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Abstract The yeast SUMO (small ubiquitin-like modi-
fier) orthologue SMT3 was initially discovered in a genetic
suppressors screen for the centromeric protein Mif2 (Meluh
and Koshland in Mol Bio Cell 6:793-807, 1). Later, it
turned out that the homologous mammalian proteins
SUMOI to SUMO4 are reversible protein modifiers that
can form isopeptide bonds with lysine residues of respec-
tive target proteins (Mahajan et al. in Cell 88:97-107, 2).
This was the discovery of a post-translational modification
called sumoylation, which enzymatically resembles ubiq-
uitination. However, very soon it became clear that SUMO
attachments served a far more diverse role than ubiquiti-
nation. Meanwhile, numerous cellular processes are known
to be subject to the impact of SUMO modification,
including transcription, protein targeting, protein solubility,
apoptosis or activity of various enzymes. In many instan-
ces, SUMO proteins create new protein interaction surfaces
or block existing interaction domains (Geiss-Friedlander
and Melchior in Nat Rev in Mol Cell Biol 8:947-956, 3).
For the past few years, sumoylation attracted increasing
attention as a versatile regulator of toxic protein properties
in neurodegenerative diseases. In this review, we summa-
rize the growing knowledge about the involvement of
sumoylation in neurodegeneration, and discuss the under-
lying molecular principles affected by this multifaceted and
intriguing post-translational modification.
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Introduction

The yeast SUMO (small ubiquitin-like modifier) orthologue
SMT3 was initially discovered in a genetic suppressors
screen for the centromeric protein Mif2 [1]. Later, it turned
out that the homologous mammalian proteins SUMOI to
SUMO4 are reversible protein modifiers that can form iso-
peptide bonds with lysine residues of respective target
proteins [2]. This was the discovery of a post-translational
modification called sumoylation, which enzymatically
resembles ubiquitination. However, very soon it became
clear that SUMO attachments served a far more diverse role
than ubiquitination. Meanwhile, numerous cellular processes
are known to be subject to the impact of SUMO modification,
including transcription, protein targeting, protein solubility,
apoptosis or activity of various enzymes. In many instances,
SUMO proteins create new protein interaction surfaces or
block existing interaction domains (for review see [3]).

For the past few years, sumoylation attracted increasing
attention as a versatile regulator of toxic protein properties
in neurodegenerative diseases. In this review, we summa-
rize the growing knowledge about the involvement of
sumoylation in neurodegeneration, and discuss the under-
lying molecular principles affected by this multifaceted and
intriguing post-translational modification.

The SUMO protein family

SUMO proteins are members of the ubiquitin-like pro-
tein family, which get covalently conjugated to substrate

@ Springer



2124

P. Krumova, J. H. Weishaupt

proteins, altering their properties and thus hugely increas-
ing the proteome complexity at a post-translational level.
Since the discovery of ubiquitin more than 25 years ago, a
dozen ubiquitin-like proteins were discovered, among
those NEDDS (neural precursor cell expressed, develop-
mentally down-regulated eight) [4], ISG 15 (interferon
inducible gene 15) [5], ATG 8 (autophagic ubiquitin-like
protein) [6] and SUMO (small ubiquitin-like modifier).
SUMO was first identified in mammals where it was found
to be covalently conjugated to the GTPase activating pro-
tein RanGAP1 [2, 7]. The SUMO family members are
ubiquitously expressed in all types of eukaryotic cells. The
human genome encodes four distinct SUMO isoforms,
named SUMO1 to SUMO4 [8-10].

SUMO modification is an essential process for most
eukaryotic organisms [11, 12]. A few exceptions have been
reported so far, including the fission yeast S. pombe and the
filamentous fungus A. nidulans. Deletion of the gene cod-
ing for the single SUMO paralog leads to severe growth
deficiencies as well as self-impaired conidation and self-
sterility in S. pombe and A. nidulans, respectively, but is
not lethal [13, 14]. Two SUMOI1 knockout studies in mice
have shown controversial results and it is still under debate
whether individual SUMO isoforms are essential or
SUMOIL functions can be compensated by SUMO2/3 and
vice versa [15, 16]. Nevertheless, the complete abrogation
of the SUMO conjugation by Ubc9 knockout causes
embryonic lethality in mice, which dispels any doubts that
sumoylation is an essential cellular process [11].

Similar to all ubiquitin-related modifiers, SUMO proteins
are synthesized as immature pro-forms. Removal of the
C-terminal extension and revelation of the conserved Gly—
Gly motif is done by a family of SUMO-specific proteases
and is a prerequisite for SUMO conjugation to substrates.

SUMOL is about 11 kDa, 101-amino-acid protein that
shares only &~ 18 % sequence homology with ubiquitin.
SUMO2 and SUMO3 are almost identical, differing among
each other in only three amino-terminal residues, but having
only ~47 % homology with SUMOI. SUMOI1-3 are
ubiquitously expressed, while SUMO4 mRNA expression is
confined primarily to the lymph node, kidney and spleen
[10]. Despite limited sequence homology, all SUMO iso-
forms resemble the three-dimensional structure of ubiquitin
[17].

The term sumoylation usually implies the covalent
binding of SUMO proteins to acceptor lysine residues of
target proteins. However, SUMO proteins can also non-
covalently bind to SUMO interaction motifs (SIM) of other
proteins or even to SIMs present in SUMO molecules itself.
SIMs are characterized by a hydrophobic core flanked by
acidic and/or serine residues [18, 19]. SIM-mediated non-
covalent SUMO binding can have tremendous regulatory
impact on the respective target protein. For instance, the
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transcriptional repressor DAXX requires SUMO binding
for its repressive function [20]. Components of the enzy-
matic sumoylation machinery also contain SUMO binding
sites that fulfill the requirement for a SIM, and require non-
covalent binding of the SUMO protein for their function.

Sumoylation machinery

Sumoylation is a post-translational modification which
requires formation of an isopeptide bond between the
C-terminal Gly residue of SUMO and the e-amino group of
a Lys acceptor in the target protein [2]. Biochemically,
sumoylation resembles ubiquitination, and a similar enzy-
matic pathway is used for sumoylation. However, specific
enzymes of the ubiquitination and sumoylation machiner-
ies do not overlap. Sumoylation employs an enzymatic
pathway with three classes of enzymes: El-activating
enzyme (Aosl/Uba2), E2-conjugase (Ubc9) and E3-ligase
(Fig. 1; for review see [3]). Following activation of the
mature SUMO C-terminus by the heterodimer Aos1/Uba2,
SUMO is passed to a Cys residue in the catalytic pocket of
the single E2-Ubc9. SUMO is conjugated predominantly
to acceptor Lys residues, which are part of a W-K-X-[D/E]
consensus motif, where ¥ can be any large hydrophobic
residue (I, V or L), K is the target lysine, X is any residue
and D/E is an aspartate or glutamate [21, 22]. The presence
of a consensus site within the amino acid sequence of a
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Fig. 1 SUMO conjugation cycle. SUMO is expressed as a precursor
protein and processed by a SUMO-specific protease (SENP) to expose
the C-terminal di-glycine motif (maturation). Mature SUMO is
activated in an ATP-dependent manner by the SUMO activating
enzyme (El1) SAEI/SAE2 and is transferred through a trans-
esterification process to the SUMO conjugating enzyme (E2) Ubc9.
SUMO can then be conjugated to the target lysine of a substrate,
defined in many cases by the consensus motif WKXE. For most
substrates conjugation is facilitated by a SUMO E3 ligase. Sumoy-
lation is a very dynamic reversible modification due to specific class
proteases that can remove SUMO moieties from modified targets
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protein is often not sufficient for its efficient modification.
For example, consensus Lys residues, buried in stable
helices are not recognized by Ubc9 [23]. For an acceptor
site to be SUMO modified it needs to be in an extended
conformation or part of an unstructured area [24]. Amino
acid stretches surrounding the target lysine can have an
impact on the conjugation, e.g., downstream clusters of
acidic residues or pre-existing phosphorylation [25, 26].

UbcY can recognize and bind directly to consensus
SUMO motifs [22]. Although many SUMO targets are
conjugated within a consensus site, there are an increasing
number of proteins that are modified at Lys residues that do
not fall into a consensus motif, e.g., human E2-25K [23],
PCNA [27] and axin [28]. It is currently not known how
Ubc9 recognizes non-consensus sumoylation sites. Never-
theless, for efficient modification of many targets the action
of an E3-ligase, which transfers SUMO from Ubc9 to the
acceptor Lys, is required. In addition, the activity of E3
ligases confers limited target specificity. However, only a
relatively small number of E3 ligases, seemingly respon-
sible for a large quantity of targets, have been identified to
date. There are three groups of E3 ligases described in
the SUMO pathway. The largest one, the SP-RING-finger-
like E3 ligases, function as adaptor proteins that directly
bind Ubc9 and the SUMO target. SP-RING E3 ligases
bind SUMO non-covalently via the SIMs. Such SUMO
E3-ligases are the enzymes from the PIAS family (protein
inhibitor of activated signal transducer and activator of
transcription) [29-31]. In mammals five members of this
family have been identified so far: PIAS1, PIAS3, PIASxa,
PIASxf; and PIASy. MMS21 (known also as NSE2), which
is part of a multimeric complex involved in DNA repair
also belongs to the SP-RING ligases [32-34].

The second group of E3 ligases is represented by Ran
binding protein 2 (RanBP2) [35]. RanBP2 is part of the
nuclear pore complex; it binds stably to Ubc9, but not to
targets. This is an E3 ligase unique for the sumoylation
machinery, since it shares no sequence homology with any
ubiquitin E3 and is neither a RING-finger nor a HECT-type
E3 ligase. RanBP2 is facilitating sumoylation by placing
the Ubc9-SUMO complex in an orientation favorable for
an attack by acceptor Lys residue. Finally, E3 ligase
activity has been ascribed to the human Polycomb protein 2
(Pc2) (reviewed in [36]). The exact mechanism how Pc2
exerts its SUMO E3-ligase activity remains unknown (for a
review of SUMO ligases and isopeptidases see [37]).

Although SUMOI1 and SUMO?2/3 use the same enzy-
matic conjugation pathway [38], they most probably serve
different functions as the different isoforms can be conju-
gated to different target proteins [39, 40]. A subset of
substrates can be modified by both SUMO1 and SUMO2/3,
but there is an increasing amount of evidence that
the regulatory mechanisms for SUMO1 and SUMO2/3

conjugation and deconjugation are different [41]. Finally,
the pool of non-conjugated SUMO?2/3 is much bigger than
that of SUMOI.

SUMOI gets attached to substrates as a single molecule,
while SUMO2/3 can form polymeric chains due to the
presence of a consensus SUMO motif (VKTE) at the
N-terminus of SUMO2/3. Indication for a distinct function
of the poly-SUMOZ2/3 chains comes from genetic studies
in yeast, showing deficits in chromosome segregation,
DNA-repair and mitosis [42]. PolySUMO chains can be
recognized by proteins containing several SIMs, such as
the RING-finger 4 (RNF4) ubiquitin E3 ligase. RNF4
contains four SIMs and a RING domain that together
facilitate polySUMO-specific ubiquitination [43].

The de-sumoylation machinery

Sumoylation is a reversible and highly dynamic post-
translational modification. Following covalent binding to
acceptor lysine residues, SUMO modifications can be
removed from their targets in rapid cycles of sumoylation
and de-sumoylation. Therefore, the biochemical detection
of sumoylation is more challenging than the demonstration
of ubiquitination, which is probably one of the reasons why
sumoylation escaped its discovery for a much longer time
than ubiquitination. A class of enzymes called SENPs
(sentrin-specific proteases) is responsible for reversing the
SUMO conjugation ([41, 44]; reviewed in [33]). SENPs are
SUMO-specific Cys-proteases which cleave the isopeptide
bond formed between SUMO and the target. There are
six members of the SENP family in humans SENPI1-3
and SENP5-7, which deconjugate SUMO paralogs. SENP
enzymes differ in their preference for cleavage of different
SUMO isoforms. SENP5 and SENP3 specifically cleave
SUMO 2/3 conjugates and are thus possibly involved in
SUMO-chain editing [41, 45]. Most SENPs can also cleave
SUMO C-terminally to reveal the Gly—Gly motif and are
thus involved in SUMO maturation. For SENP6 it has been
shown in vitro that it can primarily act as a C-terminal
SUMO hydrolase [46]. The majority of the SUMO prote-
ases localize to different nuclear regions—nuclear
periphery [47], nucleolus [48], nuclear bodies [47, 49], and
nuclear pore complexes [50]. Others like SENP6 are also
found in the cytoplasm [46]. The subcellular localization
differs between members of the SENP family and therefore
they target different subsets of substrates for deconjuga-
tion. Interestingly, the overall expression in whole rat brain
extracts as well as the time-dependent subcellular locali-
zation of SENP1 and SENP6 in cultured rat hippocampal
neurons are differentially regulated during development
and neuronal maturation. This further supports that dif-
ferent SENPs have non-redundant roles, and alterations in

@ Springer



2126

P. Krumova, J. H. Weishaupt

their subcellular distribution contributes to regulating the
balance between sumoylation and de-sumoylation [51].

Very recently, a second class of SUMO proteases has
been discovered with different substrate specificity com-
pared to the SENP family: De-sumoylating isopeptidase 1
and 2 (DeSI-1 and -2) belong to the PPPDE (permuted
papain fold peptidases of Ds-RNA viruses and eukaryotes)
superfamily that comprises cysteine proteases with a
papain-like fold. While SENPs are predominantly localized
in the nucleus, allocated to different nuclear structures,
DeSI-1 and -2 are localized in both the nucleus and cyto-
plasm or predominantly localized in the cytoplasm,
respectively. Furthermore, De-SI-1 and -2 recognize dif-
ferent substrates when compared to SENPs [52]. Therefore,
DeS1 and -2 add further complexity to the dynamic regu-
lation of sumoylation. Moreover, considering the growing
number, diversity and differentially regulated SUMO target
proteins, it seems plausible that further SUMO isopeptid-
ases will be discovered in the future.

SUMO in neuronal function

Post-translational modifications are essential parts of all
signaling pathways and regulatory mechanisms which
enable cells to adapt to the rapidly changing environmental
conditions. Their tight control in the central nervous system
is of critical importance for maintaining neuronal cell via-
bility, function and connectivity. While the contribution
of other post-translational modifications, especially phos-
phorylation and ubiquitination, to neuronal function and
dysfunction have been under investigation for a long time,
sumoylation of neuron-specific targets remained unknown
until recently, since most assays for identification of SUMO
conjugated proteins were carried out in non-neuronal cell
lines. In addition, covalent SUMO modification in general
escaped discovery until 1996, partly due to the unstable and
hard-to-detect nature of this protein modification. However,
the increasing evidence for the involvement of sumoylation
in various cellular processes provoked a number of studies
aiming to disclose the role of SUMO in the nervous system.
This led to the identification of multiple intriguing aspects
of SUMO conjugation in the CNS. The first evidence that
sumoylation occurs at the synapse was provided by Martin
et al. Modification of the kainate receptor subunit GluR6a
induces receptor channel internalization by endocytosis and
indicates a role of sumoylation in modulating synaptic
transmission and plasticity [53].

Activity of voltage gated K* channels Kv1.5 has been
shown to be modulated by sumoylation in myocytes [54].
The expression of Kv channels in neurons and the presence
of SUMO consensus motifs in Kv1.1 and Kv1.2 potassium
channels led to the speculation that SUMO might be
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involved in the regulation of their function in the CNS [55].
The later was then confirmed by Plant et al. [56, 57]
showing that a maximum of two out of four subunits of the
potassium channel Kv2.1 are concurrently sumoylated,
which provides a reversible and graded regulation mecha-
nism of hippocampal neuron excitability.

Sumoylation has been implicated in proper repair of
DNA single-strand breaks in neurons. DNA single-strand
breaks, which occur continuously and are an inherent
feature of chromosome metabolism to overcome torsional
barriers, are resealed by tyrosyl DNA phosphodiesterase 1
(TDP1) [58]. In 2002, it was shown that mutations in TDP1
and subsequent loss of TDP1 DNA repair activity are the
cause of a familial form of ataxia (spinocerebellar ataxia
with axonal neuropathy; SCAN1). Deficiency of this DNA
repair pathway affects primarily the post-mitotic, termi-
nally differentiated, large neuronal cells (e.g., cerebellar
pyramidal cells) [58]. Very recently, it was shown that
SUMO modification of TDP1 is necessary for proper sub-
nuclear TDP1 targeting in neurons in order to achieve a
sufficiently high local TDP1 protein concentration at sites
of DNA damage [59]. Of note, also topoisomerase 1, which
is responsible for a large proportion of protein-linked sin-
gle-strand DNA breaks, is itself a SUMO target and rapidly
modified upon cellular stress [60].

Intriguingly, expression of sumoylation machinery
components as well as sumoylated substrates is temporally
and spatially regulated in the developing rat brain. Overall
decrease in sumoylated proteins and sumoylation enzymes
redistribution to dendritic sites has been observed during
maturation of neurons [51]. The developmental regulation
of sumoylation at synaptic sites is one of the most recent
pieces of evidence suggesting that SUMO proteins play an
important role in CNS development and neuron-specific
functions. It further underscores that sumoylation is not just
a nuclear affair as considered in the early days of SUMO
research when most known SUMO targets were nuclear
proteins.

Sumoylation was also implicated in axonal mRNA
trafficking. The mRNA binding protein La assists local
axonal protein synthesis by transporting mRNAs. La has
been found to be modified by SUMO and wild-type La acts
in anterograde and retrograde RNA transport, while
sumoylation-deficient La participates only in anterograde
transport [61]. By modulating the interactions between the
cytoskeleton and the extracellular matrix, focal adhesion
kinase (FAK) regulates axonal growth and path-finding
[62, 63]. SUMOI1 modification of FAK leads to its auto-
phosphorylation and subsequent binding to Src kinases
which enables FAK full activation. In the context of FAK,
sumoylation influences neuronal cell mobility and axonal
guidance [64]. These and studies on other SUMO sub-
strates not mentioned here have suggested diverse roles of
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sumoylation in the CNS, ranging from neuronal develop-
ment and synapse formation to synaptic transmission and
plasticity.

Considering the diversity of functions that SUMO pro-
teins play in CNS development and function, it is expected
that there will be an increase in the number of reports
implicating SUMO in CNS disorders. In this context, the
role of SUMO in synaptic function is especially intriguing,
as dysfunction and degeneration is thought to start at
axonal terminals in many neurodegenerative diseases.

SUMO proteins may affect common pathogenic aspects
in different neurodegenerative diseases

The field of neurodegenerative disease comprises a group
of neurological disorders that is characterized by the pro-
gressive loss or dysfunction of specific neuronal systems.
The type of neurons affected determines the spectrum of
clinical symptoms observed. For example, degeneration of
dopaminergic neurons in the substantia nigra (besides other
neuronal nuclei) of Parkinson disease patients results in
the typical cardinal motor symptoms of rigor (increased
muscle tone), hypokinesia (reduced frequency and ability
to instigate and perform voluntary movements) and tre-
mor [65]. Another common neurodegenerative disease is
amyotrophic lateral sclerosis (ALS), characterized by a
continuous loss of motor neurons that results in progressive
paresis of voluntarily innervated muscles. Death usually
ensues due to respiratory failure within a few years [66].
Thus the diverse clinical appearance of different neurode-
generative diseases, e.g., Parkinson’s disease, Alzheimer’s
disease, ALS, Huntington disease reflects the differential
involvement of different neuronal systems. Nevertheless,
molecular mechanisms and pathogenic principles of the
underlying structural or functional impairment at the
cellular levels are partially overlapping between these
clinically quite diverse diseases. For example, disturbances
in the transcription, transport, function and degradation of
mRNAs and micro RNAs emerged as central research field
in neurodegeneration. Several proteins involved in RNA
function and metabolism, e.g., TDP-43 and FUS [67, 68],
were identified as the main components of pathological
protein deposits in both ALS and fronto-temporal lobar
degeneration (FTLD). The causal relevance of these pro-
teins for disease was further supported by the discovery
of mutations, in genes for TDP-43 [69] and FUS [70]
co-segregating with familial neurodegenerative diseases.
Other cell biological aspects, ranging from mitochondrial
protein targeting and mitochondrial (dys)function to oxi-
dative stress and RNA transcription and metabolism,
commonly involved in neurodegeneration are all typically
affected by sumoylation (Fig. 2).

Maybe the most prominent common feature of both
familial and sporadic forms of neurodegenerative disease is
a decreased solubility of specific disease-associated pro-
teins [71, 72].

This alteration in solubility is connected to a patholog-
ical propensity to form intracellular protein aggregates. In
addition, several aggregation-prone proteins implicated in
neurodegeneration were found to be sumoylated [73-78].
Based on the presumed function of SUMO attachments as a
“protein solubility enhancer”, is seems plausible that reg-
ulation of protein aggregation is another way how
sumoylation may influence neurodegenerative diseases, as
outlined in detail below.

Neurodegeneration as aggregopathy—SUMO
as a regulator of disease protein solubility?

Pathological protein aggregation is a biochemical and
histopathological hallmark of most neurodegenerative dis-
eases. Misfolding, reduced solubility and a pathological
propensity to aggregate is thus a common property of such
neurodegeneration-associated proteins [71, 79]. It is not
fully understood if large aggregates or oligomeric species
that emerge in the process of protein aggregation are
indeed the toxic agent. Most likely, specific types of olig-
omeric precursors that precede the formation of large
protein aggregates are the culprit [80]. Generally, inter-
fering with these aggregation cascades at a certain stage is
likely to alter the toxic properties of an aggregation-prone
protein, and studying the regulators and mechanisms of
protein solubility and aggregation is expected to provide
crucial insights into the apical pathogenic mechanisms of
neurodegenerative diseases.

Improper folding and reduced solubility of proteins can be
the result of point mutations in the disease-associated gene.
Alternatively, it may be related to oxidative protein damage
or also excessive production of specific proteins, as in
patients with a rare familial form of PD due to a-synuclein
gene duplications or triplications [81]. The latter instance
provides evidence that altered properties of o-synuclein lead
to a gain of (toxic) function, not a loss of physiological
function. It is conceivable that post-translational modifica-
tions play an important role in regulating the aggregation
propensity of disease proteins. For example, phosphorylation
has been shown to influence the aggregation and toxicity of
a-synuclein, although there is an ongoing controversy whe-
ther phosphorylation of a-synuclein reduces or enhances the
formation of pathological protein deposits [82-84]. In con-
trast to phosphorylation, the role of sumoylation for protein
aggregation has been assessed only in a few instances.

SUMO proteins belong to the most soluble proteins
known [85]. The extreme solubility of the SUMO proteins
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Fig. 2 Roles of SUMO in neurodegeneration. Depicted are different
functional aspects of sumoylation in neurodegeneration along with
example substrates. APP amyloid precursor protein, DRPI dynamin-

has even established the small ubiquitin-like molecule as a
valuable tag for recombinant expression and purification of
proteins in bacterial and eukaryotic systems. Thus SUMO
may play a role in circumventing challenges like proper
protein folding and poor solubility of heterologous proteins
in expression hosts [85, 86]. This makes sumoylation in
principle a superior candidate regulator in disease condi-
tions characterized by reduced protein solubility and
pathological aggregation, such as neurodegenerative dis-
eases. However, only in a few instances the direct impact
of SUMO on protein solubility has been documented,
among which a-synuclein, DJ-1, huntingtin and STATI.

A study of Shinbo et al. [74] shows that Parkinson’s
disease-related L166P mutation in the multifunctional
protein DJ-1 leads to improper SUMO conjugation and
implicates decreased solubility of the L166P DJ1 mutant.

The C. elegans cytoplasmic intermediate filament IFB-1
is another striking example of SUMO’s role as a solubility
enhancer. Kaminsky et al. [87] have shown that SUMO is
required for the cytoplasmic mobile pool of IFb-1 and
absence of SUMO caused accumulation of IFb-1 into fil-
aments and cytoplasmic aggregates.
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Recently, SUMO was shown to dissolve paracrystals of
STAT transcription factors. The implication of this finding
is twofold: it firstly provides an interesting example how
protein aggregates are not only implicated in disease
pathogenesis but also in physiological aspects of cell
biology, as STAT assembled in “paracrystals” could not be
de-phosphorylated anymore and therefore remained active.
Moreover, in this case SUMO’s impact on protein solu-
bility was mediated by its interplay with another post-
translational modification, because sumoylated STAT
protein could not be fully phosphorylated anymore and
“semi-phosphorylated” STAT dimers blocked STAT
assembly into crystalline structures [88, 89]. The effect of
sumoylation on o-synuclein and huntingtin aggregation and
toxicity is discussed in detail in the next sections.

Sumoylation in Parkinson’s disease and other
synucleinopathies

Synucleinopathies are a group of disorders characterized
by formation of inclusions called Lewy bodies, major
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component of which is oa-synuclein [90]. They include
Parkinson’s disease (PD), dementia with Lewy bodies
(DLB), and multiple system atrophy (MSA).

Covalent modification of a-synuclein by SUMO has first
been reported in non-neuronal cells [91]. More detailed
analysis has shown that a-synuclein is SUMO conjugated
in brain tissue of His-SUMO transgenic mice [75]. Syn-
uclein is predominantly mono-sumoylated, however,
conjugation can occur at multiple sites the major of which
are K96 and K102. To investigate the effect of sumoylation
on o-synuclein aggregation, the authors have used
two different approaches: in vitro fibril formation and
inclusion formation in a cell line-based assay [75]. Under
physiological salt concentrations, non-modified wild-type
o-synuclein forms mature amyloid fibrils similar to those
found in synucleinopathy patients [92, 93]. Under those
conditions, SUMO conjugation prevented o-synuclein fibril
formation. The presence of free, non-conjugated SUMO in
the o-synuclein-SUMO protein mixture did not inhibit
fibrillization, but resulted in formation of fibrils of smaller
size [75]. This points out that only SUMO which is cova-
lently conjugated to a-synuclein is able to completely
inhibit fibril formation. Intriguingly, a minor proportion of
sumoylated o-synuclein was already sufficient to substan-
tially delay a-synuclein fibril formation in vitro [75] The
finding prompts considerations how the SUMO modifica-
tion might prevent “polymerization” or aggregation of
proteins: (1) Sumoylation could simply be a general “sol-
ubility enhancer” and thereby counteract aggregation;
(2) SUMO attachments might sterically hinder the formation
or elongation of longitudinal fibrils normally formed by
many aggregation-prone proteins involved in neurodegen-
eration. It could thus act as a “chain terminator”; (3) the
SUMO attachments could act in a chaperone-like manner
and enhance proper protein folding of target proteins. For
example, the a-synuclein, a protein with a central patho-
genic role in Parkinson’s disease, contains two closely
neighbored lysine residues that account for the majority of
its sumoylation, but mass spectrometry revealed another
nine lysines out of the 15 lysine residues in this protein
subject to SUMO modification as well [75]. Thus, the
highly dynamic and soluble SUMO modification might
undergo rapid cycles of sumoylation and de-sumoylation at
various target sites, and thereby influence “local solubil-
ity” and protein folding (Table 1).

The role of SUMO in modulating o-synuclein aggrega-
tion was confirmed additionally in a cell-based assay.
Moreover, impaired o-synuclein sumoylation by mutation
of the two consensus SUMO sites exacerbated «-synuclein
toxicity and reduced the number of surviving dopaminergic
cells in a rat PD model [75]. This implicates a benefi-
cial effect of a-synuclein sumoylation on neuronal cell
survival.

In post-mortem studies, the majority of aggregated
a-synuclein did not overlap with SUMO immunoreactive
brain tissue from patients with a-synuclein-related neuro-
degenerative diseases, namely multiple system atrophy
(MSA) and dementia with Lewy bodies (DLB) or Parkin-
son’s disease [94]. Lack of overlapping SUMO/a-synuclein
immunoreactivity suggests that aggregated o-synuclein
was mostly not SUMO-modified in these patients. Such a
mutual exclusive staining pattern of aggregated proteins
and SUMO immunoreactivity is in agreement with the
idea of sumoylation as a “solubility-enhancer” and soluble,
sumoylated o-synuclein predominantly present outside
aggregated protein deposits.

Another potential role for sumoylation in PD involves
the transcriptional regulator DJ1, which is mutated in few
cases of recessively inherited PD. DJ-1 is SUMO modified
at K130 and the conjugation is stimulated by the E3 ligases
PIASxo and PIASy. Mutation of the SUMO conjugation
site disrupted functions like ras-dependent transformation
and cell growth [74]. Interestingly, the L166P PD-linked
DJ-1 mutation caused multi or poly-SUMOylation of DJ-1.
Improper SUMO-conjugation was also implicated in
decreased DJ-1 solubility and higher susceptibility to
UV-induced cell apoptosis [74].

An example of SUMO regulating proteins involved in
PD not via conjugation, but rather protein—protein inter-
action is parkin. Mutations in the gene coding for the
E3-ubiquitin ligase parkin are associated with autosomal
recessive juvenile Parkinsonism. Parkin binds selectively
to SUMOIL in a SIM (SUMO interaction motif)—indepen-
dent manner. This interaction promotes Parkin’s nuclear
transport and auto-ubiquitination [95].

Polyglutamine disorders

Polyglutamine diseases are neurodegenerative disorders
caused by a trinucleotide expansion. They include Hun-
tington’s disease (HD), spinobulbar muscular atrophy
(SBMA) and spinocerebellar ataxias (SCA) and are char-
acterized by progressive loss of certain neuronal subtypes.
The encoded CAG expansions lead to the synthesis of toxic
protein species bearing extended glutamine repeats [96].
In 2004 Steffan et al. [76] showed for the first time that a
protein involved in neurodegeneration is SUMO conju-
gated. A pathogenic fragment of Huntingtin (Httex1p) was
found to be modified by SUMOI1 at the N-terminal lysines
6, 10, and 15. Sumoylation led to the increase of tran-
scriptional repression mediated by Htt. Moreover, by
generating a SUMO-Htt97QP fusion protein, where SUMO
was N-terminally fused to Htt, it was demonstrated that
SUMO reduces Htt inclusion formation. Huntingtin’s
cytotoxicity is reduced in flies heterozygous for SUMO and
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Table 1 Sumoylation in neurodegenerative disorders

Disease Substrate

Modified residue

Functional impact

Reference

Polyglutamine diseases

HD Huntingtin K6, K10, K15
SBMA Androgen receptor K385, K518
SCA type 1 Ataxin-1 Multiple sites
SCA type 7 Ataxin-7 K257
SCANI TDPI K111
DRPLA Atrophin 1
AD APP K587, K595
Tau K340
ALS SOD1 K75
EAAT2 NA
Synucleinopathies
PD o-Synuclein K96, K102
DJ-1 K130
MSA a-Synuclein
DLB a-Synuclein
NIID Various
Hypoxia Various

Negative regulation of Htt97Q aggregation when
fused to SUMO; sumoylation increases
nuclear targeting and transcriptional
repression

Attenuates polyglutamine-mediated aggregation

Mutant ataxin-1-82Q is sumoylated to a lesser
extent than WT

Negative regulation of mutant ataxin-7
aggregation
Proper sub-nuclear targeting

Co-expression of SUMOI and atrophin with
expanded poly-glutamine stretches increases
its nuclear aggregation

Negative regulation of Abeta levels

Phosphatase inhibition and MT depolarization
increase tau sumoylation

Increases protein stability and aggregation

Accumulation of sumoylated proteolytic
fragment of EAAT?2 in the nuclei of spinal
cord neurons from SOD-G93A mice

Impaired sumoylation increases aggregation and
toxicity

Dysregulated sumoylation decreases DJ1
solubility

SUMO-positive brain inclusions

SUMO-positive brain inclusions

SUMO-positive neuronal intranuclear inclusions
of sporadic and familial NIID

Steffan et al. [76]

Poukka et al. [130],
Mukherjee et al. [131]

Riley et al. [73],
Ryu et al. [99]

Janer et al. [100]

Hudson et al. [59]
Terashima et al. [132]

Li et al. [77], Zhang and
Sarge [104]

Dorval and Fraser [91]

Fei et al. [78]

Gibb et al. [105],
Foran et al. [107]

Krumova et al. [75],
Dorval and Fraser [91]

Shinbo et al. [74]

Pountney et al. [94]
Pountney et al. [94]

Pountney et al. [112],
Fujigasaki et al. [113]

Cimarosti et al. [108]

AD Alzheimer’s disease, ALS amyotrophic lateral sclerosis, APP amyloid precursor protein, APP amyloid precursor protein, DLB dementia with
Lewy bodies, DRPLA dentatorubral-pallidoluysian atrophy, EAAT?2 excitatory amino-acid transporter 2, HD Huntington’s disease, MSA multiple
system atrophy, MT microtubule, NIID neuronal intranuclear inclusion disorder, PD Parkinson’s disease, SBMA spinal and bulbar muscular
atrophy, SCA spinocerebellar ataxia, SCANI spinocerebellar ataxia with axonal neuropathy, SODI superoxide dismutase 1, TDPI tyrosyl DNA

phosphodiesterase 1

in transgenic Drosophila, expressing SUMO-deficient
Htt97QP-K6,10,15R. This indicates that SUMOylation of
Htt contributes to the disease pathology possibly by sta-
bilizing toxic Htt species [76]. Moreover, it is an example
that SUMO-dependent reduction in aggregation is not
always associated with a reduction in toxicity, and that
SUMO’s net effect on toxicity can be positive or negative,
in line with the generally high target dependency of its
effect.

Spinocerebellar ataxia (SCA)

Spinocerebellar ataxia encompasses multiple disease
forms, several of which fall under the category of
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polyglutamine diseases [97]. SCAs are progressive disor-
ders characterized by degeneration of cerebellar Purkinje
cells and often additional neuronal subsets of the CNS or
PNS. By showing an increase in sumoylated proteins in the
cortex of human patients and SCAl transgenic mice
(expressing mutant ataxin-1 with 82 glutamine repeats)
Ueda and colleagues for the first time speculated about a
potential link between SUMO modification and polyglu-
tamine disorders [98]. Later, ataxin-1 was found to be
SUMO conjugated at multiple lysine residues upstream of
its polyglutamine tract. Mutant ataxin-1-82Q is to a lesser
extent SUMO conjugated than wild-type ataxin-1-30Q.
Additionally, an intact nuclear localization signal (NLS) is
needed for efficient SUMO modification of ataxin-1 [73].
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Overexpression of SUMO or sumoylation enzymes (Ubc9)
seems to increase aggregation of polyQ ataxin-1 suggesting
that SUMO modification of the mutant ataxin enhances its
toxicity [99]. Oxidative stress induces sumoylation of both
WT and mutant ataxin-1. Interestingly, phospho-deficient
ataxin S776A or JNK inhibition prevented the oxidative-
stress-induced sumoylation of ataxin and reduced aggregate
formation, suggesting interplay between phosphorylation
and sumoylation in the regulation of polyQ ataxin-1
aggregation [99].

Recent work has linked sumoylation to SCA7. Ataxin-7
has been shown to be modified by both SUMOI1 and 2 in
SCA7 cell culture models as well as patient tissues
[100]. Furthermore, sumoylation-deficient polyQ expanded
ataxin-7 shows increased inclusion formation, implying
a role for SUMO in regulating ataxin-7 aggregation pro-
pensity [100].

Very recently, a protein implicated in a form of spinoc-
erebellar ataxia that is not associated with polyglutamine
expansions, spinocerebellar ataxia with axonal neuropathy
(SCAN1), was shown to be subject to sumoylation: tyrosyl
DNA phosphodiesterase 1 (TDP1), which is mutated in
SCANTI [58], is necessary for the repair of single-strand
DNA breaks in neurons. Sufficiently high sub-nuclear
concentrations of TDP1 at sites of DNA damage are only
achieved when TDP1 can be sumoylated [59]. Thus in this
case the role of sumoylation in neurodegeneration seems to
be related to SUMO’s classical protein targeting function.

Spinal and bulbar muscular atrophy (SBMA)

Additional indication that sumoylation could be involved
in polyglutamine toxicity came from the work of Chan
et al. [101] in a Drosophila model of spinobulbar muscular
atrophy SBMA, where polyglutamine repeats expand
within the androgen receptor (AR) protein. Flies expressing
the catalytically inactive SUMO El-enzyme (Uba2 C175S)
in addition to the disease mutant protein ARtrQ112 showed
enhanced degeneration, manifested by loss of eye pigment
cells [101]. This suggests that downregulation of sumoy-
lation has deleterious effect on cells expressing toxic
polyglutamine species.

Alzheimer’s disease (AD)

Alzheimer’s disease is the most common form of dementia,
histopathologically characterized by massive neuronal loss
in the hippocampus and cortical as well as subcortical brain
regions. AD is yet another protein misfolding disease in
which abnormal accumulations of Af and tau protein are
found in the forms of amyloid plaques and neurofibrillary
tangles, respectively [102]. Af protein is a product of the

proteolysis of the transmembrane amyloid precursor protein
(APP) by f-secretase (BACE), which cleaves the extracel-
lular domain, and y-secretase, cleaving in the membrane
spanning region. The first two studies implicating a role of
sumoylation in APP processing and secretion present con-
tradicting results based on SUMOZ2/3 overexpression
[77, 103]. A recent study by Zhang and Sarge [104] shows
that is APP is conjugated by SUMO at residues K587 and
K595 adjacent to the f-secretase cleavage site. Sumoylation
at these sites is associated with reduced levels of Af pro-
duction. Further studies focusing on the role of sumoylation
for individual targets involved in APP cleavage, like BACE
and other secretase factors are required for the full under-
standing of the regulation of APP processing by sumoylation.

Another player in AD is the microtubule-associated
protein tau. Hyperphosphorylation is associated with tau
self-assembly and formation of intracellular tangles. Tau
was shown to be SUMOI conjugated at Lys340 and
blocking of the proteasome increased tau sumoylation
levels. Although no direct proof that sumoylated tau is also
phosphorylated was provided, the authors observed an
increase of SUMOI-tau conjugates upon treatment with
phosphatase inhibitors and speculated that tau sumoylation
is induced by phosphorylation [91]. However, the rele-
vance of sumoylation for tau function and tau-related
diseases remains an open question so far.

In addition to sumoylation of AD-related proteins, an
intriguing genetic link between AD and sumoylation has
been suggested. Ahn and others have identified a single-
nucleotide polymorphism (SNP) in intron seven of the
Ubc9 gene to be associated with late-onset AD in a Korean
population compared to controls [79].

Amyotrophic lateral sclerosis

Amyotrophic lateral sclerosis (ALS), also referred to as
Lou Gehrig’s disease, is a form of motor neuron disease
caused by the degeneration of upper and lower neurons.
Mutations in the superoxide dismutase (SOD1) gene are
associated with about 20 % of the familial ALS cases that
make up approximately 10 % of all ALS patients. SOD1 is
a SUMO substrate and sumoylation of both wild-type and
mutant SOD1 increases its steady-state levels. Co-trans-
fection of SUMO has been suggested to increase SODI1
aggregate formation [78].

Dysregulation of the astroglial glutamate transporter
EAAT?2 has been implicated as a contributor to excito-
toxicity in ALS: caspase-3 cleaves EAAT? at its cytosolic
carboxy-terminal domain, generating a proteolytic CTE
fragment and resulting in impaired glutamate uptake [105,
106]. Foran et al. [107] have recently shown that CTE is
sumoylated and this promotes its accumulation in the
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nuclei of spinal cord astrocytes from SOD-G93A trans-
genic mice. Expression of CTE-SUMOI1 fusion protein
recapitulates the nuclear localization. Moreover, astrocytes
expressing CTE-SUMOL exhibit toxic effect for co-cultured
motor neurons which is subsequently detrimental for the
glial cells as well [107].

Mass spectrometry studies of cellular systems have sug-
gested interplay between sumoylation and ubiquitination to
play a role in the regulation of another ALS- and FTLD-
associated protein, TDP43 (transactive response (TAR)
DNA-binding protein 43) [108]. TDP-43 is an RNA-binding
protein that translocates from the nucleus to the cytoplasm,
and forms cytoplasmic inclusions in ALS and FTLD patients.
It was recently found to be the main component of the
ubiquitin-positive inclusion bodies in most motor neuron
disease cases as well as other neurodegenerative diseases
[68]. Moreover, mutations in TDP-43 are a rare cause for
familial forms of ALS and in few instances also FTLD
[68, 109, 110]. Neither SUMO acceptor lysines in TDP-43 nor
the consequence of sumoylation for TDP-43 function have
been identified so far. Therefore, whether sumoylation influ-
ences TDP-43's RNA binding properties, nuclear localization,
aggregation or all three probably disease-relevant features of
the protein can only be speculated at this point.

Neuronal intranuclear inclusion disease (NIID)

Neuronal intranuclear inclusion disease (NIID) is a rare
neurodegenerative condition characterized by inclusion
formation in neuronal nuclei [111]. The clinical disease
characteristics include progressive development of ataxia.
The first report to connect SUMO and NIID showed
SUMOI co-localization with markers for nuclear inclusions
in brain autopsy sections from familial NIID cases [112]. A
study by Takahashi-Fujigasaki et al. [113] confirmed that
neuronal intranuclear inclusions of familial and sporadic
NIID were immunoreactive with a SUMOI1 antibody.
Components of the intranuclear inclusion bodies like
HDAC4, PML and ubiquitin colocalized with SUMO. A
major SUMO substrate RanGAP1 was also found associated
to the nuclear inclusions in the familial case of NIID [113].
The role of SUMO in the inclusion body formation and the
disease pathology of NIID remains unknown. So far, it has
not been shown whether free SUMO is sequestered into the
inclusion bodies or some of the components forming these
inclusions are sumoylated prior or after their aggregation.

Neurodegeneration and “classical” mitochondrial
apoptosis pathways

The above-described sumoylated disease proteins are linked
to specific neurological conditions and are situated at apical
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positions of the degenerative cascade. However, many
protein components of the more downstream events that are
part of the classical apoptosis pathways [114] are affected
by SUMO modification. For most neurodegenerative dis-
eases, the execution of neuronal apoptosis pathways during
the course of disease has been demonstrated in animal
models and in in vitro studies. Results from post-mortem
human brain tissue were contradictory [115]. However,
difficulties demonstrating apoptosis in human post-mortem
samples may be due to the fact that cell death in chronic
neurodegenerative diseases takes place over years while
apoptosis in single neurons is completed within few hours.
Aspects of the so-called intrinsic, mitochondrial death
pathway are mostly encountered in neuronal apoptosis.
Apoptotic release of mitochondrial pro-apoptotic factors,
e.g., cytochrome c, results in downstream activation of
effector caspases with death executing function [114].
Several years ago, it was shown that the execution of
mitochondrial apoptosis requires mitochondrial fission
[116]. The morphology of the mitochondrial network
results from continuously balanced fission and fusion events
of mitochondria, and blocking mitochondrial fission pre-
vented cytochrome c release and completion of neuronal
apoptosis [117]. Mitochondrial fission at steady state and
under apoptotic conditions requires the GTPase dynamin-
related protein (DRP1). The later is recruited from the
cytosol to the mitochondrial outer membrane at the foci of
fission via a mechanism that was largely unclear until
recently. Harder et al. [118] provided the first evidence for
the involvement of the SUMO conjugation machinery in
mitochondrial dynamics: the authors show that DRP1
interacts with Ubc9 and is a substrate for SUMO conjuga-
tion [118]. Furthermore, SUMO is found at the sites of
mitochondrial fission and co-localizes with DRP1 when
associated with mitochondria. This raised the first specu-
lations of an involvement of SUMO in targeting DRP1 to
the mitochondrial membrane. The observed increase in
mitochondrial fission upon SUMOI1 overexpression in
COS-7 cells further supports this idea [119]. Similarly,
the SUMO protease SENP5 cleaves SUMOI1 from pro-
teins of the mitochondrial compartment and rescues the
SUMOV1-driven increase in fission events, which results
in more elongated mitochondrial structures [119]. This
regulation is at least partially achieved via DRPI1
de-sumoylation.

Moreover, the mitochondrially anchored protein ligase
(MAPL) was described as the first potential SUMO E3
ligase associated to mitochondria [120]. MAPL is a mito-
chondrial outer membrane protein with a RING-finger
domain that can facilitate both ubiquitination as well as
sumoylation in vitro with some evidence for increased
specificity for SUMO in vivo. MAPL conjugates SUMOI1
to HeLa-derived DRP1 ex vivo [120].
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Sumoylation has also been shown to regulate DRP1
function and mitochondrial dynamics under apoptotic
conditions. Wasiak et al. [121] have shown that the proa-
poptotic Bcl-2 family member Bax/Bak stimulates
sumoylation of DRP1, which correlates with its stable
mitochondrial membrane association in the later stages of
apoptotic cell death.

Altogether, these data support the role of sumoylation in
the maintenance of mitochondrial homeostasis in physio-
logical and apoptotic conditions.

In addition, the role of SUMO protein modification
might not be restricted to the mitochondrial aspects of
apoptosis, but might be involved in other pathways of
apoptosis induction. For example, caspase-7 and -8 turned
out to be SUMO targets as well [122, 123]. For both,
caspase-7 and -8, sumoylation is associated with their
nuclear localization. Caspase-8 activation is not impaired
by sumoylation [122], and no data addressing the effect of
sumoylation on the activity of caspase-7 have been repor-
ted to date [124].

Sumoylation links oxidative stress
and neurodegeneration

As outlined above, many pivotal players in neurodegen-
erative conditions are targets of SUMO modification. The
SUMO attachment often modifies properties related
to the respective protein’s toxicity, e.g., solubility and
oligomerization/fibrillization, subcellular translocation or
modulatory activity on transcription in cell free systems,
cell culture or animal models. Nevertheless, dysregulation
of the sumoylation machinery has not been convincingly
documented in the respective human disease conditions.
This lack of direct evidence for a dysregulated sumoylation
machinery in human post-mortem tissue is not surprising
considering that the detection of SUMO modification is
often severely hampered by its unstable nature, under
“ideal” experimental conditions and even more by the
post-mortem delay in studies on human brain tissue.
However, in some instances, mutant disease-causing
protein related to familial neurodegeneration is differen-
tially sumoylated compared to its wild-type counterpart, as
in the case of DJ-1 or ataxin-1 [73, 74], providing a direct
link between sumoylation and disease. Other disease pro-
teins, for example PD causing a-synuclein or ALS-related
mutant SOD1, were sumoylated to the same extents as the
respective wild-type proteins. Nevertheless, it is highly
likely that also in sporadic disease cases, which make up
the vast majority of neurodegenerative diseases (e.g., for
AD, PD or ALS [125]), dysregulation of sumoylation
occurs. One of most direct general links between neuro-
degenerative disease and impaired sumoylation is oxidative

stress. In general, the activity of key enzymes of the SUMO
pathway responds to a lot of different external stimuli.
Most interestingly, the enzymatic centre of the E1 and E2
enzymes of the sumoylation cascade is reversibly oxidized
and thereby efficiently inhibited by low levels of oxidative
stress [126]. In a similar manner, oxidative stress enhances
sumoylation by activation of the de-conjugating SENP3
isopeptidase [127]. In contrary, higher levels of oxidative
stress lead to inactivation of de-sumoylating SENP iso-
peptidases [126]. The net result is reflected in a bi-phasic
shift of the cellular sumoylation balance, depending on the
degree of oxidative stress. It seems plausible that the del-
eterious consequences of oxidative stress frequently
encountered in disease conditions, either as a primary insult
or a secondary contributor to a vicious cycle of toxicity, are
mediated by dysregulated sumoylation and subsequently
increased toxicity of pathogenic proteins. In more acute
cases of brain insults sumoylation may serve a protective
mechanism. In a stroke in vivo model insult-dependent
upregulation of sumoylation has been observed [128],
while elevated global sumoylation levels in Ubc9 trans-
genic animals turned out to be protective against ischemic
damage [124], as well as sumoylation of hypoxia-inducible
factor-1oc (HIF-1¢) in an experimental brain death model
[129].

Conclusions

In contrast to ubiquitination, which was already discovered
at the end of the 1970s, sumoylation has been related to
neurodegeneration in a very limited number of publications
for the last few years. Ubiquitin-modification has been
recognized as one of the first steps in the degradation of
misfolded disease proteins, leading to proteasomal overload
at least in some instances. The consequences of dysregu-
lated sumoylation are much more diverse, and often not
related to protein stability. One of the most intriguing
aspects of SUMO proteins may be their role as a “solubility
regulator” in aggregopathies. Dynamic cycles of sumoyla-
tion and de-sumoylation at several lysine residues may even
serve as a non-conventional rapidly regulatable chaperone-
like function, and help to re-fold or prevent aggregation of
proteins [75]. In addition, due to the high target-dependency
of SUMO-mediated effects, many other cellular functions
can be affected, related to nuclear protein targeting [59] and
transcriptional regulation (e.g., in the case of Huntington’s
disease [76]), mitochondrial protein targeting and mito-
chondrial dysfunction as in the case of the PD-related
protein DJ-1 [74] or modulation of proteolytic processing as
observed with sumoylated A-beta protein [77].
Consequently, while it was discovered long after the
description of its biochemically close relative ubiquitination,
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sumoylation is attracting more and more attention as an
important player in neurodegenerative diseases, and disease
mechanisms in general. Due to its very dynamic nature,
studies on sumoylation are technically more challenging
than investigating the consequences of ubiquitination.
Nevertheless, with the increasing number of pivotal func-
tions SUMO turns out to have in the regulation of central
cellular functions and specific disease mechanisms, even-
tually it may well catch up with ubiquitination as a central
post-translational regulator of the proteome both in physio-
logical and disease conditions.

Finally, the question remains whether SUMO proteins or
components of the (de-)sumoylation machinery could serve
as targets for therapeutic approaches. At first glance, con-
sidering the variety of essential cellular functions involving
sumoylation, it does not seem to be an ideal target candi-
date for disease-specific interventions. Small molecule
inhibitors blocking the E1 or E2 enzymes of the sumoy-
lation pathway would probably interfere with vital aspects
of cell metabolism. However, sufficient target specificity
might be achieved if inhibitors of single E3 ligases acting
on a limited subset of target proteins were available. Fur-
thermore, because of the very dynamic nature of the
SUMO modification, sumoylation could be enhanced by
inhibition of de-sumoylating enzymes. So far, less then ten
different SUMO-specific isopeptidases are known, how-
ever, with a differential subcellular distribution and target
specificity and new classes of SUMO isopeptidases still
being discovered [52]. Isoform-specific inhibitors of
SUMO isopeptidases may therefore serve as pharmaco-
logical means to enhance sumoylation of specific disease-
relevant proteins in the future.
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