RING

A zinc-binding protein—protein
interaction motif, found in
RING-type ubiquitin E3 ligases,
that binds to the E2 ubiquitin
thioester and thereby
promotes ubiquitin transfer

to substrate proteins.
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REVIEWS

The spatial and temporal organization
of ubiquitin networks

and entire organisms.

Ten years ago, we were only starting to suspect the
leading part that the ubiquitin network was about to
take in our understanding of cellular signalling. At that
time, ubiquitylation was beginning to be acknowledged
as more than simply a signal for protein degradation,
and instead as a main regulator of biological events'.
RING domains had been recognized as mediators of
ubiquitin ligase activity, and differently linked ubiquitin
chains were suspected to regulate distinct processes, as
suggested by reports linking Lys63 ubiquitin chains to
pro-inflammatory signalling pathways and DNA repair
responses. Since then, the ubiquitin system has been
found to be highly versatile, in terms of both the range
of ubiquitin signals and the range of cellular responses
that ubiquitin conjugation can trigger (BOX 1).
Ubiquitylation is achieved by the concerted action
of activating (E1), conjugating (E2) and ligating (E3)
enzymes, some of which possess elongating activities
that support the generation of polyubiquitin chains**.
Proteins can be modified through the conjugation of
monoubiquitin or polyubiquitin chains of variable length
on any of the seven Lys residues (Lys6, Lys11, Lys27,
Lys29, Lys33, Lys48 or Lys63) or the amino-terminal
Met (Met1) of the ubiquitin monomer. Ubiquitin chains
can thus be connected by at least eight different homo-
typic linkages, as well as by a range of atypical chains
(heterologous, forked or mixed)®”5. Occasionally, effi-
cient protein polyubiquitylation requires additional
conjugation factors, so-called E4 enzymes, that sup-
port the elongation of ubiquitin chains’ (reviewed in
REF. 10). The myriad of ubiquitin signal species is rec-
ognized and decoded by specialized ubiquitin-binding
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Abstract | In the past decade, the diversity of signals generated by the ubiquitin system has
emerged as a dominant regulator of biological processes and propagation of information in
the eukaryotic cell. A wealth of information has been gained about the crucial role of spatial
and temporal regulation of ubiquitin species of different lengths and linkages in the nuclear
factor-kB (NF-kB) pathway, endocytic trafficking, protein degradation and DNA repair. This
spatiotemporal regulation is achieved through sophisticated mechanisms of compartmen-
talization and sequential series of ubiquitylation events and signal decoding, which control
diverse biological processes not only in the cell but also during the development of tissues

domains (UBDs), which form transient, non-covalent
interactions with either ubiquitin moieties or the link-
age region in ubiquitin chains'". Strict control of ubig-
uitylation is accomplished by deubiquitylating enzymes
(DUBSs), a divergent family of isopeptidases that
reverse ubiquitylation by removing conjugated ubiq-
uitin tags'>'?. Several recent reviews have elaborated
on the principle mechanisms by which ubiquitylation
is implicated in regulating different aspects of cellular
physiology, including protein degradation, DNA repair,
the ER-associated degradation (ERAD) pathway, receptor
endocytosis, apoptosis and autophagy'*2°.

In this Review, we focus on the spatiotemporal organ-
ization of ubiquitin signalling. We give a comprehensive
overview of how spatial organization is achieved by the
compartmentalization and distinct arrangements of pro-
teins in the ubiquitin arsenal, from the structural basis
of the molecular mechanisms to the signalling pathways
that control their biological functions. Moreover, we
illustrate how dynamic spatial and temporal changes in
ubiquitin networks are used to coordinate processes
in the cell, such as the nuclear factor-xB (NF-kB) signal-
ling pathway and receptor endosomal sorting, as well as
in cell and animal development.

Ubiquitylation in space and time

The abundance of ubiquitin in all cells and in most sub-
cellular structures has forced the living cell to develop
numerous strategies to properly organize the ubiquitin
network in space and time. Interestingly, although ubiq-
uitin does not seem to be found inside organelles such
as the endoplasmic reticulum (ER), mitochondria* or
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Box 1| The ubiquitin network — what a difference a decade makes
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Ubiquitylation is mediated by the sequential activity

of activating (E1), conjugating (E2) and ligating (E3)
enzymes, resulting in the conjugation of monoubiquitin
or polyubiquitin chains of different lengths and linkages
to target proteins (see the figure). The past 10 years
have shown great advancements in our understanding
of ubiquitin signalling?7*16.20:137,

[~ADP + P,

2
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e Eukaryotic genomes were thought to encode a single N\ 7/

E1 enzyme, 220 E2 enzymes and <100 E3 enzymes. 0000

|

* RING fingers and HECT domains were associated with
ubiquitylation.
* Substrate specificity was mainly considered to be mediated by the E3 enzyme.
* Information regarding ubiquitin-binding domains (UBDs) was limited, and only the

ubiquitin-associated (UBA) domain and two putative UBD motifs in Rpn10 (S5A in
mammals) had been described.

* Only linkages involving Lys6, Lys11, Lys29, Lys48 and Lys63 were thought to exist.
* The ubiquitin-like molecules recognized were NEDD8, small ubiquitin-related modifier 1
(SUMO1), SUMO2, SUMO3, ISG15, autophagy-related 8 (Atg8), Atg12 and Fub1.

2010

e Eukaryotes are today estimated to have two E1 enzymes, ~40 E2 enzymes and
>600 E3 enzymes.

* Substrate specificity is thought to be achieved by the E2-E3 pair, together with
surrounding domains, accessory molecules and post-translational modifications.

e A large number of UBDs, as well as their preferences for binding surfaces and linkage
specificities, has been identified.

e Linkages are known to be formed on all internal Lys residues (Lys6, Lys11, Lys27, Lys29,
Lys33, Lys48 and Lys63). Linear chains (by Gly76-Met1 conjugation) and atypical chains

(heterologous, forked or mixed) have also been described.

* The ubiquitin-like molecules recognized are NEDD8, SUMO1, SUMO2, SUMO3,
ISG15, Atg8, Atg12, Fub1, ubiquitin-related modifier 1 (Urm1), ubiquitin-fold modifier

(UFM) and FAT10.

P, inorganic phosphate; Ub, ubiquitin.

ER-associated degradation
A protein quality control
pathway (mediated by
p97-VCP-CDC48) in which
misfolded or regulated proteins
residing in the endoplasmic
reticulum (ER) are translocated
into the cytosol for
proteasomal degradation.

Ubiquitin-like molecule

A protein that structurally
resembles ubiquitin and uses
itsown E1, E2 and E3 enzymes
to conjugate to target proteins
and to modify their properties.
Examples are the small
ubiquitin-like modifiers
(SUMOs), NEDDS, ISG15,
Fat10 and autophagy-related 8.

chloroplasts®, ubiquitin conjugation certainly seems to
affect the function and homeostasis of all subcellular
compartments. Several levels of specificity are achieved
by the following: the selectivity for distinct target pro-
teins that is displayed by individual E2-E3 pairs; the
recognition of ubiquitin conjugate length and link-
age by UBDs; and the apparent correlation between
functional outcome and distinct ubiquitin species.
However, these mechanisms do not fully explain how
the ubiquitin system can specifically regulate thousands
of cellular functions®. Instead, fine-tuning of ubiquity-
lation depends on the dynamic changes and sequestra-
tion of components within the ubiquitin network, as
well as on chaperones and scaffold proteins. Sequential
complex assembly, based on multiple ubiquitin-UBD
interactions that are regulated in space and time, ena-
bles the propagation of signalling events controlling
the dynamics of receptor trafficking, the activation of
kinases in the NF-«xB pathway, synaptic plasticity and
cell cycle progression.

Compartmentalization of the conjugation machinery.
There is a growing body of evidence emphasizing essen-
tial roles for E2 enzymes and E3 enzymes in mediating

substrate specificity as well as spatial and temporal con-
trol of ubiquitylation. Although some ubiquitin conjuga-
tion machinery proteins are predominantly expressed in
certain tissues, for example the muscle-specific E3 ligase
tripartite motif-containing 63 (TRIM63)*, many of the
estimated ~40 E2 enzymes® and >600 E3 enzymes**
show broad expression patterns and therefore require
spatial organization at the subcellular level.

One of the most straightforward strategies to
control protein localization is physical tethering to a
specific organelle or subcellular membrane. Indeed,
many E3 enzymes contain regions that are predicted
to be transmembrane domains and to restrict them to
vesicular structures. E2 and E3 subunits that are devoid
of transmembrane domains can also associate with
specific organelles by interacting with scaffold proteins
or by forming multisubunit ubiquitin ligase complexes
that include components which target them to specific
subcellular locations.

Ubiquitin network proteins that are restricted
to a specific subcellular compartment include the
E2 enzymes ubiquitin-conjugating enzyme 6 (Ubc6)
and Ubc7, which are associated with the ER and are
involved in ERAD?. Ubcé6 is tethered to the ER through
its transmembrane domain, whereas Ubc7 (which is
normally cytoplasmic) is recruited to the ER by the
scaffold protein coupling of ubiquitin conjugation to ER
degradation 1 (Cuel)?. Interestingly, in the absence of
Cuel, Ubc7 is degraded through ubiquitin fusion deg-
radation 4 (Ufd4)-dependent Lys48-linked ubiquityla-
tion, a mechanism that elegantly ensures that Ubc7 acts
only when properly localized to the ER*.

Multiple E3 ligases are specifically recruited to mito-
chondria®, and many of these use transmembrane
domains to attach to the outer mitochondrial membrane
(OMM), where they catalyse ubiquitylation in the cyto-
plasmic space surrounding the mitochondrion. Indeed,
mitochondrial E3 ligases have many mitochondrion-
related roles, such as the regulation of internal mitochon-
drial protein quality control®, mitochondrial trafficking
and morphological dynamics during mitochondrial
division®?'; however, they are also important for the
integration of mitochondria within the cellular environ-
ment. For example, mitochondrial ubiquitin ligase acti-
vator of NF-kB* (MULAN; also known as GIDE®) is an
E3 ligase that is involved in mitochondrion-to-nucleus
signalling®, regulation of cell growth and induction of
caspase-dependent apoptotic cell death®.

In addition to proteins that constitutively localize
to specific subcellular compartments, numerous E2-E3
pairs are targeted to their site of action only in response
to specific physiological conditions and/or distinct
post-translational modifications (BOX 2). For instance,
members of the class IIT E2 family (UBCHS6 (also known
as UBE2E1), ubiquitin-conjugating enzyme E2 E2
(UBE2E2) and UBCM2 (also known as UBE2E3))
translocate to the nucleus following the attachment of
ubiquitin to the Cys residue of their active site. This
nuclear translocation is mediated by importin 11,
which specifically recognizes ubiquitin-charged
E2 enzymes®.
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Box 2 | Crosstalk between the ubiquitin network and other post-translational modifications

To reqgulate biological processes, the ubiquitin network is tightly a

integrated with other post-translational modifications, including mﬁ
phosphorylation, acetylation and conjugation by other ubiquitin-like u S

molecules. Protein activity is often regulated by monoubiquitylation, Active
leading to protein conformational changes (see the figure, part a). There b Inactive
is a significant interplay among different types of ubiquitin-like molecules e ®
with regard to enzymatic activity: for example, the ubiquitin-like modifier H_,
NEDDS can be conjugated to cullin-based ubiquitin ligases and thereby ?]T @
induce a conformational change that facilitates ubiquitin transfer and IEC e osphatase v
stimulates ligase activity'*®. By contrast, sumoylation of ubiquitin- @ @
specific-processing protease 25 (USP25) inhibits its deubiquitylating
enzyme (DUB) activity by steric hindrance'. Catalytic activity of the Nucleus
ubiquitin ligase machinery is also highly dependent on phosphorylation
(see the figure, part b). For example, the activity of the E3 ligase ITCH is N
upregulated by Jun N-terminal kinase 1 (JNK1)-mediated N/N/N/N
phosphorylation'*’, whereas phosphorylation triggers nuclear d e

23

translocation of the DUB ataxin 3 (REF. 141) (see the figure, part c).
Moreover, recent reports have brought new light to the role of different
post-translational modifications in the N-end rule pathway'*2. Studies over
the past decades indicate that certain amino-terminal residues, including

Met, Ala, Val, Ser, Thr and Cys, are prone to acetylation and that this may
function as a degradation signal (AcN-degrons) in the N-end rule pathway,
promoting Doal0-dependent degradation in the proteasome!*.

PMLC P—

»
Lys48-linked

N-end rule

A biological principle that
relates the half-life of a cellular
protein to the identity of its
amino-terminal residue, in
which N-terminal amino acids
are recognized by specific E3
ubiquitin ligases (N-recognins).

Breast cancer type 1
susceptibility

(BRCAT1). An E3 ligase that
catalyses multiple types of
ubiquitin signals. It is often
found in a heterodimeric
RING complex with
BRCAT-associated RING
domain 1 and has an
important role in homologous
recombination repair of DNA
double-strand breaks.

Ubiquitin-interacting motif
An a-helical ubiquitin-binding
domain that binds to the
conserved hydrophobic patch
that is centred around lle44
in ubiquitin with an affinity in
the range of ~100-400uM.

HECT

One of the major classes of
ubiquitin ligases. HECT E3
ligases contain a domain with
a catalytic Cys residue that
forms a thioester intermediate
during ubiquitin transfer to
the substrate protein.

The significance of understanding the crosstalk between different
post-translational modifications is clearly reinforced by recent

PML-RARa

el degradation

advances made in the clinic. In patients with promyelocytic leukaemia

(PML), treatment with arsenic trioxide (As,O,) has been found to induce polysumoylation of PML-retinoic acid
receptor-a (RARa), the fusion protein that underlies the disease. Sumoylated PML-RARa is subsequently recognized and
ubiquitylated with Lys48-linked chains by the small ubiquitin-related modifier (SUMO)-dependent E3 ligase RING finger 4
(RNF4), resulting in PML-RARa degradation and hence a therapeutic effect in PML patients!*!* (see the figure, part d).

SIMs, SUMO-interacting motifs; Ub, ubiquitin; UBD, ubiquitin-binding domain.

Another intriguing example of spatiotemporal regu-
lation within ubiquitin networks is the time-dependent
assembly of DNA damage response (DDR) complexes at
specific nuclear foci in response to DNA damage, such as
DNA double-strand breaks (DSBs). A key molecule dur-
ing DDR complex assembly is the adaptor and nucleating
protein mediator of DNA damage checkpoint 1 (MDCI).
When phosphorylated by ataxia-telangiectasia mutated
(ATM), MDC1 triggers the sequential recruitment of the
E3 ligase RING finger 8 (RNFS8; which, together with
UBC13 (also known as UBE2N), ubiquitylates histone
H2A and its variants), breast cancer type 1 susceptibility
(BRCA1) and p53-binding protein 1 (53BP1) to DSBs
(reviewed in REF 34). To reinforce sustained ubiquityla-
tion of histone H2A, an additional E3 ligase, RNF168, is
subsequently recruited. This is mediated by RNF168’s
two MIU (motif interacting with ubiquitin) domains and
the recently identified UMI (UIM (ubiquitin-interacting
motif)- and MIU-related) domain, which recognize
ubiquitylated H2A. This results in local amplification of
H2A modified by Lys63-linked polyubiquitin chains and
the retention of 53BP1 and BRCA1 at DSBs (reviewed
in REF. 16). Additional E3 ligases are also recruited to
DSBs, including RAD18 (which promotes homologous
recombination by directly binding the DNA recombi-
nase RAD51C*) and the HECT E3 ligase HECT domain
and RCCl1-like domain-containing 2 (HERC2; which
stabilizes RNF8-UBC13 to promote the amplification
of Lys63-linked ubiquitin signals at DSBs*).

Timing is everything — dynamics through DUBs. Given
that DUBs are highly involved in the timing of ubiquitin
attachment and removal, the DUB branch of the ubiqui-
tin network is also crucial for the spatiotemporal regula-
tion of ubiquitylation. The close association of ubiquitin
loading and removal is compellingly demonstrated by
the identification of many E3-DUB pairs, in which two
counteracting enzymes interact directly to fine-tune
ubiquitin conjugation. The pairing of E3 ligases with
their corresponding DUBs has also been suggested to
be a regulatory mechanism to prevent autoubiquityla-
tion of ligases and/or to induce proteasomal targeting
of DUBs™.

Similarly to the ubiquitin-conjugation machin-
ery, DUBs contain structural diversities that contrib-
ute to substrate specificity, subcellular localization
and protein-protein interactions”. Of the estimated
95 DUBs in the human genome?, only ubiquitin-
specific-processing protease 30 (USP30) ** (anchored
to the OMM) and USP19 (REF. 40) (anchored to the
ER) have predicted transmembrane regions. However,
again similarly to the ubiquitin-conjugation machin-
ery, DUBs can be targeted to specific subcellular com-
partments by associating with proteins containing
transmembrane domains. For example, ataxin 3 binds
to the AAA-ATPase p97 (REF. 41), which recruits it to
the cytoplasmic surface of the ER, where it directs the
retrotranslocation of ubiquitylated ERAD substrates
into the cytoplasm®'.
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Proliferating cell nuclear
antigen

(PCNA). A ring-shaped
molecule encircling DNA.

It slides bidirectionally along
DNA to constitutively monitor
genomic integrity. Following
DNA damage, ubiquitylation
of PCNA is essential for the
recruitment of damage-tolerant
DNA polymerases, allowing
translesion synthesis.

F-box

A protein module of ~50
residues that is involved in
mediating protein—protein
interactions. F-box proteins
commonly act as substrate
recognition subunits in
cullin—RING ubiquitin ligases.

An excellent example that illustrates the importance
of DUBs in the temporal regulation of ubiquitin signal-
ling is the assembly of DNA repair-competent complexes
during DSB responses. At least seven DUBs have been
reported to antagonize the activity of E3 ligases and
enable dynamic changes in the DSB landscape. Among
these, USP3 and USP16 directly deubiquitylate histone
H2A**, By contrast, BRCA1-BRCA2-containing com-
plex subunit 36 (BRCC36), which is recruited to RNF8-
UBC13-synthesized Lys63-linked chains at DSBs as part
of the RAP80 complex following irradiation*, functions
as a general Lys63-specific DUB that counteracts the
activity of the RNF8-UBC13 ubiquitin ligase complex
by deubiquitylating yH2AX*. However, the molecular
mechanisms underlying the temporal control of ligase
activation followed by the precise involvement of BRCC36
in this signalling cascade remain elusive. Another key
DUB is USP1, which modulates the ubiquitylation of
proliferating cell nuclear antigen (PCNA)* and the Fanconi
anaemia proteins FANCD2 and FANCI**. Two recent
surprises on the arena of DSB-associated DUBs are
ubiquitin carboxy-terminal hydrolase 37 (UCH37; also
known as UCHL5)* and OTUBI (REF. 50). UCH37,
which has long been considered to be a proteasome-
specific DUB®"%2, was recently found to associate with the
inositol-requiring 80 (INO80) chromatin-remodelling
complex to catalyse nucleosome sliding. OTUB1 sup-
presses RNF168-dependent polyubiquitylation by bind-
ing to and inhibiting the E2 UBC13 independently of its
catalytic activity®. It seems that in a physiological con-
text, accumulation of OTUBI1 in an E2 enzyme-enriched
cell compartment might set the threshold for signalling
initiation upon DNA damage®.

Ubiquitin recognition through UBDs. Following ubiqui-
tin conjugation, cellular recognition and interpretation
of ubiquitin signals are carried out by downstream effec-
tors and scaffolds, which can also be spatially organized.
The immediate decoders of ubiquitylation are proteins
containing one or several UBDs (known as ubiquitin
receptors), which often show specificity for ubiquitin
length and linkage patterns (reviewed in REF. 11); these
proteins commonly also have other functional domains.
The low affinities reported for ubiquitin-UBD inter-
actions (often in the micromolar range'***), which for
years have puzzled the research community, have led
to the conclusion that the high specificity of ubiquitin-
UBD interactions in physiological settings regularly
relies on the local concentration of binding partners,
the presence of additional binding interfaces and/or the
formation of preformed signalling complexes.
Analogously to the ubiquitin-conjugation machin-
ery and DUBs, ubiquitin receptors can be restricted to
subcellular compartments by integral transmembrane
anchors or domains that mediate membrane asso-
ciation by directly interacting with different phospho-
lipids. This is a common strategy for proteins involved
in endocytosis and vesicle trafficking, which have the
UBD UIM together with a phosphatidylinositol-4,5-
bisphosphate (PtdIns(4,5)P,)- and PtdIns(1,4,5)P,-
binding epsin N-terminal homology (ENTH) domain

(in the case of epsins) or a PtdIns3P-specific FYVE
domain (in the case of hepatocyte growth factor-regulated
Tyr kinase substrate (HRS) and signal-transducing adap-
tor molecule (STAM))'"®*%. Dynamic recruitment of
ubiquitin receptors in response to physiological status
is also common in the nucleus, where interactions with
other nuclear proteins, as well as conjugation to ubiqui-
tin and/or small ubiquitin-like modifier (SUMO), regu-
late step-by-step protein complex assembly on damaged
chromatin'®*. One such example is the recruitment of
translesion DNA polymerases to ubiquitylated PCNA,
which is mediated by ubiquitin-binding motif (UBM)
and ubiquitin-binding zinc-finger (UBZ) domains®, as
well as MIU- and UMI-dependent chromatin targeting
of RNF168 (REFS 57,58).

The functions of many of the >200 cellular ubiquitin
receptors are mostly unknown'’. Interesting combina-
tions of UBDs with transmembrane domains, RNA rec-
ognition motifs and multiple protein—protein interaction
modules indicate that there is much more to be discov-
ered when it comes to spatial and temporal targeting of
the ubiquitin network.

Functions of restricted ubiquitin signals

To demonstrate how stringent spatiotemporal regula-
tion of ubiquitin networks is used to orchestrate cellular
behaviour, we briefly discuss four well-characterized
processes in which ubiquitylation has been studied in
detail: the NF-«kB signalling pathway; trafficking and
endosomal sorting of transmembrane proteins; protea-
somal degradation of damaged and unwanted proteins;
and regulation of p53-mediated transcriptional activation
by ubiquitin signals.

NF-kB — a prototype for ubiquitin compartmentali-
zation. The past few years have brought a substantial
amount of information concerning the integration of
many ubiquitin signals in the NF-«xB pathway (FIC. 1),
which is important for proper regulation of inflam-
mation, immune responses and cell survival®. Even
though the activation of NF-xB (made up of p50 and
p65) can originate from the stimulation of many cell-
surface and intracellular receptors (such as tumour
necrosis factor receptor 1 (TNFR1), interleukin-1 recep-
tor type 1 (IL-1R1) or Toll-like receptor 4 (TLR4) and
CDA40), all pathways seem to converge at the stage of the
inhibitor of NF-«B (IkB) kinase (IKK) complex. This
master regulatory complex, composed of IKKa, IKKJ
and NF-xB essential modulator (NEMO; also known
as IKKYy), mediates the phosphorylation event that ena-
bles the Skp-cullin-F-box-pTrCP (SCFF™?)-induced
Lys48-linked polyubiquitylation and subsequent deg-
radation of the inhibitory IkB proteins. This ultimately
allows NF-kB to translocate to the nucleus and activate
transcription (reviewed in REFS 60,61).

Different types of ubiquitin chains have been pro-
posed to spatially and temporally control IKK complex
activation in different branches of the NF-«xB pathway”#¢'.
Activation of the IKK complex depends on Lys63-linked
ubiquitylation of numerous receptor-proximal sub-
strates, including receptor-interacting protein 1 (RIP1),
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Figure 1| Ubiquitylation — bringing temporal and spatial order to the NF-kB pathway. Activation of the nuclear
factor-kB (NF-kB) pathway downstream of multiple inflammatory cell surface receptors, such as interleukin-1 receptor
(IL-1R), Toll-like receptor (TLR), tumour necrosis factor receptor (TNFR) and CDA40, triggers the recruitment and
ubiquitylation of many molecules with scaffolding and catalytic activities. Recent evidence suggests that multiple
ubiquitin species join forces to bring spatial and temporal organization to the different branches of the NF-«xB pathway.
Distinct ubiquitin signals seem to be spatially restricted close to specific ubiquitin-binding proteins such as
TAK1-binding 2 (TAB2) and NF-kB essential modulator (NEMO; also known as IKKy). TAB2 can bind Lys63-linked chains,
which are produced by the E2 complex of ubiquitin-conjugating enzyme 13 (UBC13; also known as UBE2N) and UBE2
variant 1A (UEV1A) and E3 ligases such as TNFR-associated factor 6 (TRAF6). NEMO can bind linear diubiquitin chains,
produced by the linear ubiquitin chain assembly complex (LUBAC), which is composed of HOIL1-interacting protein
(HOIP), haeme-oxidized IRP2 ubiquitin ligase 1 (HOIL1; also known as RBCK1) and SHANK-associated RH
domain-interacting protein (SHARPIN). NEMO can also bind longer ubiquitin chains with variable linkages, including
Lys11, which is generated by the E2 UBCHS5 and E3 ligase cellular inhibitor of apoptosis protein 1 (clAP1)%. Regardless
of which pathway is activated and by what type of ubiquitin chain, all scenarios result in the activation of the inhibitor of
NF-xB (IkB) kinase (IKK) complex. Following activation, the IKKs phosphorylate the inhibitory lkBa, thus creating a binding
site for the Skp—cullin—-F-box—BTrCP (SCFF™P) ubiquitin E3 ligase complex. This triggers the Lys48-linked ubiquitylation
and subsequent proteasomal degradation of lkBa. NF-kB (made up of p50 and p65) can then translocate to the

nucleus and activate the transcription of genes promoting cell survival and inflammation. IRAK, IL-1R-associated kinase;
JNK, Jun N-terminal kinase; MAPK, mitogen-activated protein kinase; MYD88, myeloid differentiation primary

response 88; NZF, neural zinc-finger factor; RIP1, receptor-interacting protein 1; TAK1, TGFB-activated kinase 1;
TRADD, TNFR1-associated DEATH domain; Ub, ubiquitin; UBAN, ubiquitin binding in ABIN and NEMO.

IL-1R-associated kinase (IRAK) and various TNFR-
associated factors (TRAFs) in different settings, gener-
ated by the cooperative efforts of the Lys63-specific E2
complex UBC13-UBE2 variant 1A (UEV1A) together
with a divergent set of ubiquitin E3 ligases (for exam-
ple TRAFs, inhibitor of apoptosis proteins (IAPs) and
Pellino)®’. Lys63-linked chains, which function as dock-
ing sites for the ubiquitin-binding neural zinc-finger fac-
tor (NZF) domains of the TAK1-binding 2 (TAB2) and
TAB3 adaptor proteins, have long been thought to be the

dominant ubiquitin signal underlying activation of the
IKKs®'. Lys63-linked ubiquitin chains that are conju-
gated to adaptor proteins (RIP1, TRAFs and IRAKs) may
indeed serve as platforms to recruit TAB2-bound TGFf-
activated kinase 1 (TAK1) and NEMO-associated IKK
through the UBDs of TAB2 and NEMO, respectively®!
(FIG. 1). This model is supported by precipitation experi-
ments in which all of these proteins have been found
in activated receptor complexes, together with several
proteins decorated with Lys63-linked ubiquitin chains
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Receptor Tyr kinase

A membrane-bound protein
Tyr kinase that often functions
as a receptor for secreted
hormones, growth factors

and cytokines.

Diubiquitin motif

A double-sided ubiquitin-
binding domain, first identified
in hepatocyte growth
factor-regulated Tyr kinase
substrate (HRS), that can
simultaneously bind two
ubiquitin moieties, both of
which are required for the
endocytic sorting function
of HRS.

of unknown length. However, it remains unknown what
determines the timing and specificity of kinase recruit-
ment (TAB2, TAB3 and TAK1 should be recruited first,
followed by NEMO-IKK) and how the directionality in
signalling is accomplished in such complexes.

A possible explanation of this conundrum is offered
by recent findings that ubiquitin chains coupled through
Metl (known as linear ubiquitin chains) can provide
crucial specificity components upstream of IKK activa-
tion®-*, Linear ubiquitin chains are produced in cells by
the linear ubiquitin chain assembly complex (LUBAC),
which consists of the catalytic RING-between-RING
domain protein HOIL1-interacting protein (HOIP)
bound to two adaptor proteins, haeme-oxidized IRP2
ubiquitin ligase 1 (HOILI; also known as RBCK1)®*¢*
and the recently identified SHANK-associated RH
domain-interacting protein (SHARPIN)®-¢". The cur-
rent model indicates that the trimeric LUBAC is rap-
idly recruited from the cytosol to activated TNFR and
CD40 receptor complexes by binding to substrates with
Lys63- or Lys11-linked chains®*>**¢5, Following such
recruitment, LUBAC can mediate linear ubiquitylation
of NEMO, RIP1 and potentially other, unidentified com-
ponents that are essential for activation of the NF-xB
pathway*>%*¢". Mechanistically, linear ubiquitin chains
conjugated to NEMO molecules have been found to
interact with the ubiquitin binding in ABIN and NEMO
(UBAN) domain of neighbouring NEMO molecules®,
leading to conformational changes in NEMO dimers that
potentially can trigger activation of the IKKs® (FIC. 1).

More recent data suggest that the length of ubiqui-
tin chains may also be an important determinant in the
activation of NF-kB*. Structural and biophysical data
indicate that the isolated UBAN domain of NEMO pref-
erentially binds linear diubiquitin, rather than Lys11-,
Lys48- or Lys63-linked ubiquitin chains®***"°, By con-
trast, when expressed together with the C-terminal zinc-
finger of NEMO, the binding to longer Lys63-linked
chains is increased”. Thus, it is likely that NEMO reads
multiple ubiquitin chains using different mechanisms to
control the dynamics and directionality of IKK complex
activation (FIC. 1).

NF-kB inactivation is also temporally controlled.
Two DUBs, A20 (also known as TNFAIP3) and CYLD,
seem to be absolutely essential for NF-kB inactivation,
as deletion or mutation of either of these causes uncon-
trolled inflammation and tumorigenesis (reviewed in
REF. 72). A20 and CYLD have temporally distinct roles
in inhibiting NF-«B at different stages during inflam-
mation: CYLD restricts initial spontaneous activation
of NF-«B, whereas A20 terminates inducible NF-kB
signalling through a negative feedback loop. Although
CYLD and A20 deubiquitylate similar substrates
to impair NF-kB activation, their modes of action
and spatiotemporal regulation differ significantly
(reviewed in REF. 72). CYLD has been shown to bind
NEMO directly and to display DUB activity towards
both Lys63-linked and linear chains”. CYLD binding
to NEMO is indeed required for its phosphorylation
by the IKK complex, which in turn inhibits its DUB
activity, leading to NF-«B activation™.

Although A20 is temporally regulated at the trans-
criptional level, it also binds to many interacting part-
ners and is recruited to active receptor complexes to
restrict NF-kB signalling. For example, following TNF
stimulation, A20 interacts with the ubiquitin receptor
TAX1-binding protein 1 (TAX1BP1) to form a complex
with RIP1 (REF. 75). Together with TAX1BP1 and the
E3 ligases ITCH and RNF11, A20 forms a ubiquitin-
editing complex that can inhibit the NF-«xB cascade™.
This is achieved by the removal of Lys63-linked chains
from A20 substrates, such as TRAF6 and RIP1, followed
by the addition of proteasome-targeting Lys48-linked
chains’. Interestingly, although A20 preferentially
cleaves Lys48-linked chains over Lys63-linked ones
in vitro’", it preferentially removes Lys63-linked chains
in cells, indicating that its specificity in vivo might be
controlled by unknown determinants.

A20 can also temporally control NF-kB activation
by restricting the interaction of the E3 ligases TRAF2,
TRAF6 and cellular IAP 1 (cIAP1) with E2 enzymes’.
Early after lipopolysaccharide stimulation, which acti-
vates TLRs, A20 disrupts the binding of TRAF2, TRAF6
and cIAPI to the E2 enzymes UBC13 and UBCHS5C,
whereas at later time points A20 triggers Lys48-linked
ubiquitylation and degradation of these enzymes™.

Ubiquitin controls trafficking and endosomal sorting.
Plasma membrane proteins can be ubiquitylated by multi-
ple monoubiquitins or oligoubiquitin chains, which leads
to their internalization and subsequent endocytic sort-
ing. This is known to occur not only for most receptor Tyr
kinases but also for other membrane proteins®*”*# (FIG. 2).
The ubiquitylation of such cargoes is spatially regulated:
it is initiated at the cell surface but can often be sustained
on endosomal membranes by specific E3 ligases®*®'. A set
of endosomal ubiquitin receptors, including epidermal
growth factor receptor substrate 15 (EPS15), epsin and
the endosomal sorting complex required for transport
(ESCRT) machinery, is responsible for orchestrating
the directional flow and spatial sorting of ubiquitylated
cargo along the endocytic route’®. Each of the four
ESCRTs (ESCRT-0, ESCRT-I, ESCRT-II and ESCRT-III)
has at least three structural motifs that direct the spatial
organization of the endosomal sorting machinery. These
include domains that interact with membrane lipids,
other ESCRTs and ubiquitin, although ESCRT-III lacks
a UBD®.

In agreement with its role in physically capturing and
concentrating ubiquitylated cargo at the endosomal mem-
brane, the highest capacity to bind ubiquitin is displayed by
ESCRT-0. This complex can simultaneously bind several
ubiquitin moieties through the diubiquitin motif (DIUM)
in HRS and UIM in STAM. It has been suggested that,
after endocytosis has been initiated in this way, the accu-
mulation of ubiquitin-decorated cargoes allows the sub-
sequent recruitment of ESCRT-I and ESCRT-IIL. In yeast,
ESCRT-I recognizes ubiquitin through the UEV domain
in vacuolar protein sorting 23 (Vps23 ; the yeast homo-
logue of mammalian tumour susceptibility gene 101
(TSG101)), together with a recently discovered UBD in
MVB sorting factor 12 (Mvb12)*, whereas ESCRT-II
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Figure 2 | Ubiquitin-mediated coordination of receptor endocytosis. The sequential
recognition of ubiquitin signals by components of the endosomal sorting complexes
required for transport (ESCRTs) is essential for orchestrating the transportation and
sorting of internalized plasma membrane proteins along the endocytic pathway. Upon
ligand binding, many plasma membrane proteins are marked by monoubiquitylation

or Lys63-linked polyubiquitylation and internalized into early endosomes. At early
endosomes, the internalized cargo is captured by ESCRT-0, which can simultaneously
interact with three ubiquitin moieties through the diubiquitin motif (DIUM) of Hse (the
yeast homologue of mammalian hepatocyte growth factor-regulated Tyr kinase substrate
(HRS)) and the ubiquitin-interacting motif (UIM) of vacuolar protein sorting 27 (Vps27;
the yeast homologue of signal-transducing adaptor molecule (STAM)). Following the
ESCRT-0-mediated concentration of ubiquitylated cargo at early endosomes, ESCRT-|
and ESCRT-Il are sequentially recruited to the endosomal membrane by the ubiquitin-
conjugating enzyme E2 variant (UEV) domain in Vps23 (the yeast homologue of tumour
susceptibility gene 101 (TSG101)), the newly identified ubiquitin-binding domain (UBD)
of MVB sorting factor 12 (Mvb12) and the GRAM-like ubiquitin-binding in EAP45 (GLUE)
domain of Vps36, as well as by a direct interaction between the ESCRTs. Together with
ESCRT-IIl, ESCRT- and ESCRT-II facilitate the maturation of early endosomes into late
endosomes, from which multivesicular bodies (MVBs) pinch-off to fuse with lysosomes,
where the internalized cargo is ultimately degraded. In addition to the ESCRT
components, several E3 ubiquitin ligases and deubiquitylating enzymes (DUBs) associate
with the ESCRTs along the endocytic pathway, initially for directing the sorting events
that separate cargo destined for either recycling or degradation and in the final stages
to dissociate ubiquitin species from the internalized cargo before MVB formation.
Dissociation of ubiquitin relies on the activity of the DUBs associated molecule with the
SH3 domain of STAM (AMSH) and ubiquitin isopeptidase Y (UBPY), which, by directly
interacting with ESCRT-Ill components, are suitably positioned at the membrane of late
endosomes. Ub, ubiquitin.

relies on the GRAM-like ubiquitin-binding in EAP45 (GLUE)
domain in Vps36 for ubiquitin binding. The recruitment
of ESCRT-III and the machinery that finally carries out
multivesicular body (MVB) formation and membrane scis-
sion (the AAA-ATPase Vps4) seems to be independent of
ubiquitin signalling.

In addition to spatial accumulation of trafficking car-
goes by the ESCRTS, temporal regulation of the entire
process is ensured by the action of numerous ubiquitin-
modulating proteins (E3 ligases and DUBs) that are local-
ized to distinct parts of the endosomal compartment. For
example, the DUBs associated molecule with the SH3
domain of STAM (AMSH) and ubiquitin isopeptidase Y
(UBPY; also known as USP8, and termed Doa4 in yeast)
are targeted to the early endosome by interacting with
STAM and have important roles in the initial sorting of
ubiquitylated cargo®. Furthermore, multiple E3 ligases
and DUBs balance the ubiquitylation status of the inter-
nalized cargo to determine its fate, which is to be either
recycled back to the membrane or degraded in the lyso-
some. In yeast, the level of Lys63-linked polyubiquityla-
tion of membrane-bound substrates is controlled by the
E3-DUB pair reverses SPT-phenotype 5 (Rsp5)-Ubp2,

GRAM-like ubiquitin-binding
in EAP45

A ubiquitin-binding domain
that folds into a split pleckstrin
homology domain with a
non-canonical lipid-binding
pocket that interacts with
phosphatidylinositol-3-
phosphate.

Multivesicular body

(MVB). An intermediate
structure in the endosomal
pathway that is formed when
membrane portions bud into
the lumen of late endosomes,
forming intralumenal vesicles.
MVB sorting is an essential
event for the degradation of
internalized cell surface
proteins in the lysosome.
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which is recruited to ESCRT-0 (containing Hse and
Vps27, the yeast homologues of HRS and STAM)**’.
Indeed, Rsp5 activity is required for the lysosomal target-
ing of many plasma membrane proteins and was recently
reported to be directly recruited to specific cell surface
cargoes by arrestin-related trafficking adaptors (ARTS) in
yeast® through the ART PY motifs.

In the final stages of endocytosis, deubiquitylation is as
important as the initial ubiquitylation event to complete
the sorting of conjugates into MVBs. After an internalized
cargo has finally been committed to degradation, removal
of the conjugated ubiquitin species not only is essential for
ubiquitin itself to be recycled but also allows the ESCRT
machinery to dissociate from its cargo and to be reused in
the cell. Such activities are carried out by specific DUBs,
such as AMSH and UBPY, which are recruited to late
endosomal compartments by directly associating with
ESCRT-III or the scaffolding protein ALG2-interacting X
(ALIX; also known as AIP1, and termed Brol in yeast)
(reviewed in REF 85).

Spatial control of substrate degradation. Even though the
importance of ubiquitylation in protein degradation has
long been appreciated, research during the past few years
has challenged the traditional model assigning a linear
correlation between ubiquitylation and proteasomal tar-
geting by revealing a full battery of ubiquitin species that
orchestrate protein removal in human cells.

Protein substrates, primarily conjugated by Lys48-
linked ubiquitin chains (but possibly by all non-Lys63
linkages®’) are routed to the proteolytic 26S proteasome
by several cooperating paths. Protein targeting to the pro-
teasome can be direct, occurring through direct recogni-
tion of ubiquitin by the 19S regulatory particle subunits
Rpnl0 (S5A in mammals), which contains one to three
UIMs depending on the species', and Rpn13 (ADRM1
in mammals), which contains a newly identified UBD
named Pru®!. Alternatively, targeting can be indirect
and, in that case, is mediated by proteasomal shuttle fac-
tors, such as Rad23, Dsk2 and DNA damage-inducible 1
(Ddil) *>*, which use their ubiquitin-associated domains
(UBA domains) for binding ubiquitylated substrates and
their N-terminal ubiquitin-like domains (UBL domains) for
docking to the Rpn10, Rpn13 or Rpnl (PSMD2 in mam-
mals) subunit of the proteasomal base'""*. Shuttle factors
have several important roles in the spatial organization of
protein degradation, as they provide a mechanism for the
capture and transport of distantly located ubiquitylated
substrates to the proteasome. It has been suggested that
they also stabilize the substrate-proteasome complex
and protect ubiquitin chains from excessive extension
and disassembly during the transfer to the proteasome.
Interestingly, both Rad23 and Dsk2 are directly linked to
the ubiquitin-conjugation machinery by interaction with
Ufd2, an E4 enzyme that perfectly positions them close to
ubiquitin chains immediately after conjugation, ensuring
quick transport to the proteasome™.

When correctly positioned at the narrow entrance into
the proteasomal core, proteins destined for destruction
need to be deubiquitylated to ensure efficient degrada-
tion of the substrate and recycling of the ubiquitin tag.
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Ubiquitin-associated
domain

A short (~ 40 amino acids)
sequence motif, first found in
proteins associated with the
ubiquitylation pathway, that
mediates polyubiquitin
binding.

Ubiquitin-like domain

(UBL domain). A modular
protein domain present in
multiple cellular proteins.

UBL domains structurally
resemble ubiquitin by folding
into the ubiquitin B-grasp
superfold and can in general be
recognized by ubiquitin-binding
domains.

JAMM
(JABT/MPN/MOV34
metalloenzyme). A family
of zinc metalloprotease
deubiquitylating enzymes.

Anaphase-promoting
complex

A multifunctional ubiquitin
ligase that, by pairing with

its co-activators CDC20 and
CDH1, specifically targets cell
cycle proteins (among others)
for degradation.

To accomplish a tightly regulated deubiquitylation,
the proteasome is associated with at least three DUBs
with complementary qualities. The JAMM (JAB1/
MPN/MOV 34 metalloenzyme)-type Rpnl1 is an inte-
gral subunit of the regulatory particle lid, whereas Ubp6
(USP14 in mammals) and UCH37 (which is absent in
budding yeast) are recruited and activated by direct bind-
ing to Rpnl and ADRMI, respectively (reviewed in REF.
95). In a complementary manner, Rpn11 has a propensity
to cleave ubiquitin chains with proximal specificity to dis-
place the entire chain at once, whereas Ubp6 and UCH37
remove ubiquitin moieties from the distal tip of chains,
resulting in progressive trimming of ubiquitylated sub-
strates”. Functionally, these distinct activities are thought
to fine-tune protein degradation, providing a mecha-
nism to attenuate degradation of certain, possibly lightly
or improperly ubiquitylated, substrates when needed.
Adding another level of complexity to the dynamic control
of substrate degradation, the HECT E3 and E4 ligase Hul5
was recently reported to extend existing ubiquitin chains
and thereby counteract the chain-trimming activities of
Ubpé6 at proteasomes®, which indicates that we still do
not have the complete picture of the dynamic regulation
of substrate commitment to degradation.

Localized ubiquitin signalling also has a role in
autophagy, which removes insoluble proteins and dam-
aged or excess organelles from the cell®”, but this is not
discussed in this Review owing to space limitations.

Guarding the guardian of the genome’. The stability,
activity and localization of numerous proteins are regu-
lated by various ubiquitin modifications, as well as other
post-translational modifications (BOX 2). One intriguing
example of such complex regulation is the tumour sup-
pressor p53. Polyubiquitylation of p53 by the E3 ligase
double-minute 2 (MDM2) leads to its proteasomal deg-
radation®, but additional E3 ligases have also been found
to modify p53 with monoubiquitin, Lys48-linked chains
or Lys63-linked chains. This enables tight control of p53
levels, as well as changes in both its subcellular localiza-
tion and its preference for a diverse panel of interaction
partners (recently reviewed in REF. 99). Interestingly, when
present at low levels, MDM2, as well as a selection of
other E3 ligases'”, can switch specificity and mediate p53
monoubiquitylation, which unmasks p53’s nuclear export
signal, thereby leading to its nuclear export'*"'*2. Cytosolic
p53 directly binds the antiapoptotic proteins B cell
lymphoma-extra large (BCL-XL) and BCL-2, thereby trig-
gering the mitochondrial apoptotic pathway'®, and was
recently found to also repress autophagy in a cell cycle-
dependent manner'®. Moreover, p53 has been shown to
be ubiquitylated by the ER-resident E3 ligase synoviolin
in the vicinity of the ER, resulting in its degradation by
the cytoplasmic ERAD pathway; however, the functional
significance of this is unclear'®.

Ubiquitylation in development

Spatial and temporal organization of the ubiquitin net-
work has in recent years proved to orchestrate biological
processes not only on the cellular level but also on the
level of tissues and entire animals. Below, we discuss how

differential modes of ubiquitylation at specific subcellular
sites are used to control the development and functional
output of specific cell types (in this case, neurons) and
highlight the importance of spatiotemporally organized
ubiquitylation during animal development.

Polarizing ubiquitin signals in neurons. A spatially
controlled ubiquitin network is important to coordi-
nate the polarized flow of information that is neces-
sary for the life and functionality of a neuron, from
early development and maintenance to modulation of
plasticity and functional output. Together with pro-
tein synthesis, protein degradation provides a general
mechanism to fine-tune protein availability and recep-
tor function in synapses and to facilitate long-lasting
storage of information by continuously remodelling the
neuronal proteome’**'?’.

Every step of neuronal development, from early
differentiation to fine-tuning of synapses, seems to be
regulated by the ubiquitin network. For example, by
joining forces with its two distinct co-activators, CDH1
and CDC20, the E3 ligase anaphase-promoting complex
(APC) directs axon growth and patterning'®, and con-
trols presynaptic axonal differentiation'® by triggering
the degradation of the transcription factor neurogenic
differentiation factor 2 (NEUROD?2) (FIG. 3a). Ubiquitin-
mediated degradation is also a key event during the
establishment of neuronal cell fate. Axonal and den-
dritic fates are distinguished by high and low levels of
phosphoinositide 3-kinase (PI3K) signalling, respec-
tively, and the distinctive activation of the PI3K path-
way in axons has been found to depend on the spatially
restricted proteasomal degradation of AKT in dendrites.
This may be mediated by the specific recruitment of an
unknown E3 ligase to dendritic tips, resulting in a local
degradation of AKT in these structures' (FIC. 3b).

It has long been known that growth cones contain
an active ubiquitin—proteasome system and that inhibi-
tion of the proteasome hampers chemotropic-mediated
growth cone turning in response to netrin 1, an extra-
cellular axonal guidance molecule'", as well as synaptic
function and plasticity'' In agreement, ubiquitylation is
clearly involved in axon guidance, often by regulating the
amount of guidance receptors at the plasma membrane.
For example, the Drosophila melanogaster Roundabout
protein (a repulsive axon guidance receptor that binds
to Slit, a repellent secreted by midline glia''?) is upregu-
lated in commissural neurons by the E3 ligase NEDD4
after their compulsory crossing of the midline. This
provides a switch in responsiveness from attractive to
repellent midline cues, thereby inhibiting any further
attempts to cross the midline'*. Mechanistically, the
surface levels of Roundabout depend on the sorting
receptor Commisureless, which directs Roundabout
from the synthetic to the late endocytic pathway, result-
ing in Roundabout degradation. Commisureless is specifi-
cally downregulated in a NEDD4-dependent manner in
neurons that have crossed the midline, thus stimulating
an enhanced sorting of Roundabout to the cell surface,
where it acts to inhibit secondary attempts to cross the
midline"*'",
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Figure 3| Polarized functions of ubiquitylation in neurons. Stringent spatial control of
the ubiquitin network is crucial for many aspects in the life, death and functionality of the
nervous system. a | The ubiquitin E3 ligase anaphase-promoting complex (APC)* is
considered to be a key regulator of presynaptic axonal differentiation. APC and its
co-activator CD20 (APC®?) induce the degradation of the proneuronal transcription
factor neurogenic differentiation factor 2 (NEUROD?2), which regulates the transcription of
complexin I (CPLX2) and thereby suppresses presynaptic differentiation specifically at
presynaptic sites. b | The spatially restricted ubiquitylation and subsequent proteasomal
degradation of AKT in dendrites underlies the generation of neuronal polarity, during
which axonal and dendritic fates are distinguished by high and low levels of
phosphoinositide 3-kinase (PI3K) signalling, respectively. To further reinforce high PI3K
activation in axons, phosphatase and tensin homologue (PTEN; which antagonizes

PI3K signalling) was recently found to be reciprocally downregulated by NEDD4-mediated
ubiquitylation in axonal growth cones. c,d | A spatially controlled ubiquitin—proteasome
system network is essential for maintaining optimal protein levels and synaptic balance. At
the presynaptic side, the turnover of proteins regulating vesicle priming and release, such
as DUNC13 in Drosophila melanogaster and RAB3-interacting molecule 1 (RIM1) in mice,
are strictly controlled by ubiquitylation. In mice, the E3 responsible for RIM1 ubiquitylation
is SCRAPPER (c). In response to neuronal stimulation, active proteasomes are highly
enriched in the postsynaptic compartment, where they are crucial for controlling spine
size, receptor trafficking, synapse plasticity and signalling downstream of neurotransmitter
receptors. In Caenorhabditis elegans, Glu receptor 1 (GLR-1) is regulated by ubiquitylation
on many levels, including receptor internalization and trafficking (by the APC) and receptor
degradation (by a cullin—RING ubiquitin ligase (CRL) complex made up of cullin 3 and the
BTB-Kelch protein KEL-8). Moreover, GLR-1 is also transcriptionally controlled by WNT
signalling, which in turn is regulated by the Skp—cullin—F-box—3TrCP (SCFF™)-mediated
ubiquitylation and degradation of B-catenin (d). Ub, ubiquitin.

In the mature nervous system, components of
the ubiquitin-proteasome system localize near syn-
apses'””!2, where they control proper synaptic balance
by maintaining optimal protein levels. On the pre-
synaptic side, the levels of proteins, such as the synaptic
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vesicle priming proteins DUNCI13 in D. melanogaster
and RAB3-interacting molecule 1 (RIM1) in mice,
are under the strict control of ubiquitylation (FIC. 3c),
indicating an evolutionarily conserved link between
neurotransmitter release and the ubiquitin-proteasome
system''®'"”. More specifically, the mouse E3 ligase
SCRAPPER is thought to polyubiquitylate RIM1 in an
activity-dependent manner and thereby regulate neuro-
transmission strength, which is essential for proper syn-
aptic fine-tuning during long-term potentiation'”’. On
the postsynaptic side, ubiquitylation is highly impor-
tant for regulating synaptic conductivity by controlling
the number of neurotransmitter receptors that reside at
postsynaptic membranes. In Caenorhabditis elegans, the
AMPA-type Glu receptor 1 (GLR-1) has been reported to
be negatively regulated in this way by multiple E3 ligases,
including APC — which regulates its trafficking and
recycling'® — and the E3 cullin-RING ubiquitin ligase
complex containing the BTB-Kelch protein KEL-8 and
cullin 3 (CUL-3) — which mediates its degradation in
the proteasome'”. In addition, GLR-1 is transcriptionally
controlled by an SCF complex (SCFFT?) containing the
F-box protein LIN-23, which promotes degradation of
the C. elegans B-catenin homologue B-catenin- and arma-
dillo-related 1 (BAR-1) and thereby regulates the trans-
cription of WNT target genes, including GLR-1 (REF. 120)
(FIC. 3¢). Although the dynamics of GLR-1 regulation by
ubiquitylation is not fully understood, it is clear that the
ubiquitin-proteasome system is essential to ensure an
appropriate adjustment of GLR-1 levels in response to
synaptic requirements at different time points. In addi-
tion to receptor levels, activity-induced ubiquitylation
of numerous postsynaptic density molecules, including
postsynaptic density 95 (PSD95), SH3 and multiple
ankyrin repeat domains protein (SHANK) and SAP90-
and PSD95-associated protein (SAPAP; also known
as GKAP)'?, is crucial for the constitutively ongoing
structural and functional adaptation of PSD structure
and function in response to physiological needs.

Ubiquitin networking in animal development. Spatial
restriction of the ubiquitin network is not only obvi-
ous within cells but also crucial in the context of entire
organisms, in which developmental choices to a large
extent depend on local activities of the ubiquitylation
machinery.

In the early embryo, developmental decisions often
rely on secreted signalling molecules, called morphogens,
which form concentration gradients to orchestrate the
induction of differential cell fates. Initially, morphogens,
including members of the bone morphogenetic protein
(BMP) family, establish the body plan of the animal. For
example, in D. melanogaster the orthologue of BMP2
and BMP4, Decapentaplegic (DPP), is essential for
dorsoventral axis formation (reviewed in REF 121). Cells
within the signalling range of DPP respond by activat-
ing a transcriptional programme mediated by the SMAD
transcriptional activators MAD and MEDEA, which
form a dimer and translocate to the nucleus'*".

In addition to a restricted expression of DPP, recent
data show that MAD and MEDEA are regulated by
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Figure 4| Control of development by localized ubiquitylation events. a| The
developmental morphogen Decapentaplegic (DPP) is responsible for mediating
dorsoventral polarity in Drosophila melanogaster. When bound to its receptor, DPP
activates a transcriptional programme mediated by the SMAD transcriptional activators
MAD and MEDEA, which translocate to the nucleus as dimers. The SMAD ubiquitylation
regulatory factor (SMURF) family of HECT E3 ligases targets MAD for proteasomal
degradation, and sumoylation of MEDEA in the nucleus triggers its nuclear export, thus

negatively regulating its activ
animportant part in neurobla
domain binds cargo proteins,
been shown that the localizat

ity. b| Miranda is a multidomain scaffold protein that plays
st asymmetric division in D. melanogaster. Its central

such as Prospero, Staufen and Brain tumour (BRAT). It has
ion of Miranda is regulated by the multidomain E3 ligase

anaphase-promoting complex (APC), which probably directly monoubiquitylates
Miranda, leading to its asymmetric localization and retention at the neuroblast cortex
through binding to an unknown ubiquitin receptor. ¢ | The migration of glial cells along
motor axons in the D. melanogaster peripheral nervous system relies on the homophilic

interaction between two disti

nct isoforms of the immunoglobulin superfamily cell

adhesion molecule Fasciclin 2 (FAS2), which is expressed on the cell surface of motor
neurons and glial cells, respectively. Recently, the ubiquitin E3 ligase APCT® was reported

to promote, in a graded mann

er, the ubiquitylation and subsequent degradation of FAS2

in motor neurons, thereby forming a gradient of cell surface-bound FAS2 along the
length of the axon. This allows glial cells to migrate and encapsulate motor neuron axons

as they grow. SUMO, small ub

iquitin-related modifier; Ub, ubiquitin.

Cullin—RING ubiquitin ligase
(CRL). A member of a large
family of multisubunit E3
ligases, commonly comprising
a cullin scaffold, a catalytic
RING subunit, a substrate-rec-
ognition subunit (SRS), and, for
most CRLs, an adaptor subunit
linking the SRS to the complex.

ubiquitylation and sumoylation, respectively (FIG. 4a).
The SMAD ubiquitylation regulatory factor (SMUREF)
family of HECT E3 ubiquitin ligases targets MAD for
proteasomal degradation during embryonic dorso-
ventral patterning'*?, whereas the nuclear conjugation
of MEDEA by SUMO triggers its nuclear export and
thereby negatively regulates its activity'#; these events
are essential for confining the signalling range of DPP.
Spatial and temporal orchestration by the ubiqui-
tin network is also important for the development of
specific tissues and cell types. As already emphasized,
ubiquitylation is an important determinant during
development of the nervous system. In addition to its
role in axonal differentiation, the APC has been reported
to regulate the asymmetric distribution of Miranda and
its associated cargo proteins (such as Prospero, Staufen

and Brain tumour (BRAT)), which enables the asym-
metric division of D. melanogaster neuroblasts into self-
renewing neuroblasts and committed ganglion mother
cells'*. By monoubiquitylating Miranda, the APC can
enable asymmetric localization of both Miranda and
its cargo proteins, potentially by regulating its binding
to ubiquitin receptors (FIC. 4b). At later stages, the APC
locally induces endocytic internalization and downregu-
lation of the adhesion molecule Fasciclin 2 (FAS2) in a
graded manner along the axonal projections of motor
neurons, thereby creating a subcellular gradient of adhe-
siveness that is thought to coordinate glial migration with
axonal growth'® (FIG. 4c). Even though direct ubiquityla-
tion of FAS2 has not been shown in D. melanogaster, its
vertebrate homologue, neural cell adhesion molecule
(NCAM), is known to be targeted for endocytosis by
ubiquitylation'?.

An alternative approach to impart spatial information
through the ubiquitin network is applied during the ter-
minal differentiation of D. melanogaster spermatids. This
process, known as individualization, is controlled by the
activity of a CUL3 E3 ligase complex in which the adaptor
protein KLH10 targets Bruce, a member of the IAP family,
for proteolytic degradation'”. The degradation of Bruce
is carried out in a graded manner, leading to a gradient of
active caspases and consequent production of individual-
ized sperm'#. This gradient is generated by the recently
identified KLH10-CULS3 E3 ligase inhibitor Scotti, which
is expressed in a subcellular distal-to-proximal gradient
in spermatids.

In addition to specific roles for distinct ubiquitin net-
work components, the overall status of ubiquitylation
and proteasomal degradation seems to be developmen-
tally regulated. The levels of the polyubiquitin receptors
RPN10 and RAD23 fluctuate between different develop-
mental phases. This has been shown in D. melanogaster,
in which high expression levels of these proteins during
embryogenesis and pupal stages may reflect the intense
tissue reorganizations that occur at these stages'”.
Interestingly, the composition of the proteasome has also
been found to be closely linked to animal age. Indeed,
ageing seems to perturb the assembly of the highly active
268 proteasome, favouring the formation of the weakly
active 20S proteasome, an event that is associated with a
marked decline in locomotor capacity and ATP levels'*.

It therefore seems that there are many strategies to use
the ubiquitin network during development. New findings,
including the recent report that cellular responsiveness
may be fine-tuned by opposing the activities of E3-DUB
enzymes, as has been shown for the WNT signalling
pathway in D. melanogaster', indicate that we have so
far only scratched the surface of how ubiquitylation is
used to achieve spatial organization in development.

Conclusion and perspectives

Even though many of the basic principles of ubiquityla-
tion are well understood, we are far from completely
comprehending the full functional extent of ubiquitin-
mediated events in specific biological processes. As the
immediate access to free ubiquitin at any given location
in the cell is a prerequisite for ubiquitylation, there is a
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Postsynaptic density

(PSD). A structure in the
postsynaptic membrane in
which t-Glu neurotransmitter
receptors are accumulated
together with multiple
adhesion, scaffold, cytoskeletal
and signalling molecules. PSDs
organize the postsynaptic
signalling machinery, control
synaptic plasticity and
maintain synaptic homeostasis.

need for spatial control of ubiquitin signalling. In this
Review, we have discussed some examples in which
ubiquitin signalling is spatially controlled; other exam-
ples, not discussed owing to space limitations, include
regulation of parkin-mediated mitophagy by the protein
kinase PTEN-induced putative kinase (PINK)">!*3, and
localization of ubiquitin signalling cascades regulating
antiviral innate immunity in peroxisomes'**.

Future studies will need to focus on increasing our
understanding of the dynamics of the ubiquitin network
in its physiological context and to clarify how diverse
ubiquitin signals are generated and decoded by UBDs
in the highly crowded micromilieu of the cell. We are
now starting to grasp the link between specific E2-E3
pairs and the formation of distinct ubiquitin chains, but
pinpointing which pairs are physiologically relevant and
clarifying the importance of ubiquitin chain length in

REVIEWS

biological settings still requires further research. Related
to this subject, it will also be interesting to dissect the
mechanisms of ubiquitin editing and investigate whether
this phenomenon is restricted to the proteasome and the
NE-kB pathway or whether it is a general strategy used
for the spatiotemporal regulation of ubiquitin signalling
networks.

The ubiquitin system has been found to have integral
roles in most cellular events and is therefore an impor-
tant therapeutic target, for example for the development
of treatments against cancer and neurodegenerative
disorders, as well as inflammatory and infectious dis-
eases'>%. A better understanding of the spatiotemporal
regulation of the ubiquitin network may allow us to target
such proteins at specific subcellular structures, leading
to the development of more selective therapeutics and
minimization of unwanted side effects'.
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