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ARTICLE INFO ABSTRACT

The small ubiquitin-like modifier (SUMO) conjugation (or SUMOylation) is a post-translational protein mod-
ification mechanism activated by different stress conditions that has been recently investigated in experimental
NCX models of cerebral ischemia. The expression of SUMOylation enzymes and substrates is not restricted to the
Cerebral ischemia nucleus, since they are present also in the cytoplasm and on plasma membrane and are involved in several
Ischemic preconditioning . . . is

SUMO physiological and pathological conditions.

In the last decades, convincing evidence have supported the idea that the increased levels of SUMOylated
proteins may induce tolerance to ischemic stress. In particular, it has been established that protein SUMOylation
may confer neuroprotection during ischemic preconditioning.

Considering the increasing evidence that SUMO can modify stability and expression of ion channels and
transporters and the relevance of controlling ionic homeostasis in ischemic conditions, the present review will
resume the main aspects of SUMO pathways related to the key molecules involved in maintenance of ionic
homeostasis during cerebral ischemia and ischemic preconditioning, with a particular focus on the on Na*/Ca**

Keywords:
Na*/Ca®*exchanger

exchangers.

1. Introduction

Small Ubiquitin-like Modifier (SUMO) protein conjugation is an
enzymatic process which shares several biochemical analogies with
ubiquitination, although the two precesses are functionally distinct
[1,2]. Indeed, while protein ubiquitination leads to target protein de-
gradation, SUMO conjugation may induce protein-protein interaction
and, may influence protein stability and activity [3,4]. So far, five
SUMO isoforms have been identified, SUMO-1, SUMO-2, SUMO-3,
SUMO-4 and SUMO-5. SUMO-1 has a 47 % homology to SUMO-2 and
-3. On the other hand, SUMO-2 and SUMO-3 show a 95 % homology,
act very similar, and are therefore often referred to as SUMO2/3. All
SUMO isoforms are ubiquitously expressed and can be found in the
Central Nervous System (CNS) of vertebrate animals. SUMO-4, an iso-
form not so much investigated so far, is mainly expressed in kidney and
liver, but not in the brain [5,6]. Finally, it has been recently suggested
the existence of SUMO-5. Indeed, Liang and colleagues demonstrated

that the fifth SUMO isoform is involved in the regulation of promye-
locytic leukaemia nuclear bodies [7]. SUMOylation is a reversible
process where conjugation may be mediated by the ubiquitin-con-
jugating enzyme Ubc9 and de-conjugation is mediated by SUMO-spe-
cific proteases (SENPs). The balance between conjugation mediated by
Ubc9 and de-conjugation mediated by SENPs may change the func-
tional properties of proteins that are targets of SUMO [8].

Although SUMOylation was initially described as a post-transla-
tional modification of just nuclear proteins, more recently, convincing
evidence showed that the expression of SUMOylation enzymes and
substrates is not restricted to the nucleus, since they are present also in
the cytoplasm and on plasma membrane and are involved in several
physiological and pathological conditions. In the last decades, several
studies highlighted the role of SUMOylation during cerebral ischemia
and supported the idea that increased levels of SUMOylated proteins
may induce tolerance to ischemic stress [9-11]. Recently, several evi-
dence showed a neuroprotective role of SUMOylation during
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endogenous neuroprotective events like ischemic preconditioning
[3,9].

The present review will provide an overview of SUMOylation pro-
cess in the regulation of key molecules involved in the control of ionic
homeostasis under brain ischemia and ischemic preconditioning. In
particular, it will deeply focus on the role of sodium calcium exchangers
SUMOylation.

2. Physiological functions of protein SUMOylation process

An increasing body of evidence suggests a key role of SUMOylation
in several physiological processes. Although SUMOylated targets have
been described in different cellular compartments including the nu-
cleus, the cytoplasm, the mitochondria and the cell membrane [12], the
vast majority of SUMO substrates are located in or near the nucleus.
These proteins participate in complex cell pathways and regulate sev-
eral cellular processes including gene expression, DNA damage repair,
RNA processing, transcriptional regulation, protein localization, and
protein-protein interaction [13,14]. Interestingly, a plethora of targets
and pathways have been identified as substrates for SUMO modifica-
tions.

In addition to the well established role of SUMO signaling in the
regulation of nuclear proteins, recent studies revealed the crucial
function of SUMO modifications at the cytoplasmic side of membrane.
Indeed, a wealth of studies supports a crucial role for SUMO mod-
ifications outside of the nucleus and several non-nuclear substrates
have been identified by proteomic analyses [13].

In the CNS, SUMO activity plays a crucial role in maintaining sev-
eral physiological functions. SUMOylation is required in neural cell
differentiation and synaptogenesis [15] and dynamic SUMOylation can
modulate neurotransmitter release [16] and synaptic transmission. In-
terestingly, SUMOylation of target proteins can influence axonal re-
generation including growth cone orientation and synaptic plasticity
[17]. In addition, SUMOylation exerts key regulatory roles in several
metabolic processes [18,19] and, finally, SUMO pathways regulate
resting potential, neuronal excitability and ion flow/distribution
[13,20]. In this regard, SUMOylation is a pleiotropic regulator of ex-
pression and stability of membrane proteins involved in transport and
homeostasis of ions, including receptor, ion channels and transporters,
not only in physiological but also in pathological conditions such as
brain ischemia [13].

3. SUMOylation process during brain ischemia

In the last decades, several studies have been investigating the role
of SUMOylation during cerebral ischemia, and it has been established
that both global and focal transient cerebral ischemia strongly induce
an increase of the levels of SUMO-conjugated proteins in rodent brains
after reperfusion [3,10,11,21,22].

The role of SUMOylation during ischemia has been assessed by
genetically manipulating the SUMO pathway in order to increase the
levels of SUMOylated proteins, overexpressing each SUMO isoforms or
the conjugating enzyme Ubc [9,23] or with the attempt to suppress
SUMOylation by microRNA or siRNA against SUMO isoforms [9,24,25].
More specifically, Yang et al. showed that an increase in protein SU-
MOylation by SUMO-2/3 was maximally induced in both the hippo-
campus and cerebral cortex of mice three hours after a 10 min global
ischemia exposure [11]. The same authors also demonstrated that in a
rat model of transient brain ischemia, SUMOylation decreased during
transient middle cerebral artery occlusion (tMCAO) and increased
during the reperfusion phase when ATP levels were restored [10]. In a
similar stroke model, protein SUMOylation by SUMO-1 significantly
increased after tMCAO in the ipsilateral temporoparietal cortex,
whereas it remained unchanged in the striatum. The fact that this in-
crease involved just the brain area less injured by the ischemic damage
and not the striatum, supports the idea that SUMOylation represents a
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cell protective response to ischemic injury [3]. In this model, SUMO-1
silencing significantly exacerbated the ischemic damage mediated by
tMCAO. Consistent with these data, also SUMO-2/3 conjugation re-
sulted activated in neurons located in the ischemic penumbra but not
within the infarcted core [11].

In support of a neuroprotective role for SUMOylation in brain
ischemia, it has been recently demonstrated that transgenic mice
overexpressing the conjugating enzyme Ubc9 showed higher basal le-
vels of SUMO conjugated proteins and are less susceptible to the brain
ischemic damage in a model of focal ischemia induced by permanent
middle cerebral artery occlusion (pMCAO) [26]. On the other hand,
SUMO-1 overexpression in primary cortical neurons increased cell
survival under oxygen and glucose deprivation (OGD) while silencing
of SUMO-1 and SUMO-2/3 expression increased cell death [9,24]. Ac-
cordingly, in a model of transient focal ischemia in rats, silencing of
SUMO-1 significantly exacerbated the ischemic damage [3] and
neuron-specific SUMO-1/3 knocked down (SUMO-KD) mice exhibited
worse functional outcomes after transient forebrain ischemia. In these
mice, a significant number of such genes that are positively regulated
by SUMOylation are instead suppressed [27].

4. SUMOylation process during ischemic preconditioning

Several studies supported the concept that the increase in
SUMOylated proteins induces tolerance to an ischemic injury. Indeed,
brain protein SUMOylation may represent an endogenous neuropro-
tective response in models of brain tolerance [9-11,28]. For instance, a
significant increase of SUMO-1- and SUMO-2/3-mediated SUMOylation
has been shown in hibernating ground squirrels [23], where the re-
duction in cerebral blood flow and in oxygen and glucose levels in the
hibernating brain represent an endogenous model of brain tolerance.
Indeed, during hibernation torpor, ground squirrels can tolerate 90 %
reduction in brain blood flow, a reduction very similar to that observed
in the ischemic core during stroke [29].

The hibernation torpor has also been demonstrated to exert a neu-
roprotective action against a subsequent lethal ischemic insult, thus
functioning as a preconditioning stimulus.

Moreover, also in rats exposed to another well known neuropro-
tective treatment such as hypothermia, an increase in nuclear accu-
mulation of SUMO-2/3 in cortical neurons was observed in the brain
[30]. More interestingly, the increase in SUMO conjugation may be
considered as the main mediator of the hypothermia-induced neuro-
protection both in in vitro models of hypoxia and in in vivo models of
brain ischemia [26].

Interestingly, hibernation and hypothermia share several transduc-
tional pathways with ischemic preconditioning, a phenomenon in
which a sublethal injurious stimulus was able to protect to a subsequent
longer harmful ischemic injury [8,31].

The role of SUMOylation during ischemic preconditioning was first
investigated in vitro. In particular, primary cortical neurons precondi-
tioned through the exposure to a subthreshold protocol of OGD were
less susceptible to a subsequent longer OGD stimulus. More interest-
ingly, these neurons showed higher levels of SUMO-1 conjugation
compared to unconditioned neurons. Accordingly, when SUMO-1 was
silenced, preconditioned-induced neuroprotection failed [9]. Similar
results were obtained also in an in vivo model of transient cerebral
ischemia in rats [3]. Most of the published surgical protocols for pre-
conditioning induction require the transient mechanical interruption of
the same artery occluded during stroke. In an in vivo model of ischemic
preconditioning in rats, the increase in protein SUMOylation partici-
pates to brain tolerance, particularly through SUMO-1 isoform. This
finding was reinforced by the observation that silencing of SUMO-1
isoform, through a specific siRNA, prevented the protection mediated
by ischemic preconditioning.

In the same study, the sodium calcium exchanger NCX3 has been
proposed as one mediator of SUMO-1 protective effect during ischemic
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preconditioning [3].

Collectively, up to now several proteins have been characterized as
SUMO targets after brain ischemia and ischemic preconditioning in-
cluding transcriptional factors [13,22,32], mitochondrial and extra-
nuclear proteins, such as membrane receptors, transporters and chan-
nels as described below [13].

5. SUMOylation of ion channels and transporters during brain
ischemia

Ion channels and transporters play a crucial role in ionic cell
homeostasis and membrane excitability. Considering all the changes
occurring after an ischemic brain injury, including disrupted ionic
homeostasis and dysfunction of ionic transporters, it is not surprising
that these proteins are subjected to tight regulation and are candidates
for modulation at the post-translational level under hypoxic-ischemic
conditions. In particular, ion channels and transporters represent an
important class of SUMO-modified extranuclear proteins and several
studies have identified SUMO signaling as a crucial mechanism of
modulating multiple members of K*, Ca>* and Na* ion regulators
under ischemic conditions [13].

The SUMO-mediated alterations of voltage-gated potassium chan-
nels is considered an important neuroprotective mechanism [33]. In-
deed, SUMO-1 and SUMO-2/3 conjugation of K,2.1 channels promotes
channel opening and voltage-gating. The consequent reduction of ex-
citability exerts a neuroprotective effect in neurons exposed to hypoxic-
ischemic injury [22,34]. In addition, the de-SUMOylation of voltage-
gated K,1.5 potassium channels leads to a functional inactivation of
these channels and its inactivation dramatically increases ischemic
tolerance in neurons [13,35]. At the same time, the involvement of
SUMOylation on sodium signaling under hypoxic conditions is a field of
particular relevance. In fact, recent evidence reveals that SUMOylation
of Na,1.2 induces the increase in voltage-gated sodium inward current
(Ina) in cortical neurons under hypoxic-ischemic conditions [36]. Fi-
nally, SUMOylation of the sodium/calcium exchanger NCX3 by SUMO-
1 participates in brain neuroprotection induced by ischemic pre-
conditioning [3] as deeper described below.

6. Sodium Calcium Exchangers as SUMO targets in ischemic
conditions

The Na*/Ca®* exchanger (NCX) is a plasmalemmal transporter
composed of ten transmembrane domains which couples, in a bidirec-
tional way, the influx/efflux of Ca™ to the efflux/influx of Na™ ions.
The NCX family includes three different gene products, NCX1, NCX2
and NCX3 [37,38]. The sodium/calcium exchangers, acting in concert
with ion channels, receptors and other ionic transporters play an im-
portant role in the control of ionic cell homeostasis. Several pieces of
evidence reveal that the NCX family members represent crucial reg-
ulators of sodium and calcium homeostasis both in physiological and
pathophysiological conditions [39,41,40]. Notably, it has been widely
demonstrated that the member 3, NCX3, represents a downstream
player of neuroprotection in stroke [40,42], since its knocking-down
and knocking-out caused an enlargement of the focal ischemic damage
in two different models of ischemia induced by permanent or transient
middle cerebral artery occlusion [42,43]. In addition, NCX3 has been
characterized as a new effector of the ischemic preconditioning [40].

Interestingly, it has been recently established that NCX3 represents
a new putative target of SUMO-1 mediated neuroprotective action
(Fig. 1). The reason for investigating NCX3 as a possible target for
SUMO-mediated neuroprotective effect resided in its well known neu-
roprotective role in cerebral ischemia [42] and ischemic pre-
conditioning [40].

In order to assess the role played by SUMO-1 conjugation during
cerebral ischemia and ischemic preconditioning, SUMOylation expres-
sion profile was evaluated in the temporoparietal cortex and striatum of
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rats exposed to middle cerebral artery occlusion and sacrificed at dif-
ferent reperfusion time points [3]. The analyses revealed a significant
upregulation of SUMOylation in the cortex and no changes in the
striatum. The fact that this increase involved just the brain area less
injured by the ischemic damage and not the striatum supports the idea
that SUMOylation represents a cell protective response to ischemic in-
jury. Immunohistochemical analyses performed on rat brain slices after
preconditioning, tMCAO, and preconditioning plus tMCAO showed that
NCX3 and SUMO-1 signals colocalized in the temporoparietal cortex.
More important, bioinformatic analysis showed that NCX3 has nine
possible consensus sites that might be targeted by the SUMO conjuga-
tion enzyme. The interaction between SUMO-1 and NCX3 was finally
assessed by immunoprecipitation experiments on wild-type BHK cells
not expressing NCX3 and on BHK cells stably transfected with a flag-tag
NCX3 (NCX3F). Furthermore, to finally establish the possible SUMOy-
lation site, the experiments were replicated on an NCX3F mutant
lacking the f-loop (NCX3FAf), since this region contained most of the
Lysine residues with the highest probability of SUMO-1 binding. Since
no immunoprecipitate was observed in NCX3FAf-transfected BHK cells,
the authors concluded that the putative SUMOylation site was located
in the f-loop of the antiporter. In further support to this conclusion, the
substitution of Lysine590 prevented the formation of the im-
munoprecipitate thus demonstrating that this Lysine residue is required
for SUMOylation (Fig. 2).

In the same paper, the presence of a biochemical interaction be-
tween SUMO-1 and NCX3 was also analyzed and confirmed in vivo.
Indeed, immunoprecipitation experiments on rat cortex from ischemic
and preconditioned animals showed that NCX3 immunoprecipitated
with SUMO-1. By contrast, another NCX member, NCX1, did not im-
munoprecipitate with SUMO-1, thus suggesting that the neuroprotec-
tive action of SUMO-1 is selectively exerted through the preservation of
NCX3 levels.

The neuroprotective role of NCX3 SUMOylation was supported by
the observation that SUMO-1 silencing, apart from enlarging the is-
chemic damage after ischemia and reverting the protective potential of
ischemic preconditioning, caused also a downregulation of NCX3 levels
in preconditioned animals. This observation suggested that the increase
in SUMOylation levels during ischemic preconditioning prevented
NCX3 degradation thus mediating neuroprotection. At the same time,
NCX3 was further decreased by SUMO-1 silencing also after tMCAO
alone, and consequently the ischemic damage increased, thus sug-
gesting that NCX3 SUMOylation process also participates in the tMCAO
phase.

Interestingly, the authors speculated that, since the SUMO-target
residue is located in the main cytosolic f-loop, a region involved in the
regulation of NCX stability and activity, NCX3 SUMOylation might in-
fluence such properties of the antiporter.

Collectively, these results suggest that SUMO-1 conjugation, by
regulating the stability of NCX3, might influence sodium and calcium
homeostasis during ischemia and ischemic preconditioning. In conclu-
sion, NCX3 SUMOylation by SUMO-1 may be considered one of the
neuroprotective mechanisms involved in ischemic preconditioning [3].

7. Conclusions

Several papers support the idea that SUMOylation plays an im-
portant role in the cellular response to hypoxic-ischemic injury. For
most of the targets, SUMOylation seems to exert a neuroprotective role,
however for some others rimental [4,44].

Another limitation of the already published studies is the fact that
they widely describe the role of SUMOylation in neurons, and very less
in other brain cell types. The deep evaluation of the SUMO pathways in
astrocytes will be critical to clarify their supportive/detrimental func-
tion for the neuronal compartment. On the other hand, revealing the
effects of SUMOylation also in post-ischemic oligodendrocytes, micro-
glia, and invading immune cells will be of great interest. Despite the
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Fig. 1. SUMOylation of NCX3 by SUMO-1 participates in brain neuroprotection induced by ischemic preconditioning. (A) After an ischemic injury not-SUMOylated
NCX3 was degraded and the anoxic neuron was damaged. (B) After ischemic preconditioning NCX3 SUMOylation increases, thus preventing its degradation and

conferring neuronal protection to a subsequent ischemic damage.

number of ion channels and transporters currently shown to be
SUMOylated is still small, the identification of additional SUMO targets
involved in sodium and calcium homeostasis both in neuronal and glial
cells will be fundamental to extend the reach of the SUMO conjugation
machinery to the plasma membrane both in physiological and in pa-
thological conditions.

In vitro and in vivo studies using models of ischemia, together with
those using therapeutic hypothermia, strongly support the idea that the
enhancement of SUMOylation may prevent ischemic damage within the
brain.

However, no specific pharmacological modulators of SUMOylation

LYS590

process are now available. Only agents capable to aspecifically upre-
gulate SUMOylation process have been so far described. Recently, a
molecule able to activate the E1 enzyme of SUMOylation process has
been described but need to be better characterized [45]. Interestingly,
recent evidence identified small molecules capable of modulating
global SUMOylation through the manipulation of miRNA [46]. Several
molecules, such as histone de-acetylase (HDAC) inhibitors, synthetic
retinoids and anti-miRNA are promising compounds potentially able to
increase global SUMOylation and, consequently, capable to induce
protection from anoxic and ischemic damage [4,46].

However, considering the evidence that SUMOylation inhibitors

Fig. 2. Lys590 of NCX3 is SUMOylated. Mutagenesis studies revealed that Lys590 is the target residue for SUMO-1 conjugation of NCX3.
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may be a putative novel drug for cancer therapy [4,44,47], the exact
molecular mechanisms underlying the SUMO-mediated protective roles
remain to be clarified.

In conclusion, to support the translatability of all the preclinical
results to the clinical management of acute brain ischemia, the identi-
fication of new pharmacological compounds able to modulate brain
SUMOylation will may have a very great clinical significance in a
therapeutic approach against ischemic stroke.
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