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The endosomal pathway provides a major platform for ubiquitin-modifying enzymes, which act upon
membrane-associated proteins in transit. Ubiquitylated cargo proteins are recognized by ubiquitin-binding
domains inherent to key adaptor proteins at the plasma membrane and sorting endosome. A balance
between ubiquitylation and deubiquitylation activities may govern the efficiency of recycling from endo-
somes to the plasma membrane versus lysosomal sorting through the multivesicular body pathway. We
discuss the current knowledge of the properties of adaptors and ubiquitin-modifying proteins and their
effects upon the trafficking and signaling of receptors and ligands associated with pathways fundamental
to development.
Introduction
Ubiquitylation is a reversible protein modification with critical

roles associated with each of the cell’s major degradative path-

ways, which include proteasomes, lysosomes, and autophago-

lysosomes (Clague and Urbé, 2010). Plasmamembrane proteins

traverse the endocytic pathway en route to degradation in lyso-

somal compartments. This normally first entails encapsulation in

clathrin-coated vesicles (CCVs), which are delivered to a tubulo-

vesicular compartment referred to as the early or sorting endo-

some. From here cargo may be either recycled to the plasma

membrane via tubular recycling endosomes or captured by small

vesicles that bud from the limiting membrane into the endosomal

lumen to create multivesicular bodies (MVBs). This step, which is

generally considered the point of no return, is mediated by the

endosomal complex required for transport (ESCRT) machinery

(Henne et al., 2011; Hurley and Stenmark, 2011). Mature MVBs

then deliver their content to lysosomes by undergoing direct

fusion (Futter et al., 1996). Ubiquitylation can be used as an initial

internalization signal from the plasma membrane, but it is more

stringently required for inclusion into lumenal vesicles of the

MVB. ESCRT proteins interpret ubiquitin as a sorting signal

and promote the inward vesicular budding into the vacuolar

core of the sorting endosome.

Ubiquitylated proteins are recognized by specific ubiquitin-

binding domains, of which more than 20 types have been identi-

fied in the human genome, found within hundreds of proteins

(Dikic et al., 2009). In the absence of a ubiquitin signal directing

them toward MVBs, endocytosed proteins may recycle to the

plasma membrane by simple bulk flow of membrane, though in

some cases active sorting mechanisms can also operate. This

recycling pathway is important for determining not just the abun-

dance of channels and receptors at the plasma membrane, but

also their spatial distribution,by thedepositionof cargoatdiscrete

sites on the plasma membrane (Palamidessi et al., 2008). In this

reviewweshall consider the dynamics andmultiple formsof ubiq-

uitin associated with endosomes, the proteins that recognize

them, and the enzymes that make and break them. We shall

thendiscuss their influenceuponkey receptor-mediatedsignaling

pathways, which play major roles in developmental biology.
De
Ubiquitin: Form and Function
Ubiquitin is a 76 amino acid polypeptide that is added onto

primary amino groups of the acceptor protein through an enzy-

matic cascade involving sequential actions of E1, E2, and E3

conjugating proteins. It is the E3s that are primarily involved

in substrate recognition, and, accordingly, these are more

numerous than their E1 and E2 counterparts. They can be sub-

divided into the really interesting new gene (RING) family (�300

in the human genome) and the homologous to E6-associated

protein carboxy terminus (HECT) family (28 in the human

genome) (Li et al., 2008). Both types of E3 link E2 enzymes

with substrates, but they differ in that RINGs do not themselves

directly transfer ubiquitin, whereas the HECT family forms an

intermediate thioester linkage with the ubiquitin C terminus.

Although the RING-E2 interaction occurs at some distance

from the E2 catalytic site, it is proposed to facilitate ubiquitin

transfer from the E2 by an allosteric mechanism (Budhidarmo

et al., 2012; Ozkan et al., 2005).

There are seven lysine residues intrinsic to ubiquitin itself,

offering the opportunity to synthesize polyubiquitin chains of

various topologies through specific isopeptide linkages, in addi-

tion to linear chains. In principal there are two advantages to pol-

yubiquitin chains over monoubiquitylation: increased avidity for

interaction partners due to multiple binding sites and increased

potential for selectivity offered by the palette of chain linkage

topologies. It is the E2 enzyme, in combination with an E3,

that determines the species of ubiquitin chain that are made

(David et al., 2011), and each linkage type, as well as monoubi-

quitylation, is substantively represented within the proteome

of yeast and mammalian cells (Kim et al., 2011; Ziv et al.,

2011). Appendage of a single noncleavable monoubiquitin to

the C terminus of a protein can be sufficient to direct both inter-

nalization and MVB sorting (Reggiori and Pelham, 2001; Sigis-

mund et al., 2005). However, an extensive body of literature

now suggests that the efficacy of the internalization and MVB

sorting steps can be increased by polyubiquitylation, commonly

of the Lys63-linkage type.

Rigorous studies have compared endosomal trafficking in

yeast strains expressing similar levels of wild-type or Lys63Arg
velopmental Cell 23, September 11, 2012 ª2012 Elsevier Inc. 457

https://core.ac.uk/display/82075209?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
mailto:clague@liv.ac.uk
mailto:urbe@liv.ac.uk
http://dx.doi.org/10.1016/j.devcel.2012.08.011


Eps15B

Cl
at

hr
in

ClathrinClathrin

Clathrin

R

K
T

R

K
T

A
P

2

Ligand

R

K
T

Cbl

Ub

R

K
T

Ub

R
K
T

Ub

R
K

T

Ub

UIMepsin1

UIMepsin2

UIMeps15

A
P

2

AP2

Plasma Membrane

Cytoplasm

R

K
T

DUIM H
R

SVHSR

K
T

Ub UIM
VHS

R

K
TUb

UbS
TA

M

ESCRT-0

Multivesicular body lumen

GAT

G
G

A
3VHS R

K
T

Ub

Ub

ESCRT-I

UEV TSG101 Vps28

SOUBA UBAP1
EAP20EA

P2
0

EAP45
EAP30

R

K
TGLUE Ub

ESCRT-II

Ub

R

K
TR

K
T

Vps4
complex

ESCRT-III

Ub

DUB

C
H M P

s

C
H

M
P

s

TOM1
Ub

U
IMGATVHS

Vps37

Figure 1. Receptor Tyrosine Kinase Sorting on the Endocytic Pathway Involves InteractionswithMultiple Ubiquitin-BindingDomain Proteins
Upon ligand-dependent activation, RTKs are ubiquitylated by the E3 ligase c-CBL. UIM-containing proteins act as accessory linkers between receptors, the
endocytic hub protein AP-2, and clathrin. At the sorting endosome, the ESCRTmachinery captures ubiquitylated cargo throughmultiple interactionswith proteins
containing ubiquitin-binding domains. This leads to their inclusion into small vesicles that bud from the limiting membrane into the lumen, thereby creating MVBs
destined to fuse with lysosomes. The first point of engagement is generally considered to be through the core components of the ESCRT-0 complex, HRS, and
STAM, but other options indicated are available and discussed in the main text.
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mutated ubiquitin. They show that, while Lys63-linked polyubi-

quitylation of cargo is not required for MVB formation per se, it

is necessary for MVB sorting of both the plasma membrane-

derived Gap1 permease and Carboxypeptidase S, which is

routed from the biosynthetic pathway (Lauwers et al., 2009).

Furthermore, Rsp5, the yeast E3 ubiquitin ligase that confers

ubiquitylation upon a variety of plasma membrane proteins,

exclusively generates Lys63-linked chains (Kee et al., 2006).

Mass spectrometry and other studies using linkage-specific

antibodies or Lys63Arg mutant forms of ubiquitin have also

indicated that Lys63 linkages are predominant on several

mammalian membrane proteins known to traffic to lysosomes,

such as activated epidermal growth factor receptor (EGFR),

TrkA, and dopamine transporters (Geetha et al., 2005; Huang

et al., 2006; Vina-Vilaseca and Sorkin, 2010). MHC class I

molecules are downregulated following the conjugation of

Lys63 only or mixed Lys11/Lys63-linked chains, respectively,

induced by the K3 and K5 ubiquitin ligases derived from Kapo-

si’s sarcoma-associated herpesvirus (Boname et al., 2010;

Duncan et al., 2006; Goto et al., 2010). In the case of the

K3-ligase catalyzed reaction, UBC13, which specializes in

making Lys63-linked chains, has been identified as a requisite

E2 enzyme.

Despite some countervailing evidence (Saeki et al., 2009), it is

believed that Lys63-linked ubiquitin chains are not usually

involved in proteasomal degradation. They are the only linkage

type that does not accumulate in the first few hours following

proteasome inhibition, yet they preferentially accrue following

perturbation of the endo/lysosomal pathway with an inhibitor of

the v-ATPase proton pump (Dammer et al., 2011). An out-

standing question is how such Lys63-linked chains are pro-

tected from proteasomal degradation, given that they are able
458 Developmental Cell 23, September 11, 2012 ª2012 Elsevier Inc.
to target proteins to the proteasome in vitro (Kim et al., 2007;

Saeki et al., 2009). Our preferred possibility is that the high

concentration of ubiquitin-binding domain-containing proteins

associated with endosomal membranes ensures effective local

competition with proteasomes for binding.

Ubiquitin-Binding Domains and Endocytic Trafficking
The best-characterized pathway for internalization from the

plasmamembrane involves CCVs, which are able to concentrate

cargo proteins through a range of adaptor proteins linking to

clathrin directly and to the hub protein, AP2 (Figure 1). Tandem

ubiquitin-interaction motifs (UIM) are found in the Epsin 1

and 2, Eps15, and Eps15R CCV adaptors and in yeast epsin

homologs Ent1p and Ent2p, while the yeast Eps15 homolog

Ede1p bears a single ubiquitin-associated (UBA) domain (Traub

and Lukacs, 2007). Their functional relevance has been

assessed by genetic and siRNA approaches. For example, an

Ent1p mutant lacking UIM domains, in contrast to the full-length

protein, fails to complement a Ste2p internalization defect in

ent1Dent2Dede1D yeast cells (Shih et al., 2002). Epsin contrib-

utes to the internalization of activated receptors such as the

protease-activated receptor 1 (Par1) and the EGFR, while in

Drosophila melanogaster the epsin homolog Liquid facets is

required for internalization of the Notch-receptor ligand Delta

(Chen et al., 2011; Kazazic et al., 2009; Overstreet et al., 2004).

Structural and in vitro binding studies have suggested a prefer-

ence of Epsin for Lys63-linked ubiquitin chains, due to the

spacing and orientation between tandem ubiquitin-binding

domains that is similar to a Lys63-specific functional ubiquitin-

binding unit in the DNA repair protein RAP80 (Sato et al.,

2009). Reports also suggest that in some instances ubiquitylated

EGFR can be internalized via a non-clathrin-dependent route
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that nevertheless requires interaction with the UIM domains of

Eps15s and Epsin (Sigismund et al., 2005).

The ESCRT-0 complex is proposed to represent the first point

of engagement of the MVB sorting machinery with ubiquitylated

cargo (Henne et al., 2011; Hurley and Stenmark, 2011). The core

complex is comprised of the constitutively associated compo-

nents HRS and STAM (Vps27 and Hse1 in yeast), which together

provide five ubiquitin-binding sites. HRS contributes two such

sites by a double-sided ubiquitin-interaction motif (DUIM)

(Hirano et al., 2006), while STAM contains a conventional UIM.

Both proteins also contain N-terminal VHS domains that provide

additional ubiquitin-binding sites (Hong et al., 2009; Ren and

Hurley, 2010) (Figure 1). In-vitro-binding studies of ubiquitin to

an intact ESCRT-0 complex revealed a modest selectivity for

Lys63- over Lys48-linked chains, 3.7-fold for diubiquitin forms

and 2.4-fold for tetraubiquitin chains. Mutational analysis in

yeast has suggested that all of the ESCRT-0 ubiquitin-binding

domains contribute to MVB sorting of a model cargo protein

(Ren and Hurley, 2010).

Many of the proteins containing ubiquitin-binding domains

that are described above are themselves monoubiquitylated, a

process that has been termed coupled monoubiquitylation

(Woelk et al., 2006). This affords them the opportunity to

generate a network of interactions that may play a role in orga-

nizing the machinery and allows for regulatory mechanisms

through which the attached ubiquitin can occupy the ubiquitin-

binding site (Hoeller et al., 2006). Data obtained on yeastmutants

of Ent UIMs and Ede1 UBA domain support this view, as they

play roles in the internalization of both ubiquitylated and non-

ubiquitylated receptors (Dores et al., 2010). However, it has

been suggested that this is not essential for the yeast ESCRT

machinery function in endocytic sorting, based on measure-

ments of sorting following the elimination of ESCRT-0 ubiquityla-

tion (Stringer and Piper, 2011).

Other components of the ESCRTmachinery contain ubiquitin-

binding domains. The ESCRT-I proteins TSG101 (Vps23 in yeast)

and UBAP1 contain an N-terminal ubiquitin E2 variant (UEV)

domain and a solenoid of overlapping UBAs (SOUBA) domain,

respectively, while the ESCRT-II protein EAP45 (Vps36) contains

a GRAM-like ubiquitin-binding in EAP45 (GLUE) domain (Agro-

mayor et al., 2012; Hurley and Stenmark, 2011). The C terminus

of the yeast ESCRT-I protein Mvb12 also binds to ubiquitin, but

this protein has diverged significantly in humans and may be

functionally replaced by UBAP1 (Shields et al., 2009; Stefani

et al., 2011). At present, the precise choreography of these

interactions is unclear. The nomenclature anchors the notion of

sequential action of ESCRT complexes. However, mutational

studies in yeast support a more cooperative mechanism,

perhaps involving a supercomplex with numerous components

contributing to ubiquitin recognition in a partially redundant

manner (Shields et al., 2009). The later events of MVB budding

are controlled by the ESCRT-III complex, which contains no

known ubiquitin-binding domains, although it does recruit the

endosomal deubiquitylating enzymes (DUBs) USP8 and AMSH

(Clague and Urbé, 2006). Conceivably, at this point, cargo is

committed to the pathway and a sorting signal is no longer

required.

Another group of ubiquitin-binding proteins either act in

concert with the HRS/STAM ESCRT-0 complex or provide
De
a parallel link between ubiquitylated cargo and ESCRT-I in

mammalian cells. TOM1, TOM1 like-1 (TOM1L1), and TOM1

like-2 (TOM1L2) constitute a small family of proteins with an

N-terminal VHS domain followed by a GAT domain, which binds

to ubiquitin. The complex between TOM1, Tollip, and Endofin

could act as an alternative ESCRT-0. It possesses all of the

salient features of the HRS/STAM complex, which include

PtdInsP, clathrin, and TSG101 binding, as well as ubiquitin

recognition (Urbé, 2005). TOM1L1 can be recruited to endo-

somes by direct binding to HRS through its VHS domain, and it

similarly binds to TSG101 (Puertollano, 2005). However,

TOM1L1 has also been proposed to transiently associate with

activated EGFR at the plasma membrane before redistributing

to endosomes along with an internalized receptor. siRNA-medi-

ated depletion of TOM1L1 reduces the activated EGFR internal-

ization rate, consistent with a proposed role as an accessory

factor for its packaging into clathrin-coated vesicles (Liu et al.,

2009). Another HRS binding protein, the Eps15 isoform

Eps15B, contains tandem UIMs, localizes to endosomes, and

seems to contribute to the efficiency of EGFR degradation (Rox-

rud et al., 2008). Golgi-localized, g-ear-containing ARF-binding

protein 3 (GGA3) possesses a GAT domain that, like the HRS

DUIM, presents two binding sites for ubiquitin, as well as

a VHS ubiquitin-binding domain (Kawasaki et al., 2005; Puertol-

lano and Bonifacino, 2004; Ren and Hurley, 2010). Like HRS, it

can bind to ubiquitylated EGFR and also to the ESCRT-I compo-

nent TSG101. Depletion of GGA3 inhibits EGFR downregulation

via the MVB pathway (Puertollano and Bonifacino, 2004) but

enhances that of another receptor tyrosine kinase, c-Met (Para-

choniak et al., 2011). Parachoniak et al. proposed an active role

for GGA3 in promoting recycling of the Met receptor, in concert

with the adaptor protein CrkA and the small GTPase Arf6, that is

likely to be independent of ubiquitylation.

Rabex-5 is an exchange factor for the GTPase Rab5, widely

regarded as a master regulator of early endosomal properties,

including motility and membrane fusion capacity. Its catalytic

domain is homologous to the yeast nucleotide exchange factor

Vps9, which is responsible for activating the endosomal rab

protein, Vps21. Rabex-5 also contains an A20 Zn-finger domain

and an adjacent inverted UIM (MIU), both of which bind directly

to distinct surfaces of ubiquitin (Lee et al., 2006; Penengo et al.,

2006) and are critical for endosomal recruitment. In contrast,

a monoubiquitylated form of Rabex-5 is enriched in the cytosol,

leading to the suggestion that a cycle of ubiquitin-dependent

recruitment, followed by monoubiquitylation-driven release,

controls the dynamic association of Rabex-5 with endosomes

(Mattera and Bonifacino, 2008). A physical association between

Rabex-5 and ubiquitylated EGFR has been established by coim-

munoprecipitation experiments, providing a potential mecha-

nism to couple EGFR activation to Rab5 activation (Penengo

et al., 2006). An analogous system may operate in yeast,

whereby Vps9 is also recruited to endosomes and activated by

virtue of ubiquitin interaction with its CUE domain (Carney

et al., 2006; Davies et al., 2003; Donaldson et al., 2003). The

ZnF-finger domain also confers E3 ubiquitin ligase activity

upon Rabex-5, perhaps by recruiting ubiquitin-conjugated E2

enzymes (Mattera et al., 2006). One key substrate of Rabex-5-

mediated ubiquitylation is Ras. In Drosophila, Rabex-5 serves

to restrict Ras signaling in order to establish organism size,
velopmental Cell 23, September 11, 2012 ª2012 Elsevier Inc. 459
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wing vein pattern, and eye versus antennal fate. Overexpression

of Rabex-5 can suppress the eye phenotypes of oncogenic

Ras expression (Yan et al., 2010). This mechanism of Ras

regulation is conserved in human cells as Rabex-5 ubiquitin

ligase activity acts to restrict the activation of ERK by H-Ras

(Xu et al., 2010).

Lysosomal Sorting Efficiency Is Determined by
a Balance of Ubiquitin Ligase and Deubiquitylating
Activities
In mammalian cells, the requirement for ubiquitin as a sorting

signal is often more stringent at the MVB stage rather than at

the plasma membrane. Because ubiquitin is a reversible post-

translational modification, the efficiency of this sorting step

reflects a balance between the relevant E3-ligase activities and

that of DUBs (Figure 2). One attractive notion is that this provides

for a kind of ‘‘proofreading’’ system that can selectively regulate

the fate of ubiquitylated proteins at the endosome according to

substrate identity or ubiquitin chain type, analogous to a similar

system associated with the proteasome (Finley, 2009).

Formany receptor tyrosine kinases (RTKs), including EGFR, c-

Met, and PDGFR, the relevant E3-ligase activity is the proto-

oncogene c-CBL, which is recruited via interactions with

a specific pTyr residue on the receptor and with the receptor-

associated molecule GRB2 (Joazeiro et al., 1999; Levkowitz

et al., 1998; Waterman et al., 2002). In the case of EGFR,

UBC4/5 has been suggested to provide the complementary

E2-conjugating activity (Umebayashi et al., 2008). v-CBL acts

in a dominant-negative fashion to inhibit RTK downregulation,

and various oncogenic mutations in receptors are associated

with loss of CBL binding, exhibiting similar defects in downregu-

lation (Abella et al., 2005; Peschard and Park, 2003; Thien and

Langdon, 2005). Thus, the RTK lysosomal pathway can be

considered as a tumor-suppressor pathway (Mosesson et al.,

2008). In the case of the large family of seven trans-membrane

G protein-coupled receptors, the E3 palette appears to be

more diverse (Hislop and von Zastrow, 2011). c-CBL has

been shown to ubiquitylate and promote downregulation of
460 Developmental Cell 23, September 11, 2012 ª2012 Elsevier Inc.
human protease-activated receptor 2 (Jacob et al., 2005), but

stimulus-dependent ubiquitylation of some other GPCRs is

mediated by HECT family E3 ligases (Rotin and Kumar, 2009),

such as Nedd4 for b2-adrenergic receptor (Nabhan et al.,

2010; Shenoy et al., 2008) and AIP4 for CXCR4 receptors

(Marchese et al., 2003).

In yeast, a family of Arrestin-like trafficking adaptors (ARTs)

that harbor essential PY motifs were proposed to recruit the

HECT E3 ligase Rsp5 to transporters in yeast cells following

changes to the environmental conditions that require their

removal from the plasma membrane (Lin et al., 2008; Nikko

and Pelham, 2009). This results from ubiquitylation of both cargo

proteins and the ARTs themselves. Human homologs of this

family may also act as adaptors for Nedd4-like enzymes (Dra-

heim et al., 2010; Nabhan et al., 2010). In general, this adaptor

function is thought to be regulated by specific signaling

cascades. For example, Art1 is negatively regulated by Npr1

kinase, which in turn is negatively regulated by TORC1 kinase,

a critical sensor of a yeast cell’s nutritional status (MacGurn

et al., 2011). ARTs have also been proposed to bind directly to

ESCRT components TSG101 (Vps23) and ALIX (Herrador et al.,

2010; Rauch and Martin-Serrano, 2011), suggesting that this

may provide a means to couple HECT E3 ligases to the endoso-

mal sorting machinery.

Three DUBs are known to influence EGFR trafficking and

degradation. AMSH is a metalloprotease DUB with high selec-

tivity for Lys63-linked chains, while USP8 is highly active but

shows minimal chain-type discrimination in vitro (Faesen et al.,

2011; Komander et al., 2009; McCullough et al., 2006; Sato

et al., 2008). Both compete for binding to the Src homology 3

(SH3) domain of the ESCRT-0 protein STAM and also bind to

distinct complements of charged multivesicular body (CHMP)

proteins that make up ESCRT-III, through their respective micro-

tubule interacting and trafficking (MIT) domains (Clague and

Urbé, 2006; McCullough et al., 2006; Row et al., 2007; Solomons

et al., 2011). Based on siRNA-depletion experiments, AMSH is

proposed to negatively regulate EGFR downregulation and

consequently to enhance recycling of the receptor (Bowers

et al., 2006; McCullough et al., 2004; Pareja et al., 2011).

However, the exquisite selectivity of AMSH for Lys63-linked

chains may preclude removal of the proximal ubiquitin moiety

attached to a cargo molecule, leaving a monoubiquitin residue

to either act as a weaker sorting signal or be subsequently

removed by a less discriminatory DUB, such as USP8. The

effects of USP8 depletion are more pleiotropic and may depend

upon the extent of knockdown. They include inhibition of RTK

degradation, clustering of tethered MVBs, and destabilization

of ESCRT-0 components (Mizuno et al., 2006; Row et al.,

2006). Conditional USP8 knockout mice show reduced levels

of EGFR and ESCRT-0 components (Niendorf et al., 2007).

AMSH and USP8, along with AMSH-like protein (AMSH-LP),

represent the most clear-cut examples of endosomal DUBs

based on a localization screen of more than 60 GFP-DUBS in

HeLa cells (Urbé et al., 2012). However, others may influence

ubiquitin dynamics at endosomes through transient interactions.

A recent siRNA screen across the DUB family further identified

Cezanne-1 as a negative regulator of EGFR degradation and

showed that it interacts directly with the ubiquitylated receptor

through its ubiquitin-binding domains (Pareja et al., 2011).
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sensitive to cleavage. This modus can be opposed
at the endosome by further ubiquitylating activity
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are discussed in the main text.
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The principal of negative regulation of lysosomal sorting by

deubiquitylation described above has been extended to other

DUBs and ubiquitylated cargos. For example, USP-46 nega-

tively regulates the degradation of glutamate receptors in Cae-

norhabditis elegans ventral nerve chord (Kowalski et al., 2011).

USP8 is proposed to negatively regulate degradation of

Smoothened (Smo) and Frizzled receptor (Fz) associated with

the Hedgehog (Hh) and Wingless (Wnt) signaling pathways,

respectively (see below). The second principal of regulation

through governance of endosomal protein stability, exemplified

by USP8, has been extended to the vasopressin-induced DUB,

USP10. It stabilizes Sorting Nexin 3 (SNX3), a positive regulator

of endosomal recycling, and increases the amount of amiloride-

sensitive epithelial sodium channels (ENaC) at the plasma

membrane (Boulkroun et al., 2008). Finally, another important

proposed role is to maintain ubiquitin homeostasis by recycling

ubiquitin from receptors that have been committed to degrada-

tion at some point before full sequestration from the cytosol

occurs. In yeast, this function is performed by Doa4, which

may closely overlap in function with mammalian USP8 (Clague

et al., 2012; Kimura et al., 2009).
De
Signaling Pathways Influenced by Ubiquitin-Dependent
Endocytosis
The trafficking of receptors and associated signaling effectors

through the endocytic pathway exposes them to a changing

spectrum of substrates, while their inclusion into lumenal vesi-

cles of MVBs terminates signaling through sequestration away

from the cytosol. In addition, ubiquitylation may itself act as

a signaling device through the dynamic assembly of protein

interaction networks, much akin to phosphorylation (Grabbe

et al., 2011). In this section, we will focus on key signaling

pathways fundamental to developmental cell biology, which

are regulated by ubiquitin-dependent sorting processes at the

endosome.

Wnt promotes variousmorphogenic outputs depending on the

local strength of the signal, which is determined by the levels of

Fz receptor. In both mammalian cells and Drosophila, Fz

undergoes continuous rounds of constitutive endocytosis and

recycling (Figure 3A). This itinerary is associated with monoubi-

quitylation, which is reversed by the endosomal DUB, USP8/

UBPY (dUBPY in Drosophila). In the absence of this activity,

the receptor is diverted to the MVB/lysosomal pathway, and
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plasma membrane levels decline. Consequently, dUBPY is

required for sensory bristle formation in the Drosophila wing

(Mukai et al., 2010). Many other factors associated with this

pathway are also regulated by reversible ubiquitylation but are

most likely independent of endosomes (Tauriello and Maurice,

2010). However, recent data has suggested that inhibition of

GSK3b, which is required for Wnt signaling, is achieved through

sequestration into MVBs. Although this process requires the

ESCRT-0 component HRS, the means by which GSK3b is tar-

geted to endosomes is presently unclear (Metcalfe and Bienz,

2011; Taelman et al., 2010). The seven-transmembrane receptor

Smo is also subject to ubiquitin-mediated lysosomal degrada-

tion. Hedgehog binding to Patched (Ptc) increases the levels of

Smo at the plasma membrane by inhibiting its ubiquitylation.

Similar to the situation described above for Fz, gains and loss

of USP8 lead to reciprocal changes in Smo levels at the cell

surface (Li et al., 2012; Xia et al., 2012) (Figure 3A).

TGF-b and other related cytokines regulate a diverse set of

developmental and homeostatic functions through heterotetra-

meric complexes of type I and type II serine/threonine kinase

receptors. The principal substrates of activated receptors are

the SMAD transcription factors. The turnover of TGFb type I

receptor (TbRI) via lysosomal degradation is promoted by

ubiquitylation effected by the Smad7-dependent recruitment

of the related HECT family E3 ligases SMURF1, SMURF2, or

NEDD4-2 (Ebisawa et al., 2001; Kavsak et al., 2000; Kuratomi

et al., 2005). Two closely related DUBs, USP4 and USP15,

have recently been proposed to positively regulate signaling

output through extension of TbRI half-life, augmenting an earlier

report invoking similar activity for UCH37 (Eichhorn et al., 2012;

Wicks et al., 2005; Zhang et al., 2012). BothUSP4 andUSP15 are

proposed to deubiquitylate the receptor, through direct interac-

tion in the case of USP4, but requiring Smad7 for recruitment of

USP15. Smad7 can engage in simultaneous interaction with

countervailing E3-ligase (SMURF2) and DUB (USP15) activities.

This association of USP15 declines with increasing concentra-

tion of TGF-b stimulation, promoting receptor degradation.

This provides a rheostat-like feature that limits hyperactivation

of the pathway (Eichhorn et al., 2012). One further link between

this pathway and endosomes concerns the parallel findings

that the endosomal DUBs AMSH and AMSH-LP positively regu-

late the related bone morphogenic protein (BMP) and TGFb

signaling pathways, respectively (Ibarrola et al., 2004; Itoh

et al., 2001). These both interact with various SMAD family

members, but their molecular mechanisms of action have not

been further characterized since these initial studies, which

predated the realization of their DUB activity.

Notch is a single-pass transmembrane receptor that is acti-

vated through association with membrane-bound ligands on

neighboring cells to provide contextual information influencing

cell differentiation pathways. These ligands belong to the DSL

family and are subdivided into the Delta (DI) or Serrate (Ser)

classes in higher metazoans. Two RING E3 ligases, Neuralized

and Mind-Bomb 1 (Mib1), have been shown to ubiquitylate and

activate DSL proteins, and there is a notable correlation between

ligase expression, DSL internalization, and signaling capacity

(Daskalaki et al., 2011) (Figure 3B). Furthermore, the ubiquitin-

binding endocytic adaptor protein Epsin is also required in

Notch-signal-sending cells in a variety of organisms. The reason
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for the requirement for endocytosis in signal-sending cells is

still not completely resolved beyond dispute. However, one

compelling idea is that the mechanical force placed on Notch

by endocytosis of its ligand into a neighboring cell promotes a

conformation that is susceptible to an activating proteolytic

cleavage adjacent to the extracellular face of the plasma

membrane by TACE/ADAM metalloproteases (Weinmaster and

Fischer, 2011). This then enables a second cleavage of Notch

by g-secretase to release its intracellular domain (NICD).

A number of studies have suggested that endocytosis of

Notch itself contributes to activation, but there are many uncer-

tainties. A key player in some contexts is the RING E3 ligase

Deltex, expressed in Notch-signal-receiving cells, which

promotes Notch ubiquitylation (Baron, 2012; Vaccari et al.,

2008). In Drosophila, overexpression of Deltex leads to Notch

activation and accumulation in late endosomes, but, critically,

this mode of signaling is independent of DSL ligand activation

and probably generates the NICD by a different proteolytic

cleavage mechanism (Hori et al., 2004). Coexpression of the

HECT E3-ligase family protein Suppressor of Deltex, Su(dx)

(AIP4/ITCH in mammalian cells), opposes this activation mecha-

nism by shifting the distribution of Notch from the limiting

membrane of MVBs to lumenal vesicles such that NICD cannot

be released into the cytosol (Chastagner et al., 2008; Hori

et al., 2011) (Figure 3B). Intriguingly, one further role of Deltex

established in mammalian cells is to recruit a DUB enzyme

EIF3F, more commonly recognized as a translation initiation

factor and hitherto presumed to be an inactive member of the

JAMM family of metalloprotease DUBs. EIF3F and another

DUB, USP12 in complex with its activator UAF1, have been

proposed to act as positive and negative regulators of Notch

signaling by suppressing the ubiquitylation of ligand activated

and constitutively endocytosed Notch, respectively (Moretti

et al., 2010, 2012). Thus, a complex interplay between various

ubiquitin-modifying enzymes is likely to govern the positioning

of both ligand-activated and constitutively trafficking Notch

within the endocytic pathway, providing the capacity for fine

control of the signaling strength.

Control of Receptor Trafficking through Regulated
Transcription of E3s and DUBs
The plasma membrane levels of channels and receptors are

often rapidly regulated by alterations to their trafficking itinerary,

in which ubiquitin dynamics play a central role. However, cells

sometimes respond to prevailing conditions over a slower time-

scale through transcriptional mechanisms. Interesting examples

of transcriptional regulation of a RING E3 and of DUBs have been

shown to influence endocytic trafficking and impact on key

processes essential to wellbeing.

The cellular response to elevated cholesterol is transcrip-

tionally regulated through ER retention of sterol response

element-binding protein (SREBP) transcription factor precursor,

leading to reduced transcription of genes involved in choles-

terol synthesis and uptake (low-density lipoprotein receptors,

LDLRs). In addition, the sterol responsive nuclear liver X receptor

(LXR) promotes cholesterol efflux and inhibits LDLR-mediated

uptake. LXR upregulates the expression of the RING E3 ligase

Inducible degrader of the LDLR (IDOL) (Figure 4A). The FERM

domain (F-4.1 protein, Ezrin, Radixin, Moesin) of IDOL binds
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directly to LDLR, promoting its ubiquitylation and lysosomal

degradation through the conjugation of Lys63-linked ubiquitin

chains, leading to reduced receptor levels (Sorrentino et al.,

2011; Zelcer et al., 2009). IDOL preferentially associates with

the UBE2D family of E2 ubiquitin-conjugating enzymes, for

which expression of a dominant-negative form inhibits LDLR

degradation (Zhang et al., 2011).

The ENaC channel plays a fundamental role in salt and fluid

homeostasis. It is usually a short-lived protein that is turned

over by ubiquitin- and ESCRT-dependent lysosomal degrada-

tion (Staub et al., 1997; Zhou et al., 2010). The relevant E3 ligase

is Nedd4-2, and defects in this interaction give rise to an in-

herited hypertensive condition known as Liddle syndrome. This

process can be reversed by deubiquitylation. Two DUBs have

been implicated in governing ENaC levels, which are under tran-

scriptional control by established hormonal regulators of blood

pressure (Figure 4B). Aldosterone and vasopressin induce

expression of USP2-45 and USP10, respectively. Both enhance

plasma membrane ENaC levels but have different modes of

action. As discussed earlier, USP10 stabilizes the regulator of

trafficking SNX3 (Boulkroun et al., 2008), while USP2-45 inter-

acts with and deubiquitylates the channel directly (Fakitsas

et al., 2007). A second layer of control is proposed to be provided

by the aldosterone-induced Sgk1 kinase that interacts with and

phosphorylates Nedd4-2, leading to reduced interaction with

ENaC (Debonneville et al., 2001).

Conclusions and Outlook
Endocytosis, and its intimate connection with reversible ubiqui-

tylation, pervades nearly all aspects of cellular regulation. It

provides the major mode of protein turnover for plasma
De
membrane proteins but also coordinates spatial distribution

and signaling outputs. One emerging aspect is the crosstalk

with other protein degradation pathways provided by the protea-

some and autophagy routes, which goes beyond a shared

reliance upon ubiquitylation (Clague and Urbé, 2010). Protea-

somes are found to be associated with endosomes, and their

function is required for the lysosomal trafficking of certain

receptors such as growth hormone receptor, TrkA, and Met

receptor (Carter et al., 2004; Geetha and Wooten, 2008;

Gorbea et al., 2010; van Kerkhof et al., 2000). The abundant

p97/valosin-containing protein that controls many aspects of

cellular proteostasis, including the ERAD pathway, has recently

been associated with endosomal functions (Meyer et al., 2012).

For example, binding of p97 to Lys48-modified mannose re-

ceptor in dendritic cells is required for translocation of antigens

from the endosomal lumen, a critical step for cross-presentation

by MHC class I molecules (Zehner et al., 2011). p97 has a variety

of cofactor partners, many of which contain UBX or UBX-like

domains. When complexed with UBXD1, p97 binds to the

plasma membrane and endosome-associated protein, caveolin,

and is implicated in its trafficking to MVBs, as well as having

more general effects on the MVB pathway. Interestingly, muta-

tions in p97 associated with the late-onset degenerative disorder

inclusion body myopathy associated with Paget’s disease of

bone and frontotemporal dementia (IBMPFD) compromise the

interaction with caveolin. Individuals with IBMPFD with corre-

spondingmutations show deviations in the distribution of caveo-

lin isoforms from control subjects that may underpin clinically

observed symptoms (Ritz et al., 2011).

Regulation of signal strength plays a critical role in the

development of multicellular organisms. The balance between
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endosomal ubiquitylation and deubiquitylation governing

receptor number and activity is emerging as a common device

for fine-tuning of key signaling pathways. Certain regulators,

such as c-Cbl, Nedd4, and USP8, are used in this context by

multiple signaling systems, but many more specific partnerships

remain to be discovered.
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Boulkroun, S., Ruffieux-Daidié, D., Vitagliano, J.J., Poirot, O., Charles, R.P.,
Lagnaz, D., Firsov, D., Kellenberger, S., and Staub, O. (2008). Vasopressin-
inducible ubiquitin-specific protease 10 increases ENaC cell surface expres-
sion by deubiquitylating and stabilizing sorting nexin 3. Am. J. Physiol. Renal
Physiol. 295, F889–F900.

Bowers, K., Piper, S.C., Edeling, M.A., Gray, S.R., Owen, D.J., Lehner, P.J.,
and Luzio, J.P. (2006). Degradation of endocytosed epidermal growth factor
and virally ubiquitinated major histocompatibility complex class I is indepen-
dent of mammalian ESCRTII. J. Biol. Chem. 281, 5094–5105.

Budhidarmo, R., Nakatani, Y., and Day, C.L. (2012). RINGs hold the key to
ubiquitin transfer. Trends Biochem. Sci. 37, 58–65.

Carney, D.S., Davies, B.A., and Horazdovsky, B.F. (2006). Vps9 domain-con-
taining proteins: activators of Rab5 GTPases from yeast to neurons. Trends
Cell Biol. 16, 27–35.
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