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Abstract

Ischemic stroke is characterized by a decrease in oxygen supply to the brain with a consequent
impairment in the metabolic activity. The sudden decrease in the levels of ATP affect the balance
between excitatory and inhibitory neurotransmission, and the overactivation of glutamate
receptors leads to neuronal death (excitotoxicity). Under these conditions, the [Ca®']; overload
to the postsynaptic cell induces the activation of calpains, a group calcium-dependent proteases
that regulate the function of many substrate proteins through limited proteolysis. In parallel to
calpain activation, the Ubiquitin-Proteasome System (UPS), one of the major protein
degradation systems in the cells, which also regulate several key and physiological functions,
was also shown to be downregulated under energy-depriving conditions. However, how these

two proteolytic systems are interconnected under ischemic conditions is currently unknown.

Multiple lines of evidences suggest that proteasome inhibition is beneficial in in vivo models of
transient/global ischemia by halting the inflammatory process. However, proteasome activation
may also be a powerful tool to prevent cell demise in acute brain injury, and in other disorders
of the nervous system, by enhancing the degradation of damaged proteins. In this work, we
characterized the alterations in the subcellular distribution of the proteasome in cultured
neurons subjected to ischemic conditions, and investigated the mechanisms contributing to the
downregulation of the proteasome under the same conditions. In particular, we focused on the
putative effects of calpains on the proteasome components, and the impact of the proteasome
in neuronal demise. We found that Oxygen-Glucose Deprivation (OGD), a well-known in vitro
model mimicking transient global ischemia in cultured neurons, had a differential effect on the
dendritic distribution of the proteasome proteins PSMA2 and Rpt6, used as markers of the 20S
and 19S proteasome particles, respectively. Non-denaturing polyacrylamide gel electrophoresis
(PAGE) followed by immunoblotting with antibodies against the PSMA2 and Rpt6 also showed a
disassembly of the proteasome in cortical neurons subjected to in vitro ischemia, further
indicating that this is an appropriate model to study the regulation of the proteasome under

ischemic conditions.

OGD was also found to enhance calpain activity (assessed by the cleavage of its substrate
spectrin) and had the opposite effect on the activity of the proteasome (determined with a
fluorogenic substrate). In contrast with the biochemical changes often associated with inhibition
of the proteasome, polyubiquitin conjugates were found to be reduced in cortical neurons
subjected to OGD, while no changes were detected in free ubiquitin levels. Two non-related

assays were used aiming at identifying which subunits of the 19S proteasome may be cleaved by



calpains: (i) cleavage of endogenous proteins in cortical neurons subjected to OGD and (ii)
cleavage of green fluorescent protein (GFP) fusion proteins with proteasome subunits in extracts
obtained from HEK293t cells incubated with recombinant calpain. We found that the ubiquitin
acceptor Rpni0, together with Rpt3 and Rpt5 are calpain substrates, and this may also be the

case for Rptl and Rpn3.

Finally, here we report that inhibition of USP14, a deubiquitinating enzyme (DUB) associated
with the 26S proteasome, provides robust neuroprotection to cerebrocortical neurons subjected
to OGD. USP14 inhibition was previously shown to increase the proteolytic activity of the
proteasome towards specific substrates, suggesting that increasing degradation of canonical
proteasome substrates is sufficient to prevent cell death. Importantly, incubation of cortical
neurons with 1U1, the USP14 inhibitor, prevented the OGD-induced activation of calpains, but

the underlying mechanism remains to be investigated.

Taken together, the results show that OGD induces hypofunction of the proteasome, alongside
with an increased activity of calpain against proteasome resident subunits. The mechanism
proposed here conciliates the calpain-mediated cleavage of proteasome subunits with the
observed disassembly under ischemic conditions. Enhancing the activity of the proteasome
prevents cell demise associated with OGD in cultured cerebrocortical neurons, and may

represent a novel therapeutic target to restore the deficits observed after stroke.

Keywords: Ubiquitin-Proteasome System (UPS), Calpains, neuroprotection, cleavage, substrate,

ischemia, Oxygen and Glucose Deprivation (OGD), Deubiquitinating enzyme (DUB)



Resumo

O acidente vascular cerebral (AVC) é caracterizado pela diminuicdo da irrigacdo sanguinea ao
nivel do cérebro, com consequente alteracdo da atividade metabdlica. O subito decréscimo dos
niveis de ATP afeta toda a neurotransmissdo excitatéria e inibitéria, e a sobreactivacdo dos
recetores para o glutamato levam a morte neuronal (excitotoxicidade). Nestas condicdes, o
aumento excessivo da [Ca’"]; na célula pds-sinaptica é responsavel por ativar as calpainas, um
grupo de proteases reguladas por este ido que controla a funcdo de iniUmeras proteinas na
célula através de protedlise limitada. Paralelamente a ativacdo das calpainas, o Sistema
Ubiquitina-Proteassoma (UPS), o principal sistema de degradacgdo proteico existente nas células,
gue tem um papel chave na regulagdo de varios processos bioldgicos, encontra-se inibido em
condicGes de deficit de energia na célula. No entanto, a forma como estes dois sistemas

proteoliticos interagem ndo é de todo conhecido.

Varias evidéncias sugerem que a inibicdo do proteassoma tem um papel protetor em modelos in
vivo de isquémia transiente/global, através da inibicdo do processo inflamatério. No entanto, a
ativacdo do proteassoma também pode ser benéfica na prevencdo da morte celular em vdrias
agressbes do tipo agudo/traumaticas ao nivel do cérebro, bem como em doencgas
neurodegenerativas, através do aumento da degradacdo de proteinas danificadas. Neste
trabalho, caracterizamos a alteracdo na distribuicdo subcelular do proteassoma em neurdnios
submetidos a isquémia in vitro, bem como os mecanismos que contribuem para a diminuicdo da
atividade do proteassoma nas mesmas condi¢cdes. Focdmo-nos em particular nos efeitos
putativos das calpainas sobre componentes do proteassoma, bem como no impacto do UPS na
morte celular. Observou-se que a deprivacdo de oxigénio e glucose (OGD) em neurdnios em
cultura, um modelo in vitro que mimetiza o efeito transitdrio da isquémia global, tem um efeito
diferencial na distribuicdo dendritica das proteinas PSMA2 e Rpt6, duas subunidades do
proteassoma vulgarmente usadas como marcadores do 20S e do 19S, respetivamente.
Eletroforese em géis de poliacrilamida em condi¢cdes ndo desnaturantes, seguido de imunoblot
contra as proteinas PSMA2 e Rpt6, revelou que o proteassoma é desmontado em neurdnios
corticais submetidos ao modelo in vitro de isquémia cerebral, indicando que se trata de um

modelo apropriado para estudar a regulacdo do proteassoma nestas condicdes.

A incubacdo transitdria de neurdnios em cultura na auséncia de oxigénio e glucose induziu a
ativacdo de calpainas (avaliado através da anadlise da clivagem da espectrina) e alterou de forma
oposta a atividade do proteassoma (determinado através de um ensaio fluorogénico). No

entanto, ao contrario das alteragbes bioquimicas observadas apds inibicdo quimica do



proteassoma, os niveis de proteinas conjugadas com cadeias de poliubiquitina diminuiu em
neurdnios corticais em cultura submetidos a OGD, ndo tendo sido observadas quaisquer
alteracdes nos niveis da ubiquitina livre. Com o objetivo de identificar que proteinas associadas
ao 19S podem ser clivadas pelas calpainas, usamos dois ensaios distintos: (i) analise da clivagem
de proteinas enddgenas em neurdnios corticais em cultura submetidos a OGD e (ii) clivagem de
proteinas de fusdo contendo a sequéncia de aminoacidos de subunidades do proteassoma
associada a GFP (green fluorescent protein) em extratos de células HEK293t incubados com
calpaina recombinante. Nestes ensaios observou-se a clivagem do recetor para a ubiquitina
Rpn10, juntamente com a proteina Rpt3, sendo que o mesmo podera também acontecer para as

proteinas Rptl e Rpn3.

Neste trabalho observdmos também que a inibicdo da USP14, uma enzima de desubiquitinacdo
(DUB) associada ao proteassoma 26S, tem um efeito protetor significativo em neurdnios
corticais submetidos a OGD. Estudos prévios mostraram que a inibicdo da USP14 estimula a
capacidade proteolitica do proteassoma sobre substratos especificos, sugerindo que o aumento
da degradacdo dos seus substratos candnicos é suficiente para prevenir a morte neuronal.
Observou-se também que a incubagdo de neurdnios corticais com o inibidor USP14 impede a
ativacdo de calpainas em resultado da incubacdo em condi¢cGes de OGD. No entanto, os

mecanismos responsaveis pela inibicdo das calpainas nestas condi¢des ndo estdo esclarecidos.

Em conjunto, os resultados obtidos mostram que a atividade do proteassoma se encontra
diminuido em condi¢cGes de OGD, bem como a clivagem de proteinas associadas ao mesmo por
parte das calpainas. O mecanismo aqui proposto concilia a clivagem de proteinas associadas ao
proteassoma com a sua desmontagem em condicGes de isquémia. O aumento da atividade do
proteassoma preveniu a morte de neurdnios corticais em cultura submetidos a OGD, e pode

representar uma nova estratégia terapéutica na recuperacao do tecido nervoso apds um AVC.

Palavras-chave: Sistema Ubiquitina-Proteassoma (UPS), calpainas, neuroprotecgao, isquémia,

deprivacdo de oxigénio e glucose (OGD), enzima de desubiquitinacdo (DUB)
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Chapter 1 - Introduction

1. Introduction

Brain ischemia arises from a disturbance in the blood supply to the brain, mainly due to cardiac
arrest or to occlusion of a blood vessel. Atherosclerotic or thrombotic blockade of blood vessels
limits blood flow to a discrete area of the brain, while cardiac arrest affects the whole brain. The
resulting decrease in oxygen supply and the consequent impairment in the metabolic activity
affects the balance between excitatory and inhibitory neurotransmission, due to an upregulation
of the glutamatergic activity and a downregulation of the GABAergic neurotransmission (Choi,
1987; Curcio et al., 2016; Mele et al., 2016). The extracellular accumulation of glutamate leads to
an overstimulation of glutamate receptors, with a consequent intracellular free calcium
concentration ([Ca®'];) overload, which plays a key role in neuronal demise (excitotoxicity). The
toxic effects of glutamate-evoked [Ca®']; dysregulation are at least in part mediated by activation
of calpains, a group of calcium-dependent proteases present in different neuronal
compartments. In addition to the effects on the neuronal proteome mediated by calpains, brain
ischemia also alters neuronal proteostasis by inhibition of the ubiquitin-proteasome system and

release of cathepsins from the lysosomal compartment (Caldeira et al., 2014).

1.1. Brainischemia

Cerebral ischemia is one of the most common causes of death and disability worldwide in
developed countries, and hypertension has been associated with a higher risk for this malady
(Macrez et al., 2011). The lack of oxygen and nutrients in the entire brain (global ischemia,
caused by cardiac arrest) or in a specific brain area (focal ischemia, e.g. due to stroke caused by
an occlusion of a blood vessel that irrigates the affected region) impairs neuronal metabolism in
brain ischemia (Figure 1.1). The subsequent energy depletion is the first step of a complex and
intricate process leading to cell demise. Although transient global ischemia affects all forebrain
areas, hippocampal neurons are particularly vulnerable to the ischemic insult being pyramidal
neurons in the CA1 region the most susceptible (Kirino, 1982; Pulsinelli et al., 1982). Despite
their sensitivity to the ischemia-reperfusion injury, CA1 neurons die far later after the insult, in a

process known as delayed neuronal injury, which is not yet fully elucidated.

In focal brain ischemia, tissue damage is more severe in the region at the center of the stroke,
known as ischemic core, which fully depends on the nutrients provided by the affected blood
vessel. Indeed, in this area neurons cannot sustain ATP synthesis because of the shortage of
oxygen and glucose. On the other hand, neuronal damage in the surrounding region (penumbra)

progresses at a slower rate due to a limited supply of components required for metabolic
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activity, provided by collateral circulation (Dirnagl et al., 1999). The limited availability of ATP in
the penumbra region induces a delayed apoptotic cell death, while in the core region the
impairment of ATP-dependent mechanisms contributes to a rapid necrotic cell death (Lipton,
1999; Broughton et al., 2009). Plasma membrane depolarization (Lipton, 1999), early release of
glutamate by exocytosis (Goldberg and Choi, 1993; Dawson et al., 2000), downregulation of Na*-
dependent high-affinity uptake of glutamate by excitatory amino acids transporters (EAAT) in
the astrocytic processes (Dallas et al., 2007) as well as their operation in reverse mode (Rossi et
al., 2000; Grewer et al., 2008) induce an accumulation of excitatory amino acids in the
extracellular space, causing a toxic overactivation of glutamate receptors (excitotoxicity) (Olney,
1969; Choi, 1987). Prolonged activation of ionotropic glutamate receptors, NMDA (N-methyl-D-
aspartate) receptors (NMDAR), AMPA (a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid)
receptors (AMPAR) and kainate receptors (KAR), further contributes to increase the [Na‘]; and
[Ca™]; under excitotoxic conditions. The influx of cations via glutamate receptors, particularly
Na’, increases the intracellular water content, resulting in cytotoxic edema (oncotic cell death)
(Koh et al., 1990; MacGregor et al., 2003; Song and Yu, 2014). However, Ca* entry into neurons,
rather than sodium entry, has been suggested to be the key event of glutamate toxicity in the
ischemic brain (Choi, 1988; Manev et al., 1989; Kristian et al., 1998). According to the calcium
overload hypothesis, the rise in [Ca’']; leads to mitochondrial dysfunction and generation of
reactive oxygen species, and overactivates Ca’’-dependent enzymes such as proteases,
phospholipases and endonucleases, which breakdown proteins, lipids and nucleic acids,
respectively, thereby contributing to cell demise (Choi, 1988; Manev et al., 1989). In the
penumbra region, mitochondria were also shown to undergo morphological changes from a
tubular/filamentous structure to a more spherical shape; the same was shown in a model of
NMDA-induced toxicity (Barsoum et al., 2006; Martorell-Riera et al., 2014). Interestingly, genetic
deletion of the OPA1, a protein involved in the fusion of mitochondria, promoted mitochondrial
fission and increased GluN1, GIuN2B, GIuN2B protein levels, as well as the expression of the
proapoptotic protein BAX. These results suggest a positive feedback loop between NMDAR
overactivation and mitochondrial fragmentation in Retinal ganglion (RGC) cells (Nguyen et al.,

2011).
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Figure 1.1- The ischemic core and penumbra. The most affected brain region after an ischemic stroke is the core
region (red), which under normal conditions depends on the blood supplied by the vessel that was occluded. Cell
death is more severe in this region due to an overall failure of the mechanisms responsible to maintain ionic
homeostasis, and also due to a severe glucose shortening. On the other hand, in the surrounding region (penumbra)
neuronal damage progresses at a slower rate due to a limited supply of components required for metabolic activity,
provided by collateral circulations. In the latter region, cell death is not as severe when compared with the ischemic
core, and occurs at a later phase if reperfusion does not occur. All the therapeutic strategies aim at preventing cell
death in the penumbra region (Dirnagl et al., 1999).

Loss of the Brain-blood barrier (BBB) integrity is another key feature after cerebral ischemia in
humans and rats (Belayev et al., 1996; Latour et al., 2004). This is particularly relevant in terms
of brain physiology since breakdown of this protective layer allows the entry of peripheral blood
molecules into the brain (e.g. proinflammatory molecules), thus promoting an unbalance of
brain homeostasis (Obermeier et al., 2013). The BBB breakdown/leakage in the striatum occurs
as fast as 30 min after 60 min of middle cerebral arterial occlusion (MCAo) model in mice, and is
further extended in the striatum and in cortical areas 1 h after the insult; a broader BBB
deterioration and permeability to both small and large tracers is observed 24 h later (Shi et al.,
2016b). In fact, after cell death, a strong inflammatory process is observed in the ischemic brain
(ladecola and Anrather, 2011). Natural killer cells were found to be attracted to the lesion site
after an acute middle cerebral artery ischemic stroke, and the lack of these cells reduced brain
infarct size in a murine model of transient focal ischemia (Gan et al., 2014). Given the
importance of the neuron-glia crosstalk in brain plasticity and disease, it is not surprising that
astrocytes may represent an additional protective pathway against brain ischemia (Khakh and
Sofroniew, 2015). From the molecular point of view, astrocytes can release healthy and
functional mitochondria to the extracellular space, which are actively uptaken by neurons
thereby amplifying cell survival signals after brain ischemia (upregulated pAKT and BCL-XL), thus

promoting cell survival (Hayakawa et al., 2016).

Selective cell death in the mouse striatum starts at 18 h after inducing MCAo for 30 min, further

increases at 36 h, with a peak registered at 72 h post-insult (Katchanov et al., 2001). Within the
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striatum, different population of neurons are unequally affected. Thus, brain ischemia (30 min
MCAo0) resulted in a substantial loss of medium spiny projection neurons as seen at day 3,
whereas cholinergic, GABAergic, and somatostatin-containing interneurons are not affected 3
and 7 days after the ischemic event (Katchanov et al., 2003). Under these conditions, a high rate
of DNA methylation is observed which may induce changes in the gene expression profile
favoring cell death. Accordingly, reduction/blockage of DNA methylation using chemical
inhibitors/genetic tools of DNA methylfransferases decreased the infarct size evoked by 30 min

of MCAo when evaluated 72 h after reperfusion (Endres et al., 2000).

It is widely accepted that the cerebral cortex area (and other brain regions) is more resilient to
cerebral ischemia-induced cell death when compared to other brain regions (e.g. CA1 region of
the hippocampus). Apoptotic cell death is observed in the CA1 region of hippocampus 3 days
(further increasing at day 7) after inducing the 4-vessel occlusion (4-VO) model in adult rat for 15
min, whereas, for instance, the cerebral cortex was not affected under the same conditions
(Ayuso et al., 2013). A model of global ischemia in the gerbil [5 min of bilateral common carotid
arteries occlusion (BCCAo)] induced substantial cell loss of pyramidal cells in the hippocampal
CA1, evident at day 5, whereas no neuronal loss was observed in the CA2 and CA3 regions, or in
the dentate gyrus 3 days after the insult [(Calderone et al., 2004) see also (Calderone et al.,

2003; Colbourne et al., 2003)].

Intrinsic differences between cell types may explain why the hippocampus is more affected by
brain ischemia when compared with other regions, such as the cerebral cortex. Under ischemic
conditions, the colocalization (and presumably interaction) between elF4E (eukaryotic initiation
factor (elF) 4E) and eukaryotic initiation factor 4E-binding protein-2 (4E-BP2), which is critical to
control protein synthesis, is decreased in the cerebral cortex and maintained in the CA1 region
of the hippocampus. The interaction between the two proteins reduces the rate of protein
synthesis and in accordance with the data regarding the interaction of the two proteins a
decrease in translation activity was specifically observed in the hippocampus. Preventing
translation inhibition, by 4E-BP2 knockdown or with ciclohexamide, decreased apoptotic cell
death in the CA1 region under the same conditions, further elucidating the differences between
the cerebral cortex and hippocampus in the response to the ischemic injury (Ayuso et al., 2013).
Cortical neurons also showed greater spine shrinkage when compared to equivalent
hippocampal cultures exposed to an in vitro model of transient global ischemia. The behavior of
hippocampal neurons was related with the higher expression of the Rac guanine nucleotide
exchange factor (GEF) Tiam1, a protein involved in actin cytoskeleton dynamics (Blanco-Suarez

et al., 2014). Therefore, spine shrinkage and active protein synthesis maintenance may be
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additional intrinsic neuroprotective mechanisms against brain ischemia present in cortical (but

not in hippocampal) neurons.

Neonatal ischemia in P7 rat pups (3 h MCAo followed by 24 h of reperfusion) induces a
significant infarct size (Derugin et al., 1998) and very extensive reactive microglia infiltration in
the ischemic core (Derugin et al., 2000). Using a similar protocol to induce brain ischemia, the
BBB was shown to be undisturbed in the neonatal but not in adult rats, as shown by changes in
the permeability to small and large tracers. Expression of occludin and Z0O-1, proteins that
contribute to the maintenance of the basic structure of BBB by restricting the passage of
proteins into the brain, was found to be unchanged (others were found to be upregulated) in
both injured and contralateral tissue of neonatal, but were largely reduced in injured adult rats

(Fernandez-Lopez et al., 2012).

Oxygen and glucose deprivation (OGD) is a well-known protocol to mimic ischemia-reperfusion
in cultured neurons and recapitulates many of the features that characterize the ischemic
stroke. In this in vitro model there is also a decrease in ATP levels, similarly to the in vivo
condition, but it does not allow distinguishing features characteristic of the penumbra and core
regions (Hayakawa et al., 2016). Single cell analysis of neurons subjected or not to OGD gave
some refined insights about the individual behavior of each cell. Cortical neurons subjected to
40-45 min of OGD showed an immediate reduction of the ATP levels by about 50 %, reaching a
plateau at 20 % when compared with the initial values at 10 min after the insult (Connolly et al.,
2014). Two Ca** waves were also detected, one immediately after the onset of the insult, and a
second when the medium was changed to cultured-conditioned medium (reoxygenation), which
lasted almost 2.5 h. However, the depolarization of the mitochondrial membrane was only
observed during the OGD period, with a full recovery during reperfusion. Importantly, under
these conditions, cell death was about 50 % when evaluated 24 h after the insult (Connolly et al.,

2014).

OGD was also shown to compromise cell viability in cultured neurons. From the different
methods available, Tables 1.1 and 1.2 summarize some of the findings regarding the extent of
neuronal death in cerebrocortical neurons and hippocampal neurons, respectively, when
exposed to different OGD and post-incubation periods. Although the results obtained varied
depending on the experimental conditions used, the developmental stage of both types of

cultures have an impact in neuronal death after transient OGD.
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Table 1.1- Effect of OGD on the viability of cultured cerebrocortical neurons. The table summarizes

the results obtained in studies using different experimental conditions.

Post-incubation .
0oGD period Culture information | % cell death Method Reference
30 min 24h 9 DIV Somatosensory | ce o jnrease MTT assay (1
cortical neurons
8-11 DIV
45 min 24 h Cerebrocortical 40 % increase | Hoechst 33342/PI [2]
neurons
5 DIV Cerebrocortical
15h 24 h neurons 20 % increase AnnexinV 3]
8 DIV Cerebrocortical
2h 24 h neurons 4-fold increase LDH (4]
5-6 DIV Cerebrocortical 20.% Increase
25h 24h neurons Pl [5]
14-15 DIV
i S0%i
3h 21h e e ncontical nerease 1 pifcalcein-Am (6]
neurons

MTT assay- 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay; PI- Propidium iodide;
LDH- Lactate dehydrogenase. [1]- (Wang et al., 2012); [2]- (D'Orsi et al., 2015); [3]- (Lin et al., 2015); [4]-
(Guan et al., 2016); [5]- (Choy et al., 2016); [6]-(Beck et al., 2003).

Table 1.2- Effect of OGD on the viability of cultured hippocampal neurons. The table summarizes the

results obtained in studies using different experimental conditions.

Post-incubation

0GD period Culture information | % cell death Method Reference
20 min 48h 15-20 DIV Hippocampal | ,¢ o/ ;1\ reace Pi/Hoechst 11,2]
neurons 33342
15h 8h 15 DIV Hippocampal | 34 o vease | Hoechst 33342 3]
neurons
15h 24h 15 DIV Hippocampal | g o (' reace LOH (4]
neurons
25h 24h 10 DIV Hippocampal | g o reace LDH (s]

neurons

PI- Propidium iodide; LDH- Lactate dehydrogenase. [1,2]- (Blanco-Suarez et al., 2014; Blanco-Suarez and

Hanley, 2014); [3]- (Costa et al., 2016), [4]- (Vieira et al., 2016); [5]- (Donath et al., 2016).

This may suggest that the developmental stage in both types of cultures may actually have a

profound impact in neuronal death after inducing OGD.

Cell death in ischemia-reperfusion models of brain ischemia is currently under investigation,

since the primary route(s) for neuronal cell death remains to be determined. Therefore, a better
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understanding of the pathways that lead to neuronal death in brain ischemia is of outmost
importance in order to develop therapeutic strategies to halt cell demise. Apoptosis has been
widely accepted to be an ATP-dependent mechanism of cell death (Elmore, 2007). Despite the
reduced levels of ATP in the ischemic tissue (Lipton, 1999), specially in the core region, it is quite
common to find several key features of neuronal apoptosis in neurons subjected to in vitro or in
vivo models of transient global/focal ischemia [e.g (Li et al., 2014)]. The proapoptotic Bax protein
is a key player in the regulation of the apoptotic cascade acting at the mitochondrial level. Bax”"
mice showed a reduced infarct size when subjected to 60 min of MCAo, and a reduction in
propidium iodide incorporation was also observed in Bax”" cortical neurons exposed to OGD for
45 min followed by 24 h of reoxygenation. These cells also showed a better recovery cytosolic

Ca* increase when compared with neurons expressing Bax (D'Orsi et al., 2015).

Cytochrome c release from the mitochondria, a hallmark of the mitochondrial apoptotic
pathway, was observed at day 4 after 5 min of BCCAo in gerbils, and this alteration was
prevented by the inhibitor of the Bax channel Bcil, which also prevented the staurosporine-
induced apoptosis (Hetz et al., 2005). The apoptotic cascade culminates in the activation of the
executioner caspase-3, which is responsible for cleaving a plethora of substrates that are
responsible for DNA fragmentation, cell shrinkage, and chromatin condensation among other
classical apoptotic features (Mcllwain et al., 2015). Caspase-3 is activated after subjecting
cultured cerebrocortical neurons to OGD for 2 - 4 h (Meller et al., 2006; Li et al., 2014), and in
mice subjected MCAo (2 h) (Li et al., 2014). Initial kinetic studies showed significant caspase-3
activation starting at 9 h after reperfusion and lasting up to 24 h after 30 min of MCAo; a
reduction in the infarct volume was obtained even when the caspase-3 inhibitor Z-DEVD-FMK
was administered up to 9 h after the insult (Fink et al., 1998). Moreover, rats subjected to 90 min
of MCAo showed increased levels of mitochondrial fragmentation (Drpl marker), apoptosis
(cleaved caspase-3), oxidative stress (3-NT) as well as autophagy (LC-3 I/l ratio) in the penumbra
region of the ipsilateral cortex, when evaluated 3 days after the insult (Kim et al., 2016). More
recent data corroborates in a more integrated way the previous findings, showing that 60 min of
MCAo in mice activates caspase-8,9 and-3, enhances Bax protein as well as Bim phosphorylation

at day 3 (Donath et al., 2016).

Activation of a mitochondrial apoptotic pathway in brain ischemia is further supported by the
results obtained with the BCCAo model (5 min), which showed the mitochondrial accumulation
of the apoptotic regulator p53 in a complex with BCL-XL at 8 h after reperfusion, with
subsequent release of cytochrome-c to the cytosol; this was evident in the CA1l region of the

hippocampus and absent in the CA3 region. At a later point (72 h after the insult), most of the
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cells in the CA1l region showed apoptotic morphology and a significant increase in DNA
fragmentation, alterations that were prevented by the p53 inhibitor Pifithrin-a (PFT) (Endo et al.,
2006a). An upregulation of p53 protein levels was found 12 h after MCAo (for 2 h) in mice, and
in cultured primary neurons (11 DIV) subjected to OGD for 4 h followed by 6 h of reoxygenation
(Li et al., 2014). In line with these evidence, several other reports showed protection against the
ischemic injury upon inhibition/blockade, reduction or even deletion of p53 (Crumrine et al.,

1994; Luo et al., 2009; Filichia et al., 2015).

Biochemical alterations in the proteome of cultured neurons subjected transiently to OGD have
been reported in several studies. A decrease in the abundance of Nuclear factor (erythroid-
derived 2)-like 2 (Nrf2) was reported in primary cultures of rat cortical neurons subjected to 1.5
h of OGD, when evaluated after the insult (starting at 1 h); similar results were obtained in rats
submitted to 1 h of MCAo (Chen et al., 2016). Blocking the interaction of Nrf2-Keap1, with a cell-
permeable peptide, thus allowing its stabilization and nuclear translocation, was found to afford
strong neuroprotection in a model of global cerebral ischemia (Tu et al., 2015). This is of utmost
importance since this protein participates in the expression of genes coding for proteins with

antioxidant effects (Zhang et al., 2016).

The serine-threonine kinase Akt regulates cell survival pathways by shutting off pro-death genes,
and by activating genes associate with cell survival (Kawano et al., 2002). In some studies, the
increase in neuronal death in brain ischemia is associated with an upregulation in Akt
phosphorylation (e.g. on Ser473) which activates the kinase. These are endogenous
neuroprotective mechanisms that may counteract to some extent the demise process. For
example, pAkt(Ser473) was increased in the CA1 region of the hippocampus at 8 h after BCCAo
(5 min), and the DNA fragmentation observed 3 days after the insult was further exacerbated
when Akt phosphorylation was inhibited by administration of the PI3-K inhibitor LY294002 (Endo
et al., 2006b). Studies using a different model of brain ischemia (60 min of MCAo) showed
increased pAkt(Ser473) protein levels in the territory cortex of the cerebral cortex, but not in
core region, when evaluated 4 h after the insult, further suggesting that Akt phosphorylation
may regulate cell survival/death (Noshita et al., 2001). Although it was proposed that the
severity of the insult may also account for the differential results reported in the literature
concerning the effects of ischemic injury on pAkt(Ser473) (Ouyang et al., 1999; Yano et al.,
2001), recent data showed an increase in pAkt in both the ischemic core (characterized by a
more extensive cell damage) and in the penumbra immediately after the ischemic insult (2 h of
MCAOo0), returning to control levels 60 min later (Zhou et al., 2015). The complexity of the role of

Akt in brain ischemia is further shown by the results of experiments using the 4-VO model (10
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min). In this model, there was an upregulation of pAkt(Ser473) in post-ischemic neurons in the
CA1 region of the hippocampus until 12 h post-insult, which however was not associated with an
enhancement in kinase activity. Instead, there was an increase in the expression of the Akt
endogenous inhibitor, Carboxyl-terminal modulator protein (CTMP) (Miyawaki et al., 2009).
Differently from the in vivo models, OGD for 1.5 h was shown to decrease pAkt as well as the
phosphorylated form of PI3K when evaluated 24 h after the insult. Strikingly, further cell death
was observed in the presence of the PI3-K inhibitor LY294002, in accordance with the results
discussed above (Hansen et al., 2014). Although there is some variability depending on the
experimental system used, the available evidence points to a role of the PI13-K/Akt pathway as an

endogenous neuroprotective strategy.

1.1.1 Role of glutamate receptors in excitotoxic injury

Under physiological conditions, glutamate release induces a transient increase in the
concentration of the neurotransmitter at the synapse, with a consequent short-term activation
of glutamate receptors. Glutamate is then rapidly uptaken by the transporters associated with
the plasma membrane of the cells surrounding the synaptic cleft, particularly by astrocytes
(zhou and Danbolt, 2014). Activation of AMPAR/KAR allows the influx of Na' along its
electrochemical gradient, thereby depolarizing the postsynaptic membrane. The AMPAR-
mediated depolarization triggers i) the opening of the voltage-dependent calcium channels
(VDCC) and ii) the removal of the Mg”* block of Ca**-permeable NMDAR, allowing the influx of
Ca®* into postsynaptic neurons (Kristian and Siesjo, 1998). The difference in [Ca*'] between the
intra- and extracellular compartments ([Ca*']. is 10000-fold higher than [Ca®']) is tightly
regulated by mechanisms of Ca®" influx/efflux and Ca®* sequestration (Berridge et al., 2003).
Under normal physiological conditions the increase in the postsynaptic [Ca®]; following
activation of glutamatergic synapses triggers signaling events and activates the machinery that
prevents a [Ca®*]; overload, such as: i) calcium export via the high affinity and low capacity Ca*'-
ATPase, and the lower affinity, but with much larger capacity, Na*/Ca®* exchanger (White and
Reynolds, 1995; Guerini et al., 2005), ii) calcium buffering (Gilabert, 2012; Matthews et al., 2013)
and iii) calcium sequestration within intracellular organelles, including mitochondria and the
endoplasmic reticulum (ER) (Chinopoulos and Adam-Vizi, 2010; Bodalia et al., 2013). In the
ischemic brain, the impairment of homeostatic pathways controlling Ca®* influx, efflux and
release from intracellular stores induces an accumulation of Ca** inside the cells, which is

deleterious
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1.1.2 Role of AMPA receptors in excitotoxic injury

AMPAR are cation channels formed by assembly of four subunits, GIluA1-GluA4, and their
subunit composition determines their permeability to Ca®*. In the adult brain, AMPAR containing
GluA2 subunits are largely impermeable to Ca”, whereas the lack of this subunit makes the
receptors permeable to Ca®* and Zn*" (Hollmann et al., 1991). The low Ca®* permeability of
GluA2-containing receptors is due to editing of the pre-mRNA for this AMPAR subunit by the
adenosine deaminase acting on RNA [type 2] (ADAR2) at the Q/R site, corresponding to residue
607. In fact, in the adult brain the mature GluA2 proteins contain an arginine residue (R) within
the M2 membrane loop region at position 607 in place of the genomically encoded glutamine
(Q) (Geiger et al., 1995; Jonas and Burnashev, 1995). This Q/R editing is specific to the GIluA2
subunit and the additional positive charge introduced into the pore by the presence of R607
prevents the passage of divalent cations and reduces single-channel conductance (Jonas and
Burnashev, 1995; Swanson et al., 1997). Thus, channels containing edited GluA2 subunits are
impermeable to Ca®* and exhibit a relatively low single-channel conductance, while those lacking

edited GIuA2 are Ca**-permeable and show a higher conductance (Filippini et al., 2016).

In the ischemic brain, the role of AMPAR in excitotoxic injury is primarily (but not exclusively)
linked to the depolarization of the membrane which removes the Mg?* block of nearby NMDAR.
Several studies using in vivo and in vitro models of brain ischemia showed neuroprotective
effects resulting from inhibition of AMPAR and KAR (Buchan et al., 1991; Gill et al., 1992;
Schielke et al., 1999; Montero et al., 2007). In the ischemic brain, it was reported a decrease in
the expression levels of GIuA2 subunits, with a consequent increase in GluA2-lacking AMPAR
channels, which contributes to the delayed neurodegeneration following transient forebrain
ischemia (Pellegrini-Giampietro et al., 1997). In fact, GIuA2 gene expression and protein levels
were decreased in pyramidal neurons of the hippocampal CA1 region in gerbils subjected to 5
min of bilateral common artery occlusion (BCAo) followed by 60 or 72 h reperfusion, before the
onset of neuronal death (Opitz et al., 2000). In another study it was found that 20 min of OGD
decreased GluA2 surface expression at the synaptic sites in cultured hippocampal neurons, via a
clathrin-dependent internalization, and facilitated the delivery of GluA2-lacking AMPAR to the
synapse, thereby contributing to the synaptic expression of AMPAR lacking this subunit (Liu et
al., 2006a). This mechanism was further investigated in a recent study comparing the changes in
AMPAR composition in cortical and hippocampal neurons subjected to OGD. Cultured cortical
neurons are resistant to an OGD insult that causes hippocampal neuronal death, due to the

rapid endocytosis of the GIuA2 subunit in hippocampal neurons subjected to the ischemic injury,
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a mechanism absent in cortical neurons; concurrently, GIuAl was inserted in both neuronal cell

types in response to OGD (Blanco-Suarez and Hanley, 2014).

Since GluA2-lacking AMPAR allow toxic influx of Ca®" and Zn*', the contribution of the change in
AMPAR subunit composition to ischemia-induced neuronal death was investigated using 1-
naphthyl acetyl spermine (Naspm), a specific blocker of GluA2-lacking AMPAR. Stereotaxic
intrahippocampal injection of Naspm, at different time points of reperfusion after transient
global ischemia in rats, reduced the accumulation of Zn?* and neuronal death in the hippocampal
CA1 region (Noh et al., 2005), showing a role for GluA2-lacking AMPAR in ischemia-induced
delayed cell death. Likewise, excitotoxic stimulation of cultured cortical neurons with glutamate
induced an NMDAR- and calpain-dependent downregulation of ADAR2 which correlated with
the loss of GIuA2 Q/R site editing (Mahajan et al.,, 2011). Moreover, 15 min of transient
forebrain ischemia in rats followed by 6 days of reperfusion decreased the expression of the
nuclear enzyme ADAR2 and therefore disrupted GIluA2 Q/R site editing in vulnerable neurons
(Peng et al., 2006). This downregulation of ADAR2 is expected to contribute to neuronal demise

by inducing the expression of Ca**-permeable GluA2(Q) receptors.

1.1.3 Role of NMDA receptors in excitotoxic injury

Differently from AMPAR, NMDAR are found in the brain as di- or tri-heteromeric complexes. The
GluN1 subunit, four different GIuN2 subunits (GIuN2A, GIuN2B, GIuN2C, GIuN2D) encoded by
four different genes, and two GIuN3 subunits (GIuN3A and GIuN3B, obtained from two distinct
genes) assemble to form functional NMDAR (Kutsuwada et al., 1992; Ishii et al., 1993; Traynelis
et al., 2010). NMDAR are activated when the depolarization of the plasma membrane induces
the removal of Mg®" from the receptor channel. The depolarization of the membrane is
mediated primarily by AMPARs (Mayer et al., 1984; Nowak et al., 1984), and the activity of
NMDAR also requires the binding of two different agonists, namely glutamate and glycine (or D-
serine) (Johnson and Ascher, 1987). The obligatory GluN1 subunit forms the co-agonist glycine
(D-serine) binding site, whereas GluN2 subunits provide the glutamate binding sites (Monyer et
al., 1992; Kuryatov et al., 1994; Laube et al.,, 1997). Functional NMDAR typically require
assembly of two GIuN1 subunits together with two GIuN2 subunits (forming di- or tri-
heteromeric receptors depending on GIuN2 subtypes), displaying different biophysical and
pharmacological properties based on their molecular composition (Paoletti et al., 2013). Di-
heteromeric NMDAR composed of GIuN1/GIuN2A and GIuN1/GIluN2B display lower agonist and
co-agonist potencies, higher sensitivity to the Mg”" block, higher Ca®* permeability and higher
single-channel conductance when compared with GluN1/GIuN2C and GIuN1/GluN2D NMDAR
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(Stern et al., 1992; Wyllie et al., 1996; Erreger et al., 2007; Chen et al., 2008b). Tri-heteromeric
NMDAR composed of GIuN1/GIuN2A/GIuN2B, which hold distinct pharmacological and kinetic
properties from di-heteromeric receptors (Hatton and Paoletti, 2005; Hansen et al., 2014), are

highly expressed in the adult brain, especially in hippocampal synapses (Rauner and Kohr, 2011).

NMDAR subunits are differentially distributed in the brain and their expression profile also
changes during development, giving rise to distinct receptors with different biophysical and
pharmacological properties (Monyer et al., 1994; Lau and Zukin, 2007; Paoletti et al., 2013). In
addition to GIuN1, which is virtually expressed in all neurons, the most expressed NMDAR
isoforms in the adult brain are GIuUN2A and GIuN2B (Monyer et al., 1994; Paoletti et al., 2013).
Nevertheless, in the adult forebrain, GIuN2B containing NMDAR are fourfold more expressed
when compared with GIUN2A-NMDAR; the same trend is observed in the hippocampus,
thalamus, olfactory bulb among other regions (Frank et al., 2016). There is evidence that GIuN2A
is mainly expressed at the synapses of neurons in the adult brain whereas GluN2B-containing
NMDAR are found in extra- and peri-synaptic sites (Groc et al., 2006). However, more recent
data suggest that GIuN2B is not only found out of the synapse, because it can also form di- or tri-

heteromers at synaptic sites (Storey et al., 2011; Wyllie et al., 2013).

Pharmacological studies showed that NMDAR activity and function plays a key role in the
survival of different types of neurons, through activation of signaling pathways coupled to the
induction of survival genes and suppression of death genes (Hardingham, 2006; Hardingham and
Bading, 2010). This hypothesis is also supported by studies with transgenic animal models
showing that mice lacking GIuN1 gene expression die soon after birth (Forrest et al., 1994), and
by early studies showing that NMDAR antagonist induces cell death in the developing brain
(Gould et al., 1994). On the other hand, GIuN2A or GIuN2B knockdown had different effects on
mice viability, suggesting a distinct role for these two NMDAR subunits. Mice lacking GIuN2A
gene expression are viable but display impaired learning and memory, whereas GIuN2B
knockout mice showed a reduced viability (Sakimura et al., 1995; Kutsuwada et al., 1996). The
differential functional role of GIuN2A and GIuN2B NMDAR subunits has been attributed, at least

in part, to their distinct distribution on the plasma membrane.

In the ischemic brain, the spillover of glutamate from the synapse due to the low activity of the
glutamate uptake systems allows the stimulation of synaptic and extrasynaptic populations of
NMDAR, which is longer lasting than the transient activation under normal physiological
conditions (Figure 1.2). The sustained activation of extrasynaptic NMDAR has been shown to
play a key role in neuronal demise in the ischemic brain due to the recruitment of specific

signaling pathways. Studies with a chemical inhibitor of GIuN2B-containing NMDAR, which are
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mainly extrasynaptic, showed a reduction in the infarct volume following transient MCAo,
whereas blocking GIuN2A-containing receptors was without effect (Liu et al.,, 2007).
Furthermore, the GIuN2B subtype antagonist ifenprodil attenuated 4-VO-induced cell death
(Chen et al., 2008a). Similarly, ifenprodil was more effective than NVP-AAMO077, a preferential
GluN2A inhibitor, in reducing OGD-induced excitotoxicity as well as NMDAR-mediated elevation
of [Ca2+]i in cultured cortical neurons (Zhou et al., 2013). In addition, the NMDA-induced cell
death in hippocampal slices and cultured cerebrocortical neurons was found to be mediated by
NMDAR containing GIuN2B subunits, and insensitive to antagonists of GIUN2A subunits (Zhou
and Baudry, 2006; Liu et al., 2007). Together, these results point to a key and specific role of

GluN2B-containing NMDAR in excitotoxic damage.
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Figure 1.2- Overview of the glutamatergic synapse under normal and ischemic conditions. A) Under normal
physiological conditions, glutamate release from the presynaptic terminal activates synaptic NMDAR, which are
coupled to the regulation of the expression of genes that are often associated with neuronal survival. Because
NMDAR of different compositions show a dynamic distribution in the plasma membrane, it is also common to find
NMDAR at extrasynaptic sites. B) Brain ischemia promotes a massive release of the neurotransmitter glutamate which
is accumulated at the synaptic cleft. Under the latter conditions, glutamate spillover is observed and an overall
excessive activation of NMDAR is associated with cell demise (Lai et al., 2014).

Clinically, NMDAR antagonists have been developed in order to halt the excitotoxic cell death
after brain ischemia (Cheng et al., 2004). The vast majority of the NMDAR antagonists/inhibitors
developed and tested have failed due to a lack of neuroprotection or to their adverse cognitive
side effects in healthy individuals (Hoyte et al., 2004; Gonzalez-Burgos and Lewis, 2012).
However, the current view proposing a role for the excessive activity of NMDAR in excitotoxic
injury, and the use of drugs targeting these channels to prevent cell death, has been challenged.
Recent studies proposed a different model based on the evidence showing that pharmacological
blockade of the NMDAR channel with MK801 prevents the NMDAR current but it does not

prevent the excitotoxic dendritic-blebing, as well as cell lysis induced by transient OGD. The
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authors proposed an unidentified metabotropic function for the NMDAR-Src-Panx1 signaling
pathway in regulating cell death after ischemia (Weilinger et al., 2016) [for ineffectiveness of
NMDAR inhibition in preventing cell death after ischemia see also (D'Orsi et al., 2012; Saver et

al., 2015)].

Together, the available evidence suggests that NMDAR composition, in particular the presence
of GIuN2B subunits, and their localization, are the link between excitotoxicity and cell death

pathways.

1.1.4 Activation of extrasynaptic vs synaptic NMDAR in cell death

NMDAR-mediated Ca* entry is much more effective in killing neurons than the influx through
other channels, pointing to a source specificity in this signaling pathway (Curcio et al., 2016). The
relative role of synaptic and extrasynaptic NMDAR in excitotoxic injury remains controversial,
since contradictory results have been obtained using different experimental approaches.
Discrepancies were found in studies performed i) in distinct preparations, ii) using the same
models and/or iii) with the same protocol to stimulate the two populations of receptors (see

below).

Hardingham and co-workers were pioneers in addressing the relative contribution of
extrasynaptic NMDAR in inducing cell death in cultured hippocampal neurons (DIV 10-12). They
found that activation of the extrasynaptic population of NMDAR is coupled to excitotoxic
neuronal death, whereas activation of the synaptic population was often associated with cell
survival (Hardingham et al., 2002). Maturation of hippocampal neurons in culture (to 21-28 DIV)
is accompanied by an upregulation of NMDAR GIuN2A subunits (Zhou and Baudry, 2006), which

represents an additional extrasynaptic route for excitotoxic Ca*" signaling (Stanika et al., 2009).

Several studies have characterized the mechanisms underlying the differential responses to
activation of synaptic vs extrasynaptic NMDAR in cultured neurons, and showed that Ca®*-entry
through extrasynaptic NMDA receptors is selectively coupled to downregulation of pro-survival
signaling pathways and to the loss of mitochondrial membrane potential (Figure 1.3).
Mitochondrial Ca*" unbalance under the same conditions is linked with generation of reactive
oxygen species, which contribute to excitotoxic cell death (D'Orsi et al., 2012). In contrast,
synaptic NMDAR selectively increase the cAMP [(Cyclic adenosine monophosphate) response
element-binding protein (CREB)] activity and the expression of neuroprotective genes, thereby
promoting resistance to oxidative insults, and downregulate pro-death genes (Hardingham et

al., 2002; Papadia et al., 2005; Papadia et al., 2008; Zhang et al., 2011; Baxter et al., 2015).
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Figure 1.3- Activation of ionotropic glutamate receptors and downstream responses in brain ischemia. The
increased release of glutamate and the inhibition of glutamate uptake mechanisms in brain ischemia induces
glutamate spillover from the synapse which overactivate synaptic and extrasynaptic ionotropic glutamate receptors.
The downregulation of GIluA2 mRNA and protein expression, associated with the internalization of GluA2-containing
AMPAR and synaptic delivery of ca” permeable-AMPAR (lacking GIluA2) observed in post-ischemic neurons,
contribute to the increase in [Caz+]i. The [Caz+]i overload increases calpain activity with consequent cleavage of several
proteins, which contributes to cell death. Calcium influx through synaptic NMDAR induces signaling pathways which
upregulate the transcription of anti-apoptotic genes and genes involved in antioxidant defenses. In contrast, the
excessive activation of extrasynaptic NMDAR induces signaling pathways promoting transcription of pro-apoptotic
genes and mitochondrial injury, contributing to excitotoxic cell death. Moreover, extrasynaptic NMDAR activity
induces calpain-mediated cleavage of Myocyte enhancer factor 2 (MEF2), glutamic acid decarboxylase (GAD65/67), a.-
spectrin, Sodium-calcium exchanger 3(NCX3), and STEP (Caldeira et al., 2014).

Despite the extensive evidence favoring the selective role of extrasynaptic NMDAR in excitotoxic
death, this hypothesis has been questioned by several studies. Thus, the synaptic population of
NMDAR was shown to mediate the excitotoxic damage in cultured hippocampal neurons
subjected to hypoxic conditions and no protection was observed when extrasynaptic NMDAR
were blocked (Wroge et al., 2012). A different set of studies, performed in cultured cortical
neurons, showed no preferential coupling of synaptic or extrasynaptic NMDAR to excitotoxic
injury (Zhou et al., 2013). In the latter culture system, activation of synaptic or extrasynaptic
NMDAR alone did not cause measurable cell death, but instead stimulated pro-survival signaling

mechanisms (CREB, ERK, Akt). Furthermore, excessive stimulation with glutamate, NMDA,
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kainate or AMPA was not coupled to neuronal death in cell types that only possess extrasynaptic
NMDAR (e.g retinal ganglion cells) (Ullian et al., 2004). Additionally, PSD95 and PSD93
downregulation were shown to protect neurons from NMDAR-induced cell death and MCAo,

respectively (Cui et al., 2007; Rong et al., 2016).

The relative role of synaptic and extrasynaptic NMDAR in excitotoxic injury and neuronal survival
was also investigated in more complex settings, which reproduce the in vivo condition to a larger
extent. Recent studies using hippocampal slices subjected to OGD showed glutamate spillover
from the synapse which induced the activation of extrasynaptic NMDAR. Under the same
conditions, there was an increase in Ca>* activity in astrocytes which mediated the OGD-induced
upregulation in the frequency of extrasynaptic NMDAR-mediated currents. These results show
an important cross-talk between astrocytes and neurons in the activation of extrasynaptic

NMDAR (Dong et al., 2013).

Based on these evidences it was proposed that neuronal damage may arise from the co-
activation of synaptic and extrasynaptic NMDAR. The lack of compartmental specificity in the
NMDAR coupling to excitotoxic injury reported in these studies was correlated with the
similarity in the responses induced by NMDAR containing GIuN2A and GIuN2B subunits in
cultured cerebrocortical neurons: i) GIUN2A or GIuN2B mediated prosurvival signaling induced
by synaptic or extrasynaptic NMDAR and ii) both subunits contributed to the pro-death signaling
triggered by co-activation of synaptic and extrasynaptic receptors. Together, these data suggest
that both subunits mediate the function of synaptic and extrasynaptic NMDAR, and indicate that
they play similar roles in the activation of prosurvival and death pathways in cultured cortical
neurons (Zhou et al., 2013). Additional studies are required to determine i) whether and how
distinct NMDAR, with different cellular distributions and/or subunit compositions, are
differentially coupled to excitotoxic neuronal damage, and ii) the molecular mechanisms

involved.

1.2. The calpain-calpastatin system

1.2.1. Calpains

Calpains are a family of calcium-dependent neutral cysteine proteases ubiquitously expressed.
When active, these enzymes modify the structure and activity of their protein targets by limited
proteolysis. This mechanism is distinct from the complete protein degradation mediated by
proteasomes and lysosomes, and regulates different cellular processes such as tissue

regeneration, cell development, proliferation, differentiation, gene expression, signal
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transduction, synaptic plasticity and apoptosis (Ono and Sorimachi, 2012; Ono et al., 2016;
Salazar et al., 2016). Given the sequence homology in the human genome, 15 calpain members
have been so far identified (Campbell and Davies, 2012; Ono and Sorimachi, 2012) and are
classified as classical and non-classical depending on the conserved protein domains linked to
the calpain-type cysteine protease core [Figure 1.4A; (CysPc, see below)]. The classical calpains
contain the calpain-type beta-sandwich domain (CBSW), a domain known to interact with Ca®'
and phospholipids, and the 5 EF-hand domain on the C-terminus of CysPc (Figure 1.4A) (Goll et
al., 2003; Tompa et al., 2004; Ono et al., 2016). However, it was shown that the cation does not
interact with this region in the crystal structures of Ca*-bound calpain in complex with
calpastatin (Hanna et al., 2008; Moldoveanu et al., 2008). Calpains 1, 2, 3, 8,9, 11, 12, 13 and 14
were found to be expressed in humans, with calpain 1 and calpain 2 being ubiquitously
expressed and the best studied [for extensive reviews see (Goll et al., 2003; Curcio et al., 2016;

Ono et al., 2016)].

In the nervous system, calpain 1 and calpain 2 are highly expressed and are present in neurons
and glial cells, but their relative abundance differs. Calpain 1 is more expressed in neurons while
calpain 2 is more abundant in glial cells (Hamakubo et al., 1986). Calpain 1 and calpain 2 share
~60 % homology and their catalytic activity is modulated by interaction with a small (30 kDa)
regulatory subunit (CAPNS1), giving rise to heterodimers known as p- and m-calpain,
respectively [Figure 1.4A; (Goll et al., 2003; Sorimachi et al., 2011a)]. They are so called due to
the Ca”" concentration required for their activity: for half maximal in vitro activity, p-calpain

requires 3-50 uM Ca’" whereas 0.4-0.8 mM is necessary to activate m-calpain (Goll et al., 2003).

The 80 kDa catalytic large subunit of pu- and m-calpain contains four domains/regions (Sorimachi
et al., 2011b). The anchor helix (formerly called domain 1) at the N-terminus of the protein
stabilizes the structural arrangement of the heterodimers and undergoes autolysis during
calpain activation by Ca®* (Khorchid and Ikura, 2002). The catalytic CysPc domain is made up of
two protease core domains (PC1 and PC2), which form the active cysteine catalytic region and
physically interact with the endogenous inhibitor calpastatin or with the substrate (Strobl et al.,

2000; Melloni et al., 2006; Ono and Sorimachi, 2012).

The C-terminal domain (previously called domain 1V) of calpain contains 5 EF-hand motifs and it
is also referred to as penta-EF hand (PEF) domain of the large subnit [PEF(L)], and represents the
Ca’*-binding domain (Khorchid and lkura, 2002; Campbell and Davies, 2012). The regulatory
subunit of py- and m-calpain is composed of two domains/regions, the glycine-rich hydrophobic

N-terminus domain and the calcium-binding domain (previously called domain V and VI,
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respectively), which contains 5 EF-hand motifs similarly to the PEF domain of the catalytic

subunit [also called PEF(S)] (Goll et al., 2003; Sorimachi et al., 2011a).

Calpain 1 and calpain 2 differ in the catalytic residues of their active sites, which makes the
conformation of p-calpain closer to the active state when compared with m-calpain. The higher
sensitivity of p-calpain to Ca®* when compared with m-calpain also results from the PEF domain
of calpain 1 (Pal et al., 2003; Campbell and Davies, 2012). The two calpain isoforms are also
characterized by a distinct interaction with the small regulatory subunits. In the CNS there are
two different small regulatory subunit proteins (CAPNS1 and CAPNS2) which are significantly
similar. One major structural difference is the presence of a 20 amino acid sequence in the N-
terminus of CAPNS1, which is thought to be involved in the interaction with membrane-
phospholipids, and is absent in CAPNS2. Moreover, CAPNS2 interacts transiently with the
catalytic subunit of calpain 1 and 2, with a lower affinity than CAPNS1, and does not undergo

autolytic cleavage in the presence of Ca®* (Schad et al., 2002; Friedrich et al., 2004).

Calpains cleave their substrates generating two or more fragments, depending on the calpain
cleavage site(s) present in the target protein. The position of the cleavage site(s) is the most
important parameter in the calpain-mediated modulation of substrate functions. Therefore, the
prediction of calpain cleavage sites is the key to understand how calpain activity modulates
cellular mechanisms through substrate proteolysis. Several studies have tried to predict calpain
cleavage sites by analysis of substrate primary structure (Tompa et al., 2004; DuVerle et al.,
2011; Liu et al., 2011; Fan et al., 2013). However, only a limited number of these substrates are
currently known (Kim et al., 2013a; Shinkai-Ouchi et al., 2016), with the exact mechanism of
substrate recognition and cleavage by calpain still to be determined. The impact of the presence
of sequences rich in proline, glutamic acid, serine and threonine (also known as PEST
sequences), and the target recognition by calpains (Molinari et al., 1995; Wang et al., 2003),
remains to be fully elucidated. Moreover, it has been suggested that calpain cleavage depends
on the substrate conformation rather than on its primary structure (Sorimachi et al., 2012). In
fact, the tertiary/quaternary structure of a substrate determines the accessibility of calpains to
the target sequence because a putative calpain cleavage site might be hidden in the folded
substrate (Sorimachi et al., 2012). Therefore, a correct and precise prediction of a calpain
cleavage site in a putative calpain substrate requires the analysis of the amino acid composition

as well as the tertiary/quaternary structure of the substrate itself.
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1.2.2. Calpastatin

Calpastatin is the only endogenous inhibitor of calpains known. Heterogeneity in the size of the
calpastatin protein has been observed among different species, as well as in different tissues of
the same species (Takano et al., 1984). This protein contains four inhibitory units, each one of
them interacting with one molecule of calpain with different kinetics (Hanna et al., 2007).
Furthermore, each of the four calpastatin inhibitory units is composed of three well-conserved
subdomains: A, B and C [Figure 1.4B; (Tompa et al., 2002; Hanna et al., 2007)]. The subdomains
A and Cinteract respectively with the PEF(L) and with the PEF(S) (Yang et al., 1994; Takano et al.,
1995). Expression of subdomains A and C of calpastatin domain | can sensitize both p-calpain
and m-calpain to Ca®'; in this case, calpastatin was found to reduce the Ca*" concentration
required for half-maximal activity of p- and m-calpain (Tompa et al., 2002). Subdomain B is
responsible for calpain inhibition, but weakly interacts with its substrate when expressed in
absence of the A and C regions. These results suggest a role for subdomains A and C as
enhancers in the inhibition of calpains (Ma et al., 1993; Takano et al., 1995; Tompa et al., 2002).
In addition to the four inhibitory domains, calpastatin contains an N-terminus domain (domain L)
which was proposed to have no inhibitory effects (Maki et al., 1987; Hanna et al., 2007). A
different work has shown that this domain recognizes and binds a sequence within the catalytic
domain of calpain in the absence of Ca*, or at physiological Ca** concentrations, suggesting a
mechanism to control the degree of calpain activation potentially generated in response to an

influx of Ca®* (Melloni et al., 2006).

Calpastatin alone is not able to bind Ca®*, but the protein binds and inhibits calpains following an

increase in the [Ca®'].

Accordingly, calpastatin associates in large aggregates under resting
conditions, and is redistributed into the cytosol in response to an increase in [Ca**].. This shift in
localization increases the inhibitory capacity against calpains and is linked to mechanisms of
negative feedback that downregulate calpastatin gene expression. On the other hand, calpain-
mediated calpastatin cleavage is followed by an increase in the expression of the mRNA of

calpastatin (Averna et al., 2003). Therefore, the calpain-calpastatin system is highly

interconnected in terms of their expression levels.
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Figure 1.4- Domain structure of conventional calpains and calpastatin. A) Schematic representation of conventional
calpains, which are made of a large catalytic subunit and a small regulatory subunit. The large subunit contains the
anchor helix at the N-terminus, the catalytic CysPc domain (made up of two Protease Core domains), which
represents the active catalytic region (scissors), the CBSW domain and the PEF domain, which forms the calcium-
binding domain. The small subunit contains a PEF domain, similarly to the large subunit, and a Glycine-rich N-terminus
domain. B) Schematic representation of the longest isoform of human calpastatin: the XL and L domains lack
inhibitory activity; the four inhibitory units/domains (each one binding to one molecule of calpain) are composed of
subdomains A, B and C. Subdomain B mediates calpain inhibition, whereas subdomains A and C interact with the
PEF(L) and PEF(S), respectively (Curcio et al., 2016).

1.2.3. Calpains and brain ischemia

Calpains are present in dendritic spines and have been shown to regulate synaptic plasticity in
the hippocampus through limited proteolysis of a plethora of intracellular effectors [for recent
reviews see (Briz and Baudry, 2016; Salazar et al., 2016)]. In fact, synaptic activity was shown to
induce calpain activation which may lead to the cleavage of several proteins (Wang et al.,
2013b). In contrast with this effect on the cleavage of specific substrates, characteristic of
conditions of controlled calpain activation, the excessive activation of the protease in brain
ischemia leads to the uncontrolled cleavage of a large number of target proteins. Therefore, it is
not surprising that calpains play a role in several neurodegenerative diseases and in neuronal
damage after acute brain injury. A common feature of many of these disorders is the excitotoxic
response resulting from the excessive influx of Ca®* through NMDAR channels, with a
consequent [Ca’*]; overload and excessive activation of calpains [reviewed in (Camins et al.,

2006; Bevers and Neumar, 2008; Curcio et al., 2016)].
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Early evidence regarding calpain activation in the brain induced by occlusion of blood vessels
that irrigate the brain date from the 90’s. In these early studies, it was also found that a.-spectrin
can be cleaved by calpain, giving rise to truncated fragments (Lee et al.,, 1991; Rami and
Krieglstein, 1993; Saido et al., 1993). Concomitant studies showed that 5 min of BCCAo increases
the immunolabeling for the calpain-specific fragment of a-spectrin, as fast as 30 min after the
insult, in the hippocampus, cortex, thalamus, and striatum of the gerbil; staining confined to the
vulnerable hippocampal CA1 region was still observed at day 2 (Roberts-Lewis et al., 1994).
Moreover, the authors found that the severity of the insult is largely correlated with the degree
of calpain activation; no calpain activation was seen when cell death was absent (1 min BCCAo),
and massive calpain activation was detected in regions outside the hippocampus after a severe
ischemic insult (10 min BCCAo) (Roberts-Lewis et al., 1994). Similar results were obtained,
although with a distinct kinetics of calpain activation in the hippocampal CA1l region, in
experiments using 10 min of transient global ischemia in gerbils (15 min after the insult and 4-24
h after) (Saido et al., 1993). Subsequent work reported a third wave of calpain activation in the
cytoplasm of CA1l neurons, between day 3-7, which correlate with the delayed cell death
observed in this subpopulation of the hippocampus (Yokota et al., 1995). p-Calpain autolysis
was also observed in the brain after cardiac arrest (Neumar et al., 1996). This bimodal pattern of
calpain activation was later on confirmed and extended to other brain regions (Neumar et al.,

2001).

Since calpain activation occurs at an early time point after the ischemic insult, when cell death is
not observed (e.g CA1l region of the hippocampus), inhibition of these proteases represents an
interesting strategy to prevent cell death. Leupeptin infusion into the gerbil right lateral
ventricule, 3 days before inducing of BCCAo (10 min), reduced the cell loss observed in the CA1
region of the hippocampus, as well as the truncation of a-spectrin, when evaluated 2 weeks
after the insult (Lee et al., 1991). The calpain inhibitor | (two doses given intracisternally 30 min
and 2 h before the insult) also reduced necrotic cell death in the CA1 subfield when evaluated 7
days after ischemia in rats submitted to 10 min of BCCAo; protection was also afforded in an in
vitro model of cytotoxic hypoxia (Rami and Krieglstein, 1993). Furthermore, similar results were
obtained using the calpain inhibitor ALLN, in a model of transient forebrain ischemia (5-min)
(Yokota et al., 1999). Additionally, neuroprotective effects of the calpain inhibitor MDL28170
were reported in several models of ischemia-reperfusion, when the compound was
administered immediately after (Kawamura et al., 2005), 3 h (Li et al., 1998), and 6 h after the

insult (Markgraf et al., 1998).
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Given the poor specificity of calpain inhibitors, due to specific off-side targets, other strategies
were required to confirm the role of the protease in neuronal death after brain ischemia. Initial
studies addressing this issue were performed by overexpression of calpastatin, the endogenous
calpain inhibitor. Transgenic mice overexpressing the human calpastatin gene were protected
against kainate-mediated excitotoxicity in the hippocampus, and show decreased dendritic and
axonal degeneration (Higuchi et al., 2005). These studies showed reduced number of TUNEL
positive cells, decreased nuclear translocation of the apoptosis-inducing factor (AIF) and
endonuclease G, as well as decreased levels of truncated a-spectrin (Takano et al., 2005). Similar
results were obtained in studies using a model of traumatic brain injury, which also promotes
calpain activation, and calpastatin overexpression reduced neuronal damage (Schoch et al.,
2013). Calpain activity was indeed shown in several studies to contribute to the demise process
upon exposure of different types of neurons to toxic concentrations of NMDA (Xu et al., 2007,

D'Orsi et al., 2012; Wang and Huang, 2012).

Changes in the subcellular distribution of calpains 1 and 2, in addition to calpastatin, were
evaluated in three different fractions prepared form the rabbit brain under control conditions
and following 90 minutes hypoxia: nuclear and mitochondrial (NMF), microsomal and plasma
membrane (MMF), and cytosolic fractions (CF). All three proteins showed a low distribution in
the MMF (5-7 %) and the highest distribution in the CF (50-66 %) under control conditions. The
hypoxic paradigm used induced a downregulation of the three proteins in the CF, whereas an
increased expression was found in the MMF, suggesting that after the insult calpain and
calpastatin translocate to the plasma membrane, where calpain substrates are cleaved (Ostwald

etal., 1994).

Calpain 1 was also detected in the intermembrane space of mitochondria purified from mouse
brain and cultured rat hippocampal/cortical neurons (Cao et al., 2007). However, upon OGD, the
active protease translocates to the inner mitochondrial membrane and to a lower extent to the
outer membrane. The shift of calpain 1 to the inner mitochondrial membrane was followed by
the calpain 1-mediated cleavage and release of AIF (Cao et al., 2007). Because calpain inhibitors
can also preserve mitochondrial function in cardiac tissue subjected to ischemia-reperfusion,
and given the fact that calpains can cleave the Bax protein leading to cytochrome c release, and
convert the antiapoptotic protein BcL-xL to become proapoptotic, it is safe enough to
hypothesize that calpains may also regulate the apoptotic cascade in brain ischemia (Nakagawa
and Yuan, 2000; Choi et al., 2001). Another layer of complexity may result from the cleavage of

certain members of the caspase family by calpains. Indeed, calpain was also proposed to
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truncate caspase- 9,7 and-3, although with distinct functions in terms of cell fate (McGinnis et

al., 1999; Ruiz-Vela et al., 1999; Chua et al., 2000; Blomgren et al., 2001).

Recent evidence suggests that not all NMDAR are coupled to calpain activation but it is mainly
the extrasynaptic subpopulation of this class of glutamate receptors that, once stimulated,
activates calpain and induces cell death [Figure 1.5; (Xu et al., 2009a; Wei et al., 2012; Wang et
al., 2013b)]. These results support the model proposing a preferential role for Ca®" entry via
extrasynaptic NMDAR in excitotoxic injury (Hardingham et al., 2002). The first strong evidence
for a mechanism underlying the selective role of extrasynaptic NMDAR in activating calpain was
obtained in studies investigating the post-translational modifications of the phosphatase
Striatal-Enriched protein tyrosine Phosphatase (STEP) (Xu et al.,, 2009a). This protein
phosphatase dephosphorylates and inactivates many synaptic signaling proteins, including Fyn,
ERK and the stress-activated protein kinase p38. STEP also dephosphorylates GIuN2B, thereby
facilitating internalization of NMDAR (Xu et al., 2009a; Goebel-Goody et al., 2012). The activity
of STEP isoforms (STEPg; and STEP,¢) is upregulated in the initial period following excitotoxic
injury, with a consequent dephosphorylation of target proteins. Although the disruption in p38
signaling may provide neuroprotection in the early phase after transient focal ischemia,
dephosphorylation of ERK and CREB impairs their role in neuronal survival (Paul et al., 2003; Deb
etal., 2013).

Synaptic NMDAR are coupled to the activation of p-calpain and through controlled proteolysis of
intermediate proteins (a negative regulator) they are able to keep Akt in the phosphorylated
form. In contrast, extrasynaptic NMDAR activation is coupled to m-calpain activation and
degradation of the STEP protein (Figure 1.5). Consistent with this model, acute mouse
hippocampal slices were protected against NMDA-induced neurotoxicity when m-calpain was
inhibited, and showed an exacerbation of cell death in the absence of p-calpain (Wang et al.,
2013b). This fits with the model in which Akt dephosphorylation may represent an endogenous

mechanism that further exacerbate cell death.

Cyclin-dependent kinase 5 (Cdk5) is a serine/threonine kinase that is ubiquitous in the nervous
system, participating in synaptic plasticity, although it is also involved in neurodegeneration
(Barnett and Bibb, 2011). The Cdk5-activating cofactor p35 is cleaved by calpain, giving rise to
p25, a more stable form of the protein, which lacks the amino-terminal myristoylation site and
mislocalizes in the cell body and nucleus, thus inducing a sustained activation of Cdk5 (Patrick et
al., 1999; O'Hare et al., 2005). Although the complex p25/Cdk5 is not more active than p35/Cdk5
(Peterson et al., 2010), the longer half-life of the truncated isoform extends the activity of the

complex. Accumulation of p25, translocation of the complex p25/Cdk5 to the nucleus and
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aberrant activation of Cdk5 have been shown to have an important role in excitotoxic and
ischemic neuronal death; cdk5 conditional-knockout mice show reduced infarct size after
transient MCAo (O'Hare et al., 2005; Meyer et al., 2014). Cdk5 knockdown in mice submitted to
MCAo (60 min) increased pAkt (S473) and prevented p38 up-regulation. Additionally,
amelioration in the cognitive defects brought by brain ischemia, as well as Brain-derived
neurotrophic factor (BDNF) release and subsequent activation of the TrKB-CREB pro-survival

signaling pathway, was detected [(Gutierrez-Vargas et al., 2016) see also (Gutierrez-Vargas et al.,

2015)].
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Figure 1.5- Differential effects of synaptic and extrasynaptic NMDAR on calpain activation and on downstream
signaling mechanisms. Extrasynaptic NMDAR are preferentially coupled to activation of m-calpain, whereas the entry
of Ca* through the synaptic population of NMDAR induces the activity of p-calpain. Stimulation of the former
population of NMDAR leads to the cleavage of STEP61 to STEP33. The truncated phosphatase is unable to bind and
dephosphorylate its substrates, including p38 MAPK and GIuN2B. In the phosphorylated (active) form, p38 MAPK
contributes to neuronal death induced by excitotoxic stimulation of glutamate receptors. Active STEP also
dephosphorylates GIuN2B, thereby facilitating the internalization of NMDAR. Calpain-mediated cleavage of STEP may
therefore upregulate the surface expression of GIuN2B-containing NMDAR by impairing the internalization
mechanisms, contributing to exacerbate the excitotoxic damage. In contrast, activation of p-calpain following
activation of synaptic NMDAR promotes neuronal survival by different mechanisms. p-calpain cleaves PHLPPla, a
protein involved in the dephosphorylation (inactivation) of Akt, a pro-survival protein kinase. At the synapse, p-calpain
also cleaves PHLPP1B, a protein that binds and traps Ras in its inactive form, inhibiting ERK phosphorylation.
Therefore, cleavage of PHLPP1B upregulates Ras/ERK signaling. Stimulation of synaptic NMDAR leads to the
translocation of p-calpain to the synapse, where the protease interacts with GIuUN2A subunits (Curcio et al., 2016).
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Calpain activation also plays a role in the reduction of protein synthesis observed in the CA1
region of the hippocampus, where neurons are destined to die after the ischemic injury
(described previously). The activation of calpains after OGD and in the 4-VO model
downregulates the elF4G1 protein, which may contribute to cell death by reducing physiological

protein synthesis [(Vosler et al., 2011) see also (Ayuso et al., 2013)].

Hence, calpains may regulate cell death and intracellular signaling under physiological conditions

and during acute injury to the brain.

1.3. The Ubiquitin-Proteasome System (UPS)

Eukaryotic cells need to dispose continuously of unwanted or damaged biomolecules (e.g.
proteins and organelles). Two major proteolytic systems play pivotal roles in the destruction of
those biomolecules: (i) the Ubiquitin-Proteasome System (UPS), which is responsible for the
turnover of small cytosolic proteins, and (ii) the autophagic-lysosomal system. The latter system
is involved in the turnover of proteins, in addition to engulfing and degrading entire organelles
(Cohen-Kaplan et al., 2016). The UPS roles in the cell are transversal and particularly relevant in
research areas ranging from cancer to brain disorders (Dennissen et al., 2012; Caldeira et al.,

2014; Grigoreva et al., 2015; Yerbury et al., 2016).

The concerted action of ubiquitinating enzymes and the proteasome allows the degradation of
many soluble proteins, and, under basal conditions, is responsible for regulating several
homeostatic and important processes such as cell division, cell death, signal transduction, and

membrane transport, among others.

1.3.1. Ubiquitin

Ubiquitin is a small, heat-stable and highly conserved 76-amino acid protein with 8.5 kDa, which
can be covalently attached to other proteins (Hershko and Ciechanover, 1998). Ubiquitin was
first described as a thymic hormone and to have lymphocyte-differentiation properties
(Goldstein et al., 1975; Schlesinger et al., 1975; Hershko and Ciechanover, 1998), before its role
in selective degradation of proteins was finally uncovered. Additional studies were required to
identify a small protein, named APF-1 (ATP-dependent proteolysis factor 1), which was shown to

play an important role in the selective degradation of APF-1 modified proteins (Ciehanover et
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al., 1978; Ciechanover et al., 1980). Later on, given the similarities on the amino acid sequence

and physical properties, it was found that APF-1 was indeed ubiquitin (Wilkinson et al., 1980).

Substrate proteins can be modified either by addition of one ubiquitin molecule
(monoubiquitin), multiple monoubiquitin (multi-ubiquitination) or by a polyubiquitin chain
(polyubiquitination). In the latter process, any of the seven lysine residues (Lys6, Lys11, Lys27,
Lys29, Lys33, Lys48, Lys63) of ubiquitin can be linked to the previous one, resulting in a sizeable
increase of the chains with different configurations [Figure 1.6; (Grabbe et al., 2011)]. In an early
attempt to quantify the relative abundance of polyubiquitin chains, using an yeast model, it was
found that Lys48 polyubiquitin chains are the most abundant ones (29 %), followed by Lys11 (28
%), Lys63 (16 %), Lys6 (10.9 %), Lys27 (9 %), Lys33 (3.5 %) and Lys29 (3.2 %) [Figurel.6; (Xu et al.,
2009b)], which contrasts with another study in specific points (Ziv et al., 2011). In the latter
work, about 80 — 90 % of the polyubiquitin chains were formed via Lys48 or Lys63 (Ziv et al.,
2011).

The myriad of polyubiquitin modifying possibilities is responsible for the high complexity of this
system, thus regulating different outcomes in the modified protein. While Lys48 polyubiquitin
chains target proteins for proteasomal degradation in a process requiring at least four ubiquitin
molecules (Chau et al., 1989; Thrower et al., 2000; Lander et al., 2012), non-canonical Lys63
polyubiquitin chains are often associated with non-proteolytic functions such as DNA repair,
kinase activity modulation (Hoege et al., 2002; Chandrasekharan et al., 2009), and protein
sorting (Lauwers et al., 2009; Lin et al., 2011). Nevertheless, under certain conditions (e.g in vitro
reactions with purified proteasomes), Lys63 polyubiquitin chains can also serve as degradative
signal for the proteasome (Saeki et al., 2009), which was not observed in vivo (Nathan et al.,
2013). A relatively large fraction of newly synthesized proteins arise as defective ribosomal
products, being more than 30 % of them ubiquitinated (Schubert et al., 2000; Ha et al., 2016).
Using the yeast as a model, it was found that ubiquitination occurs in 12-15 % of newly
synthetized proteins while translation is occurring, being the effect enhanced by misfolding
agents and HSP70 inhibitors, and prevented by ubiquitin mutants lacking Lys48 (Wang et al.,
2013a). Proteins involved in translation, ribosome biogenesis, nuclear transport and amino acid
metabolism are more frequently subjected to this quality control mechanism; the same trend

was also observed for longer polypeptides (Ha et al., 2016).

Accumulation of Lys11,48-linked polyubiquitin chains (heterotypic polyubiquitin chains) has
been associated with cell division, as they target important cell cycle regulators for proteasomal
degradation (Castaneda et al., 2013; Grice et al., 2015; Min et al., 2015), and along with Lys6,

Lys27, Lys29, and Lys33-linked polyubiquitin chains, they may also direct proteins for
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proteasomal degradation (Xu et al., 2009b; Kim et al., 2011). Additionally, some substrates (e.g
NOXA, retinoblastoma protein (Rb), p53, p73, Rpn4 among others) have also been reported to
be degraded by the proteasome (20S or 26S) in a manner independent of ubiquitination (Kalejta
and Shenk, 2003; Ju and Xie, 2004; Asher et al., 2005; Craxton et al., 2012). Surprisingly, in some
cases, mono- and multi-monoubiquitination can also act as proteasomal degradative signals

(Boutet et al., 2007; Dimova et al., 2012; Braten et al., 2016).

Ubiquitin itself is also a target of phosphorylation (e.g Ser65) by the PINK1 kinase, which in turn
may serve as an autoregulatory mechanism of polyubiquitin chain assembly and function (Kane
et al., 2014; Swaney et al., 2015). This adds an additional layer of complexity to this rather

intricate proteolytic system that awaits further investigation in the context of the disease state.

Lys6 Lys1l Lys27 Lys29 Lys33 Lys48 Lys63

9 $ $ & & 9 $

K K K K K K K G
Relativeabundance  10.9% 28% 9% 3.2% 3.5% 29.1% 16.3%

(Xuet al., 2009)

Cleaved by DUB to reveal
C-terminus glycine

Figure 1.6- Ubiquitin structure. Ubiquitin is synthesized as a large precursor protein, whose C- terminus is cleaved by
a deubiquitinating enzyme (DUB) to reveal a C-terminus glycine residue. Seven lysine residues are present in the
primary amino acid structure of ubiquitin, which allow multiple potential polyubiquitin chain linkages. From all types
of polyubiquitin chains, Lys48 (29.1 %), Lys11 (28 %) and Lys63 (16.3 %) are the most abundant (adapted from Xu et
al., 2009).

1.3.2. Ubiquitination machinery

As a post-translational modification, the ubiquitination process, i.e., the process of adding
ubiquitin to a substrate protein, and the removal of these ubiquitin molecules at a later point, is
a finely tuned process governed by a cascade of ubiquitination enzymes and by deubiquitinating

enzymes (DUBs), respectively.

Protein ubiquitination occurs through a sequential action of three different classes of enzymes:
E1 or ubiquitin activating enzyme, E2 or ubiquitin conjugating enzyme and E3 or ubiquitin ligase.
The human genome encodes for one E1, ~40 E2s and ~650 E3s [Figure 1.7; (Ye and Rape, 2009;
de Bie and Ciechanover, 2011)]. E1 is the first enzyme involved in the ubiquitination cascade. It
binds to Mg**-ATP and subsequently to ubiquitin to activate its C-terminal glycine residue. ATP

hydrolysis generates an ubiquitin adenylate, followed by ubiquitin transference to a cysteine
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residue of E1 through a thiol-ester linkage, with the release of adenosine monophosphate
(AMP)(Ciechanover et al., 1981; Haas et al., 1982; Jin et al., 2007; Olsen and Lima, 2013). Since
this activating step is sequentially repeated, each fully loaded E1 carries two molecules of
ubiquitin, one as a thiol-ester and the other as an adenylate (Fang and Weissman, 2004; Finley
et al., 2012). Activated ubiquitin is then transferred to a conserved core domain of ~150 residues
(ubiquitin-conjugating (UBC) domain) of an E2 conjugating enzyme that includes an invariant
cysteine residue responsible for accepting ubiquitin from E1 (Fang and Weissman, 2004; Ye and
Rape, 2009). In the third step, ubiquitin is transferred, specifically, to a substrate protein by an
E3 ligase. Two different classes of E3 ligases are responsible for the interaction with the E2
conjugating enzymes and can serve either as catalytic intermediates, or mediate the direct
transfer of ubiquitin to the substrate: 1) Homologous to E6-AP Carboxyl Terminus (HECT) E3
ligases serves as intermediate ubiquitin acceptors through the formation of a thiol-ester linkage
between ubiquitin and the cysteine residue in the HECT domain before ubiquitin is attached to
the substrate ; 2) Really Interesting New Gene (RING) E3 ligases act only as “scaffold” proteins
forming an E2-substrate protein complex that allows the direct transfer of ubiquitin to the target
protein. Both types of E3 ligases lead to the formation of an isopeptide bond between the C-
terminal glycine of ubiquitin and a &-NH, group of an internal Lys of the substrate [for very

recent review about the E3 ligase biology, please see (Buetow and Huang, 2016)].

1.3.3. Deubiquitinating enzymes

The ubiquitination process can be counteracted by deubiquitinating enzymes (DUBs). Six major
classes of DUBs have been described: Ubiquitin C-terminal hydrolases (UCHs), Ubiquitin-specific
proteases (USPs), Machado-Joseph disease protein domain proteases, ovarian tumor proteases
and JAMM motif proteases (Love et al., 2007; Sahtoe and Sixma, 2015), in addition to the newly
discovered Motif Interacting with Ub-containing Novel DUB family (MINDY-1) (Abdul Rehman et
al., 2016). Almost all DUBs are cysteine proteases, except those belonging to the JAMM family
which are metalloproteases (Todi and Paulson, 2011). DUBs may be intrinsic to the 26S
proteasome (e.g. Rpnll), or may associate reversibly with the proteasome (e.g. Uch37 and
USP14) (Koulich et al., 2008; Tai et al., 2010; Liu and Jacobson, 2013), and most of them have a
cytosolic localization. Nevertheless, the modus operandi of ubiquitin removal is quite different:
while Rpn11l remove polyubiquitin chains en bloc (from the proximal end), Uch37 and USP14
remove ubiquitin chains from the distal end, thus allowing the regeneration of free monomeric
ubiquitin for re-utilization (Lam et al., 1997; Yao et al., 2006; Lee et al., 2011a); a model was also

proposed according to which USP14 can cleave ubiquitin chains en bloc (Lee et al., 2016).
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The overall function of DUBs is to cleave ubiquitin-linked molecules after the C-terminus of the
last residue of ubiquitin (Gly76), being essential to: i) the maintenance of monomeric ubiquitin
pool, either by cleaving the ubiquitin precursor (UCHL3, USP9X, USP7, USP5 and
Otulin/Gumby/FAM105b) or by trimming polyubiquitin chains; ii) rescuing of proteins targeted
for degradation, allowing the cell to adapt quickly to physiological changes, and iii) prevent
ubiquitin-proteasome dependent protein degradation (Guterman and Glickman, 2004;
Komander et al., 2009; Grou et al., 2015). Activation of the DUBs USP14 and Uch37, either by
polyubiquitin chains or their chemical mimetics, stimulates the 19S associated ATPases thereby
opening the 20S closed gate and thus promoting peptide hydrolysis (Peth et al., 2009; Peth et
al., 2013). Recently, it was proposed a structural model in which the DUB USP14 controls the
activity of the proteasome. Ubiquitin-bound USP14 prevents protein deubiquitination by Rpn11
allowing their stabilization in a proteasome-bound state; this is followed by translocation of the

proteins into the proteasome where they are degraded (Bashore et al., 2015).

1.3.4. Proteasome

The 26S proteasome is a 2.5 MDa multisubunit complex responsible for the controlled ATP-
dependent degradation of polyubiquitinated proteins. It is composed of a catalytic 20S core
particle (CP or 20S proteasome) associated with one (26S or RP,CP) or two (30S or RP,CP) 195
regulatory particles (RP or 19S proteasome), that are responsible for detecting, deubiquitinating
and unfolding ubiquitinated proteins (da Fonseca et al., 2012; Djakovic et al., 2012). The 26S
proteasome consists of at least 66 resident subunits and associated proteins, e.g. E3 ligases and
assembling factors, such as molecular chaperones and others (Tai et al., 2010; Fabre et al.,
2014). Although some ambiguity exists regarding proteasome subcellular localization, due to the
different experimental approaches used, there are compelling evidence showing its nuclear and
cytoplasmic expression (Lehmann et al., 2002; Weberruss et al., 2013; Yedidi et al., 2016), in
addition to proteasome storage granules (Yedidi et al., 2016). However, recent data fostered the
idea that only cytoplasmic proteasomes are catalytically active, and the nucleus is devoid of 265

proteasomes (Dang et al., 2016).

Proteins committed for proteasomal degradation, labeled with a polyubiquitin chain with the
appropriate size and topology, bind to the 26S proteasome (Lander et al., 2012). Subsequent
deubiquitination promotes the translocation of the proteins and their degradation by the
proteasome. At the end, small peptides ranging from 2 to 24 amino acids (variable length), but
short enough to diffuse out of the proteasome, and free ubiquitin are regenerated for

reutilization; limited proteolysis has also been proposed [Figure 1.7; (Kisselev et al., 1998;
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Kisselev et al., 1999; Emmerich et al., 2000; Beinke and Ley, 2004)]. The interplay between
ubiquitin and the 26S proteasome is further supported by a study showing increased catalytic
activity of the 26S proteasome, in the presence of ubiquitinated substrates, and no changes

were observed in the activity of the 20S proteasome (Peth et al., 2009).

~% @
NI

Figure 1.7- Main components of the Ubiquitin-Proteasome System. In order to be attached to the substrate protein,
ubiquitin is first activated by the El-activating enzyme in an ATP-dependent manner, and further transferred to the
E2-conjugating enzyme. The substrate-specificity of this pathway is given by the E3 ligase, which allows the
ubiquitination of a specific substrate. When a proper chain is assembled, with at least four ubiquitin moieties, it is
recognized, unfolded and deubiquitinated by the 19S regulatory particle. This unfolding process allows the protein to
enter the 20S catalytic particle where it is degraded by the B1 (trypsin-like activity), 2 (caspase-like activity) and B5
(chymotrypsin-like activity) subunits. At the end, small peptides are generated and ubiquitin is regenerated (Caldeira
etal., 2014).

The 20S proteasome is a ~670 kDa barrel-shaped structure composed of 28 subunits arranged in
a four stacked ring structure: two al-7 outer rings and two B1-7 inner rings [Figure 1.8; (da
Fonseca and Morris, 2008)]. In the center of the ring there is a narrow pore, of about 12-18 A,
where a protein targeted for degradation can enter in an unfolded state (Huang et al., 2016).
Although the proteasome pore is closed by the N-terminus of the a2-4-subunits in free CP,
truncation of the a3 N-terminal is enough to keep the pore open and increases the degradation
of small peptides (Peth et al., 2009). The resulting a3AN proteasomes showed increased activity
in the degradation of the fluorogenic peptides and many established proteasome substrates
(Choi et al., 2016). Besides closing the pore, a-subunits are also responsible for
compartmentalizing the catalytic B-subunits, thereby preventing uncontrolled cleavage of
cytosolic proteins. Similarly, the B ring also forms a central chamber where the peptidylglutamyl-

like (cleaving after acidic residues), trypsin-like (cleaving after basic residues) and chymotrypsin-
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like (cleaving after hydrophobic residues) activities of the 20S proteasome are mediated by the

B1, B2 and B5 subunits, respectively (Groll et al., 1997; Orlowski and Wilk, 2000).

The other component of the 26S proteasome, the 19S regulatory particle, is a ~700 kDa
multisubunit complex composed of at least 18 subunits. The 19S proteasome serves to recognize
ubiquitinated proteins, deubiquitinate them and unfold the substrates in order to make them
suitable to enter into the 20S catalytic pore. Biochemically, it is further divided in two distinct
sub-complexes: the lid and the base [Figure 1.8; (Tomko and Hochstrasser, 2013)]. The lid
consists of eight non-ATPase subunits, Rpn3, Rpn5-9, Rpn12 and Rpnll (a DUB enzyme). The
base contains six distinct AAA+ ATPases, Rptl-6, and four non-ATPase subunits, the large
scaffolding proteins Rpnl and Rpn2, and the intrinsic ubiquitin acceptors Rpn10 and Rpn13
(Lander et al., 2012; Tomko and Hochstrasser, 2013). Both proteins are apically located for a
better capturing of ubiquitinated substrates through their ubiquitin binding domains Ubiquitin-
Interacting Motif (UIM) and pleckstrin-like receptor for ubiquitin (Pru) domain, respectively
(Hamazaki et al., 2007; Schreiner et al., 2008; Sakata et al., 2012). Additionally, it was also
proposed a role for these ubiquitin acceptors in the binding of a shuttling factor for the
proteasome (e.g mHR23B and ubiquilin) (Hamazaki et al., 2015). For the two large scaffolding
proteins, it was shown that Rpn1 binds the shuttling factors Rad23 and Dsk2, the non-obligatory
deubiquitinating enzyme Ubp6/USP14 and even ubiquitin, whereas Rpn2 serves as docking site
for the ubiquitin acceptor Rpn13 (Elsasser et al., 2002; Elsasser et al., 2004; Rosenzweig et al.,
2012; Shi et al., 2016a).

The ATPase ring of the 19S proteasome exhibits a spiral-staircase-like arrangement, resulting in
some asymmetry in the Rpt subunits, predicting an even more complex mechanism for
regulating polypeptide-substrate unfolding and translocation through the axial pore to the
catalytic core by using ATP as energy source (Lander et al., 2012; Kim et al., 2015; Huang et al.,
2016). Conflicting results exist regarding the model for gate opening and substrate degradation.
One study reported the importance of the Rpt2 subunit as the solely one responsible for CP
opening and substrate entry (Kohler et al., 2001), whereas others proposed a more complex
mechanism, which also included the Rpt5 subunit (Smith et al., 2007). Nevertheless, a more
recent study has shown that the interaction of Rpt6 tail with the catalytic particle is essential for
the Rpt3-mediated gate opening and maturation of the proteasome holonzyme (Sokolova et al.,
2015). All these studies are in accordance with atomic structure studies of human 26S
proteasome showing insertion of the C-terminal tails of Rpt3 and Rpt5 subunits into surface
pockets of the a-subunits in the CP, and the structural flexibility of the Rpt2 subunit which may

regulate the function of others Rpt proteins (Huang et al., 2016; Schweitzer et al., 2016).
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Figure 1.8- Current structural model for 26S proteasome. The 20S proteasome (bottom part) consists of two inner B-
rings and two outer a-rings juxtaposed, forming a barrel-shaped structure. Each ring is composed by seven subunits
(a1-7 and B1-7). While the only function of the a-ring is to close the pore through its N-terminus region, the B-ring is
responsible to the degradative function of this catalytic particle. The peptidylglutamyl-like, trypsin-like and
chymotrypsin-like activities of the 20S proteasome are catalyzed by the B1, 2 and B5 subunits, respectively. The 19S
proteasome (top part) is further subdivided in two distinct biochemical entities; the base and the lid. They are
composed by the AAA+ ATPase Ring (Rpty¢), and by subunits that have primarly a structural function (Rpn1-2,5-6,9) or
participate actively in the ubiquitin-dependent recognition (Rpn10,13) and removal (Rpn11) (Spyracopoulos, 2016).

1.4. Role of the UPS in the nervous system

Neurons are very specialized post-mitotic cells unable to dilute the cellular content through cell
division. As a result, the intracellular biochemical milieu is relatively constant throughout the life
of the neuron. This makes neurons particularly vulnerable to diseases where aggregation-prone
proteins are accumulated, leading ultimately to cell death (Dennissen et al., 2012; Yerbury et al.,
2016). Thus, neurons rely on the degradative machineries that cells evolved, for instance the
UPS, to maintain proper protein homeostasis thus preventing the unwanted accumulation of
misfolded proteins. In the nervous system, the UPS is responsible for the regulation of numerous
physiological aspects of synaptic function and architecture, ranging from spinogenesis (Hamilton
et al., 2012), presynaptic function and differentiation (Jiang et al., 2010; Pinto and Almeida,
2016), apical dendrite outgrowth/polarization (Hamilton and Zito, 2013; Miao et al., 2013),
synapse formation and elimination (Yi and Ehlers, 2007), and learning and memory-associated
processes such as Long-term potentiation (LTP), Long-term depression (LTD) and homeostatic

plasticity, among others [for extensive reviews see (Leal et al., 2015; Salazar et al., 2016)] .
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Rat cerebrocortical cell extracts possess a higher proportion of RP;CP and RP,CP (~57 %), when
compared to Hela (~39 %) and to rat liver/kidney cell extracts (~51 %) (Tai et al., 2010). In the
rodent brain tissue, the mean levels of unconjugated ubiquitin (122.6 pmol/mg) are comparable
to the conjugated form (111.6 pmol/mg), and the proportion of polyubiquitin chains are to a
certain extent similar to those observed in yeast cell extracts (Lys48 > Lys63 > Lysl1l > Lys6 >
Lys33 > Lys27 > Lys29) (Na et al., 2012). All the above mentioned evidence point towards the
importance of the UPS in the nervous system, and suggests that selective protein degradation is

a highly controlled process.

1.4.1. Proteolysis and regulation of the UPS by synaptic activity

Synaptic activity can alter significantly the neuronal proteome within minutes after postsynaptic
receptor activation. In fact, several components of the UPS can also be regulated upon NMDAR
activation (Ehlers, 2003; Bingol and Schuman, 2006). Studies performed in cultured hippocampal
neurons showed that increasing synaptic activity enhances proteasome activity, and induces a
redistribution of the 26S proteasome from dendritic shafts to dendritic spines, as shown using

the degradation reporter Ub®"®"

-GFP and the proteasome reporter Rptl-GFP, respectively
(Bingol and Schuman, 2006). These alterations require Ca®* influx through NMDAR and L-type
voltage-gated calcium channels, followed by activation of the Ca®- and calmodulin-dependent
protein kinase Il alpha (CamKlla), and subsequent phosphorylation of the 19S ATPase subunit
Rpt6 on Ser120 (Djakovic et al., 2009; Bingol et al., 2010). In accordance with the role of CamKII
in sequestering the proteasome at the synapse, and with the well-established interaction
GluN2B-CamKIll (Zhou et al., 2007; Hamilton et al., 2012), a recent report showed a decrease in
the abundance of several proteasome subunits in purified postsynaptic densities (PSD) from
hippocampal cultures obtained from GIuN2B”" mice (e.g Psmb1, Psmb2, Usp31 and others),
providing the missing link between NMDAR activation and ulterior changes in the UPS (Ferreira
et al., 2015). Similarly, activation of NMDAR also stimulates the Ubiquitin C-terminal Hydrolase
L1 (UCH-L1), thereby increasing free ubiquitin levels (Cartier et al., 2009). NMDA application also
promotes the accumulation of the deubiquitination enzyme CYLD (cylindromatosis) at the PSD,
and its phosphorylation by CaMKIl increases the activity of the enzyme towards Lys63-
polyubiquitin chains (Thein et al., 2014), suggesting that NMDAR are coupled to the activation of
multiple deubiquitinating enzymes in parallel, which allow targeting a broader spectra of

substrates.

In addition to the dynamics of the proteasomes in dendritic spines, several components of the

synaptic proteome undergo ubiquitination in response to neuronal activity. Therefore, it is not
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surprising that modulation of the excitability status of the neuronal networks can have
differential effects in the proteins present in the PSD; overall ubiquitination in the PSD is
increased and decreased in response to bath application of biccuculine and Tetrodotoxin (TTX),
respectively (Ehlers, 2003). These results indicate that the neuronal proteome is finely regulated
if the status quo of the neuronal network is challenged. Together, the multitude of actions on
this complex proteolytic system following an increase in synaptic activity contributes to the

regulation of proper synaptic remodeling and transmission.

1.4.2. Regulation of the synaptic proteasome through the UPS

Postsynapticaly, the UPS is responsible for regulating the levels and/or localization of several
proteins present in the PSD (Figure 1.9). The GIuN2B subunit of NMDAR was shown to be
ubiquitinated by the E3 ligase Mib2, in a manner requiring the Fyn kinase, and overexpression of
Mib2 was shown to decrease NMDAR-mediated currents (Jurd et al., 2008). Furthermore, the
NMDAR obligatory GluN1 subunit is ubiquitinated by the Fbxo2 E3 ligase when this subunit is
translocated back to the endoplasmic reticulum, being degraded by cytosolic proteasomes (Kato
et al., 2005). Not surprisingly, Fbxo2 loss in vivo is associated with an increased surface
expression of GIuN1. Under the same conditions there is an upregulation in cell surface GIuN2A,
as well as in the abundance of the synaptic markers PSD-95 and VGlutl (vesicular glutamate
transporter type 1) (Atkin et al., 2015), but whether Fbxo2 acts as a ligase for VGlutl, GIuN2A
and PSD95 remains to be further tested. Knockdown of the E3 ligase TRIM3 prevented the loss
of both GKAP and Shank, suggesting that they may share the same ubiquitin ligase, or even that
they can be co-degraded (Hung et al., 2010). The removal of GKAP from the synapse is
dependent on Ser54 phosphorylation by CamKlla which induces its ubiquitination (Shin et al.,
2012). Nonetheless, Trim3” mice showed increased levels of y-actin at hippocampal synapses,
higher spine densities, increased LTP, and enhanced short-term contextual fear memory
consolidation, while no changes were observed in Shankl and GKAP total protein levels,
suggesting that this E3 ligase may not be responsible for the turnover of both proteins (Schreiber
et al., 2015). For PSD95, both Siah (seven in absentia homolog) and Mdm2 (Murine double
minute 2 homolog) were shown to act as E3 ligases to induce its ubiquitination (Tsai et al., 2012;
Mir et al., 2014). The E3 ligase Ube3A, a protein associated with the Angelman Syndrome, is
responsible for the turnover of Arc (activity-regulated cytoskeleton-associated protein; also

known as Arg3.1), a protein involved in AMPAR endocytosis (Greer et al., 2010).

Initial studies showed that AMPA-induced internalization of AMPAR was abolished by the

proteasome inhibitor MG132, but no ubiquitination of AMPAR subunits was observed at that
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time (Patrick et al., 2003). Later, it was found that the activity-dependent ubiquitination (Lys63
polyubiquitin chains) of the GIuAl C-terminal tail is dependent on the Neural-precursor cell-
expressed developmentally downregulated gene 4-1 (Nedd4-1) E3 ligase (Schwarz et al., 2010;
Widagdo et al., 2015), and knockdown of the ligase prevented GIuAl ubiquitination, the
interaction with the endocytic adaptor Eps15, and subsequent internalization of the subunit (Lin
et al., 2011). This process is counteracted by the DUB USP8 in its dephosphorylated state
(active), in response to NMDAR activation, which promotes AMPAR reinsertion (Scudder et al.,
2014). Additionally, USP46 can also act as a DUB towards Lys63 polyubiquitin chains added to
AMPAR by Nedd4 (Huo et al., 2015). The AMPAR GIuA2 subunit is also ubiquitinated in response
to bicuculline treatment (Lussier et al., 2011). The available evidence suggests that the RNF167
E3 ligase is involved in GluA2 ubiquitination and, accordingly, knockdown of this ligase was
shown (i) to increase AMPAR mediated currents by increasing the surface expression of GluA2
and (ii) to prevent GIuA2 ubiquitination in response to bicuculline treatment (Lussier et al.,
2012). The ubiquitination sites were identified in the C-terminal residues Lys868, and
Lys870/882 for GluAl and GIuA2 subunits, respectively (Lin et al., 2011; Widagdo et al., 2015).
Nevertheless, it is worthwhile to mention that all the studies were conducted using an
experimental set up that rely almost exclusively in using proteasome inhibitors. These inhibitors
were shown very recently also to have an effect in suppressing the expression of several
synaptic proteins, as well as to have an effect in the expression levels of Nedd4 (Hakim et al.,

2016).

Thus, although the UPS may be responsible for the turnover of most soluble proteins, it also
exerts an effect in the trafficking of glutamate receptors which in turn can affect synaptic

strength.
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Figure 1.9- Regulation of the synaptic proteome by the Ubiqutin-Proteasome System. Several synaptic proteins
undergo selective ubiquitination is response to increased neuronal activity. 1. AMPAR, especially GIluA1 and GluA2
subunits, were shown to be ubiquitinated in response to AMPA treatment. The Nedd4 and APCCdh1 complex of E3
ligases ubiquitinates GIuAl while the RNF167 E3 ligase is the putative ligase for GIuA2 subunit. GIuAl internalization
and subsequent lysosomal degradation is halted if the DUB USP8 is activated, in a NMDA-dependent manner; the DUB
removes the ubiquitin tag allowing the recycling of the AMPA receptor subunit. 2. The E3 ligases Ube3A and Triad3A
are responsible for the ubiquitination of Arc, a protein involved in AMPAR endocytosis, thus regulating, in a indirect
manner, AMPAR trafficking. 3. Neuronal activity induces the sequestration of proteasomes into dendritic spines
through interaction with the actin cytoskeleton. 4. Furthermore, the postsynaptic proteins PSD-95 and GKAP are
ubiquitinated by the Mdm2/Siah and Trim3E3 ligases, respectively. Removal of GKAP from synaptic sites and
subsequent ubiquitination of the protein is mediated by CamKlla-dependent phosphorylation. Shank is also
ubiquitinated, but the E3 ligase remanins to be identified. 5. The NMDAR subunits GIuN1 and GIuN2B are
ubiquitinated by the Fboxo2 and Mib2 E3 ligases, respectively. 6. Recently, Additional E3 ligases were recently
identified. The activity of the Ube3A E3 ligase, which is regulated by protein kinase A (PKA), promotes SK2 channel
endocytosis, by ubiquitinating its C-terminal domain. 8. Fraxil-X mental retardation protein (FMRP) was also shown to
be ubiquitinated by the APC/Cdh1 E3 complex followed by its degradation, allowing the translation of the FMRP-
repressed mRNAs important for synaptic plasticity (Salazar et al., 2016).

1.5. UPS in Ischemic conditions

Despite recent advances, there are still major gaps in the understanding of the pathogenesis of
cerebral ischemic injury and therapeutic options for stroke patients are limited (Moskowitz et
al., 2010). Transient cerebral ischemia is associated with an inflammatory response and a rapid
and excessive production of various misfolded proteins due to oxidative stress among other
mechanisms (Caldeira et al., 2014). Overproduction of damaged proteins following ischemia is
reflected in a pronounced upregulation in the conjugation of target proteins with ubiquitin
(Hayashi et al., 1992; Caldeira et al., 2014). Therefore, the accumulation of ubiquitin-containing

protein aggregates following ischemia is a general feature. However, the factors leading to
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deposition of these aggregates and their consequences for stroke outcome remain poorly

understood.

1.5.1. UPS and in vivo ischemia models

Transient cerebral ischemia induces the formation of irreversible misfolded protein aggregates
(Figure 1.10). The first reports showed that brief rat forebrain ischemia, induced by bilateral
common carotid occlusion combined with a reduction of the mean arterial blood pressure to 50
mmHg, evoked a selective and sustained loss of ubiquitin immunoreactivity in rat hippocampal
CA1 neurons (Magnusson and Wieloch, 1989). However, a few years later, it was shown that the
loss of ubiquitin immunoreactivity in gerbil hippocampal CA1 neurons after ischemia induced by
BCo was a result of free ubiquitin depletion and did not arise from ubiquitin conjugation
(Morimoto et al.,, 1996). BCo-induced transient ischemia in gerbils promotes a transient
consumption of free ubiquitin associated with an increase of conjugated multiubiquitin chains in
hippocampal CA3 and dentate gyrus regions, where neurons survive, but these changes are
persistent in the CA1 region, where neurons are more vulnerable and destined to die after 5 min
of ischemia (lIde et al., 1999). Under the same experimental conditions, a transient upregulation
of the ubiquitin mRNA was observed in all hippocampal neurons and in the cerebral cortex, with
maximal effects observed after 6 h of reperfusion, which then decreased to control levels at 48 h
(Ide et al., 1999). In the 2-VO model of global ischemia in rats, dying neurons in the hippocampal
CA1 region also exhibited an accumulation of high-molecular weight ubiquitin-conjugated
proteins, which were found in clusters around nuclei and close to the dendritic membrane
during 4-24 h reperfusion after 15 min ischemia; this was not observed in CA1 neurons destined
to survive or in the dentate gyrus (Hu et al., 2000). Similar results were obtained at 1, 4, and 24 h
of reperfusion after 2 h MCAo in rats, a model of focal ischemia (Hu et al., 2001). The ubiquitin-
positive immunoclusters of misfolded/damaged protein aggregates were also found in
postsynaptic densities from hippocampal neurons of rats subjected to 15 min of 2-VO model
followed by 4 and 24 h of reperfusion (Liu et al., 2004). In summary, these results suggest that
ubiquitin-containing clusters of misfolded or damaged proteins are formed in all post-ischemic

neurons, primarily during reperfusion.

The clusters of ubiquitinated proteins formed after brain ischemia may give rise to protein
aggregates by an unknown process, possibly through translation arrest, but the aggregates are
maintained exclusively in CA1 neurons until their death (Hu et al., 2000; Hu et al., 2001; Liu et
al., 2004; Liu et al., 2005a). In fact, translational complex components are irreversibly clumped

into large abnormal protein aggregates after transient brain ischemia (Liu et al., 2005a) or focal
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brain ischemia (Zhang et al., 2006a), suggesting that the irreversible inhibition of translation in
neurons destined to die after ischemia is caused by irreversible aggregation of translational
complex components, chaperones and protein folding enzymes. An enrichment of ubiquitinated
proteins in insoluble fractions was observed 4 h after 10 min of BCCAo, particularly Lys6, Lys11,
Lys48 and Lys63 modified polyubiquitin chains (lwabuchi et al., 2014). The same study found
selective accumulation of ubiquitinated proteins responsible to regulate LTP, neurotransmission,
initiation and elongation factors among others (lwabuchi et al., 2014). CamKll is one of the
proteins present in aggregates after brain ischemia, with 27 out of the 28 lysine residues being
ubiquitinated, consistent its aggregation after brain ischemia (Mengesdorf et al., 2002; Iwabuchi
et al., 2014). Moreover, proteasomes, particularly the 19S RP, are also sequestered into these
protein aggregates in post-ischemic brains (Ge et al., 2007). Furthermore, cytoplasmic ubiquitin-
containing aggregates and stress granules are clustered together in CA1 neurons at day 2-3 of
reperfusion following global forebrain ischemia and may contribute to sustained translation

arrest and CA1 pyramidal neuron vulnerability (DeGracia et al., 2007).

Recent work also demonstrates that reperfusion, rather than ischemia, leads to the
accumulation of ubiquitin aggregates in the neocortex, an area of more intense reperfusion, as
well as in the striatum after MCAo (Hochrainer et al., 2012). However, no ubiquitin aggregates
were found in permanent ischemia and surprisingly proteasome impairment was greatest under
these conditions (Hochrainer et al., 2012), suggesting that the two events are independent. The
formation of ubiquitin-protein aggregates may thus reflect a greater potential for tissue survival
in the immediate postischemic period. The cause and effect relationship between protein
aggregation and subsequent neuronal death remains to be determined and further studies are

needed to uncover the roles of ubiquitinated protein aggregation after brain ischemia.

Accumulation of ubiquitin conjugated proteins and depletion of free ubiquitin following an
ischemic injury suggest an impairment of proteasome function. In fact, transient global brain
ischemia impairs 26S proteasome function by promoting proteasome disassembly, both in rats
(Ge et al., 2007) and gerbils (Kamikubo and Hayashi, 1996; Asai et al., 2002). However, while the
26S proteasome activity recovers in many regions after reperfusion (e.g. CA3, dentate gyrus, and
frontal cortex), in more vulnerable areas, such as CA1 region of the hippocampus, the 19S and
20S proteasomes do not fully reassociate, and the proteasome is irreversibly inhibited (Asai et
al., 2002). A time-dependent decrease in proteasome activity has also been detected in
ipsilateral cortex and hippocampus during 1-24 h reperfusion after transient focal ischemia
(Keller et al., 2000), and this downregulation of proteasome activity was partly attributed to

oxidative stress (Keller et al., 2000).
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Transient forebrain ischemia induced by BCAo in mongolian gerbils and transient focal brain
ischemia induced by MCAo in mice were without effect on the expression of proteasome
subunits, although a downregulation of the proteasome activity was found in both cases
(Kamikubo and Hayashi, 1996; Keller et al., 2000). These evidences suggest that
posttranslational mechanisms are involved in the downregulation of the proteasome in the

ischemic brain.

In summary, brain ischemia induces an excessive accumulation of ubiquitinated proteins, which
are in excess to be degraded by the proteasome. The accumulation of ubiquitinated proteins
may be further exacerbated due to the impairment of the proteasome activity, giving rise to
aggregates that also contain other unfolded/damaged proteins or organelles, as observed in

delayed neuronal death after brain ischemia.

1.5.2. Changes in the UPS in in vitro models of global ischemia

OGD, an in vitro model for transient global ischemia, was shown to induce hippocampal
neuronal death, through activation of NMDAR, and to downregulate proteasome activity in a
NMDAR activation-dependent manner (Caldeira et al., 2013). This OGD induced decline on
proteasome activity may be due to a rapid ATP depletion. A decrease in ATP content was in fact
observed in cultured cortical neurons exposed to OGD followed by reoxygenation (Chen et al.,
2010) and in cultured hippocampal neurons subjected to excitotoxic stimulation (Caldeira et al.,
2013). However, irreversible ATP-independent inhibition of proteasome activity was detected in
hippocampal CA1 neurons after transient forebrain ischemia (Asai et al., 2002), suggesting that
two different mechanisms may be involved in the regulation of proteasome activity after in vitro

ischemia.

OGD followed by incubation of cells in culture conditioned medium (to mimic reperfusion)
induces oxidative damage of the proteins, and the upregulation of oxidized proteins increases
protein degradation after OGD in cultured cortical neurons (Weih et al., 2001). However, a rapid
increase in protein degradation was also observed even during OGD. Inhibition of proteasome
was shown to prevent proteolysis of oxidized proteins after OGD (Weih et al., 2001), suggesting
a role for the UPS in the clearance of oxidized proteins in neuronal cells. Moreover, proteasomal
activity was shown to be similar immediately after OGD and in sham-washed cultured cortical
neurons (Weih et al., 2001), in agreement with the relative resistance of the proteasome against
oxidative stress (Reinheckel et al., 1998). However, these results contrast with the protein

aggregation and reduced cytosolic and nuclear free ubiquitin distribution reported in the
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organotypic hippocampal slice culture model of OGD (Ouyang et al., 2005). OGD followed by
reoxygenation was also found to induce a time-dependent ubiquitination of misfolded proteins
and aggregate formation, specially clustered near nuclei of cultured cortical neurons (Chen et
al., 2010). These effects seem to be mediated by a dysregulation of endoplasmic reticulum Ca*'
concentration, which affects protein folding. Interestingly, endoplasmic reticulum Ca®'
dysregulation also partially affects proteasome activity after OGD (Chen et al., 2010). These

findings point to the UPS as an active component of the cellular defense system against

oxidative stress after cerebral ischemia.
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Figure 1.10- Overview of the consequences of brain ischemia on the Ubiquitin-Proteasome System. Transient
ischemia decreases the ATP content of the affected areas, which contributes to 26S proteasome disassembly, leading
to accumulation of ubiquitinated proteins and/or failure of the ubiquitin activating enzyme (E1), thus decreasing the
overall efficiency of protein degradation by the UPS. After reperfusion of the injured area, 26S proteasomes are
requested to degrade the accumulated ubiquitin conjugates and become sequestered. Since there is a large amount
of 26S targeted proteins, proteasome also become blocked. The accumulation of new misfolded proteins will lead to
the formation of aggregates. ATP decrease after ischemic injury may also contribute to the failure of quality-control
mechanisms, which also contribute to aggregate formation. Aggregate formation is a protective response of the cell

against abnormal proteins (Caldeira et al., 2014).
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1.5.3. UPS in glutamate-induced excitotoxicity

Activation of NMDAR plays a role in neuronal death induced by transient OGD in different
neuronal culture systems (Martinez-Sanchez et al., 2004; Bonde et al., 2005; Ahlgren et al.,
2011), similarly to the role of glutamate receptors in neuronal damage in the ischemic brain [for
review see (Kostandy, 2012)]. The activation of NMDA-type glutamate receptors is a mediator of
neuronal death in OGD and may play a role in ischemia-induced downregulation of the
proteasome activity, as shown in experiments where cultured hippocampal neurons were
subjected to excitotoxic stimulation with glutamate or with NMDA (Caldeira et al., 2013). The
downregulation of the proteasome activity after excitotoxic stimulation with glutamate is
specifically mediated by activation of extrasynaptic NMDAR (Caldeira et al., 2013), in agreement
with their role in excitotoxic neuronal death (Bengtson et al., 2008). In particular, the entry of
calcium through NMDAR channels is actively involved in the downregulation of the proteasome
activity, possibly due to activation of downstream signaling pathways that target proteasome
proteolytic activity. The effects of excitotoxic stimulation with glutamate on the activity of the
proteasome, as measured with fluorogenic substrates, correlate with a disassembly of the 26S
proteasome, by a mechanism that may be related with the decrease in the ATP content (Caldeira
et al., 2013). These structural changes in the proteasome resemble the alterations in the
proteasome structure observed in brain ischemia (Kamikubo and Hayashi, 1996; Asai et al.,
2002; Ge et al., 2007), further suggesting that overactivation of glutamate receptors plays a key

role in the downregulation of the proteasome in the ischemic brain.

Although it is still unknown which are the signaling cascades that mediate the downregulation of
the proteasome activity in brain ischemia, the activation of calpains and lysosomal cathepsins
are good candidates, given the fact that the toxic effects of glutamate are partially mediated by
the Ca**-dependent activation of calpains (Takano et al., 2005), and these proteases were shown
to be activated before downregulation of the proteasome in hippocampal neurons subjected to
excitotoxic stimulation (Melo et al., 2013). Recently, using cortical neurons with compromised
ATP production, it was shown that the calpain-mediated cleavage of the S5a/Rpn10 ubiquitin
acceptor protein within the proteasome may account for the decrease in the abundance of fully-
assembled proteasomes (Huang et al., 2013). The lysosomal cysteine proteases, cathepsin-B and
cathepsin-L, are also involved in ischemic cerebral damage (Seyfried et al., 2001) and in
proteasomal subunit degradation (Cuervo et al., 1995). Accordingly, it was shown that the
excitotoxicity-induced proteasome inhibition was partially prevented by inhibition of cathepsin-L
(Caldeira et al., 2013), and more recent data demonstrated the role of macroautophagy in the

degradation of proteasomes, a process called proteophagy (Waite et al., 2016). This suggests
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that the cross-talk between several family of proteases with the proteasome may occur thus

regulating many aspects of the cell fate.

The studies performed concerning the effect of excitotoxic stimulation on the activity of the
proteasome in cultured hippocampal neurons show that the nuclear proteasomes are
preferentially targeted when compared with the cytosolic pool, which is not fully understood
(Caldeira et al., 2013). Impaired trafficking might be an attractive hypothesis that should be
considered. The lack of substrate degradation by the UPS does not necessary correlate with
proteasome dysfunction. Cell death brought by excessive NMDAR activation (100uM, 25min)
was promoted by c-Jun elevation due to its impaired nuclear degradation. Synaptonuclear
translocation of the synaptic component Proline rich 7 (PRR7) was shown to halt c-Jun
degradation by interacting with the FBW7 E3 ligase, thus promoting a c-Jun transcriptional

response (e.g induction of cell death associated genes) (Kravchick et al., 2016).

Excessive NMDAR stimulation promotes the nuclear accumulation of cyclin Bl inducing
apoptotic cell death by abnormal S-phase entry (Almeida et al., 2005; Maestre et al., 2008).
Biochemically, this is due to the -calpain-mediated generation of the Cdk5-p25,
hyperphosphorylation of the Anaphase-Promoting complex/cyclosome (APC/C) Cdh1 activator
protein, and subsequent entrapment of this E3 ligase in the cytosol, failing in the degradation of
the cyclin B1 protein (Maestre et al., 2008). Furthermore, excitotoxic stimulation with glutamate
also downregulates total DUB activity but it was without effect on the activity of UCH-L1,
showing that not all deubiquitinating enzymes are affected (Caldeira et al., 2013). Taken
together, these evidences suggest that the UPS is subjected to regulation at different levels in

brain ischemia, and differential effects may be expected in distinct subcellular compartments.

Given the results pointing to a role of the UPS in the regulation of glutamatergic synapses, the
downregulation of the proteasome observed in brain ischemia may have important implications
at this level. A neurotoxic insult with glutamate (100 uM during 4 h) was shown to decrease the
number of PDS-95 puncta and to cause PSD loss, which was accompanied by spine loss in
cultured hippocampal neurons (Waataja et al., 2008). These effects were attenuated by NMDAR
antagonists, but protective effects were also observed in the presence of a proteasome inhibitor
and by a genetic approach expressing p14ARF (which binds and inhibits Mdm2, cognate E3 ligase
for PSD-95). This study suggests that glutamate activates NMDARs to stimulate a Ca**-dependent
E3 ligase leading to PSD-95 ubiquitination and degradation through proteasome, with
consequent loss of PSD-95 clustering (Waataja et al., 2008). These results suggest that some of

the alterations resulting from proteasome inhibition in brain ischemia may be protective.
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Taken together, the available evidence show that excitotoxic stimulation with glutamate has
multiple effects on the UPS which may contribute to the demise process in brain ischemia and in

other neurological disorders.

1.5.4. UPS in ischemic tolerance

Ischemic tolerance is a neuroprotective mechanism in the brain, whereby prior exposure to brief
periods of ischemia induces protection to subsequent harmful ischemic events (for review see
(Meller, 2009)). Two mechanisms of ischemic tolerance have been described: i) classical or
delayed ischemic tolerance, which requires protein synthesis and changes in the genomic
response, resulting in protection after 24-72 h after the preconditioning stimulus (Barone et al.,
1998), and ii) rapid ischemic tolerance, independent of de novo protein synthesis, and producing
neuroprotection within 30 min to 1 h following the preconditioning event (Meller et al., 2006),

suggesting that is regulated by posttranslational mechanisms.

UPS has been shown to play an important role in both types of ischemic tolerance. In fact, after
delayed tolerant ischemia (5 min of BCCAo at 48 h of reperfusion period after a preconditioning
stimulus of 2 min) the abundance of free ubiquitin was found to be restored above the normal
values, in contrast with the ischemia-induced moderate and transient reduction of free
ubiquitin. Although the results suggest de novo ubiquitin synthesis, no changes were observed in
the ubiquitin mRNA (Ide et al., 1999). A role for the UPS on rapid tolerance to ischemia was also
described. A proteomic analysis of ubiquitinated proteins showed an upregulation of 17 proteins
in cultured cerebrocortical neurons after a preconditioning ischemic event in vitro (OGD-pre-
treated cells) and 7 proteins were exclusive of control samples. The authors found a cell death-
associated protein, Bcl-2-interacting mediator of cell death (Bim), which is selectively
ubiquitinated and degraded by the proteasome in cultured cortical neurons preconditioned with
30 min of OGD and 1 h of recovery, followed by 120 min of OGD and 24 h of post-incubation in
culture conditioned medium (Meller et al., 2006). These results suggest a rapid degradation of
cell death promoting proteins and rapid neuroprotection by the UPS. Moreover, the UPS was
found to increase neuronal resistance to excitotoxicity through rapid modulation of postsynaptic
densities after preconditioning ischemia (Meller et al., 2008). Ubiquitination and degradation of
proteins involved in the structure and function of the PSD, namely MARCKS and fascin (actin
binding proteins), result in the reorganization of actin cytoskeleton after preconditioning
ischemia. These alterations result in the loss of NMDAR from the PSD and a concomitant
selective attenuation of toxic NMDAR-mediated signaling at the time when tolerance to

ischemia is acquired (Meller et al., 2008). Accordingly, inhibition of the proteasome activity was
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found to block the rapid ischemic tolerance-induced neuroprotection (Meller et al., 2008).
Moreover, previous studies have also shown a decrease of synaptic NMDAR during tolerance to
OGD (Sattler et al., 2000) and PSD-95 degradation by the UPS together with a loss of dendritic
spines upon NMDAR activation (Waataja et al., 2008). The neuroprotective effects (cerebral
infarct size, memory and motor performance) induced by both acute and delayed ischemia
preconditioning are also attenuated when the proteasome is inhibited with Z-Leu-Leu-Phe-CHO
(Rehni et al., 2010), further suggesting that immediate as well as prolonged beneficial effects of
ischemic preconditioning in global cerebral ischemia and reperfusion (17 min BCAO followed by

24 h reperfusion) may be attributed to UPS activity.

1.5.5. Protective effects of proteasome inhibitors in brain ischemia

The experimental evidences described above point to a downregulation of the UPS in brain
ischemia, as observed for example by an increase in the accumulation of ubiquitinated proteins,
which correlates with neuronal death. Furthermore, injection of a proteasome inhibitor into the
lateral ventricle of rats significantly decreased Nuclear Factor-kappaB (NF-kB) activity and
resulted in apoptotic neuronal death in various CNS areas, suggesting that proteasome inhibition
induces apoptotic neuronal death (Taglialatela et al., 1998). Also, incubation of different types of
neurons with proteasome inhibitors was shown to induce cell death (Qiu et al., 2000; Bobba et
al., 2002; Ding et al., 2006). These evidences would further suggest that proteasome inhibition
contributes to neuronal death in brain ischemia. However, in contrast with the results described
above, proteasome inhibitors were shown to provide neuroprotection in various models of

stroke.

CVT-634, the first proteasome inhibitor to be tested in a rat model of focal brain ischemia,
reduced infarction without affecting regional cerebral blood flow (Buchan et al., 2000). A more
detailed characterization of the neuroprotective properties of proteasome inhibitors in brain
ischemia was provided with studies using MLN519, a compound structurally similar to
lactacystin (Williams et al., 2003). The effect of MLN519 was tested using transient MCAo
(Williams et al., 2004; Williams et al., 2005), and the cardioembolic stroke model (Zhang et al.,
2001), and a therapeutic window of 6-10 h after ischemia/reperfusion brain injury was observed
using the former model. The neuroprotective effects of MLN519 were attributed to a decrease
in inflammation after the ischemic injury, through downregulation of NF-kB and downstream
inflammatory genes, as well as inhibition of the infiltration of inflammatory cells into the brain
(Phillips et al., 2000; Zhang et al., 2001; Williams et al., 2003; Williams et al., 2004; Williams et

al., 2005). In addition to the effects in reducing the brain pathology, MLN519 also improved the
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neurological outcome after MCAo (Williams et al., 2005). Furthermore, when combined with
tissue plasminogen activator (tPA), MLN519 reduced the infarct volume and improved the
neurological outcome as determined 1 week after stroke (Zhang et al., 2001). Similarly, the
proteasome inhibitor bortezomib combined with low doses of tPA showed additional
neuroprotective effects when tested in a model of embolic stroke in rats (Zhang et al., 2006b).
Single administration of bortezomib within 2-4 h after injury also showed neuroprotective
effects, and the proteasome inhibitor was proposed to act by promoting Endothelial nitric oxide
synthase (eNOS)-dependent vascular protection and to prevent NF-kB-dependent vascular
disruption (Zhang et al., 2006b; Zhang et al., 2006c; Zhang et al., 2010). However, opposing
results regarding the contribution of NF-kB in mediating cell death also exist. Deletion of the NF-
kKB p50 gene increased the number of TUNEL-positive cells in mice submitted to barrel cortex
ischemic stroke when compared with the wild-type counterparts (Li et al., 2013). Furthermore,
the same trend was also observed for blood-brain barrier damage, suggesting that the NF-kB

protein may have dual effects in mediating cell death and cell survival (Li et al., 2013).

Although bortezomib has been approved by the Food and Drug Administration for the treatment
of multiple myeloma and mantle cell lymphoma, the clinical use of this proteasome inhibitor is
limited because of severe side effects (Ruschak et al., 2011). A novel proteasome inhibitor,
BSc2118, which is putatively better tolerated, was shown to provide protection in mice
subjected to MCAo, when injected intrastriatally no later than 12h post-stroke. A single injection
of BSc2118 provided long-term neuroprotection, reduced functional impairment, stabilized the
blood-brain barrier by decreasing Matrix metallopeptidase 9 (MMP9) activity and enhanced
angioneurogenesis. The upregulation of the Hypoxia-Inducible Factor 1A (HIF1A) transcription
factor is also an important mediator in BSc2118-induced neuroprotection (Doeppner et al.,
2012). The same group also showed a reduction in infarct volume even when the compound was
administered up to 9 h post-stroke. Although the inhibitor was administered in a different
manner (systemic intraperitoneal delivery), the effect was also attributed to the preservation of
the blood-brain-barrier integrity; neuronal survival persisted up to 28 days post-stroke

(Doeppner et al., 2016).

This apparent contradiction between the toxic effects resulting from proteasome inhibition in
neurons and the effect of proteasome inhibitors in brain ischemia may be explained by an effect
of proteasome inhibition in the secondary phase of brain injury and in neuroinflammation after
stroke, which are reduced by proteasome inhibitors. Although neurons are sensitive to
proteasome inhibition, they may be able to tolerate relatively long periods of intracellular

accumulation of ubiquitinated proteins, allowing the control of neuroinflammation with the
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proteasome inhibitors. Although therapy with proteasome inhibitors may be tolerated, it may
exacerbate to some extent the response to ischemia due to an accumulation of ubiquitinated

proteins that must be then removed by autophagic mechanisms.

Contrasting with all the results discussed above, the activity of the proteasome is enhanced after
ischemic-reperfusion injury in the rat retina, and the proteasome inhibitor Bortezomib reduced
the cell death by reducing the inflammatory mediators, pro-apoptotic proteins and oxidative
makers (Chen et al., 2013). Moreover, the IU1 compound, which acts as a USP14 inhibitor, a DUB
that acts as a negative regulator of the 26S proteasome (Lee et al., 2010), was shown to reduce
brain infarct volume in a mouse model of transient focal cerebral ischemia at day 4 after the
insult (Doeppner et al., 2013), contrasting with the role of proteasome inhibition in promoting
cell survival. The apparent contradiction between the effects of IU1 and proteasome inhibitors in

brain ischemia should be further studied.
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Objectives of the work

As discussed in the previous sections, the Ubiquitin-Proteasome System was shown to be
impaired in several models of transient global/focal ischemia in the brain, as well as in models of
NMDA-induced excitotoxicity (Sections 1.5.1, 1.5.2, 1.5.3). Under the same conditions there is an
excessive activation of calpains due to the [Ca®*]; overload. Little is known about the intimate
relationship between these two proteolytic systems in a brain ischemia scenario. The main
objective of the present work was to investigate the role of calpains in the dysregulation of the
proteasome in brain ischemia, focusing in proteins of the 19S regulatory particle. As secondary
objective, we aimed at characterizing the changes in subcellular localization of endogenous
proteasomes in low-density cultured cerebrocortical neurons exposed to transient oxygen-

glucose deprivation (OGD), which mimics global ischemia in vitro.

In the work described in Chapter 3 we established a low-density culture system to perform
immunocytochemistry experiments in cerebrocortical neurons exposed to OGD, and analysed
the dendritic distribution of the proteasome proteins PSMA2 and Rpt6 as markers of the 20S and

19S proteasome particles, respectively.

Moreover, we report OGD-induced changes in the chymotrypsin-like activity and in the assembly
of the proteasome that mimic the alterations that have been described in vivo, indicating that
OGD is a good in vitro model to investigate the dysregulation of the proteasome in brain
ischemia. Under the same experimental conditions, we report evidences showing calpain
activation. Since the decreased activity of the proteasome correlates with activated calpains, we
investigated whether calpains may play a role in cleaving subunits belonging to the 26S
proteasome which in turn may impair 26S proteasome. Herein we reported changes in several

proteasome subunits in cultured cortical neurons subjected to transient OGD.

Because proteasome inhibition is a common feature observed in chronic neurodegenerative
diseases and after acute brain injury, the effect of a proteasome activator in preventing cell
demise will be also addressed. Thus, the neuroprotective effect of the DUB inhibitor USP14 in
protecting cultured cortical neurons against the toxic effects of OGD was studied, in preventing

calpain activation in the former conditions, and also in restoring normal polyubiquitination.
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2. Experimental Procedures

2.1. Cerebrocortical cultures (high density and low density cultures)

Primary cultures of rat cortical neurons were prepared from the cortices of E17-E18 Wistar rat
embryos. Briefly, cortices where washed with ice-cold HBSS three and five times, prior and after
trypsin (0.06 %, 10 min at 37 °C) treatment, respectively. Cells were mechanically dissociated, no
more than 10-15 times with HBSS. After counting, the cells were plated with Neuronal Plating
Medium (MEM supplemented with 10 % horse serum, 0.6 % glucose and 1mM pyruvic acid) for 2-3
h in 6- or 24-well plates (92.8x10% cells/cm?) coated with poly-D-lysine (0.1 mg/mL). After this
period, the plating medium was removed and replaced by Neurobasal medium supplemented with
SM1 supplement (1:50 dilution), without glutamate, 0.5 mM glutamine and 0.12 mg/mL
gentamycin. For imaging purposes, low-density cortical cells were plated at a final density of
1.0x10" cells/cm? on poly-D-lysine-coated coverslips, in 60 mm culture dishes, in neuronal plating
medium. After 2-3 h, coverslips were flipped over an astroglial feeder layer. After 2-3 days in
culture, division of glial cells was halted by addition of 10 uM 5-FdU-NOAC (5-FDU) to the medium.
Cultures were fed twice a week and maintained in Neurobasal medium supplemented with SM1

supplement, and kept in a humidified incubator of 5 % CO,, at 37 °C, for 14-15 days.

2.2. HEK293t cells maintenance and transfection

HEK293t cells were grown for 2 days in MW®6 culture boxes until they reached about 60 %
confluence. A solution of CaCl, (115 uM) and DNA (2-5 ug or 10 ug, for low yield and high yield
DNA) was added drop-wise to a solution of 2x HEPES buffered saline (HBS) (50 mM HEPES, 280
mM NaCl, 1.5 mM Na,HPO,, pH 7.0). The precipitates were immediately then distributed evenly
over the HEK293t cultures. The cells were allowed to incorporate the precipitates for 6 h and
were further incubated for about 48 h to express the plasmid content. During these periods cells
were maintained at 37 °C, with saturating humidity and 5 % CO, /95 % air. HEK293t cells were
then washed twice with ice-cold PBS and the cells were then lysed in 100 ul of 50 mM Tris-HCl
pH 7.5, 10 % Glycerol, 5 mM MgCl,, 2 mM DTT, 2 mM ATP. The extracts were then centrifuged at
16,100 x g for 10 min at 4°C, and the protein content in the supernatants was quantified using

the Bradford method.
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2.3. Oxygen-Glucose Deprivation (OGD) Assays

Cultured cerebrocortical neurons (14-15 DIV) were incubated for 45 min or 1h30min (see figure
captions) in a solution containing 10 mM Hepes, 116 mM NaCl, 5.4 mM KCl, 0.8 mM MgSQ,, 1
mM NaH,P0O,, 25 mM NaHCOs;, 1.8 mM CaCl,, pH 7.3, and supplemented with 25 mM glucose
(Sham cells) or with 25 mM sucrose (OGD) at 37°C. Sham cells were maintained in an incubator
with 5 % CO,/95 % air, whereas the latter group was incubated in an oxygen deprived chamber
(5% CO,, 7.5 % H,, 87.5 % N,; OGD cells) (Thermo Forma Anaerobic System Model 1029). Cells
were further incubated in culture conditioned medium for 4 h (for extracts), or for the period of
time indicated in figure captions (for proteasome activity). When appropriate, 50 uM MDL
28170 (Calbiochem) or 100 uM APV (Enzo Lifesciences) were added to the culture medium 30
min before OGD and were present throughout the experimental procedure. The DUB USP14
inhibitor IU1 (20 uM; Focus Biomolecules) was added to the culture medium 30 min before OGD,

or immediately after, and was present throughout the experiment.

2.4. Immunocytochemistry

Cerebrocortical neurons (low-density cultures) were fixed in 4 % sucrose/paraformaldehyde (in
PBS) for 15 min at room temperature and permeabilized with 0.3 % Triton X-100 in PBS. Neurons
were then incubated with 10 % BSA in PBS, for 30 min at 37°C, to block non-specific staining, and
incubated overnight at 4°C with the primary antibodies diluted in 3 % BSA in PBS. The following
primary antibodies and dilutions were used: anti-PSMA2 (1:300 dilution [rabbit]; Cell Signaling
#2455), anti-Rpt6 (1:400 dilution [mouse]; Enzo #BML-PW9265), anti-MAP2 (1:10,000 dilution
[chicken], Abcam #ab5392), anti-PSD95 (1:200 dilution [rabbit]; Cell Signaling # 1673450S) and
anti-PSD95 (1:200 [mouse]; Thermo Scientific #MA1-045 ). The cells were washed 6 times with
PBS for 2 min and incubated with Alexa Fluor 568- (1:500 dilution, Invitrogen), Alexa Fluor 488-
(1:500 dilution; Invitrogen) and AMCA- (1:200 dilution; Jackson ImmunoResearch) conjugated
secondary antibodies, for 45 min at 37°C. After washing the cells 6 times with PBS for 2 min, the

coverslips were mounted with a fluorescence mounting medium (DAKO).

2.5. Flurorescence Microscopy and quantitative fluorescence analysis

Imaging was performed in an Axio Observer Z1 fluorescence microscope, coupled to an Axiocam
HRm digital camera, using a Plan-Apochromat 63x/1.4 oil objective. Images were quantified
using the Imagel image analysis software. For quantitation, independent sets of cells were
cultured and stained simultaneously, and imaged using identical settings. The immunoreactivity

signals were analysed after setting the thresholds, and the recognizable clusters under those
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conditions were included in the analysis. The number, area and the integrated intensity of
PSMA2 or Rpt6 particles in dendrites were determined and represented per dendritic area. For
colocalization analysis, regions around thresholded puncta were overlaid as a mask in the PSD95
(or MAP2) channel, and the integrated intensity, area and number of colocalized particles

determined.

2.6. Nuclear morphology staining

Cerebrocortical neurons were cultured for 14 days on poly-D-lysine-coated glass coverslips, at a
density of 94.7x10° cells/cm?. After the appropriate stimulus (see figure captions), cells were
fixed in 4 % sucrose/ 4 % paraformaldehyde (in PBS), for 15 min at room temperature, washed
once with ice-cold PBS and the nuclei were then stained with Hoechst 33342 (1 pug/mL), for 10
min, protected from the light, at room temperature. After this, cells were washed once with ice-
cold PBS and the coverslips were mounted with a fluorescent mounting medium (DAKO). Images
were captured using a Zeiss Axiovert 200 fluorescent microscope coupled to an Axiocam camera.
Three independent coverslips were prepared for each experimental condition, and at least 200

cells were counted in each case.

2.7. Preparation of extracts and quantification of proteasome activity

Hippocampal neurons were washed twice with ice-cold phosphate-buffered saline (PBS). The
cells were then lysed in 1 mM EDTA, 10 mM Tris-HCI pH 7.5, 20 % Glycerol, 4 mM dithyothreitol
(DTT) and 2 mM ATP (100 ul/well). Whole cell extracts were centrifuged at 16,100 x g for 10 min
at 4°C, total protein content in the supernatants was quantified using the Bio-Rad method, and

the concentration of the samples was equalized with lysis buffer.

The peptidase activity of the proteasome was assayed by monitoring the production of 7-amino-
4-methylcoumarin (AMC) from a fluorogenic peptide: Suc-LLVY-AMC (for chymotrypsin-like
activity; Peptide Institute, Inc). Samples (5-10 ug) were incubated with the fluorogenic substrate,
50 uM Suc-LLVY-AMC, in 50 mM Tris-HCI (pH 8.0) and 0.5 mM EDTA buffer, in a final volume of
100 pl. The release of fluorescent AMC was measured at 37°C using a SPECTRAmax Gemini EM
(Molecular Devices) microplate reader, at an excitation wavelength of 360 nm and an emission
wavelength of 460 nm, for 60 min at 5 min intervals. All the experiments were performed in the
presence of 2 mM ATP. Specific activity was determined by subtracting the activity measured in

the presence of 10 uM MG-132 (Calbiochem), a reversible proteasome inhibitor.
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2.8. Native Gel Electrophoresis

Cerebrocortical neurons (14 DIV) were washed twice with ice-cold PBS and the cells were then
lysed in 100 pl of 50 mM Tris-HCl pH 7.5, 10 % Glycerol, 5 mM MgCl,, 2 mM DTT and 2 mM ATP.
The extracts were then centrifuged at 16,100 x g for 10 min at 4°C, and the protein content in
the supernatants was quantified using the Bradford method. The protein concentration in the
samples was equalized with lysis buffer before separation in 4 % polyacrylamide native gels,
under non-denaturing conditions, at 90 V for 8 h (4°C) as described elsewhere (Elsasser et al.,
2005; Caldeira et al., 2013). The proteins in the gel were then electrotransferred to
polyvinylidene (PVDF) membranes and immunoblotted using an antibody against PSMA2 (Cell

Signaling) or Rpt6 (Enzo).

2.9. Western Blotting

Cerebrocortical neurons (14 DIV) were washed with ice-cold PBS buffer and then lysed with RIPA
buffer (150 mM NacCl, 50 mM Tris-HCl, pH 7.4, 5 mM EGTA, 1 % Triton, 0.5 % DOC and 0.1 % SDS
at a final pH 7.5), supplemented with 50 mM NaF, 1.5 mM sodium orthovanadate and the
cocktail of protease inhibitors. After centrifugation at 16,100 x g for 10 min, protein in the
supernatants was quantified using the bicinchoninic acid (BCA) assay, and the samples were
diluted with a 2x concentrated denaturating buffer (125 mM Tris, pH 6.8, 100 mM glycine, 4 %

SDS, 200 mM DTT, 40 % glycerol, 3 mM sodium orthovanadate, and 0.01 % bromophenol blue).

Protein samples were separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE), in 6.5-11 % polyacrylamide gels, transferred to PVDF membranes (Millipore), and
immunoblotted. Blots were incubated with primary antibodies (overnight at 4°C), washed and
exposed to alkaline phosphatase-conjugated secondary antibodies (1:20,000 dilution; Jackson
Immunoresearch; 1 h at room temperature). The following primary antibodies were used: Anti-
PSMA2 (1:1000 dilution [rabbit]; Cell Signaling #2455), Anti-Rpt6 (1:1000 dilution [mouse]; Enzo
#BML-PW9265), Anti-GFP (1:1000 dilution [mouse]; Roche #11814460001), Anti-Rpn10 (1:1000
dilution [mouse]; Enzo # BML-PW9250), Anti-Ubiquitin (1:1000 dilution [rabbit]; DAKO #Z0458),
Anti-Spectrin (1:1000 dilution [mouse]; Millipore # MAB1622), Anti-Rpt3 (1:100 dilution
[mouse]; Santa Cruz Biotechnology #sc-166115), Anti-Rpn1 (1:100 dilution [mouse]; Santa Cruz
Biotechnology #sc-271775), Anti-Rptl (1:100 dilution [mouse]; Santa Cruz Biotechnology #sc-
166972), Anti-Rpn3 (1:200 dilution [mouse]; Santa Cruz Biotechnology #sc-393588) and Anti-
Calpainl (1:1000 dilution [rabbit]; Abcam # ab28258). Alkaline phosphatase activity was
visualized by ECF on the Storm 860 Gel and Blot Imaging System (GE Healthcare) or the

ChemiDoc Touch Imaging System (BioRad).
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2.10. Stripping and reprobing of the membranes

In order to reprobe membranes with additional primary antibodies, namely those used against
B-tubulin, used as experimental loading control, ECF was removed by washing the membranes
with TBS-T for 30-40 min. After this washing step, the membranes were washed for 5 min with
0.2 M NaOH and washed again, abundantly with water for 30 min. Membranes were again
blocked for 45 min, with 5 % non-fat milk in TBS-T, and incubated with the anti-B-tubulin
antibody (1:600 000). Secondary antibodies were incubated for 1 h at room temperature as

previously mentioned.

2.11. Incubation of HEK293t cell extracts with human recombinant calpain

HEK293t cell extracts were diluted in a buffer containing 50 mM Tris-HCI, pH 7.4, 100 mM KCl, 2
mM DTT and 2mM ATP, and incubated with 2.5 U/mL recombinant calpain | (human
erythrocytes, Calbiochem), in the presence or in the absence of 4 mM CaCl,, for 1 h at 37°C and
with constant agitation (Gomes et al., 2011; Lobo et al., 2011). Incubation was stopped by

addition of concentrated denaturating buffer followed by boiling the samples for 5 min at 95°C.

2.12. Evaluation of putative PEST sequences in proteasome subunits

The amino acid sequence of 26S proteasome subunits was analysed for the presence of putative
PEST sequences. The subunit composition of the 26S proteasome was published in (Bousquet-
Dubouch et al., 2009), and the Uniprot ID for the proteins from Rattus novergicus is indicated
Table 2.1. The amino acid sequence of each protein, obtained from the UniProt Database
(http://www.uniprot.org), was analysed using the EPESTFIND proteolytic sequence finder
(http://emboss.bioinformatics.nl/cgi-bin/emboss/help/epestfind). The threshold was set to
+5.00, and only proteins with a score higher than this were considered to be putative targets for

proteolytic cleavage by the proteasome.

2.13. Lactate dehydrogenase (LDH) assay

After the OGD insult, the cells were further incubated in culture conditioned medium for the
period of time mentioned in the figure captions. The LDH leakage to the extracellular medium
was evaluated by a colorimetric assay, using the CyoTox 96 Non-Radioactive assay kit (Promega),
according to the manufacturer’s instructions. Briefly, the extracellular medium was removed
and diluted with an equal volume of H,0 to a final volume of 100 pul, and 50 ul of substrate mix
was added to the diluted sample, at room temperature, protected from the light. Incubation

with the substrate was performed for 15-30 min and the reaction was stopped with 50 pl of stop
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solution. The activity of LDH was measured using a SPECTRAmax Gemini EM (Molecular Devices)
microplate reader, at an excitation wavelength of 490 nm. The percentage of LDH released to
the medium was determined as the ratio between LDH activity in the extracellular medium and

total LDH activity (100 % cell death) obtained by cell lysis.

Table 2.1 - Proteasomal proteins analysed for the presence of putative PEST sequences using the EPESTFIND software.

The Uniprot IDs correspond to the Rattus novergicus proteins. Adapted from (Bousquet-Dubouch et al., 2009).

UniprotID Gene Protein UniprotID Gene Protein
P60901 PSMA6 al P28073 PSMB6 B1

_%3 P17220 PSMA2 a2 Q95HWO  PSMB7 B2

E P21670 PSMA4 a3 P40112 PSMB3 B3

; P48004 PSMA7 ad P40307 PSMB2 B4

S P34064 PSMAS asS P28075 PSMB5 BS

§ P18420 PSMA1 ab P18421 PSMB1 B6
P18422 PSMA3 a7 P34067 PSMB4 B7
Q63347 PSMC2 Rptl Q4FZT9 PSMD2 Rpnl
P62193 PSMC1 Rpt2 088761 PSMD1 Rpn2

@ P43686 PSMC4 Rpt3 Q5U2s7 PSMD3 Rpn3

'§ G3V6We6 PSMC6 Rpt4 Q5XIC6 PSMD12 RpnS

a Q63569 PSMC3 RptS F1LMZ8 PSMD14 Rpné

g P62198 PSMC5 Rpt6 Q6DCT9 PSMD6 Rpn7

3, Q5U2N2 UsP14 Uspl4 D4AEH3 PSMD7 Rpn8

= BOBN93 PSMD13 Rpn9 Q9ESH1 PSMD4 Rpn10
Q4V8E2 PSMD14 Rpnll F1LMQ3 PSMD8 Rpn12

Q95MB5 ADRM1 Rpn13

2.14. Total RNA isolation, RNA quality and RNA concentration

Total RNA from 14 DIV cultured cerebrocortical neurons was extracted with NZyol (Nzytech),
following the manufacturer’s specifications. The full content of a 6-well cluster plate, with a
density of 94.7x10° cells/cm?, was collected for each experimental condition. After the addition
of chloroform and phase separation, the RNA was precipitated by the addition of isopropanol.
The precipitated RNA was washed once with 75 % ethanol, centrifuged, air-dried and
resuspended in 60 pl of RNase-free water (GIBCO Invitrogen). The whole procedure was
performed at 4°C. RNA quality and integrity was assessed using the Experion automated gel-
electrophoresis system (Bio-Rad). A virtual gel was created for each sample, to estimate the
degradation of the reference markers, RNA 18S and 28S. Samples showing RNA degradation or
contamination by DNA were discarded. RNA concentration was determined using the Nanodrop

System (ThermoScientific). The samples were aliquoted and stored at -80°C until further use.
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2.15. Reverse Transcription reaction

For first strand cDNA synthesis 1 ug of total RNA was mixed with Random Hexamer Primer
p(dN)e followed by 10 min denaturation at 65°C to ensure loss of secondary structures that may
interfere with the annealing step. The samples were chilled on ice, and the template-primer mix
was then supplemented with Reaction Buffer (50 mM Tris/HCI, 30 mM KCI, 8 mM MgCl,, pH 8.5),
Protector RNase Inhibitor (20 U), dNTPs (1 mM each) and finally AMV Reverse Transcriptase
(10U; Roche), in a 20 ul final volume. The reaction was performed at 25°C for 10 min, followed
by 30 min at 55°C, for primer annealing to the template and cDNA synthesis, respectively. The
Reverse Transcriptase was then denatured during 5 min at 85°C, and the samples were cooled to

4°C for 5 min, and finally stored at -80°C until further use.

2.16. Primer Design

Primers for real-time PCR were designed using the “Beacon Designer 7” software (Premier
Biosoft International), and the following considerations were taken: (1) GC content about 50 %;
(2) annealing temperature (T,) between 55 + 5°C; (3) secondary structures and primer-dimers
were avoided; (4) primers length between 18-24 bp; (5) final product length between 100-200
bp. The following primers for UbiquitinC gene were used: Forward sequence (5°-3’)

CTTTGTGAAAACCTTAACTG; Reverse sequence (5'-3') ATCTTTGCCTTGACATTT.

2.17. Real-Time PCR

For gene expression analysis 2 ul of 1:100 diluted cDNA were added to 10 pl 2x SYBR Green
Master Mix (Bio-Rad) and the final concentration of each primer was 250 nM in 20 pl total
volume. The thermocycling reaction was initiated with activation of the Tag DNA Polymerase by
heating at 95°C during 30 s, followed by 45 cycles of a 10 s denaturation step at 95°C, a 30 s
annealing step at the optimal annealing temperature for each set of primers, and a 30 s
elongation step at 72°C. The fluorescence was measured after the extension step, using the iQ5
Multicolor Real-Time PCR Detection System (BioRad). After the thermocycling reaction the
melting step was performed with slow heating, starting at 55°C and with a rate of 0.5°C per 10 s,
up to 95°C, with continuous measurement of fluorescence, allowing detection of possible non-
specific products. The assay included a non-template control and a standard curve (in 10-fold
steps) of cDNA for assessing the efficiency of each set of primers. All reactions were run in

duplicate to reduce confounding variance.

The threshold cycle (C;) represents the detectable fluorescence signal above background

resulting from the accumulation of amplified product, and is a proportional measure of the
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starting target sequence concentration. C; was measured in the exponential phase and,
therefore, was not affected by possible limiting components in the reaction. For every run
performed C; was set at the same fluorescence value. Data analysis was performed using the

GenEx (MultiD Analyses) software for real-time PCR expression profiling.

2.18. Statistical Analysis
Statistical analysis was performed using one-way ANOVA analysis of variance followed by the
Dunnett’s or Bonferroni test, or using the two-tailed Student’s t test, as indicated in the figure

captions.
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3.1. Proteasome Dynamics during OGD in cortical neurons

The ubiquitin-proteasome system (UPS) is responsible for the turnover of many cytosolic
proteins, and under resting conditions they show a widespread distribution in neurons, which
includes nuclei, cytoplasm, dendrites, axons and synaptic buttons (Mengual et al., 1996).
Furthermore, proteasomes were shown to be recruited to dendritic spines in response to
neuronal activity (Bingol and Schuman, 2006). Lewi body formation in Alzheimer’s disease also
show positive staining for the regulatory particle of the proteasome, consistent with its
sequestration in proteins aggregates (Fergusson et al., 1996). Entrapment of proteasomes in
large protein aggregates was also proposed during the reperfusion period after brain ischemia
(Ge et al., 2007). This suggests that the proteasome trafficking may me impaired in the disease

state, thus promoting an unbalance in several neuronal homeostatic mechanisms.

Since little is known about the proteasome dynamics after brain ischemia, namely the
subcellular localization of the two components of the 26S proteasome, we evaluated the effect
of oxygen and glucose deprivation (OGD) on the distribution of the proteasome in low density
cultures of cerebrocortical neurons. OGD is a well-known protocol used to mimic global brain
ischemia-reperfusion in cultured neurons, and was previously validated by many authors
(Caldeira et al., 2013; Fernandes et al., 2014; Mele et al., 2014; Curcio et al., 2015; D'Orsi et al.,
2015; Costa et al., 2016). However, these experiments are commonly performed in high density
cultures, which do not allow assessing accurately the subcellular distribution of proteins in
immunocytochemistry experiments. Therefore, in the first part of the work we adapted the OGD
protocol of in vitro global ischemia to low density cultures (1.0x10* cells/cm?). Cultured
cerebrocortical neurons were subjected to 30 min of OGD, in the presence or absence of glial
cells, and were further incubated in the original conditioned medium for 6 h in the presence of
the glial cell feeder layer (Figure 3.1A). Cell death was evaluated by analysis of nuclear
morphology after staining with Hoechst 33342. Cortical neurons subjected to OGD (30 min) in
the absence of glial cells showed a significant increase in cell death when determined at 6 h after
the insult, to about 38 % (Figure 3.1A, *p<0.05). In contrast, the same ischemic insult did not
induce significant cell death when performed in the presence of glial cells and cortical neurons

were further incubated in culture conditioned medium for 6 h (Figure 3.1A).

Given the protective effect provided by glial cells when present during the period of OGD, in
additional experiments we tested the effect of longer OGD periods on cell viability by exposing
the cells to ischemic conditions in the absence of the glial cell feeder layer. After OGD, cortical

neurons were further incubated in culture conditioned medium and in the presence of glial cells.
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A significant increase in cell death was observed after ischemic insults of 45 min (~54 %) and 60
min (~57 %) when analysed 8 h after the OGD period (Figure 3.1B, ***p<0.001). Based on these

observations, all subsequent experiments were performed using 45 minutes of OGD in absence

of glia cells.
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Figure 3.1- Effect of OGD on the viability of cortical neurons cultured at a low-density. A. Cultured cortical neurons
(15 DIV) were subjected to OGD for 30 min in presence or absence of glia and were further incubated in culture-
conditioned medium for 6 h. B. Cultured cortical neurons (15 DIV) were subjected to OGD for the indicated periods of
time (45 min, 60 min), and were further incubated in culture-conditioned medium for 8 h (post-incubation). Cell death
was analysed after nuclei staining with Hoechst 33342. The results are average + SEM of 3 different experiments
performed in duplicate and in independent preparations. Statistical analysis was performed by one-way ANOVA,
followed by the Bonferroni's test. *p<0.05, ***p<0.001.

The 26S proteasome is composed by a 20S catalytic core and a 19S regulatory particle. Although
biochemically distinct, they participate in the concerted action of recognition, binding, unfolding
and subsequent degradation of the target protein (Lander et al., 2012; Huang et al., 2016).
Despite the clear heterogeneity in their subunit composition, it is possible to label the two
proteasomal particles, the 20S and the 19S, by means of using antibodies recognizing PSMA2
(a2) and Rpt6 proteins, respectively (da Fonseca and Morris, 2008; Lander et al., 2012).
Therefore, to analyse the effect of OGD on the subcellular distribution of the 20S and 19S5
proteasomes, we performed immunocytochemistry experiments with specific antibodies for
PSMA2 and Rpt6 in low density cultures of cortical neurons. Both proteins are found in the soma
and in dendrites of cultured neurons as evaluated by the colocalization with the dendritic
marker MAP2 (data not shown). The results of Figure 3.2 show a significant increase of the area
(Figure 3.2A, 1.42 fold; ***p<0.001) and intensity (Figure 3.2A; 1.62 fold; ***p<0.001) of PSMA2
puncta in neurites after 45 min of OGD followed by 2h of post-incubation. These effects were
transient since 4 h after OGD these differences were no longer observed. At a later time point,

i.e. 6 h after OGD, there was a secondary increase in the puncta intensity (Figure 3.2A5 1.99 fold;

-74 -



Chapter 3 - Results

**p<0.01), without further changes in the other parameters evaluated. OGD was without effect

on the number of PSMA2 puncta present in the dendritic compartment (Figure 3.2A,).

Further analysis of the OGD-induced changes in the PSMA2 distribution along dendrites showed
a significant, although transient, increase in the number (Figure 3.2A,; 1.41 fold; ***p<0.001) and
area (Figure 3.2A; 1.52 fold; **p<0.01) of puncta that colocalized with the post-synaptic density
marker PSD95, when analysed 2 h after the ischemic insult. In addition, the percentage of total
PSMA?2 immunoreactivity that colocalized with PSD95 was also increased at 2 h after OGD, but
no similar effects were observed when the PSMA?2 distribution was analysed at later time points

after the ischemic insult (Figure 3.2A¢ 1.24 fold; **p<0.01).
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Figure 3.2- Alterations in the dendritic distribution of PSMA2 in cortical neurons subjected to OGD. PSMA2 protein
expression was evaluated by immunocytochemistry in neurons subjected to 45 min of OGD and further incubated in
culture conditioned medium for 2, 4 or 6 h. The number (A,), area (A;), and intensity (A3) of PSMA2 puncta were
analysed in the dendritic compartment through colocalization with MAP2, and normalized for its length. The number
(A4) and area (As) of PSMA2 puncta colocalizing with PSD95, as well as the percentage of colocalization (Ag), were also
calculated. Imaging was performed in an Axio Observer Z1 fluorescence microscope, coupled to an Axiocam HRm

digital camera, using a Plan-Apochromat 63x/1.4 oil objective. Results are means = SEM of at least 3 independent
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experiments (30 cells). Statistical analysis was performed by one-way ANOVA, followed by Dunnett's test. **p<0.01;
***p<0.001 - significantly different when compared to control conditions.

In contrast with the observations for PSMA2 protein, OGD did not affect the number (Figure
3.3A,), area (Figure 3.3A;) and intensity (Figure 3.3A3) of Rpt6 puncta along dendrites when
evaluated 2 h and 6 h after the insult. Furthermore, no changes were detected in the number
and area of Rpt6 puncta that colocalized with PSD95 (Figure 3.3A4-As), as well as in the total
protein fraction that colocalized with PSD95 (Figure 3.3Ag). Alterations in the subcellular
distribution of Rpt6 were only observed at 4 h after the insult, with a decrease in the area
(Figure 3.3A, 0.74 fold; *p<0.05) and intensity of puncta (Figure 3.3A; 0.85 fold; *<0.05), as well
as in the puncta number (Figure 3.3A; 0.86 fold; **p<0.01) and area (Figure 3.3A; 0.69 fold;

**p<0.01) that colocalized with PSD95.
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Figure 3.3- Alterations in the dendritic distribution of Rpt6 in cortical neurons subjected to OGD. Rpt6 expression
was evaluated by immunocytochemistry in neurons subjected to 45 min of OGD and further incubated in culture
conditioned medium for 2, 4 and 6 h. The number (A,), area (A;,), and intensity (A3) of Rpt6 puncta were analysed in

the dendritic compartment through colocalization with MAP2, and normalized for its length. The number (A;) and
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area (As) of Rpt6 puncta colocalizing with PSD95, as well as the percentage of colocalization (Ag), were also calculated.
Imaging was performed in an Axio Observer Z1 fluorescence microscope, coupled to an Axiocam HRm digital camera,
using a Plan-Apochromat 63x/1.4 oil objective. Results are mean * SEM of at least 3 independent experiments (30
cells) performed in distinct preparations. Statistical analysis was performed by one-way ANOVA, followed by

Dunnett's test *p<0.05 **p<0.01 - significantly different when compared to control conditions.

Together, these results show differential effects of OGD in the localization Psma2 and Rpt6,
which were used to label the 20S and 19S proteasome, respectively. The distribution of PSMA2
was more affected at 2 h after the insult, while the localization of Rpt6 only showed changes at 4
h of recovery. Additional experiments are required to better characterize the subcellular
distribution of both proteins and to understand how the localization and composition of

proteasome is affected upon an ischemic insult.

3.2. Effect of OGD on proteasome activity and assembly

Proteasome activity was shown to be downregulated under ischemic conditions by numerous
authors. The two-vessel occlusion model (15 min) induces a persistent decrease in the
chymotrypsin-like activity of the proteasome when analysed up to 72 h after the insult, with a
concomitant increase in polyubiquitin conjugates (Ge et al., 2007). OGD for 1.5 h also decreases
the chymotrypsin-like activity of the proteasome when evaluated 4 h after the insult in cultured
hippocampal neurons, and similar results were obtained in cultured hippocampal neurons
subjected to excitotoxic stimulation with glutamate (Caldeira et al., 2013). In addition to the
decrease in proteasome activity, the 26S proteasome was found to be disassembled into its
major constituents, the 19S and the 20S particles, in models of transient forebrain ischemia and
global ischemia (Asai et al., 2002; Ge et al., 2007). An increase in polyubiquitin conjugates (a
biochemical marker for proteasome activity impairment) in large protein aggregates was also
reported in cerebrocortical neurons exposed to OGD for 2 h followed by different periods of

post-incubation (Chen et al., 2010).

To characterize the effect of OGD on proteasome activity, cerebrocortical neurons were
subjected transiently to OGD and the chymotrypsin-like activity of the proteasome was
evaluated after incubation of the cells for different periods in culture conditioned medium.
Exposure of cerebrocortical neurons to OGD for 2 h reduced the activity of the proteasome, with
the maximal effect obtained immediately after injury (52 % of the control) (Figure 3.4A). The
inhibition of the proteasome induced by OGD was maintained even after incubation of cortical

neurons in culture conditioned medium for up to 5 h (***p<0.001 for all time points). A shorter
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period of OGD (1.5 h) also reduced the chymotrypsin-like activity of the proteasome, but to a
lower extent when compared with the results obtained when the insult was performed for 2 h
(Figure 3.4B). Under the former conditions, the activity of the proteasome was reduced to 47 -
62 % of the control. Based on these observations, subsequent experiments were performed

using 1.5 h of OGD and 4 h of post incubation period, unless stated otherwise.

Since a well-characterized effect of chemical proteasome inhibition in cells is the accumulation
of high-molecular weight polyubiquitin conjugates, with subsequent depletion of free ubiquitin,
we investigated ubiquitin homeostasis in cultured cortical neurons subjected to OGD.
Surprisingly, a decrease of about 24 % in the amount of polyubiquitin conjugates was observed
after OGD when compared to the Sham condition (Figure 3.4C; *p<0.05). No changes were
observed for free ubiquitin levels under the same experimental conditions (Figure 3.4D).

Instead, we observed a significant decrease of about 28 % in ubiquitinC mRNA levels (Figure

3.4E,F).
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Figure 3.4- Changes in proteasome activity and ubiquitin homeostasis in response to OGD. A, B. Fifteen DIV

cerebrocortical neurons were subjected to 2 h (A) or 1.5 h (B) of OGD and were further incubated in culture

conditioned medium for 0, 1, 2, 3, 4 or 5 h. The chymotrypsin-like activity of the proteasome was evaluated with a
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fluorogenic substrate (25uM Suc-LLVY-AMC) using cell extracts. C, D, F. Fifteen DIV cerebrocortical neurons subjected
to 1.5 h of OGD were further incubated in culture conditioned medium for 4 h. Examples of the encoding transcripts
found for ubiquitin (Oh et al., 2013) (E). Total (C) and free (D) ubiquitin levels were evaluated with an antibody that
recognizes both forms of the protein. Tubulin protein levels was used as a loading control. F. UbiquitinC mRNA
expression was evaluated by qPCR and normalized using Gapdh as a reference gene. The results obtained in cells
subjected to OGD were normalized to those obtained under Sham conditions (100 %). The results are the average
SEM of 3—4 independent experiments performed in independent preparations. Statistical analysis was performed by
one-way ANOVA, followed by the Dunnett's test, comparing all conditions with the control (A, B), or using the
Student's t test (C, D and F) (ns, p>0.5; *p< 0.05; **p< 0.01; ***p< 0.001; ****p< 0.0001).

The results of Figure 3.4C showing the decrease in polyubiquitin conjugates following incubation
of cortical neurons under conditions of OGD contrast with the evidence from previous reports,
where an increase in protein ubiquitination was observed in in vivo and in vitro ischemia (Chen
et al., 2010). In the latter studies, ubiquitin immunoblotting was performed in samples
containing the proteins present in aggregates, which are characterized by their insolubility in
Triton-X100 (Chen et al., 2010; Hochrainer et al., 2012). Using this and a different protocol

(Matos et al., 2016), we did not detect ubiquitinated proteins in western blot experiments (not

shown).

A disassembly of the proteasome after OGD may account for the observed decrease in activity.
To address this hypothesis, we evaluated the assembly status of the 26S proteasome under non-
denaturing conditions, by native polyacrylamide gel electrophoresis (PAGE), as previously
reported (Elsasser et al., 2005; Caldeira et al., 2013), followed by immunoblotting of the native
gels with the antibodies against the proteasome subunit PSMA2, which belongs to the catalytic
core, and against the Rpt6 regulatory particle protein. Cerebrocortical neurons exposed to OGD
for 2 h, followed by 4 h of incubation in culture conditioned medium, showed a dramatic
decrease in the fully-assembled proteasomes as observed by the changes in the
immunoreactivity for PSMA2 and Rpt6. Thus, a decrease was observed in the catalytic core
particle PSMA2 immunoreactivity in the high molecular weight fraction (265/30S proteasomes),
to 19 % (268, single capped) or 13 % (30S, double capped) (Figure 3.5A. left panel; ***p<0.001),
and similar results were obtained for the regulatory particle protein Rpt6 (Figure 3.5B;
***p<0.001). As a result the proteasome disassembly, an increase of about to 240 % was
observed in the immunoreactivity of PSMA2 associated with 20S proteasomes (low molecular
weight fraction) (Figure 3.5A, right panel; ***p<0.001). Control experiments to evaluate total
levels of PSMA2 and Rpt6 under the same conditions, showed no changes in total abundance of
both proteins, further corroborating the evidence pointing to a proteasome disassembly

following OGD (Figure 3.5C and D; ns p>0.05).

-79-



>
w

IS s 8
265 208 & é? g &
26S
> 4 I\. . > ! %: -
% N J W 5 e o
@~ 30 BT~
St §E 10
£5 1 25
E,s 1— ] 275
iﬁ 10 Et o
& | | = | | &
i ol | sime . o . .
£ Q & S
2 & § S
Py & & § & &
C D
& S
@2 15 F 15 §F &
s g £ &
= ns PSmaz - s —" 2 ns RPLG - s s
g L2 10 £ £ 10 .
° T Tuhulin-_ g c Tubulin -
55
(<] w ©
0. 5 8o 5
ag s
E g
o T ® v
Sham 0GD Sham OGD

Figure 3.5- Effect of OGD on proteasome assembly under non-denaturing conditions in neurons submitted to 2 h of
OGD. Fifteen DIV cerebrocortical neurons were subjected to OGD for 2 h and were further incubated in culture
conditioned medium for 4 h. The abundance of Psma2 (A) and Rpt6 (C) was determined under non-denaturating
conditions after immunoblotting the native gel (Native-PAGE) with antibodies against Psma2, to probe the 26S and
the 20S proteasomes, and against Rpt6, to identify 26S proteasomes. Total abundance of Psma2 (C) and Rpt6 (D) was
also evaluated under denaturing conditions (SDS-PAGE) as control experiments, and B-tubulin was used as loading
control. Control (Sham) protein levels of Pmsa2 (C) or Rpt6 (D) subunits were set to 100 %. The results are the average
+ SEM of 3-4 independent experiments. Statistical analysis was performed by the Student's t test (ns, p>0.5; ***p<
0.001).

The results of Figure 3.4 (A, B), comparing the effects of OGD for 2h and 1.5 h on the activity of
the proteasome, show more robust effects under the former conditions. Therefore, in additional
experiments we compared the alterations in the assembly of the proteasome in cultured cortical
neurons subjected to OGD for 2 h (Figure 3.5) and 1.5 h (Figure 3.6), and further incubated in
culture conditioned medium for 4 h. The latter conditions reduced the population of fully-
assembled proteasomes (26S; single and double capped) to about 10 %, as shown by a decrease
in the catalytic core particle PSMA2 immunoreactivity in the high molecular weight fraction (10
%) (Figure 3.6A left panel; ***p<0.001), as well as in the regulatory particle protein Rpt6 (8 %)
(Figure 3.6B ****p<0.0001). Similarly, the 20S proteasomes were upregulated to about 467 %,
as shown by an increase in the PSMA2 immunoreactivity in the low molecular weight fraction
(Figure 3.6A right panel; **p<0.01). Control experiments to evaluate total levels PSMA2 and
Rpt6 proteins, showed no changes in total abundance of both proteins, further indicating a

proteasome disassembly under these conditions (Figure 3.6C and D; ns p>0.05).

-80 -



Chapter 3 - Results

A 265 208 & A B I3 9
s & f &
600: * %8 ?

g‘ I~ > 150 I
s — =

8 = T g 7— i

S E 400 8 E 100

56 25

E% g%
E < 200 E\" 50
i I — - = -~

£ sk g‘.

] 13
o 0 o . il

§ 9 & S
4 ) & [ £ S
&
o & o & I
2 > & (9]
C. D. & 9
3 Q &
£ & £ 9

2 450 w 15

% PSMaZ- s se— § RP6 o
= ns Tubulin - W — 2 ns Tubulin - |

§ 3 100 £810 '

ot €

a8 g 8

33 . 52

§ s -

g e

& e

o O T U T

Sham OGD Sham OGD

Figure 3.6- Effect of OGD on proteasome assembly under non-denaturing conditions in neurons submitted to 1.5 h
of OGD. Fifteen DIV cerebrocortical neurons were subjected to 1.5 h of OGD and were further incubated in culture
conditioned medium for 4 h. The abundance of Psma2 (A) and Rpt6 (C) was determined under non-denaturating
conditions after immunoblotting the native gel (Native-PAGE) with antibodies against Psma2, to probe the 26S and
the 20S proteasomes, and against Rpt6, to identify 26S proteasomes. Total abundance of Psma2 (C) and Rpt6 (D) was
also evaluated under denaturing conditions (SDS-PAGE) as control experiments, and B-tubulin was used as loading
control. Control (Sham) protein levels of Pmsa2 (C) or Rpt6 (D) subunits were set to 100 %. The results are the average
+ SEM of 3-4 independent experiments. Statistical analysis was performed by the Student's t test (ns, p>0.5; **p<0.01;
**%*p< 0.001; *** p<0.0001).

Taken together, these results indicate that 1.5 h or 2 h of OGD induces 30/26S proteasome
disassembly into its major constituents, which may account for the observed decrease in
proteasome activity. No 19S regulatory particles were observed in these experiments, which
would be expected following disassembly of the proteasome. This is in agreement with the labile
properties of the free 19S proteasome, which makes difficult its visualization (Liu et al., 2005b;

Wang et al., 2011).

3.3. OGD induces calpain activation: a possible link leading to proteasome

dysfunction
The [Ca®]; overload followed by activation of calpains, a group of Ca**-dependent cysteine

proteases, is a hallmark of ischemia/reperfusion, both in in vivo and in vitro models, as is also
characteristic of NMDAR-dependent excitotoxicity (Neumar et al., 2001; Fernandes et al., 2014;
Curcio et al., 2015). One strategy to assess calpain activation is through analysis of the cleavage

of a well-known substrate, a-spectrin, which exists as a protein with a molecular weight of 280
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kDa under control conditions (Figure 3.7A). Following calpain activation, the full-length protein is
cleaved to form spectrin-breakdown products (SBDP) with 150 and 145 kDa [Figure 3.7A) (Wang,
2000)].

Cerebrocortical neurons subjected to OGD for 1.5 h exhibited a 4-fold increase in the calpain-
mediated SBDP150/145, when compared to the control situation (Figure 2.6B left panel;
*p<0.0001). The abundance of SBDP150/145 was reduced to basal levels in the presence of
the calpain inhibitor MDL28170 (Figure 3.7B; ns - p>0.05, when compared with the control), or
NMDAR antagonist APV (Figure 3.7B; ns - p>0.05). Both inhibitors completely abrogated the
increase of SBDP145/150 observed in cortical neurons subjected to OGD (Figure 3.7B;
***%*p<0.0001). Furthermore, in the absence of the inhibitors there was no apparent formation

of the SBDP120, further suggesting that caspase-3 is not active under these experimental

conditions.
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Figure 3.7- Calpain activation after OGD in cultured cerebrocortical neurons. A. Schematic representation of an
immunoblot for a-spectrin with samples from control neurons, neurons undergoing either necrosis (with only calpain-
mediated formation of SBDP150 and SBDP145) or apoptosis (with both caspase- and calpain-generated SBDPs). The
distinct fragment sizes and patterns of a-spectrin fragmentation are illustrated (adapted from Wang et al., 2000). B.
Fifteen DIV cerebrocortical neurons were subjected to OGD for 1.5 h and were further incubated in culture
conditioned medium for 4 h. Spectrin full-length (280 kDa) and SBDPs were analysed by western blot using an
antibody recognizing both the N- and C-terminal regions of the protein. When 100 uM APV or 50 uM MDL28170 were
used, the inhibitors were added 30 min prior and during OGD, and were also present during the post-incubation
period. B-tubulin was used as loading control. Control (Sham without MDL or APV) protein levels of spectrin were set
to 100 %. The results are the average * SEM of 3 independent experiments. Statistical analysis was performed by one-
way ANOVA, followed by the Bonferroni’s multiple comparison test, comparing all the conditions with the respective
p< 0.0001; ****p< 0.0001).

control (ns, p>0.5; **
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The abundance of the proteasome can be regulated by several ways, in cells destined to die. For
instance, apoptotic Jurkat T cells showed a cleavage of several proteasome subunits by caspase-
3, namely Rpt5, Rpn2, Rpnl, Rpn10 subunits (Adrain et al., 2004; Sun et al., 2004), while a2, a4,
R4 and Rptl were truncated by caspase-7 (Jang et al., 2007). Therefore, we hypothesized that
calpains may have also a role in the inactivation of the proteasome in ischemic conditions, by
limited proteolysis of certain proteasomal subunits. Accordingly, it was already reported in the
literature that the Rpn10 protein can be cleaved by calpains in the presence of mitochondrial

toxins in cultured cortical neurons (Huang et al., 2013).

Although controversial, the presence of PEST sequences has been associated with calpain-
mediated proteolysis (Molinari et al.,, 1995; Wang et al., 2003). PEST sequences are rich in
proline, glutamic acid, serine and threonine amino acids, and has been suggested to be an
effective signal for protein destruction, as several short-lived proteins arbor this motif (Rogers et
al., 1986). Thus, we analysed the presence of putative PEST sequences in all proteins belonging
to the 26S proteasomes, using the online software EPESTFIND
(http://emboss.bioinformatics.nl/cgi-bin/emboss/epestfind). From all proteasome subunits
tested (Table 2.1), only six proteins were found with scores above the threshold of 5.00. The
following scores were obtained: Rpnl - 5.04 (Figure 3.10A), Rpn3 - 10.66 (Figure 3.11A), Rpn5 -
14.97 (Figure 3.8A), Rpn12 - 8.28 (Figure 3.8B) and USP14 - 10.89 (Figure 3.8C). However, the
presence of this sequence is not a strict requirement for calpain-mediated cleavage of proteins,
neither its absence discards a possible calpain-mediated cleavage; false-positive and false-
negative results may also be expected. All these putative calpain targets should be then further
confirmed by immunoblotting in order to evaluate their relative abundance in the experimental

conditions used.
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Figure 3.8- Analysis of the putative presence of PEST sequences in the Rpn5, Rpn12 and USP14 proteasome subunits
using EPESTFIND. The following accession numbers were used to retrieve the amino acid sequences of the
proteasome subunits: Rpn5 (A) (Uniprot; Q5XIC6), Rpn12 (B) (Uniprot; FILMQ3) and USP14 (C) (Uniprot; Q5U2N2).
The threshold was set to 5.00, and the results above this value were considered good putative calpain substrates.
Rpn5 arbors a putative PEST sequence between the amino acid sequences 330-349 with a score of 14.97. Rpn12
arbors a putative PEST sequence between the amino acid sequences 327-340 with a score of 8.28. Usp14 arbors a

putative PEST sequence between the amino acid sequences 224-238 with a score of 10.89.

Given the evidence suggesting that several proteasome subunits may be cleaved by calpains,
and considering the activation of these proteases under ischemic conditions (e.g. Figure 3.7), we
further investigated the role of calpains in the cleavage of several proteasome subunits in
cultured cerebrocortical neurons exposed or not to OGD. OGD (1.5 h) significantly decreased (35
%) Rpn10 protein levels (a regulatory subunit) in cultured cortical neurons, when evaluated after
4 h of reoxygenation (Figure 3.9B; "'p<0.001), but the antibody used did not detect the
truncated protein (not shown). The effect of OGD was completely abolished in the presence of
the calpain inhibitor MDL28170 (Figure 3.9B; ns p>0.05), and by the NMDAR antagonist APV

(Figure 3.9B right part; ns p>0.05). However, negative results were obtained when the Rpnl10
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amino acid sequence was analysed for the presence of putative PEST sequences using

EPESTFIND (Figure 3.9A).
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Figure 3.9- Total abundance of Rpn10 protein levels in cerebrocortical neurons exposed to OGD. A. Analysis of the
putative presence of PEST sequences in the Rpn10 protein using EPESTFIND. The accession number Q9ESH1 (Uniprot)
was used to retrieve the Rpn10 amino acid sequence used to search for putative PEST sequences. The threshold was
set to 5.00, and the results above this value were considered good putative calpain substrates. B. Total abundance of
Rpn10 protein levels in cerebrocortical neurons (15 DIV) exposed to 1.5 h of OGD and further incubated in cultured
conditioned medium for 4 h. When 100 uM APV or 50 uM MDL28170 were used, the cells were incubated with the
inhibitors prior (30 min) and during OGD, and the drugs were also present during the post-incubation period. Control
(Sham without MDL or APV) Rpn10 protein levels were set to 100 %. B-tubulin was used as loading control. The results
are the average + SEM of 4 independent experiments, performed in different preparations. Statistical analysis was
performed by one-way ANOVA, followed by the Bonferroni’s multiple comparison test, comparing all the conditions

with the respective control (ns, p>0.5; “p< 0.01; ***p< 0.001).

To further investigate the role of calpains on the cleavage of proteasome subunits in
cerebrocortical neurons subjected to OGD, and taking into account the results of the EPESTFIND
anaysis, changes in the abundance of the regulatory particle subunits Rpnl and Rpn3 (two
regulatory subunits) were evaluated by western blot. OGD for 1.5 h did not change Rpn1 total
protein levels when evaluated 4 h after the insult (Figure 3.10B; ns >0.05), as compared with the
Sham condition, suggesting that Rpnl is not cleaved. This finding contrasts with the prediction
by the EPESTFIND algorithm, which identified an amino acid sequence in Rpnl with a score of

5.04 (Figure 3.10A).

Rpn3 total protein levels showed a slight reduction (14 %) in cortical neurons subjected to OGD,
when evaluated 4 h after the insult, while no effect was observed when the experiments were

performed in the presence of MDL28170 or with APV. However, additional experiments should
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be performed to determine whether the effect of OGD on Rpn3 protein levels is statistically
significant (Figure 3.11B; two independent experiments). If this is the case, the results will be in
accordance with the score of 10.66 obtained in EPESTFIND using the amino acid sequence of

Rpn3 protein (Figure 3.11A).
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Figure 3.10- Total abundance of Rpn1l protein levels in cerebrocortical neurons exposed to OGD. A. Analysis of the
putative presence of PEST sequences in the Rpnl protein using EPESTFIND. The accession number Q4FZT9 (Uniprot)
was used to retrieve the Rpnl amino acid sequence used to search for putative PEST sequence on the EPESTFIND
online tool. The threshold was set to 5.00, and the results above this value were considered good putative calpain
substrates. Rpn1l arbors a putative PEST sequence within the amino acid sequence 8-27 with a score of 5.04. B. Total
abundance of Rpn1 protein levels in cerebrocortical neurons (15 DIV) exposed to OGD for 1.5 h and further incubated
in culture conditioned medium for 4 h. When 100 uM APV or 50 uM MDL28170 were used, the cells were incubated
with the inhibitors prior (30 min) and during OGD, and the drugs were also present during the post-incubation period.
Control (Sham without MDL or APV) protein levels of Rpnl were set to 100 %. B-tubulin was used as loading control.
The results are the average + SEM of 4 independent experiments, performed in different preparations. Statistical
analysis was performed by one-way ANOVA, followed by the Bonferroni’s multiple comparison test, comparing all the
conditions with the respective control (ns, p>0.5).

In additional experiments, we investigated the stability of the proteasomal regulatory subunits
belonging to the AAA+ ATPase ring in cortical neurons subjected to OGD (1.5 h) followed by
incubation in culture conditioned medium for 4 h. Under these conditions there was a reduction
in Rptl protein levels by 24 %, which however was not statistically significant (Figure 3.12B; ns
>0.05), and this effect was abrogated in the presence of MDL28170 or APV. However, analysis of
the Rptl amino acid sequence using the EPESTFIND tool showed no PEST sequences in this

proteasome regulatory subunit (Figure 3.12A).
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Figure 3.11- Total abundance of Rpn3 protein levels in cerebrocortical neurons exposed to OGD. A. Analysis of the
putative presence of PEST sequences in the Rpn3 protein using EPESTFIND. The accession number Q5U2S7 (Uniprot)
was used to retrieve the amino acid sequence used to search for putative PEST sequence on the EPESTFIND online
tool. The threshold was set to 5.00, and the results above this value were considered good putative calpain
substrates. Rpn3 arbors a putative PEST sequence within the amino acid sequence 519-530 with a score of 10.66. B.
Total abundance of Rpn3 protein levels in cerebrocortical neurons (15 DIV) exposed to OGD for 1.5 h and further
incubated in culture conditioned medium for 4 h. When 100 uM APV or 50 pM MDL28170 were used, the cells were
incubated with the inhibitors prior (30 min) and during OGD, and the drugs were also present during the post-
incubation period. Control (Sham without MDL or APV) protein levels of Rpn3 were set to 100 %. B-tubulin was used

as loading control. The results are the average of 2 independent experiments, performed in different preparations.
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Figure 3.12- Total abundance of Rptl protein levels in cerebrocortical neurons exposed to OGD. A. Analysis of the
putative presence of PEST sequences in the Rptl protein using EPESTFIND. The Q63347 (Uniprot) accession number
was used to find for putative PEST sequence on the EPESTFIND online tool. The threshold was set to 5.00, and the
results above this value were considered good putative calpain substrates. B. Total abundance of Rptl protein levels
in cerebrocortical neurons (15 DIV) exposed to OGD for 1.5 h and further incubated in culture conditioned medium for
4 h. When 100 uM APV or 50 uM MDL28170 were used, the cells were incubated with the inhibitors prior (30 min)
and during OGD, and the drugs were also present during the post-incubation period. Control (Sham without MDL or
APV) protein levels of Rptl were set to 100 %. B-tubulin was used as loading control. The results are the average +

SEM of 4 independent experiments, performed in different preparations. Statistical analysis was performed by one-
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way ANOVA, followed by the Bonferroni’s multiple comparison test, comparing all the conditions with the respective

control (ns, p>0.5).

Lastly, cerebrocortical neurons subjected to OGD for 1.5 h showed a significant decrease of
about 36 % in total Rpt3 protein abundance (Figure 3.13B; *p<0.01). This decrease was
prevented when neurons were pre-incubated with the calpain inhibitor MDL28179 (Figure
3.13B; ns p>0.05), and with the NMDAR antagonist APV (Figure 3.13B; ns p>0.05). Surprisingly,
analysis of the Rpt3 protein amino acid sequence showed no potential PEST sequences in its

(Figure 3.13A).
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Figure 3.13- Total abundance of Rpt3 protein levels in cerebrocortical neurons exposed to OGD. A. Analysis of the
putative presence of PEST sequences in the Rpt3 protein using EPESTFIND . The Q63570 (Uniprot) accession number
was used to find for putative PEST sequence on the EPESTFIND online tool. The threshold was set to 5.00, and the
results above this value were considered good calpain substrates. B. Total abundance of Rpt3 protein levels in
cerebrocortical neurons (15 DIV) exposed to OGD for 1.5 h and further incubated in culture conditioned medium for 4
h. When 100 uM APV or 50 uM MDL28170 were used, the cells were incubated with the inhibitors prior (30 min) and
during OGD, and the drugs were also present during the post-incubation period. Control (Sham without MDL or APV)
protein levels of Rptl were set to 100 %.. B-tubulin was used as loading control. The results are the average + SEM of
4 independent experiments, performed in different preparations. Statistical analysis was performed by one-way
ANOVA, followed by the Bonferroni’s multiple comparison test, comparing all the conditions with the respective

control (ns, p>0.5).

Because the AAA+ ATPase ring, composed by the proteins Rptl-6, resides at the interface
between the 20S and the 19S, its components are more exposed to proteases present in the
cytoplasmic and nuclear compartments. Therefore, we tested the ability of purified recombinant
calpain to cleave these subunits. For this purpose, HEK293t were transiently transfected with
plasmids encoding the GFP-Rptl-6 fusion proteins (a kind gift from Shigeo Murata, Graduate
School of Pharmaceutical Sciences, The University of Tokyo), and the resulting cell extracts were

incubated with recombinant calpain (37°C for 1.5 h), in the presence or in the absence of Ca** (4
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mM), under non-denaturating conditions to preserve the structure of the proteasome. The
calpain-mediated alterations in proteasome subunits were analysed by western blot, with an
antibody against GFP; cleavage of the proteasome subunits should decrease the abundance of
the full-length GFP-fusion proteins, and this effect may be correlated with an upregulation of
truncated forms. Figure 3.14 shows that calpain decreased the total protein levels of the GFP
fusion proteins with Rptl, Rpt3 and Rpt5. Furthermore, incubation with the protease in a Ca**
containing medium generated low molecular weight cleavage products of Rptl and Rpt 5. In
these experiments no Rpt3 cleavage product was detected, suggesting the cleavage products
may degraded by other mechanisms. Because the same extract sample was divided for the two
experimental conditions, the difference between the Rpt3-GFP immunoreactivity in the
experiments performed in the presence and in the absence of Ca®* cannot be attributed to the
loading of different amounts of protein in the gel, but may instead reflect the degradation of the
protein. These results suggest that calpain may act directly on the Rptl, 3 and 5 regulatory
particles of the proteasome, and are in agreement with the role for calpain as mediator of the
downregulation of Rptl and Rpt3 protein levels in cortical neurons subjected to OGD (Figure

3.12 and 3.13).

Taken together, the results described in this section suggest that calpain activation under
ischemic conditions is responsible for cleaving a plethora of effectors in the cell. This is the first
time that calpain activation under ischemic conditions was shown to have a role in cleaving
several proteasome proteins. From the proteasome subunits tested, Rpn10 and Rpt3 were
validated as being calpain substrates in cortical neurons subjected to OGD, and the same may
also apply to Rptl. In addition, Rpn3 may also pose a good candidate for calpain-dependent
proteolysis which awaits further confirmation. Other proteins with putative PEST sequences are
Rpn5, Rpn12 and USP14, which should also be tested for calpain-mediated cleavage in cortical

neurons subjected to ischemic conditions.
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Figure 3.14- Effect of calpain on GFP-Rpt1-6 subunits. HEK293t cells were transfected with plasmids encoding GFP
fusion proteins with the proteasome subunits Rpt1-6, and were further incubated for 48 h in culture conditioned
medium. Cell lysis was performed in a buffer that allows maintaining the integrity of the 26S proteasome (see Native-
PAGE preparation). In all conditions, cell extracts were incubated with calpain (2.5 U/mL) for 1.5 h at 37°C, in the
presence or in the absence of 4 mM Ca”, with constant agitation. The fusion-proteins and truncated fragments were
analysed by Western Blot using an antibody against the GFP protein. A. Anti-GFP immunoblot in cell extracts obtained
from HEK293t cells transfected with a low DNA concentration (2-5 pg/well), for the plasmids GFP and GFP-Rpt1-4. B.
Anti-GFP immunoblot in cell extracts obtained from HEK293t cells transfected with a high DNA concentration (10
pg/well) for the plasmids GFP-Rpt5 and 6.

3.4. Proteasome activation as a protective strategy to prevent cell death evoked by
OGD in cultured cerebrocortical neurons

Proteasome downregulation as well as its disassembly is a common feature observed in models
of transient global/focal ischemia, and also in in vitro models (Hu et al., 2000; Asai et al., 2002;
Ge et al., 2007; Hochrainer et al., 2012; Caldeira et al., 2013). In fact, proteasome inhibition per
se is capable to induce apoptotic cell death in cultured neurons (Keller and Markesbery, 2000;

Ding et al., 2006). However, these observations contrast with the neuroprotective effects
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resulting from proteasome inhibition in several in vivo models if brain ischemia (Williams et al.,

2003; Williams et al., 2004; Williams et al., 2005).

To determine whether inhibition of the proteasome activity contributes to neuronal death in
cortical neurons subjected to OGD, the cells were exposed to in vitro ischemia in the presence of
IU1, an inhibitor of USP14 (a DUB associated with the 26S proteasome). IlU1 was shown to
enhance the degradation of mutant proteins associated with several neurodegenerative
disorders such as Tau, Ataxin-3 and TDP-43 in cell lines (Lee et al., 2010). Since little is known
about its effect in the nervous system, we first characterized the effect of IU1 on the viability of
cortical neurons and on ubiquitin homeostasis. The effect of IU1 on the accumulation of
polyubiquitin conjugates was tested at different concentrations of the drug, and protein
ubiquitination was analysed by immunoblot using an anti-ubiquitin antibody (Figure 3.15A).
Incubation of cerebrocortical neurons with 1U1 for 4 h was sufficient to enhance the
accumulation of polyubiquitin conjugates (Figure 3.15A), and maximal effects were observed
with 12 uM U1 (Figure 3.15A). This is in accordance with previous results showing an increase in
polyubiquitin conjugates in MEFs incubated with IU1 (Lee et al., 2010). The toxicity of 1U1 on
cerebrocortical neurons was also addressed, by analysis of nuclear morphology after staining of
the cells with Hoechst 33342. Incubation with 1U1 up to 30 uM for 24 h did not affect cell
viability, but at 50 uM the drug significantly increased cell death (29 %) (Figure 3.15B;
***%¥p<0.0001). Taking into account these results, together with previous reports (Lee et al.,

2010), 20 uM of the IU1 was used for subsequent experiments.
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Figure 3.15- Effect of IU1 on ubiquitin homeostasis and cell viability. A. Cerebrocortical neurons (15 DIV) were
incubated with increasing concentrations of the USP14 inhibitor IU1, from 10 to 75 uM, for 4 h as indicated in the
figure. Total polyubiquitin conjugates were assessed using an antibody that recognizes ubiquitin. B-tubulin was used
as loading control. The assay was performed only once as a proof of concept. B. Effect of IU1 on cell viability. Cortical
neurons were incubated with IU1 at the indicated concentrations, for 24 h. Cell death was analysed by nuclear

morphology after nuclei staining with Hoechst 33342, with at least 200 cells counted for each condition and in
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duplicates (400 per condition). The results are the average + SEM of 4 independent experiments. Statistical analysis
was performed by one-way ANOVA, followed by the Bonferroni’s multiple comparison test, comparing all the
conditions with the respective control (ns, p>0.5;****p< 0.0001).

To access if an increased proteasome activity is protective in cerebrocortical neurons subjected
to OGD, we tested the effect of the UPS activator IU1 on the release of LDH, a cytosolic enzyme,
to the extracellular medium. OGD for 1.5 h increased cell death by about 16 % when compared
to the Sham condition, as evaluated 24 h after the insult (Figure 3.16A; ***p<0.001). When 20
UM U1 was added 30 minutes before OGD, and maintained thought the experiment, cell death
was brought back to control levels (Figure 3.16B; ns p>0.05). Moreover, OGD-induced cell death
in cerebrocortical neurons that were previously incubated with 20 uM IU1 was significantly
decreased when compared with non-treated cells also subjected to OGD (Figure 3.16A, black
bars; ***p<0.001), indicating that pre-incubation of cerebrocortical neurons with IU1 protects

neurons against OGD-induced cell death.

In order to be considered as a putative therapeutic strategy in brain ischemia, and since patients
do not arrive at the clinics in the acute phase of injury, activation of the proteasome has to be
effective when tested after the insult. Therefore, we checked whether 1U1 can still exert
neuroprotective effects when administered immediately after OGD. Preliminary results show
that the neuroprotective effect of proteasome activation may be lost when IU1 is administered
immediately after the insult (postOGD) (Figure 3.16B). Additional experiments are needed to

confirm these results.
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Figure 3.16- Cell death evoked by OGD is prevented by the USP14 inhibitor IU1. Cell death was evaluated after
exposing cerebrocortical neurons (15 DIV) to OGD for 1.5 h, and the cells were further incubated in culture
conditioned medium for 24 h. The LDH activity in the extracellular medium was evaluated according to the
manufacturer protocol with slight modifications. The percentage of cell death was normalized to the full-kill (100 %).
A. The DUB USP14 inhibitor U1 (20 uM) was added 30 min prior and during OGD, and was present during the post-
incubation period. B. The DUB USP14 inhibitor 1U1 (20 uM) was added 30 min prior and during OGD (preOGD), or
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immediately after (postOGD), and was present during the post-incubation period. The results are the average + SEM
of 3-4 independent experiments. Statistical analysis was performed by one-way ANOVA, followed by the Bonferroni’s
multiple comparison test, comparing all the conditions with the respective control (ns, p>0.5; ***p< 0.001).

The neuroprotective effects of 1U1 in cortical neurons subjected to OGD is likely to arise from
alterations in the proteome following the increase in protein ubiquitination with a consequent
activation of the proteasome. To investigate whether incubation with IU1 affects calpain
activation following OGD, the activity of the protease was analysed by measuring the cleavage of
spectrin (see also Figure 3.7). Cerebrocortical neurons exposed to OGD for 1.5 h and further
incubated in culture conditioned medium for 24 h showed a 1.9-fold increase of the
SBDP145/150 (Figure 3.17A; *p<0.05 [see also Figure 3.7]), which is indicative of calpain
activation. However, when 20 uM of IU1 was present there was no increase in SBDPs 145/150
kDa when the Sham and OGD conditions were compared, indicating that there was no calpain
activation (Figure 3.17A; ns p>0.05). A significant decrease in the SBDP levels was therefore
observed in cortical neurons subjected to OGD with pre-treatment with IU1 when compared
with the same ischemic insult but in the absence of the DUB inhibitor (Figure 3.17A; **p<0.001).
The decrease in polyubiquitin conjugates observed at 4 h after the insult (Figure 3.4C) was also
observed at 24 h after OGD, although it was not statistically significant under the latter
conditions (Figure 3.17B; ns p>0.05). This alteration was no longer observed when cortical

neurons were subjected to OGD in the presence of the USP14 inhibitor (Figure 3.17B; ns p>0.05).

A. & Q S Q B.
2 2
AR &
" WB: Ubiquitin

WB: spectrin .
150 kda — -

145 kda = L b—

— -
—

Tubuin- _

Tubulin - . ——
sk

£ 2504 [ Sham £ 150 ns [ Sham
3 * Il OGD g Il OGD
E_A 200 fs
g S 3 < 400 ns

£ 1501 g
238 ns 58
3 6 1001 £ 3
58 S5 501
£ 50 E®°
H g
& 0- 0 T

1U1 (20uM) . - + + 1U1 (20uM) - - + +

Figure 3.17- Effect of IU1 on the cleavage of a-spectrin and on the abundance of polyubiquitin conjugates. Fifteen

DIV cerebrocortical neurons were subjected to OGD for 1.5 h and were further incubated in culture conditioned
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medium for 24 h. A. Full-length (280 kDa) and proteolytic fragments of a-spectrin (SBDPs) were analysed by western
blot using an antibody recognizing both N- and C-terminal regions of the protein. B. Total polyubiquitin conjugates
were analysed by western blot using an antibody that recognizes all types of polyubiquitin chains. When indicated, the
USP14 inhibitor IU1 (20 uM) was added 30 min prior and during OGD, and the drug was also present during the post-
incubation period. The results obtained in cells subjected to OGD were normalized to those obtained under Sham
condition without 1U1 (100 %). B-tubulin was used as loading control. The results are the average + SEM of 3
independent experiments, performed in distinct preparations. Statistical analysis was performed by one-way ANOVA,
followed by the Bonferroni’s multiple comparison test, comparing all the conditions with the respective control (ns,
P>0.5; *p<0.05; **p< 0.01).

The results described above suggest that calpain activity is decreased in cortical neurons
incubated with IU1, and/or their abundance might be reduced. Indeed, calpains 1 and 2 were
shown to be ubiquitinated in a very recent proteomic study (Gao et al., 2016). Given the effect
of 1IU1 in inducing the ubiquitin-dependent degradation of its cognate substrates, we
hypothesized that the decreased calpain activity might be correlated with a downregulation of
the protease abundance. However, no changes in total calpain-1 protein levels were observed in
cortical neurons subjected to OGD (1.5 h), in the presence or in the absence of IU1 (Figure
3.18A), ruling out the contribution of calpain-1 downregulation for the effects of IU1 on the

cleavage if spectrin.

Putative non-specific effects of the USP14 inhibitor on calpain activity were also tested, by
measuring the activity of human purified calpain-1 in the presence of 20 uM of IU1. Calpain
activity was measured using the proteasome substrate Suc-LLVY-AMC, which is also known to be
a calpain fluorogenic substrate (Campbell and Quadrilatero, 2016), and the specific activity was
calculated as the difference between the fluorescence signal obtained in the absence and in the
presence of the calpain inhibitor MDL28170. The results showed that calpain-1 activity was
virtually the same in the presence (dashed line) or absence (full line) of the 1U1 (Figure 3.18B).
Together, these results suggest that the neuroprotective effects of IU1 may be correlated with a
decrease in calpain activation. Since total calpain-1 protein levels were not changed, and the
USP14 inhibitor did not effect on the activity of calpain-1, there must be other players that
contribute to the inhibition of calpain following incubation of cortical neurons with the DUB

inhibitor.
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Figure 3.18- Effect of IU1 on total Calpain-1 protein levels in cortical neurons subjected to OGD. A. Total abundance

of Calpain-1 protein levels in cerebrocortical neurons (15 DIV) exposed to OGD for 1.5 h and further incubated in
culture conditioned medium for 24 h. Where indicated, the USP14 inhibitor IU1 (20 uM) was added 30 min prior and

during OGD, and the drug was also present during the post-incubation period. The results obtained in cells subjected

to OGD were normalized to those obtained under Sham conditions in the absence of U1 (100 %). B-tubulin was used

as loading control. The results are the average of 2 independent experiments, performed in different preparations. B.

Activity of recombinant calpain-1. Recombinant calpain-1 (7.5 U/mL) enzyme activity was measured using a
fluorogenic substrate (25 uM Suc-LLVY-AMC) for 1 h and in the presence of 10 mM of ca®™.
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4. General Discussion and Conclusions

In the present work we further investigated the alterations in the Ubiquitin-Proteasome System
(UPS) in brain ischemia, using an in vitro model of transient global ischemia. Cultured cortical
neurons exposed transiently to Oxygen and Glucose Deprivation (OGD) showed: (i) differential
changes in the subcellular distribution of the 19S5 and 20S proteasomes in the dendritic
compartment; (ii) a decrease in the chymotrypsin-like activity of the proteasome, as well as in
the fully assembled proteasomes (single-26S and double capped-30S proteasome); iii) in parallel
to proteasome inhibition, calpains were activated and cleaved several resident proteasomal
subunits, adding a new layer of complexity to the alterations observed in the UPS under
ischemic conditions, by limited proteolysis of proteasome subunits; iv) boosting proteasome
activity, prevented cell demise induced by in vitro ischemia. The latter results suggest that
enhancing the activity of the proteasome may represent a novel therapeutic target to restore

the neuronal deficits observed after stroke.

4.1. OGD induces subcellular changes in endogenous proteasomes

Using immunocytochemistry and antibodies specific for PMSA2 and Rpt6, commonly used as
markers of the 20S catalytic particle and the 19S regulatory particle, respectively, we found that
OGD has a differential effect on the dendritic distribution of the two proteasomal components.
This is also in accordance with the results showing a disassembly of the proteasome in cultured
hippocampal neurons subjected transiently to OGD. Previous work from our laboratory also
showed that the nuclear and cytoplasmic population of proteasomes are differentially affected
by excitotoxic glutamate stimulation, with the nuclear fraction being more affected under these
conditions (Caldeira et al., 2013). Furthermore, depriving yeast cells from nitrogen, but not
glucose, induces proteasome disassembly followed by nuclear export and targeting to the
vacuoles. However, the core and regulatory particles were targeted to the vacuoles in a
differential manner, since only the former proteasomal component depended on the
deubiquitinating enzyme Ubp3 (Waite et al., 2016). Despite the differences between neurons
and yeast cells, it may be hypothesized that the clustering of PSMA?2 along dendrites early after
OGD (2 h), in regions close to the synapse, may result from an increased trafficking of 20S
proteasomes (without discarding possible effects on 26S proteasomes) to hotspots where there
is an increased formation of reactive oxygen species. This may be relevant from the functional
point of view since the 20S proteasomes are more effective in degrading oxidatively damaged

proteins, another common hallmark of the ischemic brain (Davies, 2001; Weih et al., 2001; Li et
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al., 2014). It will be important to determine whether the sites of 20S accumulation also contain a
high density of mitochondria, the major ROS producers after brain ischemia (Li et al., 2014;
D'Orsi et al., 2015). The delayed increase in the Rpt6 puncta intensity after OGD in cortical
neurons may suggest that regulatory mechanisms are induced to restoring normal and basal

ubiquitin-dependent proteolysis after the 20S degrade the oxidatively damaged proteins.

Analysis of the PSMA2 and Rpt6 protein levels in cultured cortical neurons subjected to OGD
showed no significant changes, when assessed by western blot at 4 h after injury. Although a
higher cell density was used in the latter experiments, which may influence the demise process,
the results suggest that OGD does not induce an autophagic degradation of 26S proteasomes
components (19S and 20S), as reported in yeast deprived from nitrogen (Waite et al., 2016). This
difference may be due to an impairment of autophagy, as observed in the 2-VO model in rats.
Whether a strategy to enhance autophagy after OGD would also affect the abundance of
proteasomes along dendrites deserves further investigation (Liu et al., 2010). Colocalization
studies between the proteins markers of the 19S and 20S proteasome particles are required to
better elucidate the alterations in the molecular structure of the proteasome after OGD, along

with their colocalization with classical lysosomal/endosomal and mitochondrial markers.

To the best of our knowledge, this is the first time that the OGD protocol was adapted to low-
density cultures (Figure 3.1), which allows evaluating the alterations in the subcellular
distribution of proteins after brain ischemia. We found that 30 min of OGD in the presence of
glial cells did not affect cell viability when evaluated 6 h after the insult, in contrast with the
results obtained in similar experiments when the ischemic injury was performed in the absence
of glial cells (Figure 3.1). This is consistent with the results showing neuroprotective effects of
astrocytes (Li et al., 2008), possibly due to an upregulation of EAAT2 that is responsible for
removing excessive glutamate from the medium (Zhang et al., 2007; Gong et al., 2012;
Bacigaluppi et al., 2016). In contrast, prolonged hypoxia in cultured astrocytes (exposure to 2.5%
and 1% O, for 24 h) showed an opposite effect, decreasing glutamate uptake due to a
downregulation of the EAAT1,2 proteins (Dallas et al., 2007). Under the experimental conditions
used in this work, OGD may have increased glutamate uptake by glial cells since there was a
decrease in the rate of cell death as evaluated by the nuclear morphology (Figure 3.1). It is also
relevant to consider the hypothesis proposing that cultured astrocytes may release healthy
mitochondria which may be accumulated into neurons. These mitochondria may restore the ATP

levels, thereby preventing neuronal cell death (Hayakawa et al., 2016).
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4.2. OGD impairs the proteolytic activity of the proteasome and induces its
disassembling

In the present study we found that incubation of cortical neurons under OGD for 1.5 h reduced
the chymotrypsin-like activity of the proteasome by about 58%, when evaluated 4 h after the
insult. An additional decrease in proteasome activity (about 80%) was reported in
cerebrocortical neurons subjected to 2 h of OGD, followed by 2-8 h of reperfusion (Chen et al.,
2010). Cultured hippocampal neurons may be more resistant to the stress induced by OGD since
in this case 1.5 h of in vitro ischemia was found to decrease the chymotrypsin-like activity of the
proteasome about 20% when determined 4 h after the insult (Caldeira et al., 2013). In the latter
model, the effect of OGD on the activity of the proteasome was mediated by activation of NMDA

receptors for glutamate (Caldeira et al., 2013).

The decreased proteolytic activity of the proteasome after OGD correlates with its disassembly,
as observed in cultured cortical neurons exposed to the same conditions (Figure 3.4). The
disassembly of the proteasome was observed at 4 h after OGD but it may last longer since a
sustained inhibition of the proteasome activity was also observed in cortical neurons subjected
to OGD. The decrease in the proteasome stability may result from the excessive stimulation of
glutamate receptors, as suggested in experiments with hippocampal neurons subjected to
excitotoxic stimulation (Caldeira et al., 2013). In accordance with the results obtained in in vitro
experiments, transient global brain ischemia in rats was shown to impair the 26S proteasome
activity by promoting proteasome disassembly (Ge et al., 2007). In the latter study the
disassembly of the proteasome after the ischemic insult was detected after isolation of the
proteasomes by glycerol-density centrifugation which also allows the separation of the 26S and
20S proteasomes. Together, these findings show that transient incubation of cultured neurons
under conditions of OGD is a valuable model to investigate the molecular mechanisms involved

in the disassembly of the proteasome in brain ischemia.

In several brain regions (e.g. CA3, dentate gyrus, and frontal cortex), the dissociation of the 195
and 20S particles of the proteasome after the ischemic insult is followed by reassembly of the
26S proteasome. However, in the CA1 region of the hippocampus, which is highly sensitive to
the ischemic injury, the regulatory and catalytic particles of the proteasome fail to reassociate
and the activity is kept low (Asai et al., 2002). The proteasome disassembly may allow the
degradation of unfolded and oxidized proteins, which was shown to be carried out more
effectively by 20S proteasomes, by a mechanism that does not require ubiquitination

(Shringarpure et al., 2003; Aiken et al., 2011). Given the rather short post-incubation period
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used in this work, we cannot exclude the possibility that the disassembled proteasomes may

reassemble at later time points, along with a recovery in the proteolytic activity.

The mechanisms underlying the differential effect of the ischemic insult on the activity and
assembly of the proteasome in the CA1l region vs the other brain regions are not fully
understood. However, the expression levels of the chaperone Hsp70 may account, at least in
part, for the differential stability of the proteasomes in distinct brain regions. The expression of
Hsp70 is increased in the motor cortex, but is downregulated in the hippocampus, due to
calpain-mediated cleavage, in a model of transient global ischemia in monkeys (Zhu et al., 2012).
This protein participates actively in the dissociation of the 26S proteasome into its constituents
(20S and 19S), by binding to the 19S regulators (Grune et al., 2011). The transient upregulation
of Hsp70 in the cerebral cortex after ischemia may contribute to the disassembly of the
proteasome observed in this brain region during the early period of reperfusion after transient
brain ischemia (Ge et al., 2007). However, additional experiments should be performed in order
to validate this hypothesis since the analysis of the alterations in the Hsp70 protein levels in the
motor cortex were performed in a model of transient global brain ischemia in Macaca fuscata
(zhu et al., 2012), while the alterations in proteasome assembly were investigated in the
cerebral cortex using the BCCAo in gerbils as a model (Asai et al., 2002). The use of distinct
models of brain ischemia in distinct species may also account for the differences in the kinetics
of the two events reported in the literature. As stated above, Hsp70 expression in the CA1l
region is limited due to the calpain-dependent cleavage (Zhu et al., 2012), in conditions also
reported to induce a permanent 26S proteasome disassembly (Asai et al., 2002). It remains to be
determined whether Hsp70 is actively involved in proteasome disassembly under these

conditions.

Mutations in the AAA+ ATPase ring proteins (Rpt1-6), namely those that interfere with binding
of ATP, cause defects in the assembly of the 26S proteasomes and impair ubiquitin binding and
peptide hydrolysis (Kim et al., 2013b). Accordingly, early evidence showed that biochemical
isolation of 26S proteasomes in the absence of ATP causes the dissociation of the 26S
proteasome into the 19S and 20S particles. Furthermore, a re-association of the proteasomes
was observed when ATP was added back to the medium (Hendil et al., 2002). ATP is essential
not only to the assembly of the 26S proteasome but is also important for peptide hydrolysis (Liu
et al., 2006b). Given the role of ATP in the stability and function of the proteasome, it is not
surprising that the drop in ATP levels during ischemia, (Chen et al., 2010; Connolly et al., 2014;

Hayakawa et al., 2016) is associated with a decreased proteasome assembly and activity.
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Proteasome disassembly was also reported in models of oxidative stress and impaired
mitochondrial ATP production (Huang et al., 2013; Livnat-Levanon et al., 2014), which are
characteristics of the ischemic brain cascade. Furthermore, the proteasome assembly was
shown to be regulated by the redox molecule NADH. Thus, in the absence of ATP the stability of
the 26S proteasome was not affected in cell lines where the NADH/NAD" ratio was artificially
increased, and cell death induced by mitochondrial function inhibition was halted under the
same conditions (Tsvetkov et al., 2014). Alongside with the available data for ATP levels after
brain ischemia, the NADH/NAD" ratio was shown to be decreased in brain slices exposed to brain
ischemia, which may also contribute to the disassembly of the proteasome (Kannurpatti and
Joshi, 1999). Proteasome hypofunction and disassembly is also relevant in other forms of acute
brain injury [(e.g traumatic brain injury) (Yao et al., 2007, 2008)] as well as in several

neurodegenerative disorders (Im and Chung, 2016).

Given the information presented here, we can conclude that proteasome disassembly may have
a dual impact in cell survival. The concomitant increase in 20S proteasomes may represent an
elegant strategy to efficiently degrade oxidatively damaged proteins, in an unregulated and
energy-independent manner. However, overall hypofunction of the proteasome may have
deleterious consequences contributing to neuronal cell death. Additional experiments
modulating the assembly status of endogenous proteasomes are required to elucidate its
relative contribution to cell demise. This will also allow to dissect and distinguish the relative
importance of the activity of disassembled proteasomes, which contribute to protein

degradation in the presence of diminished ATP levels under ischemic conditions.

4.3. Ubiquitin homeostasis is altered in brain ischemia

In this work we observed that transient OGD decreases the chymotrypsin-like activity of the
proteasome in cultured cortical neurons and induces its disassembly into the 19S and 20S
particles. Under the same conditions we found a decrease in total polyubiquitin conjugates and
in the expression of one of the ubiquitin encoding genes, the ubiquitinC mRNA, but no
alterations were found in monomeric ubiquitin (Figure 3.4). This is in contrast with previous
reports showing an upregulation in polyubiquitin protein conjugates in conditions of in vivo and
in vitro ischemia (Ge et al., 2007; Chen et al., 2010; Hochrainer et al., 2012). Thus, accumulation
of polyubiquitin conjugates was observed during the reperfusion period (starting at 1 h) after 30
min of MCAo, and a decrease in monomeric ubiquitin levels was also observed (Hochrainer et
al., 2012). Furthermore, 2 h of OGD in cerebrocortical neurons, which resemble the

experimental conditions used in this work, was shown to induce a dramatic increase in
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polyubiquitin conjugates, starting after 2 h of reperfusion (Chen et al., 2010). In these studies,
protein ubiquitination was evaluated in fractions containing the precipitated proteins, while in
the present study we used cell lysates depleted of the heavy membrane fraction. However, no
protein ubiquitination was observed in experiments in protein precipitates isolated from
cultured cortical neurons subjected to OGD, suggesting that the differences in sample

preparation do not account for the differential results obtained.

Immunohistochemical staining of brain slices obtained from mice subjected to 45 min of MCAo
showed a sharp decrease in ubiquitin reactivity in ischemic core, when compared to the peri-
ischemic infarct area, suggesting that the severity of the insult is positively correlated with
ubiquitin expression (Li et al., 2016). This resembles the pattern of change in protein
ubiquitination observed in the present work which may, therefore, reflect the response to a
more severe ischemic injury. It will be important to determine in future experiments whether
the duration of the OGD insult affects the pattern of changes in protein ubiquitination. A
decrease in protein polyubiquitination as observed in the present work after OGD may reflect
alterations in the activity of ligases in addition to the reduction in protein degradation by the
proteasome. Accordingly, in cerebrocortical neurons exposed to mitochondrial toxins that
compromise ATP production, there was a reduction in fully-assembled proteasomes together
with a downregulation in the total polyubiquitin conjugates, which the authors correlated with a
decreased ubiquitin conjugation at the E1 activating enzyme level (Huang et al., 2013). Since in
the present work we observed a decrease in polyubiquitination in cultured neurons subjected to
OGD, the results may be explained based on a reduction in the activity of the E1 activating
enzyme (or the downstream ubiquitin conjugating enzymes). This is in contrast with the results
obtained in lens cells exposed to oxidative stress; H,0, increased the activity of the E1 activating

enzyme (Shang et al., 1997).

The ubiquitin protein is the result of the expression of four independent genes (UBC, UBB,
UBA52, and RPS27A). In this work we evaluated the expression of the UBC gene because it is
regulated by stress, together with UBB (Ryu et al., 2007; Kimura and Tanaka, 2010). The results
obtained showed a decrease in UbiquitinC expression in cortical neurons subjected transiently to
OGD (Figure 3.4). A reduction in UbiquitinC/UBC mRNA expression levels was also found in a
model of traumatic brain injury when evaluated 1-2 days after the insult, along with a decrease
in free ubiquitin levels (Yao et al., 2007). The alterations in the expression of ubiquitin genes has
also been investigated in different models of brain ischemia: (i) UBC mRNA showed a delayed
increase in the hippocampus and in the cerebral cortex of rats, at 4-6 h after 4-VO (20 min)

(Noga and Hayashi, 1996); (ii) an increase in the mRNA for ubiquitin (it is not clear which gene
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was used) was observed in the hippocampus up to 24 h after BCCAo (5 min) in gerbils, returning
to basal levels at 48 h after the lesion (Ide et al., 1999); (iii) 15 min of spinal cord ischemia in
rabbits increased in ubiquitin protein, as well as to the DUB UCH-L1 during the early stage of
reperfusion (Yamauchi et al., 2008). It remains to be determined whether there is a fundamental
difference in the brain ischemia-induced alteration in the expression of ubiquitin genes between
the in vitro and in vivo models, since the effects described above contrast with the
downregulation in UBC gene expression observed in cortical neurons exposed transiently to
OGD. Alternatively, the differential results may be explained based on the distinct time points of

reperfusion after injury tested in the present work vs the in vivo studies.

Based on the evidence here reported, we can hypothesize that the effect of OGD on the
reduction of polyubiquitination may be the result of a decrease in ubiquitin conjugation due to
the low ATP levels. Alterations in ubiquitin deconjugation may not contribute to the OGD-
induced alterations in ubiquitin conjugation since no alteration in total free ubiquitin was

observed.

4.4. Calpain activation under ischemic conditions have an impact in the Ubiquitin-
Proteasome System components

Herein, we provide evidence showing calpain activation in cerebrocortical neurons subjected to
OGD (1.5 h), when evaluate 4 h after the insult (Figure 3.7), as determined by an increase in the
levels of spectrin-breakdown products of 145/150 kDa. The apparent absence of the 120 kDa
SBDP under the same conditions discards the possible contribution of caspase-3 to the cellular
responses to the injury. The results are in accordance with other reports showing calpain
activation in cultured hippocampal neurons subjected to OGD (1.5 h and 2 h), when evaluated at
different post-incubation periods after the insult (Fernandes et al., 2014; Curcio et al., 2015). As
a proof of concept, we also showed that NMDAR acts upstream of calpain activation in
cerebrocortical neurons subjected to OGD, by using pharmacological tools to inhibit NMDAR and
calpains. Under these conditions, no spectrin cleavage was observed, corroborating previous in
vitro and in vivo findings (Roberts-Lewis et al., 1994; Neumar et al., 2001; Kawamura et al.,
2005; Fernandes et al., 2014; Curcio et al., 2015). Furthermore, proteasome activity was severely

diminished and its assembly was compromised (Figures 3.4 and 3.6).

Evaluation of the presence of putative PEST sequence in all subunits of the proteasome using the
EPESTFIND online tool to find potential targets of calpains suggested that several proteasome
subunits could be cleaved by this protease. From all candidates tested, we identified Rpn3,

Rpn5, Rpn12, Rpnl and USP14 as putative calpain targets (Figure 3.8, 3.10, 3.11). Additionally,
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using a simple assay with recombinant calpain and extracts prepared from HEK293t cells
expressing GFP fusion proteins with proteasomal AAA+ ATPase proteasome subunits, we also
indentified Rptl, Rpt3 and Rpt5 as putative calpain targets (Figure 3.14). In accordance with
previous reports, we also observed the calpain-mediated cleavage of the Rpnl0 ubiquitin
acceptor in cerebrocortical neurons subjected to OGD [Figure 3.9 (Huang et al., 2013)]. From
those 8 putative calpain substrates, we validated Rpt3 as a calpain substrate, using western blot
experiments, along with Rpn10, and showed strong evidence that both Rptl and Rpn3 can also
be substrates of the protease (Figure 3.9, 3.11, 3.12, 3.13). Remarkably, in the various
proteomic studies conducted so far, aiming at identifying potential calpain substrates, none of
these studies showed cleavage of proteasomal subunits (Kim et al., 2013a; Shinkai-Ouchi et al.,

2016).

The results obtained in this work indicate that some of the proteasome subunits are specifically
targeted by calpains, while other proteasome components were not cleaved by the protease.
Furthermore, the screening for putative calpain targets using the EPESTFIND online tool
confirmed the present difficulty in predicting calpain substrates. Although some amino acid
sequences appear to be preferential calpain targets, the protease is thought to recognize the
overall 3D, rather than the primary, structures of their substrates (Sorimachi et al., 20113;

Sorimachi et al., 2012; Ono et al., 2016).

4.5. Role of calpain-mediated cleavage of proteasome subunits in regulating
proteasome assembly/activity

Although we have not investigated the functional impact of the calpain-mediated cleavage of
proteasome subunits, there are several lines of evidence suggesting that it may affect the
degradation of UPS substrates as indicated below. Although several of the studies that have
addressed these questions were conducted in yeast cells, or using the Drosophila as a model,
the mechanism is thought to be highly conserved between eukaryotic cell types (Murata et al.,

2009).

Pioneer studies have shown that knockdnown of the Rptl, Rpn10, Rpn2 and Rpn12 proteasome
subunits among others, reduced the viability of Schneider 2 (S2) cells, as well as the
chymotrypsin-like activity (Wojcik and DeMartino, 2002). However, after glycerol-gradient
centrifugation to isolate the different subpopulations of proteasomes, the activity of the 26S
proteasome was only impaired when Rpn2, Rptl and Rpn12 were downregulated, whilst Rpn10
knockdown showed the opposite effect (Wojcik and DeMartino, 2002). Therefore, a reduction in

Rptl, Rpn2 and Rpnl2 total protein levels has a profound effect on proteasome assembly.
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Additionally, the C-terminal region of the Rpt3 protein is essential for a proper assembly of the
proteasome [(Kumar et al., 2010); see (Smith et al., 2007) for results showing the effect of point
mutations and peptide entry], and proper polyubiquitinated proteins turnover (Sokolova et al.,
2015), whereas the Rpn6 protein was shown to interact with both a2 and Rpt6 protein, thus
tethering the base of the 19S particle to the 20S (Pathare et al., 2012). In fact, its absence in
yeast cells results in a severe impairment in the ubiquitin-proteasome pathway as shown by
compromised assembled proteasomes and accumulation of polyubiquitin chains (Santamaria et
al., 2003), whereas its overexpression was shown to increase proteasome assembly in
embryonic stem cells (Vilchez et al., 2012a). Rpn2 along with Rpnl were proposed to act as a
platform for base assembly, assuming also a vital role in interacting with extraproteasomal
partners involved in protein degradation (Rosenzweig et al., 2008). Additionally, Rpn12 also
participates in the 19S regulatory particle maturation (Tomko and Hochstrasser, 2011), whereas
the C-terminal domain of Rptl interacts transiently with the protein Hsm3/S5b, a chaperone
involved in the base subcomplex formation, both in humans and yeast cells (Le Tallec et al.,
2009; Takagi et al., 2012). Interestingly, loss of this protein also have a profound impact in
26S/30S proteasome assembly (Le Tallec et al., 2009). Rpn3 temperature sensitive mutants also
show also distinct defects in proteasome assembly, as well as accumulation of polyubiquitin

conjugates (Joshi et al., 2011).

Rpni10-deficient mice showed embryonic lethality, and UIM domain deletion in this protein
impaired the ubiquitin-dependent degradation of proteins in the mice liver (Hamazaki et al.,
2007). Studies using a similar mice model with the UIM domain of Rpn10 genetically deleted
showed an impaired interaction of polyubiquitinated substrates with the proteasome, as shown
with purified proteasomes immunoblotted with an antibody against ubiquitin (Hamazaki et al.,
2015). Furthermore, RNAi for Rpn10 was without effect on total polyubiquitinated proteins
using total cell extracts obtained for HEK293t cells (Hamazaki et al., 2015). Distinct results were
obtained using a very distant organism in terms of polyubiquitin conjugates accumulation.
Genetic deletion of the Rpn10 ortholog in Drosophila melanogaster showed a dramatic increase
in polyubiquitinated proteins, larval lethality along with an increase in 26S proteasomes
[(Szlanka et al., 2003); see also (Wojcik and DeMartino, 2002)]. The available evidence, including
the result showing Rpnl0 cleavage by calpains (Huang et al., 2013), suggest that the
stability/abundance of Rpn10 may not be the only factor responsible for controlling proteasome
stability/assembly given the increase in proteasome activity when the protein is downregulated

(Wojcik and DeMartino, 2002; Huang et al., 2013). However, the differential effects observed
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may be organism-and tissue-dependent, and may also involve the degradation/interaction of

other proteins

The experimental setup used in this work allowed the identification of putative proteasome
subunits that may be cleaved by calpains, providing an insight about the molecular mechanism
contributing to proteasome hypofunction in cortical neurons exposed transiently to OGD. Given
the effects described above (Wojcik and DeMartino, 2002), the cleavage of Rpnl0 alone is
unlikely to account for the observed downregulation of proteasome activity. On the other hand,
the cleavage of Rptl, Rpt3 and Rpn3 may contribute to the decrease in the stability of the
proteasome after OGD (Le Tallec et al., 2009; Kumar et al., 2010; Joshi et al., 2011; Takagi et al.,
2012). Additional experiments are also required to evaluate if calpains physically interact with
proteasome subunits. It should also be considered that calpains cleave but do not degrade
target proteins. Therefore, the formation of truncated proteasome subunits may have an effect
on the proteasome structure and activity that is distinct from that obtained after deletion of the
protein. Other factors that may also contribute to the regulation of the proteasome
activity/stability after OGD include: (i) ATP, which is important for the assembly of the 26S
proteasome (Hendil et al., 2002; Liu et al., 2006b); (ii) phosphorylation state of proteasome
subunits (Bingol et al., 2010; Lokireddy et al., 2015).

4.6. Proteasome activation as a tool to prevent cell death induced by brain ischemia
As discussed above, in this work we showed the disassembly of the proteasome and a decrease
in its chymotrypsin-like activity in cerebrocortical neurons exposed to OGD for 1.5 h (Figures 3.4
and 3.6). The impairment of the proteasome activity associated with neuronal death after OGD
is in apparent contradiction with the reports pointing to a neuroprotective effect of proteasome
inhibitors in several in vivo models of transient global/focal ischemia (Williams et al., 2003;
Williams et al., 2005; Zhang et al., 2010; Doeppner et al., 2012; Doeppner et al., 2016). However,
the latter results have been attributed mainly to the inhibition of the inflammatory responses
resulting from the ischemic insult and to the stabilization of the blood-brain barrier. In fact,
chemical proteasome inhibition is sufficient to increase neuronal cell death by inducing ER stress
and activating the mitochondrial apoptotic pathway (Nishitoh et al., 2002; Guo et al., 2016).
Therefore, therapeutic strategies to augment the degradative capacity of the UPS may also

afford protection in several brain disorders.

The DUB USP14 acts as a brake in the degradation of proteasome substrates in vivo since its
genetic deletion increased the turnover in yeast cells (Hanna et al., 2006) and similar results

were obtained upon inhibition of the enzyme in cultured mammalian cells (Lee et al., 2010;
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Ponnappan et al., 2013). We found that preincubation of cortical neurons with the USP14
inhibitor IU1 abrogates OGD-induced cell death. Interestingly, there was a decrease in calpain
activity and a maintenance of ubiquitin homeostasis under the same conditions (Figure 3.15-
3.17). This suggests that IU1 may act upstream of calpain activation, or it may reduce its activity
through post-transcriptional regulation. The concentration used here (20 puM) is within the range
of concentrations that affect the degradation of endogenous substrates without compromising
cell viability (up to 100 uM) in human-derived cell lines (Lee et al., 2010; Nag and Finley, 2012).
Indeed, 1U1 was also shown to have a cytoprotective effect in Rat glomerular epithelial cells
subjected to the ER stressor tunicamycin, and to a transient anoxia protocol similar to OGD
(Sareen-Khanna et al., 2016). Furthermore, IU1 was reported to reduce brain infarct volume in a
mouse model of transient focal cerebral ischemia at day 4 after the insult. In the latter study,
elevation of the microRNA124 was found to downregulate USP14, and inhibition of this DUB
mimicked the effect obtained under the former conditions (Doeppner et al.,, 2013). However,
the possibility of an increased ubiquitin-dependent protein turnover was not considered in this

study.

More recently, two studies addressed the role of USP14 in controlling proteolysis in the cells,
and showed an even more complex mechanism than initially proposed. USP14 is responsible for
trimming both Lys48 and Lys63 polyubiquitin chains, which is in accordance with the consequent
increase in the overall accumulation of polyubiquitin conjugates [(Lee et al., 2010; Vaden et al.,
2015; Xu et al., 2015; Lee et al., 2016); Figure 3.15]. The neuroprotective effects of the USP14
inhibition may also be attributed to increased autophagy (Xu et al., 2016), being consistent with
the effect of autophagy in neuroprotection in in vivo and in vitro ischemia/reperfusion models
(zhang et al., 2013). Because U1 increases the turnover of proteins degraded in the UPS,
identifying the putative candidates that are downregulated and contribute to the observed
neuroprotective effects may provide an additional strategy for treating brain injury in
ischemia/reperfusion models. This list is currently limited to a few proteins, but mTOR emerged
as a candidate in cell lines with compromised USP14 levels/activity (Xu et al., 2015). mTOR
inhibition with rapamycin was shown to improve cell survival following OGD (Fletcher et al.,
2013), suggesting that its increased degradation of this protein may account, at least in part, for
the protective effects of USP14 inhibition. In addition, increased degradation of Bim by the
proteasome was also shown to mediate ischemic tolerance in cerebrocortical neurons exposed
to OGD (Meller et al., 2006). Because Bim is an apoptotic protein, and the UPS was shown to
regulate this form of cell death (Wojcik, 2002), the degradation of other apoptotic proteins by

the UPS may also contribute to the protective effects of USP14 inhibition. Therefore,
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identification of which substrates display alterations in stability/activity in cultured neurons

exposed to IU1 before the ischemic insult will provide additional information.

We also found that the neuroprotective effects of IU1 are extended to the magnitude of calpain
activation, without affecting calpain-1 total protein levels (Figures 3.16 and 3.17). In future
studies, it will be important to determine whether incubation with IU1 affects calpain-2 protein
levels. If no alteration in calpain protein levels is observed in cortical neurons incubated with
IU1, the effects of the DUB inhibitor may result from changes in an upstream event. Since
calpains are activated downstream of glutamate receptors stimulation in OGD, a decrease in the
surface expression of NMDA and AMPA receptors would decrease the [Ca*]; overload after the
ischemic insult. Interestingly, there are several reports indicating that the synaptic abundance
and traffic of NMDA and AMPA receptors can be regulated by ubiquitination [for review see
(Salazar et al., 2016)]. Furthermore, it will be relevant to investigate whether the protein levels
of a common modulatory subunit (calpain4), which regulates both calpainl- and 2, is altered in
the presence of IU1 (Amini et al., 2013). Because USP14 also shows deubiquitinating activity
towards Lys63 polyubiquitin chains, calpain-1/2 polyubiquitination (most likely Lys63; consistent
with its non-proteolytic function) may also represent a novel regulatory mechanism controlling
the magnitude of its own activation, as shown, for instance, for phosphorylation (Glading et al.,
2004; Zadran et al., 2010). This should represent a novel mechanism of regulation of calpain,
since the protease was not found in previous proteomic studies in which Lys63- polyubiquitin
chains were isolated (Silva et al., 2015). Whether USP14 inhibition affects [Ca®']; homeostasis is

also an open question that may influence the degree of calpain activation after brain ischemia.

Numerous reports have identified calpain targets which are cleaved in brain ischemia thereby
contributing to neuronal demise (Bevers and Neumar, 2008; Curcio et al., 2016). Therefore, the
results showing an inhibition of calpain activation by IU1 in cortical neurons subjected to OGD
suggest that the modulation of this proteolytic pathway may contribute to the protective effects
of the DUB inhibitor. Since calpains cleave several proteasome subunits, as shown in this work,
inhibition of these proteases in cells pretreated with IU1 may enhance proteasome stability and
protein degradation by the UPS, thereby stabilizing the proteostasis mechanisms. The protective
effects of IU1 were only observed when the drug was present during OGD, which makes this
approach less relevant from the therapeutic point of view. However, the time required to
achieve an effective concentration of 1U1 inside the cells may prevent the effect of the DUB

inhibitor when administered after OGD.
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In conclusion, we hereby propose a mechanism in which proteasome disassembly and
downregulation may be an event downstream of calpain activation following transient brain
ischemia. Calpain cleaves specific proteasome resident proteins which in turn are responsible for
the regulation of its assembly state and, consequently, affect the ubiquitin-dependent protein
turnover. However, it is difficult to experimentally evaluate proteasome activity in the presence
of calpain inhibitors due to their poor specificity. In line of these results, 195 and the 20S
proteasome particles may be differentially regulated after OGD. This hypothesis is supported by
the observed differential changes in the distribution of PSMA2 and Rpt6 following OGD. We also
hypothesized that the decrease in polyubiquitin conjugates in cortical neurons subjected to OGD
is the result of an impairment in ubiquitin conjugation, although this should be experimentally
addressed to rule out the effect of increased deconjugation. Consistent with the proteasome
disassembly under ischemia conditions, inhibition of the DUB USP14, which is expected to boost
the activity of the proteasomes that remain assembled, is sufficient to inhibit cell death
following OGD. Therefore, IU1 acts through a preconditioning effect by a mechanism that
involve the preservation of the overall levels of protein polyubiquitination and a decrease in
calpain activity by a yet unidentified mechanism. For a graphical view about the mechanism

proposed please see Figure 4.1.
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Figure 4.1- Proposed model for alterations in the stability of the UPS after brain ischemia. (1) An early event is the
excessive activation of NMDAR located at the synaptic and extrasnaptic sites, which induces a massive increase in the
[Ca2+]i. As a consequence of the excessive accumulation of Ca2+, calpains are activated (A,B) with the consequent
cleavage of several proteins associated with the proteasome resulting in the disassembly of the proteolytic structure

(shown by the scissors). Proteasome disassembly may also result from the activation of other pathways independent
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of calpain activation: e.g lack of ATP and oxidative stress (C). The disassembly of the 26S proteasome into its major
components is thought to induce cell death in cultured neurons subjected to transient ischemia. Proteasome
activation (2) by means of inhibiting the DUB USP14 with a chemical inhibitor increases the overall function of the UPS
through degradation of its canonical substrates. Under these conditions, neuronal cell death is halted in neurons
subjected to ischemic conditions (D). Furthermore, USP14 inhibition also abrogates OGD-evoked calpain activation by
an unknown mechanism (E), which may then prevent the cleavage of the proteasome subunits (and other subunits)
and the disassembly of its structure. Therefore, USP14 inhibition may have dual function in regulating cell survival

after OGD, (i) by halting calpain activation and (ii) boosting the overall activity of the UPS.
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Future Perspectives

In this work, we showed an overall hypofunction of the Ubiquitin-Proteasome System (UPS) in
an in vitro model of brain ischemia, in accordance with the available in vivo evidence. Under the
same experimental conditions, calpain activation contributed to the selective cleavage of several
proteins of the 26S proteasome. In addition, boosting the activity of the proteasome was found
to afford neuroprotection against the cell demise observed following transient incubation of
cultured neurons under conditions of Oxygen-Glucose Deprivation (OGD). Although several
important points that are worth to further investigate were discussed in the previous sections, in

this section we will point out some of the open questions remaining in the field.

General questions

Although we obtained compelling evidence pointing to a cross-talk between calpains and the
proteasome in response to ischemic injury, a detailed understanding of the molecular
mechanisms involved is still lacking at this point. Furthermore, additional studies are required to
determine whether the alterations in the components of the proteasome are indeed associated
with cell demise. Finally, complementary experiments should elucidate how IU1 protects
cerebrocortical neurons against OGD. The latter studies will also provide a clearer insight about
the biochemical changes that are associated with the neuroprotective effect resulting from the
activation of the UPS under ischemic conditions. Together, these questions can be addressed as

follows:

i) whether other proteasome proteins, besides those identified in this study, can be cleaved by
calpains, can be investigated by incubating purified proteasomes with recombinant calpain, and
using proteomics tools to identify the substrates of the protease; ii) identifying the calpain
cleavage sites in the proteasome subunits is of utmost importance since they may be correlated
with proteasome disassembly; iii) analysis of the physical interaction of calpains with
endogenous proteasomes may contribute to understand why specific subunits are cleaved; iv)
calpastatin overexpression will provide a valuable tool to better dissect the involvement of
calpains in regulating the proteasome after transient brain ischemia, thus avoiding the non-
specific effects of chemical calpain inhibitors; v) other timepoints after OGD should also be
considered to investigate if the alterations in the proteasome activity are transient or not; vi) to
further evaluate polyubiquitin conjugates in Triton-X100 insoluble fractions, given the
discrepancy of the results obtained in this work and the reports in the literature; vii) evaluation

of the changes in E1 activity after OGD will allow determining whether the decreased ubiquitin
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conjugation may be due to an impaired function of the ligase; viii) to evaluate the proteome
modifications (ubiquitin-modificated) in the presence of IU1 and correlate the decreased
protein(s) level(s) with the associated neuroprotective effects; ix) to address the role of IU1 in
maintaining 26S proteasome integrity; x) to investigate whether calpain-1 is a target of
polyubiquitin modification in the presence of the IU1 (due to the overall stabilization of
polyubiquitin bound substrates); xi) to evaluate total protein levels of both calpain-2 and the

small regulatory subunit (calpain4).

Is the UPS a valid target for inducing neuroprotection?

It is well established that the UPS function is downregulated after brain ischemia, and several
studies have reported the proteasome disassembly under these conditions [this study; (Asai et
al., 2002; Ge et al., 2007; Caldeira et al., 2013; Caldeira et al., 2014). The mechanisms involved in
the disassembly of the proteasome in brain ischemia are still not understood, in part due to the
plethora of regulators that contribute to its stability. A detailed characterization of the
biochemical changes that contribute to the disassembly of the 26S proteasome in brain ischemia
will allow designing novel strategies to preserve its stability/assembly (in addition to proteasome
activators), thereby increasing protein degradation. These tools may be the basis of future

neuroprotective strategies.

Overexpression of Rpn6, a protein that we reported as a candidate for calpain-mediated
cleavage, was found to increase the relative abundance of 26S and 30S proteasome in human
embryonic stem cells (Vilchez et al., 2012a). In line with this evidence, overexpression of the
Rpn6 proteasome subunit in Caenorhabditis elegans increased the resistance to heat and to
oxidative stress, and extended their lifespan (Vilchez et al., 2012b). The Rpn6 protein is
phosphorylated by protein kinase A (PKA) on Ser14, and this phosphorylation is sufficient to
increase the degradation of short-lived and aggregation prone proteins by the proteasome
(Lokireddy et al., 2015). Supporting this evidence, rolipram, which increases the activity of the
proteasome by acting on cyclic-cAMP levels, resulting in PKA activation (Lokireddy et al., 2015),
was also shown to have profound neuroprotective effects after brain ischemia (Soares et al.,
2016). However, based on these experiments it is not possible to attribute the effects of PKA to
the modulation of the proteasome activity, since there are many other substrates of the kinase.
Therefore, in future studies it will be important to evaluate how the modulation of the Rpn6

protein phosphorylation regulate neuronal cell death after OGD. This question may be
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addressed by expressing in neurons phosphomimetic (S14A) and the phosphodead (S14A)

mutants of Rpn6.

Additionally, USP14 activation by Akt-dependent phosphorylation on Ser432 was shown to
inhibit the activity of the proteasome (Xu et al., 2015). Considering the alterations in AKT
phosphorylation status under ischemic conditions discussed previously [see section 1.1]
modulation of USP14 phosphorylation status may also represent another potential strategy to
protect cultured cerebrocortical neurons against OGD, by increasing the overall activity of the
proteasome. Similarly to the experiments proposed above to investigate how Rpn6
phosphorylation modulates neuronal damage in brain ischemia, the usage of USP14
phosphomutants may contribute to further elucidate the response of neurons when exposed to

ischemic conditions.

The USP14 inhibitor IU1 has been shown to have a dicotomic effect on the UPS. In addition to its
role in activating the UPS, inhibition of USP14 was also shown to increase the autophagic
pathway (Xu et al., 2015; Xu et al., 2016). Therefore, distinguishing the relative contribution of
these two proteolytic systems in the observed neuroprotective effects after OGD will allow
pinpointing which degradation system(s) is involved in protecting cultured neurons against the
OGD insult. The use of specific chemical inhibitors of the two systems will help addressing this

question.

Is there an endogenous proteasome inhibitor?

Proteasome assembly/activity is highly regulated by complex mechanisms. Therefore, faulty
proteasomes are actively degraded (Waite et al., 2016) or repressed (Lee et al., 2011b), and
these are important mechanism of quality-control in eukaryotic cells. The extracellular mutant
29 (Ecm?29) protein was shown to interact with the proteasomes and to repress their activity in
vitro and in vivo (Lee et al., 2011b; De La Mota-Peynado et al., 2013). Mice deficient for the
KIAA0368 gene, the mammalian orthologue of Ecm29, showed no alterations in the peptidase
activity and in proteasome formation under control conditions (Haratake et al., 2016). However,
KIAAO368-deficient cells showed increased resilience to proteasome disassembly under
oxidative stress conditions when compared with wild-type cells (Haratake et al., 2016). This
suggests that the Ecm29 protein plays an active role in inducing proteasome disassembly under
the latter conditions. Therefore, it will be important to investigate the role of Ecm29 in cultured

cerebrocortical neurons subjected to OGD.
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