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Ubiquitination is a reversible posttranslational modification of cellular proteins, in which a
76–amino acid polypeptide, ubiquitin, is primarily attached to the e-amino group of lysines in
target proteins. Ubiquitination is a major player in regulating a broad host of cellular processes,
including cell division, differentiation, signal transduction, protein trafficking, and quality
control. Aberrations in the ubiquitination system are implicated in pathogenesis of some diseases,
certain malignancies, neurodegenerative disorders, and pathologies of the inflammatory
immune response. Here, we discuss the proteasome-independent roles of ubiquitination in
signaling and endocytosis.

Ubiquitin (Ub) is a highly conserved
protein of 8 kilodaltons that becomes
covalently attached to lysine (Lys) res-

idues of target proteins. Protein-attached Ub is a
substrate for the attachment of further Ub res-
idues, which leads to the formation of a poly-
ubiquitin chain. Classically, polyubiquitination
is a signal that directs proteins to the protea-
some, where the Ub is recycled and the protein
is degraded (1). Ubiquitination also remodels
the surface of substrate proteins and thereby po-
tentially affects properties such as stability and
activity (2), drives interactions with other pro-
teins, and plays roles in subcellular localization.
Diverse forms of Ub modifications exist: Mono-
ubiquitination is the attachment of a single Ub to
a protein; multiubiquitination occurs when sev-
eral Lys residues of the target protein are tagged
with single Ub molecules; and polyubiquitina-
tion denotes the addition of a Ub chain made
of several ubiquitins that are linked through
the C-terminal glycine residue of each Ub unit
and a specific internal Lys of the previously
attached Ub. Monoubiquitination or multiubi-
quitination has been shown to be required for the
entry of certain cargo proteins into vesicles at
different stages of the secretory/endocytic
pathway (Fig. 1) (3), whereas polyubiquitination
has been mainly associated with proteasomal
degradation, although it certainly has a broader
function (4). In the case of polyubiquitination,
there can be at least seven different linkages be-
tween ubiquitins, because there are seven inter-
nal lysines in Ub. The role of different linkages
in polyubiquitins has begun to be elucidated in
recent years. Linkage through Lys48 (UbK48) is
mainly used for targeting to the proteasome, and
Lys63 (UbK63) linkages seem to play important

roles in DNA damage tolerance, inflammatory
response, the endocytic pathway, and ribo-
somal protein synthesis (4). Ub can also be re-
moved from proteins, and different Ub hydrolases
that regenerate free Ub have been identified and
implicated in regulation of various cellular events
(5–7). Protein modules containing Ub-binding
domains (UBDs) have also been identified and
are being characterized. The identification of
many UBDs with diverse structural folds, by
which specific Ub modifications can be recog-
nized, has helped in understanding the role of
ubiquitination (8). The presence of several struc-
turally distinct Ub modifications, the exquisite
specificity of Ub conjugation, and the existence
of UBDs, in which the different Ub modifica-
tions are capable of being distinguished, make
Ub a multifunctional signal.

Ubiquitination as an Endocytic Signal
One of the first nonproteasomal functions of
ubiquitination was its implication in the process
of endocytosis in yeast (9, 10), where mono-
ubiquitination is sufficient as an endocytic in-
ternalization signal (11) and UbK63 branches
facilitate endocytosis (12). Many plasma mem-
brane proteins depend on their ubiquitination for
internalization in yeast (13). On the other hand,
the situation is much less clear in animal cells.
Early evidence clearly demonstrated a role for the
process of ubiquitination for internalization of
growth hormone receptor, but ubiquitination of
the receptor itself was not required (14). Studies
on the transforming growth factor–b (TGF-b)
receptor suggest that receptor ubiquitination may
determine the endocytic internalization pathway
that is used. When the TGF-b receptor associated
with the Smad7-Smurf2 E3 Ub ligase (15), it
localized to caveolae and was rapidly degraded
after internalization. On the other hand, when
the TGF-b receptor associated with Smad an-
chor for receptor activation, it was internalized
via clathrin-coated pits where signaling proceeds

from an endosomal compartment (16). There-
fore, modulation of the endocytic internalization
route by Ub could play a critical role in deciding
between signal transduction or receptor down-
regulation.

Receptor ubiquitination in endocytic inter-
nalization is most studied for its potential role in
the down-regulation of activated mammalian re-
ceptor tyrosine kinases (17, 18), although the
situation is still not entirely clear. When epider-
mal growth factor receptor (EGFR) was stim-
ulated at low epidermal growth factor (EGF)
concentrations in HeLa cells, EGFR ubiquitina-
tion was not detected, and the receptor localized
with clathrin; however, at high EGF concen-
trations, EGFR was ubiquitinated, and the re-
ceptor localized with both caveolae and clathrin.
It is not clear that caveolae were sites of inter-
nalization in this study. Moreover, with the use
of a chimeric protein, EGFR-Ub-mut, that could
not be extended by polyubiquitination, a single
Ub was sufficient to drive internalization (19) in
a clathrin-independent manner. Three proteins
with UBDs—Eps15, Eps15R, and epsin—that
normally localize to clathrin-coated pits were
required. In another study, epsin, which is con-
sidered to be an endocytic adaptor between ubiq-
uitinated cargo and clathrin, was not able to
interact with ubiquitinated cargo in the presence
of clathrin (20). These results invoked a work-
ing hypothesis in which ubiquitination directs
clathrin-independent endocytosis and where
epsin and Eps15 might be important for coupling
ubiquitinated cargo to clathrin-independent inter-
nalization. However, in porcine aortic endothe-
lial cells, EGFR is normally polyubiquitinated
(UbK63) before endocytosis on multiple lysines
in the kinase domain under low EGF conditions,
which should lead to internalization through
clathrin-coated pits (Fig. 1). Mutation of the tar-
get lysines preventing ubiquitination abrogated
down-regulation but not receptor internaliza-
tion (21). Thus, a single Ub can act as an in-
ternalization signal in animal cells, but receptor
ubiquitination is probably not required for clathrin-
mediated internalization of EGFR.

The idea that a single Ub can act as an au-
tonomous endocytic signal is difficult to recon-
cile with the relative low affinity of UBDs (8).
However, the low-affinity interactions between
monoubiquitin and UBDs could be physiolog-
ically relevant in the protein networks formed
that drive vesicle budding at the plasma mem-
brane. There are many possibilities for the
formation of multiple interactions. Most UBD-
containing proteins have additional modules that
recognize other proteins or specific phospholip-
ids. For example, epsins have a domain that
recognizes phosphoinositides in addition to their
three UBDs (22). Dual binding to phospho-
inositides, generated at specific sites on the
membrane, and Ub should allow epsins to
stably recognize a monoubiquitin at the plasma
membrane in the presence of a pool of cytosolic
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Ub. Another possibility is that many Ub-binding
proteins have multiple UBDs, and the addition of
rather low binding affinities can lead to a
cooperative binding reaction and higher avidity.
In this case, multiubiquitinated or multimeric
cargo molecules would probably be a better
substrate. It is possible that the successful
demonstration of single ubiquitins working as
endocytic signals is related to the fact that both
EGFR and the alpha factor receptor are
internalized as dimers. Thus, although mono-
ubiquitination may sometimes be sufficient for
endocytic internalization, generally productive
recognition and uptake of ubiquitinated cargoes
requires stabilization of cargo-adaptor complexes
through multivalent Ub-UBD interactions. One
can speculate how UbK63 polyubiquitination
might be particularly adapted to act as an ef-
ficient endocytic signal. The extended confor-
mation of UbK63 chains has a linear topology,
lining up adjacent Ub chains and making their
hydrophobic surfaces available for binding,
which should increase the avidity of binding to
UBDs (23). The higher avidity can thus promote

productive internalization of UbK63-conjugated
proteins. Especially for those receptors that have
a limited number of cytoplasmic Lys residues
and thus cannot be multiubiquitinated, UbK63

polyubiquitination offers an alternate mechanism.
Endocytosis of certain membrane proteins

seems to require polyubiquitination. For exam-
ple, in the case of the b2-adrenergic receptor
(b2AR), a mammalian heterotrimeric guanine
nucleotide–binding protein–coupled receptor,
agonist stimulation leads to rapid polyubiquiti-
nation of both the receptor and the receptor
regulatory protein b-arrestin. It is probably the
polyubiquitination of b-arrestin that is necessary
for b2AR internalization (24). The yeast protein
general amino acid permease (Gap1p) requires
the formation of short UbK63 chains for effi-
cient internalization in response to changes in
nitrogen status in the medium (25). Similarly,
UbK63 polyubiquitination of the nerve growth
factor (NGF) receptor tyrosine receptor kinase
A (TrkA) is required for TrkA internalization
and signaling (26). It could be that the role of
Ub chain topology in vivo is currently under-

estimated, with UbK63 chains being more impor-
tant than previously thought. The presence of
UbK63 chains may also allow selective recogni-
tion by particular UBDs.

Ub and Sorting into Multivesicular Bodies
Ubiquitination also functions as a sorting signal
at endosomes targeting its substrates to the in-
terior of the multivesicular body (MVB) (27),
which is the first step leading to their transport
to lysosomes. This pathway is used not only in
plasma membrane–receptor down-regulation
but also in lysosome biogenesis (Fig. 1). Most
proteins that are not ubiquitinated follow other
pathways, and those proteins are recycled from
endosomes to other compartments. Mono-
ubiquitination or multiubiquitination is critical
for sorting of membrane proteins to the interior of
the multivesicular endosome in a process that
depends on endosomal sorting complex
required for transport (ESCRT) complexes,
which is detailed in an excellent review (28).
Ub on receptors or cargo is recognized by the
vacuolar protein sorting–associated protein

Fig. 1. Ub plays a major role at two steps of the secretory/endocytic pathways.
Many plasma membrane proteins and receptors are ubiquitinated on their
cytoplasmic domains. In animal cells, this may affect the choice of endocytic
pathway (not shown). Ub also acts as a signal into the MVB pathway, where Ub

is recognized by Vps27/Hrs and passed onto ESCRT complexes. Ub is removed
before entry into internal vesicles of the MVB. Non-ubiquitinated proteins, such
as nutrient transporters, recycle from endosomes back to the cell surface. TGN,
trans-Golgi network; STAM, signal-transducing adaptor molecule.
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(Vps27) complex through its Ub-interaction
motif domains, and the complex is anchored
on endosomes via the Vps27 FYVE domain,
which binds phosphatidylinositol (PI) 3-
phosphate (29). The Vps27 complex and ubiq-
uitinated substrates are then thought to interact
with ESCRT-I complex, from where the ubiq-
uitinated cargoes are passed on to ESCRT-II and
then to ESCRT-III, which is required for the
concentration of cargoes into the MVB vesicles.
ESCRT-III also regulates the accessory factors
Bro1p and Doa4p, a Ub hydrolase that removes
Ub from the cargo before it is sequestered into the
MVB vesicles. Removal of Ub before receptor in-
corporation into MVBs is not mandatory because
Ub that is fused in framewith cargomolecules gets
sorted into MVBs, but such removal seems to be

required for the maintenance of the free Ub pool,
upon which receptor trafficking depends. Recent
findings point to a regulatory role of deubiq-
uitination in receptor down-regulation, because
depletion of Ub hydrolases by RNA interfer-
ence caused accelerated degradation of ligand-
activated receptors (30, 31). The topology of MVB
vesicle budding is similar to biosynthetic viral
budding from the cell surface, and several com-
ponents are conserved (32).

Viruses also exploit the Ub-dependent entry
into MVBs to escape immune recognition.
Down-regulation of the major histocompatibility
complex I (MHC I) by Kaposi’s sarcoma–
associated herpesvirus (KSHV) involves a vi-
rally encoded E3 Ub ligase that associates with
MHC I molecules in the late secretory pathway,

recruiting hostUb-conjugating enzymes tomodify
MHC class I molecules with UbK63 chains. This
ubiquitination targets the MHC I molecules for
degradation through the MVB pathway (33).

Protein Regulation by Monoubiquitination
Many of the UBD-containing proteins that in-
teract with ubiquitinated targets are themselves
monoubiquitinated, especially the endocytic adap-
tor proteins (8). Insight into the role of mono-
ubiquitination has recently been obtained (34).
Sts1 and Sts2 bind through their N-terminal
UBDs to ubiquitinated EGFR complexes and
inhibit their endocytosis. Monoubiquitination of
Sts2 leads to an intramolecular interaction be-
tween the UBD and its Ub, preventing Sts2
from interacting with exogenous Ub and EGFR.

This intramolecular inhibitory reaction is func-
tionally relevant because an Sts2-Ub chimera
caused a substantial increase in EGFR down-
regulation. Other endocytic adaptors with UBDs,
such as Eps15 and hepatocyte growth factor–
regulated tyrosine kinase substrate (Hrs), showed
similar intramolecular interactions with their
monoubiquitin. Only a small fraction of these
proteins are monoubiquitinated at any one time
(34, 35), but this would be consistent with a
regulatory role, where monoubiquitination of the
UBD-containing proteins could act as a confor-
mational switch, promoting dissociation from
their targets. Once dissociated, the proteins could
be rapidly deubiquitinated and reused. Therefore,
changes in ubiquitination status could act as
a rapid switch between active and inactive

forms, permitting the highly dynamic exchange of
ubiquitinated cargoes between the UBD-harboring
proteins that is required by the endocytic sorting
machinery.

Role of Ub in Signaling
Ubiquitination has been found to serve as a
signal for directing internalization of signaling
receptors and their incorporation into MVBs for
targeting to lysosomal degradation. However,
several receptors can transmit signals from en-
docytic compartments, and these signals might be
qualitatively different from those initiated at the
plasma membrane. For example, TrkA promotes
NGF-mediated cell survival at the cell surface,
whereas it induces differentiation when internal-
ized (36). TrkA is modified by UbK63 poly-
ubiquitination upon stimulation with NGF in a
p75 neurotrophin receptor–dependent manner.
This modification is necessary for TrkA internal-
ization and TrkA signaling from endosomes
because abrogation of ubiquitination prevents
NGF-mediated differentiation of neuronal cells
(26). TrkA is multiubiquitinated by Nedd4-2, an
E3 ligase, in an NGF-dependent manner, which
is important for down-regulating the levels of
activated receptor (37). Unexpectedly, this multi-
ubiquitination did not show any effect on TrkA
internalization. One can speculate a hierarchy
of differential ubiquitination, whereby UbK63

chains promote internalization while multiubiq-
uitination regulates receptor degradation.

Monoubiquitination and endocytosis are pre-
requisites for activation and signaling of Notch
receptor, which is a regulator of cell develop-
ment and cell fate in metazoans (38). Recently,
it has emerged that the ubiquitination of Notch
ligands Delta and Serrate (type I membrane
proteins and ligands of Notch) is necessary for
their endocytosis in signal-sending cells and
thus is a key event in activating the Notch cas-
cade in the signal-receiving cells (39). Presently,
the mechanism by which endocytosis of Notch
ligands activates Notch signaling in neighbor-
ing cells remains elusive. An attractive model
for the role of ubiquitination in regulating activ-
ity of the Notch ligands has been proposed.
Ubiquitination is required for ligand activation
but also makes the ligand prone to degradation.
This would prevent the endless recycling of
activated ligand and thereby limit the temporal
extent of Notch-pathway activation (39). Thus,
ubiquitination could couple activation with down-
regulation, which allows for precise temporal
control of signaling by limiting the lifetime of
the activated signaling components.

Ub, Replication, and Transcription
Proliferating cell nuclear antigen (PCNA) is a
replicative processivity factor that undergoes
two types of Ub modifications. PCNA forms a
polymerase sliding clamp around DNA, and
the type of ubiquitination influences DNA-
polymerase recruitment. Monoubiquitination of
PCNA seems to shift recruitment from replica-

Fig. 2. Activated IL-1 receptor (IL-1R) stimulates TRAF6-dependent UbK63 polyubiquitination of IKKg
(NEMO). The TAB/TAK1 complex is recruited, forming a “signalosome” that phosphorylates IKK, which in
turn phosphorylates IkB, making it a substrate for UbK48 polyubiquitination and subsequent degra-
dation by the proteasome (Fig. 3). NF-kB is free to migrate to the nucleus and induce transcription.

www.sciencemag.org SCIENCE VOL 315 12 JANUARY 2007 203

REVIEW

 o
n 

A
pr

il 
30

, 2
00

7 
w

w
w

.s
ci

en
ce

m
ag

.o
rg

D
ow

nl
oa

de
d 

fr
om

 

http://www.sciencemag.org


tive to translesion polymerases (40, 41), which
are error prone, whereas UbK63 modification
signals error-free DNA repair. The same residue
in PCNA is also sumoylated, which is involved
in normal DNA synthesis during S phase (42).
Modification of PCNA with monoubiquitin
or UbK63 chains may thus regulate the engage-
ment of low-fidelity lesion-bypass polymerases
or high-fidelity replicases to the site of repli-
cation (43).

Ubiquitination has come to light as a major
regulator of the nuclear factor (NF) kB signaling
pathway. NF-kB transcription factors are acti-
vated by the proinflammatory cytokines [tumor
necrosis factor–a (TNF-a) and interleukin-
1b (IL-1b)], resulting in degradation of an in-
hibitor of NF-kB (IkB), which binds to NF-kB
and retains it in the cytoplasm (Fig. 2). IkB is
phosphorylated by a kinase [IkB kinase (IKK)],
which has a regulatory subunit called NF-kB
essential modulator (NEMO). NEMO is modi-
fied by UbK63 polyubiquitination by the TNF-a
receptor–associated factor 6 (TRAF6) (44).
UbK63 on NEMO activates IKK, which phos-
phorylates IkB, targeting it for polyubiquitina-
tion and proteasomal degradation (45). This
action liberates NF-kB. Another kinase that ac-
tivates IKK is TGF-b–activated kinase (TAK1).
TAK1-binding proteins (TAB1, TAB2, and TAB3)
bind to TRAF6 and TAK1, stimulating its kinase

activity, and preferentially bind UbK63 (46).
Furthermore, the TRAF6-TAB2-TAK1 com-
plex interacts with IKK. So, UbK63 may func-
tion as part of a scaffold to assemble a TAK1-
IKK–containing signaling complex (47). When
NF-kB activation is induced by TNF-a, receptor-
interacting protein (RIP), which is important
for receptor complex assembly, undergoes UbK63

polyubiquitination. NEMO binds to UbK63-
polyubiquitinated RIP and thereby recruits IKK
to the TNF receptor. This recruitment could
explain the propagation of signal from the
activated TNF receptor to the activation of
IKK and NF-kB. NEMO also stabilizes RIP
through interaction with its UbK63 chains, and
thus the binding of NEMO could impair RIP
interaction with another protein, A20 (48). A20
inhibits NF-kB signaling by sequentially remov-
ing UbK63 chains from RIP and targeting it for
degradation through ligation of UbK48 chains (6).

In general, it is assumed that UbK48 poly-
ubiquitin chains act to target modified substrates
for proteasomal degradation and that UbK63

linkages are used for other functions. However,
for a budding yeast transcription factor Met4p,
UbK48 polyubiquitination represses its activity
but does not affect Met4p stability (Fig. 3) (49).
Further work on Met4p has shown that it con-
tains a UBD, which interacts in cis with the
UbK48 chains, preventing their elongation. Be-

cause multiple UbK48 linkages are required for
recognition by the proteasome (50), this leads to
protection from proteolysis. In this case, UbK48

chains act to switch Met4p to an inactive state
but do not lead to Met4p degradation. Rapid
deubiquitination of Met4p, in response to stim-
ulus, recreates a large pool of active Met4p and
thus allows a rapid transcriptional response to
changing environmental conditions (51).

Ubiquitination and Disease
Ubiquitination is a widely used posttranslational
modification to regulate cellular processes. Thus,
aberrations in the ubiquitination system lead to
disease and malignancies. Enhanced degradation
of tumor suppressor proteins by the proteasomal
pathway or abrogation of degradation of on-
cogenic proteins is the basis of oncogenesis in
several cancers. Several pathogens and viruses
have evolved mechanisms to subvert the Ub sys-
tem for their own ends. For instance, anthrax
toxin triggers ubiquitination of its receptor to
facilitate efficient and rapid endocytosis of the
toxin-receptor complex. Endocytosis of the toxin-
receptor complex, in turn, is important for toxin
action, because passage through low-pH endo-
somal compartments makes the toxin com-
petent to induce toxicity in cells (52). Yersinia
produces a virulence factor, YopJ, that acts as a
deubiquitination enzyme, preventing activation

of NF-kB (53). On the other hand,
many viruses encode for E3 Ub
ligases in order to down-regulate
proteins of the immune pathway.
The E3 Ub ligase, named modulator
of immune recognition 1 of KSHV,
can mediate ubiquitination of cys-
teine residues in the MHC class I
molecule. This form of ubiquitina-
tion is found to be sufficient for
endocytosis and degradation of MHC
I molecules (54). The finding that
nonlysine residues are also targets of
ubiquitination extends the number of
potential substrates to molecules that
do not contain an accessible Lys or an
accessible N terminus. Also, transient
ubiquitination of substrates may occur
and may be harder to detect than
other forms of ubiquitination because
thiol ester bonds of Ub-cysteine are
more labile than isopeptide bonds of
Ub-Lys. Thus, the regulatory pro-
cesses rendered by Ub might be more
complex than previously thought.

Liddle’s syndrome, which af-
fects sodium transport, is a disease
in which ubiquitination clearly plays
a role in regulating sodium chan-
nel activity by controlling its down-
regulation via endocytosis (55). Ub
is also thought to play a role in neu-
rodegenerative diseases. Accumulation
of insoluble proteinaceous deposits
enriched with Ub and components

Fig. 3. Protein modified by long (more than four ubiquitins) UbK48 chains is targeted to the proteasome for
degradation. Short UbK48 chains can inhibit activity of a transcription factor (Met4p) without leading to its degra-
dation. Deubiquitination activates the transcription factor. A transcription factor (p53) is imported into the nucleus.
Monoubiquitination leads to its nuclear export, whereas polyubiquitination leads to its degradation (59).
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of the Ub-proteasome system has been reported
in a broad array of human neurodegenerative
disorders. Notably in Parkinson’s disease, de-
fects in ubiquitination are thought to play a cru-
cial role in generation of the disease state. Parkin,
a protein implicated in familial Parkinson’s
disease, is an E3 Ub ligase that contains a Ub-
like domain that interacts in a regulated manner
with the UBD of Eps15. This interaction seems
to negatively affect EGFR endocytosis and down-
regulation and to promote signaling through PI 3-
kinase–Akt, because parkin mutant cells show
increased EGFR down-regulation (56), and this
could have an effect on progression of the
disease. Parkin has also been found to synthe-
size UbK63 polyubiquitin chains on proteins,
including synphilin-1, and on the modified
proteins that are found in Lewy-like inclusion
bodies (57). Considering the suggested neuro-
protective role of inclusion bodies, it is tempting
to speculate that UbK63 modification represents
a protective route by which unfolded or aggre-
gated proteins could be diverted away from an
overloaded proteasomal machinery.

Ubiquitination may also provide an entry
point for therapy against previously difficult tar-
gets. Myc is a critical transcription factor that is
misregulated in tumors but is a difficult che-
motherapeutic target because it has no enzymat-
ic activity. UbK63 is added to Myc by the E3
ligase HectH9, and the modification is essential
for tumor proliferation (58). As an enzyme,
HectH9 should be a more suitable target than
Myc for chemotherapy.

Conclusions
Ub is a chemically complex molecule that offers
a large surface area to interact with other proteins
and can form chains with distinct conformations,
which makes it a very versatile modification.
These properties of Ub make it an ideal regulator
of very diverse biological processes. The multi-
ple steps required for protein ubiquitination, the
specificity involved, and the process of deubiq-
uitination make it subject to control at many
levels. We are only at the beginning of under-
standing the wide array of Ub functions in
cellular processes. Protein ubiquitination is best
compared to protein phosphorylation. In both

cases, proteins are specifically, diversely, and re-
versibly modified. The modifications can direct-
ly affect activity or conformation but can also act
as interaction surfaces to recruit other proteins
containing domains that recognize the specific
modification. The assemblies then confer func-
tion to the modification. Understanding the func-
tions of proteins that recognize ubiquitinated
substrates will be the key to understanding the
function of Ub in a particular cellular process.
Also, because of the similarities between ubiq-
uitination and phosphorylation, it is likely that
ubiquitination can positively or negatively affect
cellular processes, depending on the particular
substrate and the context. Care should thus be
taken when comparing experiments performed
in different contexts. Finally, the fact that many
proteins that are targets for ubiquitination are
also phosphorylated increases the complexity of
regulation that can be achieved.

References and Notes
1. A. Hershko, A. Ciechanover, Annu. Rev. Biochem. 61, 761

(1992).
2. C. M. Pickart, M. J. Eddins, Biochim. Biophys. Acta 1695,

55 (2004).
3. L. Hicke, Cell 106, 527 (2001).
4. C. M. Pickart, D. Fushman, Curr. Opin. Chem. Biol. 8, 610

(2004).
5. J. A. Daniel et al., J. Biol. Chem. 279, 1867 (2004).
6. I. E. Wertz et al., Nature 430, 694 (2004).
7. S. Dupre, R. Haguenauer-Tsapis, Mol. Cell. Biol. 21, 4482

(2001).
8. L. Hicke, H. L. Schubert, C. P. Hill, Nat. Rev. Mol. Cell

Biol. 6, 610 (2005).
9. L. Hicke, H. Riezman, Cell 84, 277 (1996).
10. R. Kolling, C. P. Hollenberg, EMBO J. 13, 3261 (1994).
11. J. Terrell, S. Shih, R. Dunn, L. Hicke, Mol. Cell 1, 193

(1998).
12. J. M. Galan, R. Haguenauer-Tsapis, EMBO J. 16, 5847

(1997).
13. L. Hicke, R. Dunn, Annu. Rev. Cell Dev. Biol. 19, 141 (2003).
14. G. J. Strous et al., Curr. Top. Microbiol. Immunol. 286,

81 (2004).
15. P. Kavsak et al., Mol. Cell 6, 1365 (2000).
16. G. M. Di Guglielmo, C. Le Roy, A. F. Goodfellow,

J. L. Wrana, Nat. Cell Biol. 5, 410 (2003).
17. K. Haglund et al., Nat. Cell Biol. 5, 461 (2003).
18. Y. Mosesson et al., J. Biol. Chem. 278, 21323 (2003).
19. S. Sigismund et al., Proc. Natl. Acad. Sci. U.S.A. 102,

2760 (2005).
20. H. Chen, P. De Camilli, Proc. Natl. Acad. Sci. U.S.A. 102,

2766 (2005).
21. F. Huang, D. Kirkpatrick, X. Jiang, S. Gygi, A. Sorkin,

Mol. Cell 21, 737 (2006).

22. T. Itoh et al., Science 291, 1047 (2001).
23. R. Varadan et al., J. Biol. Chem. 279, 7055 (2004).
24. S. K. Shenoy, P. H. McDonald, T. A. Kohout,

R. J. Lefkowitz, Science 294, 1307 (2001).
25. J. Y. Springael, J. M. Galan, R. Haguenauer-Tsapis,

B. Andre, J. Cell Sci. 112, 1375 (1999).
26. T. Geetha, J. Jiang, M. W. Wooten, Mol. Cell 20, 301 (2005).
27. M. Komada, N. Kitamura, J. Biochem. (Tokyo) 137,

1 (2005).
28. J. H. Hurley, S. D. Emr, Annu. Rev. Biophys. Biomol.

Struct. 35, 277 (2006).
29. J. M. Gaullier et al., Nature 394, 432 (1998).
30. E. Mizuno et al., Mol. Biol. Cell 16, 5163 (2005).
31. J. McCullough, M. J. Clague, S. Urbe, J. Cell Biol. 166,

487 (2004).
32. M. J. Clague, S. Urbe, Trends Cell Biol. 13, 603

(2003).
33. L. M. Duncan et al., EMBO J. 25, 1635 (2006).
34. D. Hoeller et al., Nat. Cell Biol. 8, 163 (2006).
35. S. Polo et al., Nature 416, 451 (2002).
36. Y. Zhang, D. B. Moheban, B. R. Conway, A. Bhattacharyya,

R. A. Segal, J. Neurosci. 20, 5671 (2000).
37. J. C. Arevalo et al., Neuron 50, 549 (2006).
38. N. Gupta-Rossi et al., J. Cell Biol. 166, 73 (2004).
39. E. C. Lai, F. Roegiers, X. Qin, Y. N. Jan, G. M. Rubin,

Development 132, 2319 (2005).
40. M. Bienko et al., Science 310, 1821 (2005).
41. P. L. Kannouche, J. Wing, A. R. Lehmann, Mol. Cell 14,

491 (2004).
42. P. Stelter, H. D. Ulrich, Nature 425, 188 (2003).
43. E. C. Friedberg, A. R. Lehmann, R. P. Fuchs, Mol. Cell 18,

499 (2005).
44. L. Sun, L. Deng, C. K. Ea, Z. P. Xia, Z. J. Chen, Mol. Cell

14, 289 (2004).
45. H. Zhou et al., Nature 427, 167 (2004).
46. A. Kanayama et al., Mol. Cell 15, 535 (2004).
47. S. Kishida, H. Sanjo, S. Akira, K. Matsumoto,

J. Ninomiya-Tsuji, Genes Cells 10, 447 (2005).
48. C. J. Wu, D. B. Conze, T. Li, S. M. Srinivasula, J. D. Ashwell,

Nat. Cell Biol. 8, 398 (2006).
49. K. Flick et al., Nat. Cell Biol. 6, 634 (2004).
50. S. Elsasser, D. Finley, Nat. Cell Biol. 7, 742 (2005).
51. K. Flick, S. Raasi, H. Zhang, J. L. Yen, P. Kaiser, Nat. Cell

Biol. 8, 509 (2006).
52. L. Abrami, S. H. Leppla, F. G. van der Goot, J. Cell Biol.

172, 309 (2006).
53. H. Zhou et al., J. Exp. Med. 202, 1327 (2005).
54. K. Cadwell, L. Coscoy, Science 309, 127 (2005).
55. D. Rotin, V. Kanelis, L. Schild, Am. J. Physiol. Renal

Physiol. 281, F391 (2001).
56. L. Fallon et al., Nat. Cell Biol. 8, 834 (2006).
57. K. L. Lim et al., J. Neurosci. 25, 2002 (2005).
58. S. Adhikary et al., Cell 123, 409 (2005).
59. C. L. Brooks, W. Gu, Mol. Cell 21, 307 (2006).
60. The authors were supported by the University of Geneva

and a grant from the Swiss National Science Foundation
(to H.R.).

3 August 2006; accepted 30 October 2006
10.1126/science.1127085

www.sciencemag.org SCIENCE VOL 315 12 JANUARY 2007 205

REVIEW

 o
n 

A
pr

il 
30

, 2
00

7 
w

w
w

.s
ci

en
ce

m
ag

.o
rg

D
ow

nl
oa

de
d 

fr
om

 

http://www.sciencemag.org



