5 312-TPPPSY-317 88

WW domains (not specified) Id1 N-terminal of ID1 (1-65) (No PY 
motif)

89

WW domains (not specified) YY1 PPDY 75

WW domains (not specified) Ptch1 PY motif, not specify the a.a. position 122

aTandemly repeated WW domains, including #1 = WW domain 1 or WW1; #2 = WW domain 2 or WW2; #3 = WW domain 3 or WW3; #4 = WW domain 4 or WW4. 

T A B L E  1   (Continued)
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and GSK3 (Figure 1D). Similarly to Smad1/5, Smad7 is an-
other target of SMURF1. SMURF1 binds the nuclear Smad7 
and promotes the ubiquitination and degradation of TGF-β 
type I receptor.34 Notably, SMURF1 is required for Smad7 
to undergo cytoplasmic translocation and membrane recruit-
ment to the receptor,35 implying the indispensable role of 
SMURF1 in the TGF-β receptor signaling.

SMURF1 has an anti-inflammatory function. SMURF1 
binds Smad6 and promotes MyD88 polyubiquitination at 
K231 and K262 for proteasomal degradation. Degradation 
of MyD88 terminates the upstream LPS-induced inflamma-
tory signaling and TLR4 activation and inflammatory sig-
naling.36 Runx2 is one of the transcription factors involved 
in bone development and chondrocyte maturation. SMURF1 
has been shown to downregulate the  Runx2 protein level. 
SMURF1 binds the C-terminal PY motif of Runx2. However, 

this binding interaction is not sufficient for driving Runx2 
degradation. It has been determined that Smad6 is required 
for SMURF1-mediated Ruxn2 degradation,37 suggesting a 
novel role of Smad6 in promoting SMURF1 function. Mice 
lacking SMURF1 exhibit increased bone mass and osteoblast 
activity. SMURF1 suppresses bone morphogenesis and for-
mation by modulating the MEKK2 and JNK2 activities.38 
Specifically, this regulation is made by the interaction be-
tween the WW domains in SMURF1 and the PY motif in 
MEKK2. Moreover, the phosphor-PY motif is a putative sub-
strate for SMURF1 to turn off MEKK2 signaling and reduce 
the sensitivity of osteoblasts to TGFβ/BMP stimulation.38

SMURF1 and SMURF2 share a similar protein struc-
ture. SMURF1 has two WW domains, and SMURF2 has 
three. SMURF2 physically binds Smad1, Smad2, and 
Smad3, and has the highest binding affinity to Smad2. 

F I G U R E  1   EGFR family proteins 
and regulation by WW domain proteins. 
(A) NEDD4 ubiquitinates ErbB3/
HER3 and ErbB4/HER4 and reduces the 
survival signaling, while loss of NEDD4 
promotes cell proliferation. (B) ACK1 is 
a downstream adaptor of EGFR signaling. 
NEDD4L ubiquitinates ACK1 and 
promotes ACK1 degradation and reduces 
cell proliferation. (C) WWP1 ubiquitinates 
the cytoplasmic region of ErbB4/HER4 
and blocks the anti-proliferative function of 
ErbB4/HER4. (D-F) SMURF1, SMURF2, 
and NEDD4L participate in the regulation of 
BMP, TGF-β, and Wnt signaling pathways, 
respectively. Both SMURF1 and SMURF2 
regulate Smads. NEDD4L ubiquitinates 
Dvl2 and reduces Wnt signaling. All the 
aforementioned ubiquitinated proteins are 
subjected to degradation
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SMURF2 targets Smad2 for ubiquitination and degradation 
upon TGF-β stimulation (Figure 1E).39 Compelling evi-
dence from Tang's study showed that upon type I TGF-β 
receptor activation, Smad2 and Smad3 are phosphorylated 
at T220 and T179 preceding the PY motif, respectively.40 
The phosphorylation of Smad2/3 transforms the sequence 
from group I WW domain-targeted sequences to group 
IV and promotes SMURF2 binding. SMURF2 does not 
downregulate Smad2 and Smad3 protein levels. However, 
SMURF2 binds Smad3 and induces Smad3 monoubiquiti-
nation for inhibiting the complex formation of Smad3-
Smad3 and Smad3-Smad4. Hence, monoubiquitination 
mediated by SMURF2 reduces the nuclear translocation 
of Smad proteins and the expression of TGF-β response 
genes.40 Similar to SMURF1, SMURF2 also binds and in-
duces the degradation of Smad7 and TGF-β receptors.41

TGF-β signaling exerts cancer suppression or promotion 
depending on the cancer stage. How cancer cell switches 
from the growth inhibition of TGF-β toward growth promo-
tion is largely unknown. In the early stage, TGF-β signaling 
is associated with favorable prognosis; while in the late stage, 
it correlates with poor prognosis, as the cancer cells metas-
tasize to target organ sites.42 Loss of TGF-β signaling has 
been shown in breast, prostate, and renal cell carcinoma.43-45 
As mentioned above, SMURF2 restricts the TGF-β signal-
ing via monoubiquitination for blocking nuclear transloca-
tion of Smad complexes, as well as undergoing proteasomal 
degradation of Smads and TGF-β receptors. Expression of 
SMURF2 and Smad2 proteins inversely correlates in many 
tumor tissues. Patients with higher levels of SMURF2  
expression in tumors have shorter progression-free survival.46

In addition to SMURF1/2, NEDD4L recognizes the phos-
pho-PY motif in Smad2/347 (Figure 1E). In prostate and gas-
tric cancers, deficient expression of NEDD4L contributes to 
a higher tumor grade and poor prognosis,48,49 suggesting that 
NEDD4L boosts the TGF-β/Smad signaling to suppress tum-
origenesis. Furthermore, the third WW domain of NEDD4L 
is associated with Dvl2 downregulation (Figure 1F). Binding 
of NEDD4L with Dvl2 leads to suppression of Wnt/Dvl2 sig-
naling and inhibition of colorectal cancer growth.50 NEDD4L 
downregulation is frequently found in tumors, and this cor-
relates with tumor progression.51 Thus, control of protein 
degradation is important for regulating the cellular response 
to stimuli, especially for TGF-β/Smads. Both SMURF1/2 
and NEDD4L cooperate with each other to regulate the ac-
tivation/degradation of Smads in BMP and TGF-β signal 
pathways, again suggesting the importance in the control of 
biological outcome.52

In summary, WW domain-containing E3 ubiquitin ligases 
such as SMURF1/2 and NEDD4L participate in the regula-
tion of BMP, TGF-β, and Wnt signaling and control the cel-
lular response to the external stimuli such as TGF-β and Wnt 
ligands.

3.3  |  Multi-functional roles of ITCH in cell 
survival and death

The WW domain-containing E3 ligase ITCH participates 
in many signal pathways and contributes to cell survival 
and death. The first evidence showing the importance of 
ITCH in human is from the Amish children resulting from 
the consanguineous marriage. They have a single nucleo-
tide insertion, which causes the frameshift of the coding 
region and resulting protein truncation. These children 
have developmental delay and infiltration of immune cells 
to multiple organs.53 Loss of ITCH causes the development 
of craniofacial abnormalities hepatomegaly, splenomegaly, 
and inflammation at multiple sites, suggesting the impor-
tance of ITCH in the degradation of protein and immune 
tolerance.

In the hippo pathway, loss of the tumor suppressor LATS1 
is associated with the development of tumors such as soft tis-
sue sarcoma, ovarian cancer, and breast cancer.54,55 LATS1 
restricts the activity of WW domain-containing protein YAP/
TAZ by phosphorylation and promotes YAP/TAZ degrada-
tion to inhibit cell proliferation. ITCH interacts with LATS1 
through the PY motifs. This interaction results in the ubiq-
uitination and degradation of LATS156-58 (Figure 2A). Loss 
of LATS1 leads to failure of restricting cell proliferation and 
contributing to tumorigenesis.

Another signaling involves tumorigenesis is the Ras 
signaling. An adaptor protein RASS5 is associated with 
Ras and regulates the downstream signaling. RASSF5A is 
an isoform of RASS5 and participates in the Ras-induced 
pro-apoptotic pathway. Downregulation of RASSF5A is 
shown in human cancers.59,60 ITCH has been reported to in-
teract with RASSF5A. The WW domains of ITCH bind the 
PY motif in RASSF5A, thus promoting RASSF5A ubiquiti-
nation and degradation (Figure 2B). Interestingly, acetyla-
tion of RASSF5A prevents it from being ubiquitinated by 
ITCH and thus contributes to its stability. Apparently, pro-
tein acetylation is crucial in determining whether RASSF5A 
is subjected to ubiquitination for degradation.61

In a proteomic screening, ITCH is shown to be a WWOX 
binding protein.62 The group I sequence (LPxY) in ITCH 
physically binds the first WW domain in WWOX. However, 
ITCH does not promote WWOX degradation. ITCH me-
diates the ubiquitination of WWOX at K63, thereby pro-
moting WWOX stability and its nuclear translocation 
and apoptotic function62 (Figure 2C). On the other hand, 
WWOX protein level is decreased in the Itch-deficient 
mouse embryonic fibroblasts (MEFs). The observations 
suggest that ITCH maintains the stability and anti-tumor 
function of WWOX.62,63

Phosphorylation of a specific amino acid residue(s) 
outside the WW domain affects protein function and 
drives the progression of diseases such as cancer and 
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neurodegeneration. For example, when tumor suppressor 
WWOX is optimally activated, the resulting pY33-WWOX 
plays a homeostatic role in maintaining normal physiol-
ogy and restricts tumor growth.64 During the hyperplasia 
stage of skin cancer development, pY33-WWOX levels are 
increased in vivo.65 The raised pY33-WWOX levels are 
intended to halt cancer growth. Nuclear accumulation of 
pY33-WWOX is facilitated by ITCH62 and TRAPPC6A.66 
As the cells advance further toward cancerous, pY33-
WWOX levels are reduced and pS14-WWOX increased. 
Conceivably, ITCH initially binds pY33-WWOX to stabi-
lize the protein. When pY33 is switched to pS14, ITCH 
probably dissociates from WWOX. The disappearance of 
WWOX is often observed when cancer cells are at the met-
astatic stage. It is likely due to ACK1-mediated phosphor-
ylation of WWOX at Y287, thus leading to rapid WWOX 
polyubiquitination and then degradation.67

P63 is a substrate for ITCH. Rossi et al (2006) demon-
strated that WW domains in ITCH interact with PY motif 
in p63 and promote p63 ubiquitination and degradation in 
keratinocytes (Figure 2D). Hence, both ITCH and p63 play 
important roles in regulating epithelial homeostasis.68 ITCH 
also controls the basal p73 protein level by regulating its 
ubiquitination/proteasomal degradation (Figure 2E). The in-
teraction requires the third and fourth WW domains of ITCH 
and the PY motif in p73. However, upon DNA damage 

response, ITCH is degraded and the resulting p73 accumula-
tion contributes to apoptosis and cell cycle arrest.69

Collectively, ITCH participates in numerous pathways, 
and loss of its expression causes craniofacial abnormalities 
hepatomegaly and severe inflammation in human; while an 
increased level of ITCH might otherwise enhance tumorigen-
esis or enhance the anti-tumor role of WWOX.

3.4  |  Role of WW domain-containing E3 
ligases in the regulation of p53 protein family

Tumor suppressor p53 and family proteins are the bind-
ing targets of WWP1. Functionally, WWP1 promotes p53 
monoubiquitination and sequestrates p53 protein in the cy-
toplasm for stabilization (Figure 3A). However, further in-
depth studies are needed to explore the ubiquitination site 
and molecular mechanism of WWP1/p53-regulated cell 
survival or death.70

WWP1 binds p63 isoforms ΔNp63α and TAp63α (Figure 
3B). Both isoforms originate from the transcription of the 
alternative promoters. TAp63α promotes cell death, while 
ΔNp63α has the opposite function. Mutations at the PY 
motif in both isoforms (Y449F for ΔNp63α and Y543F 
for TAp63α) abolish the binding interaction with WWP1. 
Notably, although all the known WW domains (from WW1 

F I G U R E  2   Multi-functional roles of 
ITCH in cell survival and death. (A) ITCH 
participates in the Hippo pathway. ITCH 
ubiquitinates LATS1 for degradation and 
promotes tumorigenesis. (B) ITCH increases 
RASSF5A ubiquitination/degradation 
and promotes Ras-induced pro-apoptotic 
pathway. (C) ITCH monoubiquitinates 
WWOX, increases WWOX stability, 
and enhances its tumor suppressor role. 
(D, E) ITCH regulates p63 and p73 by 
ubiquitination for degradation
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to WW4) bind ΔNp63α, the binding between WW1 with 
ΔNp63α seems to be the strongest among all the WW do-
mains in WWP1. This finding suggests that the WW1 in 
WWP1 is the major interacting domain with ΔNp63α, and 
the tandem alignment of the other three WW domains may 
facilitate the interaction, as evidenced by the fact that the 
binding of WW1 and WW2 is stronger than that of WW3 and 
WW4.71 Lastly, WWP1 expression negatively correlates with 
p63 expression in numerous prostate and breast cancer cell 
lines, suggesting a tumorigenic role of WWP1.

High-level expression of HECW1 is considered as a favor-
able prognostic marker for patients with neuroblastoma.72 Like 
other protein members in the NEDD4 family, HECW1 also in-
teracts with p53 (Figure 3C). HECW1 induces cell death by pro-
moting wild-type p53 activity in neuroblastoma cells.73 Neither 
the HECT domain nor the linker region between the C2 domain 
and the WW domain of HECW1 is required for the binding with 
p53. A likely scenario is that this interaction is mediated through 
the WW domains of HECW1 and the PY motif in p53.73

YY1 is reported to be involved in tumorigenesis via in-
hibiting tumor suppressor p53 function and/or enhancing the 
tumorigenic role of Ezh2.74 SMURF2 binds the PY motif 
in YY1 for ubiquitination and proteasomal degradation75 
(Figure 3D). Therefore, SMURF2 helps restore p53 function 
by rescuing it from the inhibition of YY1.

Together, based on the structural feature of p53, the PY 
motif is a target for WW domain-containing proteins. In the 
case of WW domain-containing E3 ubiquitin ligases, this 
group of ubiquitin ligases is involved in the regulation of p53 
protein family and control of its stability and function.

3.5  |  Role of WW domain-containing 
E3 ligases in the regulation tumor 
suppressor PTEN

Downregulation or loss of tumor suppressor PTEN has fre-
quently been found in tumor tissues. NEDD4 was shown 

to downregulate PTEN.76 Pten gene knockout mice exhibit 
increased prostatic tumorigenesis. The tumors with reduced 
PTEN expression inversely correlate with the NEDD4 pro-
tein level. Similar to prostate cancer, increased expression of 
NEDD4 and reduced expression of PTEN have been reported 
in non-small-cell lung carcinomas, further suggesting the 
role of NEDD4 in promoting PTEN degradation and tumo-
rigenesis.77 A recent study reported that the adaptor protein 
Numb mediates the interaction between NEDD4 and PTEN. 
Loss of Numb diminishes the binding of NEDD4 with PTEN. 
That is, the interaction of NEDD4 and PTEN is indirect and 
requires other proteins.78 However, the detailed molecular 
mechanism regarding how NEDD4 regulates PTEN ubiq-
uitination and degradation and the binding regions in both 
proteins are largely unknown.

In another report, WWP2 is known as a binding part-
ner to increase PTEN ubiquitination and degradation.79 
WWP2 binds the  PTEN phosphatase domain instead of 
the  conventional PY motif. It is plausible that there is 
an unidentified protein-binding module in the phospha-
tase domain, which shares a similar property with the PY 
motif. In a Wwp2 knockout mouse model, convincing evi-
dence revealed that loss of WWP2 expression leads to in-
creased levels of PTEN protein in vivo. Given the potent 
function of PTEN in tumor suppression, the regulation of 
PTEN protein level by WWP2 is critical in controlling tu-
morigenesis80 (Figure 4A).

3.6  |  WWP1 and SMURF2 regulate KLF5 
protein degradation

The transcription factor KLF5 plays an important role 
in cell proliferation and differentiation. Loss or deletion 
of KLF5 is frequently found in prostate and breast can-
cers.81,82 WWP1 regulates the KLF5 protein level through 
ubiquitination and proteasomal degradation processes. The 
WW domains of WWP1 physically bind the PY motif in 

F I G U R E  3   Role of WW domain-containing E3 ligases in the regulation of the p53 protein family. (A) WWP1 monoubiquitinates p53 and 
sequesters p53 in the cytoplasm without degradation. (B) WWP1 ubiquitinates both p63 isoforms, and loss of the isoforms causes tumorigenesis. 
(C) HECW1 does not ubiquitinate p53 but enhances p53-mediated apoptotic cell death. (D) SMURF2 ubiquitinates YY1 for degradation and 
releases p53 from the restriction of YY1
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KLF5 and promote its degradation in cancer cells83 (Figure 
4B). In addition, WWP1 is frequently amplified in breast, 
prostate, oral, hepatocellular carcinoma, and gastric carci-
noma cells,84-87 suggesting the crucial impact of WWP1 in 
tumorigenesis.

The other WW domain-containing E3 ligase SMURF2 
also binds the PY motif in KLF5 and mediates KLF5 
ubiquitination and degradation. Downregulation of KLF5 
decreases its transcriptional activity and reduces cell pro-
liferation in the primary monkey kidney fibroblast-like 
cell line88 (Figure 4C). Thus, KLF5 plays distinct roles 
in controlling the proliferation of tumor and normal cells. 
SMURF2 also promotes the degradation of the transcrip-
tional regulator Id1. Id1 inhibits cellular senescence by 
repressing p16 expression. SMURF2 ubiquitinates Id1 for 
proteasomal degradation, thus preventing Id1-mediated 
repression of p16 and promoting cellular senescence in 
human fibroblasts89 (Figure 4D).

3.7  |  WWP2 controls the stability of Notch3, 
EGR2, and TRIF by ubiquitination and 
degradation

In the Notch signaling, binding of the WW domains in 
WWP2 with the PY motif in Notch3 leads to ubiquit-
ination and degradation of Notch3 protein (Figure 5A). 
Ectopically expressed WWP2 decreases Notch3 signaling 
and results in the cell cycle arrest and reduced tumor vol-
ume in an ovarian cancer xenograft model.90 WWP2 is also 
involved in attenuating the activation-induced death of T 
cells.91 WWP2 binds EGR2 through its WW domains and 
PY motif in EGR2 to promote EGR2 ubiquitination and 
degradation, thereby reducing EGR2-induced Fas ligand 
expression after T cell activation (Figure 5B). In the innate 
immunity, the WW domains of WWP2 interact with the 
N-terminal region and TIR domain of TRIF (Figure 5C). 
This interaction promotes TRIF K48-linked ubiquitination 

and degradation upon TLR3 activation. Therefore, WWP2 
inhibits the TLR3-mediated NF-κB and IRF-3 activation. 
Furthermore, Wwp2 gene knockout mice have an increased 
innate immune response and are susceptible to poly(I:C)-
induced death.92

3.8  |  Ubiquitination site switching

Switching at the ubiquitination site regulates protein activity. 
One example is that the switch of ubiquitination site at K63 
to K48 in TAK1 terminates the TAK1 activity. ITCH and 
Cyld regulate this switch. The WW domains of ITCH bind 
the PY motif in Cyld.93 Both proteins form a complex and 
promote the switch of K63 to K48 ubiquitination on TAK1. 

F I G U R E  4   WWP1 and SMURF2 regulate KLF5 protein degradation. (A) WWP2 binds and increases PTEN ubiquitination and degradation 
for leading to tumorigenesis. (B) KLF5 regulates cell proliferation and differentiation. WWP1 promotes KLF5 degradation and promotes 
tumorigenesis. (C) SMURF2 ubiquitinates KLF5 and reduces the proliferation of kidney fibroblast-like cells. (D) Id1 suppresses cellular 
senescence, and SMURF2 ubiquitinates Id1 and promotes senescence. All the aforementioned ubiquitinated proteins are subjected to degradation

F I G U R E  5   WWP2 regulates the stability of Notch3, EGR2, 
and TRIF by ubiquitination and degradation. (A) WWP2 ubiquitinates 
Notch3 and decreases Notch signaling and suppresses tumorigenesis. 
(B) WWP2 inhibits activation-induced T cell death by promoting 
EGR2 degradation. (C) WWP2 inhibits TLR3-mediated inflammation 
signaling by promoting TRIF degradation. All the aforementioned 
ubiquitinated proteins are subjected to degradation
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This switch terminates the TAK1-mediated inflammatory 
response in bone marrow-derived macrophages.93 Mice de-
ficient in Itch or Cyld gene develops inflammation in numer-
ous tissues such as in lung and spleen.93 Mice deficient in 
Cyld is susceptible to chemically induced tumorigenesis. In 
addition, both Itch- and Cyld-deficient mice have a higher 
frequency in developing lung cancer metastasis. Thus, ITCH- 
and Cyld-controlled ubiquitination are crucial for the regula-
tion of inflammatory response and tumorigenesis.93

4  |   ROLE OF WW DOMAIN-
CONTAINING E3 LIGASES IN 
NEUROLOGICAL/RARE DISEASES 
AND OTHER CELLULAR FUNCTION

Deficiency of a specific WW domain-containing protein or 
alterations in the WW domains affects the binding with li-
gands. The consequence of aberrant signaling may link to 
the  generation of neurological disorders or other diseases. 
For example, WWOX deficiency is known to cause severe 
neural disease, including ataxia, severe early-onset epilep-
tic encephalopathy, global developmental delay, acquired 
microcephaly, epilepsy, and early death.62,64

4.1  |  Role of NEDD4 in membrane protein 
homeostasis and neurodegeneration

Connexin 43 (Cx43) is one of the components of gap junc-
tion. Loss of Cx43 causes neonatal lethality owing to the 
defects in the heart and nervous systems during develop-
ment.94-96 Also, mutation and loss of Cx43 expression pro-
mote tumorigenesis and metastasis in the DMBA-induced 
tumor model.97 NEDD4 is the first ubiquitin ligase that has 
been reported to mediate internalization and degradation of 
Cx4398 (Figure 6A). Their interaction is mediated through 
the first, second, and third WW domains in NEDD4, and 
the PY motif is located at the C-terminus of Cx43. MAPK 
signaling cascade induces phosphorylation of the serine 

residues at amino acids 279 and 282 in Cx43, which signifi-
cantly increases the binding affinity of the tandemly aligned 
WW domains to the phosphor-PY motif (similar to group 
IV WW domain substrate). Indeed, the second WW domain 
of NEDD4 acquires a significantly enhanced binding to the 
phospho-PY motif.98,99 This change in the binding affinity 
affects the NEDD4-regulated protein turnover of gap junc-
tion component Cx43. NEDD4 deficiency leads to Cx43 ac-
cumulation in the plasma membrane. While increased gap 
junction formation is associated with neuroinflammation 
and neuronal cell death, functional blockade of Cx43 pro-
motes neuron cell survival and reduces inflammation.100

In addition to gap junctions, NEDD4 also regulates the 
amiloride-sensitive epithelial sodium channel (ENaC) protein 
level and its activity. Mutant ENaC, lacking the C-terminal 
PY motif or containing a disrupted consensus PY motif due to 
missense mutations, possesses an increased sodium channel 
activity and membrane retention that results in hypertension 
in Liddle syndrome.101-104 Similar to the structure of NEDD4, 
the other WW domain-containing E3 ligase, NEDD4L, cat-
alyzes ubiquitination and promotes cell surface ENaC deg-
radation (Figure 6B),105 suggesting that both NEDD4 and 
NEDD4L have the similar role in regulating ENaC turnover.

In Parkinson's disease (PD), reduced expression of 
NEDD4 in the nigral neurons from the PD brains has been 
documented.104 NEDD4 mediates the ubiquitination and 
degradation of the pro-apoptotic protein RTP801 (Figure 
6C). RTP801 possesses a proline-rich sequence near its N-
terminus and is significantly upregulated in the brain of PD 
patients. Loss of NEDD4 increases the susceptibility of neu-
ronal cells to RTP801-induced cytotoxicity.106

4.2  |  Regulation of membrane voltage-gated 
sodium channels (Nav) by NEDD4L

Voltage-gated sodium channels (Nav) are transmembrane 
proteins that regulate the flow of sodium ions and control the 
initiation of the  action potential. These channels are abun-
dant in nerve and muscle cells, in which ion flow and action 

F I G U R E  6   Role of NEDD4 in 
the membrane protein homeostasis and 
neurodegeneration. (A) NEDD4 mediates 
Cx43 degradation, and loss of Cx43 
promotes tumorigenesis. (B) NEDD4L 
ubiquitinates and mediates ENaC 
degradation. (C) NEDD4 ubiquitinates the 
pro-apoptotic protein RTP801 and prevents 
it from causing neuronal cell death
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potential are critical for sustaining cellular function. From 
sequence analysis, there are 7 Nav subunits among the 10 Nav 
having the PY motif at the C-terminus.107,108 One of the sub-
unit Nav1.5 has been studied extensively. NEDD4L interacts 
with the C-terminal PY motif and promotes the ubiquitina-
tion and degradation of Nav1.5 in HEK293 cells.107,108

In addition to Nav1.5, Nav1.7 and Nav1.8 are involved in 
neuronal hyperexcitability and sensation of pain. Genetic 
alteration of Nav1.7 and Nav1.8 contributes to the develop-
ment of neuropathic pain owing to the enhanced function of 
both sodium channels.109,110 NEDD4L has been identified as 
a regulator of both Nav1.7 and Nav1.8 and negatively regu-
lates the levels of both sodium channels in dorsal root ganglia 
(DRG). Interestingly, NEDD4L expression is downregulated 
after nerve injury and results in the accumulation of Nav1.7 
and Nav1.8 in DRG, where enhanced sodium influx causes 
neuron excitability and hypersensitivity to pain.111,112

In conclusion, both NEDD4 and NEDD4L play an  im-
portant role in regulating the stability of membrane proteins, 
which mainly regulate the transportation of molecules be-
tween cell-cell and ions from extracellular space to the cy-
tosol. Deficiency in NEDD4 or NEDD4L contributes to the 
accumulation of ion channels in the membrane, and the en-
hanced ion flow causes neuronal diseases.

4.3  |  Role of WWP1 in the development of 
Huntington's disease

WWP1 regulates p53 family proteins such as p53 and p63. 
WWP1 expression inversely correlates with the p53 and p63 
protein levels. A recent study reported that WWP1 ubiquit-
inates huntingtin (Htt), and that mutation and aggregation of 
Htt are associated with Huntington's disease (HD) progres-
sion.113 WWP1 ubiquitinates the mutant Htt through K63 
ubiquitination but does not promote its degradation. Instead, 
WWP1 aggregates with mutant Htt and exacerbates the dis-
ease progression.113 Although other E3 ubiquitin ligases 
might also be involved in the clearance of mutant Htt, in that 
case, interference of interaction between WWP1 and mutant 
Htt may reduce protein aggregation and disease progression.

4.4  |  HECW1-mutant SOD1-TRAPδ 
complex in processing mutant SOD1

HECW1 was first isolated from human neuroblastoma tissues, 
and this protein is abundant in neuronal tissues such as brain and 
spinal cord.72 The mutant SOD1 and TRAP-δ are the binding 
partners of HECW1. HECW1 physically interacts with TRAP-δ 
through its two WW domains. However, HECW1 binds mu-
tant SOD1 through a linker region between C2 and WW do-
mains. Although this HECW1-mutant SOD1-TRAPδ complex 

promotes degradation of mutant SOD1, these proteins tend to 
form the neuronal Lewy body-like hyaline inclusion, which is 
a hallmark of the disease severity of familial amyotrophic lat-
eral sclerosis.72,114 Indeed, certain proteins that are essential for 
normal cellular functions are sequestrated in the protein aggre-
gates. For example, Dvl1 is found in the protein inclusion, and 
this sequestration impairs the signaling of both Wnt/β-catenin 
and JNK/c-Jun pathways and causes cytotoxicity.

4.5  |  HECW2 binds p73 and AMOTL1

HECW2 specifically binds p73 but not p53.115 The WW do-
mains of HECW2 recognize the C-terminal PY motifs of p73, 
and this interaction promotes p73 ubiquitination (Figure 7A). 
Instead of degradation, p73 ubiquitination by HECW2 in-
creases its stability and transcriptional activity.115 AMOTL1, 
a component of tight junctions, regulates endothelial cell 
junctional structure, permeability, polarity, migration, capil-
lary formation, and vascular stability. Similarly to the regu-
lation of p73 activity, binding of HECW2 with AMOTL1 
promotes AMOTL1 K63-ubiquitination and increases stabil-
ity in endothelial cells, while the loss of AMOTL1 promotes 
angiogenic sprouting116 (Figure 7B).

Loss of HECW2 decreases the activation of GDNF/Ret 
downstream Akt signaling in human Hirschsprung's dis-
ease.117,118 The GDNF/Ret signaling is important for kidney 
development.119 Loss of HECW2 causes neonatal death of 
mice within two weeks after birth. These mice showed a de-
creased GDNF/Ret signaling, low body weight, and defects 
in intestinal and kidney development.120 Although the mo-
lecular mechanism remains unclear, additional protein mod-
ifications such as neddylation may be involved in regulating 
HECW2 activity.

F I G U R E  7   Role of HECW2 in regulating p73 and AMOTL1 
stability. (A) HECW2 ubiquitinates p73 and increases p73 stability 
and transcriptional activity. (B) HECW2 ubiquitinates AMOTL1 and 
promotes its stability in endothelial cells
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4.6  |  SHH signaling and SMURF1/2 in 
neural development

Sonic Hedgehog signaling is important for brain develop-
ment, whereas an increased activity of SHH signaling in-
duces tumorigenesis.121 The SHH receptor Patched (Ptch1) 
restrains smoothened (Smo) from releasing the Gli zinc-finger 
transcription factors and inhibits SHH signaling. Upon the 

binding of Ptch1 with its ligand SHH, Gli is released and 
translocates to the nucleus to drive gene expression. SMURF1 
and SMURF2 participate in SHH signaling.122 Both SMURF1 
and SMURF2 bind the PY motif of Ptch1 and ubiquitinate 
Ptch1 for internalization and proteasomal degradation (Figure 
8A). ITCH also regulates SHH signaling via binding to the PY 
motifs in the intracellular C-terminal domain and the central 
loop region of Ptch1 with its WW domains. ITCH promotes 

F I G U R E  8   SHH signaling and 
SMURF1/2 in neuronal development. (A) 
SMURF1 and SMURF2 ubiquitinate Ptch1 
for degradation and release Smo and Gli, 
thereby increasing the expression of Gli-
targeted genes. (B) SMURF2 promotes the 
ubiquitination of Pk1 for degradation, thus 
leading to the asymmetrical distribution of 
Pk1 during normal development

F I G U R E  9   Structure of WW domain-containing E3 ligases. (A) WW domain-containing E3 ligases share a common structure, an N-terminal 
C2 domain, and a C-terminal HECT domain, which catalyzes the transfer of ubiquitin molecule. The WW domains locate between the C2 domain 
and the HECT domain. There are two to four WW domains in this central region among the nine WW domain-containing E3 ligases, annotated as 
WW1, WW2, WW3, and WW4. The WW3 and WW4 are presented in some WW domain-containing E3 ligases, as indicated by the dashed line. 
The WW domains in this region play an important role in recognizing its binding proteins. (B) Sequence alignment of WW domains in SMURF2 
and WWP1. The WW2 and WW3 in SMURF2 and WWP1 share the high sequence similarity and have the same binding protein ErbB4/HER4. 
(C) Sequence alignment of WW domains in SMURF2 and WWP1. The WW3 in both proteins shares high sequence similarity and has the same 
binding protein Smad7
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Ptch1 ubiquitination and degradation, thereby modulating the 
apoptotic function of Ptch1.123 ITCH-mediated downregula-
tion of Ptch1 allows  the release of Gli from inhibition and 
drives the expression of Gli-target genes necessary for nor-
mal brain development during the embryonic stage. Loss of 
SMURF1/2 abolishes cerebellum development. In addition, 
mice lacking both SUMRF1 and SMURF2 exhibit impaired 
cell proliferation during cerebellar organogenesis and show 
early embryonic lethal, again suggesting an essential role of 
SMURF1/2 in brain development.122

Moreover, SMURFs participate in the noncanonical Wnt 
signaling and are one of the components of the  PCP com-
plex. Upon stimulation of noncanonical Wnt ligand Wnt5A, 
SMURF2 forms a tripartite complex with phosphorylated 
Dvl2 and Par6. The PY motif in Dvl2 is required for the bind-
ing with WW domains in SMURF2. This SMURF2-phospho-
Dvl2-Par6 interacts with Pk1 and promotes Pk1 ubiquitination 
and degradation (Figure 8B). These results in the asymmetri-
cal distribution of Pk1 and is required for the normal develop-
ment of neuroectoderm.124

5  |   RELATIONSHIPS 
BETWEEN CANCER AND 
NEURODEGENERATION

There is an inverse correlation between the progression of 
cancers and neurodegenerative diseases.125-127 Cancer pa-
tients may have a reduced risk of developing neurodegen-
erative diseases such as dementia, Alzheimer's disease, 
Parkinson's disease, and Huntington's disease in general. 
Supporting evidence reveals that tumor suppressors p53 and 
PTEN might have a role in the disease progression.128-131 
Albeit loss of PTEN expression contributes to cancer pro-
gression, inhibition of PTEN rescues the normal synaptic 
function and cognition in animal model.128 As a gatekeeper, 
p53 controls cell cycle progression, DNA damage response, 
and tissue development. However, elevated p53 protein 
level in the brain of patients with Parkinson's disease and 
Huntington's disease cause neuronal cell death.129,130 Target 
deletion or disruption of p53 function suppresses neurode-
generation and neurobehavioral abnormalities in the animal 

T A B L E  2   Sequences of WW domains in WWOX and WW domain-containing E3 ligases

Name WW1 WW2 WW3 WW4

NEDD4 SPLPPGWEERQDIL 
GRTYYVNHESRRT 
QWKRPTP

SGLPPGWEEKQDERGR 
SYYVDHNSRTTTWTK 
PTV

GFLPKGWEVRHAPNGR 
PFFIDHNTKTTTWED 
PRL

GPLPPGWEERTHTDGRI 
FYINHNIKRTQWEDPRL

NEDD4L PPLPPGWEEKVDNL 
GRTYYVNHNNRTT 
QWHRPSL

PGLPSGWEERKDAKGR 
TYYVNHNNRTTTWTR 
PIM

SFLPPGWEMRIAPNGRP 
FFIDHNTKTTTWEDPRL

GPLPPGWEERIHLDGRT 
FYIDHNSKITQWEDPRL

ITCH GPLPPGWEKRTDSN 
GRVYFVNHNTRIT 
QWEDPRS

KPLPEGWEMRFTVDGI 
PYFVDHNRRTTTYIDP 
RT

   

WWOX DELPPGWEERTTKD 
GWVYYANHTEEKT 
QWEHPKT

GDLPYGWEQETDENG 
QVFFVDHINKRTTYL 
DPRL

   

WWP1 ETLPSGWEQRKDPH 
GRTYYVDHNTRTT 
TWERPQP

QPLPPGWERRVDDRRR 
VYYVDHNTRTTTWQR 
PTM

GPLPPGWEKRVDSTDRV 
YFVNHNTKTTQWEDPRT

EPLPEGWEIRYTREGVR 
YFVDHNTRTTTFKDPRN

WWP2 DALPAGWEQRELPN 
GRVYYVDHNTKTT 
TWERPLP

RPLPPGWEKRTDPRGR 
FYYVDHNTRTTTWQ 
RPTA

PLPPGWEKRQDNGRVYY 
VNHNTRTTQWEDPRT

PALPPGWEMKYTSEGV 
RYFVDHNTRTTTFKDPRP

HECK1 EPLPPNWEARIDSHG 
RVFYVDHVNRTTT 
WQRPTA

LELPRGWEIKTDQQGK 
SFFVDHNSRATTFIDP 
RI

   

HECK2 EALPPNWEARIDSH 
GRIFYVDHVNRTTT 
WQRPTA

LELPRGWEMKHDHQG 
KAFFVDHNSRTTTFID 
PRL

   

SMURF1 PELPEGYEQRTTVQ 
GQVYFLHTQTGVS 
TWHDPRI

GPLPPGWEVRSTVSGR 
IYFVDHNNRTTQFTD 
PRL

   

SMURF2 NDLPDGWEERRTAS 
GRIQYLNHITRTTQ 
WERPTR

PDLPEGYEQRTTQQG 
QVYFLHTQTGVSTW 
HDPRV

GPLPPGWEIRNTATGRVY 
FVDHNNRTTQFTDPRL
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model.129 Particularly, both PTEN and p53 have positive 
roles in tumor suppression and neurodegeneration and are in 
contrast to the aforementioned findings that cancer patients 
have a reduced risk of developing neurodegenerative dis-
eases.132,133 In the notion of Parkinson's disease, there is an 
increased risk of developing melanoma, breast tumor, uter-
ine, and renal cancer.127

Based on the biochemical evidence, PTEN and p53 in-
teract with NEDD4, WWP1, WWP2, and HECW1, and the 
binding has been shown to be involved in neuronal cell death 
and diseases.72,106,113,114 These findings suggest that alter-
ations of WW domain-containing E3 ligases in binding and 
signaling may contribute to the development of cancers and 
neurodegenerative disease. Intriguingly, the involved path-
ways in the WW domain-containing E3 ligases enrich with 
EGFR, TGF-β, and BMP signaling,23,25,31,34,39-41,47 implying 
that the ubiquitin ligases, including WW domain-containing 
E3 ligases, might play a role as a double-edged sword in 
tumorigenesis and the development of neuronal diseases.

6  |   CONCLUDING REMARKS

WW domains are highly conserved protein-binding mod-
ules that interact with a distinct subset of proteins possessing 
proline-rich sequences (Table 1). Cumulative biochemical 
evidence suggests that different groups of WW domains 
preferentially bind a distinct proline-rich sequence (Figure 
9A, Tables 1 and 2). This property strengthens their potential 
involvement in signal pathways. For example, the WW do-
mains in NEDD4 and WWP1 share a high similarity (Figure 
9B), and the biochemical evidence shows that NEDD4 and 
WWP1 co-regulate ErbB4/HER4.21,22,31 Also, similar WW 
domains share a common ligand. For example, WW domains 
in SMURF2 and WWP1 share a common ligand Smad7 
(Figure 9C).134,135 WW domain-containing protein YAP1 
also bears the WW domain structure highly similar to that of 
SMURF2, and both have a common ligand Smad7.136 Taken 
together, proteins with strong sequence homologies in the 
WW domains tend to participate in the overlapping signaling 
pathways. In order to prevent cross-talk that causes chaos, 
fine-tune regulation of the levels of individual proteins in dif-
ferent tissues and development stages seems to be a feasible 
way to streamline the signaling paths.

WW domain-containing proteins participate in many bio-
logical and cellular processes. Gene amplification, deletion, 
and mutation of WW domain-containing proteins are frequently 
found in human cancers and neuronal diseases, again suggest-
ing their important roles in disease development (Table 1). The 
E3 ligases are thought to be undruggable targets owing to their 
high involvement in the cellular process and protein homeosta-
sis. Nowadays, with the advance in protein structural studies, 
many protein-protein interaction analyses and computational 

prediction approaches have narrowed down the region that are 
required for the functional motifs in the protein-protein bind-
ing. In addition, the first proteasome inhibitor Bortezomib has 
shown its anti-tumor potency and been approved for treating 
myeloma and lymphoma.137,138 It sheds an unprecedented light 
on the concept that targeting UPS is possible. To be more spe-
cifically minimize the side effects, targeting to a particular sig-
naling or protein molecule is envisaged. Although it was not 
found in cancer, blocking the binding of NEDD4 WW domains 
with viral PPxY budding domain prevents virus egress.139 The 
development of this small molecule drug against viruses such 
as Ebola and Marburg is prospective.

Intriguingly, WW domain-containing E3 ligases partici-
pate in many signal pathways in tumorigenesis and cell death. 
Selective inhibition of WW domain-containing E3 ligase has 
been a novel strategy in the field of cancer therapy. For exam-
ple, WWP1 has been found amplified in numerous tumors, 
while downregulation of WWP1 attenuates leukemic cell 
growth.140 Similar to WWP1, a small-molecule inhibitor of 
WWP2 has been investigated and might have an anti-tumor 
function.141 Furthermore, enhancing or disruption of the pro-
tein-protein interactions between WW domain-containing 
E3 and its substrate is a novel strategy to treat cancers and 
diseases.

ACKNOWLEDGEMENTS
Research supports to N.-SC were from the Ministry of 
Science and Technology, Taiwan (MOST 106-2320-B-
006-061, 106-2320-B-006-017, 107-2320-B-006-058-MY3, 
107-2320-B-006-005) and the National Health Research 
Institutes, Taiwan (NHRI-EX107-10734NI).

CONFLICT OF INTEREST
The authors declare no conflict in interest associated with the 
article.

AUTHOR CONTRIBUTIONS
SSH wrote the article, LJH revised the article, and NSC pol-
ished the scientific writing and made the final revision. All 
authors approved the article prior to submission.

COMPLIANCE WITH ETHICAL STANDARDS
This review article does not involve in using animal or human 
subjects.

REFERENCES
	 1.	 Kwon YT, Ciechanover A. The ubiquitin code in the ubiqui-

tin-proteasome system and autophagy. Trends Biochem Sci. 
2017;42:873-886.

	 2.	 Pickart CM. Mechanisms underlying ubiquitination. Annu Rev 
Biochem. 2001;70:503-533.

	 3.	 Li W, Bengtson MH, Ulbrich A, et al. Genome-wide and func-
tional annotation of human E3 ubiquitin ligases identifies 



      |  249HUANG et al.

MULAN, a mitochondrial E3 that regulates the organelle's dy-
namics and signaling. PLoS ONE. 2008;3:e1487.

	 4.	 Nakayama KI, Nakayama K. Ubiquitin ligases: cell-cycle control 
and cancer. Nat Rev Cancer. 2006;6:369-381.

	 5.	 Buetow L, Huang DT. Structural insights into the catalysis 
and regulation of E3 ubiquitin ligases. Nat Rev Mol Cell Biol. 
2016;17:626-642.

	 6.	 Bork P, Sudol M. The WW domain: a signalling site in dystro-
phin? Trends Biochem Sci. 1994;19:531-533.

	 7.	 Hu H, Columbus J, Zhang Y, et al. A map of WW domain family 
interactions. Proteomics. 2004;4:643-655.

	 8.	 Salah Z, Alian A, Aqeilan RI. WW domain-containing pro-
teins: retrospectives and the future. Front Biosci (Landmark Ed). 
2012;17:331-348.

	 9.	 Sudol M, Hunter T. NeW wrinkles for an old domain. Cell. 
2000;103:1001-1004.

	 10.	 Sudol M, Recinos CC, Abraczinskas J, Humbert J, Farooq A. 
WW or WoW: the WW domains in a union of bliss. IUBMB Life. 
2005;57:773-778.

	 11.	 Macias MJ, Wiesner S, Sudol M. WW and SH3 domains, two 
different scaffolds to recognize proline-rich ligands. FEBS Lett. 
2002;513:30-37.

	 12.	 Sudol M, Chen HI, Bougeret C, Einbond A, Bork P. 
Characterization of a novel protein-binding module–the WW do-
main. FEBS Lett. 1995;369:67-71.

	 13.	 Zou X, Levy-Cohen G, Blank M. Molecular functions of 
NEDD4 E3 ubiquitin ligases in cancer. Biochim Biophys Acta. 
2015;1856:91-106.

	 14.	 Plant PJ, Yeger H, Staub O, Howard P, Rotin D. The C2 do-
main of the ubiquitin protein ligase Nedd4 mediates Ca2+-
dependent plasma membrane localization. J Biol Chem. 
1997;272:32329-32336.

	 15.	 Scheffner M, Nuber U, Huibregtse JM. Protein ubiquitination in-
volving an E1-E2-E3 enzyme ubiquitin thioester cascade. Nature. 
1995;373:81-83.

	 16.	 Hede SM, Savov V, Weishaupt H, Sangfelt O, Swartling 
FJ. Oncoprotein stabilization in brain tumors. Oncogene. 
2014;33:4709-4721.

	 17.	 Kari C, Chan TO, Rocha de Quadros M, Rodeck U. Targeting the 
epidermal growth factor receptor in cancer: apoptosis takes center 
stage. Cancer Res. 2003;63:1-5.

	 18.	 Baselga J. Why the epidermal growth factor receptor? The ratio-
nale for cancer therapy. Oncologist. 2002;7(Suppl 4):2-8.

	 19.	 Shin DM, Ro JY, Hong WK, Hittelman WN. Dysregulation 
of epidermal growth factor receptor expression in premalig-
nant lesions during head and neck tumorigenesis. Cancer Res. 
1994;54:3153-3159.

	 20.	 Masuda H, Zhang D, Bartholomeusz C, Doihara H, Hortobagyi 
GN, Ueno NT. Role of epidermal growth factor receptor in breast 
cancer. Breast Cancer Res Treat. 2012;136:331-345.

	 21.	 Omerovic J, Santangelo L, Puggioni EM, et al. The E3 ligase 
Aip4/Itch ubiquitinates and targets ErbB-4 for degradation. 
FASEB J. 2007;21:2849-2862.

	 22.	 Zeng F, Xu J, Harris RC. Nedd4 mediates ErbB4 JM-a/CYT-1 
ICD ubiquitination and degradation in MDCK II cells. FASEB J. 
2009;23:1935-1945.

	 23.	 Huang Z, Choi BK, Mujoo K, et al. The E3 ubiquitin ligase 
NEDD4 negatively regulates HER3/ErbB3 level and signaling. 
Oncogene. 2015;34:1105-1115.

	 24.	 Verma N, Muller AK, Kothari C, et al. Targeting of PYK2 syn-
ergizes with EGFR antagonists in basal-like TNBC and circum-
vents HER3-associated resistance via the NEDD4-NDRG1 axis. 
Cancer Res. 2017;77:86-99.

	 25.	 Chan W, Tian R, Lee YF, Sit ST, Lim L, Manser E. Down-
regulation of active ACK1 is mediated by association with the E3 
ubiquitin ligase Nedd4-2. J Biol Chem. 2009;284:8185-8194.

	 26.	 Thien CB, Langdon WY. Cbl: many adaptations to regulate pro-
tein tyrosine kinases. Nat Rev Mol Cell Biol. 2001;2:294-307.

	 27.	 Clark DE, Williams CC, Duplessis TT, et al. ERBB4/HER4 
potentiates STAT5A transcriptional activity by regulating 
novel STAT5A serine phosphorylation events. J Biol Chem. 
2005;280:24175-24180.

	 28.	 Muraoka-Cook RS, Sandahl MA, Strunk KE, et al. ErbB4 splice 
variants Cyt1 and Cyt2 differ by 16 amino acids and exert oppos-
ing effects on the mammary epithelium in vivo. Mol Cell Biol. 
2009;29:4935-4948.

	 29.	 Williams CC, Allison JG, Vidal GA, et al. The ERBB4/HER4 
receptor tyrosine kinase regulates gene expression by functioning 
as a STAT5A nuclear chaperone. J Cell Biol. 2004;167:469-478.

	 30.	 Naresh A, Long W, Vidal GA, et al. The ERBB4/HER4 intracel-
lular domain 4ICD is a BH3-only protein promoting apoptosis of 
breast cancer cells. Cancer Res. 2006;66:6412-6420.

	 31.	 Feng SM, Muraoka-Cook RS, Hunter D, et al. The E3 ubiquitin li-
gase WWP1 selectively targets HER4 and its proteolytically derived 
signaling isoforms for degradation. Mol Cell Biol. 2009;29:892-906.

	 32.	 Wang J, Yin J, Yang Q, et al. Human epidermal growth factor recep-
tor 4 (HER4) is a favorable prognostic marker of breast cancer: a sys-
tematic review and meta-analysis. Oncotarget. 2016;7:76693-76703.

	 33.	 Li Y, Zhou Z, Alimandi M, Chen C. WW domain containing 
E3 ubiquitin protein ligase 1 targets the full-length ErbB4 for 
ubiquitin-mediated degradation in breast cancer. Oncogene. 
2009;28:2948-2958.

	 34.	 Ebisawa T, Fukuchi M, Murakami G, et al. Smurf1 inter-
acts with transforming growth factor-beta type I receptor 
through Smad7 and induces receptor degradation. J Biol Chem. 
2001;276:12477-12480.

	 35.	 Suzuki C, Murakami G, Fukuchi M, et al. Smurf1 regulates the 
inhibitory activity of Smad7 by targeting Smad7 to the plasma 
membrane. J Biol Chem. 2002;277:39919-39925.

	 36.	 Lee YS, Park JS, Kim JH, et al. Smad6-specific recruitment of 
Smurf E3 ligases mediates TGF-beta1-induced degradation of 
MyD88 in TLR4 signalling. Nat Commun. 2011;2:460.

	 37.	 Shen R, Chen M, Wang YJ, et al. Smad6 interacts with Runx2 
and mediates Smad ubiquitin regulatory factor 1-induced Runx2 
degradation. J Biol Chem. 2006;281:3569-3576.

	 38.	 Yamashita M, Ying SX, Zhang GM, et al. Ubiquitin ligase Smurf1 
controls osteoblast activity and bone homeostasis by targeting 
MEKK2 for degradation. Cell. 2005;121:101-113.

	 39.	 Lin X, Liang M, Feng XH. Smurf2 is a ubiquitin E3 ligase 
mediating proteasome-dependent degradation of Smad2 
in transforming growth factor-beta signaling. J Biol Chem. 
2000;275:36818-36822.

	 40.	 Tang LY, Yamashita M, Coussens NP, et al. Ablation of Smurf2 
reveals an inhibition in TGF-beta signalling through multiple mo-
no-ubiquitination of Smad3. EMBO J. 2011;30:4777-4789.

	 41.	 Kavsak P, Rasmussen RK, Causing CG, et al. Smad7 binds to 
Smurf2 to form an E3 ubiquitin ligase that targets the TGF beta 
receptor for degradation. Mol Cell. 2000;6:1365-1375.



250  |      HUANG et al.

	 42.	 Padua D, Massague J. Roles of TGFbeta in metastasis. Cell Res. 
2009;19:89-102.

	 43.	 Fukasawa H, Yamamoto T, Fujigaki Y, et al. Reduction of trans-
forming growth factor-beta type II receptor is caused by the 
enhanced ubiquitin-dependent degradation in human renal cell 
carcinoma. Int J Cancer. 2010;127:1517-1525.

	 44.	 Tang B, Vu M, Booker T, et al. TGF-beta switches from tumor 
suppressor to prometastatic factor in a model of breast cancer pro-
gression. J Clin Invest. 2003;112:1116-1124.

	 45.	 Tu WH, Thomas TZ, Masumori N, et al. The loss of TGF-
beta signaling promotes prostate cancer metastasis. Neoplasia. 
2003;5:267-277.

	 46.	 Fukuchi M, Fukai Y, Masuda N, et al. High-level expression of 
the Smad ubiquitin ligase Smurf2 correlates with poor progno-
sis in patients with esophageal squamous cell carcinoma. Cancer 
Res. 2002;62:7162-7165.

	 47.	 Gao S, Alarcon C, Sapkota G, et al. Ubiquitin ligase Nedd4L 
targets activated Smad2/3 to limit TGF-beta signaling. Mol Cell. 
2009;36:457-468.

	 48.	 Gao C, Pang L, Ren C, Ma T. Decreased expression of Nedd4L 
correlates with poor prognosis in gastric cancer patient. Med 
Oncol. 2012;29:1733-1738.

	 49.	 Hu XY, Xu YM, Fu Q, Yu JJ, Huang J. Nedd4L expression is 
downregulated in prostate cancer compared to benign prostatic 
hyperplasia. Eur J Surg Oncol. 2009;35:527-531.

	 50.	 Ding Y, Zhang Y, Xu C, Tao QH, Chen YG. HECT domain-con-
taining E3 ubiquitin ligase NEDD4L negatively regulates Wnt 
signaling by targeting dishevelled for proteasomal degradation. J 
Biol Chem. 2013;288:8289-8298.

	 51.	 Tanksley JP, Chen X, Coffey RJ. NEDD4L is downregulated in 
colorectal cancer and inhibits canonical WNT signaling. PLoS 
ONE. 2013;8:e81514.

	 52.	 Aragon E, Goerner N, Zaromytidou AI, et al. A Smad action turn-
over switch operated by WW domain readers of a phosphoserine 
code. Genes Dev. 2011;25:1275-1288.

	 53.	 Lohr NJ, Molleston JP, Strauss KA, et al. Human ITCH E3 ubiq-
uitin ligase deficiency causes syndromic multisystem autoim-
mune disease. Am J Hum Genet. 2010;86:447-453.

	 54.	 St John MA, Tao W, Fei X, et al. Mice deficient of Lats1 develop 
soft-tissue sarcomas, ovarian tumours and pituitary dysfunction. 
Nat Genet. 1999;21:182-186.

	 55.	 Takahashi Y, Miyoshi Y, Takahata C, et al. Down-regulation 
of LATS1 and LATS2 mRNA expression by promoter hy-
permethylation and its association with biologically aggres-
sive phenotype in human breast cancers. Clin Cancer Res. 
2005;11:1380-1385.

	 56.	 Ho KC, Zhou Z, She YM, Chun A, Cyr TD, Yang X. Itch E3 
ubiquitin ligase regulates large tumor suppressor 1 stability [cor-
rected]. Proc Natl Acad Sci U S A. 2011;108:4870-4875.

	 57.	 Salah Z, Melino G, Aqeilan RI. Negative regulation of the Hippo 
pathway by E3 ubiquitin ligase ITCH is sufficient to promote tu-
morigenicity. Cancer Res. 2011;71:2010-2020.

	 58.	 Hao Y, Chun A, Cheung K, Rashidi B, Yang X. Tumor suppressor 
LATS1 is a negative regulator of oncogene YAP. J Biol Chem. 
2008;283:5496-5509.

	 59.	 Guo W, Wang C, Guo Y, et al. RASSF5A, a candidate tumor sup-
pressor, is epigenetically inactivated in esophageal squamous cell 
carcinoma. Clin Exp Metastasis. 2015;32:83-98.

	 60.	 Han L, Dong Z, Wang C, et al. Decreased expression and ab-
errant methylation of RASSF5A correlates with malignant 

progression of gastric cardia adenocarcinoma. Mol Carcinog. 
2015;54:1722-1733.

	 61.	 Suryaraja R, Anitha M, Anbarasu K, Kumari G, Mahalingam S. 
The E3 ubiquitin ligase Itch regulates tumor suppressor protein 
RASSF5/NORE1 stability in an acetylation-dependent manner. 
Cell Death Dis. 2013;4:e565.

	 62.	 Abu-Odeh M, Bar-Mag T, Huang H, et al. Characterizing 
WW domain interactions of tumor suppressor WWOX re-
veals its association with multiprotein networks. J Biol Chem. 
2014;289:8865-8880.

	 63.	 Chang NS, Pratt N, Heath J, et al. Hyaluronidase induction of a 
WW domain-containing oxidoreductase that enhances tumor ne-
crosis factor cytotoxicity. J Biol Chem. 2001;276:3361-3370.

	 64.	 Huang SS, Chang NS. Phosphorylation/de-phosphoryla-
tion in specific sites of tumor suppressor WWOX and con-
trol of distinct biological events. Exp Biol Med (Maywood). 
2018;243:137-147.

	 65.	 Lai FJ, Cheng CL, Chen ST, et al. WOX1 is essential for UVB ir-
radiation-induced apoptosis and down-regulated via translational 
blockade in UVB-induced cutaneous squamous cell carcinoma in 
vivo. Clin Cancer Res. 2005;11:5769-5777.

	 66.	 Chang JY, Lee MH, Lin SR, et al. Trafficking protein particle com-
plex 6A delta (TRAPPC6ADelta) is an extracellular plaque-form-
ing protein in the brain. Oncotarget. 2015;6:3578-3589.

	 67.	 Mahajan NP, Whang YE, Mohler JL, Earp HS. Activated tyro-
sine kinase Ack1 promotes prostate tumorigenesis: role of Ack1 
in polyubiquitination of tumor suppressor Wwox. Cancer Res. 
2005;65:10514-10523.

	 68.	 Rossi M, Aqeilan RI, Neale M, et al. The E3 ubiquitin ligase Itch 
controls the protein stability of p63. Proc Natl Acad Sci U S A. 
2006;103:12753-12758.

	 69.	 Rossi M, De Laurenzi V, Munarriz E, et al. The ubiquitin-protein 
ligase Itch regulates p73 stability. EMBO J. 2005;24:836-848.

	 70.	 Laine A, Ronai Z. Regulation of p53 localization and tran-
scription by the HECT domain E3 ligase WWP1. Oncogene. 
2007;26:1477-1483.

	 71.	 Li Y, Zhou Z, Chen C. WW domain-containing E3 ubiquitin pro-
tein ligase 1 targets p63 transcription factor for ubiquitin-medi-
ated proteasomal degradation and regulates apoptosis. Cell Death 
Differ. 2008;15:1941-1951.

	 72.	 Miyazaki K, Fujita T, Ozaki T, et al. NEDL1, a novel ubiqui-
tin-protein isopeptide ligase for dishevelled-1, targets mutant su-
peroxide dismutase-1. J Biol Chem. 2004;279:11327-11335.

	 73.	 Li Y, Ozaki T, Kikuchi H, Yamamoto H, Ohira M, Nakagawara A. 
A novel HECT-type E3 ubiquitin protein ligase NEDL1 enhances 
the p53-mediated apoptotic cell death in its catalytic activity-in-
dependent manner. Oncogene. 2008;27:3700-3709.

	 74.	 Sui G. The regulation of YY1 in tumorigenesis and its targeting 
potential in cancer therapy. Mol Cell Pharmacol. 2009;1:157-176.

	 75.	 Jeong HM, Lee SH, Yum J, Yeo CY, Lee KY. Smurf2 reg-
ulates the degradation of YY1. Biochim Biophys Acta. 
2014;1843:2005-2011.

	 76.	 Wang X, Trotman LC, Koppie T, et al. NEDD4-1 is a proto-onco-
genic ubiquitin ligase for PTEN. Cell. 2007;128:129-139.

	 77.	 Amodio N, Scrima M, Palaia L, et al. Oncogenic role of the E3 
ubiquitin ligase NEDD4-1, a PTEN negative regulator, in non-
small-cell lung carcinomas. Am J Pathol. 2010;177:2622-2634.

	 78.	 Shao C, Li Z, Ahmad N, Liu X. Regulation of PTEN degrada-
tion and NEDD4-1 E3 ligase activity by Numb. Cell Cycle. 
2017;16:957-967.



      |  251HUANG et al.

	 79.	 Maddika S, Kavela S, Rani N, et al. WWP2 is an E3 ubiquitin 
ligase for PTEN. Nat Cell Biol. 2011;13:728-733.

	 80.	 Li H, Zhang P, Zhang Q, et al. WWP2 is a physiological ubiquitin 
ligase for phosphatase and tensin homolog (PTEN) in mice. J Biol 
Chem. 2018;293:8886-8899.

	 81.	 Chen C, Bhalala HV, Qiao H, Dong JT. A possible tumor suppres-
sor role of the KLF5 transcription factor in human breast cancer. 
Oncogene. 2002;21:6567-6572.

	 82.	 Chen C, Bhalala HV, Vessella RL, Dong JT. KLF5 is frequently 
deleted and down-regulated but rarely mutated in prostate cancer. 
Prostate. 2003;55:81-88.

	 83.	 Chen C, Sun X, Guo P, et al. Human Kruppel-like factor 5 is a tar-
get of the E3 ubiquitin ligase WWP1 for proteolysis in epithelial 
cells. J Biol Chem. 2005;280:41553-41561.

	 84.	 Chen JJ, Zhang W. High expression of WWP1 predicts poor prog-
nosis and associates with tumor progression in human colorectal 
cancer. Am J Cancer Res. 2018;8:256-265.

	 85.	 Zhang L, Wu Z, Ma Z, Liu H, Wu Y, Zhang Q. WWP1 as a po-
tential tumor oncogene regulates PTEN-Akt signaling pathway in 
human gastric carcinoma. Tumour Biol. 2015;36:787-798.

	 86.	 Zhang XF, Chao J, Pan QZ, et al. Overexpression of WWP1 
promotes tumorigenesis and predicts unfavorable progno-
sis in patients with hepatocellular carcinoma. Oncotarget. 
2015;6:40920-40933.

	 87.	 Zhi X, Chen C. WWP1: a versatile ubiquitin E3 ligase in signaling 
and diseases. Cell Mol Life Sci. 2012;69:1425-1434.

	 88.	 Du JX, Hagos EG, Nandan MO, Bialkowska AB, Yu B, Yang 
VW. The E3 ubiquitin ligase SMAD ubiquitination regulatory 
factor 2 negatively regulates Kruppel-like factor 5 protein. J Biol 
Chem. 2011;286:40354-40364.

	 89.	 Kong Y, Cui H, Zhang H. Smurf2-mediated ubiquitination and 
degradation of Id1 regulates p16 expression during senescence. 
Aging Cell. 2011;10:1038-1046.

	 90.	 Jung JG, Stoeck A, Guan B, et al. Notch3 interactome analysis 
identified WWP2 as a negative regulator of Notch3 signaling in 
ovarian cancer. PLoS Genet. 2014;10:e1004751.

	 91.	 Chen A, Gao B, Zhang J, et al. The HECT-type E3 ubiquitin li-
gase AIP2 inhibits activation-induced T-cell death by catalyzing 
EGR2 ubiquitination. Mol Cell Biol. 2009;29:5348-5356.

	 92.	 Yang Y, Liao B, Wang S, et al. E3 ligase WWP2 negatively regu-
lates TLR3-mediated innate immune response by targeting TRIF 
for ubiquitination and degradation. Proc Natl Acad Sci U S A. 
2013;110:5115-5120.

	 93.	 Ahmed N, Zeng M, Sinha I, et al. The E3 ligase Itch and deubiq-
uitinase Cyld act together to regulate Tak1 and inflammation. Nat 
Immunol. 2011;12:1176-1183.

	 94.	 Fushiki S, Perez Velazquez JL, Zhang L, Bechberger JF, Carlen 
PL, Naus CC. Changes in neuronal migration in neocortex 
of connexin43 null mutant mice. J Neuropathol Exp Neurol. 
2003;62:304-314.

	 95.	 Reaume AG, de Sousa PA, Kulkarni S, et al. Cardiac mal-
formation in neonatal mice lacking connexin43. Science. 
1995;267:1831-1834.

	 96.	 Eckardt D, Theis M, Degen J, et al. Functional role of connexin43 
gap junction channels in adult mouse heart assessed by inducible 
gene deletion. J Mol Cell Cardiol. 2004;36:101-110.

	 97.	 Plante I, Stewart MK, Barr K, Allan AL, Laird DW. Cx43 sup-
presses mammary tumor metastasis to the lung in a Cx43 mutant 
mouse model of human disease. Oncogene. 2011;30:1681-1692.

	 98.	 Leykauf K, Salek M, Bomke J, et al. Ubiquitin protein ligase 
Nedd4 binds to connexin43 by a phosphorylation-modulated pro-
cess. J Cell Sci. 2006;119:3634-3642.

	 99.	 Spagnol G, Kieken F, Kopanic JL, et al. Structural studies of the 
Nedd4 WW domains and their selectivity for the Connexin43 
(Cx43) carboxyl terminus. J Biol Chem. 2016;291:7637-7650.

	100.	 Chen YS, Toth I, Danesh-Meyer HV, Green CR, Rupenthal ID. 
Cytotoxicity and vitreous stability of chemically modified con-
nexin43 mimetic peptides for the treatment of optic neuropathy. J 
Pharm Sci. 2013;102:2322-2331.

	101.	 Hansson JH, Schild L, Lu Y, et al. A de novo missense mutation 
of the beta subunit of the epithelial sodium channel causes hyper-
tension and Liddle syndrome, identifying a proline-rich segment 
critical for regulation of channel activity. Proc Natl Acad Sci U S 
A. 1995;92:11495-11499.

	102.	 Inoue J, Iwaoka T, Tokunaga H, et al. A family with Liddle's 
syndrome caused by a new missense mutation in the beta sub-
unit of the epithelial sodium channel. J Clin Endocrinol Metab. 
1998;83:2210-2213.

	103.	 Abriel H, Loffing J, Rebhun JF, et al. Defective regulation of the 
epithelial Na+ channel by Nedd4 in Liddle's syndrome. J Clin 
Invest. 1999;103:667-673.

	104.	 Snyder PM. The epithelial Na+ channel: cell surface insertion 
and retrieval in Na+ homeostasis and hypertension. Endocr Rev. 
2002;23:258-275.

	105.	 Zhou R, Patel SV, Snyder PM. Nedd4-2 catalyzes ubiquiti-
nation and degradation of cell surface ENaC. J Biol Chem. 
2007;282:20207-20212.

	106.	 Canal M, Martin-Flores N, Perez-Sisques L, et al. Loss of 
NEDD4 contributes to RTP801 elevation and neuron tox-
icity: implications for Parkinson's disease. Oncotarget. 
2016;7:58813-58831.

	107.	 van Bemmelen MX, Rougier JS, Gavillet B, et al. Cardiac volt-
age-gated sodium channel Nav1.5 is regulated by Nedd4-2 medi-
ated ubiquitination. Circ Res. 2004;95:284-291.

	108.	 Rougier JS, van Bemmelen MX, Bruce MC, et al. Molecular 
determinants of voltage-gated sodium channel regulation by 
the Nedd4/Nedd4-like proteins. Am J Physiol Cell Physiol. 
2005;288:C692-701.

	109.	 Faber CG, Hoeijmakers JG, Ahn HS, et al. Gain of function 
Nanu1.7 mutations in idiopathic small fiber neuropathy. Ann 
Neurol. 2012;71:26-39.

	110.	 Faber CG, Lauria G, Merkies IS, et al. Gain-of-function Nav1.8 
mutations in painful neuropathy. Proc Natl Acad Sci U S A. 
2012;109:19444-19449.

	111.	 Cachemaille M, Laedermann CJ, Pertin M, Abriel H, Gosselin 
RD, Decosterd I. Neuronal expression of the ubiquitin li-
gase Nedd4-2 in rat dorsal root ganglia: modulation in the 
spared nerve injury model of neuropathic pain. Neuroscience. 
2012;227:370-380.

	112.	 Laedermann CJ, Cachemaille M, Kirschmann G, 
et al. Dysregulation of voltage-gated sodium channels by 
ubiquitin ligase NEDD4-2 in neuropathic pain. J Clin Invest. 
2013;123:3002-3013.

	113.	 Lin L, Jin Z, Tan H, Xu Q, Peng T, Li H. Atypical ubiquitination 
by E3 ligase WWP1 inhibits the proteasome-mediated degrada-
tion of mutant huntingtin. Brain Res. 2016;1643:103-112.

	114.	 Yamagishi S, Koyama Y, Katayama T, et al. An in vitro model 
for Lewy body-like hyaline inclusion/astrocytic hyaline inclusion: 



252  |      HUANG et al.

induction by ER stress with an ALS-linked SOD1 mutation. PLoS 
ONE. 2007;2:e1030.

	115.	 Miyazaki K, Ozaki T, Kato C, et al. A novel HECT-type 
E3 ubiquitin ligase, NEDL2, stabilizes p73 and enhances 
its transcriptional activity. Biochem Biophys Res Commun. 
2003;308:106-113.

	116.	 Choi KS, Choi HJ, Lee JK, et al. The endothelial E3 ligase 
HECW2 promotes endothelial cell junctions by increasing 
AMOTL1 protein stability via K63-linked ubiquitination. Cell 
Signal. 2016;28:1642-1651.

	117.	 O'Donnell AM, Coyle D, Puri P. Decreased expression of NEDL2 
in Hirschsprung's disease. J Pediatr Surg. 2016;51:1839-1842.

	118.	 Wei R, Qiu X, Wang S, et al. NEDL2 is an essential regulator of 
enteric neural development and GDNF/Ret signaling. Cell Signal. 
2015;27:578-586.

	119.	 Costantini F, Shakya R. GDNF/Ret signaling and the develop-
ment of the kidney. BioEssays. 2006;28:117-127.

	120.	 Qiu X, Wei R, Li Y, et al. NEDL2 regulates enteric nervous sys-
tem and kidney development in its Nedd8 ligase activity-depen-
dent manner. Oncotarget. 2016;7:31440-31453.

	121.	 Dahmane N, Sanchez P, Gitton Y, et al. The Sonic Hedgehog-
Gli pathway regulates dorsal brain growth and tumorigenesis. 
Development. 2001;128:5201-5212.

	122.	 Yue S, Tang LY, Tang Y, Tang Y, Shen QH, Ding J, Chen Y, 
Zhang Z, Yu TT, Zhang YE, Cheng SY. Requirement of Smurf-
mediated endocytosis of Patched1 in sonic hedgehog signal recep-
tion. eLife. 2014;3:e02555.

	123.	 Chen XL, Chinchilla P, Fombonne J, et al. Patched-1 proapop-
totic activity is downregulated by modification of K1413 by 
the E3 ubiquitin-protein ligase Itchy homolog. Mol Cell Biol. 
2014;34:3855-3866.

	124.	 Narimatsu M, Bose R, Pye M, et al. Regulation of planar cell po-
larity by Smurf ubiquitin ligases. Cell. 2009;137:295-307.

	125.	 Li JM, Liu C, Hu X, et al. Inverse correlation between Alzheimer's 
disease and cancer: implication for a strong impact of regenerative 
propensity on neurodegeneration? BMC Neurol. 2014;14:211.

	126.	 Lin PY, Chang SN, Hsiao TH, Huang BT, Lin CH, Yang PC. 
Association between Parkinson disease and risk of cancer in 
Taiwan. JAMA Oncol. 2015;1:633-640.

	127.	 Ong EL, Goldacre R, Goldacre M. Differential risks of cancer 
types in people with Parkinson's disease: a national record-link-
age study. Eur J Cancer. 2014;50:2456-2462.

	128.	 Knafo S, Sanchez-Puelles C, Palomer E, et al. PTEN recruitment 
controls synaptic and cognitive function in Alzheimer's models. 
Nat Neurosci. 2016;19:443-453.

	129.	 Bae BI, Xu H, Igarashi S, et al. p53 mediates cellular dysfunction 
and behavioral abnormalities in Huntington's disease. Neuron. 
2005;47:29-41.

	130.	 Feng DD, Cai W, Chen X. The associations between Parkinson's 
disease and cancer: the plot thickens. Transl Neurodegener. 
2015;4:20.

	131.	 Mogi M, Kondo T, Mizuno Y, Nagatsu T. p53 protein, interfer-
on-gamma, and NF-kappaB levels are elevated in the parkinso-
nian brain. Neurosci Lett. 2007;414:94-97.

	132.	 Backman SA, Stambolic V, Suzuki A, et al. Deletion of Pten in 
mouse brain causes seizures, ataxia and defects in soma size re-
sembling Lhermitte-Duclos disease. Nat Genet. 2001;29:396-403.

	133.	 Jebelli J, Hooper C, Pocock JM. Microglial p53 activation is 
detrimental to neuronal synapses during activation-induced 

inflammation: implications for neurodegeneration. Neurosci Lett. 
2014;583:92-97.

	134.	 Komuro A, Imamura T, Saitoh M, et al. Negative regula-
tion of transforming growth factor-beta (TGF-beta) signaling 
by WW domain-containing protein 1 (WWP1). Oncogene. 
2004;23:6914-6923.

	135.	 Chong PA, Lin H, Wrana JL, Forman-Kay JD. An expanded 
WW domain recognition motif revealed by the interaction be-
tween Smad7 and the E3 ubiquitin ligase Smurf2. J Biol Chem. 
2006;281:17069-17075.

	136.	 Ferrigno O, Lallemand F, Verrecchia F, et al. Yes-associated 
protein (YAP65) interacts with Smad7 and potentiates its in-
hibitory activity against TGF-beta/Smad signaling. Oncogene. 
2002;21:4879-4884.

	137.	 Adams J, Kauffman M. Development of the proteasome inhibitor 
Velcade (Bortezomib). Cancer Invest. 2004;22:304-311.

	138.	 Bonvini P, Zorzi E, Basso G, Rosolen A. Bortezomib-mediated 
26S proteasome inhibition causes cell-cycle arrest and induces 
apoptosis in CD-30+ anaplastic large cell lymphoma. Leukemia. 
2007;21:838-842.

	139.	 Han Z, Lu J, Liu Y, et al. Small-molecule probes targeting the 
viral PPxY-host Nedd4 interface block egress of a broad range of 
RNA viruses. J Virol. 2014;88:7294-7306.

	140.	 Sanarico AG, Ronchini C, Croce A, et al. The E3 ubiquitin li-
gase WWP1 sustains the growth of acute myeloid leukaemia. 
Leukemia. 2018;32:911-919.

	141.	 Watt JE, Hughes GR, Walpole S, et al. Discovery of Small 
Molecule WWP2 Ubiquitin Ligase Inhibitors. Chemistry. 
2018;24:17677-17680.

	142.	 Aragon E, Goerner N, Xi Q, et al. Structural basis for the versatile 
interactions of Smad7 with regulator WW domains in TGF-beta 
Pathways. Structure. 2012;20:1726-1736.

	143.	 Brittain HK, Feary J, Rosenthal M, Spoudeas H, Deciphering 
Developmental Disorders (DDD) Study, and Wilson LC. 
Biallelic human ITCH variants causing a multisystem disease 
with dysmorphic features: a second report. Am J Med Genet A. 
2019;179:1346-1350.

	144.	 Valduga M, Philippe C, Lambert L, et al. WWOX and severe au-
tosomal recessive epileptic encephalopathy: first case in the pre-
natal period. J Hum Genet. 2015;60:267-271.

	145.	 Mallaret M, Synofzik M, Lee J, et al. The tumour suppressor gene 
WWOX is mutated in autosomal recessive cerebellar ataxia with 
epilepsy and mental retardation. Brain. 2014;137:411-419.

	146.	 Ferguson BW, Gao X, Zelazowski MJ, et al. The cancer gene 
WWOX behaves as an inhibitor of SMAD3 transcriptional activ-
ity via direct binding. BMC Cancer. 2013;13:593.

	147.	 Gaudio E, Palamarchuk A, Palumbo T, et al. Physical association 
with WWOX suppresses c-Jun transcriptional activity. Cancer 
Res. 2006;66:11585-11589.

	148.	 Hsu LJ, Chiang MF, Sze CI, et al. HYAL-2-WWOX-SMAD4 sig-
naling in cell death and anticancer response. Front Cell Dev Biol. 
2016;4:141.

	149.	 Chang NS, Doherty J, Ensign A, Schultz L, Hsu LJ, Hong Q. 
WOX1 is essential for tumor necrosis factor-, UV light-, stauros-
porine-, and p53-mediated cell death, and its tyrosine 33-phos-
phorylated form binds and stabilizes serine 46-phosphorylated 
p53. J Biol Chem. 2005;280:43100-43108.

	150.	 Hsu LJ, Hong Q, Chen ST, et al. Hyaluronan activates Hyal-2/
WWOX/Smad4 signaling and causes bubbling cell death 



      |  253HUANG et al.

when the signaling complex is overexpressed. Oncotarget. 
2017;8:19137-19155.

	151.	 Eastman SW, Yassaee M, Bieniasz PD. A role for ubiquitin li-
gases and Spartin/SPG20 in lipid droplet turnover. J Cell Biol. 
2009;184:881-894.

	152.	 Kim SK, Ioannidis JPA, Ahmed MA, et al. Two genetic vari-
ants associated with plantar fascial disorders. Int J Sports Med. 
2018;39:314-321.

	153.	 Soond SM, Chantry A. Selective targeting of activating and in-
hibitory Smads by distinct WWP2 ubiquitin ligase isoforms dif-
ferentially modulates TGFbeta signalling and EMT. Oncogene. 
2011;30:2451-2462.

	154.	 Xu H, Wang W, Li C, et al. WWP2 promotes degradation of tran-
scription factor OCT4 in human embryonic stem cells. Cell Res. 
2009;19:561-573.

	155.	 Guo X, Shen S, Song S, et al. The E3 ligase Smurf1 regulates 
Wolfram syndrome protein stability at the endoplasmic reticulum. 
J Biol Chem. 2011;286:18037-18047.

	156.	 Crose LE, Hilder TL, Sciaky N, Johnson GL. Cerebral cavernous 
malformation 2 protein promotes smad ubiquitin regulatory factor 
1-mediated RhoA degradation in endothelial cells. J Biol Chem. 
2009;284:13301-13305.

	157.	 Tian M, Bai C, Lin Q, et al. Binding of RhoA by the C2 do-
main of E3 ligase Smurf1 is essential for Smurf1-regulated 
RhoA ubiquitination and cell protrusive activity. FEBS Lett. 
2011;585:2199-2204.

How to cite this article: Huang S-S, Hsu L-J, Chang 
N-S. Functional role of WW domain-containing proteins 
in tumor biology and diseases: Insight into the role in 
ubiquitin-proteasome system. FASEB BioAdvances. 
2020;2:234–253. https​://doi.org/10.1096/fba.2019-
00060​

https://doi.org/10.1096/fba.2019-00060
https://doi.org/10.1096/fba.2019-00060



