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Ubiquitylation is an emerging mechanism implicated in
a variety of nonproteolytic cellular functions. The attach-
ment of a single ubiquitin (Ub) or poly-Ub (lysine 63)
chains to proteins control gene transcription, DNA repair
and replication, intracellular trafficking and virus bud-
ding. In these processes, protein ubiquitylation exhibits
inducibility, reversibility and recognition by specialized
domains, features similar to protein phosphorylation,
which enable Ub to act as a signaling device. Here, we
highlight several recent examples on how Ub regulates
signaling and how signaling regulates ubiquitylation
during physiological and pathological cellular processes.
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Introduction

Ubiquitin (Ub) is a highly conserved protein of 8kDa that
becomes covalently attached to lysine (Lys) residues of target
proteins. This occurs through a three-step process involving
Ub-activating (E1), Ub-conjugating (E2) and Ub-ligating (E3)
enzymes (Hershko and Ciechanover, 1998). The types of
Ub modifications that can form are diverse. In the simplest
form, a single Ub molecule is attached, which is defined as
monoubiquitylation (Figure 1) (Hicke and Dunn, 2003).
Alternatively, several Lys residues can be tagged with single
Ub molecules, giving rise to multiple monoubiquitylation,
also referred to as multiubiquitylation (Figure 1) (Haglund
et al, 2003a). Since Ub contains seven Lys residues itself, Ub
molecules can form different types of chains in an iterative
process, known as polyubiquitylation (Pickart and Fushman,
2004). All seven Lys residues (Lys6, Lysll, Lys27, Lys29,
Lys33, Lys48 and Lys63) are possibly involved in chain
formation in vivo, and Ub chains linked via Lys48 or 63
are the best characterized so far (Figure 1) (Hicke et al,
2005). It is clear that Lys48-linked poly-Ub (Ub""*®) chains
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represent a signal for proteasomal degradation of modified
substrates. This discovery was awarded the Nobel Prize
in Chemistry 2004 and has been extensively reviewed
(Hershko and Ciechanover, 1998). However, other types
of Ub conjugates are involved in the regulation of different
cellular processes, independently of proteolytic degradation
(Haglund et al, 2003a; Hicke and Dunn, 2003; Krappmann
and Scheidereit, 2005). Here, we focus on the novel role of
Ub as a signaling mechanism to regulate signaling networks.
We will discuss how different Ub modifications, in parti-
cular mono-Ub and Ub™®®* chains, function as signaling-
dependent devices for regulating cellular functions and
establishing networks of protein-protein interactions. We
will also highlight how ubiquitylation regulates signaling
and vice versa.

Ub as an inducible and reversible signal

It is well established that protein ubiquitylation is induced
by a vast variety of stimuli and upstream signaling events
in cells. For example, various cell surface receptors become
ubiquitylated upon stimulation with extracellular ligands
(Hicke and Dunn, 2003). In addition, many cytoplasmic and
nuclear proteins become ubiquitylated following their phos-
phorylation (Di Fiore et al, 2003; Muratani and Tansey, 2003).
Moreover, the functions of Ub ligases are tightly regulated by
signal-induced mechanisms such as compartmentalization,
degradation, oligomerization and post-translational modifica-
tions (Thien and Langdon, 2001; Dikic et al, 2003).
Regulation at this level is particularly important, since Ub
ligases play a central role in substrate recognition and speci-
ficity. A second key feature of the ubiquitylation system is
that Ub can be rapidly removed by deubiquitylating enzymes
(DUBs), which serve to switch off the Ub signal or to shift
between different modifications of the same Lys residue
(Hershko and Ciechanover, 1998). Notably, ubiquitylation
shares the two above-mentioned similarities with protein
phosphorylation. In addition, both modifications are recog-
nized by specific protein domains, providing a mechanism for
translation of the Ub or phospho-specific signal to down-
stream effectors (Pawson et al, 2001; Hicke et al, 2005).
Intriguingly, although it might not be universally required,
phosphorylation is a signal that often precedes ubiquitylation
of proteins, for example, phosphorylation of the Ub ligase
(e.g. Cbl) or of the substrate protein (e.g. Eps15, Hrs and IkB),
which indicates that the two modifications are in tight
cooperation in cells. A major difference between the two
systems is that Ub is a chemically more complex molecule
than phosphate, since it has a larger surface to interact with
other proteins. In addition, the fact that Ub can form chains
increases the complexity even further. In fact, the Ub™*®* and
UbY**8 chains have different conformations, with the Ub™*%3
chain being much more extended than the one linked via
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Figure 1 Ub modifications and their cellular functions. Attachment
of a single Ub molecule to a single Lys (K) residue leads to protein
monoubiquitylation (mono-Ub). Multiple monoubiquitylation
(multi-Ub) results from the addition of several single Ub molecules
to different Lys residues. These modifications are implicated in
various nonproteolytic cellular functions, including endocytosis,
endosomal sorting and DNA repair. Polyubiquitylation (poly-Ub)
results from the attachment of a chain of Ub molecules to one or
more Lys residues. Ub chains formed via Lys48 (K48) of Ub target-
modified proteins for proteasomal degradation. Chains linked via
Lys63 (K63) are implicated in DNA repair and activation of protein
kinases.

Lys48, indicating that they likely have distinct targets and
functions in the cell (Figure 1) (Pickart and Fushman, 2004).
All these features allow the ubiquitylation system to integrate
and synchronize protein networks all the way from the
cellular membrane to the nucleus.

Ub mediates protein—protein interaction

Protein ubiquitylation influences the ability of a target protein
to interact with other proteins and this is one of the keys
to understanding how Ub regulates cellular processes. Nine
specialized Ub-binding domains (UBDs) have been identified
so far (Table I) (Hicke et al, 2005). These different UBDs
might have evolved to allow a wide variety of proteins to
interact directly with Ub or ubiquitylated proteins during
various cellular processes. Interestingly, the UBDs show
diverse structural folds, but they all contact the hydrophobic
Ile44 patch of Ub, although with slight variation in the
interaction surface. The affinity of the interaction is generally
quite low and higher for poly-Ub chains than for mono-Ub,
and there is a wide range of binding affinities for each type of
domain (Table I). In cells, the affinity and specificity of the
interaction to mono-Ub might be increased by additional
interactions with the modified protein or formation of multi-
meric complexes of Ub-binding proteins (Di Fiore et al, 2003;
Haglund et al, 2003a). Structural differences between differ-
ent types of Ub chains might also provide specificity of the
interaction in vivo (Kanayama et al, 2004). Dynamic inter-
actions between ubiquitylated and Ub-binding proteins allow
Ub networks to be formed in the cell. This concept has been
suggested for several Ub-binding endocytic regulators that are
involved in endosomal sorting of ubiquitylated cargo (Hicke
and Dunn, 2003). Since UBDs are found in various proteins,
Ub-UBD interactions might play important roles for the
vast variety of cellular functions in which ubiquitylation is
implicated.
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Regulatory role of mono-Ub

Monoubiquitylation might have several regulatory roles for
the targeted protein, such as changes in subcellular localiza-
tion, conformation, activity and protein interactions
(Haglund et al, 2003a; Hicke and Dunn, 2003). Several
UBD-containing proteins are monoubiquitylated themselves,
and importantly, their UBDs are required for their own
monoubiquitylation (Polo et al, 2002; Shih et al, 2003). A
possible explanation for this is that the UBD recruits a Ub-
loaded E2-conjugating enzyme and thus promotes its own
monoubiquitylation (Di Fiore et al, 2003). Subsequent to
monoubiquitylation, intramolecular Ub-UBD interactions
might regulate the activity/Ub-binding ability of the UBD-
containing protein to other ubiquitylated proteins or uncon-
jugated Ub in the cell. There is an interesting example of
this type of autoinhibition along the endocytic/biosynthetic
pathways.

Vps9 (mammalian Rabex-5) functions as a guanine
exchange factor for Vps2l (Rab5) that regulates endosomal
fusion during cargo transport both from the endocytic and
biosynthetic pathways. Recent findings show that Vps9 con-
tains a CUE domain, which binds to Ub (Donaldson et al,
2003; Shih et al, 2003). Importantly, Vps9 is required for
sorting of Ste2p-Ub chimera to the vacuole. Vacuolar sorting
of Ste2p-Ub chimera by Vps9 is blocked if the interaction of
Vps9 with Ub is impaired by an Ile44 mutation. Moreover,
yeast strains lacking Vps9 are defective in vacuolar sorting
of Ste2p-Ub chimera (Donaldson et al, 2003). A possible
scenario is that the CUE domain can engage in intra-
molecular interactions with covalently attached mono-Ub
in the same molecule and would gain sorting activity for
ubiquitylated cargo when this interaction is released.

Ub signaling networks in receptor
endocytosis

Emerging evidence indicates that monoubiquitylation is an
important signal during several steps of receptor endocytosis.
Monoubiquitylation of various cell surface receptors func-
tions as an endosomal sorting signal that targets them for
lysosomal degradation (Hicke and Dunn, 2003). Receptors
may also recycle back to the cell surface and loss of receptor
ubiquitylation has indeed been correlated with enhanced
recycling (Levkowitz et al, 1998). The requirement of ubiqui-
tylation for the early steps of receptor endocytosis is still a
matter of controversy based on the fact that Ub is sufficient to
facilitate the removal of receptors from the cell membrane,
but is also dispensable for internalization of many transmem-
brane receptors in vivo (Holler and Dikic, 2004). On the other
hand, the importance of monoubiquitylation for endocytic
sorting of receptors into the inner vesicles of the forming
multivesicular body (MVB), which are destined for lysosomal
degradation is firmly established (Katzmann et al, 2002;
Hicke and Dunn, 2003). The Ub ligase Cbl promotes multiple
monoubiquitylation of activated receptor tyrosine Kinases
(RTKs), ensuring their efficient lysosomal targeting
(Haglund et al, 2003b). In addition, several endocytic regu-
lators harbor UBDs that interact with mono-Ub and are
required for endosomal sorting of ubiquitylated cargo
(Table II). These proteins include Eps15, epsins, Hrs and
tumor susceptibility gene 101 (TSG101), which are localized
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Table I Ub-binding domains and their characteristics

UBD Structure and mode of interaction with Ub K4 (M) Motif length ~ Proteins containing
(aa) UBD
CUE Three-helix bundle with hydrophobic interaction ~2-160 (mono-Ub) 42-43 Vps9p, Tollip

surface. Conserved MFP and LL motifs required
for Ub binding

GAT Three-helix bundle with hydrophobic and acidic ~180 (mono-Ub) 135 GGA1, TOM1, TOM1L1
interaction surface on helices 1 and o2

GLUE Not known ~430-490 (mono-Ub) ~135 Eap45

NZF Four antiparallel B-strands. Zinc-finger with single ~100-400 (mono-Ub) ~35 Npl4, TAB2/3, Vps36p

zinc ion coordinated by four conserved cysteine
residues. TF/® motif required for Ub binding

PAZ Not known Not known ~58 HDAC6

UBA Three-helix bundle with hydrophobic interaction ~10-500 (mono-Ub) ~45-55 Rad23, Edelp
surface. Conserved leucine residue required for Ub ~30nM (poly-Ub)
binding

UEV Four a-helices and four B-strands. Homology to the ~ ~100-500 (mono-Ub) ~145 TSG101, Vps27p

catalytic subunit of Ubcs; lacking the catalytic
cysteine residue

UIM Short a-helix. Two conserved serine residues ~100-400 (mono- or poly-Ub) ~20 Eps15, Epsinl/2, Entl/2
required for Ub binding Hrs/Vps27p
VHS Not known Not known 150 STAM

Structural features and affinities of interactions with Ub are listed along with examples of proteins containing the identified UBDs. Although the
domains have different structural folds, all of them contact the hydrophobic patch including Ile44 with slightly different interaction surfaces.
aa=amino acids; CUE = coupling of Ub conjugation enzyme-like; Eps15 = epidermal growth factor receptor substrate 15; Epsin=Eps15-
interacting protein; GAT =GGA and TOM1; GGA =Golgi-localized, gamma-ear-containing, Arf (ADP-ribosylation factor)-binding protein;
GLUE = Gram-like Ub-binding in Eap45; HDAC = histone deacetylase; HHM = Hidden Markow Model; Hrs=hepatocyte growth factor-
regulated tyrosine kinase substrate; NZF=Npl4 zinc-finger; PAZ=poly-Ub-associated zinc-finger; STAM = signal-transducing adaptor
molecule; TAB =TAK1-binding protein; TOM1 = target of Myb1; TSG101 = tumor susceptibility gene 101; Ub = ubiquitin; UBA = Ub-associated;
UEV = Ub E2 variant; UIM = Ub-interacting motif; VHS = Vps27, Hrs, STAM; Vps = vacuolar protein sorting; MFP = methionine, phenylalanine,
proline; LL = dileucine; TF = threonine, phenylalanine; ® = hydrophobic amino acid.

Table II Ub-binding endocytic regulators and their functions

Protein UBD Protein function

Yeast Mammals

Edelp Eps15 UBA/UIM Endocytic adaptor protein at the plasma membrane and sorting endosome. Endocytosis
of ubiquitylated EGFRs and endosomal sorting in mammalian cells

Entlp/2p Epsinl/2 UIM Endocytic adaptor protein at the plasma membrane. Internalization of Ste2p in yeast
and endocytosis of ubiquitylated EGFRs in mammalian cells

Gga GGA GAT Monomeric clathrin adaptor protein. Ub-dependent sorting of Gapl from the TGN to
endosomes and EGFRs from early endosomes to the lysosome

Hselp STAM1/2 UIM and VHS Endocytic adaptor protein at the sorting endosome. Sorting of vacuolar markers into

the vacuole in yeast and of ubiquitylated cargo, including EGFRs, into the MVB in
mammalian cells

— TOM1 GAT Adaptor protein with VHS and GAT domains recruited to early endosomes by Tollip.
Recruitment of ubiquitylated proteins to early endosomes

Vps9p Rabex-5 CUE/? GEF for Vps2lp/Rab5 at the sorting endosome. Sorting of Ste2p into the vacuole in
yeast

Vps23p TSG101 UEV ESCRT-I component. Sorting of monoubiquitylated CPS into the MVB in yeast and of
ubiquitylated EGFRs for lysosomal degradation in mammalian cells

Vps27p Hrs UIM Endocytic adaptor protein at the sorting endosome. Sorting of ubiquitylated cargo into

the vacuole in yeast and of ubiquitylated EGFRs and TfR-Ub chimera into the MVB in
mammalian cells
Vps36p Eap45 NZF/GLUE ESCRT-II component. Sorting of ubiquitylated cargo into the vacuole/MVB

The functions of endocytic Ub-binding proteins and the role of their UBDs in cellular processes are indicated. Some proteins have different
UBDs in the yeast or mammalian homologs. In these cases, both domains are shown in the table with the yeast domain first and the
mammalian second (i.e. UBA (yeast)/UIM (mammalian)). In the case of STAM1, both the UIM and the VHS domain have been implicated in Ub
binding. A UBD of Rabex-5 has not yet been published. CUE = coupling of Ub conjugation enzyme-like; EGFR = epidermal growth factor
receptor; Eps15=epidermal growth factor receptor substrate 15; Epsin = Epsl5-interacting protein; Gapl = general amino-acid permease;
GAT =GGA and TOM1; GGA =Golgi-localized, gamma-ear-containing, Arf (ADP-ribosylation factor)-binding protein; GEF = guanine nucleo-
tide exchange factor; GLUE = Gram-like Ub-binding in Eap45; ESCRT =endosomal sorting complex required for transport; Hrs = hepatocyte
growth factor-regulated tyrosine kinase substrate; MVB = multivesicular body; NZF = Np14 zinc-finger; RIP = TNF receptor-interacting protein;
STAM = signal-transducing adaptor molecule; TfR = transferrin receptor; TGN = trans-Golgi network; TOM1 = target of Myb1; Ub = ubiquitin;
TSG101 =tumor susceptibility gene 101; UBA=Ub associated; UBD = Ub-binding domain; UEV=Ub E2 variant; UIM = Ub-interacting
motif; VHS = Vps27, Hrs, STAM; Vps = vacuolar protein sorting.
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in specific endocytic compartments and can direct the
endosomal sorting of the ubiquitylated cargo (Raiborg et al,
2002; Hicke and Dunn, 2003). More recently, the adaptor
proteins GGA and TOM1 have also been implicated in sorting
of ubiquitylated proteins (Puertollano and Bonifacino, 2004;
Scott et al, 2004).

It is becoming apparent that numerous receptors can
transmit signals from endocytic compartments and that
these might be qualitatively different from those initiated at
the plasma membrane (Miaczynska et al, 2004). It is clear
that signaling via neurotrophin (NT) receptors occurs after
their internalization. For instance, the receptor tyrosine
kinase TrkA promotes NGF-induced cell survival when at
the cell surface, whereas it induces differentiation when
internalized (Zhang et al, 2000). Importantly, NT-3 binding
to TrkA induces internalization and recycling and regulates
neurite outgrowth, while NGF induces endocytosis of TrkA,
retrograde signaling and transport, and sympathetic neuron
survival (Kuruvilla et al, 2004). In addition, several lines of
evidence indicate that signaling via mitogen receptors, such
as the EGFR, also can occur subsequent to their endocytosis.
For instance, inhibition of clathrin-dependent receptor endo-
cytosis significantly blocks activation of MAPK in response to
EGF (Vieira et al, 1996). Moreover, many adaptor and signal-
ing molecules (including Grb2, Crk and Ras) translocate to
endosomes with activated EGF and TrkA receptors. The
signaling from endosomes seems to be physiologically rele-
vant, because signal transduction of EGFRs in endosomes is
required for cell survival (Sorkin and Von Zastrow, 2002).
Different endocytic routes taken by the receptor might
influence its signaling properties (Sigismund et al, 2005).
Similarly, in the case of the transforming growth factor
(TGF)-B receptor, clathrin-mediated receptor endocytosis pro-
motes signaling, whereas lipid-raft/caveolar internalization is
required for receptor turnover (Di Guglielmo et al, 2003). For
Notch receptors, which regulate several developmental deci-
sions, monoubiquitylation and endocytosis are prerequisites
for efficient receptor activation and signaling (Gupta-Rossi
et al, 2004). Moreover, the Notch receptor ligands undergo
ubiquitylation, which is required for ligand endocytosis in
the signal-sending cell and Notch signaling in the signal-
receiving cell (Lai et al, 2005).

Thus, ubiquitylation is an important signal for directing
the subcellular localization and intracellular traffic of recep-
tors as well as to regulate receptor signaling by modulating
the quality, strength and duration of the signal.

Ub networks in the regulation of NF-xB
signaling

The NF-kB transcription factor family members control var-
ious biological processes such as apoptosis and proliferation
and are among others activated by the proinflammatory
cytokines tumor necrosis factor o (TNFa) and interleukin-
1B (IL-1B) (Silverman and Maniatis, 2001). In resting cells,
NF-xB is kept inactive in the cytoplasm by association with
the inhibitor IkBa. The IkB kinase (IKK), consisting of two
catalytic subunits (IKKe and IKKB) and the regulatory sub-
unit NEMO (NF-xB essential modulator)/IKKy, induces
phosphorylation of IkBa, which targets it for Lys48-linked
polyubiquitylation and proteasomal degradation (Karin and
Ben-Neriah, 2000). In this way, NF-kB gets released and

3356 The EMBO Journal VOL 24 | NO 19 | 2005

activated, and translocates into the nucleus where it triggers
the expression of its target genes (Figure 2A). Here, we will
briefly discuss the evidence for the regulation of NF-«xB
signaling by ubiquitylation. For a complete overview of the
topic, we refer to a recent review (Krappmann and
Scheidereit, 2005).

The activation of both IKK and the kinase that activates
IKK, TGF-B-activated kinase (TAK1), requires Ub™*%* chains
synthesized by the Ub ligase TRAF6 (Figure 2A) (Krappmann
and Scheidereit, 2005). In the case of IKK, modification of the
regulatory subunit NEMO with Ub™® Jeads to the activation
of IKK and thus of NF-xB (Zhou et al, 2004). Moreover,
activation of IKK requires monoubiquitylation of IKKf,
which is induced by its serine phosphorylation (Carter
et al, 2003). TAK1 is found in complexes with the TAKI1-
binding proteins (TAB1, TAB2 and TAB3), which stimulate its
kinase activity. Recent findings show that TAB2 and TAB3
harbor a novel type of Ub-binding zinc-finger domain that
preferentially binds Ub™*%® chains. Importantly, this domain
is required for the ability of TAB2 and TAB3 to activate TAK1
(Kanayama et al, 2004). Possibly, binding of TAB proteins to
Ub"*%3.modified NEMO would bring TAK1 close to IKK and
thereby facilitate TAK1-mediated activation of the IKK/NF-xB
pathway. These findings illustrate how Ub™*®* chains may
function as a scaffold to assemble signaling complexes.

An essential component of the TNF receptor 1 signaling
complex, RIP (receptor-interacting protein), becomes modi-
fied by the Ub ligase TRAF2 with Ub'¥*%® chains upon TNF-o.
stimulation (Figure 2B) (Silverman and Maniatis, 2001). A20,
a potent feedback inhibitor of NF-«B signaling, acts both as a
DUB that specifically removes Ub™*®* chains from RIP and as
a Ub ligase that subsequently attaches Ub™**® chains, thereby
promoting proteasomal degradation of RIP (Wertz et al,
2004). Interestingly, deubiquitylation of RIP is a prerequisite
for ubiquitylation by A20, and therefore Lys63-linked poly-
ubiquitylation of RIP seems to protect it from degradation and
to ensure activation of NF-kB. Another DUB, the tumor
suppressor cylindromatosis (CYLD), removes Ub™*®* chains
from TRAF2, TRAF6 and NEMO, also leading to the down-
regulation of NF-kB signaling (Brummelkamp et al, 2003). In
conclusion, modification of IKKB with mono-Ub and NEMO,
TRAFs and RIP with Ub"*% chains are critical events for
activating NF-kB, whereas Ub removal seems to be a com-
mon theme for downregulation of NF-kB signaling.

Ub signaling networks in the nucleus

Many findings have established that monoubiquitylation
plays a pivotal role for transcriptional regulation by modifica-
tion of histones and transcription factors. More details on Ub
networks during transcription are found in a recent review
(Muratani and Tansey, 2003). Here, we focus on Ub signaling
networks during DNA repair.

Emerging data show that DNA damage and DNA repair are
signaling responses that are tightly linked to ubiquitylation.
Proliferating cell nuclear antigen (PCNA), the replicative
processivity factor, forms a clamp that encircles DNA during
DNA replication (Haracska et al, 2004). Two types of Ub
modifications of PCNA determine which DNA polymerases
will bind to PCNA and which type of DNA repair will take
place. Monoubiquitylation of PCNA on Lys164 triggers error-
prone DNA repair, whereas attachment of Ub™*®* chains at
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Figure 2 Ub in the regulation of NF-kB signaling and DNA repair. (A) Activation of the Ub ligases TRAF2 and TRAF6 leads to the modification
of TRAF2, TRAF6, RIP and NEMO with Ub"®% chains. TAK1 is thought to be recruited to these proteins via TAB2/3, which harbor UBDs.
Binding of TAB2/3 to Ub is required for the activation of TAK1, which in turn activates IKK. Serine phosphorylation of IKKf triggers its
monoubiquitylation. Once activated, IKK mediates serine phosphorylation of IxB, which triggers ubiquitylation by the Ub ligase B-TRCP,
followed by proteasomal IkB degradation. When NF-«B is released, it translocates to the nucleus and activates transcription. IkB, inhibitor-«B;
IKK, IkB kinase; IL-1R, interleukin-1 receptor; NEMO, NF-kB essential modulator; NF-xB, nuclear factor-kB; RIP, receptor-interacting protein;
TAB, TAK1-binding protein; TAK1, TGF-B-activated kinase 1; TNFR, tumor necrosis factor receptor; TRAF, TNFR-associated factor; p-TRCP,
transducin-repeat-containing protein. (B) Deubiquitylation of TRAF2, TRAF6 and NEMO by the DUB CYLD leads to inhibition of NF-xB
activation. Moreover, deubiquitylation of RIP by A20 is followed by A20-mediated Lys48-linked polyubiquitylation of RIP. This modification
targets RIP for proteasomal degradation. CYLD, cylindromatosis. (C) During DNA damage, monoubiquitylation and Lys63-linked polyubiqui-
tylation regulates switching between translesion and high-fidelity polymerases, leading to error-prone or error-free DNA repair, respectively.

Sumolyation of PCNA is involved in DNA synthesis. Monoubiquitylation of FANCD?2 is associated with DNA repair.

the same site signals error-free DNA repair (Figure 2C)
(Hoege et al, 2002; Stelter and Ulrich, 2003). Interestingly,
the same Lys residue that undergoes both mono-Ub and
Ub™*% poly-Ub is also sumoylated. SUMO (small Ub-like
modifier) attachment to PCNA is involved in normal DNA
synthesis during S phase (Hoege et al, 2002). Thus, the same
Lys residue in PCNA undergoes three different mutually
exclusive modifications. A model has been proposed where
modification of PCNA with mono-Ub or Ub™*%* chains reg-
ulates the engagement of low-fidelity lesion-bypass poly-
merases or high-fidelity replicases to the site of replication,
respectively (Friedberg et al, 2005).

Interplay between the reversible SUMO and Ub modifica-
tions seems to be a common regulatory mechanism in
nuclear Ub networks. NF-«B activation is triggered by two
pathways, one that is initiated by TNF-o or IL-1f (Figure 2A)
and one initiated by DNA damage (Huang et al, 2003). Upon

©2005 European Molecular Biology Organization

DNA damage, the localization of NEMO, the NF-xB essential
modulator, is controlled by sequential modifications with
SUMO and Ub. First, sumoylation of NEMO leads to its
accumulation in the nucleus. Thereafter, NEMO desumolya-
tion and phosphorylation by the DNA response kinase ATM
leads to ubiquitylation of NEMO on the same two Lys
residues that were modified with SUMO (Huang et al,
2003). Importantly, NEMO ubiquitylation leads to its translo-
cation to the cytoplasm where it can associate with and
activate the IKK, leading to the activation of NF-«B.

DNA damage induces phosphorylation and monoubiqui-
tylation of the FANCD2 protein (Fanconi anemia protein of
subtype 2) (Figure 2C), which triggers interaction with the
tumor suppressor protein breast cancer 1 (BRCA1) in chro-
matin-associated nuclear foci (D’Andrea and Grompe, 2003;
Gregory et al, 2003; Vandenberg et al, 2003). These foci are
implicated in activation of the S-phase checkpoint and DNA
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repair. Deubiquitylation of FANCD2 may play a critical role
for the recycling of FANCD2 when cells recommence the cell
cycle after DNA damage (Nijman et al, 2005). Together, these
examples highlight the importance for ubiquitylation in
orchestrating nuclear signaling networks during DNA repair.

Ub networks as a target for therapeutic
interventions

Alterations of ubiquitylation pathways have been shown to
contribute to the pathogenesis of several diseases, such as
cancer and neurodegenerative disorders. In fact, mutations of
Ub, ubiquitylation enzymes (Els, E2s and E3s), DUBs and
ubiquitylation substrates are all found in human disorders
(Jiang and Beaudet, 2004). The fact that many Ub ligases are
proto-oncogenes emphasizes the importance of ubiquityla-
tion for maintenance of cellular homeostasis (Fang et al,
2003).

It is well-established that constitutive RTK signaling,
resulting from receptor overexpression, autocrine growth factor
loops and activating mutations, may lead to cell transforma-
tion and cancer (Blume-Jensen and Hunter, 2001). In addi-
tion, loss of negative regulation of RTKs is an important
factor that contributes to enhanced receptor signaling (Dikic
and Giordano, 2003). For instance, receptor mutations that
lead to loss of the binding site for the Ub ligase Cbl as well as
Cbl mutants lacking the Ub ligase activity cause defective
receptor downregulation (Peschard and Park, 2003; Bache
et al, 2004b). The ESCRT machinery recognizes ubiquitylated
cargo at the sorting step into the inner vesicles of the MVB,
targeting the cargo for lysosomal degradation. Importantly,
two of the ESCRT-I subunits, TSG101 and hepatocellular
carcinoma-related protein 1 (HCRP1), are linked to the devel-
opment of tumors (Katzmann et al, 2002; Bache et al, 2004a).
Thus, proper Ub-dependent lysosomal targeting of activated
RTKs prevents constitutive receptor signaling and carcinogen-
esis. Therefore, new therapies not only aim to reduce receptor
activity but also to induce RTK internalization and degrada-
tion (Rowinsky, 2004).

Monoclonal antibodies and small molecule kinase inhibi-
tors have proven to act partially via Ub-dependent receptor
degradation. For instance, monoclonal antibodies, used for
the treatment of breast cancer tumors overexpressing ErbB2,
enhance Cbl-mediated receptor ubiquitylation and down-
regulation (Klapper et al, 2000). Some types of cancer exhibit
constitutive NF-xB activity, which promotes cell proliferation
and inhibits apoptosis (Karin and Ben-Neriah, 2000). For this
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pathway, proteasomal inhibitors are explored as potential
therapeutics blocking IkB degradation and thus NF-«xB acti-
vation. The reversible proteasome inhibitor Bortezomib
(Velcade™) has shown positive results for the treatment of
relapsed and refractory multiple myeloma and is the first
proteasome inhibitor approved in clinics (Adams and
Kauffman, 2004). Moreover, more specific small-molecule
inhibitors that interfere specifically with Ub ligase binding
to tumor-suppressing proteins, such as IkB, might be promis-
ing. An additional example is VHL, an E3 ligase subunit
associated with von Hippel-Lindau disease, a cause of famil-
ial kidney tumors (Fang et al, 2003). These examples show
that detailed knowledge of the molecular mechanisms that
are regulated by protein ubiquitylation in both biological and
physiological processes is required to consider components of
these pathways as targets for therapeutics.

Conclusions and perspectives

With similarities to phosphorylation, ubiquitylation is emer-
ging as a signal involved in the regulation of a variety of
biological processes. In order to understand how these
responses are controlled at the molecular level, much more
needs to be understood about how Ub modification controls
protein function, activity and localization and how the Ub
signal is propagated and translated to regulate downstream
cellular events. A key to unraveling these questions is the
recognition of ubiquitylated substrates by Ub-binding pro-
teins in vivo. This might give insights into how induction of
protein ubiquitylation by several signaling processes allows
the formation of networks of protein-protein interactions.
Moreover, proteomic approaches to study the dynamics of
Ub-UBD interactions upon ligand stimulation as well as live-
imaging techniques to visualize Ub signaling networks in vivo
will empower a more comprehensive analysis of cellular
signaling events governed by ubiquitylation. The growing
detailed knowledge about ubiquitylation signaling pathways
during normal physiology will also help in understanding
how their deregulation leads to disease.
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