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Abstract
The post-translational modification of proteins is critical for the spatial and temporal regulation of
signalling cascades. This is especially important in the CNS where the processes affecting
differentiation, growth, targeting and communication between neurones are highly complex and
very tightly regulated. In recent years it has emerged that modification of proteins by members of
the SUMO (small ubiquitin-related modifier) family of proteins play key roles in neuronal
function. SUMOylation involves the covalent conjugation of a member of the SUMO family to
lysine residues in target proteins. Multiple nuclear and perinuclear SUMOylation targets have
been reported to be involved in nuclear organisation and transcriptional regulation. In addition, a
growing number of extranuclear SUMO substrates have been identified that can have important
acute effects on neuronal function. The SUMOylation of both intra- and extranuclear proteins
have been implicated in a diverse array of processes that have far-reaching implications for
neuronal function and pathophysiology. Here we review the current understanding of the targets
and consequences of protein SUMOylation in the brain and examine its established and potential
involvement in a wide range of neurological and neurodegenerative diseases.
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1. Introduction
Post-translational modification is the enzymatic attachment of chemical groups, lipids,
sugars, or polypeptides to a protein after its primary synthesis. These modifications are of
critical importance because they can dictate protein folding, distribution, stability, activity
and function. Post-translational modifications are also integral components of the signalling
cascades that enable cells to efficiently and reversibly respond to extracellular stimuli. This
is especially important in the CNS where the processes affecting synaptic communication
between neurones are highly complex and very tightly regulated.

1.1. What is SUMOylation?
SUMO (small ubiquitin-related modifier) is a 97-amino acid protein that can be covalently
attached to lysine residues on target proteins via an enzymatic cascade analogous to the
ubiquitin pathway. SUMOylation of the target protein requires an E1 (SUMO-activating),
E2 (SUMO-specific conjugating, Ubc9), and, in most cases, E3 (SUMO ligase, e.g., PIAS3)
enzymes (for detailed reviews of the machinery and biochemistry of SUMO modification,
see Geiss-Friedlander and Melchior, 2007; Hay, 2005; Hilgarth et al., 2004; Johnson, 2004;
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Muller et al., 2001; Watts, 2004). There are four reported SUMO paralogues, SUMO-1 to
SUMO-4 (Bohren et al., 2004; Lapenta et al., 1997), present in mammals. In their
conjugatable forms, SUMO-2 and SUMO-3 differ only in three N-terminal residues. All
SUMO paralogues are conjugated to substrate proteins by the same enzymatic machinery
(Tatham et al., 2001) but they can modify distinct targets (Saitoh and Hinchey, 2000),
although some proteins can be SUMOylated by either SUMO-1 or SUMO-2/3 (e.g.,
Hardeland et al., 2002; Hofmann et al., 2000). SUMO-4 remains enigmatic since it has a
restricted tissue distribution and may be unable to SUMOylate substrate proteins due to a
proline residue that appears to prevent its maturation to an prevent its maturation to a
conjugatable form (Owerbach et al., 2005).

Following SUMO activation by the E1 enzyme, a heterodimer of SAE1 and SAE2 in
mammals (Gong et al., 1999), SUMO proteins are passed to the active site cysteine of the
sole SUMO-specific conjugating enzyme, Ubc9. Ubc9, either alone or in combination with a
number of reported SUMO E3 enzymes, then catalyses conjugation of SUMO to the lysine
residue in the target protein (Fig. 1). SUMO conjugation often occurs at a consensus
sequence in target proteins, designated ψKxD/E, where ψ is a large hydrophobic residue, K
is the target lysine and D/E are acidic residues (Rodriguez et al., 2001; Sampson et al.,
2001). The consensus sequence is directly bound by Ubc9 (Sampson et al., 2001), however
it must be noted that not all proteins containing this consensus are SUMOylated, and a
growing number of proteins are being reported to be modified at non-consensus lysine
residues.

Despite being a covalent protein modification, SUMOylation is readily reversible due to the
protease activity of SUMO-specific deSUMOylation enzymes, SENPs. These enzymes
exhibit specificity between the SUMO paralogues and have distinct subnuclear and
subcellular localisation patterns. There are six SENPs, designated SENP1-3 and SENP5-7 in
mammals (for reviews, see Mukhopadhyay and Dasso, 2007; Yeh, 2009). SENP proteins
themselves are coming under increasing scrutiny as cell regulators (Kim and Baek, 2009).

1.2. What does SUMOylation do?
SUMOylation is essential in eukaryotic cells and knockdown or deletion of Ubc9, a critical
component of the SUMOylation pathway, is fatal for mammalian cells (Hayashi et al., 2002;
Nacerddine et al., 2005). The balance between Ubc9-mediated conjugation and SENP-
mediated deconjugation determines the SUMOylation state of a specific protein and the
mechanisms underlying regulation of these processes is an area of very active research.

A major function of SUMOylation is to inhibit, modify or enable protein–protein
interactions (Geiss-Friedlander and Melchior, 2007). Thus, the attachment of SUMO can
prevent binding of interacting proteins or modify interactions by altering binding kinetics. In
addition, a growing number of proteins have been reported to bind SUMO non-covalently,
via SUMO interaction motifs (SIMs), suggesting that SUMOylation of a target protein can
act to promote interactions with proteins that contain SIMs (Minty et al., 2000; Song et al.,
2004). Numerous neuronal and synaptic proteins appear to contain SIMs and how these
potential SUMO-interacting proteins mediate the consequences of protein SUMOylation at
the synapse promises to be an exciting avenue for future research.

The functional consequences of SUMO attachment vary greatly depending on the substrate
and the cell type and in many cases remain only poorly understood (Meulmeester and
Melchior, 2008). The majority of SUMOylated proteins that have been identified so far are
either localised to the nucleus or involved in the nuclear trafficking of cytosolic proteins (for
reviews see Geiss-Friedlander and Melchior, 2007; Hay, 2005; Johnson, 2004; Muller et al.,
2001; Seeler and Dejean, 2003). Since the first identification of SUMOylation as a
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modification of the nuclear pore component RanGAP1 (Mahajan et al., 1997; Matunis et al.,
1996), several hundred confirmed and putative SUMOylation substrates have been
identified, including numerous proteins abundant in or exclusive to neurons, many of which
are extranuclear (Hietakangas et al., 2006; Yang et al., 2006).

2. SUMO roles in the transcriptional regulation of neuronal development
and function

It is well-established that protein SUMOylation and deSUMOylation perform critical
regulatory roles in the nucleus. Protein substrates include many transcription factors and co-
factors, nuclear pore proteins, nuclear structural proteins and proteins that maintain genome
integrity. Some specific examples particularly important in neurons are discussed below but
for more comprehensive reviews see (Heun, 2007; Johnson, 2004; Palancade and Doye,
2008; Seeler and Dejean, 2003).

2.1. Developmental profile and localisation of Ubc9 and potential roles in neuronal
differentiation and plasticity

Ubc9 mRNA and protein expression are spatio-temporally regulated during rat brain
development (Watanabe et al., 2008). The highest levels of Ubc9 expression and SUMO-1
conjugation occur early in development. In particular, there is high expression of Ubc9 in
the proliferating neuronal stem cells in the ventricular zone and in differentiated but
immature embryonic neurons, consistent with SUMOylation participating in neuronal
differentiation and proliferation. In the adult brain, Ubc9 is most abundant in dentate
granular neurons and pyramidal neurons in the hippocampus and large pyramidal neurons in
the cerebral cortex, suggesting possible roles for Ubc9 and SUMOylation in synaptic and
neuronal plasticity. Although not directly determined, it has been inferred that key targets
for SUMOylation in stem cells and immature embryonic neurons were likely to be
transcription factors. Likely candidates include topoisomerases I and II (Lee and Bachant,
2009; Mao et al., 2000a,b), which are enzymes essential for DNA replication and
transcriptional regulation that are highly expressed in neuronal stem cells (Li and Wang,
1998), the tumour suppressor protein p53, a known SUMO substrate which plays a critical
role in the differentiation and apoptosis of neurons and oligodendrocytes (Eizenberg et al.,
1996; Tedeschi et al., 2009) (for reviews see Melchior and Hengst, 2002; Stehmeier and
Muller, 2009) and, as discussed below, members of the MEF2 family of transcription
factors, which are SUMO substrates implicated in the regulation of neuronal differentiation.
Considerable work remains to be done to identify which nuclear proteins are targets for
SUMOylation during neuronal differentiation and development. Nonetheless, the
observation that neuronal stem cells show high levels of the essential SUMOylation enzyme
Ubc9 indicates that protein SUMOylation is required for embryonic development
(Nacerddine et al., 2005) and the fact that proteins that regulate transcription are SUMO
substrates suggest that SUMOylation is a key regulator of these processes.

2.2. SUMO regulation of nuclear Cajal bodies
Another example of specialised nuclear SUMOylation in neurons is the localisation of
SUMO-1 and Ubc9 in Cajal bodies (CBs), which are nuclear organelles involved in the
maturation of small nuclear ribonucleoproteins required for the processing of pre-mRNAs.
CBs are prominent in mammalian neurons and their abundance correlates with cell size and
transcriptional activity (Berciano et al., 2007). CBs are highly enriched in the proteins coilin
and survival of motor neuron (SMN) protein (Carvalho et al., 1999), which are both putative
substrates of SUMO-1. SUMO-1 and Ubc9 colocalise in a subset of CBs in undifferentiated
neuron-like UR61 cells, but not in cells that have been treated with dexamethasone, an
inducer of UR61 differentiation. Further, SUMO-1 associates with CBs in rat trigeminal
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ganglion neurons subjected to osmotic stress, but not in unstressed cells. The SUMO-1-
positive CBs contain coilin and small nuclear ribonucleoproteins, suggesting that they are
actively involved in pre-mRNA processing and it has been proposed that SUMOylation of
coilin and/or SMN might play a role in the molecular reassembly of CBs during the neuronal
stress–response (Navascues et al., 2008). While the exact role of SUMO-1 recruitment to
CBs during the early stages of differentiation or during neuronal stress is unclear, these
results may suggest a role for SUMOylation in the transcriptional reprogramming and
nuclear reorganisation associated with neuronal differentiation and response to stress.

2.3. SUMOylation and rod photoreceptor development
While the expression pattern of Ubc9 and the regulated localisation of SUMO at CBs hints
at an important role for SUMOylation in neuronal development and differentiation, a
specific example has emerged recently in the case of retinal rod photoreceptor neurons. For
rod photoreceptors to differentiate correctly, rod-specific genes must be activated while
cone-specific genes must be repressed. Central to this process is the transcription factor
NR2E3, which is SUMOylated in a PIAS3-dependent manner (Onishi et al., 2009). PIAS3 is
highly expressed in the mouse retina during the period of rod photoreceptor development
(Blackshaw et al., 2004) and overexpression of PIAS3 during retinal development increases
the number of cells with a rod-like morphology that express the rod-specific photopigment
rhodopsin (Onishi et al., 2009). PIAS3 directly mediates the SUMOylation of NR2E3. Mice
lacking NR2E3 show an abnormal retinal phenotype characterised by excessive numbers of
cone-like cells that could be rescued by wild-type NR2E3, but not with a SUMOylation-
deficient mutant. However, retinal expression of rhodopsin was normal in cells rescued with
non-SUMOylatable NR2E3, suggesting NR2E3 SUMOylation does not play a role in the
induction of rod-specific genes. Nonetheless, general inhibition of SUMOylation in the
retina via overexpression of the SUMOylation inhibitor Gam1 lead to a phenotype of
excessive cone production, and deficient production of rhodopsin, suggesting that
SUMOylation of some unknown protein other than NR2E3 functions in the promotion of
rod-specific gene expression (Onishi et al., 2009). Thus, while SUMOylation of NR2E3
appears to be important for the repression of cone-specific genes, SUMOylation per se is
required for the activation of rod-specific genes. These results indicate that SUMOylation
can play complex positive and negative regulatory roles in the differentiation of neuronal
subtypes.

2.4. SUMO regulation of synapse formation via MEF2A
In neurons, synapse formation involves contact between pre- and post-synaptic membranes.
In the cerebellum, dendrites from granule neurons develop dendritic claws that contact
mossy fibre terminals to form synapses. The family of myocyte enhancer factor 2 (MEF2)
transcription factors are critical regulators of dendritic claw formation. MEF2 family
members suppress synapse number in an activity- and calcineurin-dependent manner.
Neuronal activation leads to calcineurin activation and dephosphorylation of MEF2.
Dephosphorylated (active) MEF2 then leads to the transcription of various genes that restrict
synapse number, such as ARC and synGAP (Flavell et al., 2006).

SUMOylation of one of the MEF2 family members, MEF2A, strongly influences synapse
formation through a phospho-regulated SUMO-acetyl switch (Shalizi et al., 2006). Early in
differentiation, SUMOylation at lysine 403 represses MEF2A. Neuronal activity leads to the
activation of calcineurin and dephosphorylation of the nearby serine S408. This favours
deSUMOylation of K403 and the replacement of SUMO with an acetyl group, leading to
MEF2A activation and the inhibition of synapse formation. This phosphorylation-dependent
switch between an inhibitory modification (SUMOylation) and an activating modification
(acetylation) on MEF2a provides an elegant illustration of the interplay between multiple
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post-translational modifications tightly regulating a complex physiological process. Further
support for a role of MEF2A SUMOylation in synapse development comes from the
observation that PIASx functions as an E3 for MEF2A in vivo. Overexpression or
knockdown of PIASx was shown to significantly enhance or inhibit dendritic claw
formation, respectively, and this effect was dependent on the presence of MEF2A, consistent
with its role in the suppression of MEF2A (Shalizi et al., 2007).

2.5. SUMO regulation of circadian rhythms via BMAL1
Melanopsin-expressing retinal ganglion cells perceive light for circadian regulation
(Hankins et al., 2008). These neurons project to an area of the brain known as the
suprachiasmatic nucleus (SCN), which contains the ‘master oscillator’ of the circadian
clock, and entrains the circadian behaviour of other tissues (Reppert and Weaver, 2002).
One critical regulator of the circadian clock is the transcription factor component BMAL1
which, together with its heterodimerisation partner CLOCK, provides positive feedback for
the circadian oscillator. SUMOylation regulates the timing of the circadian cycle through
mediating the stability of BMAL1 (Cardone et al., 2005; Lee et al., 2008). BMAL1 can be
SUMOylated by both SUMO-1 and SUMO-2 at a single consensus lysine residue, K259, in
a manner that requires CLOCK. SUMOylation of BMAL1 occurs periodically, peaking 9 h
into the circadian cycle. In addition, while wild-type BMAL1 shows rhythmic oscillations in
protein levels, the non-SUMOylatable mutant does not, and shows significantly increased
protein stability in comparison to the wild-type, suggesting that SUMOylation regulates
BMAL1 turnover (Cardone et al., 2005; Lee et al., 2008).

While it is evident that SUMO regulation of BMAL1 stability is critical to the mammalian
circadian cycle, exactly how this regulation occurs is currently unclear. It has been reported
that BMAL1 SUMOylation, predominantly by chains of SUMO-2/3, is a prerequisite for
BMAL1 ubiquitination and subsequent degradation by the proteasome (Lee et al., 2008).
Indeed, SUMO-2-mediated control of ubiquitination is emerging as a recurring theme in
protein degradation (for review see Geoffroy and Hay, 2009). However, decreased promoter
occupancy of the non-SUMOylatable BMAL1 mutant was also observed, suggesting that a
SUMO-mediated decrease in BMAL1 transcriptional activity may cause the increase in
BMAL1 stability through decreased production of the BMAL1-destabilising proteins
directly under the control of BMAL1. Interestingly, BMAL1 stability is also regulated by
GSK3β-mediated phosphorylation (Sahar et al. 2010). GSK3β is itself a SUMO substrate
(Eun Jeoung et al., 2008), indicating that SUMOylation may play a yet more complex role in
the regulation of the circadian system. Thus, while further work is required, it is clear that
SUMOylation plays a central role in governing crucial transcriptional and protein interaction
pathways involved in circadian regulation.

3. SUMO modulation of kinase signalling pathways
Phosphorylation dynamics play critical roles in multiple cellular signalling pathways and a
number of kinases, phosphatases and scaffolding proteins involved in the activation of these
pathways have been reported to be targets of SUMO conjugation.

3.1. Focal adhesion kinase (FAK)
FAK regulates the maturation and turnover of focal adhesions (Mitra et al., 2005), contacts
between the extracellular matrix and the cytoskeleton. FAK is a SUMO substrate and its
SUMOylation is associated with increased levels of autophosphorylation (Kadare et al.,
2003) that leads to binding of Src, which, in turn, further phosphorylates FAK resulting in
full activation (Mitra et al., 2005). Further, the observation that SUMOylated FAK is
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enriched in the nuclear fraction suggests that SUMOylation may also regulate FAK nuclear
shuttling in addition to enhancing its activation.

3.2. Glycogen synthase kinase 3β (GSK3β)
GSK3β is a proline-directed serine/threonine kinase that was initially identified for its role
in phosphorylating and inactivating glycogen synthase. GSK3β has been well-characterised
for its role in energy metabolism, however, it also plays important roles in the brain and has
been implicated in the pathogenesis of Alzheimer’s disease, schizophrenia and bipolar
disorders (Bhat et al., 2004; Eldar-Finkelman, 2002; Kozlovsky et al., 2002). In addition,
GSK3β has been reported to play a crucial role in dictating the balance between LTP and
LTD in hippocampal slice preparations (Peineau et al., 2007). GSK3β is SUMOylated at a
single non-consensus lysine in the central region required for its interaction with the
scaffolding protein axin, itself a SUMO substrate (Eun Jeoung et al., 2008; Rui et al., 2002).
Wild-type GSK3β shows both a nuclear and cytosolic distribution but the non-
SUMOylatable point mutant is excluded from the nucleus, indicating that SUMOylation
may play a role in the subcellular localisation of GSK3β. In addition, the non-
SUMOylatable mutant displays decreased protein stability and enhanced phosphorylation
activity against tau, a prototypical GSK3β substrate (Eun Jeoung et al., 2008). Based on
these initial observations, future work may reveal an important role for GSK3β
SUMOylation in synaptic plasticity and neurodegenerative diseases such as Alzheimer’s.

3.3. Protein tyrosine phosphatase 1B (PTP1B)
PTP1B is an endoplasmic reticulum-associated protein phosphatase that down-regulates
multiple signalling pathways via dephosphorylation of receptor tyrosine kinases (Dube and
Tremblay, 2005). PTP1B is highly expressed in the brain and is a critical negative regulator
of leptin signalling (Bence et al., 2006). Leptin acts on the hypothalamus to decrease feeding
behaviour and promote energy expenditure (Ahima and Flier, 2000). PTP1B SUMOylation
occurs in fibroblasts in response to insulin signalling and down-regulates its catalytic
activity and expression levels (Dadke et al., 2007). SUMOylation of PTP1B in the brain has
not yet been shown but an intriguing possibility is that it may play a role in the hypothalamic
regulation of feeding behaviour and body mass.

3.4. Axin
Axin acts to cluster proteins required for the activation of both c-Jun N-terminal kinase
(JNK) and Wnt signalling in neurons. JNK is activated by various surface receptors and
signalling pathways while Wnt activation plays a major role in axon guidance. Axin is
SUMOylated at two atypical SUMO consensus lysines at its extreme C-terminus (Rui et al.,
2002). A SUMOylation-deficient form of axin is unable to interact with MEKK, a critical
enzyme in the activation of JNK, resulting in an incapacity to activate the JNK pathway
whereas its roles in the activation of the Wnt pathway are unaffected (Rui et al., 2002)
suggesting a selective effect of SUMOylation on JNK signalling.

From these examples it seems clear that SUMOylation can directly influence
phosphorylation cascades, modifying both the enzymes directly involved in these pathways,
as well as selectively affecting pathways via actions on multifunctional scaffolding proteins.

4. SUMOylation at mitochondria
In eukaryotic cells, mitochondrial number is regulated by a balance between mitochondrial
fusion and fission events and appropriate regulation of these dynamics are essential to meet
the energy needs of the cell (Chan, 2006; McBride et al., 2006). For example, in both
cultured neurons and hippocampal slices, neuronal activity is linked to an increase in
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mitochondrial number and inhibiting mitochondrial fission severely reduces the number of
dendritic protrusions, highlighting a role for mitochondrial dynamics in the maintenance of
synapse number (Li et al., 2004). Immunoblots of mitochondrial fractions from COS-7 cells
probed with anti-SUMO antibodies have suggested the presence of multiple mitochondrial
SUMO substrates yet to be defined (Harder et al., 2004). Further, the mitochondria-enriched
fraction of brain lysate shows a large number of SUMO-1 and SUMO-2/3 reactive bands
upon Western blotting (Martin et al., 2007a).

4.1. Dynamin-related protein 1 (DRP1)
The mitochondrial GTPase DRP1 is required for the membrane scission step during
mitochondrial fission (Smirnova et al., 2001). Knockout mice lacking DRP1 die before birth
and exhibit defective forebrain development. Cultured DRP1−/− neurons show defects in
synapse formation, highlighting a critical role for proper mitochondrial dynamics in neurons
(Ishihara et al., 2009).

DRP1 is SUMOylated and this modification was initially reported to stabilise the protein,
ultimately leading to an increase in the active pool of DRP1 present on the surface of
mitochondria, where it is presumably able to perform its role in mitochondrial fission
(Harder et al., 2004). In addition, increased SUMOylation was associated with DRP1
nucleotide binding. Although a more recent study has confirmed DRP1 SUMOylation and
determined the SUMOylation sites, the functional role has been questioned (Figueroa-
Romero et al., 2009). These workers found that mutagenesis of the SUMOylatable lysines in
DRP1 had no effect on protein stability and that its recruitment to mitochondria under both
basal conditions and after treatment with staurosporine, an inducer of apoptosis, was normal
(Figueroa-Romero et al., 2009). In contrast to the previous study that reported a dominant-
negative DRP1 mutant showed extremely low levels of Ubc9 and SUMO-1 binding (Harder
et al., 2004), Figueroa-Romero et al. found that this dominant-negative DRP1 exhibited
enhanced SUMOylation (Figueroa-Romero et al., 2009). While these apparent differences
remain to be fully resolved it is relevant that the SUMOylation of DRP1 has also been
reported to be enhanced by the pro-apoptotic protein Bax (Wasiak et al., 2007), potentially
implicating SUMOylation in the induction of apoptosis. Intriguingly, the apoptotic proteases
caspase-7 and -8 have also been reported to be targets of SUMOylation (Besnault-Mascard
et al., 2005; Hayashi et al., 2006).

4.2. Mitochondrial-associated protein ligase (MAPL)
A novel mitochondrial SUMO E3 ligase, mitochondrial-associated protein ligase (MAPL)
has recently been identified (Braschi et al., 2009). MAPL was initially identified as a novel
RING-finger domain-containing mitochondrial outer membrane protein involved in
mitochondrial fragmentation (Neuspiel et al., 2008). Proteins containing RING domains
often function as ubiquitin or SUMO ligases and MAPL was shown to stimulate DRP1
SUMOylation in in vitro. Further, shRNA-mediated silencing of MAPL significantly
reduced levels of mitochondrial SUMOylation, without any observed effect on ubiquitin
conjugation. It has been suggested that the fragmented phenotype of mitochondria observed
upon the overexpression of MAPL may result from the proposed SUMO-mediated
stabilisation of DRP1 (Braschi et al., 2009). However, given the mixed reports on the roles
of DRP1 SUMOylation, further work is required. In addition, identification of the other
mitochondrial proteins that show reduced SUMOylation following MAPL knockdown will
shed light on the further roles played by SUMOylation at mitochondria.

4.3. Mitochondrial actions of SENP5
Protein regulation by SUMOylation constitutes a delicate balance between regulated
SUMOylation and deSUMOylation of substrate proteins. This is exemplified by the

Wilkinson et al. Page 7

Brain Res Rev. Author manuscript; available in PMC 2012 March 22.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



observation that the SUMO protease SENP5 can regulate mitochondrial fission, partially
through its ability to deSUMOylate DRP1. These actions appear to be cell cycle-regulated
since SENP5 translocates from the nucleoli to mitochondria at the G2/M transition, prior to
mitosis (Zunino et al., 2009). For appropriate cell division to occur, mitochondria must
proliferate and segregate between the two daughter cells. SENP5 translocation from the
nucleus leads to a dramatic reduction in mitochondrial SUMOylation which, in turn,
increases the labile pool of DRP1 available for mitochondrial fragmentation to occur, likely
through both direct deSUMOylation of DRP1 and indirect effects (Zunino et al., 2009).
While the exact role of SENP5 in regulating mitochondrial number in post-mitotic neurons
is unclear, the current data are consistent with a nucleus-to-mitochondria signalling pathway
regulating the activity-dependent increase in mitochondrial number reported previously (Li
et al., 2004).

5. SUMOylation and axonal mRNA trafficking
Local protein synthesis in axons is critical for growth-cone guidance in developing neurons,
and for axonal regeneration and synaptic plasticity in adult neurons (Giuditta et al., 2002;
Martin, 2004). SUMOylation can directly influence these processes through modification of
the mRNA-binding protein La (van Niekerk et al., 2007). La binds multiple axonal mRNAs
and facilitates their axonal trafficking from the cell soma while protecting them from
exonuclease activity (Wolin and Cedervall, 2002). Fast axonal transport relies on the motor
proteins dynein (generally for retrograde transport) and kinesin (for anterograde transport;
Hirokawa and Takemura, 2005). La is SUMOylated at a single lysine residue in both
cultured mouse dorsal root ganglion (DRG) neurons and isolated mouse sciatic nerve and
overexpressed SUMO-1 and SUMO-2/3 can modify La in cultured DRG neurons (van
Niekerk et al 2007), although the abundance of SUMO-1 versus SUMO-2/3-modified La
under endogenous conditions has not yet been addressed. Non-SUMOylated La binds
kinesin but not dynein, conversely when SUMOylated, La binds only to dynein. Indeed, in
cultured DRG neurons, overexpressed GFP-La shows both anterograde and retrograde
movement while non-SUMOylatable La shows only anterograde movement (van Niekerk et
al., 2007). Thus, the SUMOylation status of La dictates the direction of its axonal transport
and therefore also enables it to act as’ a shuttle carrying multiple loads of mRNA. Although
more work is required to determine the interaction sites between SUMO-modified La and
dynein, these results suggest that SUMO-mediated motor-protein switching could serve as a
general regulator of bi-directional transport along neuronal processes.

6. SUMOylation in synaptic function and neuronal activity
It is becoming increasingly well-documented that activity-dependent SUMOylation of
transcription factors and of synaptic proteins plays important regulatory roles in synapse
formation and neuronal morphology (Fig. 2).

6.1. CASK
CASK is a synaptic scaffold protein that binds various post-synaptic receptors and is
required for the formation of dendritic spines onto which more than 90% of excitatory
synapses form (Nimchinsky et al., 2002). CASK has recently been identified as a SUMO
substrate (Chao et al., 2008). The function of CASK in spine morphogenesis requires its
interaction with protein 4.1. Fusion of SUMO to CASK significantly reduces its interaction
with protein 4.1 and expression of this fusion protein in neurons causes a decrease in spine
size and density (Chao et al., 2008) highlighting SUMOylation as a potential regulator of
dendritic spine morphology.
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6.2. Presynaptic neurotransmitter release
Recently, SUMOylation of pre-synaptic proteins has been shown to regulate glutamate
release from nerve terminals. Enhancing pre-synaptic SUMOylation by inclusion of
conjugatable SUMO-1 in synaptosomes led to a decrease in K+-evoked glutamate release
whereas inclusion of SENP1 catalytic domain enhanced neurotransmitter release (Feligioni
et al., 2009). These data suggest SUMOylation may be playing a negative role in activity-
dependent glutamate release. However, this effect may be stimulus-dependent since
inclusion of SUMO enhanced glutamate release stimulated by kainate, whereas SENP1
decreased kainate-evoked glutamate release (Feligioni et al., 2009). Thus, SUMOylation can
act to either enhance or reduce glutamate release depending on the stimulus, likely through
the SUMOylation or deSUMOylation of distinct subsets of proteins leading to different
effects on neurotransmitter release.

6.3. Post-synaptic ionotropic glutamate receptors
Kainate receptors (KARs) are tetrameric glutamate-gated ion channels composed of
combinations of the subunits GluK1, GluK2, GluK3, GluK4 and GluK5 (formerly known as
GluR5, GluR6, GluR7, KA-1 and KA-2, respectively; Pinheiro and Mulle, 2006). Kainate
receptors are expressed widely in the nervous system and have various roles in regulating
neuronal responses – acting pre-synaptically to modulate neurotransmitter release, post-
synaptically to contribute to the post-synaptic response and by regulating neuronal
excitability via the inhibition of K+ channels (for reviews see Jaskolski et al., 2005; Pinheiro
and Mulle, 2006).

The kainate receptor subunit GluK2 binds both Ubc9 and the E3 enzyme PIAS3 and is
SUMOylated at a single C-terminal lysine residue (Martin et al., 2007a). SUMOylation is
stimulated by kainate treatment and is required for agonist-induced endocytosis of GluK2-
containing kainate receptors but not for NMDA-induced KAR endocytosis. Further, at
mossy fibre synapses, infusion of SUMO-1 caused a run down in kainate receptor-mediated
excitatory post-synaptic currents (EPSCs) but had no effect on AMPA receptor-mediated
EPSCs, indicating that SUMO can play an important and specific role in the regulation of
synaptic transmission.

6.4. Activity-dependence of protein SUMOylation
While the SUMOylation of given substrates can be specifically regulated, global levels of
SUMOylation in neurons can be modulated in an activity-dependent manner, potentially
placing changes in protein SUMOylation central to the coordination of neuronal signalling.

AMPA stimulation of synaptosomes induced an increase in pre-synaptic SUMOylation, and
this increase was concomitant with an increased association of Ubc9 with the pre-synaptic
active zone, suggesting activity-dependent relocation of Ubc9 may act to regulate synaptic
SUMOylation levels. Conversely, kainate treatment was shown to lead to a decrease in pre-
synaptic SUMOylation, and SUMOylation levels were unchanged in response to NMDA
(Feligioni et al., 2009). These results appear to suggest that levels of SUMOylation at the
pre-synaptic active zone can be tightly regulated in an activity-dependent manner that varies
depending on the stimulus. In conjunction with the observation that enhancing or inhibiting
pre-synaptic SUMOylation can have robust effects on pre-synaptic neurotransmitter release,
these data hint at activity-dependent SUMOylation of multiple substrates regulating a
complex physiological process.

The observation that levels of SUMOylation can be dramatically altered by physiological
neuronal activity has been further supported by data indicating that depolarization of
SHSY5Y neuroblastoma cells with KCl enhances global levels of SUMO conjugation (Lu et
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al., 2009). In SHSY5Y cells stably transfected with either SUMO-1, SUMO-2 or SUMO-3,
treatment with KCl for 1 h (but not for shorter time periods) was shown to induce a robust
increase in conjugation of each of the SUMO proteins. In addition, chelation of extracellular
calcium with EGTA largely blocked this effect, as did the calmodulin inhibitor cyclosporin
A, suggesting that calcium influx acting through the calcium sensor calmodulin is at least
partially responsible for the global increase in SUMOylation (Lu et al., 2009). How these
activity-dependent stimuli and calcium-dependent signalling pathways induce changes in
global SUMOylation remain to be determined.

7. Plasma membrane receptors, channels and transporters
The discovery that multiple classes of membrane protein are SUMO substrates represented a
significant advance. In addition to glutamate receptors, several other classes of neuronal
membrane protein have been reported to be SUMOylated, strongly implicating
SUMOylation in the control of neuronal excitability, synaptic transmission and glucose
transport.

7.1. Potassium channels
7.1.1. K2P channels—K2P channels are potassium-selective plasma membrane leak
channels (Plant et al., 2005). K2P1 mRNA has been shown to be expressed strongly in heart,
brain and kidney (Orias et al., 1997); however, this channel had been reported to be inactive,
even when expressed at the cell surface (Plant et al., 2005). It has been proposed that this
inactivity is due to SUMO conjugation to K274 of the channel, which acts to block the pore
(Rajan et al., 2005). Immunoprecipitation experiments indicated that K2P1 could be SUMO-
modified in Xenopus oocytes, and overexpression of a lysine point mutant that cannot be
SUMOylated generated an active, pH-sensitive potassium channel in COS-7 cells. Indeed,
overexpression of wild-type K2P1 along with SENP-1, to enhance the number of
deSUMOylated channels, produced more active channels.

However, SUMOylation of native K2P1 channels has not been established and the trigger(s)
for SUMOylation or deSUMOylation of the channel remain elusive. Indeed, more recent
reports have questioned whether K2P1 channels are bona fide SUMO substrates
(Feliciangeli et al., 2007, 2010). These authors were unable to detect SUMOylation of K2P1
channels, and reported that mutation of the proposed SUMOylatable lysine to arginine
(instead of a negatively charged glutamic acid, as used in the previous report) had no effect
on channel functions. They suggest that the observed effects of the K274E mutation may
thus be due to the change in charge rather than the prevention of SUMOylation. Further
work will be required to determine whether K2P1 is a genuine SUMO substrate and to
isolate the functional consequences of this modification.

7.1.2. Kv1.5 channels—Another potassium channel, the voltage-gated Kv1.5, has also
been reported to be a SUMO substrate (Benson et al., 2007). Kv1.5 appears to be modified
by all three SUMO paralogues at two cytosolic lysine residues both in vivo and in vitro, and
disruption of SUMOylation either by mutation of the acceptor lysines or by overexpression
of the deSUMOylating enzyme SENP2 caused a hyperpolarizing shift in the voltage-
dependence of steady-state inactivation, indicating SUMOylation has a role in fine-tuning
channel function.

These reports of SUMOylation mediated changes in potassium channel function, coupled
with the observation that multiple potassium channel subunits present in the brain also
contain SUMOylation consensus motifs, suggest that one important role of SUMOylation in
the brain may be the regulation of ion fluxes and neuronal excitability.
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7.2. Glucose transporters
Glucose enters cells via the actions of a family of specific glucose transporters. The glucose
transporters GLUT1 and GLUT4 are highly expressed in the brain and they were the first
membrane proteins to be shown to be SUMOylated (Giorgino et al., 2000). Overexpression
of Ubc9 caused a 65% decrease in GLUT1 levels, but an 8-fold increase in GLUT4
expression. GLUT1 is responsible for the majority of basal glucose transport whereas
GLUT4 is transported to the surface in response to insulin to increase glucose uptake
(Bryant et al., 2002). Thus, these results suggest that SUMO decreases the basal transport of
glucose, but enhances the insulin-responsiveness of glucose transport into adipocytes.
However, data on how SUMOylation differentially affects GLUT1 versus GLUT4 has not
been published, nor has any explanation been offered as to how SUMOylation of these two
transporters is regulated and under what conditions SUMO modification occurs to alter the
insulin-responsiveness of adipocytes, if this occurs at all under physiological conditions.
Indeed, more recent evidence suggests that the increase in GLUT4 stability versus GLUT1
can be reproduced with an inactive point mutant of Ubc9, implying this phenomenon may be
due to a role of Ubc9 distinct from SUMO conjugation (Liu et al., 2007). Further
investigation is required to determine whether these transporters are genuine SUMO
substrates. Nonetheless, given the abundant expression of GLUT1 and GLUT4 in neurons,
an intriguing possibility is that SUMOylation of these targets could represent an important
regulator of glucose transport in the brain.

7.3. Type I TGF-β receptor
Transforming growth factor-β (TGF-β) is a proinflammatory cytokine that controls
proliferation and cellular differentiation. The TGF peptide acts on a family of TGF receptor
proteins that are highly expressed in the brain by both neurons and microglia, and has been
implicated in several neurodegenerative disorders, including Alzheimer’s, Parkinson’s,
multiple sclerosis and ischemia (Flanders et al., 1998; Pratt and McPherson, 1997).

Type I TGF-β receptor Type I TGF-β receptor (TβRI) has recently been reported to be a
substrate for SUMOylation (Kang et al., 2008). TGF-β induces the heterodimerisation of the
receptor serine/threonine kinases TβRI and type II TGF-β receptor (TβRII), which leads to
the TβRII-mediated phosphorylation of TβRI and downstream signalling through
phosphorylation of Smad proteins. Smad proteins are divided into three families: receptor
activated (R-Smads, Smad1, 2, 3, 5, 8); co-mediator Smad (Smad4) and inhibitory Smads
(Smad6 and 7). TβRI activation through phosphorylation by TβRII leads to the TβRI-
mediated phosphorylation of the R-Smads, Smad2 and Smad3. The active, phosphorylated
Smads then homo-trimerize and complex with the co-mediator Smad4, leading to nuclear
translocation and regulation of transcription. Inhibitory Smads function by competing with
R-Smads for binding to either the receptor or Smad4 (for review see Shi and Massague,
2003).

TGF-βI is SUMOylated predominantly at a non-consensus lysine residue located at the
amino-terminal boundary of its kinase domain, and SUMOylation appears to require the
kinase domains of both TβRI and TβRII (Kang et al., 2008). SUMOylation is involved in
the regulation of TβRI-mediated activation of Smad2 and Smad3, possibly by enhancement
of R-Smad binding to the receptor. Supplementation of TβRI−/− fibroblasts with wild-type
TβRI led to a robust phosphorylation of Smad2/3 and increased Smad2/3-mediated
transcription whereas replacement with a non-SUMOylatable mutant significantly
attenuated TβRI-mediated signalling. Interestingly, a mutation in TβRI (S387Y) has been
associated with metastasis of breast and head-and-neck cancers, when compared with
primary tumours (Chen et al., 1998, 2001). This site lies close to the SUMOylated lysine
(K389) and SUMOylation levels of the S387Y mutant were significantly decreased. Indeed,
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similar to the non-SUMOylatable mutant, TGF-β-mediated Smad3 activation was also
reduced in this mutant (Kang et al., 2008). Together, these results suggest that the S387Y
mutant potentially enhances metastasis by mediating downregulation of TGF-β signalling
through inhibition of TβRI SUMOylation. Future work will determine how exactly
SUMOylation of TβRI promotes R-Smad association and downstream signalling.

7.4. G protein-coupled receptors (GPCRs)
GPCRs are a large family of integral seven transmembrane domain proteins. More than 90%
of all known GPCRs are expressed in the brain where they participate in all functions of the
nervous system (Vassilatis et al., 2003).

7.4.1. Cannabinoid receptors—CB1 cannabinoid receptors are among the most widely
expressed GPCRs in the brain. It has been reported that the CB1 receptor is a SUMO
substrate and that the receptor is rapidly deSUMOylated in response to the agonist delta(9)-
tetrahydrocannabinol (Δ9-THC) (Gowran et al., 2009). This would infer that, unusually for
SUMO substrates, the CB1 receptor is basally SUMOylated. CB1 receptors activate multiple
signalling pathways and the same group report that Δ9-THC evokes deSUMOylation of
p53, an effect blocked by AM251 an inverse agonist at the CB1 cannabinoid receptor. p53 is
a tumour suppressor protein that plays a key role in cell cycle arrest or apoptosis in response
to a variety of stressors (Levine, 1997). Post-translational modifications of p53 allow cells to
rapidly activate a unique set of responses to diverse stress stimuli (Lavin and Gueven, 2006).
In unstressed cells, p53 is maintained at low levels through targeted degradation mediated
by murine double minute 2 (Mdm2) (Appella and Anderson, 2001). SUMO-1 conjugates to
the C-terminus of p53 and has positive effects on p53 transactivation (Gostissa et al., 1999;
Rodriguez et al., 1999) and decreases the strength of the interaction between p53 and Mdm2
(Carter et al., 2007). Although it needs further validation, SUMOylation of CB1 may play
roles in a diverse range of neuronal processes, not least through the control of p53 stability
and activity.

7.4.2. Metabotropic glutamate receptors—Group III metabotropic glutamate (mGlu)
receptors are expressed widely throughout the brain and predominantly function as pre-
synaptic autoreceptors for glutamate, acting to modulate pre-synaptic release. mGlu8 has
been proposed as a potential SUMO substrate based on the observation that its intracellular
C-terminus can bind Ubc9 and the E3 enzyme PIAS1 and that GST-ct-mGlu8 can be
SUMOylated by SUMO-1 when overexpressed in HEK293 cells (Tang et al., 2005). In fact,
the C-termini of all of the group III mGlu receptors interact with PIAS1 (Tang et al., 2005)
and can be modified by SUMO-1 in vitro (Wilkinson et al., 2008). However, while the
observation that they may be SUMO substrates places them as potential targets mediating
the previously reported SUMO-regulation of pre-synaptic release (Feligioni et al., 2009)
there has, to date, been no report of the SUMOylation of endogenous mGlu receptors in
neurons.

8. Regulation of G protein-coupled receptor signalling
In their inactive state, GPCRs are bound to heterotrimeric G proteins comprising a GDP-
bound Gα subunit, and Gβγ subunits. Upon stimulation, the Gα subunits exchange their
bound GDP for GTP and dissociate from the Gβγ subunits to perform multiple effector
functions, depending on the bound Gα subunit (for review see Pierce et al., 2002).
Intriguingly, in addition to directly modifying GPCRs themselves, SUMOylation has also
been implicated in the regulation of proteins that modulate the activity of the released Gα
and Gβγ subunits.
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8.1. Regulator or G protein signalling (RGS) proteins
RGS proteins are GTPase activating proteins (GAPs) that stimulate the GTPase activity of
Gα subunits, facilitating their return to the GDP-bound ‘off’ state (Berman and Gilman,
1998). RGS proteins are almost exclusively expressed in the brain (Mao et al., 2004), and a
role for the SUMOylation of RGS1 and RGS2 has been reported in the regulation of μ-
opioid receptor signalling. RGS1 and RGS2 can be modified by SUMO-1 and SUMO-2/3,
and upon μ-opioid receptor activation, SUMOylation RGS proteins bind strongly both to the
receptor and to Gα subunits, mediating desensitisation of the receptors (Rodriguez-Munoz
et al., 2007).

8.2. Phosducin
Phosducin is a phosphoprotein highly expressed in the outer and inner segments of the rod
cell layers in the retina and in the pineal gland. It modulates the phototransduction cascade
by sequestering the released Gβγ subunits of the retinal G protein transducin and inhibiting
their ability to activate effector pathways (Bauer et al., 1992). SUMOylation of phosducin
appears to function both in promoting the stability of phosducin via reducing its
ubiquitination and also by decreasing its capability to bind Gβγ subunits (Klenk et al.,
2006).

9. SUMOylation substrates and neurodegeneration
Since SUMOylation plays critical roles in neuronal signalling, excitability and development,
it is unsurprising that dysregulation of the SUMO pathway has been implicated in
neurodegenerative disorders (for recent reviews see Anderson et al., 2009; Dorval and
Fraser, 2007; Martin et al., 2007b). Many of these neurodegenerative diseases are
characterised by the formation of nuclear and/or cytosolic inclusions, thought to arise from
aberrant protein trafficking or degradation. In a growing number of disorders, these
inclusions have been shown to stain positive for SUMO, and a growing number of disease-
associated SUMO substrates have been identified (Table 1).

9.1. Nuclear inclusion disorder
Neuronal intranuclear inclusion disorder (NIID) is a rare disease of both the central and
peripheral nervous systems characterised by extensive neuronal intranuclear inclusions
(Sung et al., 1980). The disease predominantly manifests as ataxia and movement disorders
in younger patients and as dementia in adult-onset cases, suggesting NIID may comprise a
family of pathologically distinct neuropathies. However, inclusions stain strongly for SUMO
reactivity in familial (Pountney et al., 2003; Takahashi-Fujigasaki et al., 2006), juvenile
(McFadden et al., 2005) and sporadic (Takahashi-Fujigasaki et al., 2006) forms of the
disease raising the possibility that the various forms may share a may share a similar
mechanism. In addition, the known SUMO substrates HDAC4 and PML are present in
intranuclear inclusions associated with both sporadic and familial NIID, and RanGAP1, a
highly SUMOylated nuclear pore component, has been found in inclusions from a patient
with familial NIID, suggesting these inclusions may at least in part represent aggregation of
SUMOylated proteins (Takahashi-Fujigasaki et al., 2006). SUMO-1 immunocapture from
tissue from patients with familial NIID followed by mass spectrometry identified NSF,
Unc18-1, dynamin-1 and HSP90 and these proteins were also observed in NIID inclusions
by immunohistochemistry (Pountney et al., 2008). However, although these proteins
immunoprecipitate with SUMO-1, it is currently unclear whether they are directly modified
by SUMO or represent SUMO binding proteins. For example, dynamin-1 has previously
been reported to bind SUMO-1 (Mishra et al., 2004). Nonetheless, the presence of NSF,
Unc18-1 and dynamin-1, proteins well-characterised for their roles in membrane trafficking,

Wilkinson et al. Page 13

Brain Res Rev. Author manuscript; available in PMC 2012 March 22.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



in the inclusions is perhaps suggestive that defects in the secretory or lysosomal pathways
may contribute to the formation of nuclear inclusions associated with NIID.

9.2. Polyglutamine disorders
Polyglutamine (polyQ) disorders arise from a toxic stretch of polyglutamine (CAG) repeats
in disease-specific genes, resulting in neuronal inclusions composed of the affected protein
(for reviews see Gatchel and Zoghbi, 2005; Zoghbi and Orr, 2000). PolyQ disorders are
dominantly inherited disorders, which vary in their age of onset depending on the number of
polyQ repeats in the disease-associated protein. Interestingly, inclusions associated with the
polyQ disorders Huntington’s, spinal and bulbar muscular atrophy (SBMA), dentatorubral-
pallidoluysian atrophy (DRPLA), and spinocerebellar ataxias (SCA) have all been reported
to stain strongly for SUMO reactivity (for review see Ueda et al., 2002).

9.2.1. Huntington’s disease—The most well-characterised polyQ disorder,
Huntington’s, is characterised by a polyQ repeat in the N-terminal domain of the Huntingtin
(Htt) protein (Gil and Rego, 2008). Htt can be both SUMOylated and ubiquitinated at a
lysine residue in its N-terminus (Steffan et al., 2004). In a Drosophila model of
Huntington’s, SUMOylation exacerbates disease pathology, possibly by leading to a
decrease in mutant Htt aggregation resulting in an increase in the cytotoxic soluble form,
whereas ubiquitination decreases pathogenicity, suggesting a likely interplay between
SUMO and ubiquitin in the regulation of Htt stability. Recent work has also highlighted the
role of Htt SUMOylation in mutant Htt-mediated cytotoxicity, and has offered an
explanation for the localised neurodegeneration characteristic of Huntington’s disease. Rhes
(Ras homolog enriched in striatum) has been identified as a SUMO E3 which binds to and
enhances SUMOylation of mutant Htt, but not wild-type Htt. In both heterologous cells and
striatal neurons, overexpression of mutant Htt does not lead to cytotoxicity in the absence of
Rhes, suggesting that Rhes-mediated SUMOylation of mutant Htt was leading to Htt-
mediated toxicity (Subramaniam et al., 2009). Indeed, while Htt is ubiquitously expressed,
Rhes is located only in the striatum, potentially explaining the striatal-specific nature of the
neurodegeneration associated with Huntington’s disease.

9.2.2. Spinal and bulbar muscular atrophy (SBMA)—SBMA is an X-linked
neuromuscular disorder caused by a polyQ repeat in the androgen receptor (AR), a
transcription factor which responds to the presence of androgenic hormones (Katsuno et al.,
2006). PolyQ AR can be modified by both ubiquitin and SUMO at the same lysine residue
(Poukka et al., 2000) and SUMOylation represses AR-dependent transcription (Nishida and
Yasuda, 2002; Takahashi et al., 2001). In a Drosophila model, polyQ AR aggregates to form
both nuclear and cytosolic inclusions that are enhanced upon prevention of both
SUMOylation and ubiquitination (Chan et al., 2002) indicating that, like Huntington’s, the
SUMO and ubiquitin pathways may both be involved in the advancement of the disease.
Indeed, recent data have also indicated that SUMOylation may be protective against polyQ
AR aggregates. In HeLa cells, overexpression of SUMO-3 leads to decreased polyQ AR
aggregation, an effect that is dependent on direct modification of AR by SUMO (Mukherjee
et al., 2009). SUMOylated polyQ AR shows increased solubility and overexpressed
SUMO-3 is not associated with polyQ AR aggregates. Thus, it is conceivable that
enhancement of polyQ AR SUMOylation could represent a potential therapeutic strategy
against SBMA.

9.2.3. Dentatorubral-pallidoluysian atrophy (DRPLA)—A polyQ expansion in the
atrophin-1 protein leads to DRPLA, a neuropathological condition characterised by
dementia, epilepsy and involuntary movement (Schilling et al., 1999; Yazawa et al., 1995).
While the function of atrophin-1 is currently unknown, coexpression of polyQ atrophin-1
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with SUMO-1 leads to a significant increase in nuclear inclusions and subsequent cell death,
whereas coexpression of a non-conjugatable form of SUMO-1 actually decreases inclusion
formation (Terashima et al., 2002). These data suggest that SUMO conjugation plays a
significant role in the formation of nuclear inclusions associated with DRPLA.

9.2.4. Spinocerebellar ataxias (SCAs)—SCAs are progressive neurodegenerative
disorders, which result in atrophy of cerebellar Purkinje cells. A polyQ expansion in the
ataxin-1 protein results in type I SCA. Ataxin-1 can be SUMOylated on at least five lysine
residues, and the presence of the polyQ expansion significantly decreases ataxin-1
SUMOylation (Riley et al., 2005). Overexpression of SUMO-1 and/or Ubc9 appears to
increase aggregation of polyQ ataxin-1 (Ryu et al., 2010). Enhancement of ataxin-1
SUMOylation by hydrogen peroxide treatment also leads to polyQ ataxin-1 aggregation yet
has little effect on wild-type ataxin-1, further suggesting that SUMOylation of the polyQ
mutant augments its pathogenicity (Ryu et al., 2010). Interestingly, blockade of ataxin-1
phosphorylation through mutation of S776 or inhibition of the JNK pathway prevented the
oxidative stress-induced SUMOylation of both wild-type and polyQ ataxin and reduced the
formation of polyQ ataxin-1 aggregates, suggesting interplay between phosphorylation and
SUMOylation may regulate polyQ ataxin-1 aggregation.

Recent work has also revealed a potential role for SUMOylation in the pathogenesis of type
7 SCA. This disease is characterised by a polyQ expansion in the ataxin-7 gene. Ataxin-7
has been reported to be modified by both SUMO-1 and SUMO-2, and in both cell culture
models of SCA7 and tissue from SCA7 patients, ataxin-7 inclusions also stain positively for
SUMO-1 and SUMO-2 (Janer et al., 2010). In contrast to ataxin-1, the SUMOylation status
of ataxin-7 appears to be unchanged by the presence of the polyQ expansion, and
SUMOylation of ataxin-7 appears to reduce the propensity of ataxin-7 to form aggregates,
reducing the toxicity of polyQ ataxin-7 (Janer et al., 2010) and suggesting a potential avenue
of therapeutic intervention in SCA7 may involve enhancing the SUMOylation of polyQ
ataxin-7.

9.3. Alzheimer’s disease
Alzheimer’s disease (AD) is an age-dependent neurodegenerative disorder characterised by
progressive dementia. Patients exhibit neuronal plaques composed of amyloid-β (Aβ), a
cleavage product of amyloid precursor protein (APP), and neurofibrillary plaques composed
of hyperphosphorylated tau. Interestingly, both APP and tau may be SUMO substrates
(Dorval and Fraser, 2006; Gocke et al., 2005; Zhang and Sarge, 2008). Exogenous SUMO-3
has been reported to regulate Aβ formation, however a direct role for SUMO-3 is currently
unclear since SUMO-3 has been reported to both increase (Dorval et al., 2007) or decrease
(Li et al., 2003) Aβ formation. In addition, the SUMO-3-mediated enhancement of Aβ
formation could be replicated with a non-conjugatable form of SUMO-3 (Dorval et al.,
2007), indicating that a non-covalent effect of SUMO-3 may be regulating Aβ levels.

Recent work has further addressed the role of APP SUMOylation in the generation of Aβ.
Zhang and Sarge (2008) were able to detect SUMOylation of APP by SUMO-1 and
SUMO-2 in both heterologous cells and mouse brain. Additionally, this modification
appeared to regulate APP cleavage to Aβ – SUMOylation of APP appeared to reduce Aβ
production and removal of the SUMO target lysines enhanced Aβ production (Zhang and
Sarge, 2008).

Tau is a microtubule-associated protein that can be both SUMOylated and ubiquitinated in
cell culture models (Dorval and Fraser, 2006). Inhibition of proteasomal degradation led to
an increase in tau ubiquitination and decreased SUMOylation indicating roles for both
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SUMOylation, and the ubiquitin-proteasome system in tau clearance, which may be
perturbed in Alzheimer’s, leading to the accumulation of tau protein.

While the majority of studies examining a role for SUMOylation in the pathogenesis of AD
have focused on the roles of SUMOylation of AD-associated proteins, a genetic link
between the SUMOylation system and AD has also been proposed. A single nucleotide
polymorphism (SNP) in intron 7 of the Ubc9 gene is significantly associated with AD
patients in the Korean population when compared to controls (Ahn et al., 2009). While it is
unclear how this SNP manifests its consequences, the existence of a genetic link between
AD and the SUMO pathway is intriguing.

9.4. Parkinson’s disease and other synucleinopathies
Parkinson’s disease (PD) results in the specific loss of dopaminergic neurons projecting
from the substantia nigra pars compacta to the striatum and inclusions known as Lewy
bodies occur in the cytosol of affected neurons. Lewy bodies stain strongly for α-synuclein,
a protein reported to be SUMOylated in cultured cells (Dorval and Fraser, 2006). However,
the existence of SUMO-modified α-synuclein in neurons has not yet been reported.

Lewy bodies are also a characteristic of dementia with Lewy bodies (DLB), a form of
dementia characterised by delirium, visual hallucinations and Parkinsonism (Neef and
Walling, 2006). α-Synuclein-positive Lewy bodies from DLB patients have been reported to
stain positively for SUMO-1, although this staining was occasional and not detectable in
fixed tissue (Pountney et al., 2005). α-Synuclein is also a component of the cytoplasmic
inclusions in oligodendrocytes from patients with multiple system atrophy (MSA).
Subdomains within these inclusions appear to stain positively for SUMO-1 but the potential
pathophysiological significance of these observations have not yet been established
(Pountney et al., 2005).

Importantly, non-covalent SUMO binding has also been implicated in synucleinopathies.
Mutations in the ubiquitin E3 ligase parkin have been associated with familial Parkinsonism
(Tan and Skipper, 2007). Parkin has been reported to interact non-covalently with SUMO-1
both in vitro and in vivo, and this interaction appears to enhance its E3 ligase activity (Um
and Chung, 2006). Interestingly, a substrate of parkin is RanBP2 (Um et al., 2006), a SUMO
E3 ligase. Thus, SUMO binding to parkin may enhance its ubiquitination activity, leading to
the degradation of RanBP2, an intriguing example of negative interplay between the
ubiquitin and SUMO systems.

Another PD-associated protein is the transcriptional regulator DJ-1. DJ-1 controls the
expression of many genes associated with the cellular response to oxidative stress (Taira et
al., 2004). Loss-of-function of DJ-1 has been reported to lead to PD, and it has been reported
to be a SUMO substrate (Shinbo et al., 2006). While the physiological role of DJ-1
SUMOylation is unclear, SUMOylation of a PD-associated DJ-1 mutation (L166P) is
enhanced (Shinbo et al., 2006), suggesting that inappropriate levels of SUMOylation may
contribute to the pathogenicity of this mutant DJ-1.

9.5. Hypoxia, ischemia and cellular stress
Changes in global SUMOylation during neuronal excitation may contribute to the regulation
of complex physiological processes (Feligioni et al., 2009; Lu et al., 2009). In addition,
however, rapid global increases in protein SUMOylation result from excessive neuronal
excitation and other forms of cellular stress. Heat shock, osmotic shock or oxidative stress
elicit massive increases in SUMO-2/3 conjugation (for reviews see Agbor and Taylor, 2008;
Bossis and Melchior, 2006; Tempe et al., 2008), which may constitute a protective cellular
response to stress. Indeed, a massive increase in protein SUMOylation has recently been
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reported in models of ischemia (for reviews see Cimarosti and Henley, 2008; Yang et al.,
2008a). Transient global ischemia in mice leads to massive increases in SUMO-2/3
conjugation in the cortex and hippocampus (Yang et al., 2008b). Another study also reported
an increase in SUMO-1 conjugation in the cortical infarct region and the non-ischemic
hippocampus in a mouse model of ischemia with reperfusion (Cimarosti et al., 2008). In this
model, increases in SUMO-2/3 conjugation were restricted to the non-infarct regions.
Intriguingly, levels of AMPA and kainate receptors were decreased by the ischemic event,
suggesting the possibility that SUMOylation may play a role in decreasing glutamatergic
signalling that may lead to excitotoxic cell death. Indeed, the observation that kainate
receptor EPSCs are decreased as a result of SUMOylation of the GluK2 subunit adds
credence to this possibility (Martin et al., 2007a).

In addition, direct evidence for a role of SUMOylation in the protection against ischemic
cell death has been provided recently by the observation that overexpression of SUMO
proteins makes various cell types more resistant to in vitro ischemia models (Ja Lee et al.,
2009). Overexpression of SUMO-1 or SUMO-2 were shown to make SHSY5Y human
neuroblastoma cells more resistant to oxygen and glucose depravation (OGD). Conversely,
knockdown of SUMO-1, but not SUMO-2, made SHSY5Y cells more susceptible to OGD-
mediated cell death. Finally, overexpression of SUMO-1 made rat cortical neurons more
resistant to OGD (Ja Lee et al., 2009). While this work appears to suggest a protective role
for SUMOylation in OGD, further work will be required to define the targets responsible for
the effects observed.

10. Concluding remarks
Over the past decade there has been rapid progress in defining the roles of SUMOylation in
neurons. It is clear that SUMOylation provides a rapid and effective system that can
dynamically regulate the function, activity and lifetime of a wide variety of substrate
proteins in multiple cell types. Further it seems likely that protein SUMOylation can direct
or influence nearly all aspects of cell development, function and senescence. For example,
nuclear SUMOylation plays key roles in the initiation and regulation of transcription, RNA
processing, and nuclear integrity. Outside the nucleus SUMOylation is intimately involved
in aspects of protein transport, regulation of cell metabolism and division and in multiple
cell signalling pathways. Despite this wealth of accumulating data there remain many
outstanding questions, foremost among which are how SUMOylation of specific targets is
regulated and the physiological and pathophysiological roles of SUMOylation in neurons.
Given the abundance of established and putative SUMO substrate proteins, SUMOylation
likely represents a diverse, wide ranging and complex regulatory system that is critical for
many or most neuronal processes including neurogenesis, differentiation and development,
presynaptic release, vesicle recycling and synaptic plasticity.

In view of the diversity of SUMO functions it is unsurprising that dysregulation of the
SUMO pathway has been closely implicated in a wide range of diseases, including
neurodegenerative disorders, and this has emerged as an area of intense research interest.
For example, SUMO immunoreactivity appears to be strongly associated with aberrant
protein aggregates that occur in several clinically important types of neurodegeneration
including Huntington’s and Alzhiemer’s diseases, and a growing number of proteins
associated with these disorders are being reported to be SUMO substrates. In addition, it has
been proposed that SUMOylation may participate or even mediate neuroprotective
mechanisms during cell stress conditions such as ischaemia. Understanding the roles SUMO
plays in these disorders could provide the basis for the potential development of novel
preventative and/or therapeutic approaches that modulate the SUMOylation pathway or,
perhaps more likely to be of practical application, enhance or inhibit SUMOylation of
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specific target proteins. Following on from the impressive progress achieved thus far we
anticipate that the field will continue to advance rapidly leading to new and important
insights into the physiological and pathophysiological mechanisms and consequences of
protein SUMOylation in neurons.
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Fig. 1.
SUMO conjugation. SUMO proteins are produced as immature pre-proteins that are first
cleaved C-terminally by the SENP proteins to allow their conjugation to substrate proteins
(not shown). SUMO proteins are then ‘activated’ for conjugation by formation of a thioester
bond between the C-terminus of SUMO and the active site cysteine of the E1 complex in an
ATP-dependent process. SUMO is then passed to the active site cysteine of the sole reported
SUMO-specific E2 enzyme, Ubc9. Ubc9, either alone or in conjunction with one of a
number of reported E3 enzymes, then conjugates SUMO to the lysine residue in the
substrate protein, altering the properties of the substrate. SUMOylation can subsequently be
reversed, again by the activity of the SENP enzyme.
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Fig. 2.
SUMOylation and neuronal function. SUMOylation has been reported to regulate various
aspects of neuronal function and morphology. Shown are a number of these processes, along
with identified SUMO substrates involved in them. See text for more details. Abbreviations:
MEF2A, myocyte enhancer factor 2A; CASK, calcium/calmodulin-dependent serine kinase;
CB1, cannabinoid receptor 1; mGluR, metabotropic glutamate receptor; Drp1, dynamin-
related protein 1.
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Table 1

SUMOylation and neurodegenerative disorders.

Implicated
SUMO
substrates

References

Neuronal intranuclear inclusion
disorder

HDAC4 McFadden et al. (2005), Pountney et al. (2003), Takahashi-Fujigasaki et
al. (2006)

PML

RanGAP1

NSF*

Ubc18-1*

Dynamin-1*

HSP90*

Polyglutamine diseases Huntington’s Huntingtin Steffan et al. (2004)

SBMA Androgen
receptor

Poukka et al. (2000)

DRPLA Unknown Terashima et al. (2002)

SCA Type I Ataxin-1 Riley et al. (2005), Ryu et al. (2010)

SCA Type VII Ataxin-7 Janer et al. (2010)

Alzheimer’s disease APP Gocke et al. (2005), Zhang and Sarge (2008)

Tau Dorval and Fraser (2006)

α-Synucleinopathies Parkinson’s α-Synuclein Dorval and Fraser (2006)

DJ-1 Shinbo et al. 2006

MSA α-Synuclein Dorval and Fraser (2006)

DLB α-Synuclein Dorval and Fraser (2006)

Hypoxia, ischemia and cellular
stress

Various
unknown

Cimarosti et al. (2008), Yang et al. (2008a,b)

SUMOylation has been associated with multiple neurological disorders and a number of disease-associated proteins have been reported to be
SUMO substrates. Proteins marked with an asterisk (*) have been isolated from SUMO-positive inclusions but have not been directly shown to be
SUMOylated.

Abbreviations: SBMA, spinal and bulbar muscular atrophy; DRPLA, dentatorubral-pallidoluysian atrophy; SCA, spinocerebellar ataxia; APP,
amyloid precursor protein; MSA, multiple system atrophy; DLB, demetia with Lewy bodies.
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