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Autophagy is a conserved self-eating process that delivers cytoplasmic mate-

rial to the lysosome to allow degradation of intracellular components, includ-

ing soluble, unfolded and aggregated proteins, damaged organelles, and

invading microorganisms. Autophagy provides a homeostatic control mecha-

nism and is essential for balancing sources of energy in response to nutrient

stress. Autophagic dysfunction or dysregulation has been implicated in several

human pathologies, including cancer and neurodegeneration, and its modula-

tion has substantial potential as a therapeutic strategy. Given the relevant

clinical and therapeutic implications of autophagy, there is emerging intense

interest in the identification of the key factors regulating the components of

the autophagic machinery. Various post-translational modifications, includ-

ing ubiquitylation, have been implicated in autophagy control. The list of the

E3 ubiquitin protein ligases involved in the regulation of several steps of the

autophagic process is continuously growing. In this review, we will focus on

recent advances in the understanding of the role of the homologous to the

E6AP carboxyl terminus-type E3 ubiquitin ligases in autophagy control.

1. The ubiquitin/proteasome system

Ubiquitylation is an ATP-dependent and reversible

enzymatic process that involves the covalent attach-

ment of the conserved polypeptide ubiquitin to target

proteins and is highly relevant in a number of physio-

logical and pathological processes (El-Hachem et al.,

2018; Ma et al., 2018; Sane et al., 2018). The outcome

of the ubiquitylation reaction is the formation of an

isopeptide bond between the e-amino group of a Lys
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residue of the substrate and the C-terminal Gly76 car-

boxyl group of ubiquitin. Ubiquitin conjugation to

proteins occurs through the sequential and coordinate

action of E1 activating (E1), E2 conjugating (E2), and

E3 ubiquitin ligase (E3) enzymes that activate, trans-

fer, and ligate ubiquitin to substrates (Ciechanover,

2005). The E3s transfer ubiquitin from the E2 to a

substrate or directly promote the attachment of ubiq-

uitin to the target molecule. Given that E3s are the

final executioners of ubiquitin tagging, they mainly

account for substrate specificity and versatility of the

ubiquitylation reaction. Depending on the structural

properties of their catalytic structural domains as well

as to the mechanism of catalysis, the E3s fall into two

major classes, really interesting new gene (RING)- and

homologous to the E6AP carboxyl terminus (HECT)-

type enzymes. RING-type E3s contain RING-finger

motifs that serve as scaffolds to bring the E2 in prox-

imity of the substrate and facilitate the transfer of

ubiquitin (Ozkan et al., 2005). Members of the HECT

family of E3s are instead characterized by a highly

conserved HECT domain, which directly catalyzes the

covalent attachment of ubiquitin to substrate proteins

(Rotin and Kumar, 2009).

Proteins can be modified by mono-ubiquitylation, as

a result of the attachment of a single ubiquitin, or by

polyubiquitylation through the sequential attachment

of ubiquitin molecules on a Lys residue. Ubiquitin has

seven lysine residues (K6, K11, K27, K29, K33, K48,

and K63) that can become acceptors of another ubiq-

uitin moiety in subsequent rounds of ubiquitylation,

eventually leading to the generation of different types

of polyubiquitin chains (Xu et al., 2009).

Mono- or polyubiquitylation and the exact linkage

chain composition and topology dictate the distinct

fate of the substrates. Recognition and proteolysis of

protein substrates by the proteasome are mainly, but

not solely, associated with K48-linked ubiquitin

chains. Additionally, K29 and K11 polymers mediate

proteasomal degradation, more frequently when found

in a mixed or branched chain with K48 and K63 link-

ages. Substrates conjugated to K63-linked ubiquitin

chains as well as mono-ubiquitylated proteins are pref-

erentially degraded by the autophagy/lysosome system

(Kwon and Ciechanover, 2017).

Chains of at least four ubiquitins mark proteins for

transportation and recognition by the proteasome,

where proteins are degraded to oligopeptides. These

are then released into either the cytoplasm or nucleo-

plasm, where they are digested into amino acids by

soluble peptidases. The proteasome is a large multisub-

unit organelle, consisting of a central 20S cylinder-

shaped multiprotein complex displaying the proteolytic

activity and a 19S regulatory particle at either of its

ends. Substrate entry is a complex process which is

controlled by the 19S particle. The 19S subunit enables

the proteasome to drive binding, deubiquitylation,

unfolding, and translocation of target proteins to pro-

teolytic sites. After the substrate enters the 20S’s cen-

tral chamber, polypeptides are broken down by

chymotrypsin-, caspase- or trypsin-like proteolytic

sites.

The ubiquitin/proteasome system (UPS) is the major

intracellular protein degradation pathway in all

eukaryotes. It is responsible for turnover of short-lived

proteins and for the disposal of misfolded proteins.

However, ubiquitin does not always signal for protein

degradation, but it also controls a number of biologi-

cal processes such as transcription, enzymatic activa-

tion, chromatin remodeling, subcellular relocalization,

intracellular trafficking, and DNA repair.

2. General features of HECT-type
domain E3s

The HECT E3s (28 known enzymes in human) are

endowed with intrinsic enzymatic activity. They

employ a catalytic Cys residue located in the HECT

domain as an acceptor of ubiquitin from E2s. After

loading activated ubiquitin on themselves through the

formation of a ubiquitin-thioester catalytic intermedi-

ate, they transfer ubiquitin to a Lys residue in the tar-

get protein. HECT E3s recruit substrates through

specific protein–protein interaction module within the

N-terminal region, but they can require accessory or

adaptor proteins for substrate recognition.

On the basis of the distinct structural features of

their N-terminal protein–protein interaction domains,

the HECT E3s have been grouped into three subfami-

lies (Fig. 1). The C2-WW-HECT [also designated Neu-

ral precursor cell expressed developmentally down-

regulated protein 4 (NEDD4)-like] subfamily displays

a common general modular architecture consisting of

an N-terminal protein kinase C-related C2 domain,

and two to four central tryptophan–tryptophan (WW)

protein interacting modules that precede the HECT

domain (Fig. 1). This group includes nine members in

human: NEDD4-1, NEDD4-2, ITCH, Smad ubiquitin

regulatory factors (SMURF)1, SMURF2, WW

domain-containing E3 ubiquitin protein ligase 1

(WWP1), WWP2, NEDL1, and NEDL2 (Huibregtse

et al., 1995; reviewed in Rotin and Kumar, 2009). The

C2 domain is a Ca+2-dependent binding domain that

mediates the interactions of the C2-WW-HECT E3s

with phospholipids, inositol phosphate and proteins.

As a result, these enzymes are targeted to membrane
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compartments, including plasma membrane, Golgi

apparatus, endosomes, and lysosomes (Angers et al.,

2004). The WW domains are responsible for the

recruitment of protein substrates and adaptors through

the recognition of Pro-rich motifs (preferentially

PPxY, and LPxY), and phosphorylated Ser/Thr-Pro

sites.

The HERC subfamily of E3s is characterized by

having one or more regulator of chromosome conden-

sation 1 (RCC1)-like domains (RLDs) for substrate

recruitment (Fig. 1). This subgroup can be further

classified into the small and the large HERC family

members (six enzymes in human). The small HERC

E3s (100–120 kDa) contain a single RLD, while the

large HERC E3s (> 500 kDa) carry more than one

RLDs and additional domains, including SPRY/B30.2

domain (SPRY) and the W-D repeat domain (WD40).

The HECT family also includes SI(ngle)-HECT

enzymes that contain neither RLDs nor WW domains

and recruit substrates through various number and

types of protein interacting modules (Fig. 1).

Different HECTs display distinct chain type speci-

ficities. They can indeed generate K6, K11, K27, K29,

K33, K48, and K63 linkages (Rotin and Kumar,

2009). The activity of HECT E3s can be regulated

through the association of their interaction motifs with

regulatory proteins that can facilitate substrate recruit-

ment (adaptor and auxiliary proteins) or instead inter-

fere with substrate binding (negative regulators). In

addition, intramolecular interactions (e.g., between the

C2 and the HECT domains) force the C2-WW-HECT

E3s in a catalytically inactive state. More generally,

the acquisition of an inactive conformation can be

achieved through intermolecular associations,

oligomerization, or post-translational modification

events (Chen et al., 2017; Courivaud et al., 2015; Wan

et al., 2011).

Recent emerging evidence has unveiled a critical

connection between HECT-type domain E3s and the

autophagy machinery. The involvement of HECTs in

autophagy regulation will be discussed in detail in the

next sections.

3. Autophagy

Macroautophagy, hereafter termed autophagy, is a

highly conserved intracellular catabolic pathway in

which cytoplasmic constituents are engulfed by dou-

ble-membrane vesicles and subsequently delivered to

lysosomes for degradation (Cho et al., 2018; Denton

et al., 2019; Fu et al., 2018; Galluzzi et al., 2018;

Goiran et al., 2018; Kim et al., 2018; Lindqvist et al.,

2018). Under homeostatic conditions, basal levels of

autophagy are required to remove misfolded or aggre-

gated proteins and damaged organelles, such as mito-

chondria, endoplasmic reticulum (ER), and

peroxisomes. However, autophagic degradation is sig-

nificantly activated in response to stress conditions to

reprogram cell metabolism, meet biosynthetic

demands, and allow cell survival. Indeed, autophagy

Fig. 1. Domain organization of HECT-type E3 enzymes. The HECT E3s have been assigned to three subgroups according to their N-terminal

protein–protein interaction domains. The C2-WW-HECT members are composed of an N-terminal protein kinase C-related C2 domain, two-

four central WW domains for substrate recruitment and a C-terminal HECT domain. HERC E3s have one (small HERC) or more RLDs (large

HERC) that precede the HECT domain. Large HERCs contain additional domains, such as SPRY and WD40 domains. The SI(ngle)-HECT

subfamily is characterized by the presence of a HECT domain but lack both WW and RDL domains. These enzymes recruit the substrates

through several distinct structural modules including armadillo repeat-containing domain, amino-terminal Zn-finger of Ube3a ligase domain,

WWE, BH3 domain, ankyrin repeat-containing domain, polyadenylate-binding protein C-terminal domain, UBA, and zinc finger domain.
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represents an adaptive cellular response to nutrient

deprivation, growth factor depletion, infection, oxida-

tive stress hypoxia, and ER stress. In response to these

conditions, autophagy preserves the biosynthetic

capacity of the cell by supplying amino acids for

de novo protein synthesis and maintains ATP levels by

providing amino acids and free fatty acids for the

Krebs cycle. In particular, starvation triggers nonselec-

tive autophagy that nonspecifically uptakes any cyto-

plasmic material. Selective autophagic pathways are

instead engaged to target specific potentially harmful

cellular components such as aggregated proteins (ag-

grephagy), damaged organelles (e.g., mitophagy and

ERphagy for mitochondria and ER disposal, respec-

tively), or invading microorganisms (xenophagy) for

degradation.

Autophagy consists of several sequential steps: initi-

ation, phagophore nucleation, autophagosome forma-

tion, autophagosome–lysosome fusion, and cargo

degradation and recycling (Fig. 2). Induction of autop-

hagy begins with nucleation of an isolation membrane,

forming a cup-shaped structure known as the phago-

phore, which originates from lipid bilayers contributed

mainly by the ER, but also by the Golgi apparatus

and endosomes (Abada and Elazar, 2014). A portion

of cytoplasm, including organelles, is then sequestered

by the elongating phagophore to form an autophago-

some, a double-membrane organelle. Then, the outer

membrane of the autophagosome fuses with the lyso-

somal membrane to form an autolysosome, followed

by degradation of the engulfed cytosolic material by

the acidic lysosomal hydrolases.

The core autophagic machinery relies on the autop-

hagy-related (ATG) proteins, which assemble into four

functional complexes that are recruited to autophagy

membrane compartments and work in sequential order

to deliver the cytosolic cargo to the lysosomes (Klion-

sky et al., 2011; Yorimitsu and Klionsky, 2005)

(Fig. 2). The upstream regulator of autophagy is the

mammalian target of rapamycin complex 1 (mTORC1)

(Yang and Klionsky, 2010). Under nutrient-rich condi-

tions, mTORC1 inhibits autophagy at several steps,

such as membrane nucleation, autophagosomal matu-

ration, and recycling of lysosomes from autolysosomes

(Kim et al., 2011, 2015; Wan et al., 2018). Stress con-

ditions that induce the autophagic process (initiation)

inhibit mTORC1, causing consequent activation of the

serine–threonine kinase Unc-51-like kinase 1 complex

(ULK1). Stress-induced autophagy is positively regu-

lated by AMP-activated protein kinase, which, under

conditions of restricted cellular energy, activates the

autophagic pathway by phosphorylating ULK1 and by

inhibiting mTORC1 (Fig. 2).

Once activated, the ULK1 complex translocates at

discrete location sites on the ER, which have been

marked by ATG9, and phosphorylates components of

the class-III phosphatidylinositol 3-kinase (PtdIns3K)

complex (Karanasios et al., 2016), which, as results, reg-

ulate phagophore formation. The PtdIns3K complex

comprises BECLIN 1, Vps34/PI3K, Vps15, ATG14L,

UV resistance-associated gene (UVRAG), and Rubicon

(Fig. 2). Other proteins, such as activating molecule in

BECLIN 1-regulated autophagy protein 1 (AMBRA1),

transiently and less stably associate with this core com-

plex in a condition-specific manner (Nazio et al., 2016).

Once phosphorylated, the PtdIns3K complex activates

local phosphatidylinositol-3-phosphate (PI3P) produc-

tion at characteristic ER structures called omegasomes.

PI3P then recruits the effector proteins, such as DFCP1

and WIPIs, to the omegasome to trigger nucleation of

the phagophore. The elongation and expansion of the

phagophore membrane are regulated by two ubiquitin-

like conjugation systems (Fig. 2). First, the E1-like

enzyme ATG7 and the E2-like enzyme ATG10 catalyze

the covalent attachment of ATG12 to ATG5

(ATG12~ATG5) (Romanov et al., 2012). Then,

ATG16L1 forms an E3-like complex with

ATG12~ATG5 (ATG12~ATG5-ATG16L1). This com-

plex acts in concert with the E1-like enzyme ATG7 and

the E2-like enzyme ATG3 to drive the lipidation of the

ATG8 family members including microtubule-associ-

ated protein light-chain 3 (LC3) proteins (Hamasaki

et al., 2013). The conjugation process is preceded by the

action of the ATG4 protease, which cleaves the ATG8

proteins to expose the C-terminal Gly for the subse-

quent lipidation reaction. Conjugation of membrane-as-

sociated phosphatidylethanolamine (PE) converts LC3

from a freely diffuse into a membrane-anchored form

and is indispensable for phagophore expansion and for

facilitating cargo recruitment in selective autophagy.

The latter generally requires adaptor proteins, such as

p62 [also termed sequestosome 1 (SQSTM 1)] and

neighbor of BRCA1 gene (NBR1), which possess a

ubiquitin-associated domain (UBA) and a LC3-interact-

ing region (LIR) facilitating their binding to LC3. They

function as receptors for ubiquitin-modified cargoes

interacting with ubiquitin or polyubiquitin chains via

the UBA domain, and then, autophagy adaptors

deliver ubiquitylated cargoes to the autophagosome via

the LIR domain (Pankiv et al., 2007). During mito-

phagy, a clearance system for removal of damaged mito-

chondria through the autophagosome–lysosome

pathway, recognition of ubiquitin-modified substrates is

mainly mediated by the optineurin (OPTN), NDP52

and AMBRA1 receptors (Di Rita et al., 2018; Heo

et al., 2015; Yamano et al., 2016). By acting as bridges
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between ubiquitin-tagged mitochondria and LC3, they

allow mitochondria delivery to autophagosomes. Simi-

larly, autophagic elimination of intracellular microor-

ganisms requires their targeting with ubiquitin chains,

which are then recognized by specific autophagy adap-

tors, such as p62, NDP52, NBR1, and OPTN, and

delivered to autophagosomes (Gomes and Dikic, 2014).

Autophagy controls a variety of physiological and

pathophysiological processes including development,

aging, neurodegenerative disorders, cancer, and elimi-

nation of intracellular pathogens such as viruses, para-

sites, and bacteria (Levine and Kroemer, 2008).

4. Interplay between ubiquitylation
and autophagy

The UPS and autophagy were originally regarded as

independent degradative pathways with no or few

Fig. 2. Schematic overview of the autophagy core machinery regulating autophagosome formation. The hierarchy of recruitment, assembly,

and activation of ATG proteins during the main phases of the autophagic process are shown. Autophagy is regulated by four ATG protein-

formed complexes, including the ULK1 complex, the PtdIns3K complex, and two ubiquitin-like protein conjugation systems. The ULK and

the PtdIns3K complexes are involved in autophagy initiation and phagophore nucleation, respectively. The ATG4-processed ATG8s are

activated by the E1-like enzyme ATG7 and then conjugated to membrane-associated PE, as a result of the coordinated activity of ATG3 and

the ATG5-ATG12-ATG16L complex, which acts as an E3 ligase. The ATG8 family is essential for biogenesis and elongation of the

phagophore and for the recruitment of cargos to the growing phagophore during selective autophagy. A master regulator of the autophagic

cascade is mTOR that suppresses PI3P synthesis, indispensable for membrane nucleation, by phosphorylating ULK1, ATG13, and Atg14L.
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interactions. It is now evident that ubiquitylation regu-

lates multiple steps in autophagy. In addition, the

autophagic pathway is activated to compensate for

reduced UPS activity, allowing cells to reduce the load

of accumulated proteasome-specific substrates. A link

between ubiquitylation and autophagy is established

by sharing common regulators or substrates. The most

obvious molecule in common between the two path-

ways is the ubiquitin itself that acts as a signal to

mark target substrates for degradation by the protea-

some or to be recognized by the adaptor proteins (e.g.,

p62) to recruit targets into autophagosomes for selec-

tive autophagy (Pankiv et al., 2007). Regulation of

autophagy by protein ubiquitylation is also achieved

by affecting the activity, the recruitment as well as the

turnover of autophagic components. The existence of

cross-talks among different E3s and deubiquitinases

alternate the addition of K48-ubiquitin chains with

K63-linked polyubiquitylation of constituents of the

autophagy core machinery. K63-linked polyubiquityla-

tion and K48-linked polyubiquitylation compete each

other to activate autophagic proteins in response to

stress conditions or to degrade them when the stress

situation is resolved, respectively. The contribution of

RING-finger E3s to autophagy has been recently

reviewed (Antonioli et al., 2017; Cui et al., 2016; Gru-

mati and Dikic, 2018). Overall, they have been primar-

ily implicated in the regulation of upstream

components of the autophagic machinery, namely

mTORC1, the ULK1 and the PtdIns3K complexes.

For instance, mTOR is a substrate of the cullin-depen-

dent ligase complex (CDL) SCFFBW7 that negatively

regulates its protein stability (Mao et al., 2008). Both

ULK1 and PtdIns3K complexes are regulated by

TRAF6-mediated ubiquitylation. In particular, K63-

polyubiquitylation promotes stabilization, self-associa-

tion, and activation of ULK1 (Nazio et al., 2013).

Interestingly, here there is a relevant interaction with

the major regulator of cell death: BCL-2 (Adams and

Cory, 2018; Montero and Letai, 2018; Pekarsky et al.,

2018; Pentimalli, 2018; Reinhart et al., 2018; Strasser

and Vaux, 2018). The attachment of K63 polyubiqui-

tin chains to BECLIN 1 disrupts its inhibitory interac-

tion with BCL-2, therefore promoting autophagy

induction (Shi and Kehrl, 2010). Various members of

the TRIpartit motif (TRIM) protein family of E3s

have been reported to induce autophagy (reviewed in

Antonioli et al., 2017). The TRIMs can either partici-

pate in the selective recognition of autophagy cargos

by cooperating with scaffold protein (e.g., p62), or

directly regulate ATGs. Among these E3s, TRIM50

promotes starvation-induced autophagy, through bind-

ing and K63-polyubiquitylation of BECLIN 1 that

facilitates the assembly of BECLIN 1 with ULK1 and,

eventually, promotes BECLIN 1 activation (Fusco

et al., 2018). In response to endomembrane damage

affecting phagosomes or lysosomes, TRIM16 associ-

ates with and catalyzes K63-linked polyubiquitylation

of ULK1 and BECLIN 1, leading to their stabilization

(Chauhan et al., 2016). TRIM32 was found to bind

ULK1 and AMBRA1 and to stimulate ULK1 phos-

phorylating activity through AMBRA1-dependent

attachment of K63-linked polyubiquitin chains (Di

Rienzo et al., 2019).

On the other hand, K48-polyubiquitylation-mediated

degradation of autophagy proteins is indispensable to ter-

minate the autophagy response. The main E3s involved

in this step are the CDL complexes. Specifically, in

unstressed conditions, CDL4 negatively regulates

AMBRA1 protein stability (Antonioli et al., 2014). Upon

nutrient deprivation, ULK1-dependent Cullin-4 release

determines a transient AMBRA1 stabilization, which is

then reverted when the stress becomes prolonged to stop

autophagy. In addition, the CDL3 complex catalyzes

K48-linked ubiquitylation of ULK1, BECLIN 1, and

VPS34, leading to their degradation (Liu et al., 2016).

Among other RING-finger E3s involved in autop-

hagy inhibition, RNF5 negatively controls the stability

of ATG4B (Kuang et al., 2012). This Cys protease

cleaves the ATG8 family member precursors to expose

the C-terminal Gly that is subsequently conjugated to

PE during autophagosome formation. In the next

paragraphs, we will highlight the emerging roles of

HECT-type E3s in autophagy regulation (Table 1).

5. HECT-type E3s in autophagy
regulation

5.1. SMURFs

Smad ubiquitin regulatory factors SMURF1 and

SMURF2 are related members of the NEDD4-like

subfamily. Accessibility of SMURFs toward different

substrates is mainly controlled at the level of their sub-

cellular localization. They primarily localize in the

nucleus, but continuously shuttle between the nucleus

and cytoplasm. Nuclear export arises as a result of

binding to adaptor molecules that enrich SMURFs

predominantly at the plasma membrane (Kavsak

et al., 2000). SMURFs also localize to the ER (Guo

et al., 2011). They are not required for general autop-

hagy, but are regulators of selective autophagy, includ-

ing xenophagy and mitophagy (Table 1) (Borroni

et al., 2018; Franco et al.,2017; Orvedahl et al., 2011).

SMURF1 is indispensable for xenophagy-induced

host defense. Smurf1�/� murine embryonic fibroblasts
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are indeed defective in targeting herpes simplex and

Sindbis viruses to autophagosomes, suggesting a

potential role for SMURF1 in immune defense by tar-

geting viruses to the autophagic machinery (Orvedahl

et al., 2011). In addition, SMURF1 participates to

ubiquitin-dependent autophagic elimination of intracel-

lular bacteria including M. tuberculosis (Mtb) and L.

monocytogenes (Lm). Selective autophagy is achieved

by recruiting K48-linked polyubiquitin chains to bacte-

rial-associated structures, directing them to LC3 and,

subsequently, trafficking Mtb to lysosomes (Franco

et al., 2017). As a result, SMURF1 restricts bacterial

replication in macrophages. Induction of selective

autophagy by SMURF1 requires its C2 domain, which

is essential for anchoring SMURF1 to membrane

phospholipids, specifically to Mtb-associated struc-

tures, and possibly, to the ER. Notably, SMURF1

and the E3 PARKIN work in concert to promote

ubiquitin-dependent selective autophagy of Mtb. The

biological relevance of SMURF1-catalyzed ubiquityla-

tion of Mtb-associated structures is well exemplified by

increased lung bacterial load, pulmonary inflamma-

tion, and accelerated mortality that follow the chronic

phase of Mtb infection in Smurf1�/� mice (Franco

et al., 2017). Further studies are needed to establish

the identity of the substrates targeted for ubiquityla-

tion by SMURF1 and whether it also functions in the

autophagic disposal of other intracellular microorgan-

isms.

A recent report by Feng and colleagues has shown

that SMURF1 recruits and forms a complex with

UVRAG through the PPxY motif (Feng et al., 2019).

This association results in K29- and K33-linked

UVRAG polyubiquitylation, which becomes more

pronounced when cells are glucose deprived. This

observation is apparently in contrast with all previous

findings implying SMURF1 uniquely in selective

autophagy (Franco et al.,2017; Orvedahl et al., 2011).

Ubiquitylation of UVRAG by SMURF1 impairs its

interaction with Rubicon (Fig. 3), which acts as a neg-

ative regulator of autophagosome maturation through

binding to the PtdIns3K complex. Rubicon interacts

with the Vps34/PI3K catalytic subunit thus inhibiting

its PI3K lipid kinase activity (Sun et al., 2011). Inter-

estingly, ubiquitylation of UVRAG impairs PIK3-

Rubicon interaction, enhances the activity of PIK3,

and, eventually, promotes autophagosome maturation.

SMURF2 binds and ubiquitylates Lamin A and its

mutant pathogenetic variant progerin (Borroni et al.,

2018). Lamin filaments provide the nucleus with

mechanical stability. Mutations in the gene encoding

Lamin A cause genetic premature aging disorders,

including Hutchinson–Gilford progeria syndrome

(HGPS). Interestingly, SMURF2-mediated modifica-

tion of Lamin A promotes its disposal through the

autophagic/lysosomal degradation pathway. As a

result, SMURF2 negatively affects cellular levels of

Lamin A and progerin in primary human dermal

fibroblasts derived from healthy individuals and from

patients affected by HGPS, respectively. Regulation of

progerin by SMURF2 appears to be biologically rele-

vant since ectopic expression of SMURF2 in progeria

fibroblasts is able to reduce the nuclear deformability

and improve the nuclear circularity, characteristic

mechanical features of progeric cells. The clinical

implication of this study is that SMURF2-mediated

clearance of progerin represents a potential therapeutic

approach in progeria treatment.

5.2. NEDD4-1 and NEDD4-2

Neural precursor cell expressed developmentally down-

regulated protein 4 is the founding member of the C2-

WW-HECT subfamily. Along with its closely related

homolog NEDD4-2, NEDD4-1 plays a crucial role in

the regulation of electrolyte homeostasis by controlling

Table 1. Protein substrates of the HECT-type E3s in autophagy regulation

E3 Type of autophagy Target Type of poly-ub chains References

SMURF1 XenophagyStarvation-induced

autophagy

CargoUVRAG K48-Ub chainsK29, K33-Ub chains Orvedahl et al. (2011); Feng et al.

(2019)

SMURF2 Selective autophagy Cargo (Lamin A) Unknown Borroni et al. (2018)

NEDD4-1 Basal and starvation-induced

autophagyMitophagyXenophagy

BECLIN 1p62 K6, K27-Ub chainsK63-Ub chains Pei et al. (2017); Sun et al.

(2017); Lin et al. (2017)

NEDD4-2 Basal and ER-induced autophagy ULK1 K27, K29 and K63-Ub chains Wang et al. (2016)Nazio et al.

(2016)

ITCH Basal autophagy Unknown Unknown Chhangani et al. (2014)

WWP1 Basal autophagy Unknown Unknown Sanarico et al. (2018)

HUWE1 Starvation-induced

autophagyMitophagy

WIPI2MFN2 Unknown Wan et al. (2018)Di Rita et al.

(2018)
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the surface abundance of the epithelial Na+ channel

(Staub et al., 1997). Though some controversial find-

ings have been reported on the contribution of

NEDD4-1 to autophagy regulation, the majority of

available experimental evidence seems to support a

promoting function in basal and starvation-induced

autophagy as well as mitophagy (Table 1) (Lin et al.,

2017; Pei et al., 2017; Sun et al., 2017). In addition,

similarly to SMURF1, NEDD4-1 contributes to killing

of intracellular Mtb, Lm, and S. pneumoniae during

bacterial infection (Pei et al., 2017; Ogawa et al.,

2018). A role in the initiation phase of the autophagic

process has been suggested by studies reported by Li

and collaborators (Li et al., 2015). Silencing of

NEDD4-1 expression impairs starvation- and rapamy-

cin-induced activation of autophagy (Sun et al., 2017)

and increases the phosphorylation levels of mTOR,

suggesting a role for NEDD4-1 in promoting autop-

hagy activation through the down-regulation of

mTORC1 signaling (Fig. 3). In addition, NEDD4-1

controls autophagosomal biogenesis by interacting

with LC3 through a LIR motif located between the C2

and the WW domains (Pei et al., 2017; Sun et al.,

2017). Interestingly, inactivation of NEDD4-1

Fig. 3. Regulation of the main phases of the autophagic pathway by the C2-WW-HECT E3s. Ubiquitin modification of substrates by the C2-

WW-HECT E3s is mainly nondegradative and affects different steps of the autophagic process: initiation, phagophore nucleation, and

autophagosome formation. NEDD4-1 takes part in the initiation step by negatively modulating the phosphorylation levels of mTOR. In

addition, NEDD4-1 interferes with phagophore formation through K6- and K27-mediated stabilization of BECLIN 1, and with autophagosomal

biogenesis by interacting with LC3 and promoting K63-conjugation of p62. NEDD4-2 acts as an E3 for ULK1 and regulates its protein

stability as an early response to nutrient deprivation. SMURF1 promotes phagophore nucleation by catalyzing K29- and K33-linked UVRAG

polyubiquitylation, and subsequent displacement of the inhibitory component Rubicon from the PtdIns3K complex. WWP1 negatively

regulates autophagy possibly through the disposal of both LC3 and ATG7.
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expression impairs autophagosome building and causes

the formation of enormous mitochondria, which points

out at a severe defect in mitophagy. Mechanistically,

LC3 is not a ubiquitylation substrate for NEDD4-1.

However, it has been proposed that the interaction of

LC3 with NEDD4-1 is relevant to recruit NEDD4-1

to the phagophore and to activate its ligase activity,

which ultimately would be required for p62 ubiquityla-

tion (Sun et al., 2017) (Fig. 3). NEDD4-1 polyubiqui-

tylates p62 through K63 conjugation and is

indispensable for its function in inclusion body autop-

hagy (Lin et al., 2017).

Another component of the autophagic machinery

that is ubiquitylated by NEDD4-1 is BECLIN 1 (Pei

et al., 2017). NEDD4-mediated K6- and K27-linked

polyubiquitylation of BECLIN 1 results in protein sta-

bilization of BECLIN 1, which, in turn, potentiates

autophagy (Fig. 3).

Nazio et al. (2016) reported that, in response to

nutrient deprivation, ULK1 protein levels are initially

destabilized through the activity of NEDD4-2, while

they are restored to basal levels in response to pro-

longed starvation (Fig. 3). This event is thought to

provide a negative control mechanism that limits

autophagy overactivation and allows cells to survive

prolonged starvation conditions. Furthermore,

NEDD4-2, but not NEDD4-1, is upregulated in

response to ER stress (Wang et al., 2016). Perturba-

tions in ER homeostasis cause the accumulation of

misfolded proteins and the activation of a signaling

network called unfolded protein response. This system

ensures the refolding of misfolded polypeptides or

their disposal via ubiquitin-proteasomal degradation

and ER stress-activated autophagy. In particular, in

response to ER stress inducers, NEDD4-2 is upregu-

lated through sXBP1, a transcription factor that regu-

lates the expression of genes necessary to recover ER

function. Once induced, NEDD4-2 modulates ER

stress-induced autophagy, though the mechanism

through which this occurs remains to be clarified.

5.3. WWP1

WW domain-containing E3 ubiquitin protein ligase 1

is a well-established oncogene that has been implicated

in the development of several human cancers (Chen

et al., 2007; Lee et al., 2019; Sanarico et al., 2018).

Unlike the other members of the HECT family,

WWP1 functions as a negative regulator of the autop-

hagic pathway (Sanarico et al., 2018). WWP1 knock-

down in acute myeloid leukemia (AML) cells indeed

leads to autophagy induction, which is accompanied

by increased total levels of LC3 and ATG7 and

accumulation of lipidated LC3. On the contrary, other

components of the autophagic machinery seem to be

unaltered by WWP1 inactivation. Autophagy activa-

tion reduces blast cell survival and contributes to delay

leukemia progression in AML cancer xenografts.

Although whether or not LC3 and ATG7 might be

substrates for WWP1 during autophagy activation is

still unexplored, this possibility may represent a con-

ceivable explanation for clarifying how WWP1 inter-

feres with the autophagic machinery. This hypothesis

would imply that WWP1 favors degradation of pro-

teins that are involved in the elongation and closure of

the autophagosomal membranes to prevent the forma-

tion of autophagosomes (Fig. 3). Another observation

that supports WWP1 as a regulator of the early steps

of autophagy is that the enzyme predominantly local-

izes to cell membranes (Chen et al., 2008), which rep-

resent the main nucleation sites for autophagosome

formation. Additional studies are required to identify

the relevant targets of WWP1 in the context of autop-

hagy regulation.

5.4. ITCH

Using a high-throughput screening approach, Rossi and

collaborators have identified clomipramine, an antide-

pressant drug, as an ITCH inhibitor compound (Rossi

et al., 2014). Clomipramine efficiently blocks ITCH

auto-ubiquitylation, as well as the modification of its

protein substrates. Clomipramine displays some general

degree of specificity for other HECT E3s, but it does

not inhibit RING-type E3s. Interestingly, this com-

pound interferes with the autophagic flux blocking the

degradation of autophagic cargo (Rossi et al., 2009;

Rossi et al., 2014). Clomipramine exerts its biological

effects at lower micromolar concentrations than those

required to inhibit ITCH activity in vitro, suggesting

that the interference with the autophagic flux may be

ITCH-independent. Nevertheless, these findings arise

the intriguing possibility that ITCH may be involved in

autophagy regulation to promote the degradation of the

serotonin receptor or its recycling mechanism. Clearly,

this is an interesting point for future investigations.

Data reported by the group of Chhangani and col-

leagues seem to corroborate an implication of ITCH

in autophagy regulation (Chhangani et al., 2014). They

provided evidence that ITCH recruits both misfolded

and aggregated (e.g., polyglutamine-containing hunt-

ingtin aggregates) cytosolic proteins. They also

observed the recruitment of other components of the

UPS and of the autophagy machinery to ITCH-posi-

tive protein aggregates. As a result, ITCH promotes

the clearance of denatured proteins and expanded-
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polyglutamine polypeptides and diminishes protein

aggregates. Overall, this study identifies ITCH as a

crucial component of the cytoplasmic protein quality

control pathway, which provides cytoprotection

against misfolded protein-mediated stress.

5.5. HUWE1

HUWE1 (also known as ARF-BP1, HectH9, URE-B1,

and Mule) is a large E3 (482-kDa) belonging to the SI

(ngle)-HECT subgroup (Fig. 1). The enzyme contains

two N-terminal ARLDs, an UBA domain, followed by

a WWE domain (WWE) and a Bcl-2 homology 3

(BH3) domain (Fig. 1). HUWE1 catalyzes mono-ubiq-

uitylation as well as K48-, K63- and K6-linked

ubiquitylation of protein targets. Modification of its

substrates crucially regulates cell proliferation, apopto-

sis, DNA repair, and tumorigenesis (Atsumi et al.,

2015; Bernassola et al., 2008; Chen et al., 2005; Zhong

et al., 2005).

A report by Wan et al. (2018) has recently high-

lighted WIPI2 as a novel ubiquitylation substrate for

HUWE1 (Fig. 4A). During the initial steps of the

autophagic process, the recruitment of effector pro-

teins such as WIPI1 and WIPI2 facilitates LC3 lipida-

tion and the subsequent growth and elongation of the

phagophore by recruiting the ATG12-ATG5-ATG16L

complex to the PI3P-rich phagophores. Binding of

WIPI2 by HUWE1 requires mTORC1-mediated phos-

phorylation and results in its ubiquitin-dependent

Fig. 4. Role of HUWE1 in autophagy regulation. (A) Contribution of HUWE1 to elongation of the phagophore. Under basal conditions,

mTORC1-dependent phosphorylation instructs WIPI2 to interact with HUWE1, resulting in its ubiquitylation and subsequent proteasomal

degradation, which, ultimately, prevents autophagy activation. In response to stressors, inhibition of mTORC1 impairs the association of

HUWE1 and WIP2. WIP2 then accumulates and recruits the ATG12-ATG5-ATG16L complex to the PI3P-rich phagophores. (B) During

mitophagy, AMBRA1 acts as a cofactor for HUWE1 to recruit and ubiquitylates MFN2. Proteasomal degradation of MFN2 facilitates the

dissociation of mitochondria from the ER, which is required for mitochondrial degradation.
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proteasomal degradation, which eventually keeps in

check WIPI2 cellular levels and controls the intensity

of basal autophagy (Fig. 4A, left). Following autop-

hagy induction, mTORC1 is inactivated and, hence,

WIPI2 adopts a dephosphorylated form, which is

unable to interact with HUWE1 and therefore under-

goes protein stabilization (Fig. 4A, right). WIPI2 is a

WD40-repeat-containing protein. Some of the

HUWE1-binding proteins contain WD40 domains and

are recruited by HUWE1 through this protein–protein
interaction module (Thompson et al., 2014). Therefore,

the authors suggest that mTORC1-induced phosphory-

lation of WIPI2 may disrupt the interaction with

HUWE1 by interfering with binding mediated by the

WD40 domain. An interesting speculation arising from

the report by Wan et al. is that metabolic adaptation

and high mTORC1 activity in cancer cells may have

an impact on autophagy regulation, at least in part,

through WIPI2 stability control.

HUWE1 has been also implicated in mitophagy reg-

ulation (Di Rita et al., 2018). During mitophagy, ubiq-

uitylation is a key process that contributes to normal

turnover of mitochondrial proteins. PARKIN partici-

pates in removing damaged mitochondria by modify-

ing several outer mitochondrial membrane proteins

(Heo et al., 2015). A central role in selective mito-

phagy regulation is exerted by AMBRA1 that binds

LC3 through a LIR motif, and, acting as a mitophagy

receptor, it eventually controls both PARKIN-depen-

dent and PARKIN-independent mitochondrial clear-

ance (Strappazzon et al., 2015). During PARKIN-

independent mitophagy, AMBRA1 functions as a

cofactor for HUWE1 to favor recruitment of HUWE1

to mitochondria and its interaction with mitofusin 2

(MFN2) (Fig. 4B). Cooperation of AMBRA1 with

HUWE1 leads to MFN2 ubiquitin-mediated degrada-

tion. Disposal of MFN2 then favors dissociation of

mitochondria from the ER, which, ultimately,

enhances the rate of mitochondrial degradation (Ash-

rafi and Schwarz, 2013). AMBRA1-mediated mito-

phagy is dependent on IKKa-induced phosphorylation

at Ser1014, flanking its LIR motif. This modification

increases binding of AMBRA1 to LC3B and thus fos-

ters its mitophagy receptor function. Notably,

HUWE1 potentiates AMBRA1-activated phosphoryla-

tion state, thus establishing a functional crosstalk

between HUWE1 and AMBRA1 in mitophagy regula-

tion (Di Rita et al., 2018).

6. Clinical implications

Deregulation of HECT E3s plays a relevant role in

human diseases including neurological disorders (Zhang

et al., 2011), viral infections (Medina et al., 2005),

inflammatory diseases (Melino et al., 2008), and cancer

(Bernassola et al., 2008). Emerging evidence has high-

lighted that HECT E3s play relevant roles in cancer

development and progression by regulating the degrada-

tion or the activity of both oncogenes and tumor sup-

pressors. As a consequence, abnormal expression,

dysfunction, and mutations of the HECT enzymes have

been associated with cancer development and chemore-

sistance (Kao et al., 2018; Koganti et al., 2018; Lee

et al., 2019; Melino et al., 2008; Sanarico et al., 2018).

Similarly, autophagy has been linked to several

pathological conditions (Murrow and Debnath, 2013).

Paradoxically, autophagy can serve as a protection

mechanism but can also contribute to cell damage. The

effect of autophagy on cell survival can be variable

depending on the cellular context and the intensity and

persistence of the stress condition. Autophagy endows

cells with an adaptation defense mechanism against cel-

lular stress. This homeostatic function protects against a

wide variety of diseases, including neurodegeneration,

myopathy, and diabetes. In contrast, the prosurvival

functions of autophagy may be deleterious in other dis-

ease settings. Autophagy can indeed favor the survival

of cancer cells by providing the required cellular inter-

mediates to satisfy their metabolic demands. On the

other hand, excessive or prolonged degradation of cellu-

lar components ultimately leads to cell death that may

or may not display hallmarks of apoptosis (Høyer-Han-

sen et al., 2005). In this respect, autophagy induction

may be beneficial across different pathological condi-

tions including cancer.

Hence, cancer properly exemplifies the dual role of

autophagy, which indeed provides a tumor suppressive

function during cancer initiation, by removing dam-

aged organelles that may generate free radicals. This

eventually limits genomic instability. During cancer

progression, autophagy instead favors tumor cell sur-

vival within the low-oxygen and nutrient-deprived

environment and during metastatic dormancy (Lu

et al., 2008; Smith and Macleod, 2019). In addition,

autophagy promotes tumor cell migration and invasion

and facilitates the resistance of tumors to radiation

and chemotherapy (Kenific et al., 2010; Smith and

Macleod, 2019).

It becomes evident that HECT E3s might contribute

to pathological conditions, at least in part, through

autophagy regulation. Modification of UVRAG by

SMURF1 was found to be functionally relevant for

autophagy-dependent degradation of the epidermal

growth factor receptor and, as a result, for inhibiting

hepatocellular carcinoma cell proliferation and tumor

growth (Feng et al., 2019).
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Silencing WWP1 expression in AML blasts acti-

vates autophagy which, in turn, decreases viability and

induces differentiation of leukemic cells (Sanarico

et al., 2018). WWP1 overexpression in AML patients

indeed causes stabilization of oncoproteins such as

PML-RARa and FLT3/ITD, whose turnover is regu-

lated in an autophagy-dependent manner. Accumula-

tion of these oncoproteins then accounts for the

myeloid maturation block of leukemic cells.

By supporting the high bioenergetic demand of can-

cer cells, mitophagy sustains tumor growth. HUWE1

may influence cancer metabolism and tumor progres-

sion by promoting mitophagy through MFN2 ubiqui-

tylation (Di Rita et al., 2018). The role of HUWE1 in

tumorigenesis has been very debated. Both tumor sup-

pressive and oncogenic functions have been reported

(Kao et al., 2018). It has been proposed that the dual

role of HUWE1 in cancer is influenced by different

protein adaptors or post-translational modifications.

In this respect, AMBRA1 acts as a cofactor for

HUWE1 to favor mitophagy induction (Di Rita et al.,

2018).

7. Concluding remarks

Clearly, HECT-type E3s play a relevant role in the

regulation of several steps of the autophagic path-

way. With few exceptions (e.g., WWP1, HUWE1),

HECT E3s act as autophagy inducers. Current evi-

dence indicates that HECT E3s are mainly involved

in the early steps of the autophagy response. Their

activities converge toward the regulation of autop-

hagy initiation, nucleation of the phagophore,

autophagosome formation, and cargo recruitment in

selective autophagy. Autophagy initiation is regulated

through the inhibition of mTORC1 by NEDD4-1,

though the underlying molecular mechanism has not

been elucidated yet. Phagophore formation regulation

is achieved as a result of UVRAG ubiquitylation by

SMURF1 that, ultimately, enhances PIK3 activity,

and via NEDD4-1-mediated modification and stabi-

lization of BECLIN 1. Cargo selection and

autophagosome building are regulated by SMURF1

that catalyzes the addition of polyubiquitin chains to

bacterial-associated structures to direct them to LC3.

NEDD4-1 also promotes these steps through p62

ubiquitylation. An example of negative regulation of

autophagy by HECT E3s is provided by HUWE1.

This enzyme is involved in the ubiquitin-mediated

degradation of the effector protein WIPI2 that is rel-

evant to restrain the intensity of basal autophagy.

Furthermore, WWP1 prevents autophagy possibly by

interfering with the formation of autophagosomes,

though the substrates mediating its function have not

been identified yet.

Further exploring the contribution of HECT-type

E3s in autophagy regulation will implement our under-

standing of the autophagic process. Few inhibitors of

the HECT enzymes have been reported to display

cytotoxic activities against cancer cells or to increase

the response of tumor cells to conventional therapies

(Rossi et al., 2014; Watt et al., 2018; Lee et al., 2019).

It would be of clinical interest to assess whether these

compounds function, at least in part, by interfering

with the autophagic pathway. Future studies aimed to

identify and characterize HECT E3 inhibitors may

lead to the development of novel therapeutic strategies

for the treatment of autophagy-associated pathologies

such as cancer and inflammatory disorders.
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