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Abstract Signal strength evoked by ligand stimulation is

crucial for cellular responses such as fate decision, cell

survival/death, secretion, and migration. For example,

morphogens are secreted signaling molecules that form

concentration gradients within tissues and induce distinct

cell fates in a signal strength-dependent manner. In addi-

tion to extracellular ligand abundance, the sensitivity of

signal-receiving cells to ligands also influences signal

strength. Cell sensitivity to ligands is controlled at various

levels: receptor presentation at the cell surface, positive/

negative regulation of signal transduction, and target gene

activation/repression. While the regulation of signal

transduction and gene transcription is well studied, receptor

presentation is still not fully understood. Recently, it was

reported that cellular sensitivity to the Wingless (Wg)/Wnt

morphogen is regulated by balanced ubiquitination and

deubiquitination of its receptor Frizzled (Fz). In this

review, we review how ubiquitination regulates receptor

presentation at the cell surface for the detection of extra-

cellular signal strength.

Keywords Endocytosis � Trafficking � Wg/Wnt �
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Introduction

Signal strength plays essential roles in various biological

processes including pattern formation [1–3] and cell

migration in development, and chemotaxis of leukocyte

and tumor cells [4, 5]. Signal strength is controlled at the

levels of extracellular signaling ligands, cell surface

receptors, intracellular signal transduction molecules,

transcription factors, and chromatin regulators. The amount

of extracellular signaling ligands is the primary determi-

nant of signal strength. The levels of extracellular ligands

depend on the expression levels, transport efficiencies to

target cells, and degradation rates of the ligands. Once the

ligands reach the target cells, they are detected by specific

receptors presented at the cell surface. Therefore, regula-

tion of receptor presentation is crucial for precise detection

of extracellular signal strength and is controlled by the

level of expression and by subcellular localization.

Some receptors are constitutively cycling between the

cell surface and the endosomes. Localization of the

majority of receptors is determined by a balance in inter-

nalization and recycling rates. For example, the epidermal

growth factor receptor (EGFR) is mainly located at the cell

surface because its recycling rate is about ten times higher

than its internalization rate [6–8]. When EGF binds to

EGFR, the internalization rate of EGF–EGFR complexes is

increased [6], and these internalized complexes are sorted

to different cellular destinations, such as the cell surface or

A. Mukai and M. Yamamoto-Hino contributed equally to this work.

M. Yamamoto-Hino � S. Goto (&)

Department of Life Science, Rikkyo University,

3-34-1 Nishi-Ikebukuro, Toshima-ku, Tokyo 171-8501, Japan

e-mail: stgoto@rikkyo.ac.jp

A. Mukai � M. Yamamoto-Hino � S. Goto

Research Group of Glycobiology and Glycotechnology,

Mitsubishi-Kagaku Institute of Life Sciences, Minamiooya,

Machida, Tokyo 194-8511, Japan

M. Yamamoto-Hino � H. Okano � S. Goto

Department of Physiology, School of Medicine, Keio University,

35 Shinanomachi, Shinjuku-ku, Tokyo 160-8582, Japan

M. Komada

Department of Biological Sciences, Tokyo Institute

of Technology, Yokohama 226-8501, Japan

Cell. Mol. Life Sci. (2012) 69:4007–4016

DOI 10.1007/s00018-012-1084-4 Cellular and Molecular Life Sciences

123



multi vesicular bodies (MVBs), where they are further

degraded in lysosomes. Given that sorting to the lysosome

requires the ubiquitination of EGFR [9], its subcellular

localization may be determined by its ubiquitination.

However, ubiquitin-mediated control of receptor dynamics

differs depending on receptor species and biological

context. Here, we review ubiquitin-mediated control of

receptor localization and cellular responsiveness to extra-

cellular ligands.

Ubiquitination and deubiquitination

Ubiquitination, one of the major post-translational modifi-

cations, regulates cellular signaling and homeostasis [10,

11]. Ubiquitin is conjugated to target proteins in a series of

reactions conducted by ubiquitin-activating (E1), ubiquitin-

conjugating (E2), and ubiquitin-ligating (E3) enzymes [12–

14]. There are two types of ubiquitin-protein conjugations:

monoubiquitination and polyubiquitination. The former is

the addition of a single ubiquitin to a target protein and,

when it occurs at multiple sites on a single target protein,

the term multi-monoubiquitination is employed. The latter

is the attachment of ubiquitin chains to a target protein.

Ubiquitin chains are generated by the formation of an iso-

peptide bond between a carboxyl group of ubiquitin Gly76

and an e-amino group of another ubiquitin Lys. Among the

seven Lys residues in ubiquitin, Lys48- and Lys11-linked

ubiquitin chains are used as tags for degradation by the 26S

proteasome [15–19]. Lys63-linked chains are involved in

the activation of nuclear factor-jB (NF-jB), the orches-

tration of different steps during DNA repair, and the

targeting of the modified protein to the lysosome [11, 20–

26]. Monoubiquitination serves to regulate the internaliza-

tion of cell-surface proteins, the sorting of internalized

proteins, as well as other cellular processes [23, 27–29].

Removal of ubiquitin moieties from modified proteins

is catalyzed by a number of deubiquitination enzymes

(DUBs) [30–34]. DUBs comprise two classes of proteolytic

enzymes: cysteine proteases and metalloproteases. The

cysteine protease class includes four families: the ubiquitin-

specific protease (USP), the ubiquitin C-terminal hydrolase

(UCH), the ovarian tumor protease (OTU), and the Mach-

ado–Joseph disease protein domain protease (MJD) families.

The metalloprotease class of DUBs comprises one family:

the JAB1/MPN/Mov34 (JAMM) motif protease family.

There is a large number of E3 enzymes and DUBs,

including 600–1,000 E3s and more than 100 DUBs in

humans. Because different enzymes have different spectrums

of substrates, a large number of target proteins are regulated

by these enzymes in different contexts. This suggests that the

balance of ubiquitination and deubiquitination activities may

play essential roles in each protein’s function.

Role of ubiquitination in internalization, lysosomal

trafficking, and degradation of receptors

Monoubiquitinated or Lys63-linked polyubiquitinated

membrane proteins are transported to lysosomes for degra-

dation through the endocytic pathway. As there are excellent

reviews of membrane protein degradation available [35–37],

we will only briefly summarize the degradation process here

(Fig. 1). Upon stimulation, receptors are ubiquitinated at the

plasma membrane by specific E3 enzymes and internalized

into endosomes via membrane vesicles. Ubiquitinated

receptors at endosomes are recognized by ubiquitin binding-

domains (UBDs) of hepatocyte growth factor-regulated

substrate (HRS) and signal-transduction adaptor molecule

1/2 (STAM1/2), the main components of the endosomal

sorting complex required for transport (ESCRT)-0 complex.

ESCRT-0 complex recruits ESCRT-I, which is composed of

Tsg101, Vps28, Vps37, and Mvb12. While Tsg101 interacts

with HRS through its common ubiquitin- and ESCRT-0-

binding UEV domain, Vps28 binds to GRAM-like ubiqui-

tin-binding in Eap45 (GLUE) domain of Vps36 that forms

ESCRT-II complex with Vps22 and Vps25. Therefore,

ESCRT-I complex acts as a bridge between ESCRT-0 and

-II complexes. Vps25 of ESCRT II, in turn, binds Vps20, a

component of ESCRT-III, to recruit ESCRT-III complex.

ESCRT-III complex clusters ubiquitinated receptors into the

invaginated endosomal membrane, retrieves ubiquitins from

those receptors by recruiting DUBs, and forms intraluminal

vesicles filled with receptors by recruiting Vps4 ATPase.

Endosomes with intraluminal vesicles, called multi-vesicu-

lar bodies (MVBs), are fused to lysosomes for degradation

of their contents.

The roles of ubiquitination and deubiquitination have

been extensively studied in yeast and mammalian cells.

DUBs located at early and late endosomes promote de-

ubiquitination of receptors in the degradation pathway in at

least two ways (Fig. 1). First, DUBs at the early endosome

regulate degradation rates of internalized receptors before

they are trapped by ESCRT-0. When ubiquitinated recep-

tors are deubiquitinated, they are recycled back to the

plasma membrane or retained at endosomes, resulting in

delayed degradation. However, as described below, the

effects of deubiquitination of EGFR are still under debate.

Second, DUBs at the late endosome, as described above,

retrieve ubiquitins from ubiquitinated receptors just before

interluminal vesicle formation.

The role of ubiquitination in intracellular trafficking was

first demonstrated in yeast, in which ubiquitin is required

for the first step of receptor internalization, as well as for

trafficking to lysosomes [38, 39]. In mammalian cells,

however, the role of ubiquitination in receptor trafficking is

more complex. The epidermal growth factor receptor

(EGFR), G protein-coupled receptors (GPCRs), and Notch
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have been intensively studied; therefore, here, we use these

proteins as examples to discuss the roles of ubiquitination

in intracellular trafficking.

EGFR

Binding of EGF to EGFR induces EGFR internalization

and localization to the lysosome. Initially, monoubiquiti-

nation of EGFR was shown to be sufficient for its

internalization [29]. Furthermore, mass-spectrometric

analysis identified Lys63-linked polyubiquitin chains, as

well as monoubiquitin, in wild-type EGFR [40], suggesting

that polyubiquitination may also contribute to the efficient

internalization of EGFR. Conversely, it was also shown

that ubiquitination of EGFR is not required for its inter-

nalization. Non-ubiquitinated forms of EGFR, which had

been mutagenized either at the E3 enzyme binding site or

at the acceptor Lys residues for ubiquitination, exhibited

normal internalization [9, 41, 42]. This discrepancy may be

due to the existence of alternative internalization pathways,

including clathrin-dependent and -independent routes [42,

43]. Interestingly, the clathrin-dependent and -independent

internalization pathways are used differentially depending

on the level of EGFR ubiquitination, which is regulated by

the local concentration of EGF. When the EGF concen-

tration is low, EGFR is not ubiquitinated and is instead

internalized through the clathrin-dependent pathway. By

contrast, at high EGF concentrations, EGFR is ubiquiti-

nated and internalized through both clathrin-dependent and

clathrin-independent pathways. Interestingly, this suggests

that different EGF signal strengths evoke different cellular

responses depending on the level of ubiquitination and the

internalization pathway of its receptor.

Although the precise roles of EGFR ubiquitination in its

internalization remain obscure, it is widely accepted that

ubiquitination is essential for lysosomal trafficking and

degradation of EGFR. As described above, ubiquitinated

EGFR, internalized into the early endosome, is recognized by

HRS and STAM1/2, and then incorporated into the lumen of

MVBs by ESCRT-I, -II, and -III complexes [37]. Therefore,

deubiquitination of EGFR is thought to play a critical role in

the regulation of EGFR degradation. However, the effects of

deubiquitination are still under debate. While it is known that

UBPY is involved in EGFR deubiquitination [44, 45], sev-

eral reports show an opposing effect of UBPY on EGFR

degradation. One particular study showed that overexpres-

sion or knockdown of UBPY results in delay or acceleration

of EGF-induced EGFR degradation, respectively [44]. By

contrast, another study showed that knockdown of UBPY

blocks EGFR down-regulation [45, 46]. The involvement of

the associated molecule with the SH3 domain of STAM

(AMSH) in EGFR deubiquitination is also controversial.

Whereas overexpression of AMSH has no effect on the level

of EGFR ubiquitination in EGF-stimulated cells [44], a

previous study showed that knockdown of AMSH increases

the level of EGFR ubiquitination [47]. Further investigation

is necessary to resolve these discrepancies.

GPCRs

GPCRs, also known as seven-transmembrane receptors,

represent the largest family of membrane proteins in
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Fig. 1 Endocytic transport of membrane receptors for degradation.

Receptors ubiquitinated at the plasma membrane are internalized and

recognized by ESCRT-0. Recognized receptors are sequentially

transported by ESCRT-I, -II and -III complexes, and internalized

into luminal side of late endosomes to form multi-vesicular bodies for

degradation. Deubiquitination occurs at early and late endosomes to

regulate receptor degradation and ubiquitin retrieval, respectively
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mammalian cells [48, 49]. In humans, there are about 700

GPCRs that control a wide range of physiological events.

Ligand-dependent activation of GPCRs occurs at the cell

surface and evokes intracellular signaling, mainly through

heterotrimeric G proteins. Activated GPCRs are then

internalized and transported to lysosomes where they are

degraded. Therefore, signaling via GPCRs is at least

partially regulated by internalization of the receptors.

Interestingly, ligand-independent constitutive internaliza-

tion has also been reported [50]. It is thought that cellular

signaling responsiveness is attenuated by GPCR internali-

zation and restored by its recycling to the cell surface.

When internalized GPCRs are transported to lysosomes,

responsiveness may be downregulated.

The role of ubiquitination in intracellular trafficking of

GPCRs was first reported to be required for the efficient

internalization of Ste2p in yeast [38]. The addition of

a-mating factor, the ligand for Ste2p, increases the level of

ubiquitination and internalization of Ste2p.

By contrast, it is generally agreed that direct ubiquiti-

nation is not essential for efficient internalization of

mammalian GPCRs, but it does affect intracellular traf-

ficking of GPCRs after internalization. Similar to the case of

EGFR, ubiquitinated GPCRs are transported to lysosomes,

mainly by interaction with ESCRT complexes. A require-

ment for direct ubiquitination in lysosome trafficking was

shown for rhodopsin [51], b2-adrenergic receptor (b2AR)

[52], chemokine receptor 4 (CXCR4) [53], vasopressin

receptor 2 (V2R) [54], proteolytically activated receptor 2

(PAR2) [55], neurokinin receptor 1 (NK1) [56], and

j-opioid receptor (KOR) [57]. Lysosomal degradation of

these receptors has been shown to be inhibited or delayed

by mutations of lysine residues that are modified by ubiq-

uitin. By contrast, ubiquitin-deficient PAR1, in which all

lysine residues are replaced with arginines, resulted in its

increased constitutive internalization. Moreover, direct

fusion of ubiquitin to PAR1 with no lysine residues inhib-

ited its constitutive internalization [58]. The ubiquitination

of PAR1 may block the interaction between PAR1 and the

AP2 adaptor complex, which is essential for the constitutive

internalization of PAR1. Consistently, PAR1 is ubiquiti-

nated under unstimulated conditions and deubiquitinated

upon ligand stimulation. Similar to PAR1, the d-opioid

receptor (DOR) is effectively downregulated when it is not

ubiquitinated [59]. This was recently found to be because

ubiquitination of DOR is not involved in the early sorting of

internalized DOR out of the recycling pathway [60].

Therefore, the effects of ubiquitination vary depending on

GPCR species.

To date, among the many E3 enzymes and DUBs cur-

rently known, only a few have been found to regulate the

ubiquitination level of GPCRs. Members of the E3 enzyme

family involved in GPCR regulation are neuronal precursor

cell-expressed developmentally downregulated 4-1

(Nedd4-1) for b2AR [61, 62], AIP4 for CXCR4 [63–65] and

d-opioid receptor (DOR) [66], and c-Cbl for platelet-acti-

vating factor (PAF) [67] and PAR2 [55]. The DUB family

of proteins contain USP33 and USP20 for b2AR [68],

USP14 for CXCR4 [69], UBPY and AMSH for DOR [66]

and PAR2 [70], and cylindromatosis tumor suppressor gene

(CYLD) for KOR [57]. Interestingly, knockdown of some

DUBs exhibited different results. When expression of

both USP20 and USP33 was reduced by RNAi, ubiquiti-

nation, lysosomal trafficking, and degradation of b2AR

increased, while b2AR recycling was completely inhibited

[68]. By contrast, knockdown of UBPY expression stabi-

lized CXCR4 on the cell surface and attenuated receptor

degradation [71]. In this context, UBPY promoted deubiq-

uitination of HRS and AMSH1, but not of CXCR4. As

described below, UBPY directly deubiquitinated Drosoph-

ila Fz2 (DFz2) and mammalian Fz4 to promote its own

recycling to the plasma membrane. Regulation of recep-

tor dynamics by ubiquitination and deubiquitination is

therefore dependent on receptor species and biological

context.

Notch

Notch is an evolutionarily conserved receptor for trans-

membrane protein ligands: Dl and Ser in Drosophila and

Delta-like (Dll) and Jagged in mammals [72]. In contrast to

other signaling systems that involve soluble ligands,

ubiquitination of Notch ligands plays an essential role in

conventional Notch signaling. As this issue has already

been covered in excellent reviews [73, 74], here we will

only address the ubiquitination roles of Notch.

Upon binding to the ligands, Notch is activated by a

sequence of proteolytic processes [72]. Notch is cleaved by

a disintegrin and metalloprotease (ADAM) proteases at site

2 (S2) in the juxtamembrane region of the extracellular

domain (between Ala1710 and Val1711 of mouse Notch1)

[75, 76] followed by further cleavage by c-secretase within

the transmembrane domain at site 3 (S3) (between Gly1743

and Val1744) [77] and site 4 (S4) (between Ala1731 and

Ala1732) [78] to release the Notch intracellular domain

(NICD). Soluble NICD translocates to the nucleus and

regulates the expression of downstream target genes.

S2 cleavage takes place at the cell surface upon Notch

interaction with its ligands, and whether the following S3

and S4 cleavages require Notch internalization has been

extensively investigated. Recently, the requirement of

endocytosis in this process was supported by the results of

several studies. Ligand-dependent activation of Notch in

the signal-receiving cell is impaired by loss of the endo-

cytic protein dynamin [79], early endosomal protein rab5
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[80], endocytic syntaxin avalanche [81], or vacuolar

ATPase (V-ATPase), which is required for endosomal/

lysosomal acidification [82, 83]. However, it remains

unclear whether the ubiquitination of Notch is essential for

its internalization and activation. The non-ubiquitinated

form of Notch in which Lys at position 1749 is replaced to

Arg (K1749R) compromises its internalization, cleavage,

and activation [84]. However, the cleaved site of this

mutant (K1749R) is different from the S3/S4 cleavage site

[85], suggesting that impairment of Notch activation may

be caused by side-effects of mutagenesis.

Ligand-independent internalization of Notch, followed

by either recycling back to the cell surface or lysosomal

trafficking, is important for preventing ectopic activation of

Notch. In mutants of components of the ESCRT complex

involved in the intracellular trafficking of ubiquitinated

proteins [80, 86–89] or endosomal protein lethal giant discs

(lgd) [90–92], Notch is improperly cleaved and activated in

a ligand-independent manner. Ubiquitination of Notch is

catalyzed by RING finger E3 enzymes, Deltex (Dx) [93,

94] and c-Cbl [95, 96], and two HECT domain-containing

E3 enzymes, Suppressor of deltex [Su(dx)] [97–99] and

Nedd4 [100, 101]. Su(dx)/Itch/AIP4, Nedd4, and c-Cbl are

involved in lysosomal trafficking for the degradation of

unactivated Notch, suggesting that Notch ubiquitination

prevents ligand-independent ectopic activation of Notch. In

contrast to E3 enzymes, DUBs that directly deubiquitinate

Notch have not been identified.

Graded activity of Wg/Wnt as morphogen

Pattern formation is mediated by morphogens, which are

extracellular signaling molecules that are expressed in and

secreted from a subset of cells in developing organs.

Morphogens are distributed within tissues in a gradient

manner and induce distinct cell fates in a dose-dependent

manner to form genetically programmed patterns. Con-

centration plays an essential role in cell fate specification,

cell proliferation, and cell polarity in the Wingless (Wg)/

mammalian Wnt signaling pathway [102, 103]. Thus,

defects in Wg/Wnt signaling cause developmental defects

and metastatic tumors. In Drosophila wing discs, Wg is

expressed in cells at the dorsoventral boundary and the

cells show a concentration gradient of Wg distribution

(Fig. 2). A high concentration of Wg induces sensory

precursor cells near the dorsoventral boundary that devel-

ops the adult wing margin [104]. A lower threshold of Wg

concentration for Distalless (Dll) expression ensures its

broad expression in wing discs to shape the adult wings

[105, 106]. Accordingly, mutants defective in Wg signaling

exhibit deformation of the sensory cells in the wing margin

as well as shrunken wings.

Wg/Wnt signals are mediated by their seven-trans-

membrane receptor family, Frizzled (Fz). Fz further

activates three major pathways in a context-dependent

manner: the canonical, planar cell polarity, and Ca2?

pathways [107]. As a morphogen, Wg/Wnt regulates tissue

patterning depending on the strength of the canonical sig-

naling pathway generated in target cells.

While the mechanisms of graded distribution of mor-

phogens have been intensively investigated [108], the

regulation of morphogen receptors is only partially

understood. For example, forced expression of Fz in the

Drosophila wing disc was shown to perturb the graded

activity of Wg, indicating that the level of Fz must be

tightly regulated to sense extracellular Wg signal strength

[109]. The Fz level is thought to be regulated by its

expression, localization, and degradation. While the regu-

lation of Fz transcription has been shown, regulation of its

localization and degradation remains to be fully elucidated.

Regulation of Fz by ubiquitination

Fz receptors are internalized by machineries involving

Dishevelled (Dvl), b-arrestin, protein kinase C, Arrow

(Arr)/LRP 5 and 6, dynamin, and AP2 [110–112]. Fol-

lowing intracellular trafficking of Fz, receptors are

regulated by small G proteins such as Rab5, Rab4, and

Rab11 [113, 114]. While Rab5 is involved in the endocytic

pathway, Rab4 and Rab11 participate in recycling routes,

suggesting that Fz receptors are cycling between the cell

surface and endosomes. Indeed, expression of a dominant

Wg

sensory precursors

Dll

Fig. 2 Wg morphogen in the Drosophila wing disc. (Left) Wg is

expressed in cells (dark red) at the dorsoventral boundary (a dotted
line). Secreted Wg is distributed in a concentration gradient manner

(red). Sensory organ precursor cells (blue dots) are induced near the

Wg-expressing region. (Right) Different levels of signal strength

(arrows) are evoked depending on extracellular Wg concentration

(red). A strong signal induces sensory precursor cells (blue dots) in

the proximal region to the Wg-expressing cells. Dll expression

(green) is induced over a broad area because it requires a lower

threshold of Wg concentration
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negative form of Rab11 results in intracellular accumula-

tion of Fz2 in Drosophila wing discs [114], and the

aberrant activation of Wg/Wnt signaling by expression of

activated Rab5 is restored by co-expression of activated

forms of Rab4 or Rab11 [113]. This restoration may be due

to the proper balance between endocytosis and recycling

rates. It was recently revealed that the amount of Fz

receptors (Drosophila Fz2 and mammalian Fz4 in this

chapter) recycled back to the cell surface is determined by

the balance between ubiquitination and deubiquitination

(Fig. 3) [114]. Ubiquitination of Fz receptors is indepen-

dent of ligand stimulation, suggesting that it is involved in

constitutive cycling of Fz receptors. Although the E3

enzyme for ubiquitination of Fz receptors has not been

identified, UBPY was found to directly deubiquitinate Fz

receptors. When the level of ubiquitination is decreased by

expression of the wild-type or activated form of UBPY, the

cell surface level of Fz receptors is increased as a result of

accelerated recycling of Fz receptors to the cell surface.

Conversely, when the ubiquitination level is increased by

expression of a dominant negative form or double-stranded

RNA of UBPY, the cell surface level of Fz receptors is

decreased by elevated trafficking to lysosomes. Impor-

tantly, the increase and decrease of cell surface levels of Fz

receptors lead to the up- and down-regulation, respectively,

of canonical Wg/Wnt signaling. Furthermore, in vivo

studies have shown that inappropriate levels of Fz ubiq-

uitination result in defects in wing patterning regulated by

Wg morphogen. Collectively, it can be concluded that

ubiquitination of Fz receptors regulates cellular respon-

siveness to Wg/Wnt signaling by the cell surface level of

Fz receptors.

Regulation of cell surface levels of other receptors

by ubiquitination

It was recently reported that cell surface levels of other

receptors are also regulated by ubiquitination. Like the Fz

family, receptor-like tyrosine kinase (RYK) that directly

binds to Wnt molecules is involved in the Wnt canonical

and other pathways. Mindbomb 1 (MIB1), an E3 ligase,

promotes RYK ubiquitination and degradation by the

proteasome and lysosome [115]. Interestingly, whereas

upon Wnt-3a stimulation, RYK is cleaved by c-secretase

and its intracellular domain accumulates in the nucleus

[116], RYK cleavage is not required for its ubiquitination

and degradation by MIB1 [115]. This suggests that MIB1-

mediated ubiquitination of RYK does not depend on the

activation of RYK. The cell surface level of RYK is

decreased by overexpression of MIB1, while it is increased

by siRNA-mediated inhibition of MIB1. In addition, MIB1

activates the Wnt pathway in an RYK-dependent manner.

Collectively, MIB1 is both necessary and sufficient for the

cell surface level of RYK to sense extracellular Wnt

signals.

The cell surface level of the glutamate receptor GLR-1

in C. elegans is also controlled by ubiquitination. A

mutation of usp-46, which encodes a deubiquitination

enzyme for GLR-1, causes decreased surface level of GLR-

1 and defective glutamate-dependent behavior [117]. The

AMPA-type glutamate receptor, GluA1, is also ubiquiti-

nated by Nedd4, an E3 ligase [118]. When Nedd4 is

overexpressed in neurons, the cell surface level of GluA1 is

decreased and GluA1-mediated excitatory synaptic trans-

mission is suppressed. As synaptic transmission efficiency

plays an essential role in learning, memory, and behavior,

ubiquitination-mediated regulation of the cell surface lev-

els of neurotransmitter receptors are pivotal for normal

brain function.

Perspective of Fz ubiquitination in human diseases

It is well established that Wg/Wnt signaling is involved in

various cancers, including blood and colon cancers [102,

103]. For example, the adenomatous polyposis coli (APC)

gene, encoding a negative regulator of Wg/Wnt signaling,

Fig. 3 A model for the regulation of the cell surface level of Fz. Fz

is constitutively ubiquitinated and internalized to the early endosome

where UBPY is localized Fz. Deubiquitination of Fz is mediated by

UBPY and deubiquitinated Fz is recycled back to the cell surface via

the recycling endosome. Fz not deubiquitinated by UBPY is

transported to the lysosome for degradation through the MVB/late

endosome. The balance between ubiquitination at the cell surface and

deubiquitination in the early endosome determines cellular respon-

siveness to Wg through the cell surface level of Fz

4012 A. Mukai et al.
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is mutated in colorectal cancer, indicating that aberrant

activation of Wg/Wnt signaling causes human cancer. The

search for human diseases in which UBPY expression is

altered has shown the up-regulation of UBPY mRNA in

chronic lymphocytic leukemia (CLL) [114]. Moreover,

mRNAs of STAM1 and AMSH-like protein (AMSH-LP)

[119], a functionally related protein to UBPY [114], and Fz

[120] are frequently elevated in CLL. Therefore, although

UBPY is involved in multiple processes that are linked to

tumorigenesis, deubiquitination of Fz by elevated activity

of UBPY and its related protein may partially contribute to

tumorigenesis in CLL. Appropriate Wg/Wnt signaling

strength, mediated by the balance between ubiquitination

and deubiquitination, plays a pivotal role in the develop-

ment and homeostasis of animal cells.

Conclusions and prospects

Cellular responsiveness to extracellular signals is affected

by signal strength, which is at least partly regulated by cell

surface presentation of receptors through their ubiquitina-

tion and deubiquitination. However, not all enzymes

responsible for ubiquitination and deubiquitination of cell

surface receptors have been identified, and this remains a

major obstacle. Another interesting question is whether the

regulation of expression and/or activity of these enzymes is

dependent on development, extracellular stimulation, and

pathological context. UBPY expression increases in path-

ological conditions such as CLL, but whether the

expression and/or activity of UBPY changes in physio-

logical conditions remains unknown. It was recently

reported that the level of UBPY is regulated by a signaling

cascade comprised of diacylglycerol kinase d (DGK d),

protein kinase C (PKC), and Akt/protein kinase B (PKB) to

modulate EGFR degradation, but the physiological signif-

icance of this process remains unknown [121]. Studying

the involvement of this kinase cascade in Fz regulation and

its significance in physiological and pathological condi-

tions is therefore of interest.

Ubiquitination of DFz2 and Fz4 is independent of ligand

stimulation whereas ubiquitination of EGFR and other

receptors is ligand-dependent. Ubiquitination of DFz2 and

Fz4 regulate cell surface levels of receptors in the absence

of ligands. This means that cellular responsiveness to

ligands can be controlled by the level of receptors pre-

sented at the cell surface before the presence of ligands. By

contrast, ligand-dependent ubiquitination of EGFR and

other receptors decreases cell surface levels of receptors

after their activation, suggesting that this process is

involved in desensitization in response to excess stimula-

tion. It is interesting to address whether these two

ubiquitination processes occur for the same receptors in

different contexts, whether these two processes conduct

different types of ubiquitination at different lysine residues

in receptor polypeptides, and how these ubiquitination

processes are regulated.
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