
CORRECTION

Correction: HECT E3 ubiquitin ligases – emerging insights into
their biological roles and disease relevance
Yaya Wang, Diana Argiles-Castillo, Emma I. Kane, Anning Zhou and Donald E. Spratt

There were errors in J. Cell Sci. (2020) 133, jcs228072 (doi:10.1242/jcs.228072).

The authors wish to correct minor omissions regarding HECTD3 in the main text, and the citations for interactions between Malt1 and
STAT3 listed in Table S4.

New text to explain the role of HECTD3 in the innate immune response was added to the ‘Immune response’ section on page 5 as below:

In addition, HECTD3 was recently identified to interact and ubiquitylate mucosa-associated lymphoid tissue lymphoma translocation
protein 1 (Malt1) and signal transducer and activator of transcription 3 (STAT3) in pathogenic Th17 cells (Cho et al., 2019). HECTD3 was
also observed to ubiquitylate tumor necrosis factor receptor-associated factor 3 (TRAF3) and promote type-I interferon response in
macrophages during infection (Li et al., 2018).

New rows to Table S4 were added as below:

Mucosa-associated lympoid tissue lymphoma translocation protein 1 (MALT1) 2H, IP, MS, PD, WB, UbA DOC(216-393aa) (Cho et al.
2019; Li et al. 2013b).

Signal transducer and activator of transcription 3 (STAT3) IP, MS, WB, UbA DOC(110-397) (Cho et al. 2019).

The authors apologise to readers for this omission, which does not impact the conclusions of the Review article. Both the online full text and
PDF versions of the article and supplementary information have been corrected.
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REVIEW SUBJECT COLLECTION: UBIQUITIN

HECT E3 ubiquitin ligases – emerging insights into their biological
roles and disease relevance
Yaya Wang1,2, Diana Argiles-Castillo2, Emma I. Kane2, Anning Zhou1 and Donald E. Spratt2,*

ABSTRACT
Homologous to E6AP C-terminus (HECT) E3 ubiquitin ligases play a
critical role in various cellular pathways, including but not limited to
protein trafficking, subcellular localization, innate immune response,
viral infections, DNA damage responses and apoptosis. To date, 28
HECT E3 ubiquitin ligases have been identified in humans, and
recent studies have begun to reveal how these enzymes control
various cellular pathways by catalyzing the post-translational
attachment of ubiquitin to their respective substrates. New studies
have identified substrates and/or interactors with differentmembers of
the HECT E3 ubiquitin ligase family, particularly for E6AP and
members of the neuronal precursor cell-expressed developmentally
downregulated 4 (NEDD4) family. However, there still remains many
unanswered questions about the specific roles that each of the HECT
E3 ubiquitin ligases have in maintaining cellular homeostasis. The
present Review discusses our current understanding on the biological
roles of the HECT E3 ubiquitin ligases in the cell and how they
contribute to disease development. Expanded investigations on the
molecular basis for how and why the HECT E3 ubiquitin ligases
recognize and regulate their intracellular substrates will help to clarify
the biochemical mechanisms employed by these important enzymes
in ubiquitin biology.

KEY WORDS: Ubiquitin, HECT, E3 ubiquitin ligase, Ubiquitylation,
Protein-protein interactions, Protein turnover, Cell signaling, Cancer,
Neurological disorders, Neurodevelopmental disorders,
Neurodegeneration

Introduction
In 1995, it was discovered that an∼350 amino acid region found near
the C-terminus of E6-associated protein (E6AP, also known as
UBE3A) showed sequence similarity in a number of related of
proteins (Huibregtse et al., 1995). Interestingly, the researchers
observed that the homologous to E6AP C-terminus (HECT) domain
was able to form a thioester bond with the C-terminus of ubiquitin
and catalyze the formation of polyubiquitin chains (Huibregtse et al.,
1995). Since that time, these proteins have collectively been referred
to as the HECT E3 ubiquitin ligases. There are 28 human members
of the HECT E3 ubiquitin ligase family that range in size from ∼80
to more than 500 kDa, with each being shown to have prominent
roles in disease-relevant processes, including various cancers,
neurological disorders, neurodevelopmental and neurodegenerative
disease and immunological disease (Scheffner and Kumar, 2014).

Ubiquitylation (also known as ubiquitination) is an essential
signaling pathway that involves the covalent attachment of
ubiquitin, a highly conserved 8.5 kDa protein, onto a target
substrate (Akutsu et al., 2016; Hershko and Ciechanover, 1998;
Komander and Rape, 2012; Swatek and Komander, 2016). This
highly regulated process is achieved through the sequential action
of three enzymes – an ubiquitin-activating enzyme (E1), an
ubiquitin-conjugating enzyme (E2), and an ubiquitin ligase (E3).
The E3 ubiquitin ligases selectively facilitate the formation of an
isopeptide bond between the C-terminus of ubiquitin and the ɛ-
amino group of a lysine residue on a substrate protein (Deol et al.,
2019; Komander and Rape, 2012; Pickart and Eddins, 2004).
Owing to the abundance of E3 ubiquitin ligases, it is generally
accepted that the different combinations of E2 and E3 enzymes
are responsible for substrate specificity and polyubiquitin
chain formation (Berndsen and Wolberger, 2014; Zheng and
Shabek, 2017).

E3 ubiquitin ligases are classified into three major classes based
upon the unique catalytic mechanisms that they employ – really
interesting new gene (RING) (Deshaies and Joazeiro, 2009;
Metzger et al., 2014), the RING-between-RING or RING-BRcat-
Rcat (RBR) (Spratt et al., 2014), and HECT E3 ubiquitin ligases
(Berndsen andWolberger, 2014; Rotin and Kumar, 2009; Scheffner
and Kumar, 2014). RING E3 ubiquitin ubiquitin ligases function as
scaffolds that bring the E2–ubiquitin complex and substrate into
close proximity to facilitate the transfer of ubiquitin onto the
substrate protein (Metzger et al., 2014). In contrast, the RBR and
HECT E3 ubiquitin ligases play a more catalytic role by forming a
thioester bond with a conserved catalytic cysteine residue in the Rcat
domain (for RBRs) or the C-terminal lobe of the HECT domain (for
HECTs) prior to the transfer of ubiquitin to its destined substrate
(Berndsen and Wolberger, 2014; Zheng and Shabek, 2017).

Over the past 15 years, numerous studies have demonstrated the
significance of HECT E3 ubiquitin ligases in various biological
mechanisms, including protein trafficking (d’Azzo et al., 2005),
subcellular localization (Laine and Ronai, 2007), innate immune
responses (Liu, 2004), viral infections (Chesarino et al., 2015), the
DNA damage response (DDR) (Mohiuddin et al., 2016),
transforming growth factor β (TGF-β) signaling (Malonis et al.,
2017), Wnt signaling (Flack et al., 2017; Wei et al., 2012) and
apoptosis (Kim et al., 2013; Li et al., 2013, 2008b). In addition,
recent structural studies on HECT E3 ubiquitin ligases have begun
to clarify how these enzymes catalyze the attachment of ubiquitin
(as expertly reviewed in Berndsen and Wolberger, 2014; Lorenz,
2018; Scheffner and Kumar, 2014). Dysfunction of HECT E3
ligases have also been linked to the onset of various cancers,
neurological disorders and other rare illnesses (Bielskienė et al.,
2015; Fajner et al., 2017; Galdeano, 2017); thus, further research on
how the HECT E3 ubiquitin ligases work will help lead to
breakthroughs in drug discovery. This Review aims to focus,
consolidate and summarize the recent findings on the biological
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functions, identified protein–substrate interactions, and disease
relevance of each member of the HECT E3 ubiquitin ligase family.
In general, the conserved C-terminal HECT domain catalyzes the

transfer of ubiquitin to substrates while the variable N-terminal
domains of the HECT E3 ligases are responsible for recognizing and
binding to their protein substrates. The 28 human HECT E3
ubiquitin ligases have been classified into three major subfamilies
based upon their N-terminal regions (Fig. 1). These comprise the
neuronal precursor cell-expressed developmentally downregulated
4 (NEDD4; nine members), HECT and RLD domain-containing
(HERC; six members) and ‘other HECTs’ (13 members)
subfamilies (Rotin and Kumar, 2009).
The NEDD4 family members all contain an N-terminal single

Ca2+-binding C2 domain followed by two, three or four WW
domains (Ingham et al., 2004). The C2 domain binds to
phospholipids in a Ca2+-dependent manner (Plant et al., 1997),
whereas the WW domain is responsible for substrate recognition
(Staub et al., 1996); it is named for the presence of two conserved
tryptophan residues separated by 20 to 22 amino acids (Bork and
Sudol, 1994).
The HERC family members are characterized by the presence of

one or more regulator of chromosome condensation 1 (RCC1)
protein-like domains (RLDs) at their N-termini. It has been
suggested that the β-propeller blades within the RLD interact with
various protein substrates, including the Ras-related GTP-binding
protein Ran, which catalyzes guanine nucleotide exchange
(Ohtsubo et al., 1989).
Some HECT E3 ubiquitin ligases have variable protein–protein

interaction domains at their N-termini and do not contain any RLD
orWW domains, so they have been broadly grouped into the ‘other’
HECT E3 ligase family (Rotin and Kumar, 2009) (Fig. 1). However,
recent phylogenetic analyses have suggested that it may be more
appropriate to further subdivide the remaining HECT E3 ubiquitin
ligases into subfamilies based upon their genetic evolutionary
histories (Grau-Bové et al., 2013; Marín, 2010). With many
sequenced whole genomes of higher organisms becoming available,
it will be interesting to see how the classification of these enzymes
may change in the coming years.

Biological functions of HECT E3 ubiquitin ligases
The HECT E3 ubiquitin ligases have been shown to be involved in a
myriad of cellular processes and signaling pathways. Many of the
links between a specific HECT E3 ubiquitin ligase and an
intracellular process were made through the identification of
protein–protein interactions. Since the initial discovery of E6AP
in 1993 (Huibregtse et al., 1993; Scheffner et al., 1993; Zheng and
Shabek, 2017), there have been many studies that have reported
protein–protein interactions with HECT E3 ubiquitin ligases, but
they have not been consolidated in the literature (see Table S1). To
address this, we have summarized all of the experimentally observed
protein–protein interactions reported, the method(s) used to observe
the interaction, and the specific site(s) of interaction in the HECT E3
ubiquitin ligase over the past 25 years since their original discovery
(Tables S1–S4). Using the information detailed in these tables, we
discuss here some recent highlights with regard to the different
biological functions that HECT E3 ubiquitin ligases regulate and
how their interaction with intracellular proteins elicits a cellular
response (Fig. 2).

Cell growth, proliferation and migration
HECT E3 ubiquitin ligases are involved in regulating cell growth
and proliferation. For example, the overexpression of HERC4

facilitates the proliferation of hepatocellular carcinoma (HCC),
whereas depletion of HERC4 slows down proliferation and
increases the apoptotic rate of HCC (Zheng and Shabek, 2017).
Knockdown of UBE3B, of one of the ‘other HECTs’, in
glioblastoma cells was shown to cause changes in mitochondrial
morphology and physiology and the suppression of cellular
proliferation (Braganza et al., 2017). Another study observed
NEDD4 upregulation increased cell proliferation, while
downregulated NEDD4 in prostate carcinoma cells inhibited
colony formation and induced apoptosis (Li et al., 2015).
SMURF1, another NEDD4 family member, also regulates cancer
cell proliferation by modulating the ubiquitylation and stability of
estrogen receptor alpha (Yang et al., 2018) (Table S2).

Some HECT E3 ubiquitin ligases also play a role in controlling
cell migration. For instance, HACE1, a member of the ‘other
HECTs’ family, reduces cell migration through ubiquitylating Rac1,
a GTPase involved in cell migration, angiogenesis and cell growth
(Castillo-Lluva et al., 2013) (Table S4). SMURF1 also impacts cell
migration through the ubiquitylation of tumor necrosis factor
receptor-associated factor 4 (TRAF4), targeting it for 26S
proteasomal degradation (Wang et al., 2013) (Table S2). SMURF2
has been shown to be a novel regulator in breast cancer, as
overexpressed SMURF2 in nude mouse models leads to cell
migration and metastasis of breast and trophoblast cells (Jin et al.,
2009; Yang et al., 2009). Consequently, HECT E3 ubiquitin ligases
are important regulators in the modulation of cell growth,
proliferation and migration and their consequent implications in
disease.

Regulation of apoptosis
Some HECT E3 ubiquitin ligases are responsible for regulating
apoptosis. For instance, it has been shown that HERC1 is necessary
to prevent UV-induced apoptosis by promoting Bak1, a pro-
apoptotic B-cell lymphoma 2 (Bcl-2) protein (Holloway et al., 2015)
(Table S3). The ‘other HECT’ ligase AREL1 is a novel anti-
apoptotic protein by targeting the degradation of inhibitor of
apoptosis proteins (IAPs), including second mitochondrial-derived
activator of caspase (SMAC, also known as DIABLO), high
temperature requirement A2 (HtrA2) and endoplasmic reticulum
aminopeptidase 1 (ERAP1, also known as ARTS) (Kim et al., 2013)
(Table S4). The NEDD4 family members WWP1 and WWP2 are
also necessary in regulating apoptosis. Depletion of WWP1 altered
Bcl-2-associated X protein (Bax) expression, leading to
osteosarcoma cell apoptosis (Wu et al., 2015), while the
knockdown of WWP2 promoted G1 cell cycle arrest and
apoptosis in liver cancer cells by elevating the expression of
apoptosis-associated markers, including caspase-7, caspase-8 and
Bax (Xu et al., 2016) (Table S2).

Many HECT E3 ubiquitin ligases also modulate apoptosis by
mediating the activity of p53 and p73 (encoded by TP53 and TP73,
respectively), key regulators of cell cycle arrest and apoptosis. For
example, WWP1 has been shown to increase p53 stability (Laine
and Ronai, 2007), while another NEDD4 member, HECW2,
promotes the stability of p73 (Miyazaki et al., 2003) (Table S2).
WWP2 also interacts with p73 to promote p73 turnover (Chaudhary
and Maddika, 2014), and HECW1 increases the transcriptional
activity of p53 by binding to RING-finger protein 43 (RNF43) to
initiate apoptosis in cancerous cells (Li et al., 2008b; Shinada et al.,
2011). SMURF1 and SMURF2 also enhance the degradation of p53
by increasing the activity of the RING E3 ubiquitin ligase mouse
double minute 2 (MDM2) to induce ubiquitin-dependent
proteasomal degradation of p53 (Nie et al., 2010). Overall, these
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Fig. 1. See next page for legend.
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findings establish the important roles of HECT E3 ubiquitin ligase
family members play in regulating apoptosis and cell death.

DNA repair and the DNA damage response
Genome stability and integrity are crucial for cell survival and
normal cell development (McKinnon, 2017). Recent studies have
shown that members of the HECT E3 ubiquitin ligase family help in
maintaining genome integrity by regulating multiple DNA repair
pathways. HERC2 is involved in the nucleotide excision repair
(NER) pathway and acts through ubiquitylating the Xeroderma
pigmentosum complementation group A (XPA) protein (Kang
et al., 2010), which serves as a scaffold for other repair proteins to
ensure proper excision at a damaged DNA site (Sugitani et al., 2016)
(Table S3). HERC2 also participates in the DDR by orchestrating

the assembly of the E2 ubiquitin-conjugating enzyme UBE2N (also
known as UBC13) with RING finger protein 8 (RNF8), a RING E3
ubiquitin ligase that is essential for the retention of repair factors on
DNA double-strand breaks (DSBs) (Bekker-Jensen et al., 2010).

TRIP12 regulates ubiquitin-specific protease 7 (USP7)-
dependent DDR through ubiquitylation of USP7, a protein known
to control stability of p53, tumor suppressor p53-binding protein 1
(TP53BP1), and serine/threonine-protein kinase Chk1 (also known
as CHEK1) (Liu et al., 2016) (Table S4). TRIP12 and UBR5,
another ‘other HECT’, have been shown to control the accumulation
of RING finger protein 168 (RNF168) at DSBs, which ubiquitylates
histones to prevent remodeling of damaged chromatin (Gudjonsson
et al., 2012). UBR5 also enhances DDR during the G1/S and intra S
phase DNA damage checkpoints, while also maintaining G2/M
arrest during DSB repair (Munoz et al., 2007).

Furthermore, HUWE1 is involved in DDR by regulating the
ubiquitylation of cell division cycle protein 6 (Cdc6), an essential
component of pre-replication complexes that assemble at origins of
DNA replication during the G1 phase of the cell cycle (Hall et al.,
2007) (Table S4). HUWE1 can also control the elimination of
myeloid leukemia cell differentiation protein Mcl-1 to trigger DNA
damage-induced apoptosis (Zhong et al., 2005). Taken together,
these studies demonstrate that several HECT E3 ubiquitin ligases
have significant roles in maintaining genome stability.

Viral infection, viral budding and antiviral activities
Many viruses exploit the host cellular ubiquitin machinery to
promote their replication, with many reports of E6AP and members
of the NEDD4 subfamily being specifically targeted by viral
proteins. For example, E6AP ubiquitylation activity is hijacked by
human papilloma virus (HPV) E6 protein resulting in increased
degradation rates of the tumor suppressor protein p53 (Howley,
2006) (Table S1). The L domain of Gag, a key protein involved in
viral assembly, from both the human T-cell leukemia virus type 1
(HTLV-1) (Sakurai et al., 2004) and Rous Sarcoma virus (RSV)
(Kikonyogo et al., 2001) associates with NEDD4 to promote viral
budding (Table S2). The Herpes Simplex virus (HSV) accessory

Fig. 1. HECT E3 ubiquitin ligases. (A) HECT E3 ligase-dependent
ubiquitylation signaling pathway. Target proteins can be mono-, multi- or
poly-ubiquitylated. (B) Crystal structure of the HECT domain of HUWE1
(PDB 3H1D; Pandya et al., 2010). The HECT domain, which is found all 28
members of the HECT E3 ubiquitin ligase family, consists of two lobes – the
N-terminal lobe (green), which engages with a charged E2–ubiquitin, and
the C-terminal lobe (blue), which contains the conserved catalytic cysteine
residue (red) required for ubiquitylation activity. (C) HECT E3 ubiquitin ligase
domain architecture. HECT E3 ligases can be categorized into three
classes. The NEDD4 family members are characterized by their N-terminal
Ca2+-binding C2 domain and WW domains that recognize PYXP
sequences. Members of the HERC family contain one or two RCC1
domains. The ‘Other HECTs’ family members are more diverse and contain
a variety of different protein–protein interaction domains, with some
similarities and combinations of domains. HECT, homologous to E6AP
C-terminus; C2, Ca2+ domain; WW, WW domain; HECWN, HECW1/2
N-terminal domain; H, helical bundle; SPRY, SPIA and ryanodine receptor
domain; WD40, WD dipeptide domain; CYT-B5, cytochrome b5-like heme/
steroid-binding domain; MIB, MIB/HERC2 domain; L2, ribosomal protein 2;
ZNF, zinc finger; DOC, APC10/DOC domain; ARM, armadillo repeat-
containing domain; UBA, ubiquitin-associated domain; WWE, WWE domain;
BH2, Bcl-2 homology 3 domain; ANK, ankyrin-repeat domain; SUN, SAD1/
UNC domain; MLLE, Mademoiselle/PABC domain; IGF, immunoglobulin-like
fold; PHD, plant homeodomain-type zinc finger; AZUL, Zn-binding
N-terminal domain; IQ, IQ motif/EF-hand binding site.

Fig. 2. An overview of intracellular
signaling pathway regulation by the HECT
E3 ubiquitin ligases. Signaling pathways that
are enhanced by a HECT E3 ubiquitin ligase
are denoted with green arrows, while those
that are downregulated are highlighted with a
red cross. Details on the specific regulatory
effect that some of the HECT E3 ubiquitin
ligases have in the Wnt, TGF-β and Notch
signaling pathways are shown in Fig. 3. There
still remain many unanswered questions on
the specific role(s) and/or function(s) that the
HECT E3 ubiquitin ligases have in each of
these pathways.
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UL56 protein causes NEDD4 autoubiquitylation, targeting it for
degradation, which in turn facilitates the cytoplasmic transport of
virions from the trans-Golgi network (TGN) to the plasma
membrane for virion release (Ushijima et al., 2008). Hepatitis B
virus (HBV) recruits cellular γ2-adaptin and NEDD4 to coordinate
its assembly and escape from hepatocytes (Rost et al., 2006).
Studies have also shown that binding of NEDD4 to the viral matrix
protein (VP40) is essential for budding of Ebola virus (Yasuda et al.,
2003), while WWP1-mediated ubiquitylation of VP40 protein
enhances the exit of Ebola viral particles (Han et al., 2016, 2017). In
contrast, in the presence of viral proteins, SMURF2 inhibits the
release of interferon regulatory factors during the antiviral response
by ubiquitylating mitochondrial antiviral-signaling protein (MAVS)
for degradation (Pan et al., 2014).
HERC5 and HERC6 have also been shown to have antiviral

activities by catalyzing the covalent attachment of interferon-
stimulated gene 15 (ISG15), a 17 kDa tandem ubiquitin-like
protein expressed in the presence of interferons, on to its target
proteins (Dastur et al., 2006; Ketscher et al., 2012; Oudshoorn et al.,
2012; Takeuchi et al., 2006). For example, in this way, HERC5
inhibits the replication of influenza A virus by conjugating ISG15 to
the critical virulence factor non-structural (NS1) protein (Tang et al.,
2010) (Table S3). HERC5 also restricts an early stage of HIV
assembly by attenuating Gag-particle production to inhibit HIV
proliferation (Woods et al., 2011). Likewise, when HERC6 is
overexpressed in vitro, transcription of the interferon-β (IFNβ)
promoter is enhanced, which initiates the antiviral response against
vesicular stomatitis virus and Newcastle disease virus (Oudshoorn
et al., 2012). Intriguingly, the ability of NEDD4 to ubiquitylate viral
protein VP40 is attenuated by ISG15 and inhibits the budding of
Ebola virus (Malakhova and Zhang, 2008; Okumura et al., 2008);
this suggests that ISGylation mediated by HERC5 and/or HERC6
may counteract the hijacked HECT ubiquitylation machinery to
combat viral infections.

Immune response
Several members of the NEDD4 subfamily also have important roles
in the host immune response. For instance, NEDD4 promotes the
ubiquitylation and degradation of Cbl-b, a RING E3 ubiquitin ligase
that facilitates destruction of components of T-cell receptor (TCR)
signaling to initiate the immune response (Yang et al., 2008)
(Table S2). The NEDD4 familymember ITCH has been shown to act
upstream of B-cell lymphoma 6 (Bcl-6), the master transcription
factor involved in coordinating follicular helper T-cell differentiation,
germinal center and immunoglobulin G (IgG) in response to an acute
viral infection (Xiao et al., 2014). ITCH and WWP2 were recently
shown to work in tandem to regulate T-cell differentiation by
modulating TCR signal strength (Aki et al., 2018). Likewise, WWP2
negatively regulates Toll-like receptor 3 (TLR3)-mediated innate
immune and inflammatory responses by targeting TIR-domain-
containing adapter-inducing interferon-β (TRIF; also known as
TICAM1) for ubiquitylation and degradation (Yang et al., 2013).
Furthermore, ITCH controls the stability of critical immune system
proteins, such as c-Jun and JunB (Fang et al., 2002; Gao et al., 2004).
Accordingly, depletion of ITCH in mice results in the spontaneous
development of multisystem autoimmune disease and irregular
epidermal development (Lohr et al., 2010; Melino et al., 2008). In
addition, HECTD3 was recently identified to interact and
ubiquitylate mucosa-associated lymphoid tissue lymphoma
translocation protein 1 (Malt1) and signal transducer and activator
of transcription 3 (STAT3) in pathogenic Th17 cells (Cho et al.,
2019). HECTD3 was also observed to ubiquitylate tumor necrosis

factor receptor-associated factor 3 (TRAF3) and promote type-I
interferon response in macrophages during infection (Li et al., 2018).

The emerging connections between members of the HECT E3
ubiquitin ligases and important cellular processes reinforce the need
for continued studies on this family of enzymes to better understand
the mechanism that each enzyme uses to elicit a cellular response.
By expanding our knowledge on HECT-dependent ubiquitylation
and the HECT substrates, the potential for new therapeutic
approaches to treat viral infections, autoimmune disease and other
cellular processes can be further explored.

Intracellular signaling pathways regulated by HECT E3
ubiquitin ligases
HECT E3 ubiquitin ligases are key effectors in several intracellular
signaling pathways, including the Notch, TGF-β and Wnt pathways
(Figs 2 and 3). Connections between these pathways and HECT E3
ligaseswere determined based on observed interactions and/or changes
in activity or protein levels of their respective substrates. While some
of these links are well established as discussed below, the specific
role of some of the HECTE3 ubiquitin ligase interactors and substrates
in these pathways remains unclear. Further research is thus needed
to validate the role of HECT E3 ligases and provide further
insights into the roles their substrates have in these crucial signaling
pathways.

Notch signaling
The Notch signaling pathway is involved in regulating many
cellular aspects, including cell proliferation, cell fate, cell
differentiation and cell death (Kopan, 2012), and dysfunction of
this pathway has been shown to be involved in the development of
various cancers (Hori et al., 2013). Some HECT E3 ubiquitin
ligases have been identified as repressors of the Notch signaling
pathway. For example, WWP2 catalyzes the mono-ubiquitylation of
the membrane-tethered Notch3 fragment, leading to decreased
Notch pathway activity both in cancer cells and during cell cycle
arrest (Jung et al., 2014) (Table S2). Moreover, NEDD4 antagonizes
Notch signaling by promoting Notch degradation (Sakata et al.,
2004), while, in Caenorhabditis elegans, UBR-5 limits Notch-type
signaling by negatively regulating the activity of GLP-1, a Notch-
type receptor (Safdar et al., 2016) (Table S4).

TGF-β signaling
The transforming growth factor-β (TGF-β) signaling pathway
regulates cell growth, cell differentiation, apoptosis and cellular
homeostasis (Zhang, 2017, 2018). It is well established the
members of NEDD4 subfamily play a significant role in TGF-β
signaling. For example, SMURF1 downregulates TGF-β signaling
by interacting with inhibitory Smad7 in the nucleus, which causes
the translocation of the SMURF1–Smad7 complex to the cytoplasm
(Tajima et al., 2003); SMURF1 then associates with the TGF-β type
I receptor (TβR-I, also known as TGFBR1) at the plasma membrane
to target it for degradation (Ebisawa et al., 2001; Tajima et al., 2003)
(Table S2). Similarly, SMURF2 and WWP1 induce the
downregulation of TGF-β signaling through the degradation of
TGF-β receptor via the ubiquitin-proteasome pathway (Kavsak
et al., 2000; Komuro et al., 2004; Yang et al., 2009). In contrast,
SMURF2 can also target Smad2 and phosphorylated Smad3 for
proteasomal degradation (Lin et al., 2000; Wu et al., 2008), as well
as ubiquitylating Smad3 to attenuate its activity and enhance TGF-β
signaling in the cell (Tang et al., 2011). Further studies on the
molecular mechanisms employed by the NEDD4 subfamily to
enhance and repress TGF-β signaling are warranted.
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Wnt signaling
The Wnt signaling pathway is necessary for the regulation of cell
migration, cell polarity, neural patterning, embryonic development
and tissue homeostasis; not surprisingly, mutations in members of
the Wnt pathway are often linked to birth defects and cancer
(Komiya and Habas, 2008; MacDonald et al., 2009). HECT E3
ubiquitin ligases have been shown to positively and negatively
regulate Wnt signaling through binding and inhibiting Axin (herein
referring to Axin1), a key regulator of intracellular β-catenin levels
(Fei et al., 2013). For example, SMURF1 and SMURF2 both
ubiquitylate Axin, which results in disruption of Axin protein–
protein interactions and its targeting for degradation (Fei et al.,
2013; Kim and Jho, 2010) (Table S2). In addition, both HUWE1
and ITCH can downregulate Wnt signaling by modulating the
activity of modulating the activity of dishevelled (Dvl) family
proteins, key node proteins in the Wnt signaling pathway. In this
context, HUWE1-dependent ubiquitylation of Dvl inhibits its

oligomerization and decreases Wnt and β-catenin signaling (de
Groot et al., 2014) (Table S4). Likewise, ITCH preferentially
ubiquitylates phosphorylated Dvl to induce its subsequent
proteasomal degradation (Wei et al., 2012) (Table S2). HECTD1
has also been observed to disrupt Wnt signaling by enhancing the
interaction between adenomatous polyposis coli (APC) and Axin
(Tran et al., 2013) (Table S4). In contrast, UBR5 has been shown to
increase Wnt signaling by targeting members of the Groucho
protein family (also known as TLE proteins), which are Wnt
antagonists, for degradation, which in turn enhances β-catenin-
dependent transcription (Flack et al., 2017).

Collectively, these findings demonstrate that HECT E3 ubiquitin
ligases are critical regulators in the Notch, TGF-β and Wnt
signaling. Future studies will help to further clarify how the HECT
E3 ubiquitin ligases participate in these important signaling
pathways and other various cellular responses critical for cellular
homeostasis.

Fig. 3. Molecular mechanisms used by members of the HECT E3 ubiquitin ligases to regulate Wnt, TGF-β and Notch signaling pathways. HUWE1,
NEDD4L, ITCH, SMURF1, SMURF2 and HECTD1 downregulate Wnt signaling pathway either through mediating the ubiquitylation of Dvl or of Axin proteins.
Conversely, UBR5 activates Wnt signaling by regulating the ubiquitylation of β-catenin, which results in enhanced β-catenin stability, as well as that of
Groucho/TLE proteins, which inactivates this transcription repressor. SMURF1, SMURF2, WWP1 and NEDD4L E3 ubiquitin ligases suppress TGF-β
signaling through promoting the ubiquitylation of Smad family members including Smad2, Smad3 and Smad7. In contrast, UBR5 upregulates TGF-β
signaling by ubiquitylating Smad2 and Smad7. ITCH, NEDD4 and WWP2 inhibit Notch signaling by ubiquitylating Deltex (also known as DTX1), an E3
ubiquitin ligase that positively regulates Notch signaling, and targeting Deltex and Notch for proteosomal degradation. NEDD4, ITCH, WWP2 and UBR5 also
inhibit the Notch signaling pathway by targeting Notch-like receptors GLP-1 and LIN-12 in C. elegans for degradation or inactivation.
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Disease relevance
Accumulating evidence suggests that mutations in members of the
HECT E3 ubiquitin ligase family are linked to cancers,
neurodegenerative disorders and neurodevelopmental syndromes
(summarized in Fig. 4), and below we highlight examples for
different disease states.

Cancers
The functional role of some HECT E3 ligases in breast cancer has
been extensively investigated over the past decade with numerous
studies concluding that there are strong correlations between HECT
E3 ligase dysfunction and breast cancer. For instance, the NEDD4
subfamily of HECT E3 ligases have been shown to be primary
enzymes involved in the onset of breast cancer. Indeed, expression
of the WWP1 gene is significantly higher in breast tumors than in
normal tissues (Chen et al., 2007b, 2009). Elevated WWP1
expression is also negatively correlated with levels of tumor
necrosis factor (TNF)-related apoptosis-inducing ligand (TRAIL,
also known as TNFSF10), while WWP1 depletion in breast cancer
cells increases TRAIL-induced caspase-8-mediated apoptosis
(Zhou et al., 2012). Large tumor suppressor 1 (LATS1) is also
targeted for proteasomal-dependent degradation by WWP1, which
has been linked to breast cancer cell proliferation (Yeung et al.,
2013) (Table S2). SMURF1 has also been shown to support breast
cancer cell growth by facilitating estrogen receptor α signaling,
which promotes breast cancer progression (Yang et al., 2018).
Interestingly, there are conflicting reports with regard to the

biological role of SMURF2 in breast cancer. Some studies have
shown that SMURF2 overexpression promotes metastasis and
increases migration and invasion of breast cancer cells (David et al.,
2014; Jin et al., 2009). SMURF2 knockdown in human breast
cancer cells resulted in increased expression of SMURF1 to
compensate, which, in turn, led to enhanced breast cancer cell

migration (Fukunaga et al., 2008). SMURF2 regulates breast cancer
cell proliferation by stabilizing the multi-functional scaffold protein
connector enhancer of kinase suppressor of Ras 2 (CNKSR2),
which plays an important role in cell proliferation and
differentiation, while the knockout of SMURF2 in breast cancer
cells causes enhanced ubiquitylation of CNKSR2, targeting it for
proteosomal degradation (David et al., 2018) (Table S2).
Nevertheless, further studies are needed to clarify the exact role of
SMURF2 in breast cancer.

Members of the HERC subfamily have also been linked to breast
cancer. A prime example is HERC2, which has been shown to
mediate the degradation of BRCA1, a key breast cancer suppressor
protein involved in DNA DSB repair (Wu et al., 2010) (Table S3).
HERC4 expression has also been shown to be elevated in breast
cancer cell lines and tissues when compared to a non-tumorigenic
cell line and adjacent normal breast tissues (Zhou et al., 2013).

Furthermore, both UBR5 and HECTD3 are frequently
overexpressed in triple-negative breast cancer and breast
carcinomas, respectively (Li et al., 2013; Liao et al., 2017), but
the underlying mechanisms are not well defined (Table S4). Further
studies are needed to clarify the roles of HECT E3 ubiquitin ligases
in breast cancer development.

Several HECT E3 ubiquitin ligases have been linked to prostate
cancer. For example, knockdown of E6AP attenuates prostate
cancer cell growth and promotes senescence (Paul et al., 2016). The
overexpression of HUWE1 was shown to inhibit human prostate
cancer proliferation and migration that may be linked to the
downregulation of proto-oncogene c-Myc (Qu et al., 2018).
Deficiency of WWP1 gene expression in prostate cancer cells has
also been observed to significantly suppress cell proliferation and
enhance TGF-β-mediated growth inhibition (Chen et al., 2007a).
NEDD4 plays a crucial role in the regulation of prostate cancer cell
proliferation through its interaction with prostate transmembrane

Fig. 4. Dysfunction of HECT E3 ligases is associated
with various types of disease. Several HECT E3 ligases
have been implicated in various types of cancers,
neurodegenerative diseases and viral infections. Many of
these diseases caused by HECT E3 ubiquitin ligase
dysfunction have been genetically linked or caused by
changes in protein expression, stability and/or
ubiquitylation activity. Rare diseases have also been
linked to HECT E3 ubiquitin ligase dysfunction including in
autism, Wolfram syndrome, Kaufman oculocerebrofacial
and X-linked intellectual disability, but the specific
molecular basis for these phenotypes remain unclear and
require further study.
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protein androgen induced 1 (PMEPA1) protein; androgen receptor
(AR) protein induces PMEPA1 expression, which in turn causes
NEDD4 to form a complex with PMEPA1 that ubiquitylates AR for
proteosomal degradation (Li et al., 2008a) (Table S2).
HECT E3 ubiquitin ligases have also been shown to be involved

in liver cancer development. For example, HERC4 is overexpressed
in hepatoma carcinoma cell lines and leads to increased migration
ability and reduced apoptosis (Zheng et al., 2017). In hepatocellular
carcinoma (HCC) cells and tissues, HACE1 expression levels are
decreased and depletion of HACE1 accelerates cell proliferation and
migration (Gao et al., 2016). Mutations in UBE3C promote HCC
progression by regulating epithelial–mesenchymal transition in
HCC cells (Jiang et al., 2014), and mutant HUWE1 enhances
hepato-carcinogenesis and cell proliferation (Liu et al., 2012).
Lung cancer development is also linked to members of the HECT

E3 ubiquitin ligase family. For instance, NEDD4 has shown to have
an essential role in the development of non-small-cell lung
carcinomas (NSCLCs) (Amodio et al., 2010). Knockdown of
NEDD4 markedly reduces NSCLC cell proliferation and tumor
growth, whereas NEDD4 overexpression facilitates growth of non-
transformed lung epithelial cells and the loss of tumor suppressor
phosphatase and tensin homolog (PTEN) (Amodio et al., 2010).
Furthermore, levels of HERC4 are elevated in lung tumors when
compared to adjacent normal tissues, suggesting that HERC4 could
be used as a diagnostic biomarker for lung cancer (Zeng et al.,
2015). Lower levels of E6AP have been observed in lung
adenocarcinomas that correlate with the reduced expression of the
tumor suppressor genes CDKN2B, CDKN2A and CDKN2D
(Gamell et al., 2017).
HECT E3 ubiquitin ligases are also implicated in colorectal

cancers (CRCs). For example, elevated expression of SMURF1 is
associated with CRC progression and poor prognosis (Xie et al.,
2014). Additionally, in vitro experiments have shown that
knockdown of UBR5 prevented proliferation of CRC cells, as
well as their colony formation, migration and invasion, suggesting
that UBR5 is involved in CRC development (Xie et al., 2017).
HECW1 has also been observed to act together with RNF43 to
mediate p53-dependent apoptosis in colorectal carcinogenesis
(Shinada et al., 2011) (Table S2).
WWP2, HUWE1 and UBR5 also have roles in ovarian cancer

development. Indeed, as indicated in the Cancer Genome Atlas
(https://www.cancer.gov/tcga), the majority of ovarian carcinomas
possess a homozygous or heterozygous deletion in theWWP2 locus,
and WWP2 serves as a tumor suppressor by negatively modulating
Notch3 signaling in ovarian cancer (Jung et al., 2014).
Dysregulation of WWP2 has also been linked to endometrial
(Clements et al., 2015) and oral cancers (Fukumoto et al., 2014). In
addition, UBR5 expression is enhanced in ovarian cancers, and this
has been correlated with its role in regulating modulator of apoptosis
protein 1 (MOAP-1) (Matsuura et al., 2017) (Table S4). The UBR5
gene is also found to be frequently mutated in mantle cell lymphoma
(MCL) and may contribute to MCL pathogenesis (Meissner et al.,
2013).
Finally, HECT E3 ubiquitin ligases are also involved in more rare

cancers, such as gastric cancer, transitional cell carcinoma,
esophageal squamous cell carcinoma (ESCC), pancreatic cancer
and thyroid cancer. For example, HACE1 expression was shown to
be suppressed in gastric cancer tissues, whereas its experimental
overexpression can inhibit tumor proliferation, migration and
enhance cell apoptosis (Chen et al., 2018). In contrast, NEDD4
expression is upregulated in advanced gastric cancer tissues, with a
concurrent increased probability of metastasis (Ye et al., 2014).

HECTD3 that has been reported to be overexpressed in ESCC, and
facilitates ESCC cell survival and tumor growth (Li et al., 2017).
Decreased HUWE1 expression promotes cell proliferation,
migration and invasion in thyroid cancer cell lines, whereas
overexpression of HUWE1 inhibits thyroid tumor growth (Ma
et al., 2016). HUWE1 has also been reported to be downregulated in
thyroid cancer tissues and functions as a tumor suppressor by
regulating the stability of p53 (Ma et al., 2016) (Table S4).

Taken together, it is evident that members of the HECT E3
ubiquitin ligases play important roles in numerous cancer types.
Moving forward, it will be crucial to further compare and contrast
how the HECT E3 ubiquitin ligases bind and recognize their
interaction partners in normal and cancer cells lines to identify if
there are any significant differences that can be exploited for drug
intervention. Owing to potential reproducibility issues with some
experimental methods, it will be prudent to conduct follow-up
studies, such as proteomics and mass spectrometry, to verify
substrates of the HECT E3 ubiquitin ligases to further clarify their
specific roles in cancer cells.

Neurodegenerative disorders
The dysfunction of various HECT E3 ligases has also been shown to
be a causative agent for neurodegenerative diseases. Currently, links
with HECT E3 ubiquitin ligases have been established with
Angelman syndrome (AS), Prader–Willi syndrome (PWS),
Huntington’s disease (HD), Alzheimer’s disease (AD),
Parkinson’s disease (PD), X-linked intellectual disability (XLID),
amyotrophic lateral sclerosis (ALS), as well as other more rare
diseases.

Both E6AP and HERC2 E3 ubiquitin ligases are involved in AS,
a severe neurological disorder characterized by mental retardation,
absent speech, ataxia, seizures and hyperactivity (Cooper et al.,
2004). Missense and nonsense point mutations as well as
chromosomal deletions of the UBE3A gene, which codes for
E6AP, results in the loss of E6AP ubiquitin ligase activity and is a
molecular cause for AS (Cooper et al., 2004; Tomaic ́ and Banks,
2015). Recent proteomic studies indicate that the disruption of
HERC2, which has been shown to be a key regulator of E6AP
function, results in developmental delay with Angelman-like
features (Harlalka et al., 2013).

Large chromosomal rearrangements have also been reported in
PWS patients, specifically in the 15q11-q14 region of chromosome
15 that contains the UBE3A and HERC2 genes (Jiang et al., 1998,
2008; Kalsner and Chamberlain, 2015). It is still unknown,
however, how the alterations in these genes and their translated
proteins lead to the onset of AS and PWS. In addition, HECTD2
polymorphisms have been shown to be associated with an increased
risk of prion infections, including Creutzfeldt–Jakob disease and
kuru (Lloyd et al., 2009). Moreover, mutations in UBE3B gene
have been correlated with the development of Kaufman
oculocerebrofacial syndrome (KOS), a rare autosomal recessive
neurodevelopmental disorder (Flex et al., 2013; Pedurupillay et al.,
2015; Yilmaz et al., 2018).

Since Dvl function is altered in the presence of mutated
superoxide dismutase 1 (SOD1), HECW1 plays an important role
in ALS pathology through clearing mutated SOD1 by targeting it
for proteosomal degradation; this might be clinically relevant as
∼20% of patients with familial ALS harbor mutations in the SOD1
gene (Miyazaki et al., 2004; Zhang et al., 2011). Whole-exome
sequencing and homozygosity analysis has also revealed that
mutations in theUBE3B gene may also be linked to autism spectrum
disorders (ASDs) (Chahrour et al., 2012).
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HACE1 has been found to promote the activity of nuclear factor
erythroid 2-related factor 2 (NRF2), a known antioxidative stress
regulator within the brain that is triggered by oxidative stress
(Rotblat et al., 2014). Patients with HD have decreased levels of
HACE1 within the striatum, but its role within the antioxidative
stress response is still poorly understood. Nevertheless, HACE1 has
the potential to serve as a biomarker for HD (Rotblat et al., 2014).
NEDD4 can ubiquitylate amino-3-hydroxy-5-methyl-4-isoxazole
propionic-acid receptors (AMPARs), which have been observed to
be downregulated in mouse models of AD (Rodrigues et al., 2016).
NEDD4 can also catalyze the K63-linked polyubiquitylation of α-
synuclein, a major constituent of Lewy bodies, which are
neuropathological markers for PD and other α-synucleinopathies,
to prevent its role in synaptic vesicle recycling (Sugeno et al., 2014;
Tofaris et al., 2011) (Table S2).
Brain function and neurodevelopment have been shown to be

regulated by several members of the HECT E3 ubiquitin ligase
family. For example, deleterious missense mutations in HECW2
have been linked to neurodevelopmental delays and decreased
muscle tone (Berko et al., 2017). NEDD4-mediated ubiquitylation
of the Ras-related protein Rap2A inhibits its function, leading to a
reduction in Rap2A effector kinase activities and enhanced neurite
development (Kawabe et al., 2010) (Table S2). Next-generation
sequencing (NGS) has also revealed that genetic alterations in
HUWE1 contribute to Juberg–Marsidi and Brooks syndrome, two
X-linked intellectual disability syndromes (Bosshard et al., 2017;
Friez et al., 2016). Mutations in the HACE1 gene have also been
linked to a potentially new autosomal recessive neurodevelopmental
syndrome (Hollstein et al., 2015). Deficiency of HACE1 expression
has also been observed to cause decreased synapse counts and
promote the neurodevelopmental syndrome spastic paraplegia and
psychomotor retardation with or without seizures (SPPRS) (Nagy
et al., 2019).
The molecular basis for how each HECT E3 ubiquitin ligase

contributes to these different neurological disorders remain largely
unclear, with many unanswered questions. To shed further light on
this field, multidisciplinary approaches will need to be employed to
identify the interactors and/or substrates of the HECT E3 ubiquitin
ligases to better understand how the genetic and/or protein function
of each enzyme specifically contributes to each neurodevelopmental
disorder.

Other types of diseases
HECT E3 ubiquitin ligases have also been linked to other diseases,
including diabetes, Liddle syndrome and laminopathies. For
example, UBR5 promotes the ubiquitylation and degradation of
phosphoenolpyruvate carboxykinase (PEPCK1), an enzyme that is
overexpressed in type II diabetes (Jiang et al., 2011) (Table S4).
HECW2 also has been suggested to play a role in laminopathy
pathogenesis by promoting the ubiquitylation and degradation of
proliferating cell nuclear antigen (PCNA) and lamin B1, which both
bind to lamin A to maintain nuclear envelope integrity and
organization (Krishnamoorthy et al., 2018). The partial loss of
E6AP can also alleviate Myc-induced B-cell lymphomagenesis
(Wolyniec et al., 2012). NEDD4L regulates the turnover of
epithelial sodium channel (ENaC), which is essential for
preventing Liddle syndrome, a hereditary form of hypertension
(Zhou et al., 2007) (Table S2). NEDD4 also regulates denervation-
induced skeletal muscle atrophy, as determined by using knockout
mice (D’Cruz et al., 2016; Nagpal et al., 2012). These findings
showing that HECT E3 ubiquitin ligases are linked to a multitude of
diseases underpins the importance of continued research into this

class of E3 ubiquitin ligases in order to better understand their
etiology.

Concluding remarks and future perspectives
As outlined here, HECT E3 ubiquitin ligases are involved in
numerous cellular pathways, and their dysfunction has been
implicated in a myriad of diseases, including cancer,
neurodegenerative diseases and neurological syndromes. Over the
past decade, our knowledge on the biological functions and binding
substrates for members of the HECT E3 ubiquitin ligase family has
expanded considerably.

It is encouraging that high-throughput screening methods are
currently being used to identify the full set of substrates for some
members of the HECT E3 ubiquitin ligase family, such as mass
spectrometry, immunoprecipitation, western blotting, yeast or
mammalian two- and three-hybrid screens, and pull-down assays
(summarized in Tables S1 to S4). However, outside of E6AP and
members of the NEDD4 subfamily, these efforts will need to be
expanded to include the so-far understudied members of HECT E3
ligase family. Additional validation experiments are also required to
confirm interaction partners or substrates, as well as to determine the
mode of interaction, the site(s) of HECT-dependent ubiquitylation,
and, importantly, to establish the downstream fate of the substrate
after its ubiquitylation.

To that end, the creation of a curated database of validated HECT
substrates and binding partners, accessible by the scientific
community, would provide an invaluable tool to obtain further
insights into the cellular pathways each HECT E3 ubiquitin ligase
regulates. It is also worth noting that there is no drug that can
specifically target HECT E3 ubiquitin ligases. In this regard, the
proteolysis targeting chimera (PROTAC) technology is a promising
new development, as this technology can mediate targeted
proteolysis of a substrate by using the ubiquitin machinery of the
cell and RING E3 ubiquitin ligases (An and Fu, 2018; Paiva and
Crews, 2019; Zou et al., 2019), and it might be possible to expand
PROTAC to include processive members of the HECT E3 ubiquitin
ligase family. Continued biochemical and structural investigations
to decipher how exactly HECT E3 ligases interact with their binding
partners and substrates will be important in guiding any future drug
and therapy development to treat HECT E3 ligase dysfunction in
associated diseases.
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Table S1. Observed protein–protein interactions with E6AP 

 
HECT E3 Ubiquitin Ligase 

(E.C.: 2.3.2.26) 
Interacting protein 

Detection 
Method 

Region of 
interaction 

References 

E6-associated protein (E6AP, 
Ubiquitin-protein ligase E3A) 
Gene: UBE3A 
Chromosome location: 
15q11.13 
Ubiquitin Linkages: K48 

14-3-3 protein gamma (14-3-3 , KCIP-1, YQHAG) IF, PD  (Thatte and Banks, 2017) 

26S proteasome non-ATPase regulatory subunit 1 (PSMD1, RPN2) IP, MS  (Martinez-Noel et al., 2018; White et al., 2012) 

26S proteasome non-ATPase regulatory subunit 2 (PSMD2, TRAP2, RPN1) IP, MS  (Martinez-Noel et al., 2018; White et al., 2012) 
26S proteasome non-ATPase regulatory subunit 3 (PSMD3, RPN3)

 
 IP, MS  (Martinez-Noel et al., 2018; White et al., 2012) 

26S proteasome non-ATPase regulatory subunit 4 (PSMD4, RPN10, S5A) 2H, 3H, CE, IP, 
MS, PD, UbA, 

WB  

AZUL (1-64aa) (Kuhnle et al., 2018; Lee et al., 2014; Martinez-Noel et al., 
2012; Martinez-Noel et al., 2018; Tomaic et al., 2013; 
Uchiki et al., 2009; White et al., 2012) 

26S proteasome non-ATPase regulatory subunit 5 (PSMD5, S5B)
 
 IP, MS  (Martinez-Noel et al., 2018; White et al., 2012) 

26S proteasome non-ATPase regulatory subunit 6 (PSMD6, PFAAP4, RPN7)
 
 IP, MS  (Martinez-Noel et al., 2018; White et al., 2012) 

26S proteasome non-ATPase regulatory subunit 7 (PSMD7, RPN8) IP, MS  (Martinez-Noel et al., 2018; White et al., 2012) 
26S proteasome non-ATPase regulatory subunit 8 (PSMD8, RPN12) IP, MS  (Martinez-Noel et al., 2018; White et al., 2012) 

26S proteasome non-ATPase regulatory subunit 10 (PSMD10, Gankyrin) IP, MS  (Martinez-Noel et al., 2018) 
26S proteasome non-ATPase regulatory subunit 11 (PSMD11, RPN6)  IP, MS  (Martinez-Noel et al., 2018; White et al., 2012) 

26S proteasome non-ATPase regulatory subunit 12 (PSMD12, RPN5) IP, MS  (Martinez-Noel et al., 2018; White et al., 2012) 

26S proteasome non-ATPase regulatory subunit 13 (PSMD13, RPN9) IP, MS  (Martinez-Noel et al., 2018; White et al., 2012) 
26S proteasome non-ATPase regulatory subunit 14 (PSMD14, RPN11) IP, MS  (Martinez-Noel et al., 2018; White et al., 2012) 

26S proteasome regulatory subunit 4 (PSMC1, P26s4, RPT2)
 
 IP, MS  (Martinez-Noel et al., 2018) 

26S proteasome regulatory subunit 6A (PSMC3, TBP1, RPT5)
 
 IP, MS  (Martinez-Noel et al., 2018; White et al., 2012) 

26S proteasome regulatory subunit 6B (PSMC4, TBP7, MIP224) IP, MS  (Martinez-Noel et al., 2018; White et al., 2012) 

26S proteasome regulatory subunit 7 (PSMC2, LCMSS1, RPT1)
 
 IP, MS  (Martinez-Noel et al., 2018; White et al., 2012) 

26S proteasome regulatory subunit 8 (PSMC5, SUG1, TRIP1)
 
 IP, MS  (Martinez-Noel et al., 2018; White et al., 2012) 

26S proteasome regulatory subunit 10B (PSMC6, SUG2) IP, MS  (Martinez-Noel et al., 2018; White et al., 2012) 
Activity-regulated cytoskeleton-associated protein (Arc, Arg3.1) IP, PD, UbA  (Greer et al., 2010; Pastuzyn and Shepherd, 2017) 

Annexin A1 (ANXA1, ANX1, LPC1) PD, UbA  (Shimoji et al., 2009) 
Apoptosis-stimulating of p53 protein 2 (TP53BP2, 53PB2, p53BP2, ASPP2, BBP) 2H, 3H, IP  (Martinez-Noel et al., 2018) 

B-lymphocyte kinase (Blk) IP, PD, WB  (Oda et al., 1999) 

Bcl-2 homologous antagonist/killer (Bak) IP, PD  (Thomas and Banks, 1998) 
Beta-actin-like protein 2 (ACTBL2) IP, MS  (Martinez-Noel et al., 2018) 

Cellular tumor antigen p53 (p53, TP53) 2H, 3H, CE, CL, 
IF, IP, ITC, MS, 
PD, SPR, UbA, 

X-ray  

280-781aa (Alarcon et al., 1999; Ansari et al., 2012; Beaudenon et al., 
2005; Cooper et al., 2003; Gewin and Galloway, 2001; 
Huibregtse et al., 1995; Huibregtse et al., 1991; 
Huibregtse et al., 1993a; Huibregtse et al., 1993b; Kao et 
al., 2000; Kuhnle et al., 2018; Martinez-Noel et al., 2018; 
Martinez-Zapien et al., 2016; Nakagawa and Huibregtse, 
2000; Nuber et al., 1998; Ro et al., 2006; Sailer et al., 
2018; Scheffner et al., 1994; Scheffner et al., 1993; 
Scheffner et al., 1995; Stutz et al., 2015; Talis et al., 1998; 
Thatte and Banks, 2017; White et al., 2012) 

Centrosomal protein of 170 kDa (CEP170, FAM68A, KAB, KIAA0470) IP, MS  (Martinez-Noel et al., 2018) 
CGG triplet repeat-binding protein 1 (CGGBP1) 2H, 3H  (Martinez-Noel et al., 2018) 

Deleted in azoospermia-associated protein 2 (DAZAP2, KIAA0058) 2H, 3H  (Martinez-Noel et al., 2018) 

Delta(3,5)-delta(2,4)-dienoyl-CoA isomerase, mitochondrial (ECH1) IP, MS  (Martinez-Noel et al., 2018) 
Disks large (Dlg) UbA, WB  (Kuballa et al., 2007) 

DNA replication licensing factor MCM6 (MCM6, p105MCM) 2H, 3H, MS, IF, 
IP 

 (Martinez-Noel et al., 2018) 

DNA replication licensing factor MCM7 (CDC47 homolog, P1.1-MCM3) 2H, IP, PD, UbA L2G sequence 
(395-420aa) 

(Kuhne and Banks, 1998) 

E6 protein (HPV16) 2H, 3H, Alpha, LXXLL motif (Be et al., 2001; Bedard et al., 2008; Beerheide et al., 

J. Cell Sci.: doi:10.1242/jcs.228072: Supplementary information
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CE, CL, DLS, 
ELISA, FBA, 

GPCA, IP, ITC, 
NMR, PD, SPR, 
TAP, UbA, WB, 

X-ray   

(391-408aa) 1999; Beerheide et al., 2000; Bohl et al., 2000; Brimer et 
al., 2017; Brimer et al., 2007; Cherry et al., 2013; Cho et 
al., 2000; Chopjitt et al., 2015; Cooper et al., 2003; Daniels 
et al., 1997; Das et al., 2000; Elbel et al., 1997; Elston et 
al., 1998; Fei and de Villiers, 2008; Gewin and Galloway, 
2001; Huibregtse et al., 1995; Huibregtse et al., 1991; 
Huibregtse et al., 1993a; Huibregtse et al., 1993b; Jeong 
et al., 2007; Jing et al., 2007; Kao et al., 2000; Karlsson et 
al., 2015; Kuballa et al., 2007; Lee et al., 2007; Liu et al., 
2004; Malecka et al., 2014; Martinez-Noel et al., 2012; 
Martinez-Zapien et al., 2016; Nakagawa and Huibregtse, 
2000; Nuber et al., 1998; Poirson et al., 2017; Rietz et al., 
2016; Ro et al., 2006; Ronchi et al., 2014; Sailer et al., 
2018; Scheffner et al., 1994; Scheffner et al., 1993; 
Scheffner et al., 1995; Sehr et al., 2007; Spangle et al., 
2012; Srivenugopal and Ali-Osman, 2002; Stutz et al., 
2015; Talis et al., 1998; Tan et al., 2012; Tomaic et al., 
2013; Tomaic et al., 2011; Vos et al., 2009; Wang et al., 
2010; White et al., 2012; Zanier et al., 2005; Zanier et al., 
2013; Zanier et al., 2014; Zhou et al., 2011; Zimmermann 
et al., 1999) 

Enoyl-CoA delta isomerase 2 (ECI2, DRS-1, HCA88, pECI) IP, MS  (Martinez-Noel et al., 2018) 

Estrogen receptor  (ESR1, ER) IP, PD  (Li et al., 2006) 

Estrogen receptor  (ESR2, ER) IP, MS  (Kao et al., 2018) 

Eukaryotic translation initiation factor 3 subunit C (eIF3c) IF, IP, MS  (Martinez-Noel et al., 2018) 
Golgi-associated PDZ and coiled-coil motif-containing protein (GOPC, PIST, CAL) UbA, WB  (Jeong et al., 2007) 

HECT domain and RCC1-like domain-containing protein 2 (HERC2) 2H, CE, IF, IP, 
MS, PD, UbA  

150-200aa (Galligan et al., 2015; Kuhnle et al., 2011; Kuhnle et al., 
2018; Martinez-Noel et al., 2012; Martinez-Noel et al., 
2018) 

HECT-type E3 ubiquitin ligase UBR5 (UBR5, EDD, HYD, KIAA0896)  IP, PD  (Tomaic et al., 2011) 

Hepatitis C virus E2 protein (HCV E2) IP, WB  (Li et al., 2016) 

Homeobox protein MOX-1 (MEOX1, MOX1) 2H, 3H  (Martinez-Noel et al., 2018) 
Homeobox protein MOX-2 (MEOX2, MOX2, GAX) 2H, 3H  (Martinez-Noel et al., 2018) 

Homeobox protein prophet of Pit-1 (PROP-1) 2H, 3H  (Martinez-Noel et al., 2018) 
Hypoxia-inducible factor asparagine hydroylase (HIF1AN, HIF-1) IP, MS  (Martinez-Noel et al., 2012; Martinez-Noel et al., 2018) 

Immunoglobulin lambda constant 7 (IGLC7) IP, MS  (Martinez-Noel et al., 2018) 

Keratin, type II cytoskeletal 6B (KRT6B, K6B, KRTL1) IP, MS  (Martinez-Noel et al., 2018) 
Leukocyte C-terminal kinase (Lck) PD  (Oda et al., 1999) 

Lipocalin-1 (LCN1, Tlc, VEGP) IP, MS  (Martinez-Noel et al., 2018) 
MAP kinase-activated protein kinase 5 (MAPKAPK5, PRAK) IP, MS  (Martinez-Noel et al., 2012; Martinez-Noel et al., 2018) 

Melanoma-associated antigen 12 (MAGEA12, MAGE12) 2H, 3H  (Martinez-Noel et al., 2018) 
Methyl-CpG binding protein 2 (MeCP2) IP  (Kim et al., 2013) 

Microtuble-associated protein 1B (LC1-MAP1B) IP  (Grimaldo et al., 2017) 

Mitogen-activated protein kinase 6 (MAPK6, ERK-3) IP, MS  (Martinez-Noel et al., 2012; Martinez-Noel et al., 2018) 

Na+/K+ pump α subunit (ATPα) UbA, WB  (Jensen et al., 2013) 

NADH-ubiquinone oxidoreductase B16.6 subunit (GRIM-19; NDUFA13) IP, PD HECT (Zhou et al., 2011) 

Neuralized-like protein 4 (NEURL4, KIAA1787) CE, IP, MS  (Martinez-Noel et al., 2012; Martinez-Noel et al., 2018) 

Nuclear transcription factor X box-binding protein 1 (NFX1) 2H, IP  (Gewin et al., 2004) 
O6-methylguanine-DNA methyltransferase (MGMT)  IP  (Srivenugopal and Ali-Osman, 2002) 

Paired box protein Pax-5 (PAX5) 2H, 3H  (Martinez-Noel et al., 2018) 
Paired box protein Pax-6 (PAX6) 2H, 3H  (Martinez-Noel et al., 2018) 

Pentatricopeptide repeat domain-containing protein 3 (PTCD3, MRPS-39, TRG-15) 2H, 3H  (Martinez-Noel et al., 2018) 
Peroxiredoxin 1 IP, PD, UbA  (Nasu et al., 2010) 

J. Cell Sci.: doi:10.1242/jcs.228072: Supplementary information

Jo
ur

na
l o

f 
Jo

ur
na

l o
f C

el
l S

ci
en

ce
 •

 S
up

pl
em

en
ta

ry
 in

fo
rm

at
io

n



 3 

Progesterone receptor (PR, PGR, NR3C3) 2H, PD 170-449aa &  
680-851aa 

(Nawaz et al., 1999) 

Prolactin-inducible protein (PIP, gp17, GCDFP15) IP, MS  (Martinez-Noel et al., 2018) 

Promyelocytic leukemia protein (PML, MYL TRIM19, RNF71) IF, IP, UbA  (Louria-Hayon et al., 2009) 
Proteasome activator complex subunit 1 (PSME1, REG-alpha, IGUP I-5111, PA28a) IP, MS  (White et al., 2012) 

Proteasome activator complex subunit 4 (PSME4, PA200, KIAA0077) IP, MS  (White et al., 2012) 
Proteasome subunit alpha 1 (PSMA1, PSMA) IP, MS  (Martinez-Noel et al., 2018; White et al., 2012) 

Proteasome subunit alpha type 2 (PSMA2, HC3, PSC3) IP, MS  (Martinez-Noel et al., 2018) 

Proteasome subunit alpha type-3 (PSMA3, HC8, PSC8) IP, MS  (Martinez-Noel et al., 2018; White et al., 2012) 
Proteasome subunit alpha type-4 (PSMA4, HC9, PSC9) IP, MS  (Martinez-Noel et al., 2018) 

Proteasome subunit alpha type-5 (PSMA5) IP, MS  (Martinez-Noel et al., 2018) 
Proteasome subunit alpha type-6 (PSMA6, PROS-27, p27K) IP, MS  (Martinez-Noel et al., 2018) 

Proteasome subunit alpha type-7 (PSMA7, RC6-1, XAPC7) IP, MS  (Martinez-Noel et al., 2018) 

Proteasome subunit alpha beta type-9 (PSMB9, LMP2, PSMB6i. RING12) IP, MS  (White et al., 2012) 
Proteasome subunit beta type-1 (PSMB1, PSC5) IP, MS  (Martinez-Noel et al., 2018; White et al., 2012) 

Proteasome subunit beta type-2 (PSMB2) IP, MS  (Martinez-Noel et al., 2018) 
Proteasome subunit beta type-3 (PSMB3) IP, MS  (Martinez-Noel et al., 2018) 

Proteasome subunit beta type-4 (PSMB4, PROS-26) IP, MS  (Martinez-Noel et al., 2018) 
Proteasome subunit beta type-5 (PSMB5, LMPX, MB1) IP, MS  (Martinez-Noel et al., 2018) 

Proteasome subunit beta type-6 (PSMB6, LMPY) IP, MS  (Martinez-Noel et al., 2018) 

Proteasome subunit beta type-7 (PSMB7, Macropain chain Z)
 
 IP, MS  (Martinez-Noel et al., 2018; White et al., 2012) 

Proteasome subunit beta type-8 (PSMB8, LMP7, PSMC5i, RING10, Y2)  IP, MS  (Martinez-Noel et al., 2018; White et al., 2012) 

Protein kinase A (PKA) Phos  (Thatte and Banks, 2017) 
Rabphilin-3A (RPH3A, Exophilin-1, KIAA0985) 3H  (Martinez-Noel et al., 2018) 

RING-type E3 ubiquitin transferase MID2 (MID2, FXY2, RFN60, TRIM1) 3H  (Martinez-Noel et al., 2018) 

RING1 and YY1-binding protein (RYBP, DEDAF, YEAF1) IP, PD, UbA, WB   (Li et al., 2018) 
Ring1B (RF5) CE, IP, MS, PD, 

UbA 
 (Li et al., 2018; Thatte and Banks, 2017; Zaaroor-Regev et 

al., 2010) 
S-methyl-5’-thioadenosine phosphorylase (MTAP) IP, MS  (Martinez-Noel et al., 2018) 

Sacsin (DNAJC29) IP  (Greer et al., 2010) 
Scribble (hScrib, LAP4, Vartul, KIAA0147) IP, PD, UbA  (Nakagawa and Huibregtse, 2000; White et al., 2012) 

Suppressor of G2 allele of SKP1 homolog (SUGT1, Sgt1) IP, MS  (Martinez-Noel et al., 2018) 

Testis-specific basic protein Y 2 (BPY2, YCY2) 2H, IP HECT domain (Wong et al., 2002) 
Tetratricopeptide repeat protein 23-like (TTC23L) 2H, 3H  (Martinez-Noel et al., 2018) 

Transmembrane and coiled-coil domain-containing protein 7 (TMCO7, TANGO6) IP, MS  (Martinez-Noel et al., 2018) 
Trihydrophobin 1 (TH1) 2H, IP, PD, UbA N-terminus  

(1-280aa) 
(Yang et al., 2007) 

Tuberous sclerosis 2 protein (Tuberin, TSC2) IP, PD 260-316aa &  
428-500aa 

(Zheng et al., 2008) 

Tubulin beta-2B chain (TUBB2B) IP, MS  (Martinez-Noel et al., 2018) 

Tyrosine-protein phosphatase non-receptor type 3 (PTPN3, PTP-H1) TAP, UbA  (Jing et al., 2007) 

Ubiquilin-1 (UBQLN1, hPLIC-1) 2H, 3H, IP  (Kleijnen et al., 2000; Martinez-Noel et al., 2018) 
Ubiquilin-2 (UBQLN2, hPLIC-2) 2H, 3H, IP  (Kleijnen et al., 2000; Martinez-Noel et al., 2018) 

Ubiquitin carboxyl-terminal hydrolase 14 (USP14, TGT) IP, MS  (Martinez-Noel et al., 2018) 
Ubiquitin carboxyl-terminal hydrolase isozyme L5 (UCHL5) IP, MS  (Martinez-Noel et al., 2018) 

Ubiquitin-associated domain-containing protein 2 (UBAC2, PHGDHL1) 3H  (Martinez-Noel et al., 2018) 
Ubiquitin-conjugating enzyme E2 D1 (UBE2D1, UBCH5) Native-PAGE, 

PD, UbA 
HECT (Anan et al., 1998; Beaudenon et al., 2005; Hatakeyama 

et al., 1997; Kao et al., 2000; Nuber and Scheffner, 1999; 
Nuber et al., 1996; Sailer et al., 2018; Scheffner et al., 
1994; Schwarz et al., 1998; Uchiki et al., 2009) 

Ubiquitin-conjugating enzyme E2 L3 (UBE2L3, UBCH7, UBCE7) 2H, FP, IP, UbA, 
X-ray 

HECT (Anan et al., 1998; Grimaldo et al., 2017; Huang et al., 
1999; Jeong et al., 2007; Kumar et al., 1997; Nuber et al., 
1996; Nuber et al., 1998; Ronchi et al., 2017; Ronchi et 

J. Cell Sci.: doi:10.1242/jcs.228072: Supplementary information

Jo
ur

na
l o

f 
Jo

ur
na

l o
f C

el
l S

ci
en

ce
 •

 S
up

pl
em

en
ta

ry
 in

fo
rm

at
io

n



 4 

al., 2014; Ronchi et al., 2013; Sammond et al., 2007; 
Sammond et al., 2010; Schwarz et al., 1998; Yang et al., 
2007; Zaaroor-Regev et al., 2010) 

Ubiquitin-conjugating enzyme E2 L6 (UBE2L6, UBCH8, RIG-B) 2H, UbA HECT (Kumar et al., 1997; Scheffner et al., 1994; Scheffner et 
al., 1995) 

Ubiquitin-conjugating enzyme E2 2I (UBE2I, UBC9) UbA  (Heaton et al., 2011) 
UV excision repair protein RAD23 homolog A (RAD23A, HHR23A) 2H, 3H, IP, PD, 

UbA 
 (Greer et al., 2010; Kumar et al., 1997; Kumar et al., 1999; 

Martinez-Noel et al., 2018) 
UV excision repair protein RAD23 homolog B (RAD23B, HHR23B) 2H, 3H, MS  (Martinez-Noel et al., 2018) 

Vasodilator-stimulated phosphoprotein (VASP) IP, MS  (Martinez-Noel et al., 2018) 

Voltage-gated N-type calcium channel (Cav2.21 subunit) IP  (Grimaldo et al., 2017) 

Zinc finger protein 250 (ZNF250, ZNF647) 2H, 3H  (Martinez-Noel et al., 2018) 

Zinc finger protein 446 (ZNF446, ZKSCAN20) 2H, 3H  (Martinez-Noel et al., 2018) 

 
Detection methods: 2H, yeast or mammalian-two hybrid; 3H, yeast or mammalian-three hybrid; Alpha, amplified luminescent proximity homogenous assay; CE, co-elution during 
chromatography purification; CL, chemical crosslinking; DLS, dynamic light scattering; ELISA, enzyme-linked immunosorbent assay; FBA, in vitro filter binding assay; FP, fluorescence 
polarization; GPCA, Gaussia protein complementation assay; IF, immunofluorescence; IP, immunoprecipitation; ITC, isothermal calorimetry; MS, liquid chromatography or MALDI MS/MS; 
Native-PAGE, non-denaturing polyacrylamide gel electrophoresis; NMR, nuclear magnetic resonance; PD, pulldown using GST, His or MBP tag; Phos, in vitro phosphorylation; SPR, 
surface plasmon resonance; TAP, tandem affinity purification; UbA, ubiquitylation assay; WB, immunoblot; X-ray, X-ray crystallography. 
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Table S2. Observed protein–protein interactions with NEDD4 family HECT E3 ubiquitin ligases 

 
HECT E3 Ubiquitin Ligase 

(E.C.: 2.3.2.26) 
Interacting protein Detection 

Method 
Region of 
interaction 

References 

HECT, C2 and WW domain 
containing E3 ubiquitin 
protein ligase 1 (HECW1; 
NEDL1) 
Gene: HECW1 
Chromosome location: 7q14.1-
p13 
Ubiquitin Linkages: K63? (TBD) 

Dishevelled-1 (Dvl1) 2H, IP, UbA WW 1 & 2 (Miyazaki et al., 2004) 

Mutant superoxide dismutase-1 (SOD1; mutations A4V, G93A, H46R) 2H, IP, UbA 
 

CW linker 
(302-828aa) 

(Miyazaki et al., 2004) 

Cellular tumor antigen p53 (p53, TP53) IP  (Li et al., 2008b) 

RING finger protein 43 (RNF43) 2H, IP  (Shinada et al., 2011) 

Thyroid transcription factor 1 (TTF1, Nkx-2.1) IP, UbA  (Liu et al., 2019a) 

Translocon-associated protein subunit-δ (TRAP-δ, SSR-δ) 2H, IP WW 1 & 2 (Miyazaki et al., 2004) 

Ubiquitin-conjugating enzyme E2 D1 (UBE2D1, UBCH5A) UbA  (Kristariyanto et al., 2015) 

Ubiquitin-conjugating enzyme E2 D2 (UBE2D2, UBCH5B) UbA  (Kristariyanto et al., 2015) 

Ubiquitin-conjugating enzyme E2 D3 (UBE2D3, UBCH5C) UbA  (Kristariyanto et al., 2015; Miyazaki et al., 2004) 

Ubiquitin-conjugating enzyme E2 L3 (UBE2L3, UBCH7, UBCE7) UbA  (Kristariyanto et al., 2015; Miyazaki et al., 2004) 

HECT, C2 and WW domain 
containing E3 ubiquitin 
protein ligase 2 (HECW2; 
NEDL2) 
Gene: HECW2 
Chromosome location: 2q32.3 
Ubiquitin Linkages: K63 

Anaphase-promoting complex subunit 1 (ANAPC1, APC1)  IP, MS  (Lu et al., 2013) 

Anaphase-promoting complex subunit 2 (ANAPC2, APC2) IP, MS  (Lu et al., 2013) 

Anaphase-promoting complex subunit 4 (ANAPC4, APC4) IP, MS  (Lu et al., 2013) 

Anaphase-promoting complex subunit 5 (ANAPC5, APC5) IP, MS  (Lu et al., 2013) 

Anaphase-promoting complex subunit 7 (ANAPC7, APC7) IP, MS  (Lu et al., 2013) 

Angiomotin-like protein 1 (AMOTL1) IP, UbA WW 1 & 2 (Choi et al., 2016) 

Angiomotin-like protein 2 (AMOTL1) IP  (Choi et al., 2016) 

Angiomotin protein 130 (AMOTL130) IP  (Choi et al., 2016) 

Cell division cycle protein 16 homolog (CDC16, APC6) IP, MS  (Lu et al., 2013) 

Cell division cycle protein 23 homolog (CDC23, APC8) IP, MS  (Lu et al., 2013) 

Cell division cycle protein 27 homolog (CDC27, APC3) IP, MS  (Lu et al., 2013) 

Cellular tumor antigen p73 (p73, TP73) IP, PD, UbA WW 1 & 2 (Miyazaki et al., 2003) 

Centromere protein F (CENPF, CENF)  IP, MS  (Lu et al., 2013) 

Centrosomal protein of 170 kDa (CEP170, KAB) IP, MS  (Lu et al., 2013) 

Cytoplasmic linker-associated protein 2 (CLAPS2) IP, MS  (Lu et al., 2013) 

Fizzy/cell division cycle 20 related 1 (FZR1, CDH1) IP, MS, PD, UbA C2 & CW linker 
(182-806aa) 

(Lu et al., 2013) 

Heterochromatin protein 1𝛼 (HP1𝛼) IP, PD, UbA WW 2 (Krishnamoorthy et al., 2018a) 

Heterochromatin protein 1𝛽 (HP1𝛽) IP, PD, UbA WW 2 (Krishnamoorthy et al., 2018a) 

Lamin A/C (LMNA, LMN1) IP, UbA  (Krishnamoorthy et al., 2018b) 

Lamin B1 (LMNB1, LMN2, LMNB) IP, UbA  (Krishnamoorthy et al., 2018b) 

Nucleolar and spindle-associated protein 1 (NUSAP1)  IP, MS  (Lu et al., 2013) 

Polo-like kinase 1 (PLK1, STPK13) IP, MS  (Lu et al., 2013) 

Proliferating cell nuclear antigen (PCNA) 
 

IP, UbA HECT PIP 
(1321-1328aa)  

(Krishnamoorthy et al., 2018b) 

Protein regulator of cytokinesis 1 (PRC1, ASE1)  IP, MS  (Lu et al., 2013) 

Ubiquitin-conjugating enzyme E2 D3 (UBE2D3, UBCH5C) UbA  (Miyazaki et al., 2003) 

Ubiquitin-conjugating enzyme E2 L3 (UBE2L3, UBCH7, UBCE7) UbA  (Miyazaki et al., 2003) 

E3 ubiquitin-protein ligase 
Itchy homolog (ITCH, 
Atrophin-1 Interacting 
Protein 4, AIP4) 
Gene: ITCH 
Chromosome location: 
20q11.22 
Ub linkage types: K29, K48, 

Angiomotin/p130 (AMOT130) IF, IP, MS, PD WW 1 & 2 (Adler et al., 2013; Wang et al., 2012a) 

Apoptosis-stimulating of p53 protein 2 (ASPP2, TP53BP2) IF, IP, MS, PD, 
TAP 

WW 1-4 (Gao et al., 2015; Gen et al., 2017) 

Arrestin-2 (ARRB2) IP, PD WW 1 & 2 (Bhandari et al., 2007) 

Arrestin-3 (ARRB3) 2H, IP, UbA WW 1-4 (Shea et al., 2012) 

Arrestin-4 (ARRB4) 2H, IP WW 1-4 (Shea et al., 2012) 

Arrestin domain-containing protein 1 (ARRDC1) PD, UbA  (Puca et al., 2013; Rauch and Martin-Serrano, 2011) 

Atrophin-1 (ATN1) 2H, PD  (Wood et al., 1998) 
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K63 -p21-activated kinase-interactive exchange factor (PIX) IP, ITC, PD, X-
ray 

217-223aa (Janz et al., 2007)  

BH3-interacting domain death agonist (Bid) IP, UbA  (Azakir et al., 2010) 

CASP8 and FADD-like apoptosis regulator (CLFAR, c-FLIPL) IP  (Chang et al., 2006; Demange et al., 2009) 

Cleavage and polyadenylation specific factor 6 p68 subunit (CPSF6, CFIm) IP, MS, PD WW 1-4 (Ingham et al., 2005) 

Cleavage and polyadenylation specific factor 6 p25 subunit (CPSF6, CFIm) IP, MS, PD WW 1-4 (Ingham et al., 2005) 

Cylindromatosis (CYLD) IP  (Zhang et al., 2013a) 

C-X-C chemokine receptor type 4 (CXCR4) FRET, IP, PD, 
UbA 

WW 1-4 (Bhandari et al., 2009; Bhandari et al., 2007; Malik et al., 
2012; Marchese et al., 2003) 

Deltex-1 (DTX1) IF, IP  (Chastagner et al., 2006) 

Dishevelled (Dvl) 2H, IP, UbA  (Wei et al., 2012) 

DNA-directed RNA Polymerase II largest subunit (RNA Pol II LS) IP, MS, PD WW 1-4 (Ingham et al., 2005) 

Dual specificity mitogen-activated protein kinase kinase 1 (MAP2K1, MKK1, MEK1) 2H, IP, PD, UbA  (Enzler et al., 2009) 

Dual specificity mitogen-activated protein kinase kinase 4 (MAP2K4, MKK4, MEK4) FBA, IP, UbA  (Ahn and Kurie, 2009) 

Endophilin A1 IF, IP, PD, UbA PRD (Angers et al., 2004) 

E3 ubiquitin protein ligase CBL-C (CBLC, CBL3) 2H, IF, IP, PD WW 1-4 (Courbard et al., 2002) 

E3 ubiquitin protein ligase DTX3L (Deltex-3-like, Rhysin-2) IF, IP, PD, UbA  (Holleman and Marchese, 2014) 

Forkhead box protein O1 (FOXO1) IP, UbA  (Xiao et al., 2014) 

Homeobox protein TGIF1 (TGIF) IP WW 1 & 2 (Demange et al., 2009) 

Human cytomegalovirus protein UL42 (HCMV UL42) IF, IP WW 1-4 (Koshizuka et al., 2016) 

Human enhancer of filamentation 1 (HEF1) 2H, IP, PD, UbA WW 2-4 (Feng et al., 2004) 

Influenza A virus matrix protein (M1) IF, IP  (Mahesutihan et al., 2018; Su et al., 2013) 

Intersectin1 (ITSN1) IP  (Dergai et al., 2018) 

Large tumor suppressor 1 (LATS1) IP, MS, PD, UbA WW 1-4 (Ho et al., 2011; Salah et al., 2011) 

Latent membrane protein 2A (LMP2A) MS, IP WW 1-4 (Winberg et al., 2000) 

Low-density-lipoprotein receptor class A domain containing 3 (LRAD3) IP, PD WW 1-4 (Noyes et al., 2016) 

Low-density-lipoprotein receptor-related protein 6 (LRP6) MS, IP, UbA  (Vijayakumar et al., 2017) 

Matrix protein VP40 (eVP40) IP, PD WW 1 (Han et al., 2016) 

MicroRNA 106b (has-miR-106b) IP  (Luo et al., 2016) 

Mitochondrial antiviral-signaling proteins (MAVS) IP, UbA WW 2 & 3 (You et al., 2009) 

Mitogen-activated protein kinase 8 (MAPK8, JNK1) IP, UbA 595-604aa (Gallagher et al., 2006) 

Mitogen-activated protein kinase kinase kinase 7 (MAP3K7, Tak1) IP  (Ahmed et al., 2011) 

NEDD4-binding partner-1 (N4BP1) IP, PD WW 2 (Oberst et al., 2007) 

NEDD4 family-interacting protein 1 (NDFIP1) IP, UbA   (Jiang et al., 2019; Kathania et al., 2015) 

Neurogenic locus notch homolog protein 1 (Notch) IP, PD, UbA WW 1-4 (McGill and McGlade, 2003; Puca et al., 2013; Qiu et al., 
2000) 

Nuclear factor of activated T-cells, cytoplasmic 1 (NFATc) IP  (Fang et al., 2002) 

Occludin (OCLN) 2H, IP, UbA WW 2 & 4 (Traweger et al., 2002) 

Octamer-binding transcription factor 4 (Oct4, POU5F1) IP, MS, PD, TAP  (Liao et al., 2013) 

Patched-1 (PTCH1) IF, IP, MS  (Chen et al., 2014) 

Phosphatidylinositol 4-kinase II (PI4KII) IF, IP, NMR, PD, 
UbA 

WW 3 (Mossinger et al., 2012) 

Phospholipase C-gamma-1 (PLC-1) IP  (Heissmeyer et al., 2004) 

Protein numb homolog (Numb) IP, PD WW 1 & 2 (Di Marcotullio et al., 2011; McGill and McGlade, 2003) 

Ras association domain-containing protein 5 (RASSF5, NORE1) IP, PD, UbA WW 1-4 (Suryaraja et al., 2013) 

Receptor-interacting serine/threonine-protein kinase 1 (RIPK1, RIP1) IP, UbA  (Shembade et al., 2008) 

Receptor-interacting serine/threonine-protein kinase 2 (RIPK2, RIP2) IP, PD  (Perez et al., 2018) 

Receptor tyrosine-protein kinase erbB-3 (ERBB3, HER3) IF, IP, PD WW 1-4 (Le Clorennec et al., 2016; Omerovic et al., 2007) 

Receptor tyrosine-protein kinase erbB-4 (ErbB4, HER4) IP, MS  (Gilmore-Hebert et al., 2010) 

RNA-binding protein EWS (EWS) IP, MS, PD WW 2 (Ingham et al., 2005) 

RING finger protein 11 (RNF11, CGI-123) IP, PD WW 1 (Kitching et al., 2003; Shembade et al., 2009) 

Serine/threonine-protein kinase Sgk3 (SGK3, SGKL, CISK) 2H, IP, PD WW 1-4 (Slagsvold et al., 2006) 
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Signal transducing adapter molecule 1 (STAM-1) IF, IP, PD PRD (Malik et al., 2012) 

SMAD family member 2 (SMAD2) IP, UbA  (Bai et al., 2004) 

SMAD family member 7 (SMAD7) 2H, IP, UbA WW 1 & 2 (Gen et al., 2017; Lallemand et al., 2005; Park et al., 2015) 

Sorting nexin 9 (SNX9)  IP, PD, MS, UbA PRD (Baumann et al., 2010) 

Sorting nexin 18 (SNX18)  IP  (Baumann et al., 2010) 

Spartin (SPG20) IF, IP PRR + WW 1-4 (Edwards et al., 2009; Hooper et al., 2010) 

Src homology region 2 domain-containing phosphatase-1 (SHP-1, PTPN6) IP, MS, UbA  (Aki et al., 2018) 

Tax1-binding protein 1 (TAX1BP1, T6BP) IP  (Shembade et al., 2008) 

TGF-beta-activated kinase 1 and MAP3K7-binding protein 1 (TAB1) MS, IP, PD WW 1-4 (Theivanthiran et al., 2015) 

TGF-beta inducible early growth response protein 1 (TIEG1) IP, UbA WW 1-4 (Venuprasad et al., 2008) 

Thioredoxin-interacting protein (TXNIP) IF, IP WW 1-4 (Otaki et al., 2016; Zhang et al., 2010a) 

TNF receptor-associated factor 6 (TRAF6) DeUbA, IP  (Zhang et al., 2013a) 

Trans-acting T-cell-specific transcription factor GATA-3 IP  (Fang et al., 2002) 

Transcription factor AP-1 (c-Jun, Jun) IF, IP  (Fang et al., 2002; Fang and Kerppola, 2004; Gao et al., 
2004) 

Transcription factor Jun-B (JunB) IP, PD, UbA WW 1-4 (Fang et al., 2002; Liu et al., 2019c) 

Transcription factor Maf (c-Maf) IP  (Fang et al., 2002) 

Transcription factor NF-E2 45 kDa subunit (p45 NF-E2) 2H, IF, PD, UbA WW 1 (Chen et al., 2001; Lee et al., 2008a) 

Tumor protein p63 (p63) IF, IP, NMR WW 1 & 2 (Bellomaria et al., 2010; Bellomaria et al., 2012; Melino et 
al., 2014; Rossi et al., 2006a; Rossi et al., 2006b) 

Tumor protein p73 (p73) IP, TAP, UbA  (Rossi et al., 2005) 

Tyrosine-protein kinase Fyn (Fyn) IP, MS  (Yang et al., 2006) 

Ubiquitin-associated protein 2-like (UBAP2L, NICE4, KIAA0144) IP, MS, PD WW2 (Ingham et al., 2005) 

Ubiquitin carboxyl-terminal hydrolase CYLD (Cyld) IP, PD  (Ahmed et al., 2011) 

Ubiquitin-conjugating enzyme E2 D1 (UBE2D1, UBCH5A) UbA  (Kristariyanto et al., 2015; Wang et al., 2019) 

Ubiquitin-conjugating enzyme E3 D2 (UBE2D2, UBCH5B) UbA  (Kristariyanto et al., 2015) 

Ubiquitin-conjugating enzyme E3 D3 (UBE2D3, UBCH5C) UbA  (Kristariyanto et al., 2015) 

Ubiquitin-conjugating enzyme E2 E1 (UBE2E1, UBCH6) UbA  (Ahn and Kurie, 2009) 

Ubiquitin-conjugating enzyme E2 G1 (UBE2G1, UBC7) UbA  (Gallagher et al., 2006) 

Ubiquitin-conjugating enzyme E3 L3 (UBE2L3, UBCH7, UBCE7) IP, PD, SPR, 
UbA 

 (Kristariyanto et al., 2015; Perez et al., 2018; Puca et al., 
2013) 

WW domain containing E3 ubiquitin protein ligase 2 (WWP2) IP, MS WW 3 (Aki et al., 2018)  

Zinc finger protein GLI1 (GLI1) IP, PD, UbA WW 1, 2, & 4 (Di Marcotullio et al., 2011; Wang et al., 2017c) 

Neural precursor cell 
expressed developmentally 
down-regulated 4, E3 
ubiquitin ligase; (NEDD4; 
NEDD4-1; Cell proliferation-
inducing gene 53 protein; 
HECT-type E3 ubiquitin 
transferase NEDD4; RPF1) 
Gene: NEDD4 
Chromosome location: 15q21.3 
Ubiquitin Linkages: K6, K27, 
K48, K63 

α-synuclein (αS, NACP) IF, IP, MS, UbA  (Kim et al., 2016b; Sugeno et al., 2014; Tofaris et al., 
2011) 

α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPA receptor, 
quisqualate receptor) 

IP, UbA  (Lin et al., 2011; Rodrigues et al., 2016) 

Activated Cdc42-associated tyrosine kinase (ACK) IP, PD, UbA WW 3 (Lin et al., 2010) 

Activation-induced cytidine deaminase (AICDA, AID) IP, UbA  (Sun et al., 2013) 

ADP-ribosylation factor-binding protein GGA3 (GGA3, KIAA0154)       IP, UbA  (Pak et al., 2006)  

Angiomotin-like 1 (AMOTL1) IP  (Ray et al., 2019) 

Annexin XIIIb IF, IP, MS, PD C2 (Plant et al., 2000) 

Arrestin domain containing protein 3 (ARRDC1) 2H WW (Rauch and Martin-Serrano, 2011) 

Arrestin domain containing protein 3 (ARRDC2) 2H WW (Rauch and Martin-Serrano, 2011) 

Arrestin domain containing protein 3 (ARRDC3) 2H, IF, IP, ITC, 
X-ray 

WW 1-4 (Nabhan et al., 2010; Qi et al., 2014; Rauch and Martin-
Serrano, 2011) 

Arrestin domain containing protein 3 (ARRDC4) 2H WW (Rauch and Martin-Serrano, 2011) 

ATP-binding cassette transporter 1 (ABCG1, ABC8, WHT1) IP, MS  (Aleidi et al., 2015) 

ATP-binding cassette transporter 4 (ABCG4, WHITE2) IP, MS  (Aleidi et al., 2015) 

Aquaporin-2 (AQP2) 2H, IP, UbA WW 1-4 (Trimpert et al., 2017) 

β-arrestin-1 IF, IP  (Simonin and Fuster, 2010) 

β-arrestin-2 2H WW (Rauch and Martin-Serrano, 2011) 
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β2-adrenergic receptor (β2AR, ADRβ2R) IP, UbA  (Nabhan et al., 2010; Shenoy et al., 2008) 

Bean1 FW, PD WW 2 & 3 (Jolliffe et al., 2000) 

Beclin-1 (BECN1) 2H, IP, PD, UbA WW 1-4 (Pei et al., 2017; Platta et al., 2012) 

Calpain 2 (CAPN2) IP, PD, UbA  (Cui et al., 2014) 

Caspase 11 (Casp11) IP, MS, UbA  (Liu et al., 2019b) 

Cezanne-1 (OTUD7B) IP WW (Pareja et al., 2012) 

Commissureless (Comm) 2H, IF, IP, PD WW 2 & 3 (Myat et al., 2002) 

Connexin43 (Cx43) IF, IP, ITC, NMR, 
PD, SPR 

WW 1-3 (Leykauf et al., 2006; Spagnol et al., 2016) 

Cyclic nucleotide ras guanine-exchange factor (CNrasGEF) IP, PD, UbA WW 1-4 (Pham and Rotin, 2001) 

Deoxycytidine deaminase (APOBEC3G, CEM15) IP, PD, UbA WW 2 & 3 (Dussart et al., 2005) 

Discs large homolog 3 (Dlg3) IF, IP, MS, TAP, 
UbA 

 (Van Campenhout et al., 2011) 

DNA damage-inducible transcript 4 protein (DDIT4, RTP801) IF, IP, UbA  (Canal et al., 2016) 

E3 ubiquitin ligase Cbl-b (Cbl-b, RNF56) IP, UbA  (Yang et al., 2008) 

Ebola Viral matrix protein (VP40) IP, ITC, NMR, 
UbA 

WW 1-4 (Iglesias-Bexiga et al., 2019; Malakhova and Zhang, 2008; 
Okumura et al., 2008; Yasuda et al., 2003) 

Epithelial Na+ channel (ENaC) 2H, FP, IP, NMR, 
PD, SPR 

WW 2, 3 & 4 (Bobby et al., 2013; Farr et al., 2000; Goulet et al., 1998; 
Harvey et al., 1999; Henry et al., 2003; Kamynina et al., 
2001b; Kanelis et al., 2000; Kanelis et al., 1998; Kanelis et 
al., 2001; Lott et al., 2002; Snyder et al., 2001; Staub et 
al., 1996) 

Exportin-1 (Exp1, XPO1) IP, UbA  (Xu et al., 2019) 

Fibroblast growth factor receptor 1 (FGFR1, FLT-2) FP, IP, PD, UbA C2 & WW 3 (Persaud et al., 2011) 

γ2-adaptin IP, PD  (Rost et al., 2006) 

G-protein-coupled receptor 183 (GPR183) IP  (Zhang et al., 2015) 

G-protein-coupled receptor kinase 2 (GRK2) IP, Phos WW 2 & 3 (Sanchez-Perez et al., 2007) 

Growth factor receptor bound protein 10 (Grb10) 2H, CE, IP, PD, 
X-ray 

C2  (Huang and Szebenyi, 2010; Monami et al., 2008; 
Morrione et al., 1999; Vecchione et al., 2003) 

GTPase KRas (K-Ras) IF, MS, PD, UbA  (Zeng et al., 2014) 

Guanylyl cyclase domain containing 1 (GUCD1) 2H, IF, IP, UbA  (Bellet et al., 2014) 

Heat shock transcription factor 1 (HSF1) IP, UbA  (Kim et al., 2016b) 

Herpes simplex virus UL 56 protein (HSV UL56) 2H, IF, IP WW 1-4 (Ushijima et al., 2008) 

Histone H3 IP, PD, UbA  (Zhang et al., 2017a) 

Hormonally up-regulated neu tumor-associated kinase (HUNK, MAK-V) 2H, IP, MS, PD C2 and WW 1 (Kalinichenko et al., 2012) 

Human epidermal growth factor receptor 3 (HER3) IF, IP, MS, UbA WW 1-4 (Huang et al., 2015) 

Human immunodeficiency virus type 1 (HIV-1) Gag protein  IP C2 & WW 1-4 (Sette et al., 2010) 

Human proline-rich transcript, brain-expressed protein (hPRTB) 2H, IF, PD, UbA WW 1-4 (Hamilton et al., 2001) 

Human T-cell leukemia virus type 1 Gag (HTLV-1 Gag) 2H, IF, ITC, 
NMR, PD 

WW 1-4 (Bouamr et al., 2003; Iglesias-Bexiga et al., 2019; Sakurai 
et al., 2004) 

Insulin-like growth factor receptor (IGF-1Rβ) IF, IP, UbA  (Kwak et al., 2012; Monami et al., 2008; Vecchione et al., 
2003) 

Insulin receptor substrate 2 (IRS-2) IP, MS, PD, UbA C2 (Fukushima et al., 2017; Fukushima et al., 2015) 

Interferon-induced gene 15 (ISG15) IP, UbA  (Hu et al., 2019; Malakhova and Zhang, 2008; Okumura et 
al., 2008) 

Interferon-induced transmembrane protein 3 (IFITM3) IF, IP, UbA WW 1-4 (Chesarino et al., 2015) 

Large tumor suppressor kinase 1 (LATS1, WARTS protein kinase) IF, IP, PD, PepA, 
UbA 

WW 1-4 (Bae et al., 2015; Salah et al., 2013) 

Low-density-lipoprotein receptor class A domain containing 3 (LRAD3) IP, MS, PD, UbA WW (Noyes et al., 2016) 

Lysosomal protein transmembrane 4 (LAPTM4) IF, IP, UbA WW 1-4 (Milkereit and Rotin, 2011) 

Lysosomal protein transmembrane 5 (LAPTM5) IP, UbA WW 2 (Fouladkou et al., 2008; Pak et al., 2006) 

Mahogunin ring finger-1 (MGRN1, RNF156) IP  (Gunn et al., 2013) 

J. Cell Sci.: doi:10.1242/jcs.228072: Supplementary information
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Microtubule associated protein 1 light chain 3 (LC3) IF, FP, IP, PD, 
UbA, X-ray 

LIR (Between 
C2 & WW 2) 

(Ogawa et al., 2018; Pei et al., 2017; Qiu et al., 2017; Sun 
et al., 2017) 

Mitogen-activated protein kinase (MAPK) p38α IP, MS, UbA WW 1-4 (Liu et al., 2017) 

Mouse double minute 2 homolog (MDM2) MS, PD, UbA  (Xu et al., 2015) 

Myotubularin-related protein 4 (MTMR4) IF, IP, UbA WW 1-4 (Plant et al., 2009) 

Na+/H+ exchanger 1 (NHE1, APNH) IF, IP, UbA  (Simonin and Fuster, 2010) 

Nedd4-binding partner-1 (N4BP1) 2H, IP, PD, UbA WW 1-4 (Murillas et al., 2002) 

Nedd4-binding partner-2 (N4BP2) 2H, FW, IP, PD, 
UbA 

WW 2 (Jolliffe et al., 2000; Murillas et al., 2002) 

Nedd4-binding partner-3 (N4BP3, KIAA0341) 2H, FW, IF, PD, 
UbA 

WW 1-3 (Jolliffe et al., 2000; Murillas et al., 2002) 

Nedd4-binding partner-4 (N4BP4) 2H, FW, PD WW 1-3 (Jolliffe et al., 2000; Murillas et al., 2002) 

Nedd4-binding partner-5 (N4BP5) FW, IP WW 1-3 (Harvey et al., 2002; Jolliffe et al., 2000) 

Nedd4-family interacting protein 1 (NDFIP1) IF, IP, PD, UbA  (Jiang et al., 2019; Lackovic et al., 2012; Trimpert et al., 
2017) 

Nedd4-family interacting protein 1 (NDFIP2) IP, UbA  (Trimpert et al., 2017) 

Neurogenic locus notch homolog protein 1 (Notch 1, TAN1) IP WW 1-3 (Koncarevic et al., 2007; Sakata et al., 2004; Zhang et al., 
2015) 

NMDA receptor subunit GluN2D 2H, IP, MS, UbA WW 2 & 3 (Gautam et al., 2013) 

N-myc downstream regulated gene 1 protein (NDRG1, CAP43) IP  (Verma et al., 2017) 

Paired box protein Pax-7 (Pax7) IF, PD, UbA  (Bustos et al., 2015) 

PDZ and LIM domain protein 7 (PDLIM7, Enigma) IF, IP, MS, PD, 
UbA 

WW 2 & 3 (D'Cruz et al., 2016) 

Peroxisome proliferator-activated receptor-γ (PPARγ) IP, UbA  (Li et al., 2016) 

Phosphatidylinositol 3,4,5-tirsphosphate 3-phosphatase and dual-specificity protein 
phosphatase PTEN (PTEN, MMAC1, TEP1) 

IF, IP, MS, PD, 
UbA 

 (Drinjakovic et al., 2010; Fouladkou et al., 2008; Kwak et 
al., 2010; Wang et al., 2007) 

Programmed cell death 6-interacting protein (PDVD6IP, Alix) 2H, IP, UbA  (Sette et al., 2010) 

Protein kinase B (AKT) IF, IP, UbA  (Fan et al., 2013) 

Protein salvador homolog 1 (SAV1, WW45) IP, PD, UbA C2 (Bae et al., 2015) 

Protein sprout homolog 2 (Spry2） IF, IP, PD, UbA WW 1-3 (Edwin et al., 2010) 

Protein tyrosine kinase 2 (PYK2) IP  (Verma et al., 2017) 

Pulmonary surfactant-associated protein C (SP-C, SP5) IP, PepA  (Kotorashvili et al., 2009) 

Ras-related C3 botulinum toxin substrate 1 (Rac1, Ras-like protein TC25) IF, IP, MS, PD WW 1-4 (Nethe et al., 2012) 

Ras-related protein Rap-2A (RAP2A) IP, PD, UbA  (Kawabe et al., 2010; Wang et al., 2017a) 

Rearranged during transfection receptor tyrosine kinase 9 (RET9) IP, UbA  (Hyndman et al., 2017) 

Receptor tyrosine-protein kinase erbB-4 (ErbB4, HER4) IP, PD WW 1-4 (Zeng et al., 2009) 

RING box protein 2 (Rbx1, ROC1, RNF7, SAG) IP, UbA HECT  (Zhou et al., 2014) 

RING finger protein 11 (RNF11) PD, UbA WW (Santonico et al., 2010) 

RING-type E3 ubiquitin ligase TRAF3 (TRAF3) IP, MS, UbA WW (Fang et al., 2014) 

RNA-binding protein NANOS2 IF, IP, PD, UbA  (Zhou et al., 2017b) 

RNA polymerase II (RNAPII) UbA  (Anindya et al., 2007) 

Rous sarcoma virus L-domain of Gag (RSV Gag) IP WW 1-4 (Kikonyogo et al., 2001) 

SCFβ-TRCP ubiquitin E3 ligase complex IP, PD, UbA  (Liu et al., 2014) 

Segment polarity protein disheveled homolog-1 DVL-1 (Dvl1) IF, PD, UbA WW 1-4 (Nethe et al., 2012) 

Serine/threonine-protein kinase ULK1 (ATG1) IP  (Pei et al., 2017) 

SERTA domain-containing protein 1 (p34SEI-1)  IP, NMR, PD, 
UbA 

WW 1 (Hong et al., 2014; Shrestha et al., 2017) 

Serum/glucocorticoid-regulated kinase 1 (SGK1) PD, SPR WW 1 & 3 (Wiemuth et al., 2010) 

Sequestosome-1 (SQSTM1, p62) IP, PD, UbA  (Sun et al., 2017) 

SMAD family member 1 (SMAD1) IF, IP, UbA  (Kim et al., 2011) 

Small integral membrane protein of lysosome/late endosome (SIMPLE, LITAF) IF, IP  (Shirk et al., 2005) 

Solute carrier family 22 member 6 (organic anion transporter 1, hOAT1) IP, UbA  (Xu et al., 2016b) 

J. Cell Sci.: doi:10.1242/jcs.228072: Supplementary information
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Speedy protein A (Spy1, RINGOA) IP, UbA WW 1-4 (Al Sorkhy et al., 2009) 

Thioredoxin-interacting protein (TXNIP) 2H WW (Rauch and Martin-Serrano, 2011) 

THO complex subunit 1 (Thoc1, p84) IP, PD, UbA  (Song et al., 2013) 

Traf2- and Nck-interacting protein kinase (TNIK) IP, PD  (Wang et al., 2017b) 

Transmembrane prostate androgen-induced protein (TMEPAI, STAG1) IP, PD, UbA WW 2 & 3 (Jing et al., 2015; Li et al., 2008a) 

Tumor protein 63 (p63, p73-like) 2H, IP, UbA  (Bakkers et al., 2005) 

Ubiquitin-conjugating enzyme E3 D1 (UBE2D1, UBCH5A) UbA  (Wang et al., 2019) 

Ubiquitin-conjugating enzyme E3 D2 (UBE2D2, UBCH5B) UbA  (Bustos et al., 2015; Fotia et al., 2006; Murillas et al., 2002; 
Sugeno et al., 2014) 

Ubiquitin-conjugating enzyme E3 D3 (UBE2D3, UBCH5C) UbA HECT (Hong et al., 2014; Jiang et al., 2019; Maspero et al., 2011) 

Ubiquitin-conjugating enzyme E2 E1 (UBE2E1, UBCH6) UbA  (Zhang et al., 2017a) 

Ubiquitin-conjugating enzyme E3 L3 (UBE2L3, UBCH7, UBCE7) UbA  (Zhang et al., 2017a) 

WW domain-binding protein 1 (WBP-1) FW WW 2 & 3 (Jolliffe et al., 2000) 

WW domain-binding protein 2 (WBP-2) FW WW 2 & 3 (Jolliffe et al., 2000) 

Zinc finger protein GLI-similar 3 (GLIS3, ZNF515) 2H, IP, MS, UbA WW 1-4 (ZeRuth et al., 2015) 

Neural precursor cell 
expressed developmentally 
down-regulated 4-like, E3 
ubiquitin ligase (NEDD4L; 
NEDD4-2; RSP5; PVNH7; 
NEDD4.2; Hnedd4-2) 
Gene: NEDD4L 
Chromosome location: 
18q21.31 
Ubiquitin Linkages: K6, K27, 
K29, K63 

5’-AMP-activated protein kinase (AMPK) IP, MS, Phos, 
UbA 

 (Bhalla et al., 2006; Ho et al., 2018) 

14-3-3 protein IP  (Chandran et al., 2011; Ho et al., 2018; Lee et al., 2018; 
Zhu et al., 2017) 

Activated Cdc42 kinase 1 (ACK1) IF, IP, MS, PD WW 1-4 (Chan et al., 2009) 

Amyloid-beta A4 precursor protein-binding family B member 1 (APBB1, Fe65) IF, IP, UbA C2 (Lee et al., 2009) 

Angiomotin-like 1 (AMOTL1) IF, IP, MS, UbA WW 3 (Ray et al., 2019; Skouloudaki and Walz, 2012) 

Aquaporin-2 (AQP2) IP, UbA  (Trimpert et al., 2017) 

c-Abelson tyrosine kinase (c-Abl) IP, MS  (Skouloudaki and Walz, 2012) 

cAMP-responsive element-binding (CREB)-regulated transcription coactivator 3 
(CRTC3, TORC3) 

IP, PD, UbA WW 2 (Kim et al., 2018) 

cAMP-dependent protein kinase (PKA) IP, , MS, Phos WW 1-3 (Andersen et al., 2015; Snyder et al., 2004) 

Caveolin-3 (Cav3) IF, IP  (Guo et al., 2012) 

Cystic fibrosis transmembrane conductance regulator (CFTR) IP, UbA  (Caohuy et al., 2009) 

Discs large homolog 3 (Dlg3, SAP102) IF, IP, MS, TAP WW 1-4 (Van Campenhout et al., 2011) 

Dishevelled 2 (Dvl2) IF, IP. PD, UbA WW 2 & 3 (Ding et al., 2013) 

Dopamine transporter (DAT) IP, UbA WW 3 & 4 (Vina-Vilaseca and Sorkin, 2010) 

Endosomal sorting complex required for transport complex-I subunit TSG101 IF, IP, UbA  (Chung et al., 2008) 

Epithelial sodium channel (ENaC) IP, PD, SPR, 
UbA 

WW 3 & 4 (Asher et al., 2003; Bhalla et al., 2006; Kamynina et al., 
2001a; Kamynina et al., 2001b; Lagnaz et al., 2014; 
Sanchez-Perez et al., 2007; Snyder et al., 2004; Wiemuth 
et al., 2010; Zhou et al., 2007) 

Feline immunodeficiency virus gag (FIV Gag) IP, UbA  (Calistri et al., 2009) 

GluA1 subunit of the α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid 

receptor (AMPAR) 

IP, UbA  (Jewett et al., 2015; Lee et al., 2018; Zhu et al., 2017) 

G-protein-coupled receptor kinase 2 (GRK2) IP, Phos WW 1 & 2 (Sanchez-Perez et al., 2007) 

G-protein coupled receptor protease-activated receptor-1 (PAR1) IF, UbA  (Grimsey et al., 2018) 

Growth factor receptor-bound protein 10 (Grb10) IP  (Velez et al., 2016) 

H+/Cl- exchange transporter 5 (ClC-5) IP, PD, UbA  (Hryciw et al., 2004) 

High affinity choline transporter 1 (CHT1, SLC5A7) IP, UbA  (Yamada et al., 2012) 

Human immunodeficiency virus gag (HIV Gag) IP, UbA C2  (Usami et al., 2008) 

Human organic anion transporter 1 (hOAT1) IP, WB  (Xu et al., 2016b) 

Human organic anion transporter 3 (hOAT3) IP  (Xu et al., 2016a) 

Human organic anion transporter 4 (hOAT4) IP  (Wang et al., 2016a) 

Inhibitor of nuclear factor kappa-B kinase subunit beta (IKKβ) IP, Phos  (Edinger et al., 2009) 

Interleukin-2 receptor γc (IL-2R) IP, MS  (Malarde et al., 2009) 

Large neutral amino acids transporter small subunit 1 (LAT1, 4F2LC) UbA  (Rosario et al., 2016) 
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Low-density-lipoprotein receptor class A domain-containing protein 3 (LRAD3) IP, MS WW 1-4 (Noyes et al., 2016) 

Multivesicular bodies 12B (MVB12B, FAM125B) IP, UbA  (Chung et al., 2008) 

Na+/Cl- cotransporter (NCC) IP  (Lagnaz et al., 2014) 

Na+/H+ exchanger 3 (NHE3) IP, UbA  (No et al., 2014) 

Nedd4 WW domain-binding protein 5 (N4WBP5, NDFIP1) FW, IP, UbA WW 1-4 (Fotia et al., 2006; Konstas et al., 2002) 

Neurogenic locus notch homolog protein 1 (Notch1) IP, UbA  (Guarnieri et al., 2018) 

Neurotrophic tyrosine kinase receptor type 1 (TrkA) IP, UbA WW 3 (Anta et al., 2016) 

Niemann-Pick disease type C2 protein intracellular cholesterol transporter 2 (NPC2) 2H, IP C2 (Araki et al., 2009) 

Occludin IP, UbA, WB  (Raikwar et al., 2010) 

Pak-interacting exchange factor 1Pix WB, IP  (Ho et al., 2018) 

Parainfluenza virus 5 non-structural protein V (PIV5) IP  (Ray et al., 2019) 

Phosphatidylinositol 4,5-bisphosphate 3-kinase catalytic subunit alpha (PIK3CA) IP, UbA  (Wang et al., 2016b) 

Phosphorylated tyrosine-protein kinase SYK (p-Syk, spleen tyrosine kinase) IP, WB  (Yip et al., 2016) 

Potassium/sodium hyperpolarization-activated cyclic nucleotide-gated channel 
(HCN1) 

IF, IP  (Wilkars et al., 2014) 

Potassium voltage-gated channel subfamily A member 3 (KCNA3, Kv1.3) IP  (Velez et al., 2016) 

Potassium voltage-gated channel subfamily H member 2 (KCNH2, hERG) IF, IP  (Guo et al., 2012) 

Potassium voltage-gated channel subfamily KQT member 1 (KCNQ1, Kv7.1) IP, UbA  (Alzamora et al., 2010; Andersen et al., 2015) 

Potassium voltage-gated channel subfamily KQT member 2 (KCNQ2) IF, IP, PD, UbA  (Ekberg et al., 2007) 

Potassium voltage-gated channel subfamily KQT member 3 (KCNQ3) IP, PD, UbA  (Ekberg et al., 2007) 

Proto-oncogene tyrosine-protein kinase Src (c-Src) IP  (Grimsey et al., 2018) 

Serine/threonine-protein kinase WNK3 (WNK3) IP, MS  (Lagnaz et al., 2014) 

Serine/threonine-protein kinase Sgk1 (SGK1) IF, Phos, SPR WW 3 (Al-Qusairi et al., 2016; Asher et al., 2003; Gao et al., 
2009) 

Serum and glucocorticoid-regulated kinase 1 (SGK1) IP, PD, Phos, 
SPR, WB 

WW 2 & 3 (Dieter et al., 2004; Wiemuth et al., 2010) 

Serum and glucocorticoid-regulated kinase 1 (SGK3) Phos, WB  (Dieter et al., 2004) 

Ski-related novel protein N (SnoN) IP  (Kuratomi et al., 2005) 

SMAD family member2 (Smad2) IP, ITC, PD, UbA  (Gao et al., 2009; Kuratomi et al., 2005) 

SMAD family member3 (Smad3) IP, ITC, PD, UbA  (Gao et al., 2009; Kuratomi et al., 2005) 

SMAD family member6 (Smad6) IP  (Kuratomi et al., 2005) 

SMAD family member7 (Smad7) 2H, IF, IP  (Kuratomi et al., 2005) 

Sodium-coupled neutral amino acid transporter 2 (SNAT2, ATA2) IF, IP, UbA  (Hatanaka et al., 2006; Rosario et al., 2016) 

Sodium-dependent glutamate/aspartate transporter 2 (SLC1A2, GLT-1) IF, IP, UbA  (Garcia-Tardon et al., 2012; Zhang et al., 2017b) 

Surfactant protein C (SP-C) IP, WB  (Kotorashvili et al., 2009) 

Thioredoxin-like protein 1 (TXNL1, TRP32) IP, UbA  (Farris et al., 2017) 

Transforming growth factor-β type I receptor (TGF-β1, TβR-1) IP, UbA  (Kuratomi et al., 2005) 

Transient receptor potential cation channel subfamily V member 6 (TRPV6) IF, IP, PD, UbA WW 1 & 2 (Zhang et al., 2010b) 

Tweety family member 1 (TTYH1) IP, UbA  (He et al., 2008) 

Tweety family member 2 (TTYH2) IF, IP, PD, UbA  (He et al., 2008) 

Tweety family member 3 (TTYH3) IP, UbA  (He et al., 2008) 

Ubiquitin-conjugating enzyme E2 D1 (UBE2D1, UBCH5A) UbA  (Fotia et al., 2006) 

Ubiquitin-conjugating enzyme E3 D2 (UBE2D2, UBCH5B) UbA  (Fotia et al., 2006) 

Ubiquitin-conjugating enzyme E3 D3 (UBE2D3, UBCH5C) UbA  (Wang et al., 2016b)  

Ubiquitin-conjugating enzyme E2 E3 (UBE2E3) 2H, IP, PD, UbA   (Debonneville and Staub, 2004) 

Ubiquitin-conjugating enzyme E3 L3 (UBE2L3, UBCH7, UBCE7) UbA  (Fotia et al., 2006) 

Ubiquitin-specific protease 36 (USP36) IP, PD WW 1, 3 & 4 (Anta et al., 2016) 

Voltage-gated sodium channel protein type 5 subunit alpha (Nav 1.5) IF, IP, UbA  (Luo et al., 2017) 

Voltage-gated sodium channel protein type 9 subunit alpha (Nav 1.7) PD, UbA  (Laedermann et al., 2013) 

Voltage-gated sodium channel protein type 10 subunit alpha (Nav 1.7) PD  (Laedermann et al., 2013) 

SMAD specific E3 ubiquitin 1-phosphatidylinositol 4,5-bisphosphate phosphodiesterase gamma-1 (PLC𝛾) IF, IP  (Wang et al., 2003) 

J. Cell Sci.: doi:10.1242/jcs.228072: Supplementary information
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protein ligase 1 (SMURF1, 
SMAD ubiquitination 
regulatory factor 1) 
Gene: SMURF1 
Chromosome location: 7q22.1 
Ubiquitin Linkages: K29, K48 

Axis inhibition protein 1 (Axin-1) IP, PD, MS, UbA  (Fei et al., 2013) 

Beta-transducin repeat-containing E3 ubiquitin ligase (βTrCp, BTRC) IF, IP, UbA HECT  (Zhang et al., 2017c) 

Casein kinase-2 interacting protein-1 (CKIP-1, JBP, PLEKHO1) IF, IP, PD, UbA 
 

WW linker 
(268-282aa) 

(Lu et al., 2008; Xie et al., 2011) 

Dishevelled-2 (Dvl2) IP  (Narimatsu et al., 2009) 

Estrogen receptor  (ESR1, ER) IF, IP, PD, UbA HECT  (Yang et al., 2018) 

Ephrin-B1 (EFL-3, ELK-L) IP, UbA  (Hwang et al., 2013) 

Exportin-1 (Exp1, CRM1) IF, IP 
 

HECT NES 
(606-614aa) 

(Tajima et al., 2003) 

F-box and LRR domain-containing protein 15 (FBXL15) 2H, IP, PD, UbA HECT N-lobe 
(373-539aa) 

(Cui et al., 2011) 

GLI-similar 3 (Glis3, ZNF515) 2H, IP, MS, TAP WW 1 & 2 (ZeRuth et al., 2015) 

Inhibitor of growth protein 2 (ING2, p32) IP, PD, UbA HECT  (Nie et al., 2010a) 

Kruppel-like factor (KLF2, LKLF) 2H, IF, IP, PD, 
UbA 

WW 1 & 2 
(146-351aa) 

(Xie et al., 2011) 

MAPK/ERK kinase kinase 2 (MEKK2, MAP3K2, MAPKKK2) 2H, IP, UbA WW 1 & 2 
(146-351 aa) 

(Yamashita et al., 2005) 

Mitochondrial antiviral-signaling protein (MAVS, Cardiff, VISA) IP. UbA  (Wang et al., 2012b) 

Myeloid differentiation primary response protein MyD88 IF, IP, UbA  (Lee et al., 2011b) 

NEDD4 family-interacting protein 1 (Ndfip1, N4WBP5) IP, UbA  (Wang et al., 2012b) 

Neural precursor cell expressed developmentally downregulated protein 8 (NEDD8) 2H, IP, PD, UbA WW 1 & 2, 
HECT  

(Xie et al., 2014) 

Nuclear factor 1 C-type (NFI-C. CTF) IP, UbA  (Lee et al., 2011a) 

Partitioning defective 6 homolog protein  (Par6) IF, IP, UbA                                             (Cheng et al., 2011; Ozdamar et al., 2005) 

Proteasome activator REG γ (REGγ) 2H, IP, PD WW 1 & 2 (Nie et al., 2010b) 

RAC-alpha serine/threonine-protein kinase (PKB, Akt) IP  (Choi et al., 2014) 

Rho guanine nucleotide exchange factor 9 (Collybistin, PEM-2 homolog, ARHGEF9) IP, PD, UbA C2  (Yamaguchi et al., 2008) 

Runt-related transcription factor 2 (RUNX2, CBFA1) IP, UbA  (Lu et al., 2011; Shen et al., 2006; Zhao et al., 2003) 

Securin (PTTG1) IF, IP, UbA HECT (Wei et al., 2017) 

Signal transducer and activator of transcription 1 (STAT1) IP, UbA WW 1 & 2 
(119- 354aa) 

(Yuan et al., 2012) 

SMAD family member 1 (Smad1) 2H, IP, UbA WW 1 & 2 
(146-351 aa) 

(Yamashita et al., 2005; Zhao et al., 2003; Zhu et al., 
1999) 

SMAD family member 4 (Smad4) IF, IP, UbA  (Moren et al., 2005; Xie et al., 2014) 

SMAD family member 5 (Smad5) IP, UbA  (Lu et al., 2011; Lu et al., 2008; Nie et al., 2010b; Zhu et 
al., 1999) 

SMAD family member 6 (Smad6) IP, UbA  (Ebisawa et al., 2001; Lee et al., 2011b; Shen et al., 2006) 

SMAD family member 7 (Smad7) 2H, FBA, IF, IP, 
ITC, NMR, UbA 

 

WW 2 (Aragon et al., 2012; Chong et al., 2010; Ebisawa et al., 
2001; Suzuki et al., 2002; Tajima et al., 2003; Xie et al., 
2014; Yamashita et al., 2005) 

SMAD specific E3 ubiquitin protein ligase 2 (SMURF2) IP, UbA  (Fukunaga et al., 2008) 

TNF receptor-associated factor 1 (TRAF1, EBI6) 2H, IP, UbA WW 1 & 2  (Li et al., 2010) 

TNF receptor-associated factor 2 (TRAF2, TRAP3) 2H, IP, UbA WW 1 & 2  (Li et al., 2010) 

TNF receptor-associated factor 3 (TRAF3, CAP1, CRAF1) 2H, IP, UbA WW 1 & 2  (Li et al., 2010) 

TNF receptor-associated factor 4 (TRAF4, CART1, MLN62, RNF83) 2H, IP, UbA WW 1 & 2  (Li et al., 2010; Zhang et al., 2013b) 

TNF receptor-associated factor 5 (TRAF5, RNF84) 2H, IP, UbA WW 1 & 2  (Li et al., 2010) 

TNF receptor-associated factor 6 (TRAF6, RNF85) 2H, IP, UbA WW 1 & 2  (Li et al., 2010) 

Transcription factor jun-B (JUNB) IP, PD, UbA  (Zhao et al., 2010) 

Transforming growth factor-β type 1 receptor (TβR-1) IF, IP  (Ebisawa et al., 2001; Ozdamar et al., 2005) 

Transforming protein RhoA (RhoA)  IP, PD, UbA  (Cheng et al., 2011; Lu et al., 2011; Sahai et al., 2007; 
Wang et al., 2003; Wei et al., 2017) 

Ubiquitin-conjugating enzyme E2 D1 (UBE2D1, UBCH5A) UbA  (Kristariyanto et al., 2015) 

J. Cell Sci.: doi:10.1242/jcs.228072: Supplementary information
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Ubiquitin-conjugating enzyme E2 D2 (UBE2D2, UBCH5B) UbA  (Kristariyanto et al., 2015) 

Ubiquitin-conjugating enzyme E2 D3 (UBE2D3, UBCH5C) PD, UbA  (Cui et al., 2011; Guo et al., 2011; Kristariyanto et al., 
2015; Nie et al., 2010a; Xie et al., 2014; Yamashita et al., 
2005) 

Ubiquitin-conjugating enzyme E2 L3 (UBE2L3, UBCH7, UBCE7) UbA  (Kristariyanto et al., 2015; Xie et al., 2014) 

Ubiquitin-conjugating enzyme E2 M (UBE2M, UBC12) IP, PD, UbA HECT  (Xie et al., 2014) 

Wolframin (WFS1) 2H, IF, IP, PD, 
UbA 

WW 1 & 2 
(236-340aa) 

(Guo et al., 2011) 

Zinc finger protein GLI-similar 3 (GLIS3) 2H, IP, UbA WW 1-3 (199-
383aa) 

(ZeRuth et al., 2015) 

SMAD specific E3 ubiquitin 
protein ligase 2 (SMURF2; 
SMAD ubiquitination 
regulatory factor 2) 
Gene: SMURF2 
Chromosome location: 
17q23.3-q24.1 
Ubiquitin Linkages: K48 

 

150 kDa TGFβ-1 binding protein (CD109, CPAMD7) IF, IP  (Bizet et al., 2012) 

Aminoacyl tRNA synthase complex-interacting multifunctional protein 1 (AIMP1, 
p43) 

IF, IP, UbA WW 1-3 (Lee et al., 2008b) 

Aminoacyl tRNA synthase complex-interacting multifunctional protein 2 (AIMP2, 
p38) 

IF, IP, PD, UbA HECT (Kim et al., 2016a) 

Axis inhibition protein 1 (Axin-1) IP, MS, PD, UbA  (Fei et al., 2013; Kim and Jho, 2010) 

Associated molecule with the SH3 of STAM (AMSH, STAMBP) IP, UbA  (Li and Seth, 2004) 

cAMP-specific 3’,5’-cyclic phosphodiesterase 4B (PDE4B)  IP, PD, UbA WW 1-3 (157-
330aa) 

(Cai et al., 2018) 

Connector enhancer of kinase suppressor of ras 2 (CNKSR2, CNK2) IF, IP, SPR, UbA  (David et al., 2018) 

Deleted in azoospermia-associated protein 2 (DAZAP2, KIAA0058) PD WW 1-3 (Popova et al., 2012) 

Dishevelled-2 (Dvl2) IP, UbA  (Narimatsu et al., 2009) 

DNA topoisomerase II𝛼 (TopoII𝛼, TOP2A) IF, IP, MS, PD 
PLA, UbA 

 (Emanuelli et al., 2017) 

Enhancer of zeste homolog 2 (EZH2, ENX1, KMT6) IP, UbA  (Yu et al., 2013) 

Ephrin-B1 (EFL-3, ELK-L) IP, UbA WW 1-3 (Hwang et al., 2013) 

Epidermal growth factor receptor (EGFR) IP, PD, UbA  (Ray et al., 2011) 

Exportin-1 (CRM1, XPO1) IP, PD  (Kim et al., 2016a) 

F-box/LRR-repeat protein 15 (FBXL15) IF, IP, PD, UbA HECT (Cui et al., 2011) 

F-box/WD repeat-containing protein 1A (-TrCP1) UbA  (Shukla et al., 2014) 

GLI-similar 3 (Glis3, ZNF515) 2H, IP, MS, TAP WW 1-3 (ZeRuth et al., 2015) 

Glycogen synthase kinase-3 β (GSK3β) IP, UbA  (Wu et al., 2009) 

Heat shock protein 27 (HSP27, HSPB1) IF, IP  (Sun et al., 2011) 

Human Herpes Virus protein U24  ITC, NMR, PD WW 3 (Sang et al., 2017) 

Inhibitor of differentiation 1 (ID1, BHLHB24) IP, UbA C2, WW 1-3  (Kong et al., 2011) 

Interleukin-25 (IL-25, IL-17E) IP  (Zepp et al., 2015) 

Kruppel-like factor 5 (KLF5, BTEB2) 2H, IF, IP, UbA  (Du et al., 2011) 

Mitochondrial antiviral-signaling protein (MAVS, Cardiff, VISA) IP, UbA  (Pan et al., 2014) 

Mitotic spindle assembly checkpoint protein MAD2A (MAD2, MAD2L1) IP, UbA  (Osmundson et al., 2008) 

𝜇-type opioid receptor (MOR1, MOP) IF, IP, UbA  (Dong et al., 2019) 

Myeloid differentiation primary response protein MyD88 IP, UbA  (Lee et al., 2011b) 

Neural precursor cell expressed developmentally downregulated protein 8 (NEDD8) IF, IP, PD, UbA HECT (He et al., 2017; Shu et al., 2016) 

Neural precursor cell expressed developmentally downregulated protein 9 (NEDD9) IP, UbA  (Moore et al., 2010) 

Nuclear factor 1 C-type (NFI-C. CTF) IP, UbA  (Lee et al., 2011a) 

Patched-1 (Ptch1) IF, IP, PD, UbA WW 1-3 (Fleet et al., 2016; Huang et al., 2013; Yue et al., 2014) 

Papillomavirus minor capsid protein L1 (BPV1-L1) IF, IP  (Dabydeen and Meneses, 2011) 

Papillomavirus minor capsid protein L2 (BPV1-L2) IF, IP  (Dabydeen and Meneses, 2011) 

Partitioning defective 6 (Par6, TIP-40) IP, UbA  (Narimatsu et al., 2009) 

Prickle-like protein 1 (Pk1) IP, UbA  (Narimatsu et al., 2009) 

RAC-alpha serine/threonine-protein kinase (PKB, Akt) IP, UbA  (Choi et al., 2014) 

RING finger protein 11 (RNF11) IP, PD, UbA WW 2 & 3 (Li and Seth, 2004; Malonis et al., 2017; Subramaniam et 
al., 2003) 

J. Cell Sci.: doi:10.1242/jcs.228072: Supplementary information
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RING finger LIM-binding protein (RLIM, RNF12) IF, IP, PD  (Huang et al., 2011) 

RING finger protein 20 (RNF20, BRE1A) IF, IP, PD, UbA  (Blank et al., 2012) 

Runt-related transcription factor 2 (RUNX2, CBFA1) IP  (Choi et al., 2014) 

Ski oncogene (c-Ski) IP, UbA  (Zhou et al., 2017a) 

Ski-related oncogene (SnoN, SKIL) IP, UbA  (Bonni et al., 2001; Mizuide et al., 2003) 

SMAD family member 1 (Smad1) 2H, PD, UbA WW 2 & 3  (Lin et al., 2000; Zhang et al., 2001) 

SMAD family member 2 (Smad2) 2H, IP, PD, UbA WW 2 & 3  (Bonni et al., 2001; Lin et al., 2000; Mizuide et al., 2003; 
Runyan et al., 2009; Tang et al., 2011; Zhang et al., 2001; 
Zhou et al., 2017a) 

SMAD family member 3 (Smad3) 2H, IP, FP, ITC, 
PBA, PD, UbA 

WW 2 & 3 (Bonni et al., 2001; Schiro et al., 2011; Xu et al., 2017; 
Zhang et al., 2001) Lin et al., 2000; Tang et al., 2011; Wu 
et al., 2008) 

SMAD family member 3 (Smad4) IP, UbA  (Moren et al., 2005; Zhou et al., 2017a) 

SMAD family member 7 (Smad7) FBA, IF, IP, ITC, 
NMR, PD, UbA  

WW 3 
 

(Aragon et al., 2012; Bizet et al., 2012; Chong et al., 2006; 
Chong et al., 2010; Ganji et al., 2015; Kavsak et al., 2000; 
Kim et al., 2016a; Lee et al., 2008b; Ogunjimi et al., 2005; 
Tang et al., 2008; Wiesner et al., 2007) 

SMAD specific E3 ubiquitin protein ligase 1 (SMURF1) IP, UbA  (Fukunaga et al., 2008) 

TNF receptor-associated factor 2 (TRAF2) 2H, IP, UbA C2 & HECT (Carpentier et al., 2008) 

TNF receptor-associated factor 4 (TRAF4, RNF68) 2H, IP, UbA  (Zepp et al., 2015; Zhang et al., 2013b) 

Transcription factor Yin and Yang 1 (YY1, INO80S） IP, PD, UbA WW 1-3 (Jeong et al., 2014; Ramkumar et al., 2013) 

Transforming growth factor-β type 1 receptor (TβR-1) IF, IP, UbA  (Bizet et al., 2012; Bonni et al., 2001; Kavsak et al., 2000; 
Yang et al., 2009; Zhang et al., 2013b) 

Transforming growth factor-β type 2 receptor (TβR-2) IF, IP, UbA  (Kavsak et al., 2000; Lee et al., 2008b; Zhang et al., 
2013b) 

Transforming protein RhoA (RhoA)  UbA  (Wiesner et al., 2007) 

Tribbles homolog 3 (TRB3, SINK) IP, UbA  (Hua et al., 2011) 

Ubiquitin-conjugating enzyme E2 D1 (UBE2D1, UBCH5A) CE, MS, PD, 
UbA 

 (Kim and Jho, 2010; Kristariyanto et al., 2015; Shukla et 
al., 2014; Subramaniam et al., 2003; Wang et al., 2019) 

Ubiquitin-conjugating enzyme E2 D2 (UBE2D2, UBCH5B) PD, UbA  (Kristariyanto et al., 2015; Subramaniam et al., 2003) 

Ubiquitin-conjugating enzyme E2 D3 (UBE2D3, UBCH5C) PD, UbA  (Kim and Jho, 2010; Kristariyanto et al., 2015; Malonis et 
al., 2017; Subramaniam et al., 2003) 

Ubiquitin-conjugating enzyme E2 L3 (UBE2L3, UBCH7, UBCE7) PD, UbA  (Cui et al., 2011; Kristariyanto et al., 2015; Mari et al., 
2014; Ogunjimi et al., 2005; Pan et al., 2014; Wiesner et 
al., 2007) 

Ubiquitin-conjugating enzyme E2 M (UBE2M, UBC12) IP, UbA HECT (Shu et al., 2016) 

Ubiquitin-like protein Nedd8 (NEDD8) 2H, IP, PD, UbA WW 1 & 2, 
HECT  

(Xie et al., 2014) 

Zinc finger protein GLI-similar 3 (GLIS3) 2H, IP, UbA WW 1-3 (143-
334aa) 

(ZeRuth et al., 2015) 

WW domain containing E3 
ubiquitin protein ligase 1 
(WWP1, AIP5, Tiul1, Hsdrp1) 
Gene: WWP1 
Chromosome location: 8q21.3 
Ubiquitin Linkages: K63 

Cellular tumor antigen p53 (p53, TP53) IP, PD, UbA  (Laine and Ronai, 2007) 

Cellular tumor antigen p63 (p63, TP63) IP, UbA  (Peschiaroli et al., 2010) 

Ebola virus VP40 CE, IF, IP, PD, 
UbA 

WW 1 (Han et al., 2017) 

Epidermal growth factor receptor 4 (HER4/ERBB4) IF, IP, PD, UbA WW 1-4 (Feng et al., 2009; Li et al., 2009) 

Ezrin (Cytovillin, p81) 2H, IP, PD, UbA WW 1 & 3 (Zaarour et al., 2012) 

HTLV-1 Gag polyprotein (Pr55Gag) ELISA, IP, WB WW 1-4 (Heidecker et al., 2007) 

Kruppel-like factor 2 (KLF2) 2H, IP, UbA  (Zhang et al., 2004) 

Kruppel-like factor 5 (KLF5, BTEB2) IF, IP, PD, UbA   (Chen et al., 2005) 

RING finger protein 11 (RNF11, CGI-123) 2H, IF, IP, PD, 
UbA 

WW 1 & 3 (Azmi and Seth, 2005; Chen et al., 2008) 

Runt-related transcription factor 2 (RUNX2) IP, UbA WW 1-4 (Jones et al., 2006; Shu et al., 2013) 

J. Cell Sci.: doi:10.1242/jcs.228072: Supplementary information
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Serine/threonine-protein kinase LATS1 (LATS1, WARTS) IP, PD, UbA WW 1-3 (Yeung et al., 2013) 

SMAD family member 1 (Smad1) IP  (Komuro et al., 2004) 

SMAD family member 2 (Smad2) CE, IP, UbA  (Komuro et al., 2004; Seo et al., 2004) 

SMAD family member 3 (Smad3) IP  (Komuro et al., 2004; Seo et al., 2004) 

SMAD family member 4 (Smad4) IP  (Komuro et al., 2004) 

SMAD family member 6 (Smad6) IP, UbA  (Komuro et al., 2004; Seo et al., 2004) 

SMAD family member 7 (Smad7) 2H, IF, IP, PD, 
UbA 

 (Courivaud et al., 2015; Komuro et al., 2004; Seo et al., 
2004) 

Spartin (SPG20, SPART) 2H, IF, IP, MS, 
TAP, UbA 

WW 1-4 (Eastman et al., 2009; Milewska et al., 2009) 

TGFβ receptor type-1 (TβR1, ALK-5) 2H, CE, IP, UbA C2 (Komuro et al., 2004; Seo et al., 2004) 

Transcription factor jun-B (JUNB) IP, UbA   (Zhao et al., 2011) 

Ubiquitin-conjugating enzyme E2 D1 (UBE2D1, UBCH5A) UbA  (Kristariyanto et al., 2015; Wang et al., 2019) 

Ubiquitin-conjugating enzyme E2 D2 (UBE2D2, UBCH5B) UbA  (Kristariyanto et al., 2015) 

Ubiquitin-conjugating enzyme E2 D3 (UBE2D3, UBCH5C) UbA  (Kristariyanto et al., 2015) 

Ubiquitin-conjugating enzyme E2 L3 (UBE2L3, UBCH7, UBCE7) UbA  (Kristariyanto et al., 2015) 

WW domain containing E3 ubiquitin protein ligase 2 (WWP2, AIP2) CE, PD, UbA  (Chaudhary and Maddika, 2014) 

WW domain containing E3 
ubiquitin protein ligase 2 
(WWP2, AIP2) 
Gene: WWP2 
Chromosome location: 16q22.1 
Ubiquitin Linkages: K48, K63 

Atrophin-1 2H, PD  (Wood et al., 1998) 

Cellular tumor antigen p73 (p73, TP73) IP, PD, MS, TAP, 
UbA 

 (Chaudhary and Maddika, 2014) 

Dishevelled-2 (Dvl2) IF, IP, MS, PD, 
UbA 

C2, WW 1 & 2 (Mund et al., 2015) 

F-box and LRR domain-containing protein 15 (FBXL15) IP, UbA HECT N-lobe  (Cui et al., 2011) 

GLI-similar 3 (Glis3, ZNF515) 2H, IP, MS, TAP WW 1-4 (ZeRuth et al., 2015) 

Goosecoid (Gsc) IF, IP, PD, UbA WW 1-4 (Zou et al., 2011) 

Mediator of RNA polymerase II transcription subunit 25 (Med25) 2H, IP N-term (1-
525aa) 

(Nakamura et al., 2011) 

Nedd4-family interacting protein 1 (NDFIP1) UbA  (Jiang et al., 2019) 

Neurogenic locus notch homolog protein 1 (NOTCH1, TAN1) IP, PD, UbA  (Jung et al., 2014; Mund et al., 2015) 

Neurogenic locus notch homolog protein 2 (NOTCH2) PD, UbA  (Mund et al., 2015) 

Neurogenic locus notch homolog protein 3 (NOTCH3) IF, IP, PD, MS, 
UbA 

WW 1-4 (Jung et al., 2014; Mund et al., 2015) 

Octamer binding transcription factor 4 (OCT4, POU5F1) IP, MS, PD, UbA WW 1-4  (Xu et al., 2004) 

Phosphatidylinositol 3,4,5-tirsphosphate 3-phosphatase and dual-specificity protein 
phosphatase PTEN (PTEN, MMAC1, TEP1) 

FP, IP, MS, PD, 
UbA 

 (Chen et al., 2016; Dempsey et al., 2018; Jiang et al., 
2019; Maddika et al., 2011) 

Protein phosphatase 1G (PPM1G) IP, PD  (Chaudhary and Maddika, 2014) 

Receptor tyrosine-protein kinase erbB-4 (ErbB4, HER4) IP, MS  (Gilmore-Hebert et al., 2010) 

Runt-related transcription factor 2 (RUNX2) IP, PD, UbA WW 2-4 (Mokuda et al., 2019) 

Sequestosome-1 (SQSTM1, p62) UbA  (Jiang et al., 2019) 

SMAD family member 2 (Smad2) 2H, IP. UbA N-term (Soond and Chantry, 2011) 

SMAD family member 3 (Smad3) 2H, IP, UbA WW 1  (Soond and Chantry, 2011) 

SMAD family member 7 (Smad7) 2H, IP. NMR, 
PD, UbA 

WW 3 & 4  (Soond and Chantry, 2011; Wahl et al., 2019) 

TIR-domain-containing adapter-inducing interferon-β (TRIF, TICAM-1) IP. MS, TAP, 
UbA 

WW 2  (Yang et al., 2013) 

Transcription factor SOX-9 (Sox9) IP N-term (1-
294aa) 

(Nakamura et al., 2011) 

Ubiquitin-conjugating enzyme E2 D1 (UBE2D1, UBCH5A) UbA  (Kristariyanto et al., 2015; Wang et al., 2019) 

Ubiquitin-conjugating enzyme E2 D2 (UBE2D2, UBCH5B) UbA  (Kristariyanto et al., 2015) 

Ubiquitin-conjugating enzyme E2 D3 (UBE2D3, UBCH5C) UbA  (Chen et al., 2017; Chen et al., 2016; Kristariyanto et al., 
2015; Yang et al., 2013) 

Ubiquitin-conjugating enzyme E2 L3 (UBE2L3, UBCH7, UBCE7) UbA  (Kristariyanto et al., 2015; Mund et al., 2015; Xu et al., 

J. Cell Sci.: doi:10.1242/jcs.228072: Supplementary information
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2004) 

WW domain-binding protein 2 (WBP-2) UbA  (Jiang et al., 2019) 

WW domain containing E3 ubiquitin protein ligase 1 (WWP1, AIP5, Tiul1, Hsdrp1) CE, PD, UbA  (Chaudhary and Maddika, 2014) 

Zinc finger protein GLI-similar 3 (GLIS3) 2H WW 1-3 (395-
696aa) 

(ZeRuth et al., 2015) 

 
Detection methods: 2H, yeast or mammalian-two hybrid; CE, co-elution during chromatography purification; DeUbA, in vivo or in vitro deubiquitylation assay; ELISA, enzyme-linked 
immunosorbent assay; FBA, in vitro filter binding assay; FP, fluorescence polarization; FRET, fluorescence resonance energy transfer; FW, far western immunoblot; IF, 
immunofluorescence; IP, immunoprecipitation; ITC, isothermal calorimetry; MS, liquid chromatography or MALDI MS/MS; Native-PAGE, non-denaturing polyacrylamide gel electrophoresis; 
NMR, nuclear magnetic resonance; PD, pulldown using GST, His or MBP tag; PepA, peptide array assay; Phos, in vitro phosphorylation; SPR, surface plasmon resonance; TAP, tandem 
affinity purification; UbA, ubiquitylation assay; WB, immunoblot; X-ray, X-ray crystallography. 

 
 
 
REFERENCES 
 Adler, J. J., Heller, B. L., Bringman, L. R., Ranahan, W. P., Cocklin, R. R., Goebl, M. G., Oh, M., Lim, H. S., Ingham, R. J. and Wells, C. D. (2013). Amot130 adapts atrophin-
1 interacting protein 4 to inhibit yes-associated protein signaling and cell growth. J Biol Chem 288, 15181-93. 
 Ahmed, N., Zeng, M., Sinha, I., Polin, L., Wei, W. Z., Rathinam, C., Flavell, R., Massoumi, R. and Venuprasad, K. (2011). The E3 ligase Itch and deubiquitinase Cyld act 
together to regulate Tak1 and inflammation. Nat Immunol 12, 1176-83. 
 Ahn, Y. H. and Kurie, J. M. (2009). MKK4/SEK1 is negatively regulated through a feedback loop involving the E3 ubiquitin ligase itch. J Biol Chem 284, 29399-404. 
 Aki, D., Li, H., Zhang, W., Zheng, M., Elly, C., Lee, J. H., Zou, W. and Liu, Y. C. (2018). The E3 ligases Itch and WWP2 cooperate to limit TH2 differentiation by enhancing 
signaling through the TCR. Nat Immunol 19, 766-775. 
 Al Sorkhy, M., Craig, R., Market, B., Ard, R. and Porter, L. A. (2009). The cyclin-dependent kinase activator, Spy1A, is targeted for degradation by the ubiquitin ligase NEDD4. 
J Biol Chem 284, 2617-27. 
 Al-Qusairi, L., Basquin, D., Roy, A., Stifanelli, M., Rajaram, R. D., Debonneville, A., Nita, I., Maillard, M., Loffing, J., Subramanya, A. R. et al. (2016). Renal tubular SGK1 
deficiency causes impaired K+ excretion via loss of regulation of NEDD4-2/WNK1 and ENaC. Am J Physiol Renal Physiol 311, F330-42. 
 Aleidi, S. M., Howe, V., Sharpe, L. J., Yang, A., Rao, G., Brown, A. J. and Gelissen, I. C. (2015). The E3 ubiquitin ligases, HUWE1 and NEDD4-1, are involved in the post-
translational regulation of the ABCG1 and ABCG4 lipid transporters. J Biol Chem 290, 24604-13. 
 Alzamora, R., Gong, F., Rondanino, C., Lee, J. K., Smolak, C., Pastor-Soler, N. M. and Hallows, K. R. (2010). AMP-activated protein kinase inhibits KCNQ1 channels through 
regulation of the ubiquitin ligase Nedd4-2 in renal epithelial cells. Am J Physiol Renal Physiol 299, F1308-19. 
 Andersen, M. N., Hefting, L. L., Steffensen, A. B., Schmitt, N., Olesen, S. P., Olsen, J. V., Lundby, A. and Rasmussen, H. B. (2015). Protein kinase A stimulates Kv7.1 
surface expression by regulating Nedd4-2-dependent endocytic trafficking. Am J Physiol Cell Physiol 309, C693-706. 
 Angers, A., Ramjaun, A. R. and McPherson, P. S. (2004). The HECT domain ligase itch ubiquitinates endophilin and localizes to the trans-Golgi network and endosomal 
system. J Biol Chem 279, 11471-9. 
 Anindya, R., Aygun, O. and Svejstrup, J. Q. (2007). Damage-induced ubiquitylation of human RNA polymerase II by the ubiquitin ligase Nedd4, but not Cockayne syndrome 
proteins or BRCA1. Mol Cell 28, 386-97. 
 Anta, B., Martin-Rodriguez, C., Gomis-Perez, C., Calvo, L., Lopez-Benito, S., Calderon-Garcia, A. A., Vicente-Garcia, C., Villarroel, A. and Arevalo, J. C. (2016). Ubiquitin-
specific Protease 36 (USP36) Controls Neuronal Precursor Cell-expressed Developmentally Down-regulated 4-2 (Nedd4-2) Actions over the Neurotrophin Receptor TrkA and Potassium 
Voltage-gated Channels 7.2/3 (Kv7.2/3). J Biol Chem 291, 19132-45. 
 Aragon, E., Goerner, N., Xi, Q., Gomes, T., Gao, S., Massague, J. and Macias, M. J. (2012). Structural basis for the versatile interactions of Smad7 with regulator WW domains 
in TGF-beta Pathways. Structure 20, 1726-36. 
 Araki, N., Ishigami, T., Ushio, H., Minegishi, S., Umemura, M., Miyagi, Y., Aoki, I., Morinaga, H., Tamura, K., Toya, Y. et al. (2009). Identification of NPC2 protein as 
interaction molecule with C2 domain of human Nedd4L. Biochem Biophys Res Commun 388, 290-6. 

J. Cell Sci.: doi:10.1242/jcs.228072: Supplementary information

Jo
ur

na
l o

f 
Jo

ur
na

l o
f C

el
l S

ci
en

ce
 •

 S
up

pl
em

en
ta

ry
 in

fo
rm

at
io

n



 13 

 Asher, C., Sinha, I. and Garty, H. (2003). Characterization of the interactions between Nedd4-2, ENaC, and sgk-1 using surface plasmon resonance. Biochim Biophys Acta 
1612, 59-64. 
 Azakir, B. A., Desrochers, G. and Angers, A. (2010). The ubiquitin ligase Itch mediates the antiapoptotic activity of epidermal growth factor by promoting the ubiquitylation and 
degradation of the truncated C-terminal portion of Bid. FEBS J 277, 1319-30. 
 Azmi, P. and Seth, A. (2005). RNF11 is a multifunctional modulator of growth factor receptor signalling and transcriptional regulation. Eur J Cancer 41, 2549-60. 
 Bae, S. J., Kim, M., Kim, S. H., Kwon, Y. E., Lee, J. H., Kim, J., Chung, C. H., Lee, W. J. and Seol, J. H. (2015). NEDD4 controls intestinal stem cell homeostasis by regulating 
the Hippo signalling pathway. Nat Commun 6, 6314. 
 Bai, Y., Yang, C., Hu, K., Elly, C. and Liu, Y. C. (2004). Itch E3 ligase-mediated regulation of TGF-beta signaling by modulating smad2 phosphorylation. Mol Cell 15, 825-31. 
 Bakkers, J., Camacho-Carvajal, M., Nowak, M., Kramer, C., Danger, B. and Hammerschmidt, M. (2005). Destabilization of DeltaNp63alpha by Nedd4-mediated ubiquitination 
and Ubc9-mediated sumoylation, and its implications on dorsoventral patterning of the zebrafish embryo. Cell Cycle 4, 790-800. 
 Baumann, C., Lindholm, C. K., Rimoldi, D. and Levy, F. (2010). The E3 ubiquitin ligase Itch regulates sorting nexin 9 through an unconventional substrate recognition domain. 
FEBS J 277, 2803-14. 
 Bellet, M. M., Piobbico, D., Bartoli, D., Castelli, M., Pieroni, S., Brunacci, C., Chiacchiaretta, M., Del Sordo, R., Fallarino, F., Sidoni, A. et al. (2014). NEDD4 controls the 
expression of GUCD1, a protein upregulated in proliferating liver cells. Cell Cycle 13, 1902-11. 
 Bellomaria, A., Barbato, G., Melino, G., Paci, M. and Melino, S. (2010). Recognition of p63 by the E3 ligase ITCH: Effect of an ectodermal dysplasia mutant. Cell Cycle 9, 3730-
9. 
 Bellomaria, A., Barbato, G., Melino, G., Paci, M. and Melino, S. (2012). Recognition mechanism of p63 by the E3 ligase Itch: novel strategy in the study and inhibition of this 
interaction. Cell Cycle 11, 3638-48. 
 Bhalla, V., Oyster, N. M., Fitch, A. C., Wijngaarden, M. A., Neumann, D., Schlattner, U., Pearce, D. and Hallows, K. R. (2006). AMP-activated kinase inhibits the epithelial 
Na+ channel through functional regulation of the ubiquitin ligase Nedd4-2. J Biol Chem 281, 26159-69. 
 Bhandari, D., Robia, S. L. and Marchese, A. (2009). The E3 ubiquitin ligase atrophin interacting protein 4 binds directly to the chemokine receptor CXCR4 via a novel WW 
domain-mediated interaction. Mol Biol Cell 20, 1324-39. 
 Bhandari, D., Trejo, J., Benovic, J. L. and Marchese, A. (2007). Arrestin-2 interacts with the ubiquitin-protein isopeptide ligase atrophin-interacting protein 4 and mediates 
endosomal sorting of the chemokine receptor CXCR4. J Biol Chem 282, 36971-9. 
 Bizet, A. A., Tran-Khanh, N., Saksena, A., Liu, K., Buschmann, M. D. and Philip, A. (2012). CD109-mediated degradation of TGF-beta receptors and inhibition of TGF-beta 
responses involve regulation of SMAD7 and Smurf2 localization and function. J Cell Biochem 113, 238-46. 
 Blank, M., Tang, Y., Yamashita, M., Burkett, S. S., Cheng, S. Y. and Zhang, Y. E. (2012). A tumor suppressor function of Smurf2 associated with controlling chromatin 
landscape and genome stability through RNF20. Nat Med 18, 227-34. 
 Bobby, R., Medini, K., Neudecker, P., Lee, T. V., Brimble, M. A., McDonald, F. J., Lott, J. S. and Dingley, A. J. (2013). Structure and dynamics of human Nedd4-1 WW3 in 
complex with the alphaENaC PY motif. Biochim Biophys Acta 1834, 1632-41. 
 Bonni, S., Wang, H. R., Causing, C. G., Kavsak, P., Stroschein, S. L., Luo, K. and Wrana, J. L. (2001). TGF-beta induces assembly of a Smad2-Smurf2 ubiquitin ligase 
complex that targets SnoN for degradation. Nature Cell Biology 3, 587. 
 Bouamr, F., Melillo, J. A., Wang, M. Q., Nagashima, K., de Los Santos, M., Rein, A. and Goff, S. P. (2003). PPPYVEPTAP motif is the late domain of human T-cell leukemia 
virus type 1 Gag and mediates its functional interaction with cellular proteins Nedd4 and Tsg101 [corrected]. J Virol 77, 11882-95. 
 Bustos, F., de la Vega, E., Cabezas, F., Thompson, J., Cornelison, D. D., Olwin, B. B., Yates, J. R., 3rd and Olguin, H. C. (2015). NEDD4 Regulates PAX7 Levels Promoting 
Activation of the Differentiation Program in Skeletal Muscle Precursors. Stem Cells 33, 3138-51. 
 Cai, Y., Huang, G., Ma, L., Dong, L., Chen, S., Shen, X., Zhang, S., Xue, R., Sun, D. and Zhang, S. (2018). Smurf2, an E3 ubiquitin ligase, interacts with PDE4B and 
attenuates liver fibrosis through miR-132 mediated CTGF inhibition. Biochim Biophys Acta Mol Cell Res 1865, 297-308. 
 Calistri, A., Del Vecchio, C., Salata, C., Celestino, M., Celegato, M., Gottlinger, H., Palu, G. and Parolin, C. (2009). Role of the feline immunodeficiency virus L-domain in the 
presence or absence of Gag processing: involvement of ubiquitin and Nedd4-2s ligase in viral egress. J Cell Physiol 218, 175-82. 
 Canal, M., Martin-Flores, N., Perez-Sisques, L., Romani-Aumedes, J., Altas, B., Man, H. Y., Kawabe, H., Alberch, J. and Malagelada, C. (2016). Loss of NEDD4 contributes 
to RTP801 elevation and neuron toxicity: implications for Parkinson's disease. Oncotarget 7, 58813-58831. 
 Caohuy, H., Jozwik, C. and Pollard, H. B. (2009). Rescue of DeltaF508-CFTR by the SGK1/Nedd4-2 signaling pathway. J Biol Chem 284, 25241-53. 

J. Cell Sci.: doi:10.1242/jcs.228072: Supplementary information

Jo
ur

na
l o

f 
Jo

ur
na

l o
f C

el
l S

ci
en

ce
 •

 S
up

pl
em

en
ta

ry
 in

fo
rm

at
io

n



 14 

 Carpentier, I., Coornaert, B. and Beyaert, R. (2008). Smurf2 is a TRAF2 binding protein that triggers TNF-R2 ubiquitination and TNF-R2-induced JNK activation. Biochem 
Biophys Res Commun 374, 752-7. 
 Chan, W., Tian, R., Lee, Y. F., Sit, S. T., Lim, L. and Manser, E. (2009). Down-regulation of active ACK1 is mediated by association with the E3 ubiquitin ligase Nedd4-2. J Biol 
Chem 284, 8185-94. 
 Chandran, S., Li, H., Dong, W., Krasinska, K., Adams, C., Alexandrova, L., Chien, A., Hallows, K. R. and Bhalla, V. (2011). Neural precursor cell-expressed developmentally 
down-regulated protein 4-2 (Nedd4-2) regulation by 14-3-3 protein binding at canonical serum and glucocorticoid kinase 1 (SGK1) phosphorylation sites. J Biol Chem 286, 37830-40. 
 Chang, L., Kamata, H., Solinas, G., Luo, J. L., Maeda, S., Venuprasad, K., Liu, Y. C. and Karin, M. (2006). The E3 ubiquitin ligase itch couples JNK activation to TNFalpha-
induced cell death by inducing c-FLIP(L) turnover. Cell 124, 601-13. 
 Chastagner, P., Israel, A. and Brou, C. (2006). Itch/AIP4 mediates Deltex degradation through the formation of K29-linked polyubiquitin chains. EMBO Rep 7, 1147-53. 
 Chaudhary, N. and Maddika, S. (2014). WWP2-WWP1 ubiquitin ligase complex coordinated by PPM1G maintains the balance between cellular p73 and DeltaNp73 levels. Mol 
Cell Biol 34, 3754-64. 
 Chen, C., Sun, X., Guo, P., Dong, X. Y., Sethi, P., Cheng, X., Zhou, J., Ling, J., Simons, J. W., Lingrel, J. B. et al. (2005). Human Kruppel-like factor 5 is a target of the E3 
ubiquitin ligase WWP1 for proteolysis in epithelial cells. J Biol Chem 280, 41553-61. 
 Chen, C., Zhou, Z., Liu, R., Li, Y., Azmi, P. B. and Seth, A. K. (2008). The WW domain containing E3 ubiquitin protein ligase 1 upregulates ErbB2 and EGFR through RING 
finger protein 11. Oncogene 27, 6845-55. 
 Chen, X., Wen, S., Fukuda, M. N., Gavva, N. R., Hsu, D., Akama, T. O., Yang-Feng, T. and Shen, C. K. (2001). Human ITCH is a coregulator of the hematopoietic transcription 
factor NF-E2. Genomics 73, 238-41. 
 Chen, X. L., Chinchilla, P., Fombonne, J., Ho, L., Guix, C., Keen, J. H., Mehlen, P. and Riobo, N. A. (2014). Patched-1 proapoptotic activity is downregulated by modification 
of K1413 by the E3 ubiquitin-protein ligase Itchy homolog. Mol Cell Biol 34, 3855-66. 
 Chen, Z., Jiang, H., Xu, W., Li, X., Dempsey, D. R., Zhang, X., Devreotes, P., Wolberger, C., Amzel, L. M., Gabelli, S. B. et al. (2017). A Tunable Brake for HECT Ubiquitin 
Ligases. Mol Cell 66, 345-357 e6. 
 Chen, Z., Thomas, S. N., Bolduc, D. M., Jiang, X., Zhang, X., Wolberger, C. and Cole, P. A. (2016). Enzymatic Analysis of PTEN Ubiquitylation by WWP2 and NEDD4-1 E3 
Ligases. Biochemistry 55, 3658-66. 
 Cheng, P. L., Lu, H., Shelly, M., Gao, H. and Poo, M. M. (2011). Phosphorylation of E3 ligase Smurf1 switches its substrate preference in support of axon development. Neuron 
69, 231-43. 
 Chesarino, N. M., McMichael, T. M. and Yount, J. S. (2015). E3 Ubiquitin Ligase NEDD4 Promotes Influenza Virus Infection by Decreasing Levels of the Antiviral Protein 
IFITM3. PLoS Pathog 11, e1005095. 
 Choi, K. S., Choi, H. J., Lee, J. K., Im, S., Zhang, H., Jeong, Y., Park, J. A., Lee, I. K., Kim, Y. M. and Kwon, Y. G. (2016). The endothelial E3 ligase HECW2 promotes 
endothelial cell junctions by increasing AMOTL1 protein stability via K63-linked ubiquitination. Cell Signal 28, 1642-51. 
 Choi, Y. H., Kim, Y. J., Jeong, H. M., Jin, Y. H., Yeo, C. Y. and Lee, K. Y. (2014). Akt enhances Runx2 protein stability by regulating Smurf2 function during osteoblast 
differentiation. FEBS J 281, 3656-66. 
 Chong, P. A., Lin, H., Wrana, J. L. and Forman-Kay, J. D. (2006). An expanded WW domain recognition motif revealed by the interaction between Smad7 and the E3 ubiquitin 
ligase Smurf2. J Biol Chem 281, 17069-75. 
 Chong, P. A., Lin, H., Wrana, J. L. and Forman-Kay, J. D. (2010). Coupling of tandem Smad ubiquitination regulatory factor (Smurf) WW domains modulates target specificity. 
Proc Natl Acad Sci U S A 107, 18404-9. 
 Chung, H. Y., Morita, E., von Schwedler, U., Muller, B., Krausslich, H. G. and Sundquist, W. I. (2008). NEDD4L overexpression rescues the release and infectivity of human 
immunodeficiency virus type 1 constructs lacking PTAP and YPXL late domains. J Virol 82, 4884-97. 
 Courbard, J. R., Fiore, F., Adelaide, J., Borg, J. P., Birnbaum, D. and Ollendorff, V. (2002). Interaction between two ubiquitin-protein isopeptide ligases of different classes, 
CBLC and AIP4/ITCH. J Biol Chem 277, 45267-75. 
 Courivaud, T., Ferrand, N., Elkhattouti, A., Kumar, S., Levy, L., Ferrigno, O., Atfi, A. and Prunier, C. (2015). Functional Characterization of a WWP1/Tiul1 Tumor-derived 
Mutant Reveals a Paradigm of Its Constitutive Activation in Human Cancer. J Biol Chem 290, 21007-18. 
 Cui, G., Wei, P., Zhao, Y., Guan, Z., Yang, L., Sun, W., Wang, S. and Peng, Q. (2014). Brucella infection inhibits macrophages apoptosis via Nedd4-dependent degradation of 
calpain2. Vet Microbiol 174, 195-205. 

J. Cell Sci.: doi:10.1242/jcs.228072: Supplementary information

Jo
ur

na
l o

f 
Jo

ur
na

l o
f C

el
l S

ci
en

ce
 •

 S
up

pl
em

en
ta

ry
 in

fo
rm

at
io

n



 15 

 Cui, Y., He, S., Xing, C., Lu, K., Wang, J., Xing, G., Meng, A., Jia, S., He, F. and Zhang, L. (2011). SCFFBXL(1)(5) regulates BMP signalling by directing the degradation of 
HECT-type ubiquitin ligase Smurf1. EMBO J 30, 2675-89. 
 D'Cruz, R., Plant, P. J., Pablo, L. A., Lin, S., Chackowicz, J., Correa, J., Bain, J. and Batt, J. (2016). PDLIM7 is a novel target of the ubiquitin ligase Nedd4-1 in skeletal 
muscle. Biochem J 473, 267-76. 
 Dabydeen, S. A. and Meneses, P. I. (2011). Smurf2 alters BPV1 trafficking and decreases infection. Arch Virol 156, 827-38. 
 David, D., Surendran, A., Thulaseedharan, J. V. and Nair, A. S. (2018). Regulation of CNKSR2 protein stability by the HECT E3 ubiquitin ligase Smurf2, and its role in breast 
cancer progression. BMC Cancer 18, 284. 
 Debonneville, C. and Staub, O. (2004). Participation of the ubiquitin-conjugating enzyme UBE2E3 in Nedd4-2-dependent regulation of the epithelial Na+ channel. Mol Cell Biol 
24, 2397-409. 
 Demange, C., Ferrand, N., Prunier, C., Bourgeade, M. F. and Atfi, A. (2009). A model of partnership co-opted by the homeodomain protein TGIF and the Itch/AIP4 ubiquitin 
ligase for effective execution of TNF-alpha cytotoxicity. Mol Cell 36, 1073-85. 
 Dempsey, D. R., Jiang, H., Kalin, J. H., Chen, Z. and Cole, P. A. (2018). Site-Specific Protein Labeling with N-Hydroxysuccinimide-Esters and the Analysis of Ubiquitin Ligase 
Mechanisms. J Am Chem Soc 140, 9374-9378. 
 Dergai, O., Dergai, M. and Rynditch, A. (2018). Ubiquitin-ligase AIP4 controls differential ubiquitination and stability of isoforms of the scaffold protein ITSN1. FEBS Lett 592, 
2259-2267. 
 Di Marcotullio, L., Greco, A., Mazza, D., Canettieri, G., Pietrosanti, L., Infante, P., Coni, S., Moretti, M., De Smaele, E., Ferretti, E. et al. (2011). Numb activates the E3 
ligase Itch to control Gli1 function through a novel degradation signal. Oncogene 30, 65-76. 
 Dieter, M., Palmada, M., Rajamanickam, J., Aydin, A., Busjahn, A., Boehmer, C., Luft, F. C. and Lang, F. (2004). Regulation of glucose transporter SGLT1 by ubiquitin ligase 
Nedd4-2 and kinases SGK1, SGK3, and PKB. Obes Res 12, 862-70. 
 Ding, Y., Zhang, Y., Xu, C., Tao, Q. H. and Chen, Y. G. (2013). HECT domain-containing E3 ubiquitin ligase NEDD4L negatively regulates Wnt signaling by targeting dishevelled 
for proteasomal degradation. J Biol Chem 288, 8289-98. 
 Dong, S., Liu, J., Li, L., Wang, H., Ma, H., Zhao, Y. and Zhao, J. (2019). The HECT ubiquitin E3 ligase Smurf2 degrades mu-opioid receptor 1 in the ubiquitin-proteasome 
system in lung epithelial cells. Am J Physiol Cell Physiol 316, C632-C640. 
 Drinjakovic, J., Jung, H., Campbell, D. S., Strochlic, L., Dwivedy, A. and Holt, C. E. (2010). E3 ligase Nedd4 promotes axon branching by downregulating PTEN. Neuron 65, 
341-57. 
 Du, J. X., Hagos, E. G., Nandan, M. O., Bialkowska, A. B., Yu, B. and Yang, V. W. (2011). The E3 ubiquitin ligase SMAD ubiquitination regulatory factor 2 negatively regulates 
Kruppel-like factor 5 protein. J Biol Chem 286, 40354-64. 
 Dussart, S., Douaisi, M., Courcoul, M., Bessou, G., Vigne, R. and Decroly, E. (2005). APOBEC3G ubiquitination by Nedd4-1 favors its packaging into HIV-1 particles. J Mol 
Biol 345, 547-58. 
 Eastman, S. W., Yassaee, M. and Bieniasz, P. D. (2009). A role for ubiquitin ligases and Spartin/SPG20 in lipid droplet turnover. J Cell Biol 184, 881-94. 
 Ebisawa, T., Fukuchi, M., Murakami, G., Chiba, T., Tanaka, K., Imamura, T. and Miyazono, K. (2001). Smurf1 interacts with transforming growth factor-beta type I receptor 
through Smad7 and induces receptor degradation. J Biol Chem 276, 12477-80. 
 Edinger, R. S., Lebowitz, J., Li, H., Alzamora, R., Wang, H., Johnson, J. P. and Hallows, K. R. (2009). Functional regulation of the epithelial Na+ channel by IkappaB kinase-
beta occurs via phosphorylation of the ubiquitin ligase Nedd4-2. J Biol Chem 284, 150-7. 
 Edwards, T. L., Clowes, V. E., Tsang, H. T., Connell, J. W., Sanderson, C. M., Luzio, J. P. and Reid, E. (2009). Endogenous spartin (SPG20) is recruited to endosomes and 
lipid droplets and interacts with the ubiquitin E3 ligases AIP4 and AIP5. Biochem J 423, 31-9. 
 Edwin, F., Anderson, K. and Patel, T. B. (2010). HECT domain-containing E3 ubiquitin ligase Nedd4 interacts with and ubiquitinates Sprouty2. J Biol Chem 285, 255-64. 
 Ekberg, J., Schuetz, F., Boase, N. A., Conroy, S. J., Manning, J., Kumar, S., Poronnik, P. and Adams, D. J. (2007). Regulation of the voltage-gated K(+) channels KCNQ2/3 
and KCNQ3/5 by ubiquitination. Novel role for Nedd4-2. J Biol Chem 282, 12135-42. 
 Emanuelli, A., Borroni, A. P., Apel-Sarid, L., Shah, P. A., Ayyathan, D. M., Koganti, P., Levy-Cohen, G. and Blank, M. (2017). Smurf2-Mediated Stabilization of DNA 
Topoisomerase IIalpha Controls Genomic Integrity. Cancer Res 77, 4217-4227. 
 Enzler, T., Chang, X., Facchinetti, V., Melino, G., Karin, M., Su, B. and Gallagher, E. (2009). MEKK1 binds HECT E3 ligase Itch by its amino-terminal RING motif to regulate 
Th2 cytokine gene expression. J Immunol 183, 3831-8. 

J. Cell Sci.: doi:10.1242/jcs.228072: Supplementary information

Jo
ur

na
l o

f 
Jo

ur
na

l o
f C

el
l S

ci
en

ce
 •

 S
up

pl
em

en
ta

ry
 in

fo
rm

at
io

n



 16 

 Fan, C. D., Lum, M. A., Xu, C., Black, J. D. and Wang, X. (2013). Ubiquitin-dependent regulation of phospho-AKT dynamics by the ubiquitin E3 ligase, NEDD4-1, in the insulin-
like growth factor-1 response. J Biol Chem 288, 1674-84. 
 Fang, D., Elly, C., Gao, B., Fang, N., Altman, Y., Joazeiro, C., Hunter, T., Copeland, N., Jenkins, N. and Liu, Y. C. (2002). Dysregulation of T lymphocyte function in itchy 
mice: a role for Itch in TH2 differentiation. Nat Immunol 3, 281-7. 
 Fang, D. and Kerppola, T. K. (2004). Ubiquitin-mediated fluorescence complementation reveals that Jun ubiquitinated by Itch/AIP4 is localized to lysosomes. Proc Natl Acad Sci 
U S A 101, 14782-7. 
 Fang, D. F., He, K., Wang, N., Sang, Z. H., Qiu, X., Xu, G., Jian, Z., Liang, B., Li, T., Li, H. Y. et al. (2014). NEDD4 ubiquitinates TRAF3 to promote CD40-mediated AKT 
activation. Nat Commun 5, 4513. 
 Farr, T. J., Coddington-Lawson, S. J., Snyder, P. M. and McDonald, F. J. (2000). Human Nedd4 interacts with the human epithelial Na+ channel: WW3 but not WW1 binds to 
Na+-channel subunits. Biochem J 345 Pt 3, 503-9. 
 Farris, T. R., Zhu, B., Wang, J. Y. and McBride, J. W. (2017). Ehrlichia chaffeensis TRP32 Nucleomodulin Function and Localization Is Regulated by NEDD4L-Mediated 
Ubiquitination. Front Cell Infect Microbiol 7, 534. 
 Fei, C., Li, Z., Li, C., Chen, Y., Chen, Z., He, X., Mao, L., Wang, X., Zeng, R. and Li, L. (2013). Smurf1-mediated Lys29-linked nonproteolytic polyubiquitination of axin 
negatively regulates Wnt/beta-catenin signaling. Mol Cell Biol 33, 4095-105. 
 Feng, L., Guedes, S. and Wang, T. (2004). Atrophin-1-interacting protein 4/human Itch is a ubiquitin E3 ligase for human enhancer of filamentation 1 in transforming growth 
factor-beta signaling pathways. J Biol Chem 279, 29681-90. 
 Feng, S. M., Muraoka-Cook, R. S., Hunter, D., Sandahl, M. A., Caskey, L. S., Miyazawa, K., Atfi, A. and Earp, H. S., 3rd. (2009). The E3 ubiquitin ligase WWP1 selectively 
targets HER4 and its proteolytically derived signaling isoforms for degradation. Mol Cell Biol 29, 892-906. 
 Fleet, A., Lee, J. P., Tamachi, A., Javeed, I. and Hamel, P. A. (2016). Activities of the Cytoplasmic Domains of Patched-1 Modulate but Are Not Essential for the Regulation of 
Canonical Hedgehog Signaling. J Biol Chem 291, 17557-68. 
 Fotia, A. B., Cook, D. I. and Kumar, S. (2006). The ubiquitin-protein ligases Nedd4 and Nedd4-2 show similar ubiquitin-conjugating enzyme specificities. Int J Biochem Cell Biol 
38, 472-9. 
 Fouladkou, F., Landry, T., Kawabe, H., Neeb, A., Lu, C., Brose, N., Stambolic, V. and Rotin, D. (2008). The ubiquitin ligase Nedd4-1 is dispensable for the regulation of PTEN 
stability and localization. Proc Natl Acad Sci U S A 105, 8585-90. 
 Fukunaga, E., Inoue, Y., Komiya, S., Horiguchi, K., Goto, K., Saitoh, M., Miyazawa, K., Koinuma, D., Hanyu, A. and Imamura, T. (2008). Smurf2 induces ubiquitin-
dependent degradation of Smurf1 to prevent migration of breast cancer cells. J Biol Chem 283, 35660-7. 
 Fukushima, T., Yoshihara, H., Furuta, H., Hakuno, F., Iemura, S. I., Natsume, T., Nakatsu, Y., Kamata, H., Asano, T., Komada, M. et al. (2017). USP15 attenuates IGF-I 
signaling by antagonizing Nedd4-induced IRS-2 ubiquitination. Biochem Biophys Res Commun 484, 522-528. 
 Fukushima, T., Yoshihara, H., Furuta, H., Kamei, H., Hakuno, F., Luan, J., Duan, C., Saeki, Y., Tanaka, K., Iemura, S. et al. (2015). Nedd4-induced monoubiquitination of 
IRS-2 enhances IGF signalling and mitogenic activity. Nat Commun 6, 6780. 
 Gallagher, E., Gao, M., Liu, Y. C. and Karin, M. (2006). Activation of the E3 ubiquitin ligase Itch through a phosphorylation-induced conformational change. Proc Natl Acad Sci U 
S A 103, 1717-22. 
 Ganji, A., Roshan, H. M., Varasteh, A., Moghadam, M. and Sankian, M. (2015). The effects of WW2/WW3 domains of Smurf2 molecule on TGF-beta signaling and arginase I 
gene expression. Cell Biol Int 39, 690-5. 
 Gao, K., An, J., Zhang, Y., Jin, X., Ma, J., Peng, J., Tang, Y., Yu, L., Zhang, P. and Wang, C. (2015). The E3 ubiquitin ligase Itch and Yap1 have antagonistic roles in the 
regulation of ASPP2 protein stability. FEBS Lett 589, 94-101. 
 Gao, M., Labuda, T., Xia, Y., Gallagher, E., Fang, D., Liu, Y. C. and Karin, M. (2004). Jun turnover is controlled through JNK-dependent phosphorylation of the E3 ligase Itch. 
Science 306, 271-5. 
 Gao, S., Alarcon, C., Sapkota, G., Rahman, S., Chen, P. Y., Goerner, N., Macias, M. J., Erdjument-Bromage, H., Tempst, P. and Massague, J. (2009). Ubiquitin ligase 
Nedd4L targets activated Smad2/3 to limit TGF-beta signaling. Mol Cell 36, 457-68. 
 Garcia-Tardon, N., Gonzalez-Gonzalez, I. M., Martinez-Villarreal, J., Fernandez-Sanchez, E., Gimenez, C. and Zafra, F. (2012). Protein kinase C (PKC)-promoted 
endocytosis of glutamate transporter GLT-1 requires ubiquitin ligase Nedd4-2-dependent ubiquitination but not phosphorylation. J Biol Chem 287, 19177-87. 

J. Cell Sci.: doi:10.1242/jcs.228072: Supplementary information

Jo
ur

na
l o

f 
Jo

ur
na

l o
f C

el
l S

ci
en

ce
 •

 S
up

pl
em

en
ta

ry
 in

fo
rm

at
io

n



 17 

 Gautam, V., Trinidad, J. C., Rimerman, R. A., Costa, B. M., Burlingame, A. L. and Monaghan, D. T. (2013). Nedd4 is a specific E3 ubiquitin ligase for the NMDA receptor 
subunit GluN2D. Neuropharmacology 74, 96-107. 
 Gen, Y., Yasui, K., Kitaichi, T., Iwai, N., Terasaki, K., Dohi, O., Hashimoto, H., Fukui, H., Inada, Y., Fukui, A. et al. (2017). ASPP2 suppresses invasion and TGF-beta1-
induced epithelial-mesenchymal transition by inhibiting Smad7 degradation mediated by E3 ubiquitin ligase ITCH in gastric cancer. Cancer Lett 398, 52-61. 
 Gilmore-Hebert, M., Ramabhadran, R. and Stern, D. F. (2010). Interactions of ErbB4 and Kap1 connect the growth factor and DNA damage response pathways. Mol Cancer 
Res 8, 1388-98. 
 Goulet, C. C., Volk, K. A., Adams, C. M., Prince, L. S., Stokes, J. B. and Snyder, P. M. (1998). Inhibition of the epithelial Na+ channel by interaction of Nedd4 with a PY motif 
deleted in Liddle's syndrome. J Biol Chem 273, 30012-7. 
 Grimsey, N. J., Narala, R., Rada, C. C., Mehta, S., Stephens, B. S., Kufareva, I., Lapek, J., Gonzalez, D. J., Handel, T. M., Zhang, J. et al. (2018). A Tyrosine Switch on 
NEDD4-2 E3 Ligase Transmits GPCR Inflammatory Signaling. Cell Rep 24, 3312-3323 e5. 
 Guarnieri, A., Towers, C., Drasin, D., Oliphant, M., Andrysik, Z., Hotz, T., Vartuli, R., Linklater, E., Pandey, A. and Khanal, S. (2018). The miR-106b-25 cluster mediates 
breast tumor initiation through activation of NOTCH1 via direct repression of NEDD4L. Oncogene 37, 3879. 
 Gunn, T. M., Silvius, D., Bagher, P., Sun, K. and Walker, K. K. (2013). MGRN1-dependent pigment-type switching requires its ubiquitination activity but not its interaction with 
TSG101 or NEDD4. Pigment Cell Melanoma Res 26, 263-8. 
 Guo, J., Wang, T., Li, X., Shallow, H., Yang, T., Li, W., Xu, J., Fridman, M. D., Yang, X. and Zhang, S. (2012). Cell surface expression of human ether-a-go-go-related gene 
(hERG) channels is regulated by caveolin-3 protein via the ubiquitin ligase Nedd4-2. J Biol Chem 287, 33132-41. 
 Guo, X., Shen, S., Song, S., He, S., Cui, Y., Xing, G., Wang, J., Yin, Y., Fan, L., He, F. et al. (2011). The E3 ligase Smurf1 regulates Wolfram syndrome protein stability at the 
endoplasmic reticulum. J Biol Chem 286, 18037-47. 
 Hamilton, M. H., Tcherepanova, I., Huibregtse, J. M. and McDonnell, D. P. (2001). Nuclear import/export of hRPF1/Nedd4 regulates the ubiquitin-dependent degradation of its 
nuclear substrates. J Biol Chem 276, 26324-31. 
 Han, Z., Sagum, C. A., Bedford, M. T., Sidhu, S. S., Sudol, M. and Harty, R. N. (2016). ITCH E3 Ubiquitin Ligase Interacts with Ebola Virus VP40 To Regulate Budding. J Virol 
90, 9163-71. 
 Han, Z., Sagum, C. A., Takizawa, F., Ruthel, G., Berry, C. T., Kong, J., Sunyer, J. O., Freedman, B. D., Bedford, M. T. and Sidhu, S. S. (2017). Ubiquitin Ligase WWP1 
Interacts with Ebola Virus VP40 To Regulate Egress. Journal of Virology 91, JVI.00812-17. 
 Harvey, K. F., Dinudom, A., Komwatana, P., Jolliffe, C. N., Day, M. L., Parasivam, G., Cook, D. I. and Kumar, S. (1999). All three WW domains of murine Nedd4 are involved 
in the regulation of epithelial sodium channels by intracellular Na+. J Biol Chem 274, 12525-30. 
 Harvey, K. F., Shearwin-Whyatt, L. M., Fotia, A., Parton, R. G. and Kumar, S. (2002). N4WBP5, a potential target for ubiquitination by the Nedd4 family of proteins, is a novel 
Golgi-associated protein. J Biol Chem 277, 9307-17. 
 Hatanaka, T., Hatanaka, Y. and Setou, M. (2006). Regulation of amino acid transporter ATA2 by ubiquitin ligase Nedd4-2. J Biol Chem 281, 35922-30. 
 He, S., Cao, Y., Xie, P., Dong, G. and Zhang, L. (2017). The Nedd8 Non-covalent Binding Region in the Smurf HECT Domain is Critical to its Ubiquitn Ligase Function. Sci Rep 
7, 41364. 
 He, Y., Hryciw, D. H., Carroll, M. L., Myers, S. A., Whitbread, A. K., Kumar, S., Poronnik, P. and Hooper, J. D. (2008). The ubiquitin-protein ligase Nedd4-2 differentially 
interacts with and regulates members of the Tweety family of chloride ion channels. J Biol Chem 283, 24000-10. 
 Heidecker, G., Lloyd, P. A., Soheilian, F., Nagashima, K. and Derse, D. (2007). The role of WWP1-Gag interaction and Gag ubiquitination in assembly and release of human T-
cell leukemia virus type 1. J Virol 81, 9769-77. 
 Heissmeyer, V., Macián, F., Im, S.-H., Varma, R., Feske, S., Venuprasad, K., Gu, H., Liu, Y.-C., Dustin, M. L. and Rao, A. (2004). Calcineurin imposes T cell 
unresponsiveness through targeted proteolysis of signaling proteins. Nature Immunology 5, 255. 
 Henry, P. C., Kanelis, V., O'Brien, M. C., Kim, B., Gautschi, I., Forman-Kay, J., Schild, L. and Rotin, D. (2003). Affinity and specificity of interactions between Nedd4 isoforms 
and the epithelial Na+ channel. J Biol Chem 278, 20019-28. 
 Ho, K. C., Zhou, Z., She, Y. M., Chun, A., Cyr, T. D. and Yang, X. (2011). Itch E3 ubiquitin ligase regulates large tumor suppressor 1 stability [corrected]. Proc Natl Acad Sci U S 
A 108, 4870-5. 
 Ho, P. Y., Li, H., Pavlov, T. S., Tuerk, R. D., Tabares, D., Brunisholz, R., Neumann, D., Staruschenko, A. and Hallows, K. R. (2018). β1Pix exchange factor stabilizes the 
ubiquitin ligase Nedd4-2 and plays a critical role in ENaC regulation by AMPK in kidney epithelial cells. J Biol Chem 293, 11612-11624. 

J. Cell Sci.: doi:10.1242/jcs.228072: Supplementary information

Jo
ur

na
l o

f 
Jo

ur
na

l o
f C

el
l S

ci
en

ce
 •

 S
up

pl
em

en
ta

ry
 in

fo
rm

at
io

n



 18 

 Holleman, J. and Marchese, A. (2014). The ubiquitin ligase deltex-3l regulates endosomal sorting of the G protein-coupled receptor CXCR4. Mol Biol Cell 25, 1892-904. 
 Hong, S., Moon, J., Kim, J., Shin, J., Jung, K., Lee, W., Jeong, S., Hwang, J., Lee, S. and Suh, Y. (2014). p34 is a novel regulator of the oncogenic behavior of NEDD4-1 and 
PTEN. Cell death and differentiation 21, 146. 
 Hooper, C., Puttamadappa, S. S., Loring, Z., Shekhtman, A. and Bakowska, J. C. (2010). Spartin activates atrophin-1-interacting protein 4 (AIP4) E3 ubiquitin ligase and 
promotes ubiquitination of adipophilin on lipid droplets. BMC Biol 8, 72. 
 Hryciw, D. H., Ekberg, J., Lee, A., Lensink, I. L., Kumar, S., Guggino, W. B., Cook, D. I., Pollock, C. A. and Poronnik, P. (2004). Nedd4-2 functionally interacts with ClC-5: 
involvement in constitutive albumin endocytosis in proximal tubule cells. J Biol Chem 279, 54996-5007. 
 Hu, Y., Hong, X. Y., Yang, X. F., Ma, R. H., Wang, X., Zhang, J. F., Feng, Q., Li, X. G., Sun, D. S., Li, X. et al. (2019). Inflammation-dependent ISG15 upregulation mediates 
MIA-induced dendrite damages and depression by disrupting NEDD4/Rap2A signaling. Biochim Biophys Acta Mol Basis Dis 1865, 1477-1489. 
 Hua, F., Mu, R., Liu, J., Xue, J., Wang, Z., Lin, H., Yang, H., Chen, X. and Hu, Z. (2011). TRB3 interacts with SMAD3 promoting tumor cell migration and invasion. J Cell Sci 
124, 3235-46. 
 Huang, Q. and Szebenyi, D. M. (2010). Structural basis for the interaction between the growth factor-binding protein GRB10 and the E3 ubiquitin ligase NEDD4. Journal of 
Biological Chemistry 285, 42130-42139. 
 Huang, S., Zhang, Z., Zhang, C., Lv, X., Zheng, X., Chen, Z., Sun, L., Wang, H., Zhu, Y., Zhang, J. et al. (2013). Activation of Smurf E3 ligase promoted by smoothened 
regulates hedgehog signaling through targeting patched turnover. PLoS Biol 11, e1001721. 
 Huang, Y., Yang, Y., Gao, R., Yang, X., Yan, X., Wang, C., Jiang, S. and Yu, L. (2011). RLIM interacts with Smurf2 and promotes TGF-beta induced U2OS cell migration. 
Biochem Biophys Res Commun 414, 181-5. 
 Huang, Z., Choi, B. K., Mujoo, K., Fan, X., Fa, M., Mukherjee, S., Owiti, N., Zhang, N. and An, Z. (2015). The E3 ubiquitin ligase NEDD4 negatively regulates HER3/ErbB3 
level and signaling. Oncogene 34, 1105-15. 
 Hwang, Y. S., Lee, H. S., Kamata, T., Mood, K., Cho, H. J., Winterbottom, E., Ji, Y. J., Singh, A. and Daar, I. O. (2013). The Smurf ubiquitin ligases regulate tissue separation 
via antagonistic interactions with ephrinB1. Genes Dev 27, 491-503. 
 Hyndman, B. D., Crupi, M. J. F., Peng, S., Bone, L. N., Rekab, A. N., Lian, E. Y., Wagner, S. M., Antonescu, C. N. and Mulligan, L. M. (2017). Differential recruitment of E3 
ubiquitin ligase complexes regulates RET isoform internalization. J Cell Sci 130, 3282-3296. 
 Iglesias-Bexiga, M., Palencia, A., Corbi-Verge, C., Martin-Malpartida, P., Blanco, F. J., Macias, M. J., Cobos, E. S. and Luque, I. (2019). Binding site plasticity in viral PPxY 
Late domain recognition by the third WW domain of human NEDD4. Sci Rep 9, 15076. 
 Ingham, R. J., Colwill, K., Howard, C., Dettwiler, S., Lim, C. S., Yu, J., Hersi, K., Raaijmakers, J., Gish, G., Mbamalu, G. et al. (2005). WW domains provide a platform for the 
assembly of multiprotein networks. Mol Cell Biol 25, 7092-106. 
 Janz, J. M., Sakmar, T. P. and Min, K. C. (2007). A novel interaction between atrophin-interacting protein 4 and beta-p21-activated kinase-interactive exchange factor is 
mediated by an SH3 domain. J Biol Chem 282, 28893-903. 
 Jeong, H. M., Lee, S. H., Yum, J., Yeo, C. Y. and Lee, K. Y. (2014). Smurf2 regulates the degradation of YY1. Biochim Biophys Acta 1843, 2005-11. 
 Jewett, K. A., Zhu, J. and Tsai, N. P. (2015). The tumor suppressor p53 guides GluA1 homeostasis through Nedd4-2 during chronic elevation of neuronal activity. J Neurochem 
135, 226-33. 
 Jiang, H., Thomas, S. N., Chen, Z., Chiang, C. Y. and Cole, P. A. (2019). Comparative analysis of the catalytic regulation of NEDD4-1 and WWP2 ubiquitin ligases. J Biol 
Chem. 
 Jing, L., Huo, X., Li, Y., Li, Y. and Diao, A. (2015). Identification of the Binding Domains of Nedd4 E3 Ubiquitin Ligase with Its Substrate Protein TMEPAI.  332, 47-53. 
 Jolliffe, C. N., Harvey, K. F., Haines, B. P., Parasivam, G. and Kumar, S. (2000). Identification of multiple proteins expressed in murine embryos as binding partners for the WW 
domains of the ubiquitin-protein ligase Nedd4. Biochem J 351 Pt 3, 557-65. 
 Jones, D. C., Wein, M. N., Oukka, M., Hofstaetter, J. G., Glimcher, M. J. and Glimcher, L. H. (2006). Regulation of adult bone mass by the zinc finger adapter protein Schnurri-
3. Science 312, 1223-7. 
 Jung, J. G., Stoeck, A., Guan, B., Wu, R. C., Zhu, H., Blackshaw, S., Shih Ie, M. and Wang, T. L. (2014). Notch3 interactome analysis identified WWP2 as a negative regulator 
of Notch3 signaling in ovarian cancer. PLoS Genet 10, e1004751. 
 Kalinichenko, S. V., Itoh, K., Korobko, E. V., Sokol, S. Y., Buchman, V. L. and Korobko, I. V. (2012). Identification of Nedd4 E3 ubiquitin ligase as a binding partner and 
regulator of MAK-V protein kinase. PLoS One 7, e39505. 

J. Cell Sci.: doi:10.1242/jcs.228072: Supplementary information

Jo
ur

na
l o

f 
Jo

ur
na

l o
f C

el
l S

ci
en

ce
 •

 S
up

pl
em

en
ta

ry
 in

fo
rm

at
io

n



 19 

 Kamynina, E., Debonneville, C., Bens, M., Vandewalle, A. and Staub, O. (2001a). A novel mouse Nedd4 protein suppresses the activity of the epithelial Na+ channel. FASEB J 
15, 204-214. 
 Kamynina, E., Tauxe, C. and Staub, O. (2001b). Distinct characteristics of two human Nedd4 proteins with respect to epithelial Na(+) channel regulation. Am J Physiol Renal 
Physiol 281, F469-77. 
 Kanelis, V., Donaldson, L., Muhandiram, D. R., Rotin, D., Forman-Kay, J. D. and Kay, L. E. (2000). Sequential assignment of proline-rich regions in proteins: application to 
modular binding domain complexes. J Biomol NMR 16, 253-9. 
 Kanelis, V., Farrow, N. A., Kay, L. E., Rotin, D. and Forman-Kay, J. D. (1998). NMR studies of tandem WW domains of Nedd4 in complex with a PY motif-containing region of 
the epithelial sodium channel. Biochem Cell Biol 76, 341-50. 
 Kanelis, V., Rotin, D. and Forman-Kay, J. D. (2001). Solution structure of a Nedd4 WW domain-ENaC peptide complex. Nat Struct Biol 8, 407-12. 
 Kathania, M., Zeng, M., Yadav, V. N., Moghaddam, S. J., Yang, B. and Venuprasad, K. (2015). Ndfip1 regulates itch ligase activity and airway inflammation via UbcH7. J 
Immunol 194, 2160-7. 
 Kavsak, P., Rasmussen, R. K., Causing, C. G., Bonni, S., Zhu, H., Thomsen, G. H. and Wrana, J. L. (2000). Smad7 binds to Smurf2 to form an E3 ubiquitin ligase that targets 
the TGF beta receptor for degradation. Mol Cell 6, 1365-75. 
 Kawabe, H., Neeb, A., Dimova, K., Jr, S. M. Y., Takeda, M., Katsurabayashi, S., Mitkovski, M., Malakhova, O. A., Zhang, D. E. and Umikawa, M. (2010). Regulation of 
Rap2A by the Ubiquitin Ligase Nedd4-1 Controls Neurite Development. Neuron 65, 358-372. 
 Kikonyogo, A., Bouamr, F., Vana, M. L., Xiang, Y., Aiyar, A., Carter, C. and Leis, J. (2001). Proteins related to the Nedd4 family of ubiquitin protein ligases interact with the L 
domain of Rous sarcoma virus and are required for gag budding from cells. Proc Natl Acad Sci U S A 98, 11199-204. 
 Kim, B. G., Lee, J. H., Yasuda, J., Ryoo, H. M. and Cho, J. Y. (2011). Phospho-Smad1 modulation by nedd4 E3 ligase in BMP/TGF-beta signaling. J Bone Miner Res 26, 1411-
24. 
 Kim, D. G., Lee, J. Y., Lee, J. H., Cho, H. Y., Kang, B. S., Jang, S. Y., Kim, M. H., Guo, M., Han, J. M., Kim, S. J. et al. (2016a). Oncogenic Mutation of AIMP2/p38 Inhibits Its 
Tumor-Suppressive Interaction with Smurf2. Cancer Res 76, 3422-36. 
 Kim, E., Wang, B., Sastry, N., Masliah, E., Nelson, P. T., Cai, H. and Liao, F. F. (2016b). NEDD4-mediated HSF1 degradation underlies alpha-synucleinopathy. Hum Mol Genet 
25, 211-22. 
 Kim, S. and Jho, E. H. (2010). The protein stability of Axin, a negative regulator of Wnt signaling, is regulated by Smad ubiquitination regulatory factor 2 (Smurf2). Journal of 
Biological Chemistry 285, 36420-6. 
 Kim, Y. H., Yoo, H., Hong, A. R., Kwon, M., Kang, S. W., Kim, K. and Song, Y. (2018). NEDD4L limits cAMP signaling through ubiquitination of CREB-regulated transcription 
coactivator 3. FASEB J 32, 4053-4062. 
 Kitching, R., Wong, M. J., Koehler, D., Burger, A. M., Landberg, G., Gish, G. and Seth, A. (2003). The RING-H2 protein RNF11 is differentially expressed in breast tumours 
and interacts with HECT-type E3 ligases. Biochim Biophys Acta 1639, 104-12. 
 Komuro, A., Imamura, T., Saitoh, M., Yoshida, Y., Yamori, T., Miyazono, K. and Miyazawa, K. (2004). Negative regulation of transforming growth factor-beta (TGF-beta) 
signaling by WW domain-containing protein 1 (WWP1). Oncogene 23, 6914-23. 
 Koncarevic, A., Jackman, R. W. and Kandarian, S. C. (2007). The ubiquitin-protein ligase Nedd4 targets Notch1 in skeletal muscle and distinguishes the subset of atrophies 
caused by reduced muscle tension. Faseb Journal 21, 427-437. 
 Kong, Y., Cui, H. and Zhang, H. (2011). Smurf2-mediated ubiquitination and degradation of Id1 regulates p16 expression during senescence. Aging Cell 10, 1038-46. 
 Konstas, A. A., Shearwin-Whyatt, L. M., Fotia, A. B., Degger, B., Riccardi, D., Cook, D. I., Korbmacher, C. and Kumar, S. (2002). Regulation of the epithelial sodium channel 
by N4WBP5A, a novel Nedd4/Nedd4-2-interacting protein. J Biol Chem 277, 29406-16. 
 Koshizuka, T., Tanaka, K. and Suzutani, T. (2016). Degradation of host ubiquitin E3 ligase Itch by human cytomegalovirus UL42. J Gen Virol 97, 196-208. 
 Kotorashvili, A., Russo, S. J., Mulugeta, S., Guttentag, S. and Beers, M. F. (2009). Anterograde transport of surfactant protein C proprotein to distal processing compartments 
requires PPDY-mediated association with Nedd4 ubiquitin ligases. J Biol Chem 284, 16667-78. 
 Krishnamoorthy, V., Khanna, R. and Parnaik, V. K. (2018a). E3 ubiquitin ligase HECW2 mediates the proteasomal degradation of HP1 isoforms. Biochem Biophys Res 
Commun 503, 2478-2484. 
 Krishnamoorthy, V., Khanna, R. and Parnaik, V. K. (2018b). E3 ubiquitin ligase HECW2 targets PCNA and lamin B1. Biochim Biophys Acta Mol Cell Res 1865, 1088-1104. 

J. Cell Sci.: doi:10.1242/jcs.228072: Supplementary information

Jo
ur

na
l o

f 
Jo

ur
na

l o
f C

el
l S

ci
en

ce
 •

 S
up

pl
em

en
ta

ry
 in

fo
rm

at
io

n



 20 

 Kristariyanto, Y. A., Choi, S. Y., Rehman, S. A., Ritorto, M. S., Campbell, D. G., Morrice, N. A., Toth, R. and Kulathu, Y. (2015). Assembly and structure of Lys33-linked 
polyubiquitin reveals distinct conformations. Biochem J 467, 345-52. 
 Kuratomi, G., Komuro, A., Goto, K., Shinozaki, M., Miyazawa, K., Miyazono, K. and Imamura, T. (2005). NEDD4-2 (neural precursor cell expressed, developmentally down-
regulated 4-2) negatively regulates TGF-beta (transforming growth factor-beta) signalling by inducing ubiquitin-mediated degradation of Smad2 and TGF-beta type I receptor. Biochem J 
386, 461-70. 
 Kwak, Y. D., Wang, B., Li, J. J., Wang, R., Deng, Q., Diao, S., Chen, Y., Xu, R., Masliah, E., Xu, H. et al. (2012). Upregulation of the E3 ligase NEDD4-1 by oxidative stress 
degrades IGF-1 receptor protein in neurodegeneration. J Neurosci 32, 10971-81. 
 Kwak, Y. D., Wang, B., Pan, W., Xu, H., Jiang, X. and Liao, F. F. (2010). Functional interaction of phosphatase and tensin homologue (PTEN) with the E3 ligase NEDD4-1 
during neuronal response to zinc. J Biol Chem 285, 9847-57. 
 Lackovic, J., Howitt, J., Callaway, J. K., Silke, J., Bartlett, P. and Tan, S. S. (2012). Differential regulation of Nedd4 ubiquitin ligases and their adaptor protein Ndfip1 in a rat 
model of ischemic stroke. Experimental Neurology 235, 326-335. 
 Laedermann, C. J., Cachemaille, M., Kirschmann, G., Pertin, M., Gosselin, R. D., Chang, I., Albesa, M., Towne, C., Schneider, B. L., Kellenberger, S. et al. (2013). 
Dysregulation of voltage-gated sodium channels by ubiquitin ligase NEDD4-2 in neuropathic pain. J Clin Invest 123, 3002-13. 
 Lagnaz, D., Arroyo, J. P., Chavez-Canales, M., Vazquez, N., Rizzo, F., Spirli, A., Debonneville, A., Staub, O. and Gamba, G. (2014). WNK3 abrogates the NEDD4-2-
mediated inhibition of the renal Na+-Cl- cotransporter. Am J Physiol Renal Physiol 307, F275-86. 
 Laine, A. and Ronai, Z. (2007). Regulation of p53 localization and transcription by the HECT domain E3 ligase WWP1. Oncogene 26, 1477-83. 
 Lallemand, F., Seo, S. R., Ferrand, N., Pessah, M., L'Hoste, S., Rawadi, G., Roman-Roman, S., Camonis, J. and Atfi, A. (2005). AIP4 restricts transforming growth factor-
beta signaling through a ubiquitination-independent mechanism. J Biol Chem 280, 27645-53. 
 Le Clorennec, C., Lazrek, Y., Dubreuil, O., Larbouret, C., Poul, M. A., Mondon, P., Melino, G., Pelegrin, A. and Chardes, T. (2016). The anti-HER3 (ErbB3) therapeutic 
antibody 9F7-F11 induces HER3 ubiquitination and degradation in tumors through JNK1/2- dependent ITCH/AIP4 activation. Oncotarget 7, 37013-37029. 
 Lee, D. S., Yoon, W. J., Cho, E. S., Kim, H. J., Gronostajski, R. M., Cho, M. I. and Park, J. C. (2011a). Crosstalk between nuclear factor I-C and transforming growth factor-
beta1 signaling regulates odontoblast differentiation and homeostasis. PLoS One 6, e29160. 
 Lee, E. J., Hyun, S., Chun, J., Shin, S. H. and Kang, S. S. (2009). Ubiquitylation of Fe65 adaptor protein by neuronal precursor cell expressed developmentally down regulated 
4-2 (Nedd4-2) via the WW domain interaction with Fe65. Exp Mol Med 41, 555-68. 
 Lee, K. Y., Jewett, K. A., Chung, H. J. and Tsai, N. P. (2018). Loss of fragile X protein FMRP impairs homeostatic synaptic downscaling through tumor suppressor p53 and 
ubiquitin E3 ligase Nedd4-2. Hum Mol Genet 27, 2805-2816. 
 Lee, T. L., Shyu, Y. C., Hsu, T. Y. and Shen, C. K. (2008a). Itch regulates p45/NF-E2 in vivo by Lys63-linked ubiquitination. Biochem Biophys Res Commun 375, 326-30. 
 Lee, Y. S., Han, J. M., Son, S. H., Choi, J. W., Jeon, E. J., Bae, S. C., Park, Y. I. and Kim, S. (2008b). AIMP1/p43 downregulates TGF-beta signaling via stabilization of smurf2. 
Biochem Biophys Res Commun 371, 395-400. 
 Lee, Y. S., Park, J. S., Kim, J. H., Jung, S. M., Lee, J. Y., Kim, S. J. and Park, S. H. (2011b). Smad6-specific recruitment of Smurf E3 ligases mediates TGF-beta1-induced 
degradation of MyD88 in TLR4 signalling. Nat Commun 2, 460. 
 Leykauf, K., Salek, M., Bomke, J., Frech, M., Lehmann, W. D., Durst, M. and Alonso, A. (2006). Ubiquitin protein ligase Nedd4 binds to connexin43 by a phosphorylation-
modulated process. J Cell Sci 119, 3634-42. 
 Li, H. and Seth, A. (2004). An RNF11: Smurf2 complex mediates ubiquitination of the AMSH protein. Oncogene 23, 1801-8. 
 Li, H., Xu, L. L., Masuda, K., Raymundo, E., McLeod, D. G., Dobi, A. and Srivastava, S. (2008a). A feedback loop between the androgen receptor and a NEDD4-binding 
protein, PMEPA1, in prostate cancer cells. J Biol Chem 283, 28988-95. 
 Li, J. J., Wang, R., Lama, R., Wang, X., Floyd, Z. E., Park, E. A. and Liao, F. F. (2016). Ubiquitin Ligase NEDD4 Regulates PPARgamma Stability and Adipocyte Differentiation 
in 3T3-L1 Cells. Sci Rep 6, 38550. 
 Li, S., Lu, K., Wang, J., An, L., Yang, G., Chen, H., Cui, Y., Yin, X., Xie, P., Xing, G. et al. (2010). Ubiquitin ligase Smurf1 targets TRAF family proteins for ubiquitination and 
degradation. Mol Cell Biochem 338, 11-7. 
 Li, Y., Ozaki, T., Kikuchi, H., Yamamoto, H., Ohira, M. and Nakagawara, A. (2008b). A novel HECT-type E3 ubiquitin protein ligase NEDL1 enhances the p53-mediated 
apoptotic cell death in its catalytic activity-independent manner. Oncogene 27, 3700-9. 

J. Cell Sci.: doi:10.1242/jcs.228072: Supplementary information

Jo
ur

na
l o

f 
Jo

ur
na

l o
f C

el
l S

ci
en

ce
 •

 S
up

pl
em

en
ta

ry
 in

fo
rm

at
io

n



 21 

 Li, Y., Zhou, Z., Alimandi, M. and Chen, C. (2009). WW domain containing E3 ubiquitin protein ligase 1 targets the full-length ErbB4 for ubiquitin-mediated degradation in breast 
cancer. Oncogene 28, 2948-58. 
 Liao, B., Zhong, X., Xu, H., Xiao, F., Fang, Z., Gu, J., Chen, Y., Zhao, Y. and Jin, Y. (2013). Itch, an E3 ligase of Oct4, is required for embryonic stem cell self-renewal and 
pluripotency induction. J Cell Physiol 228, 1443-51. 
 Lin, A., Hou, Q., Jarzylo, L., Amato, S., Gilbert, J., Shang, F. and Man, H. Y. (2011). Nedd4-mediated AMPA receptor ubiquitination regulates receptor turnover and trafficking. 
J Neurochem 119, 27-39. 
 Lin, Q., Wang, J., Childress, C., Sudol, M., Carey, D. J. and Yang, W. (2010). HECT E3 ubiquitin ligase Nedd4-1 ubiquitinates ACK and regulates epidermal growth factor 
(EGF)-induced degradation of EGF receptor and ACK. Mol Cell Biol 30, 1541-54. 
 Lin, X., Liang, M. and Feng, X. H. (2000). Smurf2 is a ubiquitin E3 ligase mediating proteasome-dependent degradation of Smad2 in transforming growth factor-beta signaling. J 
Biol Chem 275, 36818-22. 
 Liu, J., Dong, S., Li, L., Wang, H., Zhao, J. and Zhao, Y. (2019a). The E3 ubiquitin ligase HECW1 targets thyroid transcription factor 1 (TTF1/NKX2.1) for its degradation in the 
ubiquitin-proteasome system. Cell Signal 58, 91-98. 
 Liu, J., Wan, L., Liu, P., Inuzuka, H., Liu, J., Wang, Z. and Wei, W. (2014). SCF(beta-TRCP)-mediated degradation of NEDD4 inhibits tumorigenesis through modulating the 
PTEN/Akt signaling pathway. Oncotarget 5, 1026-37. 
 Liu, Q., Zhang, S., Chen, G. and Zhou, H. (2017). E3 ubiquitin ligase Nedd4 inhibits AP-1 activity and TNF-alpha production through targeting p38alpha for polyubiquitination and 
subsequent degradation. Sci Rep 7, 4521. 
 Liu, Q., Zhang, S., Sun, Z., Guo, X. and Zhou, H. (2019b). E3 ubiquitin ligase Nedd4 is a key negative regulator for non-canonical inflammasome activation. Cell Death Differ. 
 Liu, X., Zhang, Y., Wei, Y., Wang, Z., Zhu, G., Fang, Y., Zhai, B., Xu, R., Han, G., Chen, G. et al. (2019c). The E3 ubiquitin ligase Itch is required for B-cell development. Sci 
Rep 9, 421. 
 Lott, J. S., Coddington-Lawson, S. J., Teesdale-Spittle, P. H. and McDonald, F. J. (2002). A single WW domain is the predominant mediator of the interaction between the 
human ubiquitin-protein ligase Nedd4 and the human epithelial sodium channel. Biochem J 361, 481-8. 
 Lu, K., Li, P., Zhang, M., Xing, G., Li, X., Zhou, W., Bartlam, M., Zhang, L., Rao, Z. and He, F. (2011). Pivotal role of the C2 domain of the Smurf1 ubiquitin ligase in substrate 
selection. J Biol Chem 286, 16861-70. 
 Lu, K., Yin, X., Weng, T., Xi, S., Li, L., Xing, G., Cheng, X., Yang, X., Zhang, L. and He, F. (2008). Targeting WW domains linker of HECT-type ubiquitin ligase Smurf1 for 
activation by CKIP-1. Nat Cell Biol 10, 994-1002. 
 Lu, L., Hu, S., Wei, R., Qiu, X., Lu, K., Fu, Y., Li, H., Xing, G., Li, D., Peng, R. et al. (2013). The HECT type ubiquitin ligase NEDL2 is degraded by anaphase-promoting 
complex/cyclosome (APC/C)-Cdh1, and its tight regulation maintains the metaphase to anaphase transition. J Biol Chem 288, 35637-50. 
 Luo, L., Ning, F., Du, Y., Song, B., Yang, D., Salvage, S. C., Wang, Y., Fraser, J. A., Zhang, S., Ma, A. et al. (2017). Calcium-dependent Nedd4-2 upregulation mediates 
degradation of the cardiac sodium channel Nav1.5: implications for heart failure. Acta Physiol (Oxf) 221, 44-58. 
 Luo, Z. L., Luo, H. J., Fang, C., Cheng, L., Huang, Z., Dai, R., Li, K., Tian, F. Z., Wang, T. and Tang, L. J. (2016). Negative correlation of ITCH E3 ubiquitin ligase and miRNA-
106b dictates metastatic progression in pancreatic cancer. Oncotarget 7, 1477-85. 
 Maddika, S., Kavela, S., Rani, N., Palicharla, V. R., Pokorny, J. L., Sarkaria, J. N. and Chen, J. (2011). WWP2 is an E3 ubiquitin ligase for PTEN. Nat Cell Biol 13, 728-33. 
 Mahesutihan, M., Zheng, W., Cui, L., Li, Y., Jiao, P., Yang, W., Liu, W., Li, J., Fan, W., Yang, L. et al. (2018). CypA Regulates AIP4-Mediated M1 Ubiquitination of Influenza A 
Virus. Virol Sin 33, 440-448. 
 Malakhova, O. A. and Zhang, D. E. (2008). ISG15 inhibits Nedd4 ubiquitin E3 activity and enhances the innate antiviral response. J Biol Chem 283, 8783-7. 
 Malarde, V., Proust, R., Dautry-Varsat, A. and Gesbert, F. (2009). NEDD4-2 associates with gamma(c) and regulates its degradation rate. Biochem Biophys Res Commun 387, 
409-13. 
 Malik, R., Soh, U. J., Trejo, J. and Marchese, A. (2012). Novel roles for the E3 ubiquitin ligase atrophin-interacting protein 4 and signal transduction adaptor molecule 1 in G 
protein-coupled receptor signaling. J Biol Chem 287, 9013-27. 
 Malonis, R. J., Fu, W., Jelcic, M. J., Thompson, M., Canter, B. S., Tsikitis, M., Esteva, F. J. and Sanchez, I. (2017). RNF11 sequestration of the E3 ligase SMURF2 on 
membranes antagonizes SMAD7 down-regulation of transforming growth factor beta signaling. J Biol Chem 292, 7435-7451. 
 Marchese, A., Raiborg, C., Santini, F., Keen, J. H., Stenmark, H. and Benovic, J. L. (2003). The E3 ubiquitin ligase AIP4 mediates ubiquitination and sorting of the G protein-
coupled receptor CXCR4. Dev Cell 5, 709-22. 

J. Cell Sci.: doi:10.1242/jcs.228072: Supplementary information

Jo
ur

na
l o

f 
Jo

ur
na

l o
f C

el
l S

ci
en

ce
 •

 S
up

pl
em

en
ta

ry
 in

fo
rm

at
io

n



 22 

 Mari, S., Ruetalo, N., Maspero, E., Stoffregen, M. C., Pasqualato, S., Polo, S. and Wiesner, S. (2014). Structural and functional framework for the autoinhibition of Nedd4-
family ubiquitin ligases. Structure 22, 1639-49. 
 Maspero, E., Mari, S., Valentini, E., Musacchio, A., Fish, A., Pasqualato, S. and Polo, S. (2011). Structure of the HECT:ubiquitin complex and its role in ubiquitin chain 
elongation. EMBO Rep 12, 342-9. 
 McGill, M. A. and McGlade, C. J. (2003). Mammalian numb proteins promote Notch1 receptor ubiquitination and degradation of the Notch1 intracellular domain. J Biol Chem 278, 
23196-203. 
 Melino, S., Bellomaria, A., Nepravishta, R., Paci, M. and Melino, G. (2014). p63 threonine phosphorylation signals the interaction with the WW domain of the E3 ligase Itch. 
Cell Cycle 13, 3207-17. 
 Milewska, M., McRedmond, J. and Byrne, P. C. (2009). Identification of novel spartin-interactors shows spartin is a multifunctional protein. J Neurochem 111, 1022-30. 
 Milkereit, R. and Rotin, D. (2011). A role for the ubiquitin ligase Nedd4 in membrane sorting of LAPTM4 proteins. PLoS One 6, e27478. 
 Miyazaki, K., Fujita, T., Ozaki, T., Kato, C., Kurose, Y., Sakamoto, M., Kato, S., Goto, T., Itoyama, Y., Aoki, M. et al. (2004). NEDL1, a novel ubiquitin-protein isopeptide 
ligase for dishevelled-1, targets mutant superoxide dismutase-1. J Biol Chem 279, 11327-35. 
 Miyazaki, K., Ozaki, T., Kato, C., Hanamoto, T., Fujita, T., Irino, S., Watanabe, K., Nakagawa, T. and Nakagawara, A. (2003). A novel HECT-type E3 ubiquitin ligase, NEDL2, 
stabilizes p73 and enhances its transcriptional activity. Biochem Biophys Res Commun 308, 106-13. 
 Mizuide, M., Hara, T., Furuya, T., Takeda, M., Kusanagi, K., Inada, Y., Mori, M., Imamura, T., Miyazawa, K. and Miyazono, K. (2003). Two short segments of Smad3 are 
important for specific interaction of Smad3 with c-Ski and SnoN. J Biol Chem 278, 531-6. 
 Mokuda, S., Nakamichi, R., Matsuzaki, T., Ito, Y., Sato, T., Miyata, K., Inui, M., Olmer, M., Sugiyama, E., Lotz, M. et al. (2019). Wwp2 maintains cartilage homeostasis 
through regulation of Adamts5. Nat Commun 10, 2429. 
 Monami, G., Emiliozzi, V. and Morrione, A. (2008). Grb10/Nedd4-mediated multiubiquitination of the insulin-like growth factor receptor regulates receptor internalization. J Cell 
Physiol 216, 426-37. 
 Moore, F. E., Osmundson, E. C., Koblinski, J., Pugacheva, E., Golemis, E. A., Ray, D. and Kiyokawa, H. (2010). The WW-HECT protein Smurf2 interacts with the Docking 
Protein NEDD9/HEF1 for Aurora A activation. Cell Div 5, 22. 
 Moren, A., Imamura, T., Miyazono, K., Heldin, C. H. and Moustakas, A. (2005). Degradation of the tumor suppressor Smad4 by WW and HECT domain ubiquitin ligases. J Biol 
Chem 280, 22115-23. 
 Morrione, A., Plant, P., Valentinis, B., Staub, O., Kumar, S., Rotin, D. and Baserga, R. (1999). mGrb10 interacts with Nedd4. J Biol Chem 274, 24094-9. 
 Mossinger, J., Wieffer, M., Krause, E., Freund, C., Gerth, F., Krauss, M. and Haucke, V. (2012). Phosphatidylinositol 4-kinase IIalpha function at endosomes is regulated by 
the ubiquitin ligase Itch. EMBO Rep 13, 1087-94. 
 Mund, T., Graeb, M., Mieszczanek, J., Gammons, M., Pelham, H. R. and Bienz, M. (2015). Disinhibition of the HECT E3 ubiquitin ligase WWP2 by polymerized Dishevelled. 
Open Biol 5, 150185. 
 Murillas, R., Simms, K. S., Hatakeyama, S., Weissman, A. M. and Kuehn, M. R. (2002). Identification of developmentally expressed proteins that functionally interact with 
Nedd4 ubiquitin ligase. J Biol Chem 277, 2897-907. 
 Myat, A., Henry, P., McCabe, V., Flintoft, L., Rotin, D. and Tear, G. (2002). Drosophila Nedd4, a ubiquitin ligase, is recruited by Commissureless to control cell surface levels of 
the roundabout receptor. Neuron 35, 447-59. 
 Nabhan, J. F., Pan, H. and Lu, Q. (2010). Arrestin domain-containing protein 3 recruits the NEDD4 E3 ligase to mediate ubiquitination of the beta2-adrenergic receptor. EMBO 
Rep 11, 605-11. 
 Nakamura, Y., Yamamoto, K., He, X., Otsuki, B., Kim, Y., Murao, H., Soeda, T., Tsumaki, N., Deng, J. M., Zhang, Z. et al. (2011). Wwp2 is essential for palatogenesis 
mediated by the interaction between Sox9 and mediator subunit 25. Nat Commun 2, 251. 
 Narimatsu, M., Bose, R., Pye, M., Zhang, L., Miller, B., Ching, P., Sakuma, R., Luga, V., Roncari, L., Attisano, L. et al. (2009). Regulation of planar cell polarity by Smurf 
ubiquitin ligases. Cell 137, 295-307. 
 Nethe, M., de Kreuk, B. J., Tauriello, D. V., Anthony, E. C., Snoek, B., Stumpel, T., Salinas, P. C., Maurice, M. M., Geerts, D., Deelder, A. M. et al. (2012). Rac1 acts in 
conjunction with Nedd4 and dishevelled-1 to promote maturation of cell-cell contacts. J Cell Sci 125, 3430-42. 
 Nie, J., Liu, L., Wu, M., Xing, G., He, S., Yin, Y., Tian, C., He, F. and Zhang, L. (2010a). HECT ubiquitin ligase Smurf1 targets the tumor suppressor ING2 for ubiquitination and 
degradation. FEBS Lett 584, 3005-12. 

J. Cell Sci.: doi:10.1242/jcs.228072: Supplementary information

Jo
ur

na
l o

f 
Jo

ur
na

l o
f C

el
l S

ci
en

ce
 •

 S
up

pl
em

en
ta

ry
 in

fo
rm

at
io

n



 23 

 Nie, J., Wu, M., Wang, J., Xing, G., He, F. and Zhang, L. (2010b). REGgamma proteasome mediates degradation of the ubiquitin ligase Smurf1. FEBS Lett 584, 3021-7. 
 No, Y. R., He, P., Yoo, B. K. and Yun, C. C. (2014). Unique regulation of human Na+/H+ exchanger 3 (NHE3) by Nedd4-2 ligase that differs from non-primate NHE3s. J Biol 
Chem 289, 18360-72. 
 Noyes, N. C., Hampton, B., Migliorini, M. and Strickland, D. K. (2016). Regulation of Itch and Nedd4 E3 Ligase Activity and Degradation by LRAD3. Biochemistry 55, 1204-13. 
 Oberst, A., Malatesta, M., Aqeilan, R. I., Rossi, M., Salomoni, P., Murillas, R., Sharma, P., Kuehn, M. R., Oren, M., Croce, C. M. et al. (2007). The Nedd4-binding partner 1 
(N4BP1) protein is an inhibitor of the E3 ligase Itch. Proc Natl Acad Sci U S A 104, 11280-5. 
 Ogawa, M., Matsuda, R., Takada, N., Tomokiyo, M., Yamamoto, S., Shizukusihi, S., Yamaji, T., Yoshikawa, Y., Yoshida, M., Tanida, I. et al. (2018). Molecular mechanisms 
of Streptococcus pneumoniae-targeted autophagy via pneumolysin, Golgi-resident Rab41, and Nedd4-1-mediated K63-linked ubiquitination. Cell Microbiol 20, e12846. 
 Ogunjimi, A. A., Briant, D. J., Pece-Barbara, N., Le Roy, C., Di Guglielmo, G. M., Kavsak, P., Rasmussen, R. K., Seet, B. T., Sicheri, F. and Wrana, J. L. (2005). Regulation 
of Smurf2 ubiquitin ligase activity by anchoring the E2 to the HECT domain. Mol Cell 19, 297-308. 
 Okumura, A., Pitha, P. M. and Harty, R. N. (2008). ISG15 inhibits Ebola VP40 VLP budding in an L-domain-dependent manner by blocking Nedd4 ligase activity. Proc Natl Acad 
Sci U S A 105, 3974-9. 
 Omerovic, J., Santangelo, L., Puggioni, E. M., Marrocco, J., Dall'Armi, C., Palumbo, C., Belleudi, F., Di Marcotullio, L., Frati, L., Torrisi, M. R. et al. (2007). The E3 ligase 
Aip4/Itch ubiquitinates and targets ErbB-4 for degradation. FASEB J 21, 2849-62. 
 Osmundson, E. C., Ray, D., Moore, F. E., Gao, Q., Thomsen, G. H. and Kiyokawa, H. (2008). The HECT E3 ligase Smurf2 is required for Mad2-dependent spindle assembly 
checkpoint. J Cell Biol 183, 267-77. 
 Otaki, Y., Takahashi, H., Watanabe, T., Funayama, A., Netsu, S., Honda, Y., Narumi, T., Kadowaki, S., Hasegawa, H., Honda, S. et al. (2016). HECT-Type Ubiquitin E3 
Ligase ITCH Interacts With Thioredoxin-Interacting Protein and Ameliorates Reactive Oxygen Species-Induced Cardiotoxicity. J Am Heart Assoc 5. 
 Ozdamar, B., Bose, R., Barrios-Rodiles, M., Wang, H. R., Zhang, Y. and Wrana, J. L. (2005). Regulation of the polarity protein Par6 by TGFbeta receptors controls epithelial 
cell plasticity. Science 307, 1603-9. 
 Pak, Y., Glowacka, W. K., Bruce, M. C., Pham, N. and Rotin, D. (2006). Transport of LAPTM5 to lysosomes requires association with the ubiquitin ligase Nedd4, but not 
LAPTM5 ubiquitination. J Cell Biol 175, 631-45. 
 Pan, Y., Li, R., Meng, J. L., Mao, H. T., Zhang, Y. and Zhang, J. (2014). Smurf2 negatively modulates RIG-I-dependent antiviral response by targeting VISA/MAVS for 
ubiquitination and degradation. J Immunol 192, 4758-64. 
 Pareja, F., Ferraro, D. A., Rubin, C., Cohen-Dvashi, H., Zhang, F., Aulmann, S., Ben-Chetrit, N., Pines, G., Navon, R., Crosetto, N. et al. (2012). Deubiquitination of EGFR 
by Cezanne-1 contributes to cancer progression. Oncogene 31, 4599-608. 
 Park, S. H., Jung, E. H., Kim, G. Y., Kim, B. C., Lim, J. H. and Woo, C. H. (2015). Itch E3 ubiquitin ligase positively regulates TGF-beta signaling to EMT via Smad7 
ubiquitination. Mol Cells 38, 20-5. 
 Pei, G., Buijze, H., Liu, H., Moura-Alves, P., Goosmann, C., Brinkmann, V., Kawabe, H., Dorhoi, A. and Kaufmann, S. H. E. (2017). The E3 ubiquitin ligase NEDD4 
enhances killing of membrane-perturbing intracellular bacteria by promoting autophagy. Autophagy 13, 2041-2055. 
 Perez, J. M., Chen, Y., Xiao, T. S. and Abbott, D. W. (2018). Phosphorylation of the E3 ubiquitin protein ligase ITCH diminishes binding to its cognate E2 ubiquitin ligase. J Biol 
Chem 293, 1100-1105. 
 Persaud, A., Alberts, P., Hayes, M., Guettler, S., Clarke, I., Sicheri, F., Dirks, P., Ciruna, B. and Rotin, D. (2011). Nedd4-1 binds and ubiquitylates activated FGFR1 to control 
its endocytosis and function. EMBO J 30, 3259-73. 
 Peschiaroli, A., Scialpi, F., Bernassola, F., El Sherbini el, S. and Melino, G. (2010). The E3 ubiquitin ligase WWP1 regulates DeltaNp63-dependent transcription through 
Lys63 linkages. Biochem Biophys Res Commun 402, 425-30. 
 Pham, N. and Rotin, D. (2001). Nedd4 regulates ubiquitination and stability of the guanine-nucleotide exchange factor CNrasGEF. J Biol Chem 276, 46995-7003. 
 Plant, P. J., Correa, J., Goldenberg, N., Bain, J. and Batt, J. (2009). The inositol phosphatase MTMR4 is a novel target of the ubiquitin ligase Nedd4. Biochem J 419, 57-63. 
 Plant, P. J., Lafont, F., Lecat, S., Verkade, P., Simons, K. and Rotin, D. (2000). Apical membrane targeting of Nedd4 is mediated by an association of its C2 domain with 
annexin XIIIb. J Cell Biol 149, 1473-84. 
 Platta, H. W., Abrahamsen, H., Thoresen, S. B. and Stenmark, H. (2012). Nedd4-dependent lysine-11-linked polyubiquitination of the tumour suppressor Beclin 1. Biochem J 
441, 399-406. 

J. Cell Sci.: doi:10.1242/jcs.228072: Supplementary information

Jo
ur

na
l o

f 
Jo

ur
na

l o
f C

el
l S

ci
en

ce
 •

 S
up

pl
em

en
ta

ry
 in

fo
rm

at
io

n



 24 

 Popova, A., Kzhyshkowska, J., Nurgazieva, D., Goerdt, S. and Gratchev, A. (2012). Smurf2 regulates IL17RB by proteasomal degradation of its novel binding partner 
DAZAP2. Immunobiology 217, 321-8. 
 Puca, L., Chastagner, P., Meas-Yedid, V., Israel, A. and Brou, C. (2013). Alpha-arrestin 1 (ARRDC1) and beta-arrestins cooperate to mediate Notch degradation in mammals. J 
Cell Sci 126, 4457-68. 
 Qi, S., O'Hayre, M., Gutkind, J. S. and Hurley, J. H. (2014). Structural and biochemical basis for ubiquitin ligase recruitment by arrestin-related domain-containing protein-3 
(ARRDC3). J Biol Chem 289, 4743-52. 
 Qiu, L., Joazeiro, C., Fang, N., Wang, H. Y., Elly, C., Altman, Y., Fang, D., Hunter, T. and Liu, Y. C. (2000). Recognition and ubiquitination of Notch by Itch, a hect-type E3 
ubiquitin ligase. J Biol Chem 275, 35734-7. 
 Qiu, Y., Zheng, Y., Wu, K. P. and Schulman, B. A. (2017). Insights into links between autophagy and the ubiquitin system from the structure of LC3B bound to the LIR motif from 
the E3 ligase NEDD4. Protein Sci 26, 1674-1680. 
 Raikwar, N. S., Vandewalle, A. and Thomas, C. P. (2010). Nedd4-2 interacts with occludin to inhibit tight junction formation and enhance paracellular conductance in collecting 
duct epithelia. Am J Physiol Renal Physiol 299, F436-44. 
 Ramkumar, C., Cui, H., Kong, Y., Jones, S. N., Gerstein, R. M. and Zhang, H. (2013). Smurf2 suppresses B-cell proliferation and lymphomagenesis by mediating ubiquitination 
and degradation of YY1. Nat Commun 4, 2598. 
 Rauch, S. and Martin-Serrano, J. (2011). Multiple interactions between the ESCRT machinery and arrestin-related proteins: implications for PPXY-dependent budding. J Virol 
85, 3546-56. 
 Ray, D., Ahsan, A., Helman, A., Chen, G., Hegde, A., Gurjar, S. R., Zhao, L., Kiyokawa, H., Beer, D. G., Lawrence, T. S. et al. (2011). Regulation of EGFR protein stability by 
the HECT-type ubiquitin ligase SMURF2. Neoplasia 13, 570-8. 
 Ray, G., Schmitt, P. T. and Schmitt, A. P. (2019). Angiomotin-Like 1 Links Paramyxovirus M Proteins to NEDD4 Family Ubiquitin Ligases. Viruses 11. 
 Rodrigues, E. M., Scudder, S. L., Goo, M. S. and Patrick, G. N. (2016). Abeta-Induced Synaptic Alterations Require the E3 Ubiquitin Ligase Nedd4-1. J Neurosci 36, 1590-5. 
 Rosario, F. J., Dimasuay, K. G., Kanai, Y., Powell, T. L. and Jansson, T. (2016). Regulation of amino acid transporter trafficking by mTORC1 in primary human trophoblast 
cells is mediated by the ubiquitin ligase Nedd4-2. Clinical science 130, 499-512. 
 Rossi, M., Aqeilan, R. I., Neale, M., Candi, E., Salomoni, P., Knight, R. A., Croce, C. M. and Melino, G. (2006a). The E3 ubiquitin ligase Itch controls the protein stability of 
p63. Proc Natl Acad Sci U S A 103, 12753-8. 
 Rossi, M., De Laurenzi, V., Munarriz, E., Green, D. R., Liu, Y. C., Vousden, K. H., Cesareni, G. and Melino, G. (2005). The ubiquitin-protein ligase Itch regulates p73 stability. 
EMBO J 24, 836-48. 
 Rossi, M., De Simone, M., Pollice, A., Santoro, R., La Mantia, G., Guerrini, L. and Calabro, V. (2006b). Itch/AIP4 associates with and promotes p63 protein degradation. Cell 
Cycle 5, 1816-22. 
 Rost, M., Mann, S., Lambert, C., Doring, T., Thome, N. and Prange, R. (2006). Gamma-adaptin, a novel ubiquitin-interacting adaptor, and Nedd4 ubiquitin ligase control 
hepatitis B virus maturation. J Biol Chem 281, 29297-308. 
 Runyan, C. E., Hayashida, T., Hubchak, S., Curley, J. F. and Schnaper, H. W. (2009). Role of SARA (SMAD anchor for receptor activation) in maintenance of epithelial cell 
phenotype. J Biol Chem 284, 25181-9. 
 Sahai, E., Garcia-Medina, R., Pouyssegur, J. and Vial, E. (2007). Smurf1 regulates tumor cell plasticity and motility through degradation of RhoA leading to localized inhibition 
of contractility. J Cell Biol 176, 35-42. 
 Sakata, T., Sakaguchi, H., Tsuda, L., Higashitani, A., Aigaki, T., Matsuno, K. and Hayashi, S. (2004). Drosophila Nedd4 Regulates Endocytosis of Notch and Suppresses Its 
Ligand-Independent Activation. Current Biology 14, 2228-2236. 
 Sakurai, A., Yasuda, J., Takano, H., Tanaka, Y., Hatakeyama, M. and Shida, H. (2004). Regulation of human T-cell leukemia virus type 1 (HTLV-1) budding by ubiquitin ligase 
Nedd4. Microbes Infect 6, 150-6. 
 Salah, Z., Cohen, S., Itzhaki, E. and Aqeilan, R. I. (2013). NEDD4 E3 ligase inhibits the activity of the Hippo pathway by targeting LATS1 for degradation. Cell Cycle 12, 3817-
23. 
 Salah, Z., Melino, G. and Aqeilan, R. I. (2011). Negative regulation of the Hippo pathway by E3 ubiquitin ligase ITCH is sufficient to promote tumorigenicity. Cancer Res 71, 
2010-20. 
 Sanchez-Perez, A., Kumar, S. and Cook, D. I. (2007). GRK2 interacts with and phosphorylates Nedd4 and Nedd4-2. Biochem Biophys Res Commun 359, 611-5. 

J. Cell Sci.: doi:10.1242/jcs.228072: Supplementary information

Jo
ur

na
l o

f 
Jo

ur
na

l o
f C

el
l S

ci
en

ce
 •

 S
up

pl
em

en
ta

ry
 in

fo
rm

at
io

n



 25 

 Sang, Y., Zhang, R., Creagh, A. L., Haynes, C. A. and Straus, S. K. (2017). Interactions of U24 from Roseolovirus with WW domains: canonical vs noncanonical. Biochem Cell 
Biol 95, 350-358. 
 Santonico, E., Belleudi, F., Panni, S., Torrisi, M. R., Cesareni, G. and Castagnoli, L. (2010). Multiple modification and protein interaction signals drive the Ring finger protein 
11 (RNF11) E3 ligase to the endosomal compartment. Oncogene 29, 5604-18. 
 Schiro, M. M., Stauber, S. E., Peterson, T. L., Krueger, C., Darnell, S. J., Satyshur, K. A., Drinkwater, N. R., Newton, M. A. and Hoffmann, F. M. (2011). Mutations in 
protein-binding hot-spots on the hub protein Smad3 differentially affect its protein interactions and Smad3-regulated gene expression. PLoS One 6, e25021. 
 Seo, S. R., Lallemand, F., Ferrand, N., Pessah, M., L'Hoste, S., Camonis, J. and Atfi, A. (2004). The novel E3 ubiquitin ligase Tiul1 associates with TGIF to target Smad2 for 
degradation. EMBO J 23, 3780-92. 
 Sette, P., Jadwin, J. A., Dussupt, V., Bello, N. F. and Bouamr, F. (2010). The ESCRT-associated protein Alix recruits the ubiquitin ligase Nedd4-1 to facilitate HIV-1 release 
through the LYPXnL L domain motif. Journal of virology 84, 8181-8192. 
 Shea, F. F., Rowell, J. L., Li, Y., Chang, T. H. and Alvarez, C. E. (2012). Mammalian alpha arrestins link activated seven transmembrane receptors to Nedd4 family e3 ubiquitin 
ligases and interact with beta arrestins. PLoS One 7, e50557. 
 Shembade, N., Harhaj, N. S., Parvatiyar, K., Copeland, N. G., Jenkins, N. A., Matesic, L. E. and Harhaj, E. W. (2008). The E3 ligase Itch negatively regulates inflammatory 
signaling pathways by controlling the function of the ubiquitin-editing enzyme A20. Nat Immunol 9, 254-62. 
 Shembade, N., Parvatiyar, K., Harhaj, N. S. and Harhaj, E. W. (2009). The ubiquitin-editing enzyme A20 requires RNF11 to downregulate NF-kappaB signalling. EMBO J 28, 
513-22. 
 Shen, R., Chen, M., Wang, Y. J., Kaneki, H., Xing, L., O'Keefe R, J. and Chen, D. (2006). Smad6 interacts with Runx2 and mediates Smad ubiquitin regulatory factor 1-induced 
Runx2 degradation. J Biol Chem 281, 3569-76. 
 Shenoy, S. K., Xiao, K., Venkataramanan, V., Snyder, P. M., Freedman, N. J. and Weissman, A. M. (2008). Nedd4 mediates agonist-dependent ubiquitination, lysosomal 
targeting, and degradation of the beta2-adrenergic receptor. J Biol Chem 283, 22166-76. 
 Shinada, K., Tsukiyama, T., Sho, T., Okumura, F., Asaka, M. and Hatakeyama, S. (2011). RNF43 interacts with NEDL1 and regulates p53-mediated transcription. Biochem 
Biophys Res Commun 404, 143-7. 
 Shirk, A. J., Anderson, S. K., Hashemi, S. H., Chance, P. F. and Bennett, C. L. (2005). SIMPLE interacts with NEDD4 and TSG101: evidence for a role in lysosomal sorting 
and implications for Charcot-Marie-Tooth disease. J Neurosci Res 82, 43-50. 
 Shrestha, P., Yun, J. H., Ko, Y. J., Yeon, K. J., Kim, D., Lee, H., Jin, D. H., Nam, K. Y., Yoo, H. D. and Lee, W. (2017). NMR uncovers direct interaction between human 
NEDD4-1 and p34(SEI-1). Biochem Biophys Res Commun 490, 984-990. 
 Shu, J., Liu, C., Wei, R., Xie, P., He, S. and Zhang, L. (2016). Nedd8 targets ubiquitin ligase Smurf2 for neddylation and promote its degradation. Biochem Biophys Res 
Commun 474, 51-56. 
 Shu, L., Zhang, H., Boyce, B. F. and Xing, L. (2013). Ubiquitin E3 ligase Wwp1 negatively regulates osteoblast function by inhibiting osteoblast differentiation and migration. J 
Bone Miner Res 28, 1925-35. 
 Shukla, S., Allam, U. S., Ahsan, A., Chen, G., Krishnamurthy, P. M., Marsh, K., Rumschlag, M., Shankar, S., Whitehead, C., Schipper, M. et al. (2014). KRAS protein 
stability is regulated through SMURF2: UBCH5 complex-mediated beta-TrCP1 degradation. Neoplasia 16, 115-28. 
 Simonin, A. and Fuster, D. (2010). Nedd4-1 and beta-arrestin-1 are key regulators of Na+/H+ exchanger 1 ubiquitylation, endocytosis, and function. J Biol Chem 285, 38293-
303. 
 Skouloudaki, K. and Walz, G. (2012). YAP1 recruits c-Abl to protect angiomotin-like 1 from Nedd4-mediated degradation. PLoS One 7, e35735. 
 Slagsvold, T., Marchese, A., Brech, A. and Stenmark, H. (2006). CISK attenuates degradation of the chemokine receptor CXCR4 via the ubiquitin ligase AIP4. EMBO J 25, 
3738-49. 
 Snyder, P. M., Olson, D. R., Kabra, R., Zhou, R. and Steines, J. C. (2004). cAMP and serum and glucocorticoid-inducible kinase (SGK) regulate the epithelial Na(+) channel 
through convergent phosphorylation of Nedd4-2. J Biol Chem 279, 45753-8. 
 Snyder, P. M., Olson, D. R., McDonald, F. J. and Bucher, D. B. (2001). Multiple WW domains, but not the C2 domain, are required for inhibition of the epithelial Na+ channel by 
human Nedd4. J Biol Chem 276, 28321-6. 
 Song, F., Fan, C., Wang, X. and Goodrich, D. W. (2013). The Thoc1 encoded ribonucleoprotein is a substrate for the NEDD4-1 E3 ubiquitin protein ligase. PLoS One 8, e57995. 

J. Cell Sci.: doi:10.1242/jcs.228072: Supplementary information

Jo
ur

na
l o

f 
Jo

ur
na

l o
f C

el
l S

ci
en

ce
 •

 S
up

pl
em

en
ta

ry
 in

fo
rm

at
io

n



 26 

 Soond, S. M. and Chantry, A. (2011). Selective targeting of activating and inhibitory Smads by distinct WWP2 ubiquitin ligase isoforms differentially modulates TGFbeta 
signalling and EMT. Oncogene 30, 2451-62. 
 Spagnol, G., Kieken, F., Kopanic, J. L., Li, H., Zach, S., Stauch, K. L., Grosely, R. and Sorgen, P. L. (2016). Structural studies of the Nedd4 WW domains and their selectivity 
for the Connexin43 (Cx43) carboxyl terminus. Journal of Biological Chemistry 291, 7637-7650. 
 Staub, O., Dho, S., Henry, P., Correa, J., Ishikawa, T., McGlade, J. and Rotin, D. (1996). WW domains of Nedd4 bind to the proline-rich PY motifs in the epithelial Na+ channel 
deleted in Liddle's syndrome. EMBO J 15, 2371-80. 
 Su, W. C., Chen, Y. C., Tseng, C. H., Hsu, P. W., Tung, K. F., Jeng, K. S. and Lai, M. M. (2013). Pooled RNAi screen identifies ubiquitin ligase Itch as crucial for influenza A 
virus release from the endosome during virus entry. Proc Natl Acad Sci U S A 110, 17516-21. 
 Subramaniam, V., Li, H., Wong, M., Kitching, R., Attisano, L., Wrana, J., Zubovits, J., Burger, A. M. and Seth, A. (2003). The RING-H2 protein RNF11 is overexpressed in 
breast cancer and is a target of Smurf2 E3 ligase. Br J Cancer 89, 1538-44. 
 Sugeno, N., Hasegawa, T., Tanaka, N., Fukuda, M., Wakabayashi, K., Oshima, R., Konno, M., Miura, E., Kikuchi, A., Baba, T. et al. (2014). Lys-63-linked ubiquitination by 
E3 ubiquitin ligase Nedd4-1 facilitates endosomal sequestration of internalized alpha-synuclein. J Biol Chem 289, 18137-51. 
 Sun, A., Wei, J., Childress, C., Peng, K., Shao, G., Yang, W. and Lin, Q. (2017). The E3 ubiquitin ligase NEDD4 is an LC3-interactive protein and regulates autophagy. 
Autophagy 13, 522-537. 
 Sun, J., Keim, C. D., Wang, J., Kazadi, D., Oliver, P. M., Rabadan, R. and Basu, U. (2013). E3-ubiquitin ligase Nedd4 determines the fate of AID-associated RNA polymerase II 
in B cells. Genes Dev 27, 1821-33. 
 Sun, Y., Zhou, M., Fu, D., Xu, B., Fang, T., Ma, Y., Chen, J. and Zhang, J. (2011). Ubiquitination of heat shock protein 27 is mediated by its interaction with Smad ubiquitination 
regulatory factor 2 in A549 cells. Exp Lung Res 37, 568-73. 
 Suryaraja, R., Anitha, M., Anbarasu, K., Kumari, G. and Mahalingam, S. (2013). The E3 ubiquitin ligase Itch regulates tumor suppressor protein RASSF5/NORE1 stability in an 
acetylation-dependent manner. Cell Death Dis 4, e565. 
 Suzuki, C., Murakami, G., Fukuchi, M., Shimanuki, T., Shikauchi, Y., Imamura, T. and Miyazono, K. (2002). Smurf1 regulates the inhibitory activity of Smad7 by targeting 
Smad7 to the plasma membrane. J Biol Chem 277, 39919-25. 
 Tajima, Y., Goto, K., Yoshida, M., Shinomiya, K., Sekimoto, T., Yoneda, Y., Miyazono, K. and Imamura, T. (2003). Chromosomal region maintenance 1 (CRM1)-dependent 
nuclear export of Smad ubiquitin regulatory factor 1 (Smurf1) is essential for negative regulation of transforming growth factor-beta signaling by Smad7. J Biol Chem 278, 10716-21. 
 Tang, L. Y., Yamashita, M., Coussens, N. P., Tang, Y., Wang, X., Li, C., Deng, C. X., Cheng, S. Y. and Zhang, Y. E. (2011). Ablation of Smurf2 reveals an inhibition in TGF-
beta signalling through multiple mono-ubiquitination of Smad3. EMBO J 30, 4777-89. 
 Tang, Y., Liu, Z., Zhao, L., Clemens, T. L. and Cao, X. (2008). Smad7 stabilizes beta-catenin binding to E-cadherin complex and promotes cell-cell adhesion. J Biol Chem 283, 
23956-63. 
 Theivanthiran, B., Kathania, M., Zeng, M., Anguiano, E., Basrur, V., Vandergriff, T., Pascual, V., Wei, W. Z., Massoumi, R. and Venuprasad, K. (2015). The E3 ubiquitin 
ligase Itch inhibits p38alpha signaling and skin inflammation through the ubiquitylation of Tab1. Sci Signal 8, ra22. 
 Tofaris, G. K., Kim, H. T., Hourez, R., Jung, J. W., Kim, K. P. and Goldberg, A. L. (2011). Ubiquitin ligase Nedd4 promotes alpha-synuclein degradation by the endosomal-
lysosomal pathway. Proc Natl Acad Sci U S A 108, 17004-9. 
 Traweger, A., Fang, D., Liu, Y. C., Stelzhammer, W., Krizbai, I. A., Fresser, F., Bauer, H. C. and Bauer, H. (2002). The tight junction-specific protein occludin is a functional 
target of the E3 ubiquitin-protein ligase itch. J Biol Chem 277, 10201-8. 
 Trimpert, C., Wesche, D., de Groot, T., Pimentel Rodriguez, M. M., Wong, V., van den Berg, D. T. M., Cheval, L., Ariza, C. A., Doucet, A., Stagljar, I. et al. (2017). NDFIP 
allows NEDD4/NEDD4L-induced AQP2 ubiquitination and degradation. PLoS One 12, e0183774. 
 Usami, Y., Popov, S., Popova, E. and Gottlinger, H. G. (2008). Efficient and specific rescue of human immunodeficiency virus type 1 budding defects by a Nedd4-like ubiquitin 
ligase. J Virol 82, 4898-907. 
 Ushijima, Y., Koshizuka, T., Goshima, F., Kimura, H. and Nishiyama, Y. (2008). Herpes simplex virus type 2 UL56 interacts with the ubiquitin ligase Nedd4 and increases its 
ubiquitination. J Virol 82, 5220-33. 
 Van Campenhout, C. A., Eitelhuber, A., Gloeckner, C. J., Giallonardo, P., Gegg, M., Oller, H., Grant, S. G., Krappmann, D., Ueffing, M. and Lickert, H. (2011). Dlg3 
trafficking and apical tight junction formation is regulated by nedd4 and nedd4-2 e3 ubiquitin ligases. Dev Cell 21, 479-91. 

J. Cell Sci.: doi:10.1242/jcs.228072: Supplementary information

Jo
ur

na
l o

f 
Jo

ur
na

l o
f C

el
l S

ci
en

ce
 •

 S
up

pl
em

en
ta

ry
 in

fo
rm

at
io

n



 27 

 Vecchione, A., Marchese, A., Henry, P., Rotin, D. and Morrione, A. (2003). The Grb10/Nedd4 complex regulates ligand-induced ubiquitination and stability of the insulin-like 
growth factor I receptor. Mol Cell Biol 23, 3363-72. 
 Velez, P., Schwartz, A. B., Iyer, S. R., Warrington, A. and Fadool, D. A. (2016). Ubiquitin ligase Nedd4-2 modulates Kv1.3 current amplitude and ion channel protein targeting. 
J Neurophysiol 116, 671-85. 
 Venuprasad, K., Huang, H., Harada, Y., Elly, C., Subramaniam, M., Spelsberg, T., Su, J. and Liu, Y. C. (2008). The E3 ubiquitin ligase Itch regulates expression of 
transcription factor Foxp3 and airway inflammation by enhancing the function of transcription factor TIEG1. Nat Immunol 9, 245-53. 
 Verma, N., Muller, A. K., Kothari, C., Panayotopoulou, E., Kedan, A., Selitrennik, M., Mills, G. B., Nguyen, L. K., Shin, S., Karn, T. et al. (2017). Targeting of PYK2 
Synergizes with EGFR Antagonists in Basal-like TNBC and Circumvents HER3-Associated Resistance via the NEDD4-NDRG1 Axis. Cancer Res 77, 86-99. 
 Vijayakumar, S., Liu, G., Wen, H. C., Abu, Y., Chong, R., Nastri, H., Bornstein, G. G., Pan, Z. Q. and Aaronson, S. A. (2017). Extracellular LDLR repeats modulate Wnt 
signaling activity by promoting LRP6 receptor endocytosis mediated by the Itch E3 ubiquitin ligase. Genes Cancer 8, 613-627. 
 Vina-Vilaseca, A. and Sorkin, A. (2010). Lysine 63-linked polyubiquitination of the dopamine transporter requires WW3 and WW4 domains of Nedd4-2 and UBE2D ubiquitin-
conjugating enzymes. J Biol Chem 285, 7645-56. 
 Wahl, L. C., Watt, J. E., Yim, H. T. T., De Bourcier, D., Tolchard, J., Soond, S. M., Blumenschein, T. M. A. and Chantry, A. (2019). Smad7 Binds Differently to Individual and 
Tandem WW3 and WW4 Domains of WWP2 Ubiquitin Ligase Isoforms. Int J Mol Sci 20. 
 Wang, C., An, J., Zhang, P., Xu, C., Gao, K., Wu, D., Wang, D., Yu, H., Liu, J. O. and Yu, L. (2012a). The Nedd4-like ubiquitin E3 ligases target angiomotin/p130 to ubiquitin-
dependent degradation. Biochem J 444, 279-89. 
 Wang, H., Xu, D., Toh, M. F., Pao, A. C. and You, G. (2016a). Serum- and glucocorticoid-inducible kinase SGK2 regulates human organic anion transporters 4 via ubiquitin 
ligase Nedd4-2. Biochem Pharmacol 102, 120-129. 
 Wang, H. R., Zhang, Y., Ozdamar, B., Ogunjimi, A. A., Alexandrova, E., Thomsen, G. H. and Wrana, J. L. (2003). Regulation of cell polarity and protrusion formation by 
targeting RhoA for degradation. Science 302, 1775-9. 
 Wang, L., Zhu, B., Wang, S., Wu, Y., Zhan, W., Xie, S., Shi, H. and Yu, R. (2017a). Regulation of glioma migration and invasion via modification of Rap2a activity by the 
ubiquitin ligase Nedd4-1. Oncology reports 37, 2565-2574. 
 Wang, L., Zhu, B., Wang, S., Wu, Y., Zhan, W., Xie, S., Shi, H. and Yu, R. (2017b). Regulation of glioma migration and invasion via modification of Rap2a activity by the 
ubiquitin ligase Nedd4-1. Oncol Rep 37, 2565-2574. 
 Wang, X., Fang, Z., Wang, A., Luo, C., Cheng, X. and Lu, M. (2017c). Lithium Suppresses Hedgehog Signaling via Promoting ITCH E3 Ligase Activity and Gli1-SUFU 
Interaction in PDA Cells. Front Pharmacol 8, 820. 
 Wang, X., Trotman, L. C., Koppie, T., Alimonti, A., Chen, Z., Gao, Z., Wang, J., Erdjument-Bromage, H., Tempst, P., Cordon-Cardo, C. et al. (2007). NEDD4-1 is a proto-
oncogenic ubiquitin ligase for PTEN. Cell 128, 129-39. 
 Wang, Y., Tong, X. and Ye, X. (2012b). Ndfip1 negatively regulates RIG-I-dependent immune signaling by enhancing E3 ligase Smurf1-mediated MAVS degradation. J Immunol 
189, 5304-13. 
 Wang, Z., Dang, T., Liu, T., Chen, S., Li, L., Huang, S. and Fang, M. (2016b). NEDD4L Protein Catalyzes Ubiquitination of PIK3CA Protein and Regulates PI3K-AKT Signaling. 
J Biol Chem 291, 17467-77. 
 Wang, Z., Liu, Z., Chen, X., Li, J., Yao, W., Huang, S., Gu, A., Lei, Q. Y., Mao, Y. and Wen, W. (2019). A multi-lock inhibitory mechanism for fine-tuning enzyme activities of the 
HECT family E3 ligases. Nat Commun 10, 3162. 
 Wei, R., Li, B., Guo, J., Li, M., Zhu, R., Yang, X. and Gao, R. (2017). Smurf1 targets Securin for ubiquitin-dependent degradation and regulates the metaphase-to-anaphase 
transition. Cell Signal 38, 60-66. 
 Wei, W., Li, M., Wang, J., Nie, F. and Li, L. (2012). The E3 ubiquitin ligase ITCH negatively regulates canonical Wnt signaling by targeting dishevelled protein. Mol Cell Biol 32, 
3903-12. 
 Wiemuth, D., Lott, J. S., Ly, K., Ke, Y., Teesdale-Spittle, P., Snyder, P. M. and McDonald, F. J. (2010). Interaction of serum- and glucocorticoid regulated kinase 1 (SGK1) 
with the WW-domains of Nedd4-2 is required for epithelial sodium channel regulation. PLoS One 5, e12163. 
 Wiesner, S., Ogunjimi, A. A., Wang, H. R., Rotin, D., Sicheri, F., Wrana, J. L. and Forman-Kay, J. D. (2007). Autoinhibition of the HECT-type ubiquitin ligase Smurf2 through 
its C2 domain. Cell 130, 651-62. 

J. Cell Sci.: doi:10.1242/jcs.228072: Supplementary information

Jo
ur

na
l o

f 
Jo

ur
na

l o
f C

el
l S

ci
en

ce
 •

 S
up

pl
em

en
ta

ry
 in

fo
rm

at
io

n



 28 

 Wilkars, W., Wollberg, J., Mohr, E., Han, M., Chetkovich, D. M., Bahring, R. and Bender, R. A. (2014). Nedd4-2 regulates surface expression and may affect N-glycosylation 
of hyperpolarization-activated cyclic nucleotide-gated (HCN)-1 channels. FASEB J 28, 2177-90. 
 Winberg, G., Matskova, L., Chen, F., Plant, P., Rotin, D., Gish, G., Ingham, R., Ernberg, I. and Pawson, T. (2000). Latent membrane protein 2A of Epstein-Barr virus binds 
WW domain E3 protein-ubiquitin ligases that ubiquitinate B-cell tyrosine kinases. Mol Cell Biol 20, 8526-35. 
 Wood, J. D., Yuan, J., Margolis, R. L., Colomer, V., Duan, K., Kushi, J., Kaminsky, Z., Kleiderlein, J. J., Sharp, A. H. and Ross, C. A. (1998). Atrophin-1, the DRPLA gene 
product, interacts with two families of WW domain-containing proteins. Mol Cell Neurosci 11, 149-60. 
 Wu, Q., Huang, J. H., Sampson, E. R., Kim, K. O., Zuscik, M. J., O'Keefe, R. J., Chen, D. and Rosier, R. N. (2009). Smurf2 induces degradation of GSK-3beta and 
upregulates beta-catenin in chondrocytes: a potential mechanism for Smurf2-induced degeneration of articular cartilage. Exp Cell Res 315, 2386-98. 
 Xiao, N., Eto, D., Elly, C., Peng, G., Crotty, S. and Liu, Y. C. (2014). The E3 ubiquitin ligase Itch is required for the differentiation of follicular helper T cells. Nat Immunol 15, 
657-66. 
 Xie, P., Tang, Y., Shen, S., Wang, Y., Xing, G., Yin, Y., He, F. and Zhang, L. (2011). Smurf1 ubiquitin ligase targets Kruppel-like factor KLF2 for ubiquitination and degradation 
in human lung cancer H1299 cells. Biochem Biophys Res Commun 407, 254-9. 
 Xie, P., Zhang, M., He, S., Lu, K., Chen, Y., Xing, G., Lu, Y., Liu, P., Li, Y., Wang, S. et al. (2014). The covalent modifier Nedd8 is critical for the activation of Smurf1 ubiquitin 
ligase in tumorigenesis. Nat Commun 5, 3733. 
 Xu, C., Fan, C. D. and Wang, X. (2015). Regulation of Mdm2 protein stability and the p53 response by NEDD4-1 E3 ligase. Oncogene 34, 281-9. 
 Xu, D., Wang, H. and You, G. (2016a). An Essential Role of Nedd4-2 in the Ubiquitination, Expression, and Function of Organic Anion Transporter-3. Mol Pharm 13, 621-30. 
 Xu, D., Wang, H., Zhang, Q. and You, G. (2016b). Nedd4-2 but not Nedd4-1 is critical for protein kinase C-regulated ubiquitination, expression, and transport activity of human 
organic anion transporter 1. Am J Physiol Renal Physiol 310, F821-31. 
 Xu, H. M., Liao, B., Zhang, Q. J., Wang, B. B., Li, H., Zhong, X. M., Sheng, H. Z., Zhao, Y. X., Zhao, Y. M. and Jin, Y. (2004). Wwp2, an E3 ubiquitin ligase that targets 
transcription factor Oct-4 for ubiquitination. J Biol Chem 279, 23495-503. 
 Xu, J., Sheng, Z., Li, F., Wang, S., Yuan, Y., Wang, M. and Yu, Z. (2019). NEDD4 protects vascular endothelial cells against Angiotensin II-induced cell death via enhancement 
of XPO1-mediated nuclear export. Exp Cell Res 383, 111505. 
 Xu, Z., Greenblatt, M. B., Yan, G., Feng, H., Sun, J., Lotinun, S., Brady, N., Baron, R., Glimcher, L. H. and Zou, W. (2017). SMURF2 regulates bone homeostasis by 
disrupting SMAD3 interaction with vitamin D receptor in osteoblasts. Nat Commun 8, 14570. 
 Yamada, H., Imajoh-Ohmi, S. and Haga, T. (2012). The high-affinity choline transporter CHT1 is regulated by the ubiquitin ligase Nedd4-2. Biomed Res 33, 1-8. 
 Yamaguchi, K., Ohara, O., Ando, A. and Nagase, T. (2008). Smurf1 directly targets hPEM-2, a GEF for Cdc42, via a novel combination of protein interaction modules in the 
ubiquitin-proteasome pathway. Biol Chem 389, 405-13. 
 Yamashita, M., Ying, S. X., Zhang, G. M., Li, C., Cheng, S. Y., Deng, C. X. and Zhang, Y. E. (2005). Ubiquitin ligase Smurf1 controls osteoblast activity and bone homeostasis 
by targeting MEKK2 for degradation. Cell 121, 101-13. 
 Yang, B., Gay, D. L., MacLeod, M. K., Cao, X., Hala, T., Sweezer, E. M., Kappler, J., Marrack, P. and Oliver, P. M. (2008). Nedd4 augments the adaptive immune response by 
promoting ubiquitin-mediated degradation of Cbl-b in activated T cells. Nat Immunol 9, 1356-63. 
 Yang, C., Zhou, W., Jeon, M. S., Demydenko, D., Harada, Y., Zhou, H. and Liu, Y. C. (2006). Negative regulation of the E3 ubiquitin ligase itch via Fyn-mediated tyrosine 
phosphorylation. Mol Cell 21, 135-41. 
 Yang, H., Yu, N., Xu, J., Ding, X., Deng, W., Wu, G., Li, X., Hou, Y., Liu, Z., Zhao, Y. et al. (2018). SMURF1 facilitates estrogen receptor a signaling in breast cancer cells. J 
Exp Clin Cancer Res 37, 24. 
 Yang, Q., Chen, S. P., Zhang, X. P., Wang, H., Zhu, C. and Lin, H. Y. (2009). Smurf2 participates in human trophoblast cell invasion by inhibiting TGF-beta type I receptor. J 
Histochem Cytochem 57, 605-12. 
 Yang, Y., Liao, B., Wang, S., Yan, B., Jin, Y., Shu, H. B. and Wang, Y. Y. (2013). E3 ligase WWP2 negatively regulates TLR3-mediated innate immune response by targeting 
TRIF for ubiquitination and degradation. Proc Natl Acad Sci U S A 110, 5115-20. 
 Yasuda, J., Nakao, M., Kawaoka, Y. and Shida, H. (2003). Nedd4 regulates egress of Ebola virus-like particles from host cells. J Virol 77, 9987-92. 
 Yeung, B., Ho, K. C. and Yang, X. (2013). WWP1 E3 ligase targets LATS1 for ubiquitin-mediated degradation in breast cancer cells. PLoS One 8, e61027. 
 Yip, K. H., Kolesnikoff, N., Hauschild, N., Biggs, L., Lopez, A. F., Galli, S. J., Kumar, S. and Grimbaldeston, M. A. (2016). The Nedd4-2/Ndfip1 axis is a negative regulator of 
IgE-mediated mast cell activation. Nat Commun 7, 13198. 

J. Cell Sci.: doi:10.1242/jcs.228072: Supplementary information

Jo
ur

na
l o

f 
Jo

ur
na

l o
f C

el
l S

ci
en

ce
 •

 S
up

pl
em

en
ta

ry
 in

fo
rm

at
io

n



 29 

 You, F., Sun, H., Zhou, X., Sun, W., Liang, S., Zhai, Z. and Jiang, Z. (2009). PCBP2 mediates degradation of the adaptor MAVS via the HECT ubiquitin ligase AIP4. Nat 
Immunol 10, 1300-8. 
 Yu, Y. L., Chou, R. H., Shyu, W. C., Hsieh, S. C., Wu, C. S., Chiang, S. Y., Chang, W. J., Chen, J. N., Tseng, Y. J., Lin, Y. H. et al. (2013). Smurf2-mediated degradation of 
EZH2 enhances neuron differentiation and improves functional recovery after ischaemic stroke. EMBO Mol Med 5, 531-47. 
 Yuan, C., Qi, J., Zhao, X. and Gao, C. (2012). Smurf1 protein negatively regulates interferon-gamma signaling through promoting STAT1 protein ubiquitination and degradation. J 
Biol Chem 287, 17006-15. 
 Yue, S., Tang, L. Y., Tang, Y., Tang, Y., Shen, Q. H., Ding, J., Chen, Y., Zhang, Z., Yu, T. T., Zhang, Y. E. et al. (2014). Requirement of Smurf-mediated endocytosis of 
Patched1 in sonic hedgehog signal reception. Elife 3. 
 Zaarour, R. F., Chirivino, D., Del Maestro, L., Daviet, L., Atfi, A., Louvard, D. and Arpin, M. (2012). Ezrin ubiquitylation by the E3 ubiquitin ligase, WWP1, and consequent 
regulation of hepatocyte growth factor receptor activity. PLoS One 7, e37490. 
 Zeng, F., Xu, J. and Harris, R. C. (2009). Nedd4 mediates ErbB4 JM-a/CYT-1 ICD ubiquitination and degradation in MDCK II cells. FASEB J 23, 1935-45. 
 Zeng, T., Wang, Q., Fu, J., Lin, Q., Bi, J., Ding, W., Qiao, Y., Zhang, S., Zhao, W., Lin, H. et al. (2014). Impeded Nedd4-1-mediated Ras degradation underlies Ras-driven 
tumorigenesis. Cell Rep 7, 871-82. 
 Zepp, J. A., Wu, L., Qian, W., Ouyang, W., Aronica, M., Erzurum, S. and Li, X. (2015). TRAF4-SMURF2-mediated DAZAP2 degradation is critical for IL-25 signaling and 
allergic airway inflammation. J Immunol 194, 2826-37. 
 ZeRuth, G. T., Williams, J. G., Cole, Y. C. and Jetten, A. M. (2015). HECT E3 Ubiquitin Ligase Itch Functions as a Novel Negative Regulator of Gli-Similar 3 (Glis3) 
Transcriptional Activity. PLoS One 10, e0131303. 
 Zhang, H., Wu, C., Matesic, L. E., Li, X., Wang, Z., Boyce, B. F. and Xing, L. (2013a). Ubiquitin E3 ligase Itch negatively regulates osteoclast formation by promoting 
deubiquitination of tumor necrosis factor (TNF) receptor-associated factor 6. J Biol Chem 288, 22359-68. 
 Zhang, L., Zhou, F., Garcia de Vinuesa, A., de Kruijf, E. M., Mesker, W. E., Hui, L., Drabsch, Y., Li, Y., Bauer, A., Rousseau, A. et al. (2013b). TRAF4 promotes TGF-beta 
receptor signaling and drives breast cancer metastasis. Mol Cell 51, 559-72. 
 Zhang, P., He, Q., Chen, D., Liu, W., Wang, L., Zhang, C., Ma, D., Li, W., Liu, B. and Liu, F. (2015). G protein-coupled receptor 183 facilitates endothelial-to-hematopoietic 
transition via Notch1 inhibition. Cell Res 25, 1093-107. 
 Zhang, P., Wang, C., Gao, K., Wang, D., Mao, J., An, J., Xu, C., Wu, D., Yu, H., Liu, J. O. et al. (2010a). The ubiquitin ligase itch regulates apoptosis by targeting thioredoxin-
interacting protein for ubiquitin-dependent degradation. J Biol Chem 285, 8869-79. 
 Zhang, W., Na, T., Wu, G., Jing, H. and Peng, J. B. (2010b). Down-regulation of intestinal apical calcium entry channel TRPV6 by ubiquitin E3 ligase Nedd4-2. J Biol Chem 285, 
36586-96. 
 Zhang, X., Li, B., Rezaeian, A. H., Xu, X., Chou, P. C., Jin, G., Han, F., Pan, B. S., Wang, C. Y., Long, J. et al. (2017a). H3 ubiquitination by NEDD4 regulates H3 acetylation 
and tumorigenesis. Nat Commun 8, 14799. 
 Zhang, X., Srinivasan, S. V. and Lingrel, J. B. (2004). WWP1-dependent ubiquitination and degradation of the lung Kruppel-like factor, KLF2. Biochem Biophys Res Commun 
316, 139-48. 
 Zhang, Y., Chang, C., Gehling, D. J., Hemmati-Brivanlou, A. and Derynck, R. (2001). Regulation of Smad degradation and activity by Smurf2, an E3 ubiquitin ligase. Proc Natl 
Acad Sci U S A 98, 974-9. 
 Zhang, Y., He, X., Meng, X., Wu, X., Tong, H., Zhang, X. and Qu, S. (2017b). Regulation of glutamate transporter trafficking by Nedd4-2 in a Parkinson's disease model. Cell 
Death Dis 8, e2574. 
 Zhang, Y., Wang, W., Cai, S., Chen, Y., Wang, Q., Pan, Q., Sun, F. and Wang, J. (2017c). Reciprocal regulation between betaTrCP and Smurf1 suppresses proliferative 
capacity of liver cancer cells. J Cell Physiol 232, 3347-3359. 
 Zhao, L., Huang, J., Guo, R., Wang, Y., Chen, D. and Xing, L. (2010). Smurf1 inhibits mesenchymal stem cell proliferation and differentiation into osteoblasts through JunB 
degradation. J Bone Miner Res 25, 1246-56. 
 Zhao, L., Huang, J., Zhang, H., Wang, Y., Matesic, L. E., Takahata, M., Awad, H., Chen, D. and Xing, L. (2011). Tumor necrosis factor inhibits mesenchymal stem cell 
differentiation into osteoblasts via the ubiquitin E3 ligase Wwp1. Stem Cells 29, 1601-10. 
 Zhao, M., Qiao, M., Oyajobi, B. O., Mundy, G. R. and Chen, D. (2003). E3 ubiquitin ligase Smurf1 mediates core-binding factor alpha1/Runx2 degradation and plays a specific 
role in osteoblast differentiation. J Biol Chem 278, 27939-44. 

J. Cell Sci.: doi:10.1242/jcs.228072: Supplementary information

Jo
ur

na
l o

f 
Jo

ur
na

l o
f C

el
l S

ci
en

ce
 •

 S
up

pl
em

en
ta

ry
 in

fo
rm

at
io

n



 30 

 Zhou, F., Xie, F., Jin, K., Zhang, Z., Clerici, M., Gao, R., van Dinther, M., Sixma, T. K., Huang, H., Zhang, L. et al. (2017a). USP4 inhibits SMAD4 monoubiquitination and 
promotes activin and BMP signaling. EMBO J 36, 1623-1639. 
 Zhou, R., Patel, S. V. and Snyder, P. M. (2007). Nedd4-2 catalyzes ubiquitination and degradation of cell surface ENaC. J Biol Chem 282, 20207-12. 
 Zhou, W., Xu, J., Zhao, Y. and Sun, Y. (2014). SAG/RBX2 is a novel substrate of NEDD4-1 E3 ubiquitin ligase and mediates NEDD4-1 induced chemosensitization. Oncotarget 
5, 6746-55. 
 Zhou, Z., Kawabe, H., Suzuki, A., Shinmyozu, K. and Saga, Y. (2017b). NEDD4 controls spermatogonial stem cell homeostasis and stress response by regulating messenger 
ribonucleoprotein complexes. Nat Commun 8, 15662. 
 Zhu, H., Kavsak, P., Abdollah, S., Wrana, J. L. and Thomsen, G. H. (1999). A SMAD ubiquitin ligase targets the BMP pathway and affects embryonic pattern formation. Nature 
400, 687-93. 
 Zhu, J., Lee, K. Y., Jewett, K. A., Man, H. Y., Chung, H. J. and Tsai, N. P. (2017). Epilepsy-associated gene Nedd4-2 mediates neuronal activity and seizure susceptibility 
through AMPA receptors. PLoS Genet 13, e1006634. 
 Zou, W., Chen, X., Shim, J. H., Huang, Z., Brady, N., Hu, D., Drapp, R., Sigrist, K., Glimcher, L. H. and Jones, D. (2011). The E3 ubiquitin ligase Wwp2 regulates craniofacial 
development through mono-ubiquitylation of Goosecoid. Nat Cell Biol 13, 59-65. 

 

J. Cell Sci.: doi:10.1242/jcs.228072: Supplementary information

Jo
ur

na
l o

f 
Jo

ur
na

l o
f C

el
l S

ci
en

ce
 •

 S
up

pl
em

en
ta

ry
 in

fo
rm

at
io

n



 1 

Table S3. Observed protein–protein interactions with HERC family HECT E3 ubiquitin ligases 

 
HECT E3 Ubiquitin Ligase 

(E.C.: 2.3.2.26) 
Interacting protein Detection 

Method 
Region of 
interaction 

References 

HECT domain and RCC1-like 
domain-containing protein 1 
(HERC1, p532, p619, 
MDFPMR) 
Gene: HERC1 
Chromosome location: 
15q22.31 
Ubiquitin Linkages: K48 
 

ADP-ribosylation factor 1 (ARF1) IP, WB RLD2 (Rosa et al., 1996) 

ADP-ribosylation factor 6 (ARF6) GNBA RLD1 (Garcia-Gonzalo et al., 2005) 

BCL-2-antagonist/killer (BAK, BCL2L7, CDN1) IF, PLISA BH3 (Holloway et al., 2015) 
Clathrin heavy chain (CHC) 2H, IP, PD RLD2 (Rosa and Barbacid, 1997) 

Heat shock protein 80 (HSP70) IP  (Rosa and Barbacid, 1997) 
M2-pyruvate kinase 2H, IF, PD HECT  (Garcia-Gonzalo et al., 2003) 

RAF proto-oncogene serine/threonine-protein kinase (C-RAF, RAF1) IP, PD, UbA N-term (1-
412aa) 

(Schneider et al., 2018) 

Tuberous sclerosis complex 2 (TSC2, Tuberin) IP, MS C-term (3901-
4861aa) 

(Chong-Kopera et al., 2006) 

Ubiquitin-conjugating enzyme E2 D1 (UBE2D1, UBCH5A) UbA  (Schwarz et al., 1998) 

Ubiquitin-conjugating enzyme E2 L3 (UBE2L3, UBCH7, UBCE7) UbA  (Schwarz et al., 1998) 

HECT domain and RCC1-like 
domain-containing protein 2 
(HERC2) 
Gene: HERC2 
Chromosome location: 
15q22.31 
Ubiquitin Linkages: K48, K63 

Aurora kinase B (AURKB, AIM-1, ARK2) IP, MS 1-1000aa (Galligan et al., 2015) 
Breast cancer type 1 susceptibility protein (BRCA1, RNF53) IP, MS, UbA HECT (4252-

4834aa) 
(Wu et al., 2010) 

cAMP-dependent protein kinase type II-beta regulatory subunit (PRKAR2B) IP, MS 2600-3600aa (Galligan et al., 2015) 

Carnitine O-palmitoyltransferase 1A (CPT1A, CPT1-L) IP, MS 1-1000aa (Galligan et al., 2015) 

Cellular tumor antigen p53 (p53, TP53) IP, PD CPH (2547-
2640aa) 

(Cubillos-Rojas et al., 2014) 

Centriolar coiled-coil protein 110 (CP110) IP, MS  (Al-Hakim et al., 2012) 
Coatomer subunit epsilon (COPE, Epsilon-COP) IP, MS 1700-2700aa (Galligan et al., 2015) 

Coatomer subunit zeta-1 (COPZ1, Zeta-1 COP) IP, MS 1700-2700aa (Galligan et al., 2015) 
Crossover junction endonuclease MUS81 (MUS81) IP, MS 1-1000aa (Galligan et al., 2015) 

E6-associated protein (E6AP, UBE3A) 
 

2H, CE, IF, IP, 
MS, PD, UbA 

RLD2 (Galligan et al., 2015; Kuhnle et al., 2011; Kuhnle et al., 
2018; Martinez-Noel et al., 2012; Martinez-Noel et al., 
2018) 

Essential meiotic endonuclease 1 (EME1, MMS4, SLX2) IP, MS 1-1000aa (Galligan et al., 2015) 

Eukaryotic translation initiation factor 3 subunit E (EIF3E) IF, IP, MS 3550-4500aa (Galligan et al., 2015) 

Eukaryotic translation initiation factor 3 subunit H (EIF3H) IP, MS 3550-4500aa (Galligan et al., 2015) 
Eukaryotic translation initiation factor 3 subunit M (EIF3M) IP, MS 3550-4500aa (Galligan et al., 2015) 

Ferritin heavy chain (FTH1, Ferritin H subunit) IP, MS 1700-2700aa (Galligan et al., 2015) 
Ferritin light chain (FTL, Ferritin L subunit) IP, MS 1700-2700aa (Galligan et al., 2015) 

HLA class I histocompatibility antigen, A-2 alpha chain (HLA-A) IP, MS 950-1750aa (Galligan et al., 2015) 

Kinesin-like protein KIF20A (KIF20A, MKLP2, RAB6KIFL) IP, MS 1-1000aa (Galligan et al., 2015) 
Minor histocompatibility antigen H13 (HM13, IMP-1) IP, MS 950-1750aa (Galligan et al., 2015) 

Neuralized-like protein 4 (NEURL4) IP, MS, TAP, 
UbA 

 (Al-Hakim et al., 2012; Galligan et al., 2015) 

Nuclear distribution gene C-like protein 2 (NudCL2) IP, MS  (Li et al., 2019) 

Phosphorylase b kinase gamma catalytic chain (PHKG2, PHK-gamma-LT) IP, MS 3550-4500aa (Galligan et al., 2015) 
Phosphorylase b kinase regulatory subunit beta (PHKB) IP, MS 3550-4500aa (Galligan et al., 2015) 

Protein bicaudal D homolog 2 (BICD2, KIAA0699) IP, MS 2600-3600aa (Galligan et al., 2015) 

Replication factor A protein 2 (RPA2, RP-A p32) IP, PD, UbA HECT (Lai et al., 2019) 
RING-type E3 ubiquitin ligase PIAS4 (PIAS4) IP, PD  (Danielsen et al., 2012) 

RING-type E3 ubiquitin ligase RNF8 (RNF8) IP, MS HECT (4421-
4834aa) 

(Bekker-Jensen et al., 2010; Danielsen et al., 2012) 

RING-type E3 ubiquitin ligase RNF168 (RNF168) PD  (Bekker-Jensen et al., 2010) 
Small ubiquitin-related modifier 1 (SUMO1) IP, ITC, PD ZZ (2702-

2755aa) 
(Danielsen et al., 2012) 
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Squalene synthase (SQS, FDFT1) IP, MS 1-1000aa (Galligan et al., 2015) 

Ubiquitin-conjugating enzyme E2 D1 (UBE2D1, UBCH5A) UbA  (Kang et al., 2010) 
Ubiquitin-conjugating enzyme E3 D3 (UBE2D3, UBCH5C) UbA  (Al-Hakim et al., 2012) 

WD repeat-containing protein Monad (WDR92) IP, MS 1700-2700aa (Galligan et al., 2015) 
Xeroderma pigmentosum group A-complementing protein (XPA) IP, MS, UbA  (Kang et al., 2010) 

Zinc finger FYVE domain-containing protein 9 (ZFYVE9, NSP, SARA) IP, MS 2600-3600aa (Galligan et al., 2015) 

HECT domain and RCC1-like 
domain-containing protein 3 
(HERC3) 
Gene: HERC3 
Chromosome location: 4q22.1 
Ubiquitin Linkages: K48 

26S proteasome non-ATPase regulatory subunit 2 (PSMD2, TRAP2, RPN1) IP, MS  (Hochrainer et al., 2015) 

26S proteasome non-ATPase regulatory subunit 4 (PSMD4, RPN10, S5A) IP, MS  (Hochrainer et al., 2015) 
26S proteasome regulatory subunit 7 (PSMC2, LCMSS1, RPT1)

 
 IP, MS  (Hochrainer et al., 2015) 

26S proteasome regulatory subunit 6B (PSMC4, TBP7, MIP224) IP, MS  (Hochrainer et al., 2015) 
26S proteasome regulatory subunit 8 (PSMC5, SUG1, TRIP1)

 
 IP, MS  (Hochrainer et al., 2015) 

HECT domain and RCC1-like domain-containing protein 6 (HERC6) IF, IP  (Hochrainer et al., 2008) 
Proteasome subunit alpha type-4 (PSMA4, HC9, PSC9) IP, MS  (Hochrainer et al., 2015) 

Transcription factor p65 (RELA, NFKB3) IF, IP, MS  (Hochrainer et al., 2015) 

Ubiquilin-1 (UBQLN1, hPLIC-1) 2H, IP, MS HECT  (Hochrainer et al., 2008; Hochrainer et al., 2015) 
Ubiquilin-2 (UBQLN2, hPLIC-2) 2H, IF, IP, UbA  HECT (Hochrainer et al., 2008) 

HECT domain and RCC1-like 
domain-containing protein 4 
(HERC4) 
Gene: HERC4 
Chromosome location: 10q21.3 
Ubiquitin Linkages: K48 

Serine/threonine-protein kinase LATS1 (LATS1, WARTS) IP, PD, UbA  (Xu et al., 2019) 

Scaffold protein salvador (Sav, SHRP) IP, UbA RLD (Aerne et al., 2015) 
Transcription factor Maf (c-Maf) CE, IF, IP, MS, 

UbA 
 (Zhang et al., 2016) 

HECT domain and RCC1-like 
domain-containing protein 5 
(HERC5, Cyclin-E-binding 
protein, CEB1, CEBP1) 
Gene: HERC5 
Chromosome location: 4q22.1 
Ubiquitin Linkages: N/A 
ISG15-specific 

HIV-1 Gag polyprotein (Pr55Gag) IF, IP, MS, 
ISGylA 

 (Woods et al., 2011) 

MLV Gag polyprotein (Pr65Gag) ISGylA  (Woods et al., 2011) 

Heat shock cognate 71 kDa protein (Hsc70, LAP-1) IP  (Wong et al., 2006) 
Interferon-stimulated gene 15 (ISG15) ISGylA  (Dastur et al., 2006; Wong et al., 2006; Woods et al., 

2011) 

NS1 protein of influenza A virus (NS1A) IP, ISGylA, PD RLD (Tang et al., 2010; Zhao et al., 2010) 
Nucleoside diphosphate kinase B (NDKB, Nm23B) 2H, IF, IP, UbA HECT  (Hochrainer et al., 2008) 

Ras-related nuclear protein (GTPase Ran, ARA24) IP, PD  (Woods et al., 2014) 
Serine/threonine-protein kinase 38 (STK38) IP, PD  (Takeuchi et al., 2006) 

Regulator of G-protein signaling 3 (RGS3) IP, PD  (Takeuchi et al., 2006) 
Thioredoxin reductase (TR) IP, PD  (Wong et al., 2006) 

α-tubulin IP, PD  (Takeuchi et al., 2006) 

Ubiquitin-conjugating enzyme E2 L6 (UBE2L6, UBCH8, RIG-B) ISGylA  (Takeuchi et al., 2006; Woods et al., 2011; Woods et al., 
2014; Zhao et al., 2004) 

Xeroderma pigmentosum group D (XPD) IP, PD  (Takeuchi et al., 2006) 

HECT domain and RCC1-like 
domain-containing protein 6 
(HERC6) 
Gene: HERC6 
Chromosome location: 4q22.1 
Ubiquitin Linkages: N/A 
ISG15-specific 

HECT domain and RCC1-like domain-containing protein 3 (HERC3) IF, IP  (Hochrainer et al., 2008) 
HECT domain and RCC1-like domain-containing protein 4 (HERC4) IF, IP  (Hochrainer et al., 2008) 
Interferon-stimulated gene 15 (ISG15) ISGylA  (Ketscher et al., 2012; Oudshoorn et al., 2012) 
Ubiquitin-conjugating enzyme E2 L6 (UBE2L6, UBCH8, RIG-B) ISGylA  (Ketscher et al., 2012) 

 

Detection methods: 2H, yeast or mammalian-two hybrid; CE, co-elution during chromatography purification; GNBA, guanine nucleotide binding assay; IF, immunofluorescence; IP, 
immunoprecipitation; ISGylA, ISGylation assay; MS, liquid chromatography or MALDI MS/MS; PLISA, proximity ligation in situ assay; PD, pulldown using GST, His or MBP tag; TAP, 
tandem affinity purification; UbA, ubiquitylation assay; WB, immunoblot. 
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Table S4. Observed protein-protein interactions with ‘Other’ HECT E3 ubiquitin ligases 

HECT E3 Ubiquitin Ligase 
(E.C.: 2.3.2.26) 

Interacting protein Detection 
Method 

Region of 
interaction 

References 

Apoptosis-Resistant E3 
Ubiquitin Protein Ligase 1 
(AREL1, KIAA0317) 
Gene: AREL1 
Chromosome location: 14q24.3 
Ub linkage types: K11, K29, 
K33 

Serine protease HTRA2, mitochondrial (HtrA2, OMI, PRSS25) 2H, IP, UbA, WB (Kim et al., 2013) 
Direct IAP-binding protein with low pI (DIABLO, SMAC) 2H, IP, UbA, WB (Kim et al., 2013) 
Septin-4 (SEPT4), aka Apoptosis-related protein in the TGF-beta signaling pathway 
(ARTS) 

2H, IP, UbA, WB (Kim et al., 2013) 

Ubiquitin-conjugating enzyme E2 D1 (UBE2D1, UBCH5A) UbA (Kim et al., 2013; Kristariyanto et al., 2015b) 
Ubiquitin-conjugating enzyme E2 D2 (UBE2D2, UBCH5B) UbA (Kristariyanto et al., 2015b) 
Ubiquitin-conjugating enzyme E2 D3 (UBE2D3, UBCH5C) UbA (Kristariyanto et al., 2015b; Michel et al., 2015) 
Ubiquitin-conjugating enzyme E2 L3 (UBE2L3, UBCH7, UBCE7) UbA (Kristariyanto et al., 2015b) 

G2/M Phase-Specific E3 
Ubiquitin Protein Ligase 1 
(G2E3, KIAA1333) 
Gene: G2E3 
Chromosome location: 14q12 
Ub linkage types: K48 

Chromosome 2 open reading frame 29 (C2orf29) 2H (Brooks et al., 2014) 
DAZ interacting protein 3 (DZIP3, hRUL138) 2H, PD (Brooks et al., 2014) 
Eukaryotic initiation factor 3 subunit 4 (EIF3S4) 2H (Brooks et al., 2014) 
Inhibitor of CDK interacting with cyclin A1 (INCA1) 2H, PD (Brooks et al., 2014) 
Proteasome subunit beta 4 (PSMB4) 2H, PD (Brooks et al., 2014) 
Ribosomal protein 18 (RPL18) 2H (Brooks et al., 2014) 
RING finger protein 138/ NLK associated RING finger (RNF138, NARF) 2H, PD, WB N-term (Brooks et al., 2014) 
Serine protease hepsin (HPN, TMPRSS1) IP, MS, UbA (Zhang et al., 2018) 
Ubiquitin-conjugating enzyme E2 D1 (UBE2D1, UBCH5A) UbA, WB HECT (Brooks et al., 2008) 

HECT Domain and Ankyrin 
Repeat-Containing E3 
Ubiquitin Protein Ligase 1 
(HACE1, KIAA1320) 
Gene: HACE1 
Chromosome location: 6q21 
Ub linkage types: K27, K48, 
K63 

Beta-2 adrenergic receptor (b2AR) IP, MS, WB (Lachance et al., 2014) 
Optineurin (OPTN, FIP2) 2H, IP, PD ANK domain (Liu et al., 2014) 
Ras-related protein Rab-1A (Rab1A) IP, MS, PD, WB (Tang et al., 2011) 
Ras-related protein Rab-4A (Rab4A) IP, MS, PD, WB (Tang et al., 2011) 
Ras-related protein Rab-6A (Rab6A) MS, WB (Lachance et al., 2014) 
Ras-related protein Rab-8A (Rab8A, c-mel) MS, WB (Lachance et al., 2014) 
Ras-related protein Rab-11A (Rab11A, YL8) IP, MS, WB (Lachance et al., 2014) 
Ras-related protein Rac1 (Rac1, RacA) IP, PD, WB ANK (Ankyrin 

repeat), HECT 
(Acosta et al., 2018; Andrio et al., 2017; Castillo-Lluva et 
al., 2013; Daugaard et al., 2013; Torrino et al., 2011) 

Retinoic acid receptor beta (RARb) 2H, IP, PD C-term (Zhao et al., 2009a) 
Tumor necrosis factor (TNF) receptor associated factor 2 (TRAF2) UbA (Tortola et al., 2016) 
Ubiquitin-conjugating enzyme E2 D2 (UBE2D2, UBCH5B) UbA, UbSu (Mulder et al., 2016) 
Ubiquitin-conjugating enzyme E2 L3 (UBE2L3, UBCH7, UBCE7) UbA HECT (Anglesio et al., 2004) 
Ubiquitin-conjugating enzyme E2 N (UBE2N, UBC13) UbA HECT (Anglesio et al., 2004) 
Y-Box Binding Protein 1 (YB-1) IP, UbA (Palicharla and Maddika, 2015) 

HECT Domain E3 Ubiquitin 
Protein Ligase 1 
(HECTD1, KIAA1131) 
Gene: HECTD1 
Chromosome location: 14q12 
Ub linkage types: K48, K63 

Actin cross-linking family protein 7 (ACF7, MACF1) IP, MS, PLA, WB (Duhamel et al., 2018) 
Adenomatous polyposis coli (APC) IP, MS (Tran et al., 2013) 

ATP binding cassette sub-family A member 1 (ABCA1) IP, MS, WB (Aleidi et al., 2018) 
Ubiquitin thiolesterase Trabid (Trabid, ZRANB1) IP, MS, WB (Oikonomaki et al., 2017; Tran et al., 2013) 
Heat shock protein 90 (Hsp90) 2H, IP, MS, WB (Sarkar and Zohn, 2012) 
IQ Motif-Containing GTPase Activating Protein 1 (IQGAP1, p195) IP, UbA, WB (Shen et al., 2017) 
Phosphatidylinositol 4-phosphate 5-kinase type I g (PIPKIC, KIAA0589) IP, WB (Li et al., 2013a) 
Retinoic acid receptor alpha (RARa) 2H, IP, WB N-term (Sugrue et al., 2019) 
Ubiquitin-conjugating enzyme E2 D3 (UBE2D3, UBCH5C) UbA HECT (Duhamel et al., 2018) 
Ubiquitin thiolesterase 15 (USP15) IP, MS, WB (Oikonomaki et al., 2017) 

HECT domain-containing 
protein 2 (HECTD2) 
Gene: HECTD2 

Clostridium botulinum neurotoxin catalytic light chain A (BoNT/A catalytic LCA) IP, UbA (Tsai et al., 2017) 
Protein inhibitor of activated STAT protein 1 (PIAS1, GBP) FRET, IP, UbA, 

WB  
(Coon et al., 2015) 
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Chromosome location: 
10q23.32 
Ubiquitin Linkages: K48 

Ubiquitin-conjugating enzyme E2-16 kDa (UBC5) UbA  (Coon et al., 2015) 
Ubiquitin-conjugating enzyme E2-18 kDa (UBC7) UbA  (Coon et al., 2015) 

HECT domain-containing 
protein 3 (HECTD3) 
Gene: HECTD3 
Chromosome location: 1p34.1 
Ub linkage types: K27, K29, 
K48, K63 
 

Caspase-8 (CASP-8, MCH5) IP, PD DOC (Li et al., 2013c) 
Caspase-9 (CASP-9, MCH6) PD, WB  (Li et al., 2017a) 
Heat shock protein 90 – Raf1 complex (Hsp90-CRAF) 
 

IP, PLA, WB DOC (Li et al., 2017b) 

Mucosa-associated lymphoid tissue lymphoma translocation protein 1 (MALT1)  
 

2H, IP, MS, PD, 
WB, UbA 

DOC (216-
393aa) 

(Cho et al., 2019; Li et al., 2013b) 

Signal transducer and activator of transcription 3 (STAT3) IP, MS, WB, UbA DOC (110-397) (Cho et al., 2019) 
Syntaxin-8 (STX8) 2H, IP  (Zhang et al., 2009) 
TRIO and F-actin-binding protein (TRIOBP, TARA) 2H, IP, PD, WB N-term (Yu et al., 2008) 
Tumor necrosis factor (TNF) receptor-associated factor 3 (TRAF3, CAP1, CRAF1) IP, UbA  (Li et al., 2018) 

HECT domain-containing 
protein 4 (HECTD4) 
Gene: HECTD4, C12orf51 
Chromosome location: 
12q24.13 
Ubiquitin Linkages: K48 

None reported    

HECT, Uba, and WWE 
Domain-Containing E3 
Ubiquitin Protein Ligase 1 
(HUWE1, UREB1, HECTH9, 
ARF-BP1, MULE, E3 Histone, 
LASU1, KIAA0312, KIAA1578) 
Gene: HUWE1 
Chromosome location: Xp11.22 
Ub linkage types: K6, K48, K63 

Activating molecule in beclin1-regulated autophagy protein 1 (AMBRA1, KIAA1736) IP, MS, UbA, WB  (Di Rita et al., 2018) 
Atonal homolog basic helix-loop-helix transcription factor 1 (ATOH1) IP, MS, PLA, WB  (Cheng et al., 2016; Forget et al., 2014) 
ATP-binding cassette sub-family G member 1 (ABCG1, ABC8) IP, MS, WB  (Aleidi et al., 2015) 
ATP-binding cassette sub-family G member 4 (ABCG4) IP, MS, WB  (Aleidi et al., 2015) 
Breast cancer type 1 susceptibility protein (BRCA1, RNF53) IF, IP, PD 2000-2364aa (Wang et al., 2014) 
CCCTC-binding factor (CTCFL, BORIS) IP, WB C-term (3674-

4374aa) 
(Qi et al., 2012) 

Cell division cycle protein 6 homolog (CDC6, CDC18L) 2H, IP, UbA, PD, 
WB 

C-term (3987-
4374aa) 

(Hall et al., 2007) 

Cell division cycle-associated 7-like protein (CDCA7L, R1, RAM2, JPO2) IP, UbA  (Lin et al., 2018) 
Cellular tumor antigen p53 (p53, TP53) IP, MS, PD, WB 1015-4574aa (Chen et al., 2005; Ma et al., 2016; Qi et al., 2012; Yang et 

al., 2018) 
Cullin-4B (CUL4B, KIAA0695) IP, PD, UbA, WB WWE, BH3 & 

2000-2654aa 
(Yi et al., 2015) 

Dishevelled (DVL) IF, IP, MS, WB C-term (de Groot et al., 2014) 
DNA damage-binding protein 1 (DDB1, XAP1) IP  (Yi et al., 2015) 
DNA damage-inducible transcript 4 protein (DDIT4, REDD1) IP, MS, UbA  (Thompson et al., 2014) 
DNA polymerase l (Pol l) IP, MS, UbA  (Markkanen et al., 2012) 
Growth arrest and DNA damage-inducible protein 45 beta (GADD45B, MYD118) IF, IP, WB  (He et al., 2015) 
Glycine receptor subunit alpha-1 (GlyRs-α1, GLRA1) IP, UbA, WB  (Zhang et al., 2019) 
Histone H1 IP, MS, UbA  (Liu et al., 2005; Mandemaker et al., 2017) 
Histone H2A IP, MS, UbA  (Liu et al., 2005) 
Histone H2AX IP, MS, UbA, WB  (Atsumi et al., 2015; Bose et al., 2017; Choe et al., 2016; 

Fok et al., 2017) 
Histone H2B IP, MS, UbA  (Liu et al., 2005) 
Histone H3 IP, MS, UbA  (Liu et al., 2005) 
Histone H4 IP, MS, UbA  (Liu et al., 2005) 
Histone deacetylase 2 (HDAC2) UbA, WB  (Zhang et al., 2011) 
Induced myeloid leukemia cell differentiation protein Mcl-1 (MCL1, BCL2L3)  FBA, IP, UbA, 

WB 
BH3 (Kurokawa et al., 2013; Pandya et al., 2010; Thompson et 

al., 2014; Warr et al., 2005; Zhong et al., 2005) 
Leucine rich repeat scaffold protein SHOC-2 (SHOC2, KIAA0862) 2H, IP, UbA, WB HECT (Jang et al., 2014) 
Micro RNA-542-5p (miR-542-5p) MS, WB  (Cheng et al., 2015) 
Mitofusin 2 (MFN2, CPRP1) IP, MS, UbA  (Di Rita et al., 2018; Leboucher et al., 2012) 
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Mouse double minute 2 homolog (MDM2) FBA, IP 1198-1205aa (Kurokawa et al., 2013) 
Myc-interacting zinc finger protein 1 (MIZ1, ZBTB17) IP, MS, UbA, WB  (Inoue et al., 2013; Peter et al., 2014; Yang et al., 2010) 
Myc proto-oncogene (C-myc, MYC, bHLHe39) IP, UbA, WB  (Adhikary et al., 2005; Inoue et al., 2013; Peter et al., 

2014; Qi et al., 2012) 
Myogenic determination protein 1 (MYOD1, BHLHC1, MYF3) IP, MS, UbA, WB  (Noy et al., 2012) 
N-myc proto-oncogene protein (N-myc, MYCN, bHLHe37) IP, MS, PD, UbA, 

WB 
 (King et al., 2016; Zhao et al., 2009b; Zhao et al., 2008) 

Peroxisome proliferator-activated receptor alpha (PPARa, NR1C1) IP, MS  (Zhao et al., 2018) 
Proliferating cell nuclear antigen (PCNA, Cyclin) IF, IP, PD PIP motif 

(3880-3887aa) 
(Choe et al., 2016) 

Retinoblastoma binding protein 7 (RBBP7, RBAP46) IP, PD, UbA, WB  (Liu et al., 2018) 
Serine/threonine Protein phosphatase 5 (PP5) FBA, IP, UbA  (Kurokawa et al., 2013) 
T-lymphoma invasion and metastasis-inducing protein 1 (TIAM1) IF, IP, WB  (Vaughan et al., 2015) 
Tumor suppressor alternative reading frame (ARF, p14ARF) IP, MS, WB 1015-4574aa (Chen et al., 2005; Qi et al., 2012) 
Ubiquitin thioesterase 7 (USP7, HAUSP) IP, MS  (Thompson et al., 2014) 
Ubiquitin-conjugating enzyme E2 D1 (UBE2D1, UBCH5A) UbA HECT (Chen et al., 2005; Cheng et al., 2016; Kristariyanto et al., 

2015b; Schwarz et al., 1998) 
Ubiquitin-conjugating enzyme E2 D2 (UBE2D2, UBCH5B) UbA  (Kristariyanto et al., 2015b) 
Ubiquitin-conjugating enzyme E2 D3 (UBE2D3, UBCH5C) UbA  (Chen et al., 2005; Kristariyanto et al., 2015b) 
Ubiquitin-conjugating enzyme E2 L3 (UBE2L3, UBCH7, UBCE7) UbA  (Kristariyanto et al., 2015b; Schwarz et al., 1998) 

Thyroid Receptor-Interacting 
Protein 12 (TRIP12, ULF, 
KIAA045) 
Gene: TRIP12 
Chromosome location: 2q36.3 
Ub linkage types: K48, K63 

Amyloid precursor protein-binding protein 1 (APP-BP1, NAE1) 2H, IP, UbA, WB 611-1259aa (Park et al., 2008) 
Brg-1 associated factor 57 (BAF57, Smarce1) IP, MS, PD, WB  (Keppler and Archer, 2010) 
Transcription factor SOX-6 (SOX6) 2H, IP, UbA, WB  (An et al., 2013) 
Tumor suppressor alternative reading frame (ARF, p14ARF) IF, IP, MS  (Cai et al., 2015; Chen et al., 2010) 
Ubiquitin-conjugating enzyme E2 D1 (UBE2D1, UBCH5A) UbA HECT (An et al., 2013; Park et al., 2008; Schwarz et al., 1998) 
Ubiquitin-conjugating enzyme E2 L3 (UBE2L3, UBCH7, UBCE7) UbA  (Schwarz et al., 1998) 
Ubiquitin thioesterase 7 (USP7, HAUSP) IP, MS, UbA, WB AWL (Cai et al., 2015; Liu et al., 2016) 

Ubiquitin-protein ligase E3B 
(UBE3B) 
Gene: UBE3B 
Chromosome location: 
12q24.11 
Ubiquitin Linkages: K48 

Calmodulin (CaM) IP, MS, UbA  IQ motif (29-
58aa 

(Braganza et al., 2017) 

Ubiquitin-protein ligase E3C 
(UBE3C, HECTH2, KIAA10, 
RAUL) 
Gene: UBE3C 
Chromosome location: 7q36.3 
Ubiquitin Linkages: K11, K29 
unanchored, K48 

26S proteasome non-ATPase regulatory subunit 2 (PSMD2, RPN1, S2, p97) PD N-term (1-
132aa) 

(You and Pickart, 2001; You et al., 2003) 

26S proteasome non-ATPase regulatory subunit 6 (PSMD6, RPN7, S10) IP  (You et al., 2003) 
26S proteasome regulatory subunit 8 (PSMC5, RPT6, S8, TRIP1) IP  (You et al., 2003) 
Annexin A7 (ANXA7, Synexin) IF, IP, MS, UbA  (Pan et al., 2015) 
Cullin-associated NEDD8-dissociated protein 2 (CAND2, TIP120B, KIAA0667) IP, PD, UbA  (You et al., 2003) 
Estrogen receptor alpha (ERa) IF, IP, MS, PD, 

SPR, UbA 
 (Okada et al., 2015) 

G2/mitotic-specific cyclin-B1 (CYB-1, CCNB1) IP, MS, UbA  (Wang et al., 2013) 
Interferon regulatory factor 3 (IRF3) IP. UbA  (Yu and Hayward, 2010) 
Interferon regulatory factor 7 (IRF7) IP, UbA  (Yu and Hayward, 2010) 
Kaposi’s sarcoma-associated herpesvirus immediate-early lytic cycle trigger protein 
RNA and transcription activator (KSHV RTA, HHV-8 RTA) 

DeUbA, IP, UbA  (Yu and Hayward, 2010) 

Neuroblast differentiation-associated protein AHNAK (AHNAK, Desmoyokin) IF, IP, MS, UbA  (Gu et al., 2019) 
Proteasomal ubiquitin receptor ADRM1 (hRPN13) CE, MS, PD, 

UbA 
 (Besche et al., 2014; Kuo and Goldberg, 2017) 

Securin (IFY-1) IP, MS, UbA  (Wang et al., 2013) 
Ubiquitin carboxyl-terminal hydrolase (Usp7, Deubiquitinase 7) DeUbA, IP  (Yu and Hayward, 2010) 

J. Cell Sci.: doi:10.1242/jcs.228072: Supplementary information

Jo
ur

na
l o

f 
Jo

ur
na

l o
f C

el
l S

ci
en

ce
 •

 S
up

pl
em

en
ta

ry
 in

fo
rm

at
io

n



	 4 

Ubiquitin-conjugating enzyme E2 D1 (UBE2D1, UBCH5A) CE, CL, PD, UbA  (Besche et al., 2014; Byrne et al., 2017; Mastrandrea et 
al., 1999; Schwarz et al., 1998; You and Pickart, 2001; 
You et al., 2003; Yu and Hayward, 2010) 

Ubiquitin-conjugating enzyme E2 D2 (UBE2D2, UBCH5B) UbA, UbSu  (Byrne et al., 2017; Mulder et al., 2016) 
Ubiquitin-conjugating enzyme E2 D3 (UBE2D3, UBCH5C) UbA, MS  (Byrne et al., 2017; Huguenin-Dezot et al., 2016; 

Kristariyanto et al., 2015a; Okada et al., 2015) 
Ubiquitin-conjugating enzyme E2 L3 (UBE2L3, UBCH7, UBCE7) UbA, UbSu, MS  (Byrne et al., 2017; Michel et al., 2015; Schwarz et al., 

1998; Wang et al., 2013) 
Ubiquitin pSer20 UbA  (Huguenin-Dezot et al., 2016) 

Ubiquitin Protein Ligase E3 
Component N-Recognin 5 
(UBR5, EDD, EDD1, HHYD, 
DD5) 
Gene: UBR5 
Chromosome location: 8q22.3 
Ub linkage types: K11, K29, 
K48 

Adenomatous polyposis coli (APC) IP, MS, IP, WB  (Ohshima et al., 2007) 
ATM interactor (ATMIN, ZNF822) IP, MS, WB  (Wang et al., 2017; Zhang et al., 2014) 
Beta-catenin (CTNNB1) IF, IP, UbA, WB  (Flack et al., 2017; Hay-Koren et al., 2011) 
Bub3-interacting and GLEBS motif-containing protein ZNF207 (BuGZ, ZNF207) IP, PD, WB  (Jiang et al., 2015) 
Centrosome and spindle pole-associated protein 1 (CSPP1) IF, IP, PD, WB  (Shearer et al., 2018) 
Cyclin-dependent kinase 9 (CDK9, CDC2L4, TAK) UbA  (Cojocaru et al., 2011) 
Cyclin-dependent kinase inhibitor 1 (CKI-1, p21, MDA-6) 2H, PD  (Ji et al., 2017) 
DNA topoisomerase II-b-binding protein 1 (TopBP1) 2H, IP, UbA, WB  (Honda et al., 2002) 
Dual specificity tyrosine-phosphorylation-regulated kinase 2 (DYRK2) IP, PD  (Jung et al., 2013; Maddika and Chen, 2009) 
Esophageal cancer-related gene 4 (ECRG4, Augurin) IP, WB  (Wang et al., 2017) 
Estrogen receptor alpha (ER-a, ESR1) IF  (Bolt et al., 2015) 
FACT complex subunit SPT16 (SPT16, FACTp140) IP, MS, WB  (Sanchez et al., 2016) 
FACT complex subunit SSRP1 (SSRP1, FACTp80) IP, MS, WB  (Sanchez et al., 2016) 
Glycogen synthase kinase 3 beta (GSK-3b) IF, IP, PD  (Hay-Koren et al., 2011) 
Histone acetyltransferase KAT5 (KAT5, TIP60) IP, MS, WB  (Subbaiah et al., 2016) 
Human T-cell leukemia virus type-1 (HTLV-1) basic leucine zipper factor (HBZ) IP, MS, PD, WB  (Panfil et al., 2018) 
Mitotic checkpoint protein BUB3 (BUB3) IP, PD, WB  (Jiang et al., 2015) 
Modulator of apoptosis 1 (MOAP-1, MAP-1, PNMA4) IP, UbA, WB  (Matsuura et al., 2017) 
OUT domain-containing protein 5 (OTUD5, DUBA) IP, MS, PLA, WB  (de Vivo et al., 2019) 
p90 ribosomal S6 kinase (p90RSK, MAPKAPK-1a) IP, WB  (Cho et al., 2017) 
Poly(A)-binding protein (PABP) interacting protein 2 (PAIP2) IP, ITC, NMR, 

PD, UbA, WB 
MLLE (Munoz-Escobar et al., 2015; Yoshida et al., 2006) 

Phosphoenolpyruvate carboxykinase, cytosolic (PEPCK-C, PEPCK1) IP, MS, PD, TAP HECT N-lobe (Jiang et al., 2011; Shen et al., 2018) 
Polycomb group RING finger protein 4 (BMI1, RNF51) IF, IP, MS, WB  (Sanchez et al., 2016) 
Transcription elongation factor S-II (TFIIS, TCEA2)  IP, MS, PD, TAP, 

WB 
 (Cojocaru et al., 2011) 

Transducin-like enhancer protein 3 (TLE3, ESG3) IP, MS, UbA  (Flack et al., 2017) 
Trinucleotide repeat-containing gene 6A protein (TNRC6A, GW182) NMR MLLE (Munoz-Escobar et al., 2015) 
Ubiquitin-conjugating enzyme E2 D2 (UBE2D2, UBCH5B) UbA HECT (Cojocaru et al., 2011; Honda et al., 2002; Jung et al., 

2013; Matsuura et al., 2017; Matta-Camacho et al., 2012) 
Ubiquitin-conjugating enzyme E2 D3 (UBE2D3, UBCH5C) UbA HECT (Honda et al., 2002) 
Ubiquitin-conjugating enzyme E2 L3 (UBE2L3, UBCH7, UBCE7) UbA HECT (Flack et al., 2017; Honda et al., 2002) 

 
Detection methods: 2H, yeast or mammalian-two hybrid; CE, co-elution during chromatography purification; CL, chemical crosslinking; DeUbA, in vivo or in vitro deubiquitylation assay; 
FBA, in vitro filter binding assay; FRET, in vivo or in vitro fluorescence resonance energy transfer; IF, immunofluorescence; IP, immunoprecipitation; ITC, isothermal calorimetry; MS, liquid 
chromatography or MALDI MS/MS; NMR, nuclear magnetic resonance; PD, pulldown using GST, His or MBP tag; PLA, proximity ligation assay; SPR, surface plasmon resonance; TAP, 
tandem affinity purification; UbA, ubiquitylation assay; UbSu, ubiquitin suicide inhibition; WB, immunoblot. 
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