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1. Introduction

1 Introduction

1.1 Stroke: A Brief Outline

Stroke constitutes one of the most common reasons for death or people suffering from
disabilities [1]. Strokes can be broadly categorized into two groups, ischemic stroke
and hemorrhagic stroke. Among them, ischemic stroke makes up 80% of all strokes
which are caused by arterial occlusion in the brain, spinal cord or retina. Hemorrhagic
stroke happens when a blood vessel is ruptured, which leads to bleeding in the brain.
The symptoms of stroke vary from person to person, but the most typical symptom starts
from abrupt weakness of face, arm or leg, most of the time on one side of the body.
Other signs or symptoms include confusion, difficulty speaking, understanding, seeing,

walking, dizziness, severe headache, and fainting [2].

In 2019, the number of incident and prevalent cases of stroke was 12.2 million and
101 million, respectively, causing a total of approximately 6.55 million deaths and 143
million disabilities due to stroke worldwide. Stroke ranks as the second-leading cause of
death, and this accounts for 11.6% of total amount death. Among the deaths, stroke has
a global epidemiology which with up to 86% of deaths in countries with low and low to
middle income economies. Despite the advanced genetic discoveries of stroke in clinical
studies, which have already been helping with risk prediction and prevention over the
past few years [3], the number of incident strokes has gone up by 70% compared to
1990 [4]. In addition, the costs of stroke have increased significantly as well. From 2003

to 2017, the total care costs of stroke patients for 25 countries forming the European
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Union rose from 34 billion euros to 55 billion euros [5]. The enhanced number of cases
was not only due to the population growth and aging, but also associated with a variety
of risk factors, including high body mass index (BMI), increased fasting plasma glucose
and blood pressure, ambient particulate matter air pollution exposure, low physical

activity, as well as excessive alcohol consumption [6].

The therapeutic goal for cerebral ischemia is to rapidly restore the blood flow and
minimize the infarct volume of cerebral tissue. Currently, the only employed therapy of
acute ischemic stroke is reperfusion using thrombolysis, including intravenous tissue
plasminogen activator or/and endovascular thrombectomy, but both are highly time-
critical. In addition, intravenous alteplase (rtPA) is the only pharmaceutical agent which
has been approved and it has a limitation due to short administration time window,
with a maximum of up to 4.5 h after symptom onset [7]. Therefore, due to the few
treatments and narrow therapeutic time window, merely a minority of stroke patients is
able to receive these treatment options, and the majority of stroke patients presents with
a poor outcome with different neurological symptoms such as paralysis, dementia and
depression. This leads to both an enormous medical and economic burden. Although
over a thousand of translation stroke studies that focused on neuroprotection has been
conducted in the past a few decades, only 10% of the compounds reached clinical
trials. Notably, the small amount of drugs which have been used in the clinical trials did
improve the stroke patients’ condition [8]. Taken together, novel strategies for treatment

of post-stroke pathophysiology are urgently needed.

1.1.1 Neuroinflammation and Inflammation After Stroke

Neuroinflammation is an underlying and associated component of multiple acute and
chronic central nervous system (CNS) disorders, such as stroke, Parkinson's disease
(PD) and Alzheimer's disease (AD). This inflammation is regulated by a great number
of factors including cytokines, chemokines, as well as reactive oxygen species [9],

and these factors are mainly produced by the brain resident cells including microglia,
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astrocytes, microvascular endothelial cells as well as peripherally derived macrophages.
There are, however, both positive and negative aspects of the consequences of mediator-
driven neuroinflammation. For instance, a sequence of events usually occurs during the
inflammatory process. As a result, sometimes inflammation leads to the recruitment of
immune cells and tissue damage, but in other cases, inflammation may lead to tissue
repair and adaption. In this thesis, the focus is on neuroinflammation and inflammation

after stroke.

Brain injury following transient or permanent ischemic stroke is caused by a series of
cellular and molecular events induced by the cerebral blood flow impairment. Neurons
are more vulnerable than other cells, and in the ischemic core, they become dysfunctional
and die rapidly due to the reduction of oxygen and glucose. The main mechanism of
the cell death is that neurons cannot generate enough ATP for the ionic pumps to
maintain the ionic gradient across the membrane, leading to K* loss and membrane
depolarization [10]. During this period, Na* and Ca?* cytoplasmic accumulation
encourages glutamate release, which causes organelle swelling and membrane integrity
loss, at the end leading to necrotic cell death. In the peri-infarct, the major event is the
extracellular accumulation of glutamate, which overstimulates post synaptic excitatory
receptors, including a-Amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA),
N-methyl-D-aspartate (also known as NMDA) and kainite, allowing influx of Ca%* [10,
11]. Consequently, massive Ca2* activates proteolytic enzymes and forces free-radicals
and cytochrome C from mitochondria. This cellular toxicity triggers necrosis and/or
apoptosis, and these injured neurons secret a “danger signal” which activates microglia
and other immune cells. Overall, these events take place in the acute phase of ischemic

stroke which only ends after several minutes or even hours [10].

Following the acute phase of stroke, within the sub-acute phase, immunity and
inflammation are the key drivers for the ischemic brain pathobiology. Inflammation

exerts a deleterious role on promoting neuronal cell damage by releasing immune



1.1 Stroke: A Brief Outline

mediators or beneficial effects on providing the anti-inflammatory signals to help with
wound repairing. It has been widely studied that inflammation is initiated along with
the pathological features of ischemic stroke including necrotic cells, impaired tissues, as
well as reactive species (ROS), which can activate resident microglia, astrocytes, and
attract leukocytes infiltration [12]. Moreover, the inflammatory response is a multiphasic
cascade including an early phase of inflammation and a chronic inflammation (Figurel).
In order to understanding the role of this multiphasic immune response after stroke,
two of the important cells, microglia and endothelial cells, will be introduced in the
following chapters.
Bad

outcome
y 3

Secondary damage: Complications
Inflammation, Programmed cell death

Energy failure,
excitotoxicity,
depolarizations,
necrosis

Minutes

Endogenous brain protection Plasticity, regeneration,repair

A 4

Good
outcome

Figure 1: Inflammation after stroke. Cascade of destructive and protective or restorative mechanisms in
stroke. Figure taken from [13].

1.1.2 Microglia

When there are stimuli acting on the brain, the “resident macrophages” microglial
cells are considered to be the forefront defense of the innate immune system [14].
Representing about 10% of the total cell population in the brain [15], microglia develop
from the embryonic yolk sac around embryonic day 8.5, and increase continuously in
the first two postnatal weeks, which identifies microglia as a distinct population from
other macrophages [16]. In homeostatic state, microglia with a ramified morphology
are all over the CNS while constantly surveying the brain environment. Once a certain

cue such as pathogen invasion or brain injury is recognized, microglia rapidly switch
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to an activated state. They transform their morphology from the ramified state into
an ameboid phenotype and migrate towards injured tissue [17]. For an illustration of
changing microglia morphology, please refer to figure 2. Other profiles of microglia
are simultaneously changing along with the altering morphology, and this provide
microglia with a crucial role of the communication between the nervous and immune
system. For instance, microglia become the “activated” state upon an infection, and they
rapidly alter their transcriptional profile while secreting pro-inflammatory cytokines and
chemokines, including tumor necrosis factor alpha (TNF-«), Interleukin (IL) 6, IL-17
and CC-chemokine ligand 2 (CCL2) [18]. These cytokines and chemokines can further
promote leukocytes recruitment and interfere with the brain [19]. In addition, these
cytoskeletal and profile alterations allow microglia to increase the phagocytosis activity
and migrate to the injured tissue [20]. Besides exaggerating in inflammation, microglia
activation can offer protection from brain damage to the brain in the different stages of
inflammation, and the dual function of microglia activation under inflammation after

ischemic stroke will be discussed in more detail below.

Figure 2: Cascade of microglia activation associated with plastic phenotypes associated. (A) Ramified
microglia (resting microglia) in normal rat facial nucleus. (B) Activated microglia which
are still of ramified type within 24 h of facial nerve axotomy. (C,D) Microglia are next to a
regenerating facial motor neuron 4 days after facial nerve axotomy. (E, F) Ameboid phenotype
and phagocytic microglia. Figure taken from [17].
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As discussed in the last paragraph, microglia are one of the first-line responders to
the injury. They rapidly migrate to the injured brain site after ischemia. The activation
status of microglia has frequently been described in terms of a binary classification
as pro-inflammatory (M1, also called classically activated) and predominantly anti-
inflammatory (M2, also named alternatively activated) types. The concept of M1-type
microglia is by high expression of pro-inflammatory regulators including inducible nitric
oxide synthase (iNOS), IL-13, IL-6, TNF-a and matrix metalloproteinase (MMP) [21,
22]. Of note, theses mediators trigger neuronal apoptosis and degrade extracellular
matrix resulting in blood brain barrier (BBB) disruption. Conversely, M2-type microglia
are characterized by their high production of chitinase-like 3 (Chil3, also named Ym1),
IL-10, vascular endothelial growth factor (VEGF), transforming the growth factor-beta
(TGF-5), as well as arginase 1 (Argl), [23].

However, this classification of microglia is over-simplified, as microglia appear at
numerous overlapping states during the post-stroke phase, so the binary classification
is not adequate. Within 6h of transient middle cerebral artery occlusion (tMCAo0) in
the mouse brain, CD11b, a constitutive marker of microglia and macrophages has been
detected increased and remained elevated for at least till 7 days [24]. In the ischemic
core, CD32, CD16, M1 markers are upregulated from day 3 on until at least day 14,
whereas, CD206, Argl, M2 markers have appeared at day 1-3 and peaked by day 3-5
[25]. In the peri-infarct area, microglial activation, proliferation and migration persist
weeks after MCAo. Additionally, a marker of active phagocytosis, CD68 expressed in
both ramified and globular microglia is confirmed in the peri-infarct area at the early
time but increased in the core at 7 days [24, 26]. These microglia with a high phagocytic
capacity can contribute to cell debris removal and this process is essential to resolve the
inflammation and promote the remodeling [27, 28]. Nevertheless, this phagocytosis
in the poststroke phase remains controversial, wherein phagocytosis contributes to the

pathology by attacking the viable neurons [29].
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1.1.3 Blood Brain Barrier

Another key event in the development of neurological dysfunction after stroke is the
disruption of the BBB. As a part of the neurovascular unit formed by microvascular
endothelial cells, accompanied by astrocytes, pericytes and other cells, the BBB is a
unique physical and biochemical barrier that controls the molecules, ions, fluid and cells
between the CNS and the blood [30]. For an illustration of BBB composition, please
refer to figure 3. This gatekeeper role of the brain is accomplished by the BBB tight
junction integrity, and following stroke, the increase of tight junction permeability can
lead to vasogenic edema, hemorrhagic transformation and worsened outcome [31, 32].
Additionally, the factors contributing to BBB breakdown in ischemic stroke are various,
including MMPs, VEGF, proinflammatory cytokines and chemokines, adhesion molecules,
nitrosative stress, as well as oxidative stress [33]. Interestingly, MMPs were found to be
significantly increased in ischemic stroke in both clinical studies and experimental studies
[34, 35]. Moreover, MMP activation can be triggered by multiple factors in stroke, and
this includes TNF-« inducing MMP-9 and MMP-3, hypoxia-inducible factor-1a (HIF-1a)
promoting MMP2 [36, 37]. Further evidence for MMPs regulating BBB comes from
some studies showing that inhibition of MMP benefits neurovascular remodeling from

cerebral ischemia [38, 39]. However the mechanism is not fully investigated yet.

To understand the BBB dysfunction in pathologies, a hallmark of BBB disruption,
the alternative expression of tight junction (TJ) protein complexes has been revealed.
TJ protein occludin degradation was detected in the ischemic cerebral microvessels
due to the mediation by MMP2, and claudin-5 improper localisation was associated
with caveolin-1 [40, 41]. The reduced expression of zonula occludens (ZO-1) has also
been identified under oxygen-glucose deprivation/reoxygenation (OGD/RO) [42, 43].
Another important component of the cell-cell interactions, adherens junctions (AJ), are
formed by cadherins and associated proteins are able to be linked into actin filaments
[44]. In this case, endothelial cells presents vascular endothelial cadherin (VE-cadherin),

and the deletion of VE-cadherin in mice can directly induce the disruption of TJ proteins
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via mis-localised Rac and activated atypical protein kinase C [45]. Therefore, regulating

TJ and AJ proteins is a critical strategy for the BBB dysfunction in ischemic stroke.
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Figure 3: Schematic diagram of the BBB. The BBB is formed by the microvascular endothelial cells which
contact with astrocytes, pericytes, neurons, perivascular microglia and basal lamina. The
permeability of the BBB is controlled by the tight junction and adherent junction proteins which
form a matrix of multiprotein complexes interacted to the actin cytoskeleton. Figure taken
from [33].

1.2 The COP9 Signalosome: A Short Introduction

The constitutive photomorphogenesis 9 (COP9) signalosome (CSN, also known as COPS)
is a conserved multiprotein complex. In 1992, CSN was identified and characterized
as a light-regulatory locus of Arabidopsis (4). It was termed COP9 since its mutation

results in similar phenotypes as COP1 which functions as a repressor of dark-grown
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growth pattern [46]. Following the first purification of the COP9 signalosome from
cauliflower, mammalian CSN was purified as an ortholog of Arabidopsis COP9 complex
or signalosome [47-50]. The core CSN in mammals is constituted by eight subunits
designated CSN1 to CSN8 and enumerated by their molecular size, the largest, CSN1
and the smallest, CSN8 [51]. The CSN has architectural homologies to the 19S lid
sub-complex of the 26S proteasome lid and the translation initiation factor 3 (eIF3). Six
subunits (CSN1, CSN2, CSN3, CSN4, CSN7 and CSN8) include a proteasome-COP9-
initiation factor 3 (PCI) domain (also known as PINT) and two subunits (CSN5 and
CSN6) contain a Mov34-and-Pad1p N-terminal (MPN) domain [52, 53]. Since CSN was
discovered in Arabidopsis, it was identified in all different eukaryotes. In this chapter,

the biochemical function and the structure of the CSN is discussed in detail.

Light

Figure 4: Model of CSN activity in photomorphogenesis. The CSN inhibits photomorphogenesis resulting
in dark-grown growth patterns, when the light signals are absent (wt, left). Figure taken from
[54].

1.2.1 Cullin-RING Ligase Regulation by the CSN

Protein stability is mediated under the control of the ubiquitin-proteasome system, which
is a three step cascade of enzyme (E1-E3) for marking substrates by ubiquitylation in

order to be degraded by proteasome. In mammals, Cullin-RING ligases (CRLs) compose
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the largest multi-unit E3 ligase family with more than 200 acknowledged members
which are responsible for over 20% of protein degradation through the ubiquitin system
[55]. They are usually composed of four parts: one of the elongate C-shaped cullin
protein which functions as the scaffold, an embedded RING finger protein which recruits
E2 binding and offers ubiquitin transfer activity, an adaptor and a substrate receptor
which is able to recognize the specific ubiquitylation target [56]. Hence, CRLs are
able to engage substrates and catalyze ubiquitin transfer. To date, eight cullins (CUL1,
CUL2, CUL3, CUL4A, CUL4B CULS5, CUL7, CUL9) have been identified to form eight
subfamilies of CRLs. Additionally, anaphase promoting complex/cyclosome (APC/C) is a
cullin related ligase which is also included in the CRL subfamily due to its ligases using a
RING protein to recognize E2 [57]. Each of the CRLs (except CRL7 and 9) encompasses
different substrate receptors, and each substrate receptor contains approximately 30-70
proteins [58]. For instance, CRL1, also known as the S phase kinase-associated protein
1 (SKP1) - cullinl (CUL1) - F-box protein (SCF) complexes contains at least 60 F-box
proteins for recruitment of its own substrates [59]. Moreover the multiple F-box proteins
pairing with their specific substrates lead to varied assortment of biological processes
such as the cell cycle control, and the inflammatory response such as SCF#TRCPL/ IrB-ar

SCFSkpZ/p27 [60] .

In some early studies, the CSN was shown to interact with the SCF E3 ligase complex
via regulating cullinl [61-63]. Both biochemical and structural reports have revealed
that CRL activity is modified by reversible cycles from neddylation to deneddylation, in
which neddylation is the attachment of the ubiquitin-like protein named neural precursor
cell-expressed developmentally downregulated 8 (NEDD8) to cullins [64]. Similar to
ubiquitination, NEDDS is covalently bound to cullins in the conserved C-terminal region
by a successive enzymatic cascade: NEDDS8 activating enzyme (NAE1), conjugating
enzyme (UBC12, UBE2F), and ligase (including RBX1/2, DCN1) [65-68]. Later, the
CSN has been clarified to provide the catalytic function to neddylated CRLs, which is

called deneddylation. Deneddylation means that CSN cleaves the NEDD8 conjugating
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from CRLs, resulting in inactivated CRLs [69]. Although this metalloprotease activity is
centered in CSN subunit 5, cullin deneddylation can only occur when the CSN holo-
complex is fully assembled [48]. Moreover, deneddylation of cullins by the CSN is a
condition of cullin-associated NEDD8-dissociated protein 1 (CAND1) binding to un-
neddylated state cullin which provides substrate receptors exchanging [70]. For an

illustration of the CSN activity and CAND1 cycle, I am referring to figure 5.
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Figure 5: Schematic diagram of the CSN and CAND1 activity. (A) An assembled CRL: E2 ubiquitin (Ub)-
conjugating enzyme and a substrate binding CRL (upper left). After the substrate consumption,
there are two upcoming options for the CRL complex, either auto-ubiquitinate and degrade the
substrate receptor (upper right) or recruit the CSN to be deneddylated (lower). (B) Following
the CSN cycle, CAND1 can bind cullin to exchange the adaptor and substrate receptor resulting
in the formation of a new CRL. Figure taken from [71].
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1.2.2 The Crystal Structure of the Human CSN Complex

Human CSN holo-complex (350kDa) crystal structure was resolved at 3.8 A resolution
in 2014 [72]. The CSN molecular architecture was confirmed by earlier results including
biochemical studies, electron microscopy analysis and modelling assays [73, 74]. It has
been revealed to have two organisational centres and described as a horseshoe-shaped
ring and a large bundle. The ring is created by its PCI domains while the bundle is
constructed by the carboxy-terminal-a-helices of every subunit. The MPN domain-
comprising CSN5 and its dimerisation partner, CSN6, are convolutedly located at the

centre of the large bundle.

To deneddylate CRL, CSN4 senses the binding and delivers the information to CSN5
under the CSN6 assistance. At the same time, the structure of CSN has also been said to
resemble a wide opened hand, across which a small box is located and on the top thrones
a tomato [75]. As a hand, the five fingers are digits (CSN1, 2, 4, 7, 3 and 8) and where
they projecting from is the palm. On the palm where a box is sitting and at the top of
this platform is the tomato composed of CSN5 and CSN6. The discovery of the structure
also revealed that the CSN isopeptidase is inhibited by glutamate residue 104 and
separately through the CSN4-CSN6 interface in the circumstances of non-CRL binding.
This suggests that the inactive state of CSN5 is only extricated by binding to neddylated
CRL, which elicits CSN4 sensing and CSN5-CSN6 dimer towards the CRL, eventually
remodeling CSN5 and deneddylation. Thus, the convoluted substrate-induced CSN

activity unified CSN from eIF3 and 19S lid, although they share a similar structure [72].

Later, this conformational change of the CSN complex during deneddylation was
clarified by a structural and kinetic analysis [76]. For example, in the CSN binding
SCFkr2/Cksl complex, these two parts interact with each other through a high affinity,
active complex of CSN2, CSN4 and RING domain of Rbx1. This causes NEDDS8 to be
deconjugated and the active site of CSN5 to be rearranged, thus enabling a dynamic

deneddylation-disassemble cycle [76]. Likewise, the crystal structure of CSN in complex
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with neddylated CRL4A was solved at 6.4 A resolution , and this revealed three pairs
of interactions: CSN2-CUL4, CSN2-Rbx1-CSN4 and CSN1-DDB1. [77]. The latest
molecular structures of CSN-CRL2~NEDDS8 complex and its deneddylated CSN-CRL2
counterpart have been described by the cryo-electron microscopy and mass spectrometry

analyses [78]. For an illustration of CSN mediated deneddylation, please be referred to

figure 6.
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Figure 6: Shematic representation of a dynamic CSN-regulated CRL.(A) CSN is approacher a neddylated
CRL. (B) Rbx1 is fastened between CSN2 and CSN4. (C) CSN5-CSN6 heterodimer was
dislocated from the holo-complex and moved in the direction of CRL, because the conformational
changes make CSN6 deconjugated from the CSN. (D) CSN5 active site is opened by the NEEDS.
(E) CSN5/CSN deneddylates the CRL. (F) NEDDS is removed from CRL. Figure taken from
[79].

1.2.3 CSN Regulates Deubiquitinylation and Protein Kinase Activity

Apart from deneddylation activity, CSN also controls CRL activity through its association
deubiquitinases and protein kinases. CSN associated deubiquitinases can antagonize
excessive ubiquitylation of CRLs and their substrates [80-82]. For example, the CSN
modulates the nuclear factor-xB (NF-xB) signalling pathway not only through the
SCFATRCP/IsB-a "hyit CSN is also in cooperation with the ubiquitin-specific protease (USP)

15 and 48, which are mediators involved in the NF-xB signalling pathway [83]. For
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an illustration of how CSN partners with USP15 and USP48 mediates NF-xB, please be
referred to figure 6. USP15 protects SCF3-TRCP1 meaning that USP15 deubiquitylates
IxB-a enhancing its re-accumulation and resulting in the termination of NF-xB [83, 84].
The CSN recruits USP15 leading to the protection of IxB-a from degradation [81, 85].
In the late response of the NF-xB activation, upon TNF stimulation, CSN-associated
USP48 stabilises the P65 (also known as RelA) in the nucleus by counteracting CRL2
SOCST activity [82, 86, 87].

Stimuli

Cytosol *~_ Nucleus

~

Figure 7: Schematic representation of CSN regulates NF-«xB. (1, 2) In the canonical NF-xB, phosphoryla-
tion of IkBa is completed by the activated IxB kinase (IKK) complex. Phosphorylated IxBa is
subsequently recognised by CRL1 and consequently degraded by the 26S proteasome. (3,
4) Once IxBa« is degraded, NF-xB is then released and allowed to translocate into the nucleus.
Target genes, including IxB-«, are activated, and de novo synthesised IxB-« is allowed to be
phosphorylated again. (5) The CSN deneddylate CRL13-TrCP. (6, 7) CSN-associated USP15
elevates IkBa stabilisation and re-accumulation, thus terminating NF-«B signalling. (8, 9) In a
late response of NF-xB pathway, the CRL2 triggers degradation of the nuclear NF-xB (RelA) at
the chromatin. Nevertheless, transcription regulation depending on NF-xB can be maintained
by the activity of CSN interacting with USP48. Figure extracted from [88]
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As mentioned in the last paragraph, another biochemical activity of CSN is its asso-
ciation with protein kinases. Already the first purification of human CSN has shown
that CSN5/Jab1 has kinase activity. CSN5 phosphorylates 1xB-«, c-Jun (Ser63/Ser73)
and the NF-xB precursor, p105 [50]. Moreover, CSN-specific phosphorylation target-
ing p53 triggers p53 destabilization [89]. This phosphorylation of c-Jun and p53 by
inositol 1, 3, 4-trisphosphate 5/6-kinase (ITPK1) interacting with CSN1 and CSN5 is
inhibited by curcumin, a dietary pigment with various pharmacological functions, such
as antioxidant, antimicrobial properties as well as anti-inflammation [62, 90, 91]. In
addition to ITPK1, CSN also interacts with other protein kinases, including casein kinase
IT (CK-2), protein kinase ataxia-talangiectasia mutated (ATM), protein kinase D (PKD)
and protein kinase B (AKT) [92-95]. Together, CSN is serving as a connecting port for

kinases and some of its subunits can also be phosphorylated [50].

1.3 The CSN in Cardiovascular Diseases

Part of this chapter contains our previous paper (as a co-author), which was published in
Biomolecules (DOI: 10.3390/biom9060217). All the containing subchapters are marked
with ‘#’.

1.3.1 The CSN in Atherosclerosis™

Atherosclerosis is the crucial underlying reason of heart disease and cerebral ischemia,
and it is characterized by a chronic inflammation, slowly developing lesion formation as
well as luminal narrowing of arteries [96]. It is initially triggered by endothelial cell dys-
function and structural alterations such as collagen, elastin and changing proteoglycans
[97]. The atherosclerotic lesion consists of cholesterol, oxidized lipids and low-density
lipoproteins, and infiltration of T cells, monocyte-derived macrophage-like foam cells

and smooth muscle cells [98].

For much of the last century, atherosclerosis was considered to be a cholesterol
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storage disease [99]. Over the last quarter century, atherosclerosis was redefined as an
inflammatory process, rather than a mere deposition of fatty material and thrombotic
debris [100]. Since then, many cell types were found to drive the inflammation in
atherosclerotic processes including monocyte-derived macrophages, endothelial cells,
smooth muscle cells, as well as T cells, and untill now, CSN has been reported to regulate

different signalling and transcriptional pathways in all of the above cell types.

The vascular endothelium reacts to the inflammation by synthesizing and metabolizing
products including cytokines as well as adhesion molecules. On this point, endothelial
dysfunction constitutes a risk factor of pathogens for multiple vascular diseases, including
atherosclerosis [101]. Previous studies from our lab demonstrated that the expression
levels of CSN5, CSN1, and CSN8 increased in specimens of human atherosclerotic
plaques and the endothelial cell layer upon atheroprogression [85]. Furthermore, CSN5
knockdown led to an elevated NF-xB activity, resulting in enhanced atherogenic vascular
adhesion molecules and chemokines which trigger the accumulation of monocytes onto
stimulated endothelial cells. The link between CSN5 and NF-«B is not limited to CUL1
neddylation, neither is it to IkappaB kinase (IKK). The IKK’s phosphorylate not only
IxB, high-molecular complexes could be formed by IKK and CSN. This was shown
by the co-immunoprecipitation assay, and dissociation of the complex occurs under
inflammation in human umbilical vein endothelial cells (HUVECs) [85, 102]. On the
contrary, mimicking hyperactivity of CSN5 by using MLN4924 completely abrogated
the inflammatory response via downregulation of NF-xB activity by elevated levels
of phosphor-1xB-«, and upregulation of HIF-1« in HUVECs, mouse aortic endothelial
cells (MAoECs) and human aortic endothelial cells (HAoECs) [103]. Additionally,
the endothelin receptor/ligand system is another important mediator controlling the
endothelial permeability in atherosclerosis (Fan et al., 2000). Jab1/CSN5 was first
identified to interact with endothelin type A receptor (ET(A)R) by yeast two-hybrid
screening of the human heart cDNA library. Jab1l/CSN5 knockdown increased levels
of ET(A)R and ET-1-induced phosphorylation of ERK1/2 in HEK293T cells, whereas
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Jab1/CSN5 overexpression decreased ET(A)R and ET(B)R levels through its binding to
ETR promotes ET(A)R and ET(B)R ubiquitination as well as degradation [104]. However,
the precise mechanism of how Jab1/CSN5 leads to the receptor degradation remains

unclear.

Myeloid cells participate in all three stages of atherosclerosis from the initiation to pro-
gression of plaques and until the complications [105]. Monocytes are myeloid leukocytes
which originally derive from hematopoietic stem cells and pro-genitor cells in the bone
marrow. After proliferation and differentiation, they circulate into the blood and patrol
the vascular endothelium [106-108]. Elevated population of BM monocytes in athero-
genesis has been reported in hyper-cholesterolemic rodents [109], and monopoiesis
in extramedullary organs including the spleen induced by hypercholesterolemia has
also been revealed in more recent studies [108, 110]. Accumulation of monocytes from
spleen and bone marrow into the growing atherosclerotic lesions depends on plenty of
chemokines and their receptor interactions, such as CXCR2/CXCL1, CX3CR1/CX3CL1
(fractalkine), CCR2/CCL2 (MCP-1), and CCR5/CCL2/CCL5 interactions [111-113].
Moreover, an atypical chemokine, macrophage migration inhibitory factor (MIF) as an
inflammatory cytokine has also been identified to promote recruitment of atherogenic
monocyte via CXCR2 non-cognate engagement [114]. Notably, intracellular MIF di-
rectly binding to CSN5 (Jab1) mediates the JNK/AP-1 activity as well as p27 dependent
cell-cycle regulation [115]. Additionally, autocrine MIF activity promoting cancer cell
survival through the Akt pathway is also controlled by CSN5 [116]. Later, we have
further reported that MIF secretion is enhanced significantly in the Csn5-myeloid cell
deficient atherogenic mice (CsnSAmYdOid/ Apoe/-) “which is in correlation with CSN5 con-
trolling MIF resulting in decreased monocyte recruitment [103]. Expanding on this
finding, we further investigated myeloid Csn5 deficiency in atherosclerosis, and observed
that mice lacking myeloid Csn5 lead to exacerbated atherosclerotic lesion and higher
levels of inflammatory cytokines production [103]. Similar to the endothelial cells

as described in the last paragraph, MLN4924 abrogates pro-inflammatory cytokines
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and chemokines expression in bone marrow-derived macrophages (BMDMs) [103].
Taken together, this suggests an athero-protective function of CSN5. In terms of the
mechanism, these atherogenic cytokines and chemokines are mediated through the
NF-xB signalling pathway, and we have shown that BMDM from Csn54™myeloid/Apoe-/- mjce
showed lower expression levels of IxB-« under both resting state and post-stimulation
by TNF-« or lipopolysaccharide (LPS) condition. In addition, Csn5 depletion in BMDM
resulted in upregulated NF-xB p65 DNA binding function and MLN4924 conversely
blunted this NF-xB p65 transcriptional activity under inflammatory stimulation [103].
However, inflammation in atherosclerotic lesion is not solely controlled by the NF-xB
signalling, and anti-inflammatory effects by the CSN is not only mitigated through
the NF-xB pathway. The HIF-1a expression is detected in numerous different types
of cells during the development of atherosclerosis, and it has also been reported to
positively or negatively regulate atherosclerotic progression [117-120]. CSN5 stabilized
HIF-1« levels, and Csn5 depletion attenuated HIF-1« transcriptional activity as well as
HIF-1« targeting genes Edn1 and Opnl [121-123]. Overall, these studies highlight the

potential pharmacological capacity of CSN in atherosclerosis.

A prerequisite and initiating event in the atherosclerotic lesion development is the
foam cells, also called cholesterol-laden macrophages, which form upon massive inter-
nalisation of modified lipoproteins by macrophages [124-126]. Scavenger receptors,
including ATP-binding cassette (ABC) transporters and scavenger receptor class A (SRA)
are pivotal regulators for the cholesterol homeostasis of macrophages between influx
and efflux [126, 127]. For example, ABC transporters A1 (ABCA1) promotes choles-
terol efflux to lipid-free apoA-1, thereby forming high-density lipoproteins (HDL), and
this implies that ABCA1 acts as an athero-protective mediator by preventing foam cell
formation [128]. Moreover, blocking degradation of ABCA1 protein enhances the ca-
pacity of cholesterol efflux, and thus delays atherosclerotic plaque progression [129].
Additionally, ABCA1 was reported to become susceptible to proteasomal degradation de-

pended on ubiquitination under hypercholesterolemia [130, 131], and this leads ABCA1
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turnover to the function of CSN. CSN2 and CSN5 were coprecipitated with ABCA1 when
HEK293 cells were transfected with ABCA1 expression vectors, and overexpression of
CSN2 decreased ubiquitinylated ABCA1 [132]. Later, CSN3 and ABCA1 were detected
together in a complex and colocalised in human non-lesion coronary arteris. But once
ABCAL1 is phosphorylated, CSN3 and ABCA1 dissociate from each other, and this curtail
cholesterol efflux as well as amplify foam cell formation [133].These studies suggest an
anti-atherogenic role of CSN by controlling ubiquitinylation and deubiquitinylation of

ABCA1 [132, 133].

1.3.2 The CSN in Cardiac Proteotoxicity™

The ubiquitin proteasome system (UPS) and autophagy are two distinct pathways, but
together compose the two major proteolytic systems in eukaryotic cells. Activation or
impairment of UPS has been found in numerous cardiac diseases [134-137], and the
role of CSN in the heart by regulating the ubiquitination of cardiotoxic proteins as well
as autophagy function in cardiotoxicity is emerging. Previous studies have demonstrated
that CSN is essential for embryonic development, and the global genetic deletion of
CSN subunits leads to embryonic lethality [138-141]. Therefore, cell-specific deletion
of CSN with and without inducible gene targeting systems have become the approaches
to study the role of CSN in mice. So far, CSN3, CSN5 and CSN8 have been investigated
in cardiomyocytes [142-144]. A perinatal cardiomyocyte-restricted Csn8 knock-out
mouse model has been established by Cre-LoxP system in 2011, and Csn8 deletion in
cardiomyocytes resulted in the impairment of CSN holo-complex and UPS activity in
the heart. Consequently, these mice suffered cardiac hypertrophy which swiftly resulted
in heart failure and premature death. This was discovered to be because of massive
cardiomyocyte necrosis and enhanced infiltration of leukocytes rather than apoptosis.
This study suggested that CSN8/CSN acts an indispensable role in the heart by regulating
misfolded cardiac proteins and the survival of cardiomyocytes through the UPS pathway
[144]. This concept was confirmed in another study which used CSN8 hypomorphism

mice, and myocardial neddylated cullins were increased while overall ubuquitination
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rate was reduced by CSN8 hypomorphism [145]. When introduced to these mice, to
circumvent the premature cell death caused by the 80% reduction of Csn8, CryABR!20G
cardiomyocyte-restricted transgenic mice were crossed together. CryABRR2C transgenic
mice were found to have a pathogenic feature of cardiac proteotoxicity in desmin-related
cardiomyopathy, and this is due to the mutation of a3-crystallin (CryABR!2°¢) a bona
fide misfolded cytosolic protein ,which causes the aggregation of intra-sarcoplasmic
desmin-positive aberrant protein and disruption of the cytoskeletal network [146, 147].
Applying this crossed mouse model, a5-crystallin is upregulated in the heart, and CSN8
hypomorphism exacerbated CryABR!2%¢-induced cardiomyopathy as well as shortened
the lifespan of CryABR?!'2%C mice. This was accompanied by increased protein aggregation,
enhanced neddylated proteins, reduced levels of LC3-II and decreased ubiquitinated
proteins in the heart. Collectively, this study provides evidence that CSN8 enforces the
misfolded cytosolic proteins ubiquitination and degradation in cardiomyocytes, as well

as protects from cardiac proteotoxicity [145].

CSN8 also plays a role in the autophagosomal function in the heart. Mice with Csn8
depletion in the cardiomyocytes and cardiomyocyte-restricted knockout of the Csn8
were observed with increased LC3-II and p62 protein levels [148]. Autophagosome ac-
cumulation was due to defective autophagosome removal, and this occurred before UPS
impairment in Csn8-deficient mouse hearts. A decreased Rab7 level and cardiomyocyte
necrosis accompanied with autophagosome accumulation in cardiomyocyte-restricted
Csn8 knockout hearts. Additionally, Rab7 knockdown disrupts autophagosome matu-
ration and aggravated cell death in cultured cardiomyocytes [148]. Moreover, Csn8
conditionally knockout in the cardiomyocytes accumulated the neddylated protein,
elevated ubiquitinated protein and stabilized a proteasome surrogate substrate, and
led to upregulate oxidized proteins and necrotic cardiomyocytes, as well as dilated
cardiomyopathy [149]. In order to investigate the mechanism between Csn8-deficiency
and cardiomyocyte necrosis, an analysis of the murine myocardial transcriptome was

conducted, and the receptors of CRL substrates, autophagy, chromatin remodeling
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genes, endocytosis, cell death, as well as vesicle trafficking were compared between
homozygous myocardial-restricted Csn8-deficient mice, corresponding heterozygous
mice and control mice [150]. Together with another study that was from the same
group as well, they have revealed that CSN8 is crucial for the transcriptional regulation
of CRL substrate receptors [150, 151]. The role of CSN in controlling gene-expression
patterns is consistent with the study of Drosophila, which concluded that CSN4 serves
as a transcriptional repressor in Drosophila development, leading to achronic gene
expression in mutants of the Csn[152]. In addition, another study showed that CSN4
co-occupies the retinoblastoma tumor suppressor protein and its family target gene
promoter with retinoblastoma binding factor (Rbf) 1 and 2, and mediates transcription

via chromatin remodeling [153].

1.3.3 The CSN in Heart Failure”

Heart failure (HF) is caused by structural or functional cardiac abnormalities of ventri-
cles, displaying symptomatic left ventricle dysfunction [154]. Multiple conditions can
develop HF, including systemic disease, different cardiac conditions, such as myocar-
dial infarction (MI)/ischemic heart disease (IHD), and some hereditary defects [155].
Mechanisms governing the development of HF are mainly due to the dysfunction of the
UPS, the autophagic lysosomal pathway and the molecular signalling pathways to car-
diomyocyte apoptosis and necrosis [156-159]. In the last subchapter, we have discussed
that CSN is a key regulator in the UPS and autophagy, and mice with cardiomyocyte-
restricted knockout of Csn8 develop UPS and autophagic malfunction. A recent study
also revealed an indispensable role of CSN in suppressing cardiomyocyte necroptosis
[160]. In cardiomyocyte-restricted knockout of Csn8 mice, factors of the necroptotic
pathway, including receptor-interacting protein kinase (RIPK) 1 and 3, protein car-
bonyls, mixed lineage kinase-like (MLKL), caspase8, BCL2 and superoxide anions were
increased more noticeably than in the control mice, but cleaved caspase8 was decreased.

Moreover, cardiomyocyte-restricted knockout of Csn8 mice treated with a RIPK1 ki-
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nase inhibitor showed less necrosis and longer median lifespan by using Evans blue
dye uptake assay. Together, these results indicate that Csn8/CSN impairment causes
RIPK1-RIPK3 dependent, and CSN suppresses RIPK1-RIPK3-mediated cardiomyocyte

necroptosis [160].

To regulate the heart physiology response, the main role of CSN is regulating car-
diotoxic proteins degradation through the CRL route as well as autophagy, but protein-
protein interactions between CSN subunits and myocyte signalling pathways is also
important to the heart. CSN5/Jab1 was reported to bind to the II-III linker of the alc
subunit of the L-type calcium channel by using a yeast two-hybrid system [161]. The in-
teraction between CSN5 and the a1c subunit were proved by the co-immunoprecipitation
assay in the rat heart, and colocalisation was observed at the sarcolemmal membranes
and transverse tubules in cardiac myocytes. Functional assay suggested that CSN5 is
involved in the mediation of cardiac L-type Ca?* channels [161]. Moreover, the family
of Ca2* release channels is the key mediator for the calcium efflux through sarcoplasmic
reticulum, and the dysregulation of these channels may result in HF and sudden cardiac
death [162]. In addition to the Ca?* channel, integrin signalling pathways are also
necessary to the fibrotic responses in cardiac pathologies, preventing cardiac stress,
hypertrophy, as well as fibrosis [163]. Notably, CSN5 was capable of binding to /52
integrin and integrin o-V to regulate c-Jun transcriptional function [164, 165]. Integrin
signalling engaging CSN5 is a prerequisite for CSN5’s nuclear translocation, and integrin
a-V prolongs MMP1 production through CSN5 in fibroblasts [165]. Another CSN sub-
unit has also been involved in facilitating the connection between the nucleus and the
extracellular matrix. CSN3 is associated with 41D integrin, suggesting that CSN3/CSN
may have a nuclear translocation function under pathological stress (e.g. ischemia,
pressure or volume fluctuations) in order to assist the communication of transcriptional

responses to extracellular matrix in the heart [142].

In summary, the CSN guarantees heart physiology via different signalling pathways
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including transcriptional regulation, steering the ubiquitination and degradation of
cardiotoxic proteins as well as protein-protein interactions. In addition, targeting CSN
activity might provide future therapeutic value in cardiac remodelling for patients with

HF.

1.3.4 The CSN in Cardiovascular Ischemia®

Cardiovascular diseases, including cerebral stroke and ischemic heart disease, remain
the leading cause of death globally [166]. MI/IHD is an acute condition causing
cardiomyocyte death as well as an inflammatory infiltration into the heart, and in the
long term, MI triggers harmful conditions which could lead to HF [167]. We have
discussed the links between CSN and HF in the last subchapter, and this subchapter will
focus on ischemia including ischemic stroke and ischemic heart disease. Ischemic stroke
makes up four out of five strokes worldwide, and it is caused by arterial occlusion in the
brain, the spinal cord or the retina. In the last decade, some studies have addressed
the function of CSN in chronic inflammatory disease as described above. However, to
date, only very few studies included the link between CSN and ischemic heart disease

or stroke.

One study observed that MIF knockout female mice triggered a larger infarct size
after a tMCAo, and this was due to the upregulated CSN5 levels in mitochondrion
in the MIF knockout mice [168]. MIF is a secreted chemokine-like inflammatory
cytokine that supports inflammation in disease including atherosclerosis and sepsis
[169, 170], and this report suggests that CSN5 could regulate the intracellular MIF which
provides a neuroprotective function in female tMCAo mice [168]. It is acknowledged
that after stroke, signalling pathways in the immune response vary by sex, and one
explanation for the CSN5 activity in female stroke mice is that CSN5 interacts with the
progesterone receptor together with the steroid receptor coactivator in order to mediate
the transcription and be a cofactor for E2F1 [171-173]. Additionally, CSN5 regulating

mitochondrial apoptotic through the interaction with BclGs has also been reported in
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another study [174].

After ischemic stroke, the brain protects itself by several endogenous mechanisms.
A main hypoxia-adaptive signalling pathway is ischemic preconditioning (IPC), and
IPC has been reported to provide protective activity in different tissues, such as the
heart, kidney and lung [175]). During IPC, NF-xB activity is suppressed, and extra-
cellular accumulation of adenosine is induced. Repression of CSN5 in part reversed
IPC-regulated blockade of NF-xB activity in Hela cells as well as lung tissue following the
Ado A2B adenosine receptor subtype stimulation. This connection between CSN5 and
anti-inflammatory adaptation to hypoxic conditions is via adenosine-regulated CUL1

deneddylation [176].

Besides the direct link between CSN and cardiovascular ischemia, several studies
covered that blocking cullin neddylation by the NAE1 inhibitor, MLN4924 is of impor-
tance to both myocardial ischemia and ischemic stroke. Owing to the similar function
of MLN4924 to overexpression of CSN5, these studies provide very valuable insights
for research in future studies of CSN5. MLN4924 raised cell viability, reduced LDH
leakage rate as well as improved cell morphology changing under H,O, stimulation
in cardiomyocytes [177]. Furthermore, MLN4924 reduced the cardiac infarct size in
MI mice, and this function of MLN4924 was abrogated by treating it together with
inhibitors of the autophagic flux. This suggested a cardioprotective action of MLN4924
in H,O,-induced cardiomyocytes injury and MI/R mice through restoring the impaired
autophagic flux [177]. Similar protective effects of MLN4924 were also observed in cere-
bellar granule neurons (CGNs) against H,O, stimulation [178]. H,O, treatment induced
CGNs damage and evaluated reactive oxygen species (ROS) production, and MLN4924
attenuated this damage through diminishing ROS production and accumulating protein
levels of nuclear factor E2-related factor 2 (Nrf2) [178]. One of the most recent studies
has shown that NEDDS8 conjugated cullin 1 increased in MCAO mice, and inhibition

of cullin neddylation by MLLN4924 reduced ischemic brain infarction [179]. One of
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the CRL substrate accumulated by MLN4924 treatment is neurofibromatosis 1 (NF1),
and silencing this substrate abolished MLN4924-dependent inhibition of neutrophil
trafficking and protection of BBB. This suggested that blocking cullin neddylation may
be beneficial to ischemic stroke [179]. Additionally, MLN4924 defencing the endothelial
intergrity was also observed in another paper. In the human microvascular endothelial
cell line HMEC-1, MLN4924 rescued the increased endothelial permeability induced by
LPS [180]. As discussed above, NF-xB activity is vital for the regulation of inflammatory
processes in ischemic stroke. Akin to MLN4924, the 26S proteasome inhibitor MLN519
(also known as PS519) was found to delay NF-«<B regulated neuroinflammatory response,
resulting in reduced stroke outcome and improved neuro-functional recovery [181-185].
For an illustration of overall CSN function in cardiovascular diseases, please refer to

figure 8.

Ischemic Microglia
Stroke Endothelial cells NF-kB
ischemi : Cardiomyocytes Proteostasis
) s _ NF-kB
Heart Disease | BB} Cardiac Fibroblasts  NF-kB
c-JUM, AP-1
Atherosclerosis Foam cells ABCA1
SMCs PDGF
KLF4
PDGFR
Endothelial PI3K/Akt
Monocytes MNF-kB
(Macrophages, Foam cells)
Adipocytes ABCA1
(- T-lymphocytes NF-kB

Figure 8: Scheme outlining the links between COP9 signalosome subunits (PDB ID: 4D10), signalling
pathways, cell types, and organs in cardiovascular diseases. Figure modified from [186], and
created with BioRender.com.
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1.4 The CSN in Neurodegenerative Disorders

Apart from cardiovascular disease, the involvement of the CSN in neurodegenerative
disorders, including PD and AD, has been addressed in a few papers, and the role of
the CSN in the brain is emerging. Here, we will briefly introduce the backgrounds of
neurodegenerative disorders as well as discuss the mechanisms contributing to disease

pathogenesis which CSN may regulate .

AD is a a devastating neurodegenerative disease and mainly affects elderly individuals
worldwide. Because the world’s population is aging, AD is affecting more than 35
million people with a large human, social, and economic burden [187]. Pathologically,
a wealth of evidence showed that AD brains show amyloid5 (A3)-containing neuritic
plaques and tau-containing neurofibrillary tangles and marked atrophy in the brain
[188]. ApS peptide is derived from the amyloid precursor protein (APP) through a
sequential proteolytic processing of 3 and ~ secretases [189]. COPS5/CSN5 protein was
found to interact with a regulator of A5, RanBP9 by two-hybrid analysis [190]. COPS5
and RanBP9 were colocalised in the same subcellular compartments and both increased
Apj generation and soluble APP-j3, but decreased soluble-APP-« levels. Moreover, in AD
brains, COPS5 levels were increased, knock-down of Cops5 (Cops5, gene name of CSN5)
by the siRNA reduced AS generation, and overexpression of COPS5 enhanced RanBP9
protein levels. These findings led to the suggestion that the increased APP processing
and AS generation by the COPSS5, is enabled through the protein-protein interaction
between COPS5 and RanBP9 [190]. From the cell line study of COPS5 regulating Ag,
in vivo data from the same lab confirmed that overexpression of COPS5 also reduced
spinophilin in the mouse cortex and hippocampus, resulting in deficiency of learning

and memory skills [191].
Along with RanBP9, Jab1/CSNS5 has other binding partners, such as IREla and

Brain-2 (Brn-2). IREla is an endoplasmic reticulum (ER) stress transducer which

mediates the unfolded protein response and apoptosis, and additionally, ER stress has
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been reported to relate to AD and PD [192, 193]. Brn-2 is a class III POU transcription
factor that has influence in the development of the cerebral cortex which is also essential

for neurodegenerative diseases [194].

In conclusion, only a small number of studies have discussed the role of CSN in
neurodegenerative disorders and they mainly focus on the binding partners of CSN which
were found to be involved in the diseases. Although crosstalks between the ubiquitin
system/the neddylation dysfunction and the toxic proteins Tau and Af is emerging
[195, 196], it remains unclear whether and how CSN directly affects neurodegenerative

diseases’ progression.

1.5 Aim of the Study

While our previous studies have suggested a protective role of CSN5/CSN in all stages of
atherogenesis, several other papers also indicated that the CSN exhibits anti-inflammatory
activity in the heart and brain. Based on these results, the central goal of this thesis was
to study the role of the CSN in neuroinflammation and ischemic stroke. Toward this aim,
I first mapped the location in which brain cell types CSN subunits are enriched. Next,
as the CSN is involved in the mediation of NF-xB signalling in inflammatory-elicited
macrophages and endothelial cells, the similarities between macrophages and microglia
were addressed to ask the first functional question: Does the CSN control microglia
and microvescular endothelium in the same manner? Furthermore, specific aims were

defined as follows:

1. How are the expression levels of CSN subunits in the brain?

2. Do CSN5 and the CSN exert anti-inflammatory effects in microglia cells?

3. Do CSN5 and the CSN exert anti-inflammatory effects in the blood-brain-barrier and
affect its leakage?

4. Does the CSN exert protective activity in ischemic stroke?
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2 Materials and Methods

2.1 Materials

2.1.1 Chemicals and Reagents

Substance & Catalog Number
Tris-(hydroxymethyl)-aminomethan (Tris), 4855.2
Sodium dodecyl sulfate (SDS), 201139

Glycine, G8898

Dimethylsulfoxid (DMSO), D2650
Tetramethylethylenediamine (TEMED), 1610801
Recombinant murine TNF-«, 300-01A

NUPAGE LDS sample buffer, NPOO07

NUPAGE transfer buffer, NP00061

CozyHi prestained protein ladder, PRL0O202
Methanol, 0798.3

Tween 20, P2287

Roswell Park Memorial Institute (RPMI) 1640, 61870044
EndoGRO-MV complete culture media kit, SCME004

Penicillin/Streptomycin (PS), 15070063
DL-Dithiothreitol (DTT), D0632
Trypsin-EDTA, 25300054

30% Acrylamide, 1610156

Manufacturer

Carl Roth, Karlsruhe

Serva, Heidelberg

Sigma Aldrich, Darmstadt
Sigma, Darmstadt
BIO-RAD, USA

Peprotech, USA

Thermo Fisher, Netherlands
Thermo Fisher, Netherlands
highQu, Kraichtal

Carl Roth, Karlsruhe

Sigma Aldrich, Taufkirchen
Thermo Fisher, Netherlands
Sigma Aldrich, Darmstadt
Thermo Fisher, Netherlands
Sigma Aldrich, Taufkirchen
Thermo Fisher, Netherlands
Bio-Rad, Feldkirchen
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Tris-hydrochloride (Tris-HCI), 9090.4

Ethanol, 20821.310

Ammonium persulfate (APS)

Dulbecco’s phosphate-buffered saline (DPBS), D8537
SuperSignal West Dura, 34075

2-Propanol, AE73.2

TRIzol Reagent, 15596018

Chloroform, 372978

Nuclease-free water, 129114

First strand ¢cDNA synthesis Kit, K1612

ORA gPCR green ROXL mix, QPD0105
Paraformaldehyd (PFA) 4% in PBS, 11762
Triton X-100, x100

Mounting medium with DAPI, H1200
Fluorescent mounting medium, F4680
Ethylenediaminetetraacetic acid (EDTA), A3234
Cell counting kit 8, 96992

Horse serum, 26050088

Minimum essential medium, 12360038
L-Glutamin, 25030081

Sodium pyruvate (SP), 11360070
D-(+)-Glucose, 50997
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES), HM98.3

SuperBlock solution, 37515

Basal medium eagle, 21010046

Neurobasal medium, 21103049

B-27 supplement, 17504044

Papain, LS003119
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Carl Roth, Karlsruhe

VWR, France

Sigma Aldrich, Taufkirchen
Sigma Aldrich, Taufkirchen
Thermo Fisher, Netherlands
Carl Roth, Karlsruhe
Thermo Fisher, Netherlands
Sigma Aldrich, Taufkirchen
Qiagen, Hilden

Thermo Fisher, Netherlands
highQu, Kraichtal

Morphisto, Frankfurt am Main

Sigma Aldrich, Taufkirchen
Vector Laboratories, Eching

Sigma Aldrich, Taufkirchen

AppliChem Panreac, Darmstadt

Sigma Aldrich, Taufkirchen
Thermo Fisher, New Zealand
Thermo Fisher, UK

Thermo Fisher, Netherlands
Thermo Fisher, China
Sigma Aldrich, Taufkirchen
Carl Roth, Karlsruhe

Thermo Fisher, Netherlands
Thermo Fisher, Netherlands
Thermo Fisher, UK

Thermo Fisher, Netherlands

Worthington, USA
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Poly-L-lysine Hydrobromide, p1399
CD11b microbeads, 130093634

Hank’s balanced salt solution (HBSS), 14175095

Insuline transferrin powder, 11884

Dulbecco’s modified eagle medium (DMEM), A1443001

Fetal bovine serum (FBS), 10270106
Cytosine -D-arabinofuranoside, C1768
Sodium bicarbonate solution, 25080094

Poly-L-ornithine solution, p3655

Lipofectamine RNAIMAX transfection reagent, 13778030
Opti-MEM reduced serum medium, 31985070

Latex beads, L3030

Lucifer yellow (LY), L453

Rat tail collagen type I, 08115
Propidium iodide (PI), 81845

Alexa Fluor 488 phalloidin, A12379
DAPI, D1306

siPOOL 5 kit targeting mouse Cops5
MLN4924 (Pevonedistat), A-1139
Hibernate-A medium, A1247501
ROTI-Histokitt, 6638
REAL-EnVision Detection System, K5007
Mayer’s hemalum solution, MHS80
Xylene, 28973.294

Sigma Aldrich, Taufkirchen
Miltenyi Biotec, Bergisch Gladbach
Thermo Fisher, Netherlands
Sigma Aldrich, Taufkirchen
Thermo Fisher, Netherlands
Thermo Fisher, UK

Sigma Aldrich, Taufkirchen
Sigma Aldrich, Taufkirchen
Sigma Aldrich, Taufkirchen
Thermo Fisher, Netherlands
Thermo Fisher, Netherlands
Sigma Aldrich, Taufkirchen
Thermo Fisher, Netherlands
Merck Millipore, Darmstadt
Sigma Aldrich, Taufkirchen
Molecular Probes, USA
Thermo Fisher, Netherlands
siTools Biotech, Martinsried
Active Biochem, China
Thermo Fisher, Netherlands
Carl Roth, Karlsruhe

Dako, Denmark

Sigma Aldrich, Taufkirchen
VWR, France
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2.1.2 Quantitative Real-time Polymerase Chain Reaction (qPCR) Primer Pairs

Mouse

Description

CCL2

IL-123

[-actin

TNF-«

IL-6

IL-183

Human

Description

GAPDH

ICAM1

VCAM1

E-selectin

CCL2
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Sequence

5
5
5
5
5
5
5
5
5
5
5
5

-CATCCACGTGTTGGCTCA-3’
-GATCATCTTGCTGGTGAATGAGT-3’
-TTCTCACCGTGCACATCC-3’
-GACCGGCACTGAGAGGAG-3’
-GGAGGGGGTTGAGGTGTT-3’
-GTGTGCACTTTTATTGGTCTCAA-3’
-CATCTTCTCAAAATTCGAGTGACAA-3’
-TGGGAGTAGACA AGGTACAACCC-3’
-ATGGATGCTACCAAACTGGAT-3’
-TGAAGGACTCTGGCTTTGTCT-3’
-TGTAATGGAAGACGGCACACC-3’
-TCTTCTTTGGGTATTGCTTGG-3’

Sequence

5
5
5
5
5
5
5
5
5
5

-AAGGTGAAGGTCGGAGTCAA-3’
-AATGAAGGGGTCATTGATGG-3’
-CCTTCCTCACCGTGTACTGG-3’
-AGCGTAGGGTAAGGTTCTTGC-3’
-TGCACAGTGACTTGTGGACAT-3’
-CCACTCATCTCGATTTCTGGA-3’
-GAGTGCACATCTCAGGGACA-3’
-ACTGCCAGGCTTGAACATTT-3’
-AGTCTCTGCCGCCCTTCT-3’
-GTGACTGGGGCATTGATTG-3’
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2.1.3 Antibodies

Primary antibodies
Description & Catalog Number
Anti-NF-x B IkB-a, 92428
Anti-NF-x B plkB-a, 9246S
Anti-Cullin 1, sc-17775
Anti-Cullin 3, PA517397
Anti-NEDDS8, 2745S
Anti-Occuludin, 71-1500
Anti-Jabl (CSN5), sc-13157
Anti-CSN8, PW8290
Anti-ERK (1/2), 9102
Anti-p38, 9212S
Anti-p-p38, 9211S
Anti-p-ERK, sc-7383
Anti-Akt, 92728
Anti-p-Akt, 9275
Anti-Claudin 5, 341600
Anti-$-Actin, sc-47778
Anti-NF-xB P65, 8242
Anti-S-Tubulin III, T8578
Anti-VE-Cadherin, sc-9989
Anti-NeuN, 26975-1AP
Anti-HIF-1a, 14179

Manufacturer

Cell Signaling, Frankfurt am Main
Cell Signaling, Frankfurt am Main
Santa Cruz, Heidelberg

Thermo Fisher, Netherlands

Cell Signaling, Frankfurt am Main
Thermo Fischer, Netherlands
Santa Cruz, Heidelberg

Biomol, Switzerland

Cell Signaling, Frankfurt am Main
Cell Signaling, Frankfurt am Main
Cell Signaling, Frankfurt am Main
Santa Cruz, Heidelberg

Cell Signaling, Frankfurt am Main
Cell Signaling, Frankfurt am Main
Thermo Fischer, Netherlands
Santa Cruz, Heidelberg

Cell signaling, Frankfurt am Main
Sigma Aldrich, Taufkirchen
Santa Cruz, Heidelberg
Proteintech, UK

Cell Signaling, Frankfurt am Main
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Secondary antibodies

Description & Catalog Number
Anti-mouse HRP, ab6820

Anti-rabbit HRP, BYT-ORB43514
Anti-rabbit Alexa Fluor 555, A-21428
Anti-mouse Alexa Fluor 647, 115-605-003
Anti-rabbit Alexa Fluor 647, A32733

Manufacturer

Abcam, UK

Biozol, Eching

Thermo Fisher, Netherlands
Jackson ImmunoResearch, UK

Thermo Fisher, Netherlands
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2.1.4 Buffers and Solutions

Unless otherwise stated, the distilled water was used as a default in all the buffers .

Description Concentration
Phosphate-buffered saline (PBS) NaCl 137 mM
KCl 2.7 mM
KH,PO,
Na,HPO,
5x Running buffer 1.514% Tris (W/v)

Glycin (w/v) 7.205%
2% SDS (w/v)

Resolving gel 11% acrylamide/Bis (w/v)
375 mM Tris-HCI, pH 8.8
0.1% (w/v) SDS
0.1% (w/v) APS
0.1% (w/v) TEMED

Stacking gel 5% (w/v) acrylamide/Bis
125 mM Tris-HCI, pH 6.8
0.1% (w/v) SDS
0.1% (w/v) APS
0.1% (w/v) TEMED

TBS (pH 7.2) 20 mM Tris-HCl

150 mM NaCl
TBS-T 0.05% Tween dissolved in TBS
Blocking buffer 5% BSA or 5% non-fat milk
Dissection buffer 97.5% HBSS

11 mg/mL sodium pyruvate
0.1% glucose
10 mM HEPES
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2.2.1 Cell Culture and Treatment

Primary neuronal cultures

Primary neurons were derived from PO-P1 neonatal pups. Mice were decapitated
by scissors, and the heads were immediately placed into ice-cold dissection buffer
(97.5% HBSS Ca?* and Mg?" free, 110 ug/mL SP, 0.1% glucose, 10 mM HEPES PH7.3).
Brain dissection was performed in the ice-cold dissection buffer on a 60 cm Petridish
under Stemi 305 Zeiss microscope. Cortical tissues were separated from the brain and
hippocampi were removed. The cortex was transferred by a fire-polished glass Pasteur
pipette into pre-warmed 2 mg/mL papain buffer at 37 °C for 15 min. The mixed brain
cell pellet was washed by the cold plating medium (86.55% MEM Eagle’s with Earle’s
BSS, 10% FBS, 0.45% glucose, 1 mM SP, 2 mM glutamine, 1%Penicillin/Streptomycin)
once and triturated in the pre-warmed plating medium with pipettes. Next, the total
cell suspension was filtered with a 40 um filter, and cells were plated on coverslips or
dishes coated with poly-L-lysine 0.5 mg/mL. The plates were incubated at 37 °C, 5%
CO, humidified incubator and medium was replaced by the growing medium (96%
Neurobasal medium, 2% B-27 supplement, 2mM glutamine, 1% P/S) the next day. Half
of the growing medium was then changed twice a week for 10 to 14 days before any

treatment. As an illustrator, please be referred to figure 9.

p0-1 mouse cortex brain cellg plating

— — o —

Figure 9: Cartoon of an experimental modeling of isolation primary neuronal cells. Primary neurons
were derived from PO-P1 neonatal pups. Mice were decapitated by scissors. Cortical tissue was
separated from the brain, and mixed cell suspension was cultured in the 96 well plates with
designed neurons culture medium. Figure created with BioRender.com.
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Mixed brain cell cultures
Mouse brain cortices were isolated from CX3CR1-eGFP p0-p2 pups in the Hank’s bal-

anced salt solution (HBSS) supplemented with 8% NaHCOs;, 1 M HEPES. Tissues
were digested in 2 mg/mL papain solution, and all the cells were plated in the common
medium (MEM no phenol red, 20% glucose, 8% NaHCO3, 0.1 mg/mL transferrin) added
0.5% P/S, 10% FBS, 2 mM L-glutamine, 0.025 mg/mL insulin on a 96-well cell image
plate (Eppendorf). Medium were replaced the second day to common medium, and

changed twice a week for two weeks.

BV2 cell culture
BV2 cell line was cultured in RPMI1640 GlutaMAX full medium supplemented with

10% FBS, 1% P/S, and maintained in a poly-L-ornithine (0.01%) coated T-75 flask in a
humidified incubator containing 5% CO, and at 37 °C. Cells were split every 2-3 days

until passage 20th.

hCMEC/D3 cell culture
The immortalized hCMEC/D3 cell line was seeded on rat tail collagen type I coated

T-25 flask in EndoGRO-MV complete culture media kit, and maintained 5% CO, and at

37 °C exposure. Cells were split when they reached confluent monolayer (4-6 days).

Freezing and thawing of cell lines
Frozen cell stocks were stored with 1 mL complete medium containing 10% DMSO in

1.5 mL cryovials in -150 °C freezer. To freeze cell, cells were harvested, subsequently
centrifuged and finally resuspended in 1 mL medium containing 2x10° cells. The
cryovials were then kept in a cryo-container to cool down at a 1 °C/min rate, and the
container was placed in a -80 °C freezer for overnight. The next day, cryovials were
transfered to -140 °C for long-term storage.

Thawing frozen cell lines, the cryovials were taken out from -140°C and immersed in
a 37 °C for 1 min. Cells were afterward placed into a 15 mL falcon and 9 mL growth
medium was added slowly. After being centrifuged, cells were resuspended in the

growth medium.
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Cell treatment

All the cells were treated with 20 ng/mL murine TNF-« or 100 ng/mL human TNF-« as
stated. MLN4924 and CSN5i-3 were dissolved in 100% DMSO and pre-treated on cells

for 2-4 h at a concentration of 500 nM and 1 or 4 M in all experiments.

2.2.2 Organotypic Slice Culture and Treatment

Organotypic brain slice cultures were prepared as outlined before [197] with modifi-
cations. According to German animal handling laws, brains were removed from p5-8
neonatal mice by decapitation. Hippocampi and neocortices were dissected, and hip-
pocampal and cortical cultures are depicted in figure 10. Sagittal sections (thickness of
350 pum), were cut using a Mcllwain tissue chopper (Model TC752, Mickle Laboratory
Engineering Company), and all the sections were separated by forceps in the slice
dissection medium (MEM supplemented 1% P/S, 10 mM Tris, PH7.2). Intact sections
were carefully chosen under a Stemi 305 Zeiss dissection microscope. Slices incubated
in the cold dissection medium for 30 min before plating, and two slices were plated on
each cell culture insert (0.4xm, 30 mm diameter, PICMORG50 Millipore). Slice culture
medium (MEM supplemented 25% heat-inactivated horse serum, 1 mM l-glutamine

and 25%HBSS) was changed one day after the seeding and subsequently twice a week.

Treatments were applied directly to the brain slice culture medium. MLN4924 and
CSN5i-3 were dissolved in 100% DMSO and pre-treated on cells for 24 h at a concentra-
tion of 10 uM.

—a* — ~ | )\ 9 --

Figure 10: Cartoon of an experimental modeling of isolation organotypic slice culture. Brains were
removed from p5-8 neonatal mice by decapitation. Hippocampal and cortical cultures are
depicted in Sagittal sections, and maintained in the 35 mm (diameter) dishes. Figure created
with BioRender.com.
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2.2.3 Oxygen Glucose Deprivation (OGD)

OGD was performed on the 10-14 days primary neuronal culture, confluent monolayers
of hCMEC/D3 cells and 14 days old brain slice culture. The cell culture medium was
changed to the DMEM, no glucose, no glutamine, no phenol red medium instead of the
glucose medium and flushed with 94% N2, 5% CO, for 10 min before being placed into
the humidified hypoxia chamber (94% N,, 5% CO, 1% O,, 45% humidity, 37 °C) for
the indicated time. OGD was terminated by returning the cells/slices into normoxic

conditions with glucose-containing medium.

2.2.4 Evaluation of Cell Damage in Organotypic Slice Culture

PI was used to label injured cells in the organotypic slice culture. After the OGD/RO
treatment, slices were incubated in the culture medium with 7 M PI for 15 min at 37
°C. Afterward, images were directly acquired using Leica Dmi8 microscope with a 4X
dry objective. The areas of PI-positive and total tissue have been quantified manually by

ImageJ-Fiji. Quantification has been based on at least 5 independent experiments.

2.2.5 Cell Counting Kit-8 (CCK-8) Neuronal Viability Assay

Primary neuronal cells were seeded at the same density in 96-well plates with 100 ;M
growing medium each well, for 10-14 days. The cells were then treated with DMSO
control, MLN4924 or CSN5i-3 followed by OGD as mentioned before, and cell viability
was determined after 24 h re-oxygenated using CCK-8 kit. To each well of the 96
well plate, 10 uL CCK-8 compound was loaded directly into the growth medium and
incubated at 37 °C for 2 h. The spectrophotometric absorbance of every sample was
determined by a microplate reader (Perkin Elmer Enspire) at a wavelength of 450 nm.

Each treatment was performed in triplicate, and at least in five independent experiments.
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2.2.6 Microglia Morphology

In order to investigate the character of microglia phenotypes, slice cultures were isolated
from CX3CR1-eGFP mice. Representative pictures from brain slices at 14 day in vitro
(DIV) after different treatments as described previously have been acquired before and
after fixation using 4X or 20X dry objective (Leica Dmi8) or 40X oil immersion objective

(Zeiss confocal).

2.2.7 RNA Extraction and qPCR

The total RNA was isolated from cells with TRIzol reagent. To synthesize cDNA from the
extracted RNA, RevertAid first strand cDNA synthesis kit was used. qPCR was performed
using a RotorGene thermocycler (Qiagen Corbett), and samples contained cDNA, SYBR,
as well as forward and reverse primers are prepared following the manufacturer’s
instructions. The cycle time (Ct) values were normalized with $-actin, and evaluated by
the AACt method. Detailed information about the primers used for the qPCR is listed

in the table in the material chapter.

2.2.8 Western Blot

To lyse the cells, NuPAGE-LDS lysis buffer containing 125 mM DTT was used. Pro-
tein fractions were separated by 11% or 15% SDS-polyacrylamide gel electrophoresis
(PAGE) and blotted onto a polyvinylidene difluoride (PVDF) or nitrocellulose mem-
brane. 3% of the BSA or 5% milk was used for blocking and applied by the following
primary antibodies: anti-NF-xB IxB-a, anti-NF-xB pl-xB-«, anti-CUL1, anti-CUL3, anti-
NEDDS8, anti-VE-Cadherin, anti-Occuludin, anti-Jab1, anti-CSN8, anti-Akt, anti-p-Akt,
anti-ERK1/2, anti-pERK1/2, anti-Claudin-5, anti-/3-Actin. Primary antibodies were incu-
bated at 4 °C overnight, and thereafter, membrane was washed three times with TBS-T.

HRP-conjugated anti-rabbit or anti-mouse antibodies were used as secondary antibodies.

40



2. Materials and Methods

The membrane was incubated with secondary antibodies at room temperature for 1
h in 1%BSA. Blots were washed three times with TBS-T before being developed by
SuperSignal West Dura Extended Duration Substrate (34076 Thermo Fisher), visualized
using Li-COR and quantified by ImageJ-FI1JI.

2.2.9 Immunofluorescent Microscopic Analysis

BV2, hCEMC/D3 cells and primary neuronal cells were cultured on the coverslips in the
24 well plate. To stain BV2 cells and primary neuronal cells, after treatments, cells were
washed once with PBS and fixed with 4% PFA for 15 min in the dark. Followed by the
permeabilisation, 0.2% Triton X-100 was incubated with cells for 10 min. Subsequently,
cells were blocked with SuperBlock solution for 1 h and incubated with primary antibody
as follows: anti-NF-xB P65, anti--tubulin III overnight at 4 °C. Three washes with PBS
(10 min each) were performed on the cells before the incubation with secondary antibody.
Coverslips were then mounted with mounting medium containing DAPI and sealed on
the slides. For hCMEC/D3 cells, after treatment, cells were fixed with 37 °C pre-warmed
PFA for 15 min, permeabilized for 5 min, and blocked with SuperBlock solution for 1 h.
After incubation with anti-VE-Cadherin primary antibody overnight at 4 °C, cells were
washed twice with PBS-T (containing Mg?*, and Ca?*) and once with PBS. Following
incubation with secondary antibody which contain DAPI and Alexa Fluor 488 phalloidin
(Molecular Probes) for 1h at room temperature, coverslips were washed twice with
PBS-T (containing Mg?*, and Ca?*) and once with PBS, and finally affixed and sealed
on the slides. All the fluorescent microscopic image acquisition was performed using a

Leica Dmi8 fluorescence microscope or a Zeiss confocal microscope.

2.2.10 Immunohistochemical Staining

Frozen brain section slices were thawed on the hot plate for 1 min at 37 °C and dried

by air for 30 min before fixation by 4 °C acetone. After fixing in acetone for 6 min,
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the slices were dried by air for 30 min and encircled with a Super PAP pen. In order
to quench endogenous peroxidase function, the slices were blocked with 3% H,0, for
15 min, followed by three 3 min wash with PBS. Next, 60 uL of PBS blocking buffer
containing 1% BSA and 5% goat serum was added to each section to reduce non-specific
hydrophobic interactions. After 1 h of blocking, slices were then incubated with anti-
CSN5 antibody in the humid chamber at 4 °C overnight, and washed three times with
PBS. HRP secondary antibody was diluted in the blocking buffer and added onto the
slice. After 1 h of incubation, slices were rinsed five times with PBS. One drop 3,3’-
diaminobenzidine (DAB) chromogen was mixed with 1.5 mL DAB substrate and heated
for 30 min at 37 °C in advance, and 100 pL of the mixed DAB solution was incubated
with the slices for 1-10 min (Monitor the staining intensity under a microscope). Once
the intensity of the tissue staining is highly observed, the samples were washed with PBS
five times for 3 min each. Slices were counterstained with Mayer’s hemalum solution
for 20 seconds, then immediately rinsed with tap water and applied to series of ethanol,
70% ethanol for 3 min, 96% ethanol for 3 min, and 100% ethanol for 3 min. At the end,
slices were incubated with xylene for 3 min, and covered up with mounting medium.
THe visualizing of the tissue was performed under with a microscope (Leica Dmi8)

using bright-field illumination.

2.2.11 Transfections of BV2 Cells With siPool

Knockdown experiments were performed by transfection of siPools. BV2 cells were
cultivated in the RPMI medium as described above. Specific siPools of the Cops5 (CSN5
gene name) gene were designed by the siTOOL Biotech and used at a concentration of 5
nM. Transfection of BV2 cells was accomplished using Lipofectamine RNAiMax diluted
in Opti-MEM medium following the manufacturer's protocol. Cells were treated after

48 h of the transfection, and harvested after the treatments.

42



2. Materials and Methods

2.2.12 Phagocytosis Assay

BV2 cells and primary microglia were cultured into 24-well plates on the coverslips
at densities of 5x10* and 1x10° cells per well, respectively. Cells were pre-treated
with MLN4924 or DMSO control for 2 h in serum-free medium and incubated with or
without TNF-« containing 0.05% Latex beads for 24 h or 6 h. After treatment, cells
were washed by ice cold PBS for 5 times, followed by fixation using 4% PFA for 15 min
in the dark. In order to visualise nuclear staining, cells were subsequently permeabilised
using 0.2% Triton X-100 for 10 min. Before sealing, coverslips were finally introduced
to the aqueous anti-fade mounting medium containing DAPI. Slices were observed by
fluorescence microscope (Leica Dmi8). Phagocytic cells (%) = Number of cells that

phagocytosed/number of total cells (DAPI).

2.2.13 Transwell Permeability Assay

To test microvascular permeability, transwell system was established. hCMEC/D3 cells
were seeded at a density of 2x 10 cells in 300 xL endothelial medium on the membrane
of each transwell insert (6.5 mm Transwell-COL Collagen-Coated 0.4 ym Pore PTFE
Membrane Insert 3495 Corning). After the treatments mentioned before, 5 pM LY was
loaded to the upper chamber of the insert and incubated (5% CO,, 37 °C) for 60 min.
For quantification, 100 pL of medium from the lower chamber were transferred to a
96-well black polystyrene plate and measured at 530 nm (excitation at 485 nm) with a
fluorescence microplate reader (Perkin Elmer Enspire). Apparent permeability (Papp)
was expressed as cm/s and calculated according to the following equation: Papp = (dQ
/ dt) / (A x C). where dQ / dt ((ug/s)) is the quantity of the LY transportation within a
given period; A (cm?) indicates the surface area of the insert; and C (um/mL) is the

original concentration of the LY in the administered side.
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2.2.14 Microglia Random Migration Assay

Mixed brain cells were placed on a 96-well cell image plate (0030741030 Eppendorf)
in Hibernate-A medium, pre-treated with DMSO control or MLN4924 and stimulated
with or without CXCL12 100 ng/mL. Cells were monitored under FITC-channel of
fluorescence microscope (Leica Dmi8) every 5 min for 14 h by live-imaging. Tracking of
individual microglia migration analysis was carried out with “Manual Tracking” ImageJ
plugin (National Institutes of Health, NIH, Bethesda, USA). The quantification was
further analysed with the Chemotaxis and the Migration Tool software to evaluate the

accumulated distance.

2.2.15 Statistical Analysis

The data were showed as mean or mean =+ standard deviation (SD) as stated from at
least three independent experiments. Statistical significance (P-value) was tested by
one-way or two-way ANOVA with Bonferroni or Dunnett post-test using GraphPad Prism

software (version 8).
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3. Results

3 Results

3.1 CSN5 Is Highly Expressed in Human Brain

To begin the investigation of the role of CSN, and especially CSN5, the only subunit
with catalytic function, in neuroinflammation and stroke, we first observed the gene
expression profiles of CSN5 in normal human tissues from the GTEx Analysis Release
V8 Data, and found that CSN5 mRNA is highly expressed in the brain, arteries, colon,
esophagus and other organs. So, CSN5 displays low tissue- and region-specificity in

human tissues (figure 11).
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Figure 11: CSN5 is highly expressed in human tissue at transcription level. Violin plots show bulk
gene expression profiles of CSN5 in normal human tissue. Each color represents a type
of tissue; TPM: transcripts per million. (Figure taken from GTEx Analysis Release V8,
https://www.gtexportal.org/home/gene/COPS5#geneExpression).
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3.2 CSN Subunits Are Highly Expressed in Mouse Brain

Next, we obtained the protein expression levels of CSN5 from the Human Protein Atlas,
which showed a consistent finding that aligns with the mRNA levels. The expression
levels of CSN5 according to the staining intensity and percentage of stained cells were
reported as high, high, medium in neuronal cells, glial cells and endothelial cells with
the antibody CAB004242 in this section (figure 12). Another tested antibody showed a
high expression level in all three cell types provided by the Human Protein Atlas (not
shown here). Conjointly, these data demonstrate that CSN5 is highly expressed and low

cell specific in the human cerebral cortex.

Human cerebral cortex

CSN5

Figure 12: CSNS is highly expressed in human brain. The human cerebral cortex was stained for CSN5.
The neuronal cell (red arrow 1) and glia cell (red arrow 3) and the area with typical his-
tological features of blood vessels (red arrow 2) show positive staining of CSN5. Antibody
CAB004242 against CSN5/COPS5 was used in this section; Scale bar: 200 pym, 25 um.
(Data credit: Human Protein Atlas. Images were obtained from https://www.proteinat-
las.org/ENSG00000121022-COPS5/tissue, and modified.)

3.2 CSN Subunits Are Highly Expressed in Mouse Brain

To verify whether the high expression level of CSN5 is also found in mouse, the protein
level of CSN5 in normal mouse brain sections was detected by IHC (figure 13A). We
found a strong expression of CSN5 staining in the mouse brain section, except for the
corpus callosum (CC) area. The CC forms the largest white matter (WM) in mammals,
and the reason of weak staining might be the unique structure of the CC, lipid-rich

myelin coated axons representing around 40% of the dry weight of WM [198]. However,
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3. Results

to conclude the expression level in WM, a further study is needed. This thesis mainly
focuses on the cortex (CTX) (figure 13A, right) and hippocampus region of the brain
due to the fact that CTX is the most affected area under the most common stroke,
middle cerebral artery stroke. Subsequently, we re-analyzed a recent single cell (sc)
RNA-seq dataset (GSE123335) comparing Cops5 gene expression on individual brain
cells. Following unsupervised clustering of all the cells into 24 groups by t-distributed
stochastic neighbor-embedding (t-SNE) dimensionality reduction analysis, we detected

the CSN5 gene to be expressed within all the clusters (figure 13B, C).
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Figure 13: CSN subunits are highly expressed in the mouse brain. (A) Brains from C57BL/6J mice were
prepared for the frozen section, and CSN5 was detected by anti-CSN5 antibody and visualized
by DAB IHC staining. Nuclei were visualized by hematoxylin. Arrows point to CSN5 positive
stained cells. Scale bar: 1 mm, 200 ym. CP, caudoputamen. (B) Re-analysis of scRNA data
from [199]. tSNE plot showing cluster assignments of cells (RNA-seq dataset :GSE123335).
Each number shows one cluster. (C) Feature plot visualizing expression level of Cops5 from
the clusters in (B).
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3.2 CSN Subunits Are Highly Expressed in Mouse Brain

However, we found only a small population of microglia (cluster 21) in all of the
brain cells. Therefore, to evaluate CSN5 and other CSN subunit levels in inflamed
mice, an scRNA-seq dataset on sorted microglia and CD45" non-microglia cells was
analysed (GSE157480). Unsupervised clustering by the Seurat package in R/Rstudio
was performed on 14310 cells from control and lipopolysaccharide (LPS)-injected mice.
A total of 24 clusters was visualized by tSNE project (figure 14A), and all the genes
for cluster identification were according to [200]. Two microglia clusters (cluster 5
and 6) were identified based on the expression of Sparc (a known microglia marker).
Interestingly, all of the CSN subunits were at similar levels in the LPS-challenged
microglia (cluster 5) compared to the microglia from the control mouse (cluster 6),
although the microglia profile had completely shifted according to the very small overlap
clusters between control and LPS groups (figure 14B). Similar observations could also
be made in T cells (cluster 1, 2 and 14). A slight upregulated levels of Cops5 and
Gps1 ( Gps1, gene name of CSN1) was observed in LPS-injected macrophages (cluster
13 comparing to cluster 4), and different expression levels of the CSN subunit were
detected in different subtypes of monocytes (cluster 0 and 3 cells are Ly6c2* monocytes,
cluster 8 cells are Ly6¢2" monocytes), neutrophils (cluster 10, 17), B cells (cluster 11,

15, 16), as well as in different subtypes of dendritic cells (DCs) (cluster 9, 12, 19).

Moreover, in agreement with the whole brain scRNA-seq data (figure 13C), Cops5
was highly expressed in microglia and immune cells which infiltrated the brain under
inflammation, except cluster 10, one subtype of neutrophils (figure 14C). Due to the
small population of neutrophils in the control brain and the short lifespan of neutrophil,
further investigation of those subtypes of neutrophils is needed. Taken together, these
data prove that CSN5 is highly expressed in the mouse brain and immune cells, also

pointing to an essential role of CSN in the brain.
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Figure 14: Re-analysis of scRNA data (from [201]) shows that CSN subunits levels are not changing in
LPS-treated mouse microglia. (A) tSNE plot identified immune cell populations via clustering
on scRNA-seq data (GSE157480). (B) Feature plot visualizing expression levels of Sparc from
the clusters in A with the separated groups showing the cells from control or LPS challenged
brains, and red color intensity indicating the expression level of Sparc in each cell. (C) Dot
plot visualizing Cops1-8 expression level and the percentage of cells within each cell cluster
(average expression). ILC2, type 2 innate lymphoid.

3.3 Inhibition of Neddylation by MLN4924 Reduces Microglia

Phagocytic Activity

As shown in figure 14B, microglia profiles have a striking change under LPS injection.
Unlike other immune cells that only infiltrate the brain under certain conditions, it is
known that microglia are considered brain resident macrophages. Microglia are the
first defense during brain stimulation, and CSN is found to play an essential role in

controlling the inflammatory response in macrophages. Thus, we assumed that CSN
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3.3 Inhibition of Neddylation by MLN4924 Reduces Microglia Phagocytic Activity

could also regulate microglial inflammation. Moreover, microglia survey the brain to
detect any alterations in the micro-environment. When there are damage-associated
ligands and pathogens, phagocytosis, one of the microglia main functions, is crucial
for controlling inflammation in the brain [202]. Previous studies have shown that
both pro-inflammatory and anti-inflammatory microglia are associated with phagocytic
activity. For example, TNF-« activates microglia through TNF receptors which triggers
pathogen removal and pro-inflammatory responses [203]. On the other hand, receptors
recognizing apoptotic cells, including triggering receptor expressed on myeloid cell-2
(TREM2), are usually related to an anti-inflammatory response which also leads to

phagocytic activity [204].

Because of the catalytic function to deneddylate CRLs via cleaving the NEDDS8 from
CRL by CSN5 [205], the pharmacological inhibitor of NEDD-activating enzyme (NAE)
1, MLN4924, is partially mimicking the hyperactivity of CSN5 [206]. Additionally,
MLN4924 has been safely used in several clinical trials in patients with both haemato-
logical and non-haematological malignancies [206-208]. To assess whether CSN plays a
role in this phagocytic activity of microglia, the effect of MLN4924 on cullin neddylation
was examined at first. As shown in figure 15, MLN4924 led to a complete blockage of
CUL1 neddylation.

Control DMSO MLN4924
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Figure 15: Inhibition of CUL1 neddylation by MLN4924 in BV2 microglial cells. Analysis of the inhibition
of MLN4924 on CUL1 neddylation. BV2 cells were untreated or treated with a DMSO control
or MLLN4924 (500 nM) for 4h before lysed for Western blot analysis. Corresponding antibodies
were used in immunodetection of CUL1, NEDDS8 and «-tubulin. The Western blot shown is
representative of 3 independent experiments.
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3. Results

Next, 0.1% DMSO control (described as DMSO control below) or MLN4924 pre-treated
BV2 were cultured with or without TNF-«v and incubated with latex beads. As shown in
figure 16A, fluorescent labeled latex beads were phagocyted by BV2 microglia. While
TNF-a enhanced microglia capacity to phagocytose latex beads, MLN4924 produced a
significant reduction in phagocytosing microglia (figure 16B-C).
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Figure 16: Inhibition of neddylation by MLLN4924 reduces BV2 microglia phagocytic activity. (A) Microglia
phagocytosis of latex beads: BV2 cells were stained with F-Actin (green), up-taken latex beads
(red) and DAPI (blue). Scale bar: 50 um. (B) Representative images of BV2 cells pre-treated
with DMSO control or MLN4924 followed by latex beads with or without TNF-« (20 ng/mL)
stimulation for 24 h. Blue, DAPI-stained nuclei; red, latex beads. Scale bar: 50 pym. (C)
Percentage of the phagocytosis cells was quantified from B. Bars represent mean =+ SD, n = 4;
"P<0.05, two-way ANOVA with Bonferroni post-test was checked for comparison with DMSO
control; #P<0.05, two-way ANOVA with Dunnett post-test was performed for comparison
with non-TNF-« treated control in DMSO or MLN4924 pre-treated group.

Although the BV2 cell line is the most frequently used substitute cell model for primary
microglial cells due to an enormous number of similarities, there are some phagocytic
receptor expression differences upon LPS treatment between BV2 cells and primary
microglia as shown in previous studies [209]. Thus, the effect of MLN4924 on BV2 cells
was then tested in primary microglia (figure 17A), and the similar results were observed
in primary microglia (figure 17B, C). Hence, these data unambiguously proved that
mimicking upregulated CSN5 by MLN4924 impairs TNF-« triggered activated microglia

phagocytic activity.
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3.4 MLN4924 Attenuates Microglia Inflammatory Responses via the NF-xB
pathway
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Figure 17: Inhibition of neddylation by MLN4924 reduces primary microglia phagocytic activity. (A)
Schematic representation of microglia isolation from C57BL/6J p0-1 pups by the CD11b
microbeads and immunofluorescence staining of Iba-1 (green) in microglia pre-treated with
DMSO control or MLN4924. Scale bar: 50 um. (B) Representative images of primary
microglia pretreated with DMSO control or MLN4924 followed by latex beads with or without
TNF-« stimulation for 6h. Blue, DAPI-stained nuclei; red, latex beads. Scale bar: 50 ym.
(C) Quantification of the percent phagocytosis from G. Bars represent mean + SD, n = 3;
“P<0.05, two-way ANOVA with Bonferroni post-test was checked for comparison with DMSO
control; #P<0.01, two-way ANOVA with Dunnett post-test was performed for comparison
with non-TNF-« treated control in DMSO or MLN4924 pre-treated group.

3.4 MLN4924 Attenuates Microglia Inflammatory Responses via

the NF-xB pathway

As discussed in detail in the introduction (neuroinflammation and inflammation after
stroke), microglia make up the innate immune system of the CNS and the activation of
microglia is critical for neuroinflammatory processes. Additionally, our prior work has
shown that MLN4924 reduces atherosclerosis lesions and inhibits inflammation in both

macrophages and endothelial cells [103]. Thus, we determined the effect of MLN4924
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3. Results

on inflamed microglia. While 6 h TNF-« stimulation significantly enhanced the gene
expression of IL-6, TNF-a, blockade of CUL neddylation by MLN4924 suppresses the

proinflammatory cytokine milieu of microglia (figure 18).
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Figure 18: Inhibition of neddylation by MLN4924 attenuates microglia inflammatory responses. Radar
plot representation of proinflammatory gene expression at baseline (left) and 6 h (middle)
or 24 h (right) of TNF-« stimulation, quantified by qRT-PCR. plots represent mean, n =
3-4; "P<0.05, two-way ANOVA with Bonferroni post-test was checked for comparison with
DMSO control; #P<0.05, #P<0.01, two-way ANOVA with Dunnett post-test was performed
for comparison with non-TNF-« treated control in DMSO or MLN4924 pre-treated group.

Next, we investigated the underlying mechanisms by which blocking CUL1 neddylation
decreases the production of pro-inflammatory cytokines and chemokines in microglia.
As a central mediator of pro-inflammatory gene induction, NF-xB pathway is activated
by TNF-« triggering phosphorylation of 1xB-« via the IKK complex, which is controlled
by the CRL [210-212]. Therefore, we inferred that MLN4924 would decrease NF-xB
signalling upon inflammation in microglia. Our data showed that MLN4924 delayed
the p65 nuclear translocation induced by TNF-a to 30 min, while the translocation was
increased at 10 min of activation in the DMSO control group (figure 19A). The reason for
the postponed p65 translocation is that MLN4924 markedly triggered the accumulation
of phosphorylated IxB-« at 10 min TNF-« treatment (figure 19B, C). Together, these
results suggest that cullin-1 deneddylation impairs the NF-«<B signalling via the activity
of CRL-driven ubiquitination processes, resulting in the modulation of inflammation in

microglia cells.
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3.4 MLN4924 Attenuates Microglia Inflammatory Responses via the NF-xB
pathway
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Figure 19: MLN4924 attenuates NF-«B activation. BV2 cells pretreated with DMSO control or MLN4924
were then challenged with TNF-« for 0, 10, 30, 120min. (A) MLN4924 blocks for 10min
TNF-« induced p65 nuclear translocation. Translocation of p65 was visualized by using Alexa
Fluor 647 antibody (green), and nuclei were counterstained by DAPI (blue). Scale bar: 50
and 20 pum. (B) Representative Western blot images of p-IxB-« and S-actin in cell lysates from
BV2 cells treated as stated. (C) Quantification of (B); 8-Actin was used as loading control.
Bars represent mean + SD, n = 5; "P<0.05, two-way ANOVA with Bonferroni post-test
was checked for comparison with DMSO control; *P<0.05, #P<0.01, two-way ANOVA with
Dunnett post-test was performed for comparison with non-TNF-« treated control in DMSO or
MLN4924 pre-treated group.
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3. Results

3.5 MLN4924 Inhibits MAPK and Reduces Microglia Motility via

AKT Pathway

Along with NF-xB signalling, it has been reported that mitogen-activated protein kinase

(MAPK)

and phosphoinositide 3-kinases (PI3Ks)/Akt pathways also contribute to up-

regulate cytokine production in CNS inflammation [213-216]. For example, the p38

MAPK is a crucial enzyme in regulating the production of IL-15 and TNF-«, and it

is a drug development target for peripheral inflammatory disorders [217]. Here, we

found that MLN4924 decreased phosphorylation of ERK1/2, p38 and Akt in microglia
stimulated with TNF-« or CXCL12 (figure 20). These results imply that MLN4924 exerts

a broad suppressive effect on MAPK and AKT pathways.
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Figure 20: MLN4924 treatment inhibits MAPK and AKT signalling. (A-C) Inhibition of TNF-«-triggered

ERK1/2 and P38 MAPK phosphorylation by MLN4924 in BV2 cells. (A) representative
immunoblots. (B) quantification of p-ERK. (C) quantification of p-P38. Total ERK1/2 and
P38 were used as loading control (mean + SD, n=4; two-way ANOVA with Bonferroni’s
multiple comparison were performed for the statistical significance. (D, E) Immunodetection
of CXCL12 induced Akt phosphorylation in cell lysates from BV2 cells pre-treated with DMSO
control or MLN4924. (D) representative Western blot. (E) quantification of p-Akt. Total
Akt was used as loading control. (B, C, E) Bars represent mean + SD, n = 3-4; 'P<0.05,
two-way ANOVA with Bonferroni post-test was checked for comparison with DMSO control;
#P<0.05, #P<0.01, #*pP<0.0001, two-way ANOVA with Dunnett post-test was performed
for comparison with non-TNF-«/ CXCL12 treated control in DMSO or MLN4924 pre-treated
group.

Interestingly, Akt signalling is associated with cell motility, and microglia are highly
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3.6 siRNA-based Sliencing or Inhibition of CSN5 Increases CUL1 Neddylation in
Microglial Cells and Targets the NF-xB Pathway

motile [218, 219]. We then decided to study the outcome of MLN4924 treatment on
microglia random migration using whole brain mixed cells from CX3CR1-eGFP+ mice
(figure 21A). We observed that the CXCL12-induced total random migrated distance of
microglia was inhibited by MLN4924 (figure 21B, C). Taken together with (figure 20),
the diminution of microglia motility by MLN4924 is through AKT pathway.
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Figure 21: MLN4924 treatment inhibits reduces microglia motility. (A) Live fluorescence microscopic
image of Cx3cr1-EGFP+ microglia in the brain mixed cells culture after 14 days. (B) Rep-
resentative experiment demonstrating microglia random motility assessed by live-image of
single-cell tracks. Microglia pre-treated with DMSO (blue) or MLN4924 (orange) followed by
stimulation with (upper) or without (lower) CXCL12. (C) Quantification of B; the accumulated
distance of track of 20-23 randomly selected cells per view, 4-5 views per treatment, three
independent experiments were recorded. Bars represent mean + SD, n = 3; ""P<0.001,
two-way ANOVA with Bonferroni post-test was checked for comparison with DMSO control;
#p<0.01, two-way ANOVA with Dunnett post-test was performed for comparison with non-
CXCL12 treated control in DMSO or MLN4924 pre-treated group.

3.6 siRNA-based Sliencing or Inhibition of CSN5 Increases CUL1
Neddylation in Microglial Cells and Targets the NF-x<B

Pathway

To obtain initial insight into the effect of CSN5 on the response to neuroinflammation,

including the transcription factor NF-xB, we performed a Csn5 knock-down by the siPOOL
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3. Results

approach and achieved a CSN5 reduction on transcription and translation levels (figure
22A-C). Notably, other CSN subunits showed little or no change on mRNA levels while
CSNS5 silencing, and no change on CSN8 protein levels while displaying a significant

reduction of CSN5 protein level (figure 22A-C).
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Figure 22: CSN5 expression was silenced using siPOOL technology. BV2 cells were transfected either
with siPOOL which targets CSN5 (siRNA CSN5) or scrambled control (scrRNA CSN5) for 72
hours. (A) Relative mRNA levels of CSN subunits in BV2 cells with or without transfected
(mean + SD, n=4, one-way ANOVA with Dunnett’s multiple comparison were performed for
the statistical significance). (B) Western blot profiles of CSN5, CSN8 using corresponding
antibodies. -actin was used as loading control. (C) Densitometric quantification of C relative
to untreated control. Bars represent mean + SD, n = 4; “P<0.01, one-way ANOVA with
Dunnett’s multiple comparison were performed for comparison with scRNA CSN5 control.

However, the increased CUL1 neddylation implies that the depletion of CSN5 was
sufficient to disrupt the function of the CSN holo-complex figure (23A, B). Furthermore,
a NF-xB p65 translocation from cytoplasm into nucleus was observed due to the absence
of CSN5 figure (23C). To address the possibility of nuclear translocation of P65, we

detected a significant downregulation for basal IxB-oa meaning that silencing CSN5
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Microglial Cells and Targets the NF-xB Pathway

induced the degradation of IxB-«. This is supported by the re-accumulated IxB-« levels
in the controls over time whereas they are delayed upon CSN5 knock-down figure
(23D, E). These results align with our understanding of the CSN5 function in the CUL1
neddylation state and the mediating function of NF-xB via IxB-« degradation and match

the previous results with mimicking overexpression of CSN5 by MLN4924.
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Figure 23: CSNS5 silencing increases cullinl neddylation and targets the NF-xB pathway. BV2 cells were
transfected with either siPOOL which targets CSN5 or scrambled control for 72 hours. (A)
Increased CUL1 neddylation by siPOOL-based knockdown CSN5 in BV2 cells. (B) A bar graph
showing quantification of D from four independent experiments (mean + SD, n=4; “"P<0.01,
one-way ANOVA with Dunnett’s multiple comparison were performed for comparison with
scRNA CSNS5 control.). (C) P65 nuclear translocation was detected in untreated or transfected
with scrambled control or siPOOL CSN5 BV2 cells. Blue, DAPI-stained nuclei; green, P65.
Scale bar: 50 um. (D-E) Representative Western blot images of IxkB-« and 3-Actin in cell
lysates of BV2 cells treated with TNF-« for the stated time points, and quantification of
IxB-o normalized to 3-Actin. Bars represent mean + SD, n = 4; "P<0.05, “P<0.01, two-
way ANOVA with Dunnett post-test was checked for comparison with scRNA CSN5 control;
#p<0.05, #P<0.01, ###P<0.0001, two-way ANOVA with Dunnett post-test was performed
for comparison with non-TNF-« stimulated control in untreated (described as untr. in the
figure) or scRNA/siRNA CSN5 treated group.

In addition to the last figure, using the CSN5i-3 to inhibit CSN activity led to enhanced
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3. Results

CUL1 neddylation and reduced re-accumulated IxB-« levels upon TNF-« stimulation
(figure 24B). These results are in support of figure 21, sliencing or inhibition of CSN5

increases CUL1 neddylation in microglial cells and targets the NF-xB pathway.
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Figure 24: Inhibition of CSN5 enhances cullinl neddylation and targets the NF-xB pathway. (A) Western
blot analysis of Cullinl after treatment with DMSO control or CSN5i-3 (4 pm) in BV2 cells. (B)
Representative immunodetection of IxB-« and -Actin in cell lysates from BV2 cells treated
as indicated. (C) Quantification of B from four independent experiments. Bars represent
mean + SD, n = 4; "P<0.05, two-way ANOVA with Bonferroni post-test was checked for
comparison with DMSO control; #P<0.01, ##P<0.001, *##P<0.0001, two-way ANOVA with
Dunnett post-test was performed for comparison with non-TNF-« stimulated control in DMSO
or CSN5i-3 pre-treated group.

3.7 MLN4924 Suppresses NF-~B and MAPK Signalling Pathways

in Inflammatory-Elicited Microvascular Endothelial Cells

To determine how CSN5 affects neuroinflammation and stroke, we then tested a key
component of the blood-brain barrier (BBB), endothelium, using human microvascular
endothelial cells (hCMEC/D3), whose disruption is mediated by many factors including

TNF-a-secreted by microglia. TNF-a markedly triggered gene expression of adhesion
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3.7 MLN4924 Suppresses NF-xB and MAPK Signalling Pathways in
Inflammatory-Elicited Microvascular Endothelial Cells

molecules VCAM-1 and ICAM-1 in hCMEC/D3 cells, and blocking the CUL1 neddylation
by MLN4924 completely lowered the VCAM-1 and ICAM-1 expression at 4h TNF-« (figure

25A, B).
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Figure 25: MLN4924 suppresses inflammatory responses in endothelial cells. hCMEC/D3 cells pretreated
with DMSO control or MLN4924 were stimulated with or without TNF-« for the indicated
time points. (A) Inhibition of CUL1-NEDD8 by MLN4924 in hCMNEC/D3 cells. (B) Relative
VCAM-1, ICAM-1, CCL2 and E-selectin mRNA expression levels were measured by qRT-PCR in
TNF-« challenged hCMEC/D3 cells. mRNA levels were normalized to GAPDH and expressed
relative to DMSO control without TNF-« treatment. Bars represent mean + SD, n = 3-4;
"P<0.01, two-way ANOVA with Bonferroni post-test was checked for comparison with DMSO
control; ##P<0.0001, two-way ANOVA with Dunnett post-test was performed for comparison
with non-TNF-« treated control in DMSO or MLN4924 pre-treated group.

To further confirm whether the suppressive effect of MLN4924 on the inflammation
is associated with NF-xB signalling, we observed an accumulation of phosphor-I1xB-«a
and a concomitant delayed P65 nuclear translocation, implying the effect of MLN4924
on CRL substrates degradation (figure 26). Consisting with BV2 cells (figure 20A, B),
MLN4924 also blocks the MAPK pathway by reducing phosphor-ERK1/2 and P38 (figure
26C, D). Collectively, these results suggest that MLN4924 inhibits CUL1 neddylation

and inflammation of microvascular endothelial cells correlated with NF-xB and MAPK

signalling.
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Figure 26: MLN4924 suppresses NF-xB and MAPK activation in inflammatory-elicited microvascular

endothelial cells. hCMEC/D3 cells pretreated with DMSO control or MLN4924 were stimulated
with or without TNF-« for the indicated time points. (A-B) MLN4924 reduces NF-«B activity in
microvascular endothelial cells. (A) Representative Western blot images of three independent
experiments for p-IxkB-« and -Actin in cell lysates of hCMEC/D3 cells under TNF-«.. (B) The
locations of P65 were determined by fluorescence microscopy. Blue, DAPI-stained nuclei;
green, P65. Scale bar: 50 ym. (C-D) MLN4924 attenuates MAPK pathway signalling in
microvascular endothelial cells. The expression levels and activation status (phosphorylation)
of ERK1/2 (C) and p38 (D) were analyzed by Western blotting. Protein levels were quantified
by densitometry and normalized to total ERK1/2 and p38. Bars represent mean + SD, n =
3-4; "P<0.05, two-way ANOVA with Bonferroni post-test was checked for comparison with
DMSO control; #P<0.01, *##*P<0.001, two-way ANOVA with Dunnett post-test was performed
for comparison with non-TNF-« treated control in DMSO or MLN4924 pre-treated group.

3.8 CSN5i-3 Exacerbates and MLN4924 Protects the BBB

Integrity Loss Induced by the OGD/RO

One of the hallmarks of stroke is the BBB dysfunction, allowing the infiltration of

peripheral immune cells to exaggerate the inflammation [220]. Given our observation

that mimicking CSN5 hyperactivity exerts anti-inflammatory processes, we examined

the influence of neddylation/deneddylation on the BBB function in the presence of
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3.8 CSN5i-3 Exacerbates and MLN4924 Protects the BBB Integrity Loss Induced by
the OGD/RO

mimicking stroke by the OGD (figure 27A). OGD significantly increased HIF-1« levels
in hCMEC/D3 cells (figure 27B). MLN4924 was shown to stabilize HIF-1«, which is
controlled by the CUL2-RING ligase. Thus, this aligns with the reduction of ubiquitin
ligase activity due to deneddylated cullin (figure 27B).
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Figure 27: OGD increases HIF-1a expression levels and MLN4924 stabilizes HIF-1« in endothelium. (A)
Schematic representation of hCMEC/D3 cell culture, OGD/RO conditions and lucifer yellow
assay for determination of the endothelial barrier function. (B) Representative immunode-
tection of three independent experiments for HIF-1« expression in hCMEC/D3 cells. HIF-1«
induced by OGD and MLN4924 stabilizes HIF-1« in endothelium.

In contrast to the prevention of deneddylation of CUL1 by MLN4924, we observed
increased neddylated CUL1 upon CSN5i-3 incubation (figure 28A). Furthermore, to
detect the effects of CSN5 on BBB permeability, we undertook a transwell assay using
hCMEC/D3 cells (figure 27A). While OGD/RO dramatically enhanced microvascular
permeability, MLN4924 protected this integrity loss and CSN5i-3 exacerbated it (fig-
ure 28B). Consistent with the above observations, OGD/RO weakened the staining
for vascular endothelial cadherin (VE-cadherin) at extracellular cell-cell contact sites
and CSN5i-3 enhanced these effects, whereas MLN4924 abolished them (figure 28C).
Moreover, immunoblotting revealed that adhesion junction protein VE-cadherin and
tight junction proteins occluding and claudin-5 were partially degraded after OGD/RO
in the control and CSN5i-3 but not MLN4924 (figure 28D). These results support the

view that CSN5 activity mediates the BBB integrity under OGD/RO.
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Figure 28: CSN5i-3 exacerbates MLN4924 protects the BBB integrity loss induced by the OGD/RO. (A)
Western blot analysis of CUL1 neddylation after treatment with DMSO control, MLN4924
(500 nM) or CSN5i-3 (1 uM or 4 uM). (B) Evaluation of BBB permeability determined by
lucifer yellow assay. Bars represent mean + SD, n = 3; "P<0.05, “"P<0.01, “"P<0.001,
two-way ANOVA with Dunnett post-test was checked for comparison with DMSO control;
##Pp<0.01, two-way ANOVA with Bonferroni post-test was performed for comparison with
non-OGD/RO control in DMSO, MLN4924 or CSN5i-3 pre-treated group. (C) Assessment of
F-actin (cyan) and VE-cadherin (green) in DMSO control versus MLLN4924 or CSN5i-3 treated
hCMEC/D3 cells upon non-OGD/RO or OGD/RO counterstained with DAPI (blue). Scale bar
represents 20 ym. (D) Representative immunodetection of three independent experiments
for VE-cadherin, occluding and claudin-5 in cell lysates of pre-treated with DMSO, MLN4924
or CSN5i-3 hCMEC/D3 cells control versus OGD/RO.
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3.9 CSN5i-3 Aggravates and MLN4924 Attenuates Neuronal Damage Produced by
OGD/RO

3.9 CSN5i-3 Aggravates and MLN4924 Attenuates Neuronal

Damage Produced by OGD/RO

Having established the mediating efficacy of CSN5 by using MLN4924 and CSN5i-3
in multiple classical assays in vitro, we developed two new culture systems in our lab,
the primary neuronal cell cultue and organotypic brain slice cultures (OBSCs). Mixed
brain cells were isolated from cortexes of pO-1 neonatal pups and maintained in the
medium which is designed for neurons only (figure 29A). To identify the neuronal cells
in the culture, S-tubulin III was used as a neuron-specific marker (figure 29B). Moreover,
we established OBSCs, in order to further study the effect of CSN5 in a physiologically
relevant brain model which offers all the resident cell types (figure 29A). OBSCs were
harvested from p5-8 mouse and maintained for two weeks. To characterise the newly
introduced model, images from day 2 after in vitro and day 5 have been acquired, and

the structure of the slice became more clear (figure 29C).
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Figure 29: Establishment of primary neuronal cell culture and organotypic brain slice cultures. (A)
Cartoon of an experimental modeling of isolated primary neuronal cells, as well as organotypic
hippocampal and cortical slice culture in OGD/RO conditions. (B) Control primary neurons
stained for 8-III tubulin (green), a well-known neuronal marker and DAPI (blue). Scale bar:
100 pm. (C) Phase-contrast image of a control organotypic hippocampal and cortical slice 2
and 5 days after in vitro maintenance. Scale bar: 500 pym.
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3. Results

Neuronal death was finally investigated in primary neurons with or without OGD/RO
(figure 29A, 30). OGD/RO significantly decreased neuronal viability in a time-dependent
manner, and MLN4924 was able to attenuate neuronal death induced by 2 h and 4 h
OGD/RO (figure 30).
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Figure 30: CSN5i-3 aggravates and MLN4924 attenuates neuronal damage produced by OGD. CCK8
showing neuronal cell viability of DMSO control, MLN4924 or CSN5i-3 pre-treated neuronal
cells with or without OGD/RO. Bars represent mean 4 SD, n = 4; "P<0.05, two-way ANOVA
with Dunnett post-test was checked for comparison with DMSO control; #P<0.01, ##P<0.001,
###P0.0001, two-way ANOVA with Dunnett post-test was performed for comparison with
non-OGD/RO control in DMSO, MLN4924 or CSN5i-3 pre-treated group.

To further examine the link between CSN5 and OGD/RO-induced neuronal cell death,
we extended the cell viability assay to ex vivo (figure 31A). OGD/RO markedly increased
propidium iodide (PI) uptake in the mouse hippocampal and cortical cultures, and the
MLN4924 group has shown less propidium iodide (PI) uptake and CSN5i-3 enhanced
the OGD/RO caused cell death comparing to the DMSO control, which is corresponding
to the primary neuronal cells (figure 31B). Notably, there is a co-localization between
the CX3CR1-eGFP microglia and the PI positive cells suggesting that the scavenger role
of activated microglia was triggered by the dead cells (figure 31C). In addition, this
co-localization was only present in the DMSO control and CSN5i-3 treated slices, and

this is analogous to the microglia chemokinesis assay in vitro (figure 21B, C).
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Figure 31: CSN5i-3 aggravates and MLN4924 attenuates neuronal damage produced by OGD. (A) Images
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of PI uptake in slices treated with DMSO, MLN4924 or CSN5i-3 exposed to non-OGD/RO
or OGD/RO. Scale bar: 200um. (B) The area of PI-positive (magenta) is normalized to the
total area. Bars represent mean 4 SD, n = 6-9; “"P<0.0001, two-way ANOVA with Dunnett
post-test was checked for comparison with DMSO control; #P<0.05, ##P<0.0001, two-way
ANOVA with Dunnett post-test was performed for comparison with non-OGD/RO control in
DMSO, MLN4924 or CSN5i-3 pre-treated group. (C) Locations of Cx3cr1-EGFP+ microglia
(green) and PI positive cells (magenta) in the slices exposed to OGD/RO conditions. Scale
bar: 200um.



3. Results

Moreover, to support the result that OGD/RO triggered increased PI positive areas,
neuronal cells were stained by a neuronal marker, NeuN, and the NeuN areas were
significant larger in the MLN4924 group under OGD/RO stress comparing to DMSO
control (figure 32A, B). CSN5i-3 treatment showed a trend towards smaller NeuN
expression area comparing to it in DMSO control. In summary, these results demonstrate

that MLN4924 protects stroke outcome ex vivo and CSN5i-3 aggravates it.
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Figure 32: MLN4924 protects neuronal damage induced by OGD. (A) NeuN (blue) staining of brain slices
treated with DMSO, MLN4924 or CSN5i-3 exposed to non-OGD/RO or OGD/RO. (B) The area
of NeuN-positive (blue) is normalized to the total area. Bars represent mean + SD, n = 3-4;
"P<0.05, two-way ANOVA with Dunnett post-test was checked for comparison with DMSO
control; #P<0.01, two-way ANOVA with Dunnett post-test was performed for comparison
with non-OGD/RO control in DMSO, MLN4924 or CSN5i-3 pre-treated group.

3.10 MLN4924 Changes Microglia Morphology and This Is a

Reversible Process

Strikingly, the microglia morphology change that has been observed are the ones un-
der MLN4924 and CSNb5i-3 treatment. MLN4924 treated CX3CR1-eGFP microglia
showed ameboid-like microglia and CSN5i-3 changed microglia to an activated shape
(figure 33A) [221]. To address if the alteration of microglia morphology by the Cullin-
neddylation states change is reversible, we have washed off the reagent after 48 hours,

and microglia appear ramified within 72 hours (figure 33B). However, the link between
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this morphology change and neuronal death requires a further study.
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Figure 33: MLN4924 and CSN5i-3 change microglia morphology and it is reversible. (A) Representa-
tive images of nine independent experiments for Cx3cr1-EGFP+ microglia (green) different
morphologies upon DMSO control, MLN4924 and CSN5i-3 exposure for 48 hours. (B) Repre-
sentative images of four independent experiments for Cx3cr1-EGFP+ microglia morphology
changing in the time course of MLN4924 treatment. Scale bar: 50 pm.

3.11 TNF-o Neutralization Protects Brain Damage Induced by

OGD/RO

Collectively, we have observed that MLN4924 reduced the inflammatory response by
inhibiting the proinflammatory cytokines and chemokines (including TNF-«) in activated
microglia cells (figure 18), and attenuates neuronal damage produced by OGD. We
then hypothesized that TNF-a neutralization by an antibody could also reduce the
brain damage during OGD/RO. Indeed, PI staining indicated that neutralizing TNF-a by

Infliximab decreased OGD/RO induced neuronal death ex vivo (figure 34).
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Figure 34: TNF-«a neutralization protects brain damage induced by OGD/RO. (A) Images of propidium
iodide (PI) uptake in slices treated with DMSO, Etanercept or Infliximab exposed to non-
OGD/RO or OGD/RO. Scale bar: 200um. (B) The area of PI-positive (magenta) is normalized
to the total area. Bars represent mean + SD, n = 4; “"P<0.01, two-way ANOVA with Dunnett
post-test was checked for comparison with DMSO control; #*P<0.05, ##P<0.001, two-way
ANOVA with Bonferroni post-test was performed for comparison with non-OGD/RO control
in DMSO, Etanercept or Infliximab pre-treated group.

3.12 DCN1 Inhibitors Have No Effect on Microglia Phagocytic
Activity

To further determine the activity of CSN on the NEDD8 pathway in the brain. MLN4924
is potent in achieving broad blockade of all CRLs, thus it is merely partially mimicking
the CSN5 hyperactivity. To this end, it is also necessary to see the effect on blocking
individual CRL members, and we have subsequently tested inhibitors of the defective
in cullin neddlylation protein 1 (DCN1)-ubiquitin conjugating enzyme E2 M (UBE2M)
interaction on the microglia phagocytic acticity. TNF-« increased the percentage of
phagocytosis microglia, but DCN1 inhibition did not have any significant effect on the
capacity of microglia phagocytose (figure 35A, B). The cullin 1 and 3 NEDDylation tests
did not exhibit significant differences with DCN1 inhibitors in BV2 cells either (figure
35C, D). However, NAcM-COV reduced cullin 3 neddylation in hCMEC/D3 cells (figure
35E, F), and this suggested to check the expression levels of DCN1. Indeed, DCN1 (also
known as DCUN1D1) expression levels in hCMEC/D3 is higher than in BV2 cells (figure
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35G). According to the previous study that DCN1 expression levels partially correlates to
the sensitivity of DCN1 inhibitors [222], we assume that DCN1 inhibitors have no effect
on microglia phagocytic activity may due to the potential low expression of DCUN1D1
in BV2 cells. These results suggest further investigation of hCMEC/D3 cells with the

DCN1 inhibitors, as well as other CUL family members in both cell lines.
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Figure 35: DCN1 inhibitors have no effect on microglia phagocytic activity. (A) Representative images of
BV2 cells pre-treated with a DMSO control or NAcM-OPT, NAcM-NEG, C (detail unknown
DCN-1 inhibitor compound), NAcM-COV and incubated with latex beads under treatment of
TNF-« or non-TNF-« for 24h. Blue, DAPI-stained nuclei; red, latex beads. (B) Quantification
of percent phagocytosis cells from A. Bars represent mean + SD, n = 5; *P<0.05, ***P<0.001,
two-way ANOVA with Dunnett post-test was performed for comparison with non-TNF-«
control in pre-treated group. (C, D) Immunodetection of cullin 1 neddylation in BV2 cells and
quantification. (E) Decreased cullin 3 neddylation by NAcM-COV in hCMEC/D3 cells. (F) A
bar graph showing quantification of (E) from four independent experiments (mean + SD, n
= 4, *P<0.05, **P<0.01, ***P<0.001, one-way ANOVA with Dunnett’s multiple comparison
were performed for the statistical significance). (G)Representative immunodetection of two
independent experiments for DCUN1D1 in BV2 and hCMEC/D3 cells.
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4 Discussion and Outlook

In the current study, we provide evidence for the role of the COP9 signalosome subunit
in attenuating neuroinflammation and stroke in vitro and ex vivo. We observe that
MLN4924, a pharmacological inhibitor of NEDD8-activating enzyme (NAE), at least
partially mimicking the hyperactivity of CSN5, reduces microglia and microvascular
endothelial inflammation, protects BBB integrity under hypoxia conditions, and prevents
oxygen glucose deprivation/reoxygenation-induced neuronal damage. In support of
this finding, inhibiting CSN5 by a recently available small molecule inhibitor of the
CSN5 deneddylase activity results in a disruption of BBB integrity and exacerbates
ischemic outcome. With regards to the mechanism, our findings suggest these effects
are mediated by the deneddylation of cullins, at least in part, owing to the negative

regulation of inflammatory factor expression via the NF-xB pathway.
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Figure 36: Graphical summary of the CSN5 in the neuroinflammation. Induction of brain inflammation
initiates microglia activation, BBB disruption, neuronal damage, and also leads to cytokine
secretion and leukocyte infiltration. Based on the deneddylation function of CSN, mimicking
hyperactivity of CSN5 by MLN4924 can reduce microglial and endothelial inflammatory
signaling, BBB permeability and neuronal death. On the contrary, inhibition of CSN5 activity
accelerates inflammatory processes. The scheme was generated with BioRender.
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4.1 Expression Levels of CSN Subunits

Previous studies demonstrated that the CSN is essential for mouse embryonic develop-
ment. Using knockout technology, targeted disruption of CSN subunits led to embryonic
lethality [223-226]. CSN8 is the only subunit that has been looked at in embryo
development, and it is expressed throughout the whole early mouse embryo develop-
ment, starting from zygote, preimplantation embryos, continuing to post-implantation
embryos, predominantly located in the inner cell mass of E3.5 blastocyst and highly
expressed in E9.5 embryos [227]. In humans, CSN5 and CSN6 are observed in a variety
of human cancers including breast cancer [228], glioblastoma [229], hepatocellular
carcinoma [230], ovarian cancer [231] and pancreatic carcinoma [232]. However, the
expression levels of CSN subunits in normal tissues of mice and humans have so far not

yet been systematically studied and documented.

In this thesis, we have collected the gene expression profiles of CSN5 from GTEx
Analysis Release V8 and staining data of CSN5 in human brain from the Human Protein
Atlas (figure 11). In agreement with human results, two sets of scRNA data of mouse
pups at p0 and adults from Gene Expression Omnibus (figure 13) were analyzed and
revealed that the CSN subunits in both mouse and human brain are highly expressed
and display little cell specificity. This is an agreement with our hypothesis and previous
research by many other laboratories that the COP9 signalosome is found in all eukaryotes
and is essential for mammalian development [51]. Subsequently, the scRNA analyses
also suggested that CSN subunit levels remain comparable upon LPS challenge (figure
13D, E). This is, however, distinct from upregulated translation levels of CSN5 in
atherosclerotic endothelium [85] and cancer tissues (described in the last paragraph)
suggesting further studies on the protein level in inflamed brain tissue. Also, recent
studies into mRNA-protein relationship have shown a poor correlation between mRNA
and proteins with merely hovering around 40% explanatory power [233, 234], and this
would argue for an exploration of the correlation between mRNA and proteins of CSN

subunits in future research.
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4.2 MLN4924 and CSN5i-3 in Microglia

Over the last decade, CSN has been suggested to play a significant role in the modulation
of multiple cancers by regulating cell cycle control, signal transduction as well as
apoptosis [235, 236]. This has led to the potential use of CSN as a biomarker and
therapeutic target for cancer patients [237]. Thereby, MLN4924, a neddylation inhibitor,
as mentioned in the result chapter, has been discovered and tested to exert excellent
anti-tumor effects by initiating apoptosis induction, senescence as well as autophagy via
antagonizing NEDDS8-related protein degradation [238]. Similarly, but differently in
relevant respects, CSN5i-3, a CSN5 inhibitor has been later found to suppress tumour
cells and growth of human xenografts in mice [239]. Furthermore, the role of the
CSN as a control hub for CRLs has been studied in inflammation and cardiovascular
diseases such as atherosclerosis and cardiomyopathy [103, 186, 240]. Some recent
studies linked CSN with some mediators, leading to regulate stroke outcome. For
example, CSN3 stabilising suppressor of cytokine signaling 3 (SOCS3) could restrict
neuroinflammatory responses during ischemia [179], and MLN4924 may be beneficial
in stroke [241]. However, the role of CSN in microglia-associated neuroinflammation

and stroke including the involved mechanisms remain mostly unknown.

In this regard, our study fills an important research gap as to how, mechanistically;
the CSN mediates neuroinflammation and stroke. In line with our previous study on
macrophages in the context of atherosclerotic inflammation [103], Tnf-«, Il-6, and Ccl2
mRNA expression levels were potently suppressed by MLN4924 in microglia (figure 18),
indicating that MLN4924 treated microglia produce lower levels of pro-inflammatory
cytokines. Additionally, these pro-inflammatory cytokine expression is elevated in
cerebral ischemia and they usually represent M1 type microglia, which would contribute
to neuronal apoptosis [242, 243]. Therefore, our results suggest neuroprotective effects

of CSN5 by reducing microglial inflammation.

Another important characteristic similarity shared between microglia and macrophages
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is their ability to phagocyte. Upon central nervous system injury, such as stroke, phagocy-
tosis is initially performed by microglia and then followed by the recruited macrophages.
Phagocytosis of apoptotic cells with an “eat-me” signal and the removal of damaged
myelin may be beneficial, as it prevents release of cytotoxic and promotes axon regen-
eration and remyelination [202, 241]. However, live neurons may be phagocytosed
by microglia. For example, in peri-infarct ischemia area, inflammation induces the
reversible exposure of the neuronal “eat-me” signal phosphatidylserine, leading to the
phagocytosis of stress-related but still living neuronal cells and resulting in brain at-
rophy and motor dysfunction [29]. A similar phenomenon has also been shown in
other studies. Bal-Price’s group noticed that rapid phagocytosis of dead or dying cells
leads to disappearance of neurons without any increase in apoptotic or necrotic cells,
and with a mere blockade of this phagocytic activity despite the ongoing inflammatory
condition, more neurons survive rather than die [244, 245]. Therefore, preventing
loss of viable brain tissue in the peri-infarct areas and reducing neuronal death in the
inflammatory process by blocking microglia phagocytosis is beneficial. Our observation
that MLN4924 reduces TNF-a induced microglia phagocytic activity (figure 16), and
particularly, that SCF-dependent ubiquitylation and proteasomal degradation mediate
phagocytosis has been shown before [246]. As a consequence of MLN4924 reducing
and CSN5i-3 increasing neuronal death upon OGD/RO (figure 29), CSN5 controlling

microglial phagocytosis activity might be a potential therapeutic target for stroke.

Considering the cell culture system, microglia cultures, including primary microglia,
human immortalized microglia (e.g. HMO®6), retroviral immortalized microglia (e.g.
BV2) and spontaneously immortalized rodent microglia (e.g. HAPI cells), are very
commonly used to examine neuroinflammatory phenomena [247]. In this thesis, we
have used BV2 cells and primary microglial cells. Primary microglia were extracted
directly from pO-p1 mouse pups, having similar functional characteristics comparable to
the endogenous cells, including secretory products and cell surface markers [247, 248].

Especially in AD studies, it has been shown that in vitro primary microglia contribute to
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the same amyloid-3 clearance by its phagocytic ability, and this is due to the amoeboid
state of microglia which is the only type from the isolation procedure[249]. The
amoeboid microglia are usually the M2 state microglia acting as an anti-inflammatory
type, with the function of ingesting cell debris, promoting tissue repair, as well as
releasing neurotrophic factors. Additionally, amoeboid state in vitro can be changed
only by stimulation with agents, such as retinoic acid [250]. Considering this limitation
and the time consuming preparation (14 days) in primary microglia, we have only
used pure primary microglia for the phagocytosis assay, but an immortalized cell line,
BV2 and mixed brain cells for the other experiments. BV2 cells have been originally
generated from primary microglia cells by infecting a v-raf/v-myc carrying retrovirus
(J2) [251]. An assessment of BV2 cells for microglial markers showed a 90% positivity
rate for non-specific esterase activity, all lacked peroxidase activity, as well as similar
phagocytic ability [251], and BV2 cells have been positively used in a lot of studies
related to brain disorders. However, in some stimulatory respons, BV2 cell line shows
similar activities to primary microglia, yet not to the same extent [252]. In our study,
the percent phagocytosis of BV2 cells is 20%, which is similar to others’ [253]. The
isolated primary microglia were observed with higher phagocytic capacity in this study
within the same incubation time (all cells had uptaken beads, result not shown here),
so we have shortened the experiment time. This higher phagocytic capacity of primary
microglia has also been shown before [254]. So the phagocytosis experiment was
shortened in primary microglia, and the results are similar to some studies as well [255].
Moreover, the BV2 cell line is only for the in vitro murine model. Together, it would be
important to extend the experiments of MLN4924 and CSN5i-3 to human immortalized

microglia and mouse in vivo in the future.

4.3 The CSN and NF-xB Signaling Pathway

NF-xB encompasses a group of five structurally related inducible transcription factors:

NF-xB1 (also known as p50), NF-xB2 (also known as p52), RelA (also known as p65),
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RelB, and c-Rel [256]. These family members form as hetero- or homo- dimers that
transactivate a large array of genes by interacting with a kB enhancer. Given normal
condition, NF-xB is sequestered in the cytoplasm under the control of a family of
inhibitory proteins, including IxBs [257]. When cells are exposed to a multitude
inflammatory stimuli, NF-xB can be activated through two distinct pathways: the
canonical (also known as classical) and noncanonical (also known as alternative) [257].
The canonical NF-xB pathway can be activated by diverse stimuli, including TNF-ac and
IL-1. When canonical NF-xB is activated, IKK rapidly phosphorylates IxB leading to an
IxB ubiquitination and proteasomal degradation, which releases the NF-xB dimer into
the nucleus for gene transcription. Importantly, IxB-« ubiquitination is done through
the SCFPT®P_.CRL. Thus, IxBa is a CRL substrate [210], and this links the CSN to the
NF-xB pathway. Additionally, past studies outlined the involvement of CSN in NF-kB
activation in endothelial cells, myeloid cells, T cells, Hela cells, cardiomyocytes, cardiac
fibroblasts, and MLN4924 reduced NF-kB signaling in B-cells, cervical cancer cells,
myeloid leukemia cells, and macrophages [83, 103, 176, 186, 258].

Moreover, since it was first observed that the expression of RelA/p65 and NF-xB1/p50
was enhanced in human cerebral infarction [259], NF-xB has always been considered a
central modulator of neuroinflammation and stroke. For example, IKK/NF-xB dependent
microglia activation elevates kainic acid-induced neuronal death through the induction
of inflammatory mediators [260]. Hence, we assumed that MLN4924 treated microglia
and endothelial cells express lower levels of pro-inflammatory cytokines and adhesion
molecules, respectively, are partially due to the NF-xB pathway. MLN4924 rapidly
accumulates phosphorylation of IxB-a and blunts RelA/p65 nuclear translocation, and
thus indeed blocked NF-xB activation. Additionally, MLN4924 had no effect on the basal
NF-xB levels (figure 19A).

On the other hand, the role of CSN in the fine-tuning of NF-xB is also checked by
silencing and inhibiting CSN5. Although whether steady levels of 1xB-« interfered with
the CSN is controversial, CSN2 and CSN5 knockdown increased basal IxB-« in HeLa
cells, but decreased in thymocytes and HUVECs [85, 258, 261]. Our data show that
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silencing CSN5 resulted in a reduced 1xB-« and increased p65 activation, suggesting
a cell-specific reason. However, knockdown and inhibition of CSN5 both reduced the
re-accumulation of the CRL substrate IkB-« after its TNF-a-induced degradation, and
this is comparable to the results that were obtained in HeLa cells during CSN2 and

CSN5 knockdown and CSNS5 silencing in HUVECs [85, 261].

4.4 Neddylation Independent Activities of MLN4924

We observed that MLN4924 blocked TNF-a-induced activation of the MAPK pathway in
microglia and microvescular endothelial cells, and this contributes to the inhibition of
inflammatory cytokines expression along with the NF-xB pathway. Similar phenomena
were observed in a pulmonary fibrosis study, where MLN4924 was confirmed to act
against bleomycin-induced pulmonary fibrosis by abrogating NF-xB responses, MAPK
activity and the secretion of TNF-a-induced proinflammatory cytokines and MCP1-
elicited chemokines [262]. In terms of the mechanism, this might be due to the recently
discovered activities of MLN4924 which are independent of the well-characterized

blockade of neddylation activity. These activities are listed as follows:

MLN4924 triggers epidermal growth factor receptor (EGFR) activation through EGFR
dimerisation and furthermore targets its downstream signalling pathways including
RAS/RAF/MEK/ERK and PI3K/AKT1/mTOR pathways, resulting in raised tumor sphere
formation, accelerated EGF-regulated wound healing, as well as inhibited ciliogenesis

[263-265].

Extracellular acidification rate (ECAR) is an indicator for measuring glycolytic activity.
MLN4924 was found to increase ECAR, cellular utilization of glucose, production of
glycolysis and its products (pyruvate and lactate), as well as to affect energy metabolism.
Concerning the mechanism, this is via MLN4924 function in enhancing pyruvate kinase

M2 (PKM2) tetramerisation [266].
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MLN4924 reduces IL-17A-regulated activation of NF-xB signalling pathway to attenu-
ate pulmonary inflammation through two possibilities. One is that MLN4924 stabilizes
IxB-a (a CRL1 substrate mentioned in the last section). The other one is that MLN4924
blocks the binding between NF-xB activator (ACT) 1 and tumor necrosis factor receptor-
associated factor (TRAF) 6, yet how MLN4924 targets this protein-protein interaction

remains unclear [267].

Using a luciferase-based reporter analysis and a ChIP-based DNA binding analysis,
MLN4924 was found to inhibit interferon regulatory transcription factor (IRF) 3 interac-
tion with the interferon-5 (IFN-/3) promoter to reduce the production of IFN-/ in mouse

peritoneal macrophages and in vivo [268].

MLN4924 itself or together with TNF-related apoptosis-inducing ligand (TRAIL),
initiates apoptosis to decrease cell survival. MLN4924 induces the activation of the
c-Jun N-terminal kinase (JNK) pathway, and JNK activation downregulates cellular
FLICE-inhibitory protein (c-FLIP) which suppresses apoptosis. Therefore, MLN4924
promotes TRAIL-triggered apoptosis. [269].

4.5 CSN in the BBB Integrity

Fundamentally, the microvascular endothelial cell is a key component of the BBB which
controls CNS homeostasis, and the dysfunction of the BBB is strictly associated with
pathophysiology disorders including stroke [270]. In order to study the BBB in vitro,
we have chosen the brain microvascular endothelial cell line hCMEC/D3 which is grown
relatively easily, reproducible, and more importantly, it is closely mimicking the in vivo
phenotype. This cell line was developed in 2005. The cerebral microvessel endothe-
lial cells were derived from human temporal lobe microvessels and the microvessels

were originally collected from tissue excised in the surgery for epilepsy control, and
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transduced by lentiviral vectors incorporating human telomerase or SV40 T antigen. Ac-
cording to which stable immortalized clones were selectively isolated by limited dilution
cloning, one was selected for expression of brain endothelial markers [271]. Since then,
hCMEC/D3 has been studied on different aspects of brain microvascular endothelial
biology and pharmacology [272]. In the later studies, monolayers of hCMEC/D3 are
detected positive for adhesion and tight junction proteins including VE-cadherin, and if
grown as confluent monolayers show restricted permeability to different hydrophobic
and hydrophilic low molecular weight compounds such as lucifer yellow [271, 273].
Together, this makes hCMEC/D3 a suitable tool for our study. There are, however,
shortcomings, and one is that monolayers of hCMEC/D3 develop a mere low to medium
value of transendothelial electrical resistance (TEER), around 30-50 Qcm? in multiple
reports [272], also in this study (around 30 Qcm?), but the TEER levels of BBB in vivo
are above 1000 Q2cm? [274]. Therefore, a future direction to increase the TEER levels
and to get closer to an in vivo environment is to co-culture hCMEC/D3 with other cells,

such as astrocytes.

Our data revealed that OGD/RO elicites a BBB hyperpermeability, and neddylated
cullins by CSN5-i3 renders the weakened barrier more vulnerable. Conversely, blockade
neddylation cullins by MLN4924 protects the BBB integrity upon OGD/RO. By contrast,
a previous study demonstrated that MLN4924 increases HUVECs permeability in a time
dependent manner via the cullin-3-Rbx1-KCTD10 complex regulating K63 ubiquitination
of RhoB [275]. Knock-down of Cullin-3 by siRNA and long treatment (72 h) with
MLN4924 would deplete VE-cadherin protein localized at the cell membrane. Short
term treatment with MLN4924 combined with drug increased RhoB also leads to a
higher permeability of the cultured HUVECs [275, 276]. Additionally, disrupted cullin
neddylation in the opposite way by CSN5-i3 induced expression of RhoB as well [276].
Hence, they concluded that Cullin-3 is the key regulator of RhoB degradation and
HUVEGs integrity. Another study identified that Cullin-2-Rbx1-SRS is the key regulator

of RhoB degradation in liver cancer cell line [277]. Together, these studies indicate a

79



4.6 CSN in Stroke

tissue-specific activity of cullin isoforms as well as substrate receptors. In particular, these
light up our future approach to the time course of the MLN4924/CSN5-i3 treatment
and microvascular endothelial cells specific CRL-substrate related to the permeability:.
Nevertheless, our finding is more alike to a HMEC-1 cell study in which MLN4924
ameliorated barrier dysfunction induced by LPS [180] and MLLN4924 prevented oxidized
low-density lipoprotein (OxLDL)-induced HAEC dysfunction [278]. On one hand, this
is in agreement with the previous studies, suggesting a cell specificity or a different
CRL substrate manner. On the other hand, our study is focusing on the OGD/RO later
time point (6h), and the delayed BBB leakage is mainly contributed to the gelatinase
B/MMP-9 activity [279, 280]. MLN4924 was shown to repress MMP9 and inhibitors of
MMP9 reduced barrier leakage 4-6 post OGD, indicating that regulating MMP9 through
NEDDylation may be a target for the BBB integrity loss in stroke [280]. However, there
are some limitations to the current study: An early leakage time study is needed, and in
the chronic stage of ischemia, MMPs participating in tissue repair ought to be considered

in the future research.

4.6 CSN in Stroke

4.6.1 CSN in Primary Neuronal Cells

To shed some light on the initial effect of CSN in stroke, we first investigated whether
CSN has impacts on neuronal cell death triggered by OGD/RO. Although neuronal
cell lines are commonly applied to investigate neurobiology and neurotoxicity, and
much easier to handle compared to the primary neuronal cells, there remain some
differences to neurons in vivo and disadvantages of the immortalized neuronal cells
lines. For example, such cell lines are easily induced to display physiological differences
comparing to the original cell which they were derived from [281, 282]. Therefore,
we decided to use more genetically stable neurons, the primary neuronal cells for our
model, and using a classic lineage-specific marker for neuronal cells, 5-tubulin-III, to

check the purity of the culture [282].
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Oxidative injury, which indicates to an excessive generation of ROS, is the funda-
mental pathogenesis of ischemic stroke [283], and this can be mimicked in cultured
neuronal cells by an OGD/RO procedure [284, 285]. In this thesis, OGD/RO enhanced
neuronal death, and MLN4924 markedly attenuated neuronal death upon OGD/RO.
This protective function of MLN4924 has been shown before in a previous study where
MLN4924 significantly reduced H,O,-induced cerebellar granule neurons damage. This
cytoprotective effect of MLN4924 functions through diminishing the ROS production by
the accumulation of nuclear factor E2-related factor 2 (Nrf2) protein [178]. Nrf2 was
shown to be one of the master mediators of endogenous antioxidant defense. Under
normal circumstances, Nrf2 is restricted by the Cullin-3-Rbx-1-Keap-1 with a short
half-life of less than half an hour [286]. But in response to oxidative stress, Nrf2 then
become dislocated from Keapl, and enters the nucleus, heterodimerises with small
musculo-aponeurotic fibrosarcoma (Maf) proteins, interacts with ARE and triggers the
transcription of a battery of antioxidative genes [287]. In addition to the study which
Cullin-3-Rbx-1-Keap-1 regulates Nrf2, recent studies revealed a novel pathway for Nrf
degradation which function under some circumstances such as oxidant or electrophilic
injury, and are controlled by Cullin-1-3-TrCP ligase [288]. Notably, these “dual degrada-
tion” pathways are both controlled by the CRLs and thus by the CSN. The role of Nrf2
pathway in stroke as well as the potential clinical interventions of ischemic stroke by
targeting Nrf2 have been studied over the past years, and the controlling role of CSN in
this pathway has been clarified too [289]. However, the connection between CSN and

stroke has not been revealed, and this thesis shows great promise for the future studies.

4.6.2 CSN in Organotypic Slice

Following up on our the observation of CSN in microglia, microvascular endothelial cells
and primary neurons, we used brain slices as an ex vivo model for stroke. The organotypic

slices provide unique advantages comparing to other in vitro and in vivo platforms in that
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they maintain many characteristics of in vivo biology, including the tissue architecture of
the brain and neuronal activities, and simultaneously, they are easy to access and control
precisely, compared to in vivo [290]. Additionally, many pharmacological manipulations
in the studies of neurochemical behaviors in vivo have been shown to be reproducible
in organotypic slice culture [291, 292]. Another consideration is that only two papers
have demonstrated that MLN4924 could pass across the blood-brain barrier by the
effect on glioblastoma or stroke [179, 293], and no evidence yet for whether CSN5-
i3 crossing the blood-brain barrier. Generally, only compounds with a low molecular
weight (<400Da) and lipid soluble molecules may cross the BBB [294]. Even though
MLN4924 and CSN5-i3 are both lipid soluble, but at respective molecular weights of
443.2 g/mol and 505.57 g/mol, the efficiency is unclear of them delivering into the
brain by subcutaneous injection. Overall, the organotypic slice is most suitable for this

study here, in vivo studies are nevertheless required in the next step.

Consistent with the protective role of CSN in vitro and other studies that both neddy-
lation inhibition and CSN3 showed protective function against ischemic stroke [179,
295], we speculate that CSN5 exerts a protective role in the ischemic condition. Our
data demonstrated that the anti-inflammatory and protective BBB effects of MLN4924
were accompanied by reduced neuronal death in the organotypic brain slice culture,

and converse results were observed by CSN5i-3.

Furthermore, we examined the most suppressed pro-inflammatory cytokines upon
MLN4924 in microglia (figure 18), TNF-a. We showed that inhibition of TNF-« by
Infliximab, but not Etanercept, also leads to the reduction of neuronal death, indicating
that MLN4924 offered protection against OGD/RO which partially depends on the
blocking TNF-« level. Anti-TNF-« therapy has been identified clinically for the treatment
of rheumatoid arthritis (RA) [296]. The modulating immune process activity of TNF-«
requires the interaction with its two receptors, TNF receptor 1 (TNFR1) and TNF

receptor 2 (TNFR2) [297]. Currently, there are three anti-TNF-a drugs: infliximab,
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etanercept and adalimumab which haven been proven to suppress RA. The two main
strategies of TNF-« neutralization are monoclonal IgG antibody (e.g. Infliximab, a mouse-
human chimeara monoclonal antibody) and soluble TNF-« receptor (e.g. Etanercept,
a soluble TNFR2-Fc recombinant) [298]. Due to the different structures, the main
functional differences between infliximab and etanercept can be listed as follows: a.
Infliximab binds both active and inactive forms of soluble TNF, whereas etanercept only
binds to the active form [299, 300]. b. Infliximab and TNF-« form stable complexes,
whilst etanercept forms unstable complexes which allow dissociation of TNF-« [299].
c. Etanercept is capable to bind TNF-S [301]. d. Infliximab can lyse cells that express
TNF-a on their surface, but not etanercept [302]. Because of the variation between
those two inhibitors, we have observed only infliximab reduced brain damage during
OGD/RO. This function of infliximab has been shown in a tMCAO mouse model with RA,
where infliximab reduced the stroke infarct volume, increased neurological performance,
and protected BBB disruption [303]. However, there is no comparison between WT
tMCAO mice with and without infliximab in this study. Additionally, two studies have
demonstrated that etanercept showed no effect on the infarct volume of pMCAO mice,
but improved functional outcomes [255, 304]. This is similar to our study, and we may
come to the functional outcomes in the mouse model in the future. One limitation of this
study is the use of DMSO as a control to Infliximab and Etanercept. I1gG antibodies are
able to regulate immune responses through interacting with Fc receptors alone [305],

therefore, an isotype IgG control is more reasonable in this study.

In addition, microglia morphological transformation also plays a role in neuroin-
flammation and pathological progression [306]. When the inflammation starts after
stroke, the activation states change of a microglia will reflect in its morphology change.
Resting/surveilling microglia are highly ramified with long processes and a small soma
[307]. A rapid morphological transformation happens once damage associated molecu-
lar patterns are in the microenvironment. Ramified microglia transform to an amoeboid

cell type in a short time, and the new morphology allows them to migrate to the injury,
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as well as to phagocytose [308]. However, the two classes of microglial shape cannot
present the whole range of microglial morphological changes. Therefore, some tools
for microglial morphological quantification have been created. For example, Liesz’s lab
has developed an automated image analysis tool, which can analyze microglia from
Z-stack 3 dimensions images based on a novel algorithm [309]. This new method and
our microglia phenotypes upon the neddylation states change, suggest future studies to

quantify, identify and elucidate the different roles of microglia.
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5 Summary

Ischemic stroke constitutes one of the main reasons for death and disability globally.
The only pharmacological therapy of acute ischemic stroke is rtPA, and it has a short
administration time window as a limitation. Thus, a minority of stroke patients is able
to benefit from these options, and the majority of stroke patients obtain a poor outcome.
Although a thousand of translational stroke studies have been conducted in the past,
essentially all failed in clinical trials. Therefore, novel strategies for the treatment of
post-stroke pathophysiology are urgently needed.

Microglia-associated neuroinflammation is a crucial pathological event of ischemic stroke,
which causes a secondary damage of the brain and leads to a poor recovery outcome.
Microglia can rapidly undergo different functional and morphological changes due to the
subtle changes in the brain. M1 type microglia are associated with a pro-inflammatory
response, which damages neurons and BBB. In contrast, M2 type microglia produce
anti-inflammatory factors and promote neuronal repair. Thus, modulation microglial
polarization in different stages of ischemic stroke would be a good therapeutic strategy.
Moreover, our previous study showed an anti-inflammatory function of CSN in both
macrophages and endothelial cells. We have also revealed an athero-protective role of

CSN in vivo.

Therefore, the goal of my thesis was to investigate (1) how the expression levels of CSN
subunits in the brain are and (2) whether CSN5 and the CSN exert anti-inflammatory
effects in microglia cells and how they affect the blood-brain-barrier. Moreover, we
were interested to explore (3) if CSN affects BBB leakage and (4) if it exerts protective

activity in ischemic stroke.
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We were able to show that MLN4924, partially mimicking the hyperactivity of CSN5,
reduced microglial and microvascular endothelial inflammation, and this is at least
partially related to its modulation of the NF-xB signaling pathway. Functional assays
showed that MLN4924 also modulated the microglia phagocytic activity and motility,
which are both highly associated with the clearance of neuronal debris and the second
wave of inflammatory response after ischemia. In addition, MLN4924 protected BBB
permeability under hypoxia condition in a hCMEC/D3 model. Correspondingly, inhibit-
ing CSN5 by CSN5i-3 resulted in a disruption of BBB integrity.

After the characterization of the role of the CSN in activated microglia and microvascular
endothelial cells, we focused on the investigation on the ischemic outcome. We detected
that MLN4924 prevented and CSN5i-3 exacerbated OGD/RO-induced neuronal damage,
as determined both in a cell cultue model of mixed neuronal cultures and in an ex vivo
brain organoid model. With regards to the mechanism, our findings suggested that these
effects by deneddylation of cullins, at least in part, is owing to the negative regulation of
inflammatory factor expressioin. Hence, we hypothesized that neutralization of TNF-«
(the most downregulated gene upon MLN4924) by antibodies would also reduce the
neuronal death. We indeed found that one of the two TNF-« antibodies, Infliximab,

significantly improved OGD/RO-induced brain slice damage.

Taken together, our study was able to confirm that mediating microglia-associated
neuroinflammation by the CSN is a potential therapeutic approaches for ischemic stroke.
Nevertheless, future investigations are needed to understand all the mechanisms of the

interaction between CSN and neuroinflammation as well as other post-ischemic events.
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6 Zusammenfassung

Der ischdmische Schlaganfall zahlt global zu den Hauptursachen fiir Todesfille und Be-
hinderungen. Die einzige pharmakologische Therapie akuter ischdmischer Schlaganfalle
ist rtPA - limitiert durch ein nur kurzes Zeitfenster der Anwendung. Diese Option steht
daher nur einem Bruchteil der Schlaganfallpatienten zur Verfiigung und die meisten
Patienten haben daher nur begrenzte Aussichten auf Genesung. Obschon in der Ver-
gangenheit tausende translationale Forschungsvorhaben hierzu durchgefiihrt wurden,
scheiterten alle in klinischen Studien. Daher sind neue Strategien zur Behandlung

pathophysiologischer Veranderungen nach einem Schlaganfall dringend notwendig.

Mikroglia-assoziierte Neuroinflammation ist ein kritisches pathologisches Ereignis des
ischdmischen Schlaganfalls, welches sekundére Schiaden des Gehirns hervorruft und
zu einer nur ungeniigenden Genesung fiihrt. Mikroglia konnen, ausgelost von subtilen
Veranderungen des Gehirns, rasche funktionale und morphologische Verdnderungen
zeigen. Typ M1 Mikroglia sind mit einer pro-inflammatorischen Reaktion assoziiert,
welche Neurone und die Blut-Hirn-Schranke schiadigt. M2 Mikroglia hingegen pro-
duzieren anti-inflammatorische Mediatoren und unterstiitzen neuronale Reparaturmech-
anismen. Daher bietet die Modulierung der Polarisierung von Mlkroglia eine gute thera-
peutische Option zu verschiedenen Stadien des ischdmischen Schlaganfalls. Weiterhin
zeigen unsere bisherigen Arbeiten eine anti-inflammatorische Wirkung von CSN sowohl
in Makrophagen als auch Endothelzellen. Wir konnten auch eine athero-protektive Rolle
von CSN in vivo zeigen. Die Zielsetzung meiner Arbeit war daher (1) die Expression von
CSN Untereinheiten im Hirn zu untersuchen und (2) herauszufinden ob CSN5 und CSN
einen anti-inflammatorischen Effekt in Mikroglia und auf die Blut-Hirn-Schranke haben.
Zudem sind wir daran interessiert herauszufinden ob (3) CSN die Durchlassigkeit der

Blut-Hirn-Schranke beeinflusst und protektive Aktivitdten im ischdmischen Schlaganfall
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zeigt.

Wir konnten zeigen dass MLN4924, welches teilweise die Hyperaktivierung von CSN5
imitiert, die Inflammation von Mikroglia und des mikrovaskuldren Endothels reduziert
und der NF-xB Signalweg dazu beitragt. Funktionale Assays zeigten dass MLN4924
auch die Phagozytose-Aktivitdt und Motilitdt von Mikrogliazellen beeinflusst - zwei
Mechanismen die stark mit der Beseitigung von neuronalen Zelltriimmern in der zweiten
inflammatorischen Welle nach einer Ischdmie verkniipft sind. Zusatzlich bewahrte
MLN4924 die permeabilitdt der Blut-Hirn-Schranke unter hypoxischen Bedingungen.
Dementsprchend fiithrte eine Inhibierung von CSN5 durch CSN5i-3 zu einer Schiadigung
der Integritat der Blut-Hirn-Schranke.

Nach der Charakterisierung von CSN in aktivierten Mikroglia und mikrovaskuladren
Endothelzellen konzentrierten wir uns auf die Untersuchung von Folgeerscheinungen
der Ischdmie. Wir fanden dass OGD/RO-induzierte neuronale Schédden durch MLN4924
verhindert und durch CSN5i-3 verstarkt wurden. Beziiglich eines zugrundeliegenden
Mechanismus deuten unsere Studien darauf hin, dass diese Effekte zuindest teilweise
auf die Deneddylierung von Cullinen beruhen, aufgrund von negativer Regulierung der
Expression inflammatorischer Faktoren. Wir stellten daher die Hypothese auf, dass die
Neutralisierung von TNF-a (das durch MLN4924 am starksten herunterregulierte Gen)
durch Antikorper neuronalen Zelltod ebenfalls reduziert. Tatsachlich konnten wir zeigen
dass einer von zwei TNF-a Antikorpern, Infliximab, die durch OGD/RO induzierten
schiaden in Kulturen von Gehirn-Schnitten mildert.

Zusammenfassend konnten wir in dieser Studie bestitigen dass eine Modulierung der
Mikroglia-vermittelten Neuroinflammation durch CSN einen potenziellen therapeutscher
Ansatz des ischdmischen Schlaganfalls darstellt. Dennoch ist weitere Forschung notwen-
dung um die Gesamtheit der zusammenhénge zwischen CSN und der Neuroinflammation

sowie anderen post-ischdmischen Prozessen zu Verstehen.
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