Curr. Issues Mol. Biol. (2020) 35: 127-144.

The Role of SUMQylation and
Ubiquitination in Brain Ischaemia:
Critical Concepts and Clinical

Implications

Joshua D. Bernstock'2*T, Daniel G. Ye®t, Dagoberto Estevez?,
Gustavo Chagoya®, Ya-Chao Wang®, Florian Gessler®,

John M. Hallenbeck? and Wei Yang®*

"Department of Neurosurgery, Brigham and Women’s Hospital, Boston, MA, USA.
2Stroke Branch, National Institutes of Health (NIH), National Institute of Neurological Disorders

and Stroke (NINDS), Bethesda, MD, USA.

SMedical Scientist Training Program (MSTP), Baylor University, Houston, TX, USA.
“Department of Neurosurgery, University of Alabama at Birmingham, Birmingham, AL, USA.
SDepartment of Anesthesiology, Duke University Medical Center, Durham, NC, USA.
Department of Neurosurgery, Goethe University Frankfurt, Frankfurt am Main, Germany.

*Correspondence: bernstockjd@ninds.nih.gov and wei.yang@duke.edu

"Both authors contributed equally to this work

https://doi.org/10.21775/cimb.035.127

Abstract

Brain ischaemia is a severe form of metabolic stress
that activates a cascade of pathological events
involving many signalling pathways. Modulation of
these pathways is largely mediated by post-transla-
tional modifications (PTMs). Indeed, PTMs can
rapidly modify pre-existing proteins by attach-
ing chemical or polypeptide moieties to selected
amino acid residues, altering their functions,
stability, subcellular localizations, or interactions
with other proteins. Subsequently, related signal-
ling pathways can be substantially affected. Thus,
PTMs are widely deployed by cells as an adaptive
strategy at the front line to efliciently cope with
internal and external stresses. Many types of PTMs
have been identified, including phosphorylation,
O-GIcNAcylation, small ubiquitin-like modi-
fier (SUMO) modification (SUMOylation), and
ubiquitination. All these PTMs have been studied
in brain ischaemia to some extent. In particular,
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a large body of evidence has demonstrated that
both global SUMOylation and ubiquitination are
massively activated after brain ischaemia, and this
activation may play a critical role in defining the
fate and function of cells in the post-ischaemic
brain. The goal of this review will be to summarize
the current findings on SUMOylation and ubiquit-
ination in brain ischaemia and discuss their clinical
implications.

SUMOylation in brain ischaemia/
stroke

SUMOylation

SUMOylation is a post-translational modifica-
tion in which a member of the SUMO family of
proteins is conjugated to lysine residues in target
proteins. SUMOylation was first implicated in
nuclear function pathways (Matunis et al., 1996;
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Mahajan et al., 1997). However, it has since been
implicated with numerous extranuclear substrates
(Martin et al., 2007). Its vital role to cell function
has become evident in knockdown and knockout
models of SUMO or components of this pathway,
which prove fatal in eukaryotic cells (Hayashi et al.,
2002; Wang et al.,, 2014). As a result, SUMO genes
are highly conserved and widely found in protozoa,
metazoa, plants, and fungi. Four isoforms have been
described in mammalian cells and are designated
SUMO1 to SUMO4 (Geiss-Friedlander and Mel-
chior, 2007; Bernstock et al., 2018a). Of these four
isoforms, SUMO1-3 are the best characterized in
the literature. SUMO proteins are members of the
ubiquitin-like proteins family, and function in an
enzymatic pathway analogous to the ubiquitination
pathway. In fact, despite their low homology (18%
with ubiquitin and <50% between SUMOI and
SUMO2/3) SUMO1, SUMO2/3, and ubiquitin
share very similar three-dimensional structures
(Bayer et al., 1998; Gill, 2004).

SUMOs are synthesized as precursors which are
cleaved by members of the SUMO/sentrin-specific
peptidase (SENP) family to expose a C-terminal
di-glycine motif. SUMO is then activated in an
ATP-dependent fashion resulting in the formation
of a thioester bond with the activating enzyme
subunit, SUMO activating enzyme 2 (SAE2). This
activated form then functions at the active-site of
ubiquitin conjugating enzyme 9 (Ubc9). Ubc9 rec-
ognizes substrate proteins and catalyses the transfer
of SUMO. Conjugation can also occur in conjunc-
tion with an E3 enzyme. Both of these possibilities
ultimately result in the formation of an isopeptide
bond between SUMO and the target lysine residue
in the substrate. The target lysine residue often lies
in a consensus motif. SUMOylation is a reversible
process and de-modification occurs via the iso-
peptidase activity of the SENP family (Bernstock et
al., 2018a).

SUMOylation can dynamically modify pro-
tein properties and functions (Bernstock et al.,
2018a). It has been linked to the regulation of DNA
damage repair, immune responses, carcinogenesis,
cell cycle progression, apoptosis, and a variety of
neuropathological conditions (Geiss-Friedlander
and Melchior, 2007; Flotho and Melchior, 2013;
Han et al., 2018). Critically, SUMOylation has also
been demonstrated to be involved in myriad cellu-
lar responses to stress. It is therefore unsurprising

caister.com/cimb

that evidence has emerged to highlight roles for
SUMOylation in brain ischaemia/stroke.

SUMOylation in the brain

All major components of SUMOylation machin-
ery, such as Ubc9 and SUMOs, have been found
in the brain (Henley et al., 2014). Their expression
appears to be subject to developmental regulation
(Loriol et al,, 2012). Importantly, a large number
of proteins that modulate neuronal activity have
been reported to be SUMOylation targets (Henley
et al., 2014). These SUMOylation targets include
transcription factors (e.g. MEF2 and Pax6), ion
channels (e.g. K2P1 and Kv2.1), trafficking trans-
port proteins (e.g. La), signalling kinases (e.g.
CASK and GSK3), and various synaptic proteins
(eg. GluK2 and synaptotagmin-1). Together,
SUMOylation is critically involved in neuronal dif-
ferentiation, function, and plasticity. Consequently,
SUMOylation has been implicated in neurological
disorders, such as neurodegenerative diseases, and
is of particular importance as a protective mecha-
nism to stress (Anderson et al., 2017; Princz and
Tavernarakis, 2017).

Indeed, key componentsinvolved in Alzheimer’s,
Parkinson’s, and Huntington’s diseases, including
amyloid beta peptide, a-synuclein, and huntingtin,
have been identified as SUMO targets. Importantly,
increasing SUMOylation is protective by reducing
their expression or formation of aggregates (Li et
al., 2003; Steffan et al., 2004; Krumova et al., 2011).
However, there is also evidence showing negative
effects of SUMOylation on protein solubility and
aggregation in neurodegenerative diseases (Liebelt
and Vertegaal, 2016).

SUMOylation in in vitro ischaemia-
related models

In 2007, using hibernation as a natural ischae-
mia tolerance model to identify endogenous
neuroprotective pathways, Lee et al. (2007b) first
reported that there is a massive increase of global
SUMOylation in the brain during the torpor
phase in hibernating 13-lined ground squirrels.
Following this discovery, it was of great interest
to clarify whether or not the observed increase in
global SUMOylation was an active participant in
the induction of ischaemic tolerance, or merely
an epiphenomenon. In vitro methodologies were
quickly employed in search of the answer to this
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critical question. Initial experiments employed
cultured SH-SYSY human neuroblastoma cells in
an oxygen and glucose deprivation/restoration of
oxygen and glucose (OGD/ROG) model of ischae-
mia with OGD/hypothermia preconditioning,
finding that levels of SUMO1-conjugated proteins
were higher in preconditioned cells compared to
non-preconditioned cells, coinciding with dimin-
ished cell death in the preconditioned group (Lee
et al., 2007a). SH-SYSY cells were then transfected
with either wild-type (WT) or dominant-negative
(DN) Ubc9 and subjected to the same OGD/ROG
treatment with and without preconditioning. The
data showed that the DN group displayed both
reduced levels of SUMO1-conjugated proteins and
greater cell death compared to the un-transfected
group, while the WT group (that is, overexpressing
Ubc9 relative to the control) displayed elevated
levels of SUMO1-ylated proteins and less cell death.
Furthermore, the additional level of cytoprotection
conferred by OGD/hypothermia-preconditioning
was diminished in the WT-transfected cells com-
pared to un-transfected cells, strengthening the link
between this preconditioning-induced toleriza-
tion and global SUMOylation. This was the first
evidence that increased global SUMOylation of
proteins was a significant mechanism in the induc-
tion of ischaemic tolerance and brought to light the
idea that this machinery could be leveraged in clini-
cal approaches to brain ischaemia.

Subsequent investigations brought the field
closer and closer to understanding this protective
role of SUMOylation. Overexpression of SUMO1
and SUMO2 in SH-SYSY cells increased levels
of SUMO-conjugated proteins and conferred
the cells with greater resistance to OGD/ROG
compared to controls. On the other hand, deplet-
ing SUMOL1 in SH-SYSY cells using short hairpin
RNAs (shRNAs) decreased levels of SUMOI-
conjugated proteins and rendered the cells more
sensitive to OGD. SUMO1-depleted cells also
displayed no tolerization benefits from OGD
preconditioning. Transfected rat cortical neurons
overexpressing SUMO1 displayed increased levels
of SUMO1-conjugated proteins as well as greater
resistance to OGD/ROG compared to transfected
control cells, and siRNA-mediated knock-down
of SUMOLI in mouse cortical neurons decreased
levels of SUMO1-conjugated proteins and ren-
dered the cells more sensitive to OGD. As with
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the SH-SYSY cells, these cortical neurons also
exhibited a reduced benefit from preconditioning
(Lee et al.,, 2009). In a later study, mouse primary
cortical neurons in which SUMO2/3 conjugation
was dramatically reduced by transducing lentivirus
expressing SUMO2/3 microRNAs were sensitized
to short-duration OGD compared to controls,
with this effect exacerbating with longer periods of
OGD (Datwyler ef al., 2011). B3$ rat neuroblas-
toma cells undergoing OGD/ROG demonstrated
decreased levels of SUMO2/3-conjugated pro-
teins immediately following OGD, but markedly
increasing levels of SUMO2/3-conjugated proteins
throughout the ROG phase, congruent with the
ATP-requiring nature of SUMOylation. SUMO3
quantitative proteomics in these cells identified
several nuclear proteins involved in gene expres-
sion as putative SUMOylation-targets post-OGD/
ROG, such as HNRNPM and HNRNPA2 (Yang
et al., 2012). Rat hippocampal neurons exposed
to OGD/ROG also demonstrated increased levels
of SUMOI1- and SUMO2/3-conjugated proteins,
and overexpression of the SENP1 catalytic domain
in these neurons decreased levels of SUMOI1
and SUMO2/3 and sensitized them to OGD/
ROG-induced cell death (Cimarosti et al., 2012).
Moreover, knockdown of SENP3 led to increased
SUMO?2/3-ylation in rat cortical neurons and, sub-
sequently, greater resistance to OGD/ROG (Guo
etal,2013).

Overall, global SUMOylation in the OGD/
ROG in vitro ischaemia model has become a
well-known phenomenon, leading to an overall
consensus that global levels of SUMOI1- and
SUMO?2/3-conjugated proteins increase in the
wake of an ischaemic event as a critical component
of an endogenous stress response mechanism, and
that further increasing global levels of SUMOylated
proteins confers an additional level of protection.
Subsequent studies have turned their focus towards
understanding SUMOylation in animal models of
ischaemia, as well as towards developing methods
to modulate this SUMOylation response for thera-
peutic benefit.

SUMOylation in in vivo ischaemia/

stroke models

Since increased global SUMOylation was observed
in hibernating ground squirrel tissues and shown to
be an endogenous protective response to ischaemic
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stress in cell culture models of ischaemia, scientists
sought to employ animal models of brain ischaemia
to study this phenomenon in a non-hibernating
macro-organism. Transient forebrain ischaemia
followed by reperfusion was performed in mice,
resulting in massive increases in SUMO2/3-
conjugated proteins in both the hippocampus and
the cerebral cortex, along with transient decreases
in levels of Ubc9 protein in cortical cells (Yang et
al., 2008b). Soon after, using a rat transient middle
cerebral artery occlusion (MCAQ) model, it was
observed that levels of SUMO2/3-conjugated pro-
teins, as well as nuclear localization of SUMO2/3,
increased in neurons located at the border of the
MCA territory where various survival pathways
are known to be activated. This increase was also
observed after a short preconditioning period of
transient MCAO (Yang et al., 2008a). These experi-
ments were taken as in vivo evidence to indicate
that increased global SUMOylation was, indeed, a
neuroprotective stress response to ischaemia.
There remained, however, the question of what
proteins are regulated by SUMOylation after
brain ischaemia. It was unsurprising, then, that
the next studies of SUMOylation in brain ischae-
mia involved investigating the SUMO-regulated
proteome. Transgenic mice conditionally-overex-
pressing SUMO1-3 were subjected to transient
forebrain ischaemia, and proteomics approaches
were used to characterize the SUMO3-modified
proteome of nuclear fractions of cortical tissues of
ischaemic versus control mice. The investigators
found 91 putative SUMO3 substrates that were
up-regulated in the ischaemic condition, including
general transcription factor Ili (TFIL-I), tripartite
motif containing 33 (TRIM33), transcription
intermediary factor 1-beta (TIF1), glucocorticoid
receptor (GR), and B-cell lymphoma/leukaemia
11B (BCL11B). Signalling pathway analysis of
these 91 proteins found enrichments in proteins
related to neurological disease, cell death/survival,
and RNA processing. A greater proportion than
expected of these 91 proteins were identified as
being cytoplasmically localized in the non-patho-
logical state, suggesting that SUMO3-conjugation
may have promoted their nuclear translocation
(Yang et al.,, 2014). Crosstalk between ubiquitina-
tion and SUMOylation was also identified. Of these
91 SUMO3-conjugated proteins up-regulated after
ischaemia, 34 had been identified in a previous in
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vitro study (Yang et al., 2012, 2014). More evidence
for post-ischaemic ubiquitination-SUMOylation
crosstalk was found using a transient MCAO mouse
model, in which SUMO2/3-conjugated proteins
were identified within ubiquitin-rich aggregates,
and SUMO2/3 was found to directly interact with
ubiquitin in those aggregates (Hochrainer et al,
2015).

Another angle of investigation was at the level
of gene expression. It was known that transient
brain ischaemia triggers a massive increase in both
the levels and the nuclear accumulation of pro-
teins involved in gene expression (Golebiowski et
al., 2009; Yang et al., 2014); thus, it was believed
possible that modified gene expression could be
a contributor to the neuroprotection provided by
post-ischaemic SUMOylation. To address this pos-
sibility, a transgenic mouse model (SUMO-KD)
was developed, in which a neuron-specific Thy-1
promoter was used to express microRNAs to silence
SUMO1, SUMO?2, and SUMO3 expression. Hip-
pocampal CAl samples were taken after transient
forebrain ischaemia and submitted to microarray
analysis, finding that a significant number of the
genes that were activated in the post-ischaemic
brains of WT mice were instead suppressed in the
SUMO-KD mice. In addition, the SUMO-KD mice
demonstrated worse functional outcomes after
transient forebrain ischaemia compared to wild-
type mice (Zhang et al., 2017).

However, both in vitro and in vivo studies of
post-ischaemic global SUMOylation continue to
face challenges with regard to elucidating specific
mechanisms and causal chains, in large part due
to the active SUMO-conjugation/de-conjugation
cycle that leads to SUMOylation being a transient
state, as well as the low abundance of specific
SUMO-conjugates (Bernstock et al.,, 2018a). To
date, only one specific SUMO-target has been
tentatively studied as an actual participant in
the induction of ischaemic tolerance. This study
employed a rat model of focal brain ischaemia
with preconditioning and found that the sodium-
calcium exchanger NCX3, which is involved
in ionic homeostasis and has previously been
implicated in ischaemic preconditioning-induced
cytoprotection, was increasingly conjugated to
SUMOL1 - and thus stabilized — after ischaemia
(Cuomo et al.,, 2016). As technology continues to
improve, and techniques become more refined,
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we may soon find stronger evidence for the
neuroprotective roles of other proteins that have
been identified using proteomic methods. It is
important to note, however, that there is convincing
evidence that the global increase in SUMOylation
is already of potential clinical relevance - and,
ultimately, the multi-level, multifactorial approach
may be of greater efficacy than targeting specific
SUMO-substrates.

Clinical evidence of SUMOylation in
stroke

Until recently, it remained unresolved whether
elevated SUMOylation as an endogenous response
to hypoxic and/or hypothermic stress was a
phenomenon limited to small mammals. Having
only observed this SUMOylation response in
hibernating ground squirrels and rodent models of
brain ischaemia, a persistent question was whether
a similar response could be detected in the brains of
human ischaemic stroke patients — and, if not, then
would it be at all possible to translate the numerous
therapeutics-oriented studies in animal models to
the clinic? Thus, investigating SUMOylation in the
ischaemic human brain has been a key need for
many years (Bernstock et al., 2018a).

The primary barriers to investigating
SUMOylation in stroke patients have been the
transient and rapid regulation of SUMOylation/
de-SUMOylation, and the technical difficulties
of visualizing SUMOylated proteins and/or
SUMOylation activity. However, a recent case
report has managed to pierce these obstacles and
shed some light on SUMOylation in the human
ischaemic brain. This report, using tissue sectioned
from the periphery of the ischaemic region of the
frontal lobe (as well as tissue sections from the
correspondingareaonthe contralateralhemisphere)
of a deceased stroke patient, and stained/visualized
with fluorescent multiplex immunohistochemistry,
found an increased intensity of SUMOI and
SUMO2/3 reactivity in the neurons of the
ischaemic penumbra compared to neurons of a
similar cortical layer in the contralateral tissue
section. Increased nuclear localization of SUMO1
and SUMO2/3 was also observed in neurons
within the ischaemic penumbra (Bernstock et al.,
2017). These findings served as a first step towards
validating the efforts of past non-human studies that
sought to therapeutically leverage SUMOylation
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to reduce ischaemic/ischaemic-reperfusion injury
and improve post-insult recovery; however, as with
all scientific endeavours, further studies are needed
to confirm whether this result can be generalized to
apply to the human population at large.

SUMOylation as a therapeutic target

in brain ischaemia

From the moment that increased global
SUMOylation was identified as a neuroprotective
phenomenon in hibernating ground squirrels, sci-
entists have been thinking about possible methods
to leverage this mechanism in human pathologies
- namely, brain ischaemia. Numerous studies have
sought to develop methods or find compounds
through which the potential of SUMOylation as a
therapeutic target in brain ischaemia could be real-
ized. One of the great impetuses driving this search
was an in vivo study involving a transgenic SUMO
mouse model in which Ubc9 was constitutively
overexpressed to elevate levels of SUMO1- and
SUMO?2/3-conjugated proteins above the baseline.
When subjected to permanent MCAO, the Ubc9-
transgenic mice demonstrated decreased infarct
volumes compared to wild-type mice, with higher
levels of global SUMOylation correlating with
smaller infarct volumes; furthermore, no patho-
logical or abnormal signs were observed in the
transgenic mice(Lee ef al., 2011). This constituted
strong evidence that inducing increases in global
SUMOylation could grant a neuroprotective ben-
efit beyond that supplied by the endogenous stress
responses and could be a promising target for brain
ischaemia/stroke.

The quest to translate this knowledge into clini-
cal practice began with the identification of small
molecules that could increase global SUMOyla-
tion, either through increasing the activity of the
SUMO-conjugation machinery or by inhibiting
the SUMO-deconjugation machinery. These small
molecules would then be investigated in in vitro and
in vivo models of ischaemia in the brain and other
areas associated with ischaemic pathologies, such
as the heart and kidneys. The first of these studies,
using the SUMO E1/E2 enzymes Ubc9, SAE1, and
SAE?2 as screen targets, identified a lead compound
(N106) that was capable of directly activating the
E1 component of the SUMO conjugation pathway,
and, in so doing, to increase SUMOylation of the
cardiac sarcoplasmic reticulum calcium ATPase
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(SERCA2a). N106 treatment and subsequently
increased SERCA2a SUMOylation led to increas-
ing contractility in cultured rat cardiomyocytes;
N106 treatment also led to improved ventricular
function in mice exposed to pressure overload by
transverse aortic constriction, a murine model of
heart failure (Kho et al., 2015). While the effects of
N106 have not been tested in an ischaemic model
yet, earlier studies had confirmed the protective
role of SERCA2a SUMOylation in porcine models
of ischaemic heart failure (Tilemann et al., 2013).
Inhibitors of members of the miRNA families 182
and 183, which had been previously identified as
regulators of SUMOylation and other ubiquitin-
like modifiers in hibernating ground squirrels and
in vitro ischaemic models (Lee et al.,, 2012), have
also been identified through screening as being able
to increase global SUMOylation and tolerance to
OGD/ROG in vitro; these compounds included
histone de-acetylase inhibitors and synthetic reti-
noids (Bernstock et al., 2016).

More recent efforts have focused on screen-
ing for drug candidates that increase global
SUMOylation through the inhibition of the
SUMO-deconjugating enzymes — that is, inhibi-
tors of the isopeptidase activity of SENPs. Both in
silico and conventional high throughput screening
(HTS) methods had previously been applied in
search of SENP inhibitors, but few were able to
identify quality candidates with medicinal proper-
ties and in most cases had employed artificial SENP
substrates (Kumar and Zhang, 2015; Yang et al,,
2016). There was a clear need for new screening
technologies to be developed, and an AlphaScreen-
based HTS-compatible assay was developed and
tested as a method to screen for inhibitors of the
isopeptidase activity of SENPs. Notably, this
method used a SUMO-conjugated protein as a
physiologically relevant SENP substrate (Yang et
al., 2013). Using this screening platform, massive
compound libraries could be quickly screened for
new classes of SENP inhibitors, and its usefulness
was demonstrated through the identification of
quercetin as a putative SENP inhibitor. SH-SYSY
human neuroblastoma cells were then treated
with quercetin and subjected to OGD/ROG,
demonstrating increased global SUMOylation and
greater tolerance to in vitro ischaemia compared to
controls (Lee et al, 2016). Further development
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and refinement of this screening platform ensued,
adding additional orthogonal assays and triaging
steps in order to optimize utility. The refined screen-
ing platform was used to investigate the NCGC
Pharmaceutical Collection and Sigma-Aldrich’s
Library of Pharmacologically-Active Compounds,
identifying four compounds (6-thioguanine,
isoprenaline, ethyl protocatechuate, and ebselen)
that were capable of interacting with SENP2 and
driving an increase in SUMO1- and/or SUMO2/3-
ylation in B35 rat neuroblastoma cells. Two of
these compounds, 6-thioguanine and ebselen, were
able to induce greater tolerance against OGD/
ROG-induced cell death, and ebselen was shown
to increase SUMOylation in the mouse brain
after injection (Bernstock et al., 2018c). Future
screening efforts should employ larger compound
libraries and explore compound modification/opti-
mization through medicinal chemistry (Bernstock
etal.,2018b).

Ubiquitination in brain
ischaemia/stroke

Ubiquitination

Similar to SUMOylation, ubiquitination is a highly
conserved post-translational modification. The
small protein ubiquitin (Ub) consists of 76 amino
acids and can be covalently conjugated to lysine
(K) residues of target proteins. This modification is
mediated by a three-step enzymatic cascade. In the
first step, an El-activating enzyme utilizes ATP to
catalyse a thioester bond between Ub and E1, and
thus activate the C-terminal glycine of Ub (Jin et
al.,, 2007). In the second step, the activated Ub is
transferred to a cysteine residing in a conserved
ubiquitin-conjugation domain of an E2 conjugat-
ing enzyme to form an E2-Ub intermediate. Finally,
an E3 ligating enzyme facilitates the interaction
of E2-Ub and the target protein and catalyses the
formation of an isopeptide bond between the
C-terminal glycine of Ub and the e-amino group
of a lysine of the target substrate. Interestingly,
Ub itself contains seven lysine residues (K6, K11,
K27, K29, K33, K48, and K63) that are available
for ubiquitination to generate polyubiquitin chains.
Normally, in a given polyubiquitin chain, the lysine
residues in the same position of each Ub are used for
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chain extension, thus giving rise to seven common
polyubiquitin linkages (Hochrainer, 2018). Ubig-
uitination is a dynamic and reversible process, as
ubiquitinated proteins can be deconjugated by spe-
cific de-ubiquitinating enzymes (DUBs) (Nijman
etal., 2005).

In mammalian cells, the processes of ubiquitina-
tion and de-ubiquitination are tightly controlled
by a large number of enzymes. There are two E1l
enzymes, =40 E2 enzymes, more than 600 E3
enzymes, and about 100 DUBs (Nijman et al,,
2005; Chen and Sun, 2009). The large number of
E3 enzymes reflects the remarkable diversity of Ub
substrates and the specificity of ubiquitination, since
it is believed that E3 enzymes determine the target
selection (Pickart and Eddins, 2004). E3 enzymes
can be classified into three protein families: Really
Interesting New Gene (RING) E3s, U-box E3s, and
Homologous to E6AP C-terminus (HECT) E3s.
These E3 ligases use two different mechanisms to
catalyse the ligation reaction. The RING and U-box
E3 ligases function as bridging factors that medi-
ate the direct transfer of ubiquitin from E2-Ub to
the target protein, while the HECT E3 ligases first
accept Ub via its catalytic cysteine and then trans-
fer Ub to the substrate (Pickart and Eddins, 2004).
There are 5 classes of DUBs: ubiquitin C-terminal
hydrolases (UCHs), ubiquitin-specific proteases
(USPs), Machado-Joseph disease protein domain
proteases (MJDs), ovarian tumour proteases
(OTUs), and JAB1/MPN/Mov34 metalloenzyme
(JAMM) motif proteases (Nijman et al., 2005).
Except for the JAMM family, which are metallopro-
teases, all other DUBs are cysteine proteases. The
major function of DUBs is to remove Ub moieties
from substrate proteins (Nijman et al., 2005).

Numerous proteins are the substrates of ubig-
uitination, as revealed by systematic proteomics
studies (Kim et al, 2011; Udeshi et al., 2013b).
Thus, the ubiquitination pathway is implicated in
almost all cellular processes and signalling path-
ways. Notably, as a post-translational modification,
ubiquitination plays a vital role in response to stress
by rapidly shaping the cellular proteome and alter-
ing protein functions. The best-known function of
ubiquitination is to target proteins for degradation
by the proteasome. Mounting evidence has also
demonstrated that ubiquitination exerts many
degradation-independent regulatory functions in
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cell signalling (Chen and Sun, 2009), depending on
how a given protein is modified by different com-
binations of ubiquitin, which is the cellular basis of
‘the ubiquitin code’ (Komander and Rape, 2012;
Yau and Rape, 2016).

The degradation function of ubiquitination is
primarily related to K48 — and in some cases K11
and K29 - polyubiquitin linkages and is mainly
carried out in the 26S proteasome. The 26S pro-
teasome contains a 20S proteolytic core flanked
by 19S regulatory caps (Pickart and Cohen,
2004). The 19S regulatory caps are responsible
for recognizing the ubiquitinated proteins that
are committed for proteasomal degradation,
subsequently deubiquitinating the substrate to
remove the Ub chain, and finally unfolding, in
an ATP-dependent manner, the target proteins to
render them able to enter the 20S proteolytic core
for degradation (Pickart and Cohen, 2004). This
degradation system, thus called the ubiquitin-
proteasome system (UPS), is a major protein
quality control system in cells that removes dam-
aged, misfolded, aggregated, or unwanted proteins
(Kevei and Hoppe, 2014). Besides the proteolytic
function, ubiquitination can also regulate pro-
tein activity, protein subcellular localization,
and protein—protein interaction (Komander
and Rape, 2012). These non-degradation func-
tions are mainly related to monoubiquitination
or polyubiquitination with linkages other than
K48 polyubiquitin chains. For example, mon-
oubiquitination of MALT1 increases its activity
and subsequently enhances the NF-kB pathway
(Pelzer et al., 2013). K63 polyubiquitin chains
can directly interact with DNA to regulate DNA
damage repair process (Liu et al, 2018). Col-
lectively, both degradation and non-degradation
functions of ubiquitination play vital roles in cells
under physiologic and pathologic conditions.
Therefore, it is important to consider both aspects
of ubiquitination when analysing the effects of a
change in ubiquitination under a given condition.

Ubiquitination in the brain

Neurons are post-mitotic cells, and abnormal
or unwanted proteins — especially under stress
conditions that perturb protein homeostasis (pro-
teostasis), e.g. ischaemia — can only be removed
by the cellular proteostasis network in which UPS
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is the major protein degradation pathway. In addi-
tion, neurons constantly need to rapidly modulate
protein activity or concentration in response to
environmental changes. Thus, it is not surprising
that ubiquitination is a key regulator for neuronal
health and functions. Indeed, a large body of evi-
dence indicates that ubiquitination is involved in
many aspects of synaptic activity, such as synaptic
connection and synaptic plasticity (Yi and Ehlers,
2007; Djakovic et al., 2009; Hamilton et al., 2012;
Hegde, 2017; Rotaru et al., 2018). Notably, many
key proteins involved in neuronal functions are
regulated by ubiquitination, including PSD95, glu-
tamate receptors, and GABA receptors (Colledge
et al., 2003; Saliba et al, 2007; Jurd et al., 2008;
Schwarz et al., 2010; Lussier et al., 2011). Using
primary neuronal cultures, Ehlers has shown
that activity-dependent remodelling of synaptic
function is associated with altered turnover of
synaptic proteins, which is regulated by UPS
(Ehlers, 2003). Indeed, ubiquitination plays a
prominent role in the steps of memory formation,
consolidation, and reconsolidation (Lopez-Salon
et al., 2001; Artinian et al., 2008).

Accordingly, dysfunction of the ubiquitination
system is implicated in many neurologic disorders,
especially neurodegenerative disorders, such as
Alzheimer’s, Parkinson’s, and Huntington’s diseases
(Popovic et al., 2014; Zheng et al., 2016). One hall-
mark of these diseases is intracellular accumulation
of abnormal protein aggregates in neurons, which
disturbs cellular proteostasis and neuronal function,
eventuallyleading to neurotoxicityand neurodegen-
eration. Notably, these protein aggregates display
strong immunoreactivity with anti-Ub antibodies.
For example, Ub modified tau and p-amyloid are the
major componentsfoundinthe proteinaggregates of
thebrains of Alzheimer’s patients (Perryetal., 1987),
which s caused, at least in part, by reduced UPS efhi-
ciency (Taietal.,2012).Further, geneticvariationsin
genes encoding enzymes involved in ubiquitination,
such as E3 ligase parkin, have been associated with
Parkinson’s disease (Kitada et al., 1998; Maraganore
et al., 2004). In fact, data have suggested that age-
related decline in ubiquitin-mediated degradation
activity accounts for the initiation and progression
of neurogenerative diseases in which age is akey risk
factor (Vernace etal.,2007; Labbadiaand Morimoto,
2015).
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Ubiquitination in brain ischaemia/

stroke

It has been long noted that stress caused by ischae-
mia and reperfusion affects ubiquitination in brain
cells, especially neurons. In 1989, Magnusson and
Wieloch first showed that after transient forebrain
ischaemia induced by bilateral common carotid
artery occlusion (BCCAO), there is a sustained
loss of Ub immunoreactivity, particularly in the
pyramidal neurons in the hippocampal CAl
regions, using a rabbit polyclonal Ub antibody
U-5379 (Magnusson and Wieloch, 1989). Later, a
comprehensive comparison of immunoreactivity
of several Ub antibodies revealed that the antibody
U-5379 is specific for free Ub (Morimoto et al,
1996), and thus it was concluded that transient
forebrain ischaemia selectively depletes free Ub in
CAl neurons. These interesting observations trig-
gered many experimental studies to investigate the
role of ubiquitination in the fate of post-ischaemic
neurons, because it is known that CAl neurons
are particularly sensitive to ischaemic stress, and
that a short episode of ischaemia is sufficient to
induce cell death in CAl but not CA3 or dentate
gyrus regions of the hippocampus. In 1999, using a
gerbil model of BCCAO, Ide et al. (1999) showed
that transient ischaemia leads to a decline in free
Ub and an increase in polyubiquitin chains. These
changes are transient in hippocampal CA3 and den-
tate gyrus regions, but persistent in the CA1l region
where neurons are destined to die after ischaemia
(Ide et al., 1999). Hu et al. (2000) used advanced
imaging techniques and provided electron and
confocal microscopic evidence that BCCAO-
induced ubiquitinated proteins form aggregates
and progressively accumulate only in dying CAl
neurons. They showed that in control neurons,
the signal of Ub immunostaining was evenly dis-
tributed; after brain ischaemia, ubiquitin-positive
immunoclusters of protein aggregates appeared in
all post-ischaemic neurons. At 24 hours of reperfu-
sion, the Ub immunostaining returned to an even
distribution pattern in resistant neurons, such as
CA3 and cortical neurons; however, in dying CA1
neurons, these immunoclusters persisted and accu-
mulated around the nucleus, dendritic membrane,
and postsynaptic densities (Hu et al.,, 2000; Liu
et al, 2004). Further, fractionation experiments
confirmed that ubiquitinated proteins form protein
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aggregates and are insoluble in Triton X-100 buffer
(Hayashi et al., 1992; Iwabuchi et al., 2014).

The data above together clearly suggest that an
increase in post-ischaemic ubiquitination may exert
detrimental effects on neuronal death in the brain.
However, it is of note that all studies in the preced-
ing discussion used global brain ischaemia models.
These models mainly induce selective death of CA1
neurons, which partly resembles cell death found in
patients experiencing cardiac arrest or some heart
surgeries. In focal brain ischaemia models that are
related to ischaemic stroke, changes of ubiquitina-
tion in the neurons appear different from global
brain ischaemia, which may suggest distinct roles of
ubiquitination in these two ischaemic paradigms.
Transient focal brain ischaemia increases the
levels of ubiquitinated proteins, but in contrast to
a sustained increase in the brain even at 24 hours
after global ischaemia, the ubiquitination levels
almost return to baseline at 24 hours after reperfu-
sion. The immunostaining patterns are also found
to be slightly different between the two ischaemic
paradigms (Hu et al., 2000, 2001; Hochrainer et al.,
2012). So far, there is no strong evidence support-
ing a detrimental role of increased ubiquitination
in focal brain ischaemia, in contrast to global brain
ischaemia. In fact, Hochrainer et al. (2012) demon-
strated that reperfusion, rather than ischaemia, leads
to an increase in ubiquitinated aggregates using
both transient and permanent MCAO models.
Further, they showed that increased ubiquitina-
tion is more pronounced in the cortex containing
salvageable penumbra tissue than in the striatum
corresponding to the irreversibly damaged ischae-
mic core (Hochrainer et al., 2012). They therefore
concluded that formation of Ub aggregates may
be beneficial for tissue viability, as it results in the
labelling and removal of abnormal proteins caused
by the ischaemia/reperfusion insult (Hochrainer et
al, 2012).

Currently, our understanding of the significance
of post-ischaemia induced changes in ubiquitina-
tion in the brain is still limited. However, given the
diverse and critical roles of ubiquitination in cellu-
lar functions, these changes are expected to have a
major impact in the fate and functions of neurons in
the post-ischaemic brain. Thus, there hasbeen a sus-
tained interest in investigating the mechanisms that
drive these changes. Two scenarios may account for
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the increase of ubiquitin-containing protein aggre-
gates in the post-ischaemic brain: (1) an increase
in ubiquitination activity, and (2) an impairment
of degradation capacity of the proteasome. First,
brain ischaemia causes reduced availability of ATP,
disruption of ionic homeostasis, and release of
excess glutamate. Under these unfavourable condi-
tions, the processes of protein synthesis, folding,
and maturation are perturbed, resulting in cellular
accumulation of misfolded or damaged proteins
that need to be removed. In response, cells may
increase UPS capacity and activity in order to re-
establish cellular homeostasis through regulating
the components of the UPS, such as E3 ligases. It
has been reported that the HETC ligases of Nedd4
and Huwel are up-regulated in the brain after
ischaemic stroke and in primary cortical neurons
after OGD, respectively (Lackovic et al., 2012;
He et al., 2015). Another E3 ligase TRAF6 has
been associated with human ischaemic stroke (Su
et al., 2015), and its expression is increased in the
brain after MCAO (Li, T. et al.,, 2017). Silencing
or enhancing expression of TRAF6 alone via viral
vectors dramatically decreases or increases global
ubiquitination, respectively, in primary neurons
(Li, T. et al., 2017). This is a surprising result, con-
sidering the large number of enzymes involved in
the ubiquitination pathway, and thus, if confirmed,
may substantiate an important role of TRAF6 in
post-ischaemic ubiquitination in the brain. How-
ever, it is noteworthy that increased expression of
these ligases occurs at a few hours after ischaemia,
while ubiquitination is rapidly activated after brain
ischaemia. Clearly, more studies are required to
elucidate how these enzymes are involved in an
increase in ubiquitination in the post-ischaemic
brain.

The second possible mechanism is that impaired
proteasome function results in an increase in levels
of ubiquitinated proteins. It has been shown that
in rat brains subjected to transient BCCAQ, the
proteolytic activity of the proteasome is impaired
and the 26S proteasome is largely disassembled.
Moreover, the 19S components of the proteasome
are trapped within the protein aggregates, which
impedes functional recovery of the proteasome (Ge
et al.,, 2007). Similarly, Asai et al. (2002) found that
at 30 minutes post-transient forebrain ischaemia
in gerbils, proteasome activity was significantly
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reduced in the forebrain. Interestingly, this activity
returns to normal levels at 2 hours of reperfusion in
most regions of the forebrain except the hippocam-
pal CAl region where the activity remains impaired
up to 48 hours, suggesting irreversible inhibition of
the proteasome (Asai et al., 2002). This impairment
of proteasome activity is also reported in ischaemic
stroke (Hochrainer et al., 2012). Based on these
data, it is widely believed that brain ischaemia
compromises the proteasomal function, which con-
tributes in a major way to increased ubiquitination
in the post-ischaemic brain. However, this notion
may represent an oversimplified model. For exam-
ple, not only K48 chains, but also K6, K11, and K63
chains that are not closely related to the protea-
some function, are increased after brain ischaemia
(Hochrainer et al., 2012; Iwabuchi et al, 2014).
Further, it has been shown that the extent of pro-
teasome impairment is greatest during ischaemia
when ubiquitination is not increased (Hochrainer
et al., 2012). Together, the mechanisms underlying
this increase in ubiquitination after brain ischaemia
remain to be clarified.

Role of ubiquitination in ischaemic
preconditioning

Ischaemic preconditioning in the brain refers to a
phenomenon in which prior exposure of the brain
to a brief and non-lethal episode of ischaemia
renders the brain more resistant to a subsequent
longer and lethal episode of ischaemic insult. This
preconditioning-induced ischaemic tolerance, as
demonstrated in many animal studies, hasbeen used
as an experimental model to search for endogenous
neuroprotective molecules and pathways. There
are two types of ischaemic tolerance, delayed and
rapid ischaemic tolerance, in both of which ubiq-
uitination is involved. In the paradigm of delayed
ischaemic tolerance, protective effects against brain
ischaemia can be observed 24-72 hours after pre-
conditioning treatment (Barone et al., 1998). It has
been shown that in the rats, preconditioning with 3
minutes of forebrain ischaemia induced by BCCAO
followed by 48 hours of recovery decreases accu-
mulation of ubiquitinated proteins in the brain after
subsequent 7-minute global brain ischaemia (Liu
et al., 2005). In line with this observation, protein
aggregates that contain ubiquitinated proteins and
cell death in the CALI regions are markedly reduced
in preconditioning-treated rats (Liu et al., 2005). In
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another study, gerbils were subjected to 2-minute
BCCAO for preconditioning, followed by 5-minute
lethal ischaemic insult 24 hours later. In the precon-
ditioned brains, the signal of Ub immunoreactivity
is well-preserved in the CA1 neurons, compared to
dramatic decrease of the signal in the ischaemia-
only group (Lee et al., 2014).

Rapid tolerance has been reported in both in
vivo and in vitro models of brain ischaemia (Reshef
et al.,, 1996; Pérez-Pinzén et al., 1997; Nakamura
et al, 2002; Meller et al., 2006). However, the
involvement of ubiquitination in this paradigm has
predominantly been studied in cell culture systems.
For example, primary neuronal cells that were
exposed to 30 minutes OGD (pre-conditioning)
became more resistant to the following 120-
minute harmful OGD within 1 hour (Meller et
al., 2006). This protective effect was not abolished
in the presence of the protein synthesis inhibitor
cycloheximide, suggesting the involvement of
posttranslational modifications. Indeed, Bim, a pro-
apoptotic protein, was found to be ubiquitinated
and rapidly degraded by the proteasome following
preconditioning (Meller et al.,, 2006). Moreover,
rapid tolerance induced by a short period of OGD
may be related to ubiquitination of two actin-bind-
ing proteins of the postsynaptic density: MARCKS
and fascin (Meller et al., 2008). After precondition-
ing, these two proteins are degraded via the UPS,
which results in synaptic reorganization. This
change renders neurons more resistant to gluta-
mate receptor-mediated excitotoxicity, a pathologic
process that has long been thought to play a central
role in ischaemia-induced brain damage (Lai et al.,
2014; Chamorro et al., 2016).

Interestingly, preconditioning
increases global ubiquitination to an extent similar

ischaemic

to that found after a lethal ischaemic insult. Consid-
ering their opposing effects on neuronal survival, it
would be interesting to identify the distinct sets of
ubiquitinated proteins under these two conditions.

Ubiquitin-modified proteome in brain
ischaemia

In the first Ub proteomics study that was
designed to identify ubiquitinated proteins after
preconditioning in cell culture, a traditional Ub pull-
down method was used and a total of 24 potential
Ub targets were identified by mass spectrometry
(Meller et al., 2008). Data from this study suggest
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that preconditioning activates ubiquitination to
reorganize the postsynaptic density (Meller ef al,
2008). However, significance of this study in brain
ischaemia is limited due to the use of in vitro cell
culture system and the low capacity of the Ub
proteomics approach.

In 2014, our lab performed the first compre-
hensive in vivo analysis of the ubiquitin-modified
proteome regulated by transient forebrain ischae-
mia (Iwabuchi et al., 2014). This study adopted an
approach that is able to enrich and identify ubiquit-
inated proteins along with their ubiquitination sites
by mass spectrometry (Udeshi et al., 2013a). This
approach uses a K-e-GG antibody to specifically
bind to the di-glycine Ub remnant left on lysine
residues of ubiquitin-conjugated proteins after
trypsin digestion, and thus enrich ubiquitinated
peptides. Mass spectrometry analysis of enriched
peptides enables identification of Ub targets and
also of ubiquitination sites. In this proteomics study,
mice were subjected to 10 minutes of forebrain
ischaemia followed by 4 hours of reperfusion. The
Triton-insoluble fractions from hippocampal tissue
samples were prepared for Ub proteomics analysis.
Based on strict selection criteria, a total of 763
peptides to 272 proteins were reported as highly-
ubiquitinated targets in post-ischaemic aggregates.
These protein targets include synaptic function-
related proteins (e.g. CamKII, NMDA receptor,
PKC, and SynGAP) and protein synthesis-related
proteins (e.g. initiation and elongation factors).
Data suggest that trapping these ubiquitinated
proteins in the aggregates impairs neuronal func-
tions and causes translational arrest, which leads to
neuronal cell death.

Obviously, systematic characterization of the
proteins that are ubiquitinated after brain ischae-
mia is a prerequisite for a deep understanding of
the roles of ubiquitination in the fate and function
of neurons. Although we have already obtained
some information about the ubiquitin-modified
proteome after forebrain ischaemia, such a dataset
for ischaemic stroke is still not available (Iwabuchi
etal,2014).

Ubiquitination as a therapeutic target

in brain ischaemia

Considerable evidence suggests that ubiquitina-
tion plays a critical role in the fate and functions of
neurons in the post-ischaemic brain, as discussed
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above. Thus, the Ub system may be a therapeutic
target in brain ischaemia. Since ubiquitin-mediated
proteasomal degradation is the major function of
ubiquitination and has been well studied, a few
studies have tried to interfere with this degradation
process and examine its therapeutic potential.

The common notion in this field is that brain
ischaemia impairs proteasomal activity, which leads
to toxic accumulation of ubiquitinated proteins
in the neurons. It is assumed that increasing the
proteasomal activity would decrease ubiquitination
and promote cell survival. This assumption is sup-
ported by some experimental studies. For example,
IU1, a small molecule compound, can enhance pro-
teasome activity by specifically inhibiting USP14,
a proteasome-associated deubiquitinating enzyme
that negatively regulates proteasome activity (Lee
etal, 2010). Pretreatment with IU1 reduces protein
aggregates, enhances proteasome functionality,
and improves stroke outcome in mice (Min et al,,
2017). Another study showed that treatment with
trehalose protects CAl neurons from global brain
ischaemia-induced cell death, which may be associ-
ated with preservation of proteasome activity (Li,
Y. etal., 2017).

Seemingly contrary to the common notion
above, there is an even larger set of data indicating
that inhibiting proteasome activity is neuroprotec-
tive particularly in ischaemic stroke (Buchan et
al., 2000; Phillips et al., 2000; Zhang et al., 2001;
Berti et al., 2003; Williams et al., 2003, 2004, 2006;
Zhang et al., 2010; Doeppner et al., 2012, 2016).
For example, MLNS519, a proteasome inhibitor,
was able to reduce infarct volumes even when
administered 10 hours after stroke, and there
was a clear trend that earlier administration of
MLNS19 provides greater protection (Williams et
al.,, 2004). Both pre-treatment and post-treatment
with the proteasome inhibitor BSc2118 improved
short- and long-term stroke outcome (Doeppner et
al., 2012, 2016). With respect to the mechanisms
underlying neuroprotection, most studies focused
on neuroinflaimmation effects, as it is known
that proteasome inhibitors can down-regulate
the NF-xb pathway and thus limit inflammatory
responses (Wojcik and Di Napoli, 2004). Indeed,
treatment with these inhibitors reduces leukocyte
infiltration into the brain (Phillips ef al., 2000; Wil-
liams et al., 2004). However, it remains unknown
what effects these inhibitors have on protein

Curr. Issues Mol. Biol. Vol. 35



Bernstock et al.

ubiquitination and protein aggregates in the post-
stroke brain.

Collectively, existing data support both
detrimental and beneficial roles of increased ubig-
uitination in the post-ischaemic brain. It is of note
that most data pointing to the detrimental role
are based on global brain ischaemia models, while
beneficial evidence mainly comes from ischaemic
stroke models. Thus, ubiquitination may play an
opposing role depending on pathologic states of
brain ischaemia. In order to further clarify this
issue, small molecules that target various compo-
nents of the Ub system may be helpful. Notably,
due to the broad implications of the Ub pathway
in human diseases, many such compounds have
been identified (Bedford et al., 2011; Boland et al,
2018). Thus, we should take advantage of this rich
resource (Caldeira et al., 2014), and use various
pharmacological approaches to gain more insight
into the role of ubiquitination in brain ischaemia.
This certainly will help guide future endeavours
targeting ubiquitination for therapeutic purposes
in brain ischaemia/stroke.

Conclusions

Brain ischaemia induced by cardiac arrest or
stroke affects over one million people in the
United States every year and continues to be a
leading cause of death as well as long-term dis-
ability (Benjamin et al.,, 2019). However, there are
no effective neuroprotective therapies that can
reliably modulate the pathogenesis of evolving
ischaemic brain injury. The paucity of therapeutic
options stands in stark contrast to the intensity of
research efforts/number of clinical trials that have
been performed to date. The limited success of
such a massive research investment demands a re-
evaluation of the pathobiology of ischaemic brain
injury and a subsequent adjustment of therapeutic
approaches. While reductionist methods (e.g. the
targeting of single proteins/pathways) have done
much to enhance our understanding of ischaemic
brain injury, accumulating evidence has come to
suggest that beyond the restoration of perfusion
(i.e. the proximate driver of the pertinent patho-
biology), it will likely not be possible to identify
a single dominant therapeutic target. Therefore, a
novel neuroprotective strategy that focus on pluri-
functional molecular pathways and/or combined
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therapeutic modalities is urgently warranted.
Accordingly, post-translational modifications such
as SUMOylation and ubiquitination may ultimately
be targeted. If either of these approaches succeed,
they may find utility not only in the realm of brain
ischaemia/stroke therapy but could also extend to
a wide variety of other degenerative/inflammatory
neurological disorders that share components of
brain ischaemia pathobiology.
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