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Thesis abstract:

Introduction:

The blood-brain barrier (BBB) is a highly specialised and dynamic interface that protects the
central nervous system (CNS) by tightly regulating the passage of molecules between the
circulation and neural tissue. This barrier is primarily maintained by brain microvascular
endothelial cells interconnected through tight and adherens junctions. Among the components
of adherens junctions, vascular endothelial (VE)-cadherin plays a pivotal role in maintaining
endothelial cell—cell adhesion, vascular stability, and BBB integrity. Disruption or
internalisation of VE-cadherin has been implicated in numerous neurological and systemic

disorders, including stroke, inflammation, and Alzheimer’s disease.

The function and stability of VE-cadherin at the plasma membrane are critically influenced by
its phosphorylation status. Protein phosphatase 2A (PP2A), a major serine/threonine
phosphatase, is recognised as a regulator of junctional protein dephosphorylation and
endothelial barrier function. Notably, PP2A has been identified as part of the VE-cadherin
interactome, and previous studies suggest that it contributes to the formation of epithelial tight
junctions and the maintenance of barrier integrity. However, the specific role of PP2A in
regulating adherens junction components, particularly VE-cadherin, at the BBB remains

unclear.

Aims:

This thesis aimed to investigate the role of PP2A in regulating VE-cadherin abundance and the
functional integrity of the BBB using in vitro models of human brain microvascular endothelial
cells. Specifically, the objectives were to (1) determine how PP2A inhibition affects VE-
cadherin abundance and BBB integrity, (2) determine the broader proteomic changes associated
with PP2A inhibition, and (3) determine whether metformin, a PP2A activator, can counteract

these effects.

Methods:

Human brain endothelial cells (hCMEC/D3) were treated with the PP2A inhibitor okadaic acid
(OA). VE-cadherin protein and mRNA abundance, subcellular distribution, and junctional
localisation were analysed using Western blotting, RT-PCR, subcellular fractionation, and
immunofluorescence. Barrier function was assessed by transwell permeability assays. PP2A

activity was quantified with a phosphatase assay, and the involvement of proteasomal or
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lysosomal pathways was tested using MG132 and chloroquine. Proteomic alterations following
OA exposure were examined using microarray analysis and bioinformatic pathway/network
tools. The roles of Rab11A and Rab5A were assessed using siRNA knockdown. The impact of
metformin on PP2A activity and VE-cadherin regulation was evaluated by cytotoxicity testing,

PP2A activity measurement, and time-course analysis of VE-cadherin abundance.

Results:

OA produced a concentration-dependent reduction in VE-cadherin protein (50-70%),
accompanied by its loss from endothelial junctions and a marked increase in paracellular
permeability. These effects occurred without cytotoxicity and coincided with a ~60% decrease
in PP2A activity. VE-cadherin reduction was prevented by proteasomal inhibition and
associated with increased ubiquitination, indicating that OA promotes proteasomal degradation
of VE-cadherin. Proteomic profiling identified 104 proteins altered by OA, highlighting
pathways related to ubiquitination, membrane trafficking, tight junction regulation, and
neurodegeneration. Rabl1A upregulation was detected; however, Rabl1A and Rab5A
knockdown did not prevent OA-induced VE-cadherin loss. Metformin did not restore PP2A
activity or reverse VE-cadherin reduction at 24 hours, although early time-course data

suggested a partial transient attenuation of OA’s effect at 10 hours.

Conclusions:

PP2A plays a critical role in maintaining VE-cadherin stability and BBB integrity. Inhibition
of PP2A disrupts endothelial junctions by promoting proteasomal degradation of VE-cadherin,
leading to increased barrier permeability. These findings reveal a mechanism through which
PP2A dysfunction contributes to BBB impairment. Although metformin showed limited
restorative capacity, early temporal effects suggest that modulating PP2A signalling may offer

therapeutic potential for preserving BBB integrity under pathological conditions.
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Chapter 1

Introduction



1.1The Central Nervous System

The central nervous system (CNS) is regarded as one of the most sensitive systems in the human
body and includes the brain and spinal cord [10]. It is crucial for the regulation and management
of physiological functions, including reception, processing, and reaction to sensory information
[11]. The CNS is enclosed by the axial skeletal bones, with the brain being protected within the

cranial cavity of the skull, and the spinal cord being housed in the vertebral (spinal) canal [12].

1.1.1 The Brain

The brain is an organ of nervous tissue responsible for sensation, movement, emotion and
communication, thought processing, and memory. It is made up of four primary components:
the right and left cerebral hemispheres, the diencephalon, the cerebellum, and the brainstem.
Pathological lesions in the brain can lead to localised neurological impairments as well as
disconnection syndromes, highlighting that the brain operates both as a complex network of

distributed processing and as a set of distinct functionally specialised areas [12].

1.1.2 The Spinal Cord

The spinal cord is located inside the vertebral column and transmits motor signals from the
brain to the peripheral body and conveys sensory data from the sensory organs back to the brain.
The adult spinal cord, also known as the spinal medulla, measures around 45 cm in length. The
spinal cord itself runs from the foramen magnum at the base of the skull down to the first or
second lumbar vertebrae. It functions as a bidirectional pathway connecting the brain and the
rest of the body and is divided into four regions: cervical, thoracic, lumbar, and sacral. These
regions comprise 31 segments, each associated with a pair of spinal nerves. There are 8 cervical
nerves, 12 thoracic nerves, 5 lumbar nerves, 5 sacral nerves, and a single coccygeal nerve. Each
nerve exits the vertebral column through the intervertebral foramina to reach its specific
destination in the body. The spinal cord concludes in a cone-shaped structure known as the
conus medullaris, which is anchored to the coccyx by the filum terminal. Ligaments are present

throughout the spinal column to provide stability from the top to the bottom [12].

The CNS is an extremely sensitive microenvironment, requiring strict homeostatic regulation
to maintain neuronal signalling. In order to do this, physical separation of the CNS from the
rest of the body is required [13]. The CNS is surrounded by three cellular barriers: the blood—
brain barrier (BBB), which separates the blood from the brain interstitial fluid; the choroid
plexus (CP), which is between the blood and the ventricular cerebrospinal fluid (CSF); and the
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arachnoid epithelium (meningeal barrier), which separates the blood from the subarachnoid
CSF (Figure 1.1) [13]. These three cellular barriers regulate compound and nutrient exchange
at the interfaces between the blood and the brain or its fluid spaces. The BBB is the most

important of the three and has received extensive attention as a pharmacological target [13].
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Figure 1.1: A diagrammatic representation of the three cellular barriers that protect the
central nervous system. a) blood-brain barrier, b) choroid plexus and ¢) meningeal barrier

[14].

Over a century ago, Paul Ehrlich (1885) noted that certain active molecules and dyes, when
injected into the bloodstream, quickly spread to various organs, but did not penetrate the central
nervous system, which includes the brain, spinal cord, and retina, due to its high impermeability
to most small molecules. Ehrlich suggested that the CNS environment had unique
characteristics that limited the entry of only a select few circulating substances. These
observations contributed to the development of the blood-brain barrier (BBB) concept [15].

Consequently, the idea of a vascular BBB, serving also as a brain-blood barrier, emerged [16].

1.2 Blood-Brain Barrier

The BBB is a diffusion barrier that is required for normal CNS function [17]. It is a highly
specialised structural and biochemical barrier that controls the entry of blood-borne molecules
into the brain and maintains ionic homeostasis within the brain microenvironment [18]. It is
composed of an endothelial cell membrane that, while semipermeable to O, CO,, water, and
small molecules, prevents pathogens and most macromolecules from entering [19].
Permeability of the BBB is a critical factor requiring consideration when developing new drugs

for CNS diseases [20].



The mechanisms for penetrating the BBB are classified as passive or active. Passive diffusion
allows small, lipophilic molecules to cross the BBB [18] and enter the brain from the luminal
and abluminal membranes. Many unwanted molecules are returned to the circulatory system
by efflux pumps, which regulate passive transport into the brain, while large, hydrophilic, and
highly charged molecules such as proteins and peptides are transported across the BBB via
active routes, including receptor-mediated endocytic transport [21]. In some studies, the latter
was used for efficient drug delivery to target cells. For example, the transferrin receptor (TfR)
and insulin receptor (IR) have been targeted to deliver therapeutic proteins as IgG fusion

proteins via endocytosis [22].

1.2.1 Cells Forming the Blood-Brain Barrier

The blood-brain barrier is made up of blood vessels formed by specialised endothelial cells

(ECs), astrocytes, pericytes, and neurons (Figure 1.2) [20].

Neurons

Figure 1.2: A diagrammatic representation of the structure of the blood-brain barrier

showing key cellular components and the location of tight junctions [13].

1.2.1.1 Brain Endothelial Cells (Endothelium)

The endothelium is the first line of defence between the circulatory system and the brain [23].
Endothelial cells arise from the mesoderm. They are modified simple squamous epithelial cells
that line the surfaces of capillaries [24]. Endothelial cells of the CNS have unique properties
compared with endothelial cells in other tissues that allow them to form tight junctions (TJs),

which greatly limit the paracellular flux of solutes [2, 3, 25]. BBB endothelial cells are



distinguished from peripheral endothelial cells by the absence of fenestrations, low pinocytotic
activity, and the presence of tight junctions [10]. The CNS microvascular endothelial cells are
approximately 39% thinner than endothelial cells from muscle, resulting in a
luminal/parenchymal separation of less than a quarter of a micron [24]. Historically, these
characteristics have been used to define the endothelium as the primary barrier for drug
transport into the brain. Furthermore, brain endothelial cells have an increase in mitochondrial
content, which drives the multiple energy-dependent processes involved in nutrient support and
brain protection [26]. Endothelial monolayers maintain their barrier properties via cell-cell

contacts such as adherents and tight junctions [27].

1.2.1.2 Astrocytes

Astrocytic glial cells represent the most abundant cell type within the brain and are
characterised by their star-like morphology. They reside between neurons, pericytes, and
endothelial cells, and communicate through a network of foot processes. Astrocytes originate
from radial glia and standard brain precursor cells during the late stages of gestation, suggesting
that astrocytes cannot regulate early processes that induce the blood-brain barrier [28]. There
are two types of astrocytes in the brain. Protoplasmic cells are found in grey matter, whereas
fibrillary cells are found in white matter. Astrocytes play a fundamental role in guiding the
migration of developing neurons and in maintaining homeostasis by regulating extracellular
potassium (K*) concentrations and neurotransmitter levels [29]. Following injury to the central
nervous system, astrocytes engage in dynamic communication with adjacent neuronal and
vascular networks, contributing to the clearance of pathological protein aggregates, including
B-amyloid and a-synuclein. During neuronal activity, the generation of action potentials results
in the release of K* into the extracellular milieu. Astrocytes, which express a high density of
potassium channels, function as spatial buffers to mitigate fluctuations in extracellular K*
concentrations [30]. Astrocytes are essential regulators of the BBB, contributing to its
formation and maturation. They enhance tight junctions, modulate transporter expression and
polarity, and support enzymatic activity necessary for BBB function [31-41]. Furthermore,
astrocytes have been shown to induce barrier properties in peripheral blood vessels in
transplantation models and to enhance endothelial barrier integrity in in vitro coculture systems
[38, 41]. Additionally, astrocyte end-feet regulate regional cerebral blood flow through the

release of vasoactive substances in response to neuronal activity [26].



1.2.1.3 Pericytes

Pericytes are multifunctional mural cells found in capillaries, venules, and arterioles that wrap
around endothelial cells [42]. They cover a significant portion of the abluminal endothelial
surface in the CNS [43]. Structurally, they support the microvasculature and provide vaso-
dynamic capacity [44]. Pericytes are distributed throughout the vascular endothelium in
microvascular networks, approximately one for every 5 to 6 brain endothelial cells, and they
establish gap junctions with brain endothelial cells, indicating a close functional connection
[45]. Their strong connection with endothelial cells facilitates the transfer of ions, metabolites,
second messengers, and ribonucleic acids between the two types of cells [46]. Pericytes in the
brain influence the behaviour of endothelial cells, manage inflammation, and oversee the
formation and size of capillaries. Pericytes are essential and multifunctional cells that play a
pivotal role in preserving the integrity of the BBB and maintaining cerebral homeostasis [47].
They contribute to angiogenesis, microvascular stability, and BBB maintenance by secreting
signalling molecules that regulate tight junction formation between endothelial cells and
influence the alignment of astrocytic end-feet [43, 46, 48]. A reduction in pericyte coverage has
been linked to the disruption of endothelial tight junctions, resulting in increased BBB

permeability [47].

1.2.1.4 Neurons

Neurons reside close to the capillaries and form connections with astrocytic end feet near the
BBB. Neurons in the brain are rarely more than 820 pm away from a capillary [49]. Every
neuron has its capillary system. They regulate blood flow and microvascular permeability,
interact with the extracellular matrix, and have the ability to release angiogenesis-stimulating
factors [50]. They also help to maintain the integrity of the endothelial cell monolayer by

assisting in the synthesis and localisation of tight junction proteins [51].

1.3 Blood-Brain Barrier (BBB) Junctional Complex

The BBB junction complex is made up of tight junctions and adherent junctions (Figure 4) [18].

1.3.1 Tight Junctions

Tight junctions at the BBB are protein complexes that create extensive rows of overlapping
junctions between brain microvascular endothelial cells. Tight junctions are located at the

points where the outer surfaces of the plasma membranes of adjacent endothelial cells or the
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same cells come together [52]. Tight junctions begin to form early during the development of
the blood-brain barrier, establishing a barrier that restricts the movement of proteins and

macromolecules during the initial stages of brain development [53].

Tight junctions are composed of three integral membrane proteins, claudin, occludin, and
junction adhesion molecules (JAMS), as well as several cytoplasmic accessory proteins,
including Zonula occludens-1, -2, -3 (ZO-1, Z0O-2, ZO-3), cingulin, and others (Figure 1.3).
The cytoplasmic proteins connect membrane proteins to actin, the primary cytoskeleton protein
responsible for the structural and functional integrity of the endothelium [14]. Tight junctions
are primarily made up of claudins [54]. Tight junctions significantly limit the paracellular
diffusion pathway between endothelial cells for ions and other polar solutes, and they
effectively prevent the passage of macromolecules through this pathway [53]. The regulation
of tight junction protein is based upon protein—protein interactions, post-translational

modification, and cellular localization [26].

Tight
junction

Occludin

VE-cadherin

Adherens
junction

Figure 1.3: A schematic representation of the structural components of adherens and
Tight junctions. Abbreviations: ZO, Zonula occludens; JAMs, junctional adhesion molecules

[13].

1.3.1.1 Claudin

Claudins were first identified by Furuse et a/ [55]. Claudins are integral membrane proteins that
regulate the function of the tight junctions. In mice and humans, a total of 24 claudin family

members have been identified [47]. They are 22 kDa phosphoproteins with four transmembrane
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domains. To form the tight junction seal, claudins bind in a homotypic manner to claudins on
adjacent endothelial cells [56]. In addition, the carboxy terminal of claudins binds to
cytoplasmic proteins such as ZO-1, ZO-2, and ZO-3 [47]. Claudin-5 is a vital transmembrane
protein within tight junctions between brain endothelial cells, playing a central role in regulating
the selective permeability of the blood-brain barrier [57, 58]. Claudin-5 is also involved in
modulating endothelial and epithelial permeability during various pathological conditions,
including inflammation, oedema, trauma, and tumour progression [59]. Furthermore, it is
critically expressed during early angiogenic processes in the central nervous system,

highlighting its importance in both BBB formation and maintenance [60].

1.3.1.2 Occludin

Occludin was discovered in 1993 as the first integral protein found at tight junctions [61] using
immunogold freeze fracture microscopy in chickens [59], and subsequently in mammals [61].
Occludin is a larger phosphoprotein than claudin [62], with a molecular weight of
approximately 60—65 kDa [26]. The expression of occludin is greater in endothelial cells of the

brain than in non-neural tissues [63].

Occludin has four transmembrane regions, two extracellular loops, a short N-terminal and a
long C-terminal cytoplasmic domain. Both the N- and C-termini are located intracellularly [18].
Occludin has a regulatory function and may influence paracellular transport. Occludin and
claudins form heteropolymers and transcellular tracts with selective ion and hydrophilic
molecular transport channels. It may also play a role in maintaining BBB electrical resistance
and in the formation of aqueous pores [47]. As such, occludin acts as a regulatory protein

capable of modifying paracellular permeability [63].

1.3.1.3 Junctional Adhesion Molecules (JAMs)

JAMs are members of the immunoglobulin subfamily with a molecular weight of 40 kDa. JAMs
have the following structural domains: an extracellular domain with two immunoglobulin-like
loops, a single transmembrane domain, and a short intracellular domain. The JAM family of
proteins is divided into two groups based on sequence similarities: First is the closely related
JAM-A, -B, and -C, and second is the more distantly related coxsackie and adenovirus (CAR)-
like membrane protein, endothelial cell-selective adhesion molecule (ESAM), and JAM-4.
Because JAMs are expressed on endothelial cells, epithelial cells, and/or blood cells, they act
as cell-cell adhesion molecules not only between the same types of cells but also between

different types of cells (e.g., leukocytes, platelets, and/or endothelial cells) via homophilic and



heterophilic interactions [64]. Both JAM-A and JAM-C maintain the stability of tight junctions,
while JAM-B maintain the stability of tight junctions by interacting with JAM-C [65]. ESAM
is involved in endothelial cell-cell interactions that are necessary for vascular development and

neutrophil extravasation during the early stages of inflammation [18].

1.3.1.4 Cytoplasmic Accessory Proteins

Cytoplasmic accessory proteins include Zonula occludin proteins (ZO-1, ZO-2, and Z0O-3), as
well as cingulin [47]. ZO belongs to the membrane-associated guanylate kinase family and is
made up of three PDZ domains, one SH3 domain, and a guanylyl-kinase domain (GK). ZO
proteins interact directly with many transmembrane proteins, including occludin, claudins, and
JAM. ZO proteins are involved in both signal transduction and transcriptional modulation. ZO-
1 is a 220 kDa phosphoprotein that associates with the C-terminus of claudins via its PDZ-1
domain and connects to JAM via PDZ-2 and -3 domains, and occludin via the GK domain. ZO-
1 binds to the actin cytoskeleton via its C-terminus. This interaction is critical for tight junction
stability and function; dissociation of ZO-1 from the junctional complex frequently results in
increased BBB permeability. ZO-2 is a 160 kDa phosphoprotein that shares sequence homology
with ZO-1. Because ZO-2 is redundant with ZO-1, it can be used to replace ZO-1 in the
formation of a morphologically competent tight junction. ZO-3 is a 130 kDa phosphoprotein

with a sequence and domain organisation like ZO-2 [65].

1.3.2 Adherens Junction

Adherens junctions (AJs) are complexes that facilitate adhesion between cells, playing crucial
roles in both embryonic development and the maintenance of tissue integrity [66-68]. It is a
family of transmembrane cadherin proteins (epithelial (E), neuronal (N), placental (P), vascular
endothelial (VE), and others, named after the tissue where they were first described) that
interact in the extracellular space in a homophilic, calcium-dependent manner to physically link
cells together [69]. Adherens junctions are responsible for a variety of functions, including cell-
cell adhesion initiation and stabilization, actin cytoskeleton regulation, intracellular signalling,
and transcriptional regulation. Interactions between transmembrane glycoproteins of the
classical cadherin superfamily, such as E-cadherin, and catenin family members such as p120-
catenin, f -catenin, and o-catenin, form the core of the adherens junction. These proteins
collaborate to control the formation, maintenance, and function of adherens junctions. The
major adhesive protein of the adherens junction, vascular endothelial cadherin (VE-cadherin),

is specific for vascular endothelial cells [70] and is discussed in more detail below.



1.3.2.1 Cadherins

Vascular endothelial (VE)-cadherin also known as cadherin 5 or CD144, is a structural
component for brain vascular integrity, and therefore is the primary target of BBB breakdown
signalling events [71]. It is an endothelial adhesion molecule found exclusively at endothelial
cell junctions [72] that acts as an endothelial cell adhesion zipper. VE-cadherin is made up of
five extracellular domains, a transmembrane domain, and a cytoplasmic domain (Figure 4).
Each domain is constructed from a seven-stranded beta barrel fold. One such strand is the A
strand, which allows two VE-cadherins from adjacent endothelial cells to connect via the
extracellular domain 1. In addition to maintaining endothelial to endothelial cell contact, VE-
cadherin also regulates cell proliferation and apoptosis, and modulates the function of vascular
endothelial growth factor receptors [73]. VE-cadherin plays a crucial role in regulating the
permeability of the endothelial monolayer and in the process of angiogenesis [74]. It also

facilitates the initial stages of vascular linking and fusion [75, 76].

The VE-cadherin multimers connect to the actin cytoskeleton through several accessory
molecules (primarily B- and pl120-catenins), which in turn interact with the actin-binding
proteins a-catenin, vinculin, and eplin (Figure 1.4). The dephosphorylation of B-catenin and the
mobility of VE-cadherin aid in the stabilisation of endothelial cell-cell junctions. y-Catenin
(also known as plakoglobin) is another accessory protein that can directly interact with VE-
cadherin. With regard to p120-catenin, the juxtamembrane domain, which interacts with VE-
cadherin, is a key regulator of VE-cadherin expression, trafficking, and stability at the plasma

membrane [72].

Interestingly, several serine/threonine and tyrosine phosphatases are part of the VE-cadherin
interactome. Vascular endothelial protein tyrosine phosphatase (VE-PTP), src homology
protein tyrosine phosphatase 2 (shp2), protein phosphatase 2A (PP2A), density enhanced
protein tyrosine phosphatase 1 (DEP-1/CD148), and protein tyrosine phosphatase 1B (PTP1B)
appear to directly stabilize VE-cadherin based adhesion. These enzymes dephosphorylate VE-

cadherin and associated catenin which strengthens cell-cell adhesion [72].
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Figure 1.4: A schematic representation of key proteins interacting with VE-cadherin.
Abbreviations: PP2A, protein phosphatase 2A; VE-cad, VE-cadherin; VE-PTP, Vascular
endothelial protein tyrosine phosphatase; PTP1B, protein tyrosine phosphatase 1B; shp2, src
homology protein tyrosine phosphatase 2, a-cat, a- catenin; PB/y -cat, B/y -catenin; Vinc,
vinculin; cdc42, cell division control protein 42 homolog; CCMI, cerebral cavernous
malformation protein 1; DeP1, density enhanced protein tyrosine phosphatase 1; eB3, end
binding protein 3; FGFR, fibroblast growth factor receptor; PAR3/6, partition defect protein
3/6; Pi3K, phosphoinositide 3 kinase; PKC, protein kinase C; PTP1B, protein tyrosine
phosphatase 1B; Tiam, T-cell lymphoma invasion and metastasis; veGFR2, vascular

endothelial growth factor receptor 2 [72].

1.3.2.2 Catenin Family Members
1.3.2.2.1 P120-Catenin

p120-Catenin was initially discovered as a substrate for Src-tyrosine receptor kinase and was
later identified as a member of the catenin family based on sequence homology to an armadillo
domain of B-catenin. There exist four isoforms of p120 that arise from post-translational
modifications or various internal translation initiation sites. pl20-catenin contains eight
tyrosine phosphorylation sites [77] and eight serine/threonine phosphorylation sites [78].
Within the juxtamembrane domain, pl120-catenin binds VE-cadherin via a highly conserved
octapeptide sequence (YDEEGGGE). The association of p120-catenin with the juxtamembrane

domain of VE-cadherin stabilizes VE-cadherin at the plasma membrane during cell-cell contact
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formation [79]. p120-catenin also regulates the turnover of cadherin at the cell surface, thereby
controlling the amount of cadherin available for cell-cell adhesions [78]. p120 plays a crucial
role in the immune response and inflammatory reactions of organisms [80, 81]. p120 also plays
various physiological roles, including the preservation of epidermal physiological function
[82], regulation of signal transduction [83, 84], embryonic development [85-87] and mitigation
of pulmonary fibrosis [88]. p120-catenin also acts as a modulator of cell movement via the actin

cytoskeleton by engaging with Rho family GTPases [89].

1.3.2.2.2 B-Catenin

B-catenin, referred to as Armadillo in Drosophila, is an essential structural component of
cadherin-mediated adherens junctions and functions as the main nuclear effector in the
canonical Wnt signalling pathway inside the nucleus [90]. B-catenin was first discovered in
Drosophila as the segment polarity protein armadillo, which has 13 repeats of a 42 amino acid
armadillo domain that forms a triple helix. The B-catenin protein, composed of 781 amino acid
residues in humans, features a central region (residues 141-664) containing 12 imperfect
Armadillo repeats (R1-12), which are bordered by distinct N- and C-terminal domains, referred
to as NTD and CTD, respectively. Near the CTD, there is a specific conserved helix (Helix-C)
situated close to the final Armadillo repeat (residues 667—-683) [91]. The N-terminal domain
and the C-terminal domain exhibit structural flexibility, while the central section maintains a
more stable scaffold. This scaffold acts as a site for interaction with numerous B-catenin binding
partners, both at the membrane, in the cytoplasm, and within the nucleus [92]. B-Catenin can

move back and forth between the nucleus and the cytoplasm [93, 94].

B-Catenin functions as a protein in adherens junctions, connecting adherens to the actin
cytoskeleton [95] and a transcription factor that is crucial to the Wnt signalling pathway [90,
96]. The function of B-catenin is modulated through phosphorylation events under the control
of various kinases. For instance, when E-cadherin is phosphorylated, it gains a negative charge
that enhances its interaction with the positively charged central cavity of B-catenin. This
phosphorylation-dependent interaction also enables B-catenin to associate with the C-terminal
cytoplasmic domain of VE-cadherin [97-99]. Phosphorylation of B-catenin often causes a
weakening of the cadherin-f-catenin interaction, directing B-catenin into signalling mode.
Casein kinase II (CKII) and glycogen synthase kinase-3 (GSK-3) phosphorylate three serine
residues in the cadherin cytoplasmic domain (Ser®®*, Ser®®, Ser®?), resulting in additional
interactions between B-catenin and VE-cadherin and a significant increase in the affinity of the

interaction [79].
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B-catenin, a key component of the canonical Wnt signalling pathway, plays a crucial role in
regulating angiogenesis within the central nervous system and maintaining the integrity of the
blood-brain and blood-retina barriers [99]. This signalling pathway is essential for BBB
development, primarily by promoting the expression of tight junction proteins and transporters
in brain capillaries. Dysregulation of Wnt/B-catenin signalling has been associated with BBB
disruption in various neurological disorders, including multiple sclerosis, stroke, Alzheimer’s

disease, Huntington’s disease, bipolar affective disorder and brain tumours [100].

1.3.2.2.3 a-Catenin

a-Catenin is a key mechanosensitive scaffold protein that connects the cadherin—catenin
complex to the cortical actin cytoskeleton at adherens junctions [101, 102]. a-Cat was identified
in 1984 by Vestweber and Kemler as a 102 kDa protein linked with the adhesive molecule E-
cadherin, which was initially called uvomorulin [103, 104]. a-Catenin can exist as a monomeric
or homo-dimeric protein. a-Catenin binds monomeric -catenin but not actin. Homo-dimeric
a-catenin, on the other hand, binds actin filaments but not B-catenin [79]. The a-catenin family
includes four members, aE-catenin, aN-catenin, oT-catenin, and a-cat, all of which play crucial
roles in cell development and differentiation. a-cat engages with proteins like Ajuga, potentially
connecting cell adhesion with signalling within the nucleus [105]. The binding of a-catenin
maintains f-catenin in its hinged configuration, allowing for simultaneous binding of E-
cadherin [97, 106]. Reduced levels of E-cadherin and a-catenin proteins have been documented
as a common feature in several human cancers [107-109], with a decrease in o-catenin

associated with cancer progression due to diminished cell-cell adhesion [110].

1.4 Protein Phosphatases

The substrate specificity and catalytic mechanism of protein phosphatases are used to classify
them. The two major families of protein phosphatases are protein tyrosine phosphatases and
protein serine/threonine phosphatases. These families have several subfamilies with multiple
members within the superfamily. Based on structure and gene sequence, the protein tyrosine
phosphatase family is divided into three main families (Class I-III) with several sub-families.
In contrast, protein serine/threonine phosphatases are subclassified into three structurally
distinct families: phosphoprotein phosphatases, metal-dependent protein phosphatases, and

aspartate-based phosphatases [111].

One of the key members of the phosphoprotein phosphatases family is protein phosphatase 2A
(PP2A), which accounts for 30-50% of all cellular dephosphorylation events [112]. PP2A is a
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serine/threonine phosphatase that is highly conserved and universally expressed across
eukaryotic cells [113] and regulates a variety of cellular processes, including protein synthesis,

cell growth, cellular signalling, apoptosis, and metabolism [114].

1.4.1 Structure of PP2A

PP2A is made up of three subunits: a catalytic 'C' subunit (PP2A-C), a scaffolding 'A' subunit
(PP2A-A or PR65), and a regulatory 'B' subunit (Figure 1.5). In mammalian cells, the A and C
subunits are mostly found as AC dimers (also known as core dimers) or ABC trimers (also
known as heterotrimers or holoenzymes), with a small fraction as 'free C' subunits that may be
stabilised by binding with other regulatory proteins. For the hydrolysis of Ser/Thr phosphate
esters, the PP2A-C subunit requires the presence of two manganese (Mn2") ions in its active

site.
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Figure 1.5: A diagrammatic representation of the structure of Protein Phosphatase 2A
(PP2A) showing the scaffolding (A), regulatory (B) and catalytic (C) subunits and

isoforms [115].

1.4.1.1 PP2A: Catalytic Subunit

The catalytic subunit of protein phosphatase 2A (PP2Ac) exhibits a globular structure and is
ubiquitously expressed across a wide range of tissues, with particularly high levels observed in
the heart and brain. Its expression (PPP2AC) is regulated at the translational level to ensure
homeostatic levels [116]. The 37 kDa PP2Ac shares a high degree of sequence conservation,
exhibiting 86% amino acid identity between humans and yeast, while also showing 50%
similarity with protein phosphatase 1 (PP1) and 40% with protein phosphatase 2B (PP2B).

PP2Ac is present in two isoforms, Ca and CB, both comprising 309 amino acids and sharing
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97% sequence identity. The Ca isoform is primarily localised to the plasma membrane, whereas
Cp is distributed within the cytoplasm and nucleus. The higher expression level of Co compared
to CP is attributed to its more active promoter and lower mRNA degradation rate [117].
Notably, the C-terminal tail of PP2Ac (residues 304—309: TPDYEL) is highly conserved and

plays a critical role in its interaction with the scaffold and regulatory subunits, including PR61y

[8].

1.4.1.2 PP2A: Scaffold Subunit (PP2A-A or PR65)

The scaffold subunit of protein phosphatase 2A is encoded by two separate genes, PPP2R1A
and PPP2RIB, which give rise to two isoforms: Aa and AP. These isoforms are broadly
expressed across tissues and exhibit approximately 86% sequence homology [118]. The Aa
isoform constitutes the scaffold component in roughly 90% of PP2A complexes, either as part
of the core enzyme or the complete holoenzyme, and is highly prevalent in normal tissues,
representing about 0.1% of the total cellular protein content. In contrast, the AP isoform is
incorporated into approximately 10% of PP2A assemblies, reflecting distinct interaction
preferences with both the catalytic and regulatory subunits [119]. Both Aa and A isoforms are
predominantly localised in the cytoplasm [120].

In its heterotrimeric configuration, the PP2A-A scaffold subunit functions as a structural
platform, facilitating the assembly of the catalytic subunit and promoting interactions with the
regulatory subunit and various substrates. In contrast, within the dimeric complex, PP2A-A
plays a modulatory role by altering the substrate specificity of the catalytic subunit [121]. From
a structural perspective, the scaffold subunit is distinct from the other PP2A components. It
comprises a HEAT (Huntington/elongation/A-subunit/TOR) repeat domain, consisting of 15
tandem repeats, each approximately 39 amino acids in length. Each repeat contains a pair of a-
helices, which are interconnected through inter- and intra-repeat loops. The catalytic subunit
associates with HEAT repeats 11 to 15, whereas the regulatory subunit interacts primarily with

repeats 1 through 10 [122].

1.4.1.3 PP2A: Regulatory Subunit

The regulatory B subunits of PP2A are classified into four distinct families: (1) B/PPP2R2 (also
known as PR55 or B55), (2) B’/PPP2R5 (PR61 or B56), (3) B”/PPP2R3, and (4) B*”’/STRN
(Striatin). Each of these subfamilies comprises between three to five isoforms, along with
additional splice variants, collectively contributing to a repertoire of at least 26 unique B

subunits [111]. The B subunits are considered key regulators of the PP2A holoenzyme,
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functioning primarily as modulators that confer both temporal and spatial specificity to the

enzyme’s activity [123].

1.4.1.3.1 PP2A-B (PR55)

The B55/PRS5 regulatory subunit family comprises four isoforms: o, B, y, and 9.
Developmental regulation of these isoforms has been observed, with B55y expression
increasing and B55p expression decreasing progressively after birth [124]. A defining structural
feature of the B55 family is the presence of tryptophan-aspartate (WD40) repeats, which are
integral to protein-protein interactions and facilitate substrate binding. In neuronal cells, B55a
and B55f are predominantly localised in the cytoplasm, while B55y is associated with the
cytoskeletal compartment [125].

1.4.1.3.2 PP2A-B’ (PR56/PR61)

The B56 regulatory subunit family comprises five isoforms: a, B, v, 6, and €. A distinguishing
characteristic of this family is their ability to undergo phosphorylation and their predominantly
a-helical structure. These isoforms are capable of directly interacting with the PP2A core
enzyme, thereby enhancing its catalytic activity. While the central regions of B56 isoforms
share approximately 80% sequence identity, variability in their N- and C-terminal domains
contributes to differential tissue-specific expression. Subcellular localization of B56 isoforms
is also distinct: B56y is primarily localized in the nucleus, whereas B56a, B56f3, and B56¢ are
predominantly cytoplasmic. PR616 (B569) is distributed in both the nuclear and cytoplasmic

compartments [8].

1.4.1.3.3 PP2A-B” (PR72, PR130) and PP2A-B’” (PR93 or 110)

The B” and B” regulatory subunit families were identified through yeast two-hybrid screening
approaches. The B” family includes the PR72 and PR130 isoforms, which differ primarily in
their N-terminal regions, suggesting that these variants arise from alternative splicing events.
PR72 expression is restricted to cardiac and skeletal muscle tissues, whereas PR130 is
ubiquitously expressed, with particularly high levels in heart and muscle tissues. PR72
possesses two EF-hand-like (EFX) calcium-binding domains, which are essential for inducing
conformational changes that facilitate its interaction with the PR65 scaffold subunit [126].
Functionally, PP2A complexes containing the B subunit inhibit simian virus 40 (SV40)
replication, whereas those incorporating B” subunits promote its replication. Furthermore, the

B” subunit has been implicated in regulating the phosphorylation of the retinoblastoma protein
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p107 in response to UV-induced DNA damage, thereby contributing to the activation of DNA
damage response pathways [127].

1.4.2 Regulation of PP2A

The modulation of protein phosphatase 2A (PP2A) biogenesis, activity, and targeting is a highly
regulated and complex process. Abnormal regulation or inhibition of PP2A activity is strongly
associated with several pathological conditions, particularly cancer [128-130]. Both
pharmacological and non-pharmacological mechanisms can reduce PP2A activity, each
contributing to disease progression through distinct molecular routes [131-137]. Inhibiting
protein phosphatase 2A (PP2A) through pharmacological and non-pharmacological methods
yields different outcomes. For example, pharmacological approaches use small molecules with
varying specificities and toxicities, while non-pharmacological approaches often involve

manipulating the expression of endogenous PP2A-regulating proteins [138] or miRNA [111].

One well-characterised pharmacological inhibitor of PP2A is okadaic acid (OA), which binds
to the catalytic site of PP2A, preventing substrate dephosphorylation. Experimental studies
demonstrate that topical application of OA to mouse skin induces tumour formation, indicating
that pharmacological suppression of PP2A activity can promote oncogenic signalling and
tumorigenesis [139, 140]. Another pharmacological inhibitor, LB-100, selectively inhibits
the PP2A catalytic subunit (PP2Aca) by displacing one of its two essential manganese (Mn**)
cofactors. This disruption leads to enzyme inactivation and sustained activation of downstream
signalling pathways involved in cell proliferation and survival [141]. Although
pharmacological inhibitors like OA and LB-100 are valuable research tools for understanding
PP2A function, their strong inhibitory effects can mimic disease-like conditions where PP2A

activity is pathologically reduced.

Non-pharmacological inhibition of PP2A activity typically occurs through genetic or protein-
mediated mechanisms that affect the enzyme’s structure, regulation, or holoenzyme assembly.
One approach involves knockdown or knockout of the PP2A catalytic subunit, which decreases
overall enzymatic activity and disrupts dephosphorylation processes in cells [142]. In
addition, endogenous protein inhibitors, such as SET (Suvar/Enhancer of zeste/Trithorax, also
known as I12PP2A) and CIP2A (Cancerous Inhibitor of PP2A), play a crucial role in the non-
pharmacological regulation of PP2A [143]. These proteins interact directly with the PP2A
holoenzyme, blocking its catalytic activity while also influencing its assembly, disassembly,
methylation state, and subunit composition. This level of regulation ensures proper control of

PP2A signalling, but overexpression of these inhibitors has been linked to the onset of cancer
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and neurodegenerative diseases such as Alzheimer’s disease [144, 145]. Furthermore, PP2A
activity can also be modulated through post-translational modification (methylation,
phosphorylation, and nitration) of its catalytic subunit, including those that alter enzyme

stability and substrate specificity [146, 147].

1.4.2.1 Phosphorylation

Phosphorylation of a PP2A subunit frequently serves to regulate the feedback [147] loop that
controls phosphorylation. For instance, the phosphorylation of the PP2A regulatory subunit
B566 by PKA enhances PP2A activity [148]. Additionally, the phosphorylation of the PP2A
catalytic subunit (PP2Ac) leads to its transient inactivation. Phosphorylation of PP2Ac at
Tyr307 diminishes phosphatase activity, while methylation at the adjacent Leu309 site
increases its phosphatase activity [149, 150]. These modifications influence the binding of
regulatory B subunits to the PP2A (AC) core enzyme, thereby affecting PP2A's substrate
specificity, targeting, and cellular functions [151]. Furthermore, the susceptibility of PP2A
subunits to modification may be regulated by their interactions with non-subunit proteins. For
example, the binding of p21-activated kinase 1 (PAK-1) to the PP2A holoenzyme induces a
conformational change that leads to a reduction in phosphorylation at Tyr307 [152] and hence

increase in phosphatase activity.

1.4.2.2 SET

The oncoprotein SET, also known as protein phosphatase 2A inhibitor 2 (I2PP2A), acts as a
natural inhibitor of protein phosphatase 2A [153]. It consists of 277 amino acids and has a
molecular weight of around 39 kDa. SET was first discovered in acute undifferentiated
leukaemia, where it appeared as part of a gene fusion involving the CAN gene [154]. The SET
protein interacts directly with the catalytic subunit of PP2A (PP2Ac) via both its N-terminal
and C-terminal regions, thereby suppressing PP2A's phosphatase activity [155]. Importantly,
SET is a highly potent and specific inhibitor of PP2A and does not affect other phosphatases
like PP1, PP2B, or PP2C [156]. To regulate its activity, SET has multiple phosphorylation sites
that undergo post-translational modification [135]. SET-mediated PP2A inhibition is an
important regulatory mechanism in the promotion of cancer initiation and progression in several
types of human leukaemia disease (Figure 9). The biological effect of SET on proliferation and
invasion is mediated by PP2A inhibition via binding with the PP2A catalytic subunits [155],
which activate AKT and ERK [135].
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1.4.2.3 CIP2A

Cancerous Inhibitor of PP2A (CIP2A) is an endogenous inhibitor of the PP2A enzyme and
functions as a human oncoprotein. It contributes to cancer progression by enhancing cell
proliferation, supporting anchorage-independent growth, and promoting resistance to
apoptosis. CIP2A is a 90 kDa protein composed of 905 amino acids [111], and it is commonly
detected in various cancers, including those affecting the lung, breast, oesophagus, and
gastrointestinal tract. Mechanistically, CIP2A directly binds to the PP2A-B56a trimer,
displacing the PP2A-A scaffolding subunit. This interaction allows CIP2A to commandeer both
the B56a regulatory and PP2Ac catalytic subunits, forming a CIP2A-B56a-PP2Ac
pseudotrimer [258]. Additionally, CIP2A interferes with substrate binding by occupying the
LxxIxE-motif recognition site on B56a, thereby blocking access for normal substrates [157].
CIP2A is becoming a significant therapeutic target in cancer (Figure 9). In cancer, it is proposed
that CIP2A inhibits PP2A, which prevents phosphorylation of Akt and maintains Akt in its
phosphorylated (active) state, thus stabilising c-Myc (c-Myc oncogene product), which
supports tumorigenesis [158]. Moreover, decreased PP2A activity in the central nervous
system, which has high expression of CIP2A, may hasten pathological p-syn aggregation, a key

feature in Parkinsons' disease pathogenesis [159].

1.4.2.4 Pharmacological Inhibitors

1.4.2.4.1 Okadaic Acid

Okadaic acid (OA) is one of the most common marine toxins and is a polycyclic ether derivative
of a C38 fatty acid (Figure 1.6) that is produced by several species of dinoflagellates and is

known to accumulate in both marine sponges and shellfish.
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Figure 1.6: Chemical structure of okadaic acid [160].
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Functionally, okadaic acid inhibits several classes of protein serine/threonine phosphatases
including PP1, PP2A, PP4, PP5 and PP6 [161, 162], which play critical roles in the regulation
of essential cellular processes such as growth, division, death, and cytoskeletal structure
maintenance. Within this group of protein phosphatases, OA preferentially inhibits PP2A over
PP1 with an ICso value of 7 nM compared to 126 nM for PP1 [163]. The differences in ICsg
values between these studies likely reflect the assay conditions used, for example, the amount
of both enzyme and substrate employed in an assay. Notwithstanding this, the ICso for PP2A is
approximately 50-500-fold lower than that for PP1 [162, 164]. In the context of this thesis, OA
was used within a concentration range that is relatively selective for PP2A to minimise off
target phosphatase inhibition. Okadaic acid causes significant changes in the phosphorylation
states of many cellular proteins, which can eventually lead to the collapse of regulatory
processes and a variety of cellular disruptions [165]. Okadaic acid is widely utilised as a
research tool because of its tumour-promoting properties (Figure 1.7) and its capacity to inhibit
protein phosphatase 2A (PP2A). Interestingly, research has also demonstrated that okadaic acid
can inhibit the growth of lung cancer cells, both when used alone and in combination with
cisplatin. In rodent models studied, the tumour-promoting effects of okadaic acid and related
compounds are strongly linked to the upregulation of TNF-a gene expression. Endogenous
inhibitors of PP2A, including SET and CIP2A, are critical regulators of cellular function.
Overexpression of these proteins leads to marked suppression of PP2A activity, thereby
promoting tumour development and progression in human cancers. This mechanism parallels
the pathway activated by okadaic acid in rodent carcinogenesis, with TNF-a induction
appearing to serve as a key mediator connecting PP2A inhibition to tumour-promoting activity

[166, 167].
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Figure 1.7: A Schematic illustration of the okadaic acid pathway and the SET/CIP2A
pathway for tumour promotion. Abbreviations: TNF-o, Tumour Necrosis Factor alpha; IL-

1, Interleukin-1; PP1, Protein Phosphatase 1; PP2A, Protein Phosphatase 2A [168].

1.4.2.4.2 LB-100

LB-100 is part of a group of chemically modified cantharidins known to inhibit PP2A through
direct binding to the enzyme [169]. Structurally, LB-100 (3-(4-methylpiperazine-1-carbonyl)-
7-oxabicyclo heptane-2-carboxylic acid) is the first endothall-derived compound to progress

into human clinical trials in patients with relapsed solid tumours (Figure 1.8) [170, 171].
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Figure 1.8: Chemical structure of LB-100 [172].

LB-100 is membrane-permeable and has shown good tolerability in animal models. It functions
as a catalytic inhibitor of both PP2AC and PP5C. In cells, LB-100 inhibits PP2A within the
concentration range from 0.85 to 3.9 uM, and PP5C at comparable or slightly higher
concentrations[141]. Although LB-100 has growing clinical relevance, its reduced selectivity
at pharmacologically relevant doses makes it less suitable as a targeted mechanistic probe in
signalling studies compared to OA. For these reasons, LB-100 was discussed but not chosen as
the primary reagent. Functionally, LB-100 enhances paracellular endothelial permeability by
affecting VE-cadherin-mediated cell—cell adhesion. LB-100 may elevate phosphorylation of
proteins involved in HIF-lo degradation, leading to reduced HIF-lo protein levels and
diminished transcriptional activation of its downstream targets, such as ABCBI [173].
Furthermore, LB-100 decrease DNA repair mechanisms and disrupts key proteins responsible
for cell-cycle checkpoint regulation [171, 174]. It is known to trigger mitotic catastrophe,
especially when used in combination with DNA-damaging agents [143]. LB-100 can enhance
oncogenic signalling and activate cellular stress response pathways [175]. A study by Lu et al.
revealed that combining LB-100 with doxorubicin led to premature mitotic entry and increased
cell death in glioblastoma models [171]. Additionally, co-inhibition of PP2A by LB-100 and
WEEI kinase by adavosertib has shown high cytotoxicity in several cancer types, causing DNA
replication stress, premature mitosis, and cell death [175]. Beyond its effects on cell division,
LB-100 can counteract cancer cell senescence, promote progenitor cell differentiation, enhance

drug delivery, and drive mitotic catastrophe and apoptosis [176].
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1.4.2.5 Pharmacological Activators

PP2A plays a key role in numerous signalling pathways that are critical to the development and
progression of cancer, and it is widely recognised as a tumour suppressor [177]. In many types
of cancer, PP2A activity is reduced or lost. Notably, its dysfunction has been frequently
documented in cancers such as colorectal, breast, oral squamous cell carcinoma, and acute
myeloid leukaemia (AML) [178]. PP2A can be activated through various mechanisms, which
has led to the classification of its activators as direct or indirectly acting [138]. Direct activators,
like Small-Molecule Activators of PP2A (SMAPs), enhance PP2A activity by directly binding
to the PP2A holoenzyme. On the other hand, indirect activators, such as FTY720, work by
interacting with PP2A inhibitors like CIP2A or SET, thereby blocking these suppressors and
indirectly promoting PP2A function. Both types of activators ultimately enhance PP2A activity,
though the specific downstream signalling effects will vary depending on which PP2A
holoenzyme complex is targeted [143, 179].

1.4.2.5.1 SMAPs

Small-molecule activators of PP2A (SMAPs) were developed by modifying FDA-approved
tricyclic neuroleptic drugs, specifically by replacing their basic amine groups with neutral polar
functional groups [180]. These structural changes led to compounds capable of directly binding
to the Aa subunit of the PP2A holoenzyme. Upon binding, SMAPs are believed to induce
allosteric conformational changes that activate PP2A's phosphatase function, resulting in the
dephosphorylation of key signalling molecules [181]. SMAPs can cross the blood-brain barrier
after oral administration and have shown therapeutic potential across various cancers in both
cell-based (in vitro) and animal (in vivo) studies, including in models resistant to standard
therapy. For example, they induce apoptosis and suppress tumour growth in KRAS-driven
transgenic and xenograft mouse models [182]. In addition to their anticancer activity, SMAPs
have shown neuroprotective effects in Alzheimer's disease (AD) models, where they increase
PP2A activity, reduced tau phosphorylation and AB40/42 levels, and preserved synaptic
function and dendritic spine density in the hippocampus of HHcy-AD rats [183]. Furthermore,
combining SMAPs such as DT-061 with the tyrosine kinase inhibitor afatinib has been shown
to more effectively inhibit the PI3K signalling pathway by promoting degradation of the CIP2A,

resulting in enhanced tumour suppression [184].
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1.4.2.5.2 FTY720

Various drugs, chemicals, and peptides such as metformin [185], FTY720 [186], sodium
selenate [187], COG1410 [188], and EHT [189] have been investigated in Alzheimer's disease
models for their ability to activate PP2A, though they do so through indirect mechanisms [190].
Among them, FTY720 (fingolimod, Figure 1.9) is a well-known indirect PP2A activator. It is
a sphingosine-based immunosuppressant that was approved by the FDA for treating relapsing
multiple sclerosis [191]. FTY 720 is the first agent of a novel class of sphingosine-1-phosphate
(S1P) receptor agonists.

H.C
NH, cl
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Figure 1.9: Chemical structure of FTY720 [192].

Originally derived from ISP-I (myriocin) a natural product isolated from Isaria sinclairii, a
parasitic fungus, FTY720 was chemically modified to enhance its immunosuppressive potency
while reducing toxicity [193, 194]. Once inside the body, FTY720 is phosphorylated to form
FTY720-P, a biologically active metabolite that acts as a non-selective agonist for four out of
five S1P receptors. FTY720 activates PP2A by disrupting the interaction between PP2Ac and
its endogenous inhibitor SET, specifically binding to amino acids 177-277 at the C-terminus
of SET. This prevents SET from inhibiting PP2A, thereby restoring its phosphatase activity.
This mechanism has shown promise in cancer models, where PP2A reactivation by FTY720
contributes to tumour suppression. In addition to its anticancer potential, FTY720 also shows
neuroprotective effects. It reduces neuroinflammation and demyelination by limiting the
migration of autoreactive lymphocytes into the central nervous system, thus protecting neurons
from immune-mediated damage. Furthermore, FTY720 has exhibited antifungal activity
against Candida albicans in both in vitro studies and mouse models of candidiasis. In addition,
FTY720 is particularly effective in autoimmune conditions by preventing excessive immune

cell infiltration [195].
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1.5 Protein Trafficking and Degradation

Intracellular membrane trafficking is a fundamental cellular process that mediates the transport
of materials among various organelles. This system is particularly critical in neurons, where
protein trafficking underpins essential functions such as neuronal survival, neurite outgrowth,
structural remodelling, and synaptic maintenance [196]. The molecular machinery governing
intracellular transport is highly intricate, comprising a multitude of regulators that coordinate
discrete trafficking events. Disruptions in these processes have been increasingly implicated in

human disease [197].

A prominent pathological feature of many neurodegenerative disorders is the aberrant
accumulation of misfolded proteins. Intracellular trafficking systems contribute significantly to
both the accumulation and clearance of these misfolded species, influencing disease
progression. Cellular protein homeostasis is tightly regulated through a balance of synthesis
and degradation. Protein half-lives vary widely, ranging from minutes to several days, and these
differences in degradation kinetics are vital for cellular regulation and function [198]. Protein
degradation predominantly occurs through lysosomal and proteasomal pathways [199], which
are mediated by two principal systems: lysosomal proteolysis and the ubiquitin-proteasome
pathway (UPP) [200]. Among these, the UPP represents the major mechanism for intracellular
protein turnover across diverse tissue types. Despite their functional distinctions, the lysosomal

and proteasomal systems exhibit a degree of interconnectivity and coordination [201].

Within the over-arching theme of protein trafficking and degradation, endocytosis plays a
pivotal role. It facilitates the internalization and subsequent degradation of a multitude of
membrane proteins including cell adhesion molecules, such as the cadherins. Reduced cadherin
abundance, driven by endocytosis, is associated with pathological conditions including tumour
metastasis [202] and affects endothelial cell behaviour, including migration and vascular
permeability [72]. For example, in Kaposi sarcoma, cadherin endocytosis contributes to the
disruption of endothelial barrier integrity [203], while certain viruses exploit internalisation of
VE-cadherin to facilitate host cell entry [204]. Endocytosis can occur through multiple
mechanisms, including both clathrin-dependent pathways and clathrin-independent pathways

[205] which include caveolin-dependent endocytosis [206].

1.5.1 Clathrin-Mediated Endocytosis

Clathrin-mediated endocytosis is an essential process in vesicular trafficking, enabling the

transport of various cargo molecules from the cell surface into the interior. First characterised
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over fifty years ago, this mechanism has since led to the identification of more than 50 proteins
that are integral to the molecular machinery responsible for the formation of clathrin-coated
endocytic vesicles [207]. Clathrin-mediated endocytosis mechanism (Figure 1.10) is initiated
by proteins involved in nucleation (Step 1), including FCH and mu domain containing
endocytic adaptor 1/2 (FCHOL1,2), Intersectinl (ITSN1), and Epidermal growth factor receptor
substrate 15 (EPS15). These proteins cluster bind to the plasma membrane to initiate membrane
curvature and recruit other proteins, such as the Adaptor protein 2 complex (AP-2), for cargo
selection (Step 2). Clathrin is also recruited by AP-2, which then begins the clathrin coat
assembly (Step 3) of the endosome and curves the membrane further, forming the vesicle
around the clustered cargo. The vesicle then undergoes scission from the membrane (Step 4)
by recruitment of Dynamin via the BAR-domain containing proteins. Uncoating of clathrin
(Step 5) is subsequently initiated by Auxilin of G-associated kinase (GAK), which recruits
ATPase HSC70 to disassemble the clathrin coat, allowing the machinery to be available for the
next endocytosis event [208-210].
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Figure 1.10: Schematic overview of the clathrin-mediated endocytosis process. (1)
Nucleation: The membrane begins to indent slightly as structural proteins gather at the site. (2)
Cargo Selection: Receptors and adaptor proteins link the forming vesicle with specific cargo
molecules, while also initiating clathrin recruitment. (3) Coat Formation: Clathrin assembles
into a lattice structure around the growing vesicle. (4) Scission: Dynamin wraps around the
vesicle’s neck and, aided by accessory proteins, helps separate the vesicle from the cell
membrane. (5) Uncoating: The clathrin coat is removed, allowing the vesicle, now an early
endosome follow various intracellular pathways, such as returning to the membrane or entering

the endolysosomal system [211].

Clathrin-mediated endocytosis generates small (60—-120 nm) membrane vesicles that carry a
range of cargo, primarily transmembrane proteins and their extracellular ligands, from the
plasma membrane of eukaryotic cells into the cytoplasm. These cargo molecules have
numerous physiological functions, including nutrient absorption, cellular signalling,
developmental regulation via morphogens, and cell adhesion. In neurons, dysregulated clathrin-
mediated endocytosis contributes to synaptic dysfunction, amyloid beta (AB) processing, and
Tau pathology, highlighting its involvement in early Alzheimer’s disease pathogenesis.
Furthermore, clathrin-mediated endocytosis alterations extend to non-neuronal cell types,
including astrocytes and microglia, which play crucial roles in AP clearance and

neuroinflammation [211].
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1.5.2 Clathrin -Independent Endocytosis

Clathrin-independent endocytosis facilitates the internalisation of a variety of external ligands,
receptors, and pathogens, including several harmful bacterial toxins and viruses [212]. Also
known as non-clathrin endocytosis, clathrin-independent endocytosis occurs alongside clathrin-
mediated endocytosis and has been observed in numerous in vitro cell lines as well as in vivo
in mice, flies, worms, plants, and yeast. The functions of clathrin-independent endocytosis
include the uptake of bulk extracellular proteins and lipids, the removal of activated receptors
from the plasma membrane, and the regulation of cellular processes such as spreading,
polarisation, and migration. Clathrin-independent endocytosis is also implicated in several
diseases, including cancer, lysosomal storage disorders, and atherosclerosis [213]. Several
studies have categorised clathrin-independent endocytosis pathways into two types: those that
depend on dynamin for membrane scission (dynamin-dependent) and those that utilise other
mechanisms (dynamin-independent) [214, 215]. Dynamin, a GTPase enzyme, is essential for
the membrane fission step during endocytosis. Caveolae-mediated endocytosis is one of the

pathways that falls under the dynamin-dependent category [216].

1.5.2.1 Caveolae-Mediated Endocytosis

Caveolae are flask-shaped invaginations of the plasma membrane that facilitate both
endocytosis and transcytosis of various plasma macromolecules, including albumin, insulin,
and low-density lipoprotein, as well as certain pathogens such as viruses, bacteria, and their
associated toxins [217]. These membrane structures, typically measuring 60—-80 nanometres in
diameter, were first characterised in the 1950s through electron microscopy [218]. Caveolae
are widely distributed across multiple tissues and cell types, including smooth muscle cells,
fibroblasts, endothelial cells, macrophages, and adipocytes [219]. Beyond their role in
molecular transport, caveolae are implicated in diverse cellular processes, such as signal

transduction, lipid metabolism, and vesicular trafficking [220-223].

Caveolae are specialised plasma membrane invaginations formed through the oligomerisation
of caveolins, a family of integral membrane proteins with high affinity for membrane
cholesterol. There are three caveolin subtypes: caveolin-1, caveolin-2, and caveolin-3.
Caveolin-1 and caveolin-2 are primarily involved in caveolae biogenesis in non-muscle cells,
whereas caveolin-3 is specific to muscle cells [224]. These proteins collaboratively facilitate
the formation and structural maintenance of the characteristic flask-shaped caveolae [225].
Proper assembly of caveolae additionally requires cavin-1 [226-228], while cavin-2, cavin-3,
and cavin-4 serve modulatory functions, contributing to the stabilisation and preservation of
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caveolar architecture and function [229-231]. Beyond caveolins and cavins, accessory proteins
such as Pacsin2 [232, 233] and EHD2 [234] localise to the caveolar neck region, where they
further enhance the stability of caveolae at the cell surface [234-236]. The lipid composition of
caveolae is also distinctive, enriched with cholesterol, sphingomyelin, and ceramides [237,
238]. During caveolar endocytosis (Figure 1.11), caveolae can pinch off from the plasma
membrane and transport their contents to early endosomes or the Golgi apparatus. Notably,
caveolae are also capable of dynamic recycling, repeatedly internalising and re-fusing with the

plasma membrane without necessarily completing the endocytic process [239].
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Figure 1.11: Schematic representation of caveolae-mediated endocytosis [239].

The internalisation of caveolae is initiated upon binding to specific ligands, triggering a tightly
regulated sequence of molecular events. The budding and fission of caveolae from the plasma
membrane are modulated by various kinases and phosphatases, notably members of the Src-
family tyrosine kinases [217, 240, 241]. A critical step in this process is the phosphorylation of
caveolin-1, which facilitates the onset of caveolar membrane scission and internalisation [217].
Detachment of caveolae from the plasma membrane marks the beginning of endocytosis, a step
that is mechanistically driven by dynamin-2. This GTPase mediates membrane fission through
GTP hydrolysis, supplying the energy required for vesicle release [242, 243]. Accordingly,

caveolae-mediated endocytosis is traditionally categorised as a dynamin-dependent pathway.
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Genetic ablation of caveolin-1 results in the complete absence of caveolae [244], underscoring

its indispensable role in caveolar biogenesis and structural integrity [245].

1.5.3 Rab Proteins

Rab proteins, a subfamily within the Ras superfamily of small GTPases, are relatively small
proteins that are localised throughout the cytosolic vesicular transport system [246]. The
functional characterization of Rab GTPases originated from studies in the yeast Saccharomyces
cerevisiae, where Novick and colleagues identified several secretion-related genes, designated
as SEC (e.g., SEC1, SEC2)[247]. Subsequent research by Gallwitz’s group led to the
identification of Ras-related YPT1 genes in yeast [248]. It was later discovered that both SEC4
and YPT1 genes encode small GTP-binding proteins that are structurally and functionally

homologous, which facilitated the cloning of Rab proteins from a rat brain cDNA library [249].

Rab proteins are universally expressed in eukaryotic cells; some are highly conserved and play
fundamental roles in vesicular trafficking, while others are more specialized and restricted to
specific cell types in humans [250, 251]. These proteins function as monomers and exhibit
sequence homology among family members ranging from 35% to 80% [252]. There are more
than 60 distinct proteins in humans, which constitute 41 functional subfamilies with tissue
specificity[253]. Ten subfamilies - Rabl, Rab3, Rab4, Rab5, Rab6, Rab8, Rabl1, Rab22,
Rab27 and Rab40 have also been defined based on distinct subfamily-specific sequence motifs,
however, a number of Rab proteins cannot be grouped into these subfamilies [254, 255] (Figure

1.12).
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Figure 1.12: Rab GTPases and their role in endocytic trafficking in endothelial cells.
Abbreviations: WPB, Weibel-Palade Body; TGN, Trans-Golgi Network; ER, Endoplasmic
Reticulum; Golgi, Golgi Apparatus [256].

Comprising approximately 200 amino acids, Rab proteins possess five conserved motifs
essential for GTP binding and hydrolysis. Rab GTPases function as molecular switches that
alternate between an active GTP-bound state and an inactive GDP-bound state [246]. In their
active form, GTP-bound Rab proteins are associated with the plasma membrane, whereas the
GDP-bound inactive form is typically localised in the cytoplasm. The interconversion between
these two states is tightly regulated by three key proteins: GDP dissociation inhibitor (GDI),
guanine nucleotide exchange factor (GEF), and GTPase-activating protein (GAP). As
illustrated in Figure 1.13, GDI acts as a cytosolic regulator, controlling the membrane
association and dissociation of Rab GTPases. Upon release from GDI, Rab proteins are
activated through the action of GEF, which facilitates the exchange of GDP for GTP. Once
activated, Rab-GTP engages with downstream effectors to mediate its cellular functions.
Inactivation occurs when GAP catalyses the hydrolysis of GTP to GDP, thereby converting Rab
back to its inactive state. GDI then binds to the inactive Rab-GDP, forming a complex that
prevents further interaction with effectors and promotes the redistribution of Rab to the

cytoplasm, where it can re-enter the activation cycle [257, 258].
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Figure 1.13: The functional regulation of Rab proteins involves their dynamic transition

between active and inactive states [259].

Rab proteins are associated with specific cellular trafficking pathways. Notably, Rab proteins
have been implicated in the regulation of tight junction (TJ) protein trafficking and assembly.
For instance, Rab-dependent transport of claudins has been shown to contribute to TJ formation
[260]. Furthermore, Rab GTPases, particularly Rab5, are involved in the endocytic trafficking
of clathrin-coated vesicles across the blood-brain barrier (BBB) during endothelial transcytosis
[261]. Importantly, dysregulated Rab5 activity has been observed in post-mortem brain tissue
from Alzheimer's disease (AD) patients and in murine models of AD, suggesting a potential

role in the pathogenesis of the disease [262].

1.5.3.1 Rab5

Rab5, a well-characterised member of the Ras-related brain (Rab) protein family, is a small
GTPase within the Ras superfamily that plays a pivotal role in the regulation of intracellular
membrane trafficking. Its functions encompass key processes such as vesicle formation,
membrane fusion, endosomal maturation, and receptor-mediated endocytosis [253, 263].
Functionally, Rab5 alternates between an inactive GDP-bound state located in the cytosol and

an active GTP-bound state associated with the plasma membrane (Figure 1.14) [264-268].

32



Activated status Inactivated status

—
Rab5-GTP <« — Rab5-GDP

|

Tumor growth

Figure 1.14: RabS5 exerts its biological function by switching GDP- and GTP-bound

states, where Rab5-GTP promotes tumorigenesis [269].

Structurally, Rab5 adopts a nearly spherical conformation, featuring -sheets and a-helices at
the N-terminal region, while the C-terminus includes a -CCXX motif and a phosphate-binding
loop (p-loop). The -CCXX motif undergoes prenylation, a post-translational modification
essential for Rab5's association with cellular membranes. The p-loop, critical for GTP binding
and hydrolysis, comprises three functionally distinct regions: residues 27-34 facilitate GTP
hydrolysis and nucleotide exchange, residues 49—51 form the switch I region, and residues 79—

81 constitute switch II [270].

Rab5 is expressed in three isoforms Rab5A, Rab5B, and Rab5C which exhibit a high degree of
sequence similarity, sharing more than 80% sequence identity [271, 272]. Among the Rab5
isoforms, Rab5A is the most extensively studied and is often simply referred to as Rab5 in the
literature due to its functional prominence [273]. These isoforms are stably anchored to cellular
membranes through C-terminal geranyl-geranyl lipid modifications [274]. Notably, all three
isoforms possess a conserved phosphorylation consensus motif at amino acid position 123,
which is potentially recognized by proline-directed serine/threonine kinases [272]. Among the
Rab5 isoforms, Rab5A is particularly significant due to its central role in the endocytic pathway,
where it facilitates the internalization of plasma membrane proteins and their subsequent
recycling to the cell surface. It is critically involved in the trafficking of G protein-coupled
receptors (GPCRs) and contributes to the regulation of junctional protein localization [260, 275-

278].
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Rab5 proteins are essential for preserving cellular homeostasis through their interaction with a
variety of effector molecules, including those containing phosphotyrosine-binding (PTB)
domains, leucine zipper motifs [279], early endosome antigen 1 (EEA1), Rabaptin-5/Rabex-5
complexes, and phosphatidylinositol 3-kinases (PI3K) [280]. These effectors preferentially
associate with the GTP-bound active form of Rab5, thereby facilitating the docking and fusion
of early endosomes [281]. In addition to its central role in endocytic trafficking, Rab5 also
participates in a range of other cellular functions, including cell adhesion, migration, mitotic
progression, and autophagy [282-285]. Furthermore, Rab5 is implicated in the regulation of
myoblast differentiation by modulating the IRS1-IGF-AKT-mTOR signalling cascade during
skeletal muscle regeneration [183]. Rab5 contributes to cellular motility by promoting focal
adhesion kinase (FAK)-dependent signalling, a mechanism essential for the regulation of cell
migration [284]. Additionally, Rab5 influences primary pancreatic cancer cell morphology by
suppressing E-cadherin expression, leading to a transition from a spindle-shaped to a rounded
cellular form. This morphological shift facilitates enhanced proliferation, invasion, and
migratory capacity in pancreatic cancer cells [286]. The involvement of Rab5 in oncogenesis
has been widely investigated, with elevated Rab5 expression reported in various human cancers,
including breast and pancreatic malignancies. Such overexpression is frequently correlated with

tumour progression and unfavourable clinical outcomes (Figure 11) [286, 287].

1.5.3.1.1 RABSA

Rab5A is a 22-kDa protein consisting of 215 amino acids, encoded on chromosome 3p24.3
[273], and is broadly expressed across a wide range of tissues [288]. Functionally, Rab5A plays
a key regulatory role in endocytosis, acting as a rate-limiting factor in homotypic early
endosome fusion [265, 266]. Rab5A specifically governs early endosome fusion during
endocytosis [265, 266, 289] and contributes to the regulation of vesicle budding events [288].
In epithelial cells, calcium depletion triggers rapid clathrin-mediated internalisation of several
junctional proteins such as JAM-A, occludin, ZO-1, E-cadherin, and B-catenin, which are
subsequently found to colocalise with Rab5A-positive endosomes [205]. In endothelial cells,
Rab5A similarly influences the spatial redistribution of tight junction components, including
JAM-A and claudin-1 [260, 277]. Moreover, Rab5A has been identified as a key regulator of
Toll-like receptor 4 (TLR4) and epidermal growth factor receptor (EGFR) trafficking,

mediating their endocytic recycling in response to lipopolysaccharide (LPS) stimulation [290].
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1.5.3.2 Rabl1

Rabll proteins are critical regulators of membrane protein trafficking, particularly in
maintaining receptor surface expression and mediating transport from the endosomal recycling
compartment (ERC) to the plasma membrane [291, 292]. The Rabl1 subfamily, consisting of
Rabl1A, Rab11B, and Rab25 [293], plays a crucial role in the recycling of proteins from
endosomes to the plasma membrane, particularly in polarised epithelial cells [294-296]. While
Rabl1A is expressed ubiquitously [297], Rab11B is predominantly found in the brain, heart,
and testis [298] , and Rab25 expression is limited to epithelial cells [293]. Rabl1 1A and Rab11B
exhibit 89% amino acid sequence homology, with the most significant differences found in
their membrane-binding, hypervariable C-terminal domains [298]. Despite their high sequence
similarity and shared localisation to the pericentriolar apical regions, Rab11A and Rabl11B
appear to target distinct vesicle populations. Rablla, the first identified and most well-
characterised member of this subfamily [292] , is widely expressed and extensively studied

within the Rab11 family [299].

Predominantly localised to the trans-Golgi network, recycling endosomes, and post-Golgi
vesicles, Rab11 GTPases play essential roles in diverse cellular processes such as cytokinesis,
ciliogenesis, oogenesis, and neuritogenesis [300-303]. Functioning through a GTP/GDP-
dependent molecular switch, Rab11 directs the recycling of endocytosed cargo and ensures
bidirectional endosomal transport, thereby regulating key vesicular trafficking pathways [253,
304]. The Rabl1 family exhibits species-specific diversity, with varying numbers of members
across yeast, Drosophila melanogaster, Caenorhabditis elegans, and Arabidopsis thaliana
[254, 305, 306]. The activity of Rab11 is tightly regulated by guanine exchange factors (GEFs)
and GTPase-activating proteins (GAPs), which modulate its function by controlling GTP/GDP

exchange and intrinsic GTPase activity, respectively [307].

Rabl1 executes its functions through interactions with a variety of effector proteins. A key
group of these effectors, known as Rab11-family interacting proteins (Rab11-FIPs), possesses
a Rab-binding domain (RBD) and mediates GTP-dependent interactions with Rab GTPases.
These proteins play a critical role in facilitating Rab11-dependent vesicle recycling [308].
Rab11-FIPs are essential for neuronal transcytosis, as they transport proteins from the
somatodendritic membrane to the axonal surface. Additionally, Rab11-FIPs link Rabl1 to
cytoskeletal elements and are responsible for directing vesicular movement along the recycling
pathway. The Rab11-FIP family consists of five members (FIP1-5), each characterised by a
conserved carboxyl-terminal Rab11-binding domain (BD) [308].
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Rabl1 plays a vital role in regulating vesicular transport, functions that are essential in highly
polarised neuronal cells [303, 309]. It is particularly important for recycling membrane proteins,
including receptors critical for signal transduction and neuronal function [307]. Additionally,
Rabll facilitates the trafficking of growth factors necessary for neuronal development,
differentiation, and repair. Rab11 is fundamentally involved in preserving neuronal polarity and
overseeing vesicular trafficking processes within neurons, which exhibit a high degree of
cellular polarisation [388, 395]. Furthermore, Rab11 contributes to the intracellular transport of
growth factors essential for neuronal growth, differentiation, and repair mechanisms.
Experimental evidence indicates that Rabll overexpression markedly enhances vesicle
trafficking, whereas its reduced expression has been associated with the pathology of various
neurodegenerative disorders [307]. In polarised epithelial cells, Rabl1 has been observed to
localise predominantly within pericentriolar endosomal compartments [310]. A recent study
highlighted the dynamic distribution of Rab11 within neuronal cells, where it facilitates the
precise delivery of proteins essential for neuronal development [311]. Rabl1-dependent
trafficking pathways are critical for neuronal migration, a fundamental process in the formation
of the mammalian brain. /n vivo experiments utilising in utero electroporation have
demonstrated that disruption of Rabll-mediated endocytic pathways impairs neuronal

migration during cerebral cortex development [312].

1.5.3.2.1 Rab11A

Rabl1A is a key small GTPase involved in vesicular trafficking and membrane dynamics,
processes whose dysregulation has been implicated in tumorigenesis [313]. Rab11A plays a
pivotal role in mitotic spindle organisation and orientation, as well as in the recycling of
endosomes to the plasma membrane [314, 315]. As the first identified member of the Rab
GTPase family, Rab11A is essential for establishing cellular polarity during collective cell
migration [316].

Rabl1A undergoes multiple posttranslational modifications that are critical for its function.
Among these, the prenylation of C-terminal cysteine residues by the addition of geranylgeranyl
groups enhances the protein’s hydrophobicity, thereby facilitating its membrane association
[317]. This lipid modification is catalysed by geranylgeranyl transferase. Notably, the B2-
adrenergic receptor (B2AR), a transmembrane protein, has been shown to interact with the a-
subunit of geranylgeranyl transferase, thereby modulating the prenylation process in HEK293
cells [318]. In addition to prenylation, Rab11A is subject to ubiquitination, which regulates its
proteasomal degradation [313, 319]. This ubiquitination is mediated by the f2AR/HACEI
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complex in HEK293 cells [320]. Furthermore, Rabl1A activity is regulated through
phosphorylation, as well as through its dynamic cycling between GTP-bound and GDP-bound

states, which is essential for its role in intracellular trafficking [206, 321].

In polarized epithelial cells, Rab11A localizes to the pericentriolar, microtubule-associated
apical recycling endosomes [298, 308] where it regulates the recycling and apical insertion of
membrane proteins into the plasma membrane [296]. In epithelial morphogenesis, active
Rabl11A is essential for E-cadherin trafficking and lumen formation, as it directs E-cadherin to
cell—cell junctions. Conversely, inactive Rab11A fails to mediate E-cadherin recycling to the
membrane [322, 323]. Rab11A is also crucial in endothelial cells, where its depletion markedly
impairs the restoration of adherens junction (AJ) integrity and endothelial barrier function
[324]. In murine models of lung vascular injury induced by endotoxemia and polymicrobial
sepsis through caecal ligation and puncture (CLP) Rabl1A deficiency results in sustained
vascular leakage. These findings suggest that Rabl1la-mediated recycling of VE-cadherin is
essential for maintaining and restoring vascular endothelial barrier integrity via the proper
assembly of VE-cadherin at intercellular junctions [324]. Previous research has demonstrated
its critical role in cancer progression, primarily through modulation of growth factor signalling
pathways [325, 326]. Notably, RAB11A enhances the proliferation and motility of oesophageal
cancer cells via activation of WNT signalling [327]. It is also overexpressed in colorectal
cancer, where it downregulates E-cadherin expression, thereby promoting epithelial-

mesenchymal transition (EMT) [328].

1.5.4 Ubiquitin-Proteasome Pathway

The ubiquitin-proteasome pathway is crucial for the regulation of protein homeostasis and
trafficking [329]. Proteasomes, which are abundant and stable enzyme complexes found in most
cell types, are integral components of this pathway [330-333]. Proteasomes play a critical role
in cellular protein quality control by degrading damaged, misfolded, or superfluous proteins,
particularly short-lived and soluble misfolded proteins, through the ubiquitin-proteasome
system (UPS) [334-336]. Proteins targeted for degradation by proteasomes are typically marked
by polyubiquitination. These polyubiquitinated proteins are then processed in the proteasome

core, where they are cleaved by internal protease activities into short peptides [337].

Ubiquitination, or ubiquitylation, is a post-translational modification (PTM) in which a

ubiquitin molecule is attached to a target protein. This process has diverse roles, including
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regulating protein degradation, determining subcellular localisation, and activating kinases.
Ubiquitination occurs through a three-step process involving three enzymes: ubiquitin-
activating enzyme (E1), ubiquitin-conjugating enzyme (E2), and ubiquitin-protein ligase (E3)
[338]. Ubiquitin is a 76-amino acid protein that exists in either its free form or conjugated to a
protein as a single ubiquitin (monoubiquitination) or a chain of ubiquitins (polyubiquitination)
[329]. The 76-residue ubiquitin protein is attached to target proteins via a lysine isopeptide bond
[339, 340]. E1 binds to ubiquitin in an ATP-dependent manner and transfers it to E2, which
then interacts with E3 to catalyse the transfer of the ubiquitin molecule from E2 to the substrate
[341]. The repeated action of these enzymes results in the polyubiquitination of the substrate
[342], and the polyubiquitin chain that forms subsequently directs the protein for degradation
by the proteasome (Figure 1.15) [343, 344].
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Figure 1.15: Ubiquitin proteasome system (UPS). Abbreviations: El, ubiquitin-activating
enzyme; E2, ubiquitin-conjugating enzyme; E3, ubiquitin-protein ligase; E4, chain elongation

factor Ub; Ubiquitin [345].

The 26S proteasome is a multiprotein complex consisting of a 20S catalytic core and two 19S
regulatory subunits attached to each end of the 20S core. The enzyme has a cylindrical shape
and is composed of 28 subunits. 26S proteasome requires ATP hydrolysis, indicating that the
26S proteasome is a eukaryotic ATP-dependent protease [346, 347]. The 19S subunits
recognise and bind the polyubiquitin chain, facilitating its cleavage from the target protein. The
protein is then translocated into the 20S core, where it undergoes degradation into small
oligopeptides, typically consisting of fewer than 25 amino acids [348]. The 20S proteasome is
composed of four stacked heptameric rings, organised in an o (1-7): B (1-7): B (1-7): a0 (1-7)
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configuration. The a subunits, located at both termini of the barrel-shaped structure, function
as gating mechanisms that regulate substrate access. In contrast, the § subunits situated within
the inner rings possess catalytic activity, facilitating the proteolytic degradation of substrates

within the core of the complex (Figure 1.16) [349].

Figure 1.16: A diagrammatic representation of the structure of the 26S Proteasome [348].

1.5.4.1 Proteosome Inhibitors

Proteasome inhibitors (PIs) are inhibitors that target the cellular mechanisms of protein
degradation by inhibiting the  proteolytic subunits of the 20S proteasome [348]. The first
synthetic proteasome inhibitor was designed with a peptide backbone containing an aldehyde
at the C-terminus, allowing for a reversible interaction with the active site threonine. A modified
version, ZLLLal, exhibited increased activity and enhanced cellular permeability, and was later
renamed MG-132, which remains a widely used research tool to study proteasomal inhibition

[350].

MG-132, a peptide-aldehyde proteasome inhibitor (carbobenzoxyl-L-leucyl-L-leucyl-L-
leucinal) (Figure 1.17), is derived from a natural triterpene found in a Chinese medicinal plant
called Tripterygium wilfordii. MG132 functions by covalently binding to the active site of the
B-subunits of the 20S proteasome, effectively inhibiting the proteolytic activity of the 26S
proteasome complex [351]. This targeted inhibition of the ubiquitin-proteasome system has
been shown to produce several significant biological effects. For instance, studies have
demonstrated that MGI132 treatment increases the percentage of proliferating neurons,
suggesting a role in promoting neurogenesis or neuronal survival [352]. Additionally, MG132

has been found to attenuate hyperpermeability induced by the recombinant VE-cadherin
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cytoplasmic domain (rVE-cad CPD) and protect adherens junctions in cell monolayers,
indicating its potential in maintaining endothelial barrier integrity [353]. Another study has
shown that acute inhibition of the ubiquitin-proteasome system in neurons leads to an increased
recycling pool of vesicles [354]. Numerous studies have indicated that MG132 exhibits
neuroprotective properties by mitigating oxidative stress, excitotoxicity, and neurite
degeneration [355-359]. Proteasome inhibitors have demonstrated therapeutic efficacy in the
management of hematologic malignancies, including multiple myeloma and mantle cell
lymphoma, by contributing to improvements in progression-free survival and overall survival
[348]. Additionally, evidence suggests that the internalisation of VE-cadherin can be inhibited
by the proteasome inhibitor MG132 [360].

Figure 1.17: Chemical structure of MG132 [361].
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1.5.4.1.1 Lysosome

Lysosomes are membrane-enclosed organelles that are integral to cellular proteostasis,
primarily through the degradation of misfolded and aggregated proteins [337]. They are also
responsible for the breakdown of long-lived proteins, insoluble aggregates, damaged
organelles, macromolecular complexes, and certain intracellular pathogens [362, 363].
Lysosomes containing a range of acid hydrolases that facilitate the catabolism of biopolymers
and various biomolecules. Although present in all eukaryotic cells, their morphology and
abundance differ according to cell type and functional status [364]. In addition to serving as
cellular recycling centres through mechanisms such as autophagy and micropinocytosis,
lysosomes also participate in key signalling pathways, including mTOR and AMPK,
highlighting their broader regulatory roles in cell physiology [365].

Lysosomes are highly dynamic organelles that function as terminal degradative compartments,
processing macromolecules delivered through secretory, endocytic, autophagic, and phagocytic
membrane trafficking pathways [366]. During endocytosis, cell surface proteins are transported
to the endosome, where they can either be degraded by lysosomes or recycled to the plasma
membrane or other organelles. In the phagocytic pathway, cells engulf large extracellular
particles, such as pathogens and dead cells, which are then degraded by lysosomes. The
autophagy-lysosome system is responsible for the removal of misfolded or aggregated proteins,
damaged organelles, and intracellular pathogens [367]. Some studies suggest that lysosomal
inhibitors hinder the degradation of VE-cadherin and lead to the formation of a VE-cadherin
fragment during its endocytic processing (Figure 1.18) [368].
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Figure 1.18: A diagrammatic representation of lysosomal protein degradation through
endocytosis, phagocytosis, and autophagy. (1) Endocytic pathway: cell surface proteins are
internalized into endosomes and either degraded in lysosomes or recycled to the plasma
membrane or other organelles; (2) Phagocytic pathway: cells engulf and degrade large
extracellular particles such as pathogens and dead cells; (3) Autophagy lysosome pathway:
misfolded proteins, damaged organelles, and intracellular pathogens are degraded via

macroautophagy, microautophagy, or chaperone-mediated autophagy [367].
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1.5.5.1 Lysosomal Inhibitors

Lysosomal inhibitors exert their effects through distinct molecular mechanisms that disrupt the
acidic environment essential for lysosomal function. For example, Bafilomycin A1 specifically
targets the vacuolar-type H*-ATPase (v-ATPase) by binding at the interface of transmembrane
helices 1, 2, and 4 of the ATP6VOC (subunit ¢) within the VO domain. This interaction inhibits
the necessary helical swivelling motion, thereby preventing proton translocation and
subsequent acidification of the lysosomal lumen [395]. In contrast, chloroquine, although
mechanistically less defined, is known to neutralise lysosomal pH through an unspecified

pathway [369].

Chloroquine, a lipophilic aminoquinoline compound, is widely recognised for its antimalarial
properties and its ability to interfere with autophagic and lysosomal degradation pathways under
various pathological conditions, including Alzheimer's disease and cerebral ischemia [370,
371]. Its high lipid solubility facilitates efficient translocation across cellular membranes,
enhancing its intracellular activity. Structurally, chloroquine is characterised by the substitution
of a [5-(diethylamino)pentan-2-yl]amino group at the 4-position and a chlorine atom at the 7-

position of the quinoline ring (Figure 1.19) [372].

=z

~~

Figure 1.19: Chemical structure of chloroquine [372].

Chloroquine acts as a lysosomotropic agent within the cell, meaning it becomes protonated and
trapped upon reaching the acidic environment within organelles such as lysosomes [373]. As
an autophagy inhibitor, chloroquine has been shown to reduce brain tissue damage and improve
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neurological function [374]. Numerous studies have demonstrated that chloroquine provides
beneficial effects in various experimentally induced neurological conditions, including
traumatic brain injury, cerebral ischemia, Parkinson's disease, and other neurodegenerative
disorders [370, 375, 376]. Increasing evidence indicates that chloroquine exerts its
neuroprotective actions through a range of mechanisms, including inflammation suppression,
oxidative stress reduction, protection against neuronal death, and safeguarding the blood-brain
barrier [370, 375]. Chloroquine inhibits autophagic flow by impairing the fusion of
autophagosomes with lysosomes. Chloroquine and its derivative, hydroxychloroquine both
FDA-approved drugs, are now primarily used in clinical trials focused on tumour treatment via

autophagy inhibition [372].
1.6 VE-cadherin

1.6.1 VE-cadherin Phosphorylation

Protein phosphorylation serves as a crucial regulatory mechanism in a wide range of cellular
processes, such as protein synthesis, cell division, signal transduction, cell growth,
development, and ageing. Post-translational modifications to VE-cadherin, including tyrosine
phosphorylation or cleavage, increase vascular permeability and leukocyte movement across
the endothelium [377]. Bradykinin and histamine-mediated phosphorylation of VE-cadherin
leads to its internalisation and tagging for degradation following ubiquitination, which in turn
increases vascular permeability [378]. Additionally, the phosphorylation of VE-cadherin [379-
381] and catenin [382-384] can influence the structural integrity of endothelial junctions. For

example, phosphorylation of VE-cadherin at Tyr%® and Tyr”*!

within its cytoplasmic domain,
prevents binding to pl20-catenin and P-catenin [385]. Other studies have linked
phosphorylation of these and other tyrosine residues (Tyr®®°) in the cytoplasmic tail of VE-
cadherin to the disruption of cell—cell junctions [377]. Besides tyrosine phosphorylation, VE-

cadherin is also phosphorylated at Ser®® in its cytoplasmic tail. Specifically, VEGF stimulates

5 665

Src, which directly phosphorylates VE-cadherin at Tyr®®> and indirectly leads to Ser
phosphorylation via a signalling pathway involving Vav2 (a RhoGEF), Racl, and the kinase

PAKI1 [386].

1.6.2 VE-cadherin Internalisation

VE-cadherin is a crucial and dynamically regulated adhesion molecule whose presence at the
plasma membrane is essential for maintaining cell—cell adhesion and the integrity of junctional

complexes. Membrane localisation is primarily modulated through internalisation, which
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reduces the availability of VE-cadherin at intercellular junctions, thereby compromising
endothelial barrier function [378]. The internalisation process often occurs through a clathrin-
mediated pathway that is dependent on p120-catenin, which facilitates the recruitment of VE-

cadherin into clathrin-coated pits [387].

Various signalling pathways influence the endocytic process; notably, phosphoinositide 3-
kinase (PI3K) signalling promotes VE-cadherin internalisation. For example, Class I PI3Ka
activation, in response to TNFa, leads to the destabilisation of VE-cadherin and subsequent
disruption of the vascular barrier [388]. In addition to PI3K signalling, numerous other factors,
including proinflammatory mediators (TNFa, LPS, histamine, bradykinin), hypoxia and
elevated hydrostatic pressure (Table 1) also promote VE-cadherin internalisation. Once
internalised, VE-cadherin is trafficked into endosomal compartments where it may either be
recycled back to the plasma membrane or targeted for lysosomal degradation [389]. Given that
cadherin internalisation weakens cell—cell junctions, this mechanism is closely associated with
increased endothelial cell migration and vascular permeability, thereby highlighting its broader

implication in endothelial behaviour and vascular homeostasis [390-392].

Conversely, endocytosis/internalisation of VE-cadherin is inhibited by p120-catenin, which
binds to the cadherin tail and blocks an endocytic motif within the juxtamembrane domain [203,
393]. The direct interaction between p120-catenin and VE-cadherin prevents clathrin-mediated
endocytosis of VE-cadherin [74]. This interaction is vital for maintaining endothelial barrier
integrity [394], supporting proper angiogenic remodelling [395] and regulating endothelial
adhesion strength and the plasticity of adherens junctions [393]. Recent studies indicate that
specific cadherin clusters on the cell surface undergo endocytosis, leading to either degradation

or recycling to the plasma membrane [396]
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Factor Cell line | Finding Reference

VE-cad GGG mutant Mice d VE-cad levels, Tinternalisation of VE-cad, and { VE-cad-p-120 binding. [397]

VEGF HUVECs VE-cad internalised in clathrin dependent manner [398]

Histamine HUVECs Induce VE-cad endocytosis. [399]

Lipopolysaccharide Human vascular endothelial cell | { VE-cad levels due early phase clathrin-mediated endocytosis followed by late [400]
line CRL-2922 phase caveolae-mediated endocytosis

TNFa HUVECs VE-cad degradation and T human endothelial cell permeability [401]

Ubiquitin ligase K5 Primary and immortalised K5 triggers VE-cad endocytosis by displacing p120, leading to { VE-cad levels [203]
(HMEC-1) endothelial cells

LPS and Pseudomonas Rat lung microvascular LPS causes VE-cad internalization, J presence on the cell surface [402]
endothelial cells (LMVECs)

Lactate HUVECs Activates calpainl/2 via ERK, leading to VE-cad cleavage and Tendocytosis [403]

Calpain COS7 cells VE-cad localises to clathrin-rich areas and is cleaved by calpain [393]

Extracellular calcium Bovine aortic endothelial cells | Low calcium (0.12 mM) T permeability and triggers cad endocytosis [404]

Hydrostatic pressure Lung endothelial cells High pressure activates Piezol, leading to VE-cad internalization [405]

Desacetylvinblastine HUVECs DAVLBH disrupts VE-cad distribution in a dose-dependent manner and promotes | [406]

monohydrazide its internalization.

(DAVLBH)

Thrombin HLMVECs 7T the co-localization of VE-cad at cell-cell adhesion junctions. [407]

Bradykinin HUVECs Phosphorylation, internalization, and ubiquitination of VE-cad, leading to [408]

Tpermeability
Hypoxia HUVECs VE-cad internalization, ¥ cell adhesion and T permeability. [409]
BMP6 HUVECs T permeability, triggers VE-cad internalization and Src-dependent [410]
phosphorylation
Semaphorin 3A hCMEC/D3 Phosphorylation (Ser) and internalisation of VE-cad, disrupting cell junctions and | [411]

barrier integrity




Table 1.1: Summary of factors implicated in the internalisation of VE-cadherin. Abbreviations: VEGF, Vascular Endothelial Growth Factor;
VE-cad, VE-cadherin; HUVECs, Human Umbilical Vein Endothelial Cells; TNFa, Tumour Necrosis Factor alpha; HMEC-1, Human
Microvascular Endothelial Cells — line 1; HLMVECs, human lung microvascular endothelial cells; ERK, Extracellular Signal-Regulated Kinase;
BMP6, Bone Morphogenetic Protein 6; hCMEC/D3, Human Cerebral Microvascular Endothelial Cell line / Clone D3.
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1.6.3 VE-cadherin Recycling

Endocytic recycling is a fundamental process responsible for maintaining the surface
expression of membrane proteins, thereby preserving cellular homeostasis [412]. The
regulation of cadherin levels at the plasma membrane is governed by a dynamic balance
between endocytosis and degradation, which reduce surface cadherin, and synthesis and
recycling, which restore cadherin availability [413]. Recycling pathways comprise three main
transport routes: a direct route from sorting endosomes to the plasma membrane, and an indirect
route that involves trafficking through recycling endosomes before returning to the cell surface
[414]. Specifically, the recycling of VE-cadherin between the plasma membrane and
intracellular compartments plays a pivotal role in adherens junction remodelling, a process
essential for reestablishing endothelial barrier function [415, 416]. The endosomal recycling
system is one of the primary mechanisms for modulating plasma membrane composition by
returning internalised proteins and lipids to the cell surface [291]. Proteins targeted for recycling
are transported back via exocytosis, a process regulated by small GTPases, the exocyst
complex, and the interaction of complementary SNARE proteins on opposing membranes. In
both yeast and mammalian systems, the exocyst complex consists of eight core subunits: Sec3,
Sec5, Sec6, Sec8§, Secl0, Secl5, Exo70, and Exo84 [71, 417]. Notably, Sec5, Sec6, and Secl5
are critical for the recycling of Drosophila E-cadherin. Loss of these components in epithelial
cells results in the accumulation of Drosophila E-cadherin within enlarged recycling vesicles
and disrupts its proper delivery to the plasma membrane [418]. In endothelial cells, there is little
information on the recycling of internalised VE-cadherin back to the plasma membrane;
however, Rabl1a and its effector protein FIP2 and Rab4 have been implicated [412]. However,

several factors induce VE-cadherin recycling in several different tissues and cell types (Table

2).



Factor Cell line Finding Reference

pl8 and Rablla Human pulmonary | The p18 protein binds to VE-cadherin through its VE-cadherin-binding domain before Rablla [419]
microvascular interacts with it. Overexpressing pl8 boosts VE-cadherin trafficking to adherens junctions.
endothelial cells Additionally, p18 helps maintain pulmonary endothelial barrier integrity by regulating Rabl1a’s
(HPMVECs) and interaction with VE-cadherin and Rab11a activation. Overall, both p18 and Rab11a are key players
Male C57BL/6J in recycling VE-cadherin.
mice

Transmembrane GFP-labelled CMTM4 is a crucial regulator of angiogenesis, helping recycle VE-cadherin back to endothelial [420]

Domain HUVECs, dsRED- | adherens junctions. The study shows that CMTM4 strongly colocalizes with Rab4 and VE-cadherin,

containing Protein | labelled pericytes suggesting it plays a role in the rapid recycling of VE-cadherin to the cell surface at these junctions.

4(CMTM4) Zebrafish

Metformin chionrochidoroid Prolonged metformin treatment reverses VE-cadherin internalization and  VEGF levels. Metformin [421]
plexus in rats prevents VE-cadherin disassembly at the plasma membrane by inhibiting the VEGF/VEGFR2/p-

Src signalling pathway, helping restore VE-cadherin’s proper localization at the cell surface.

Phospholipase D2 | Mouse lung Phospholipase D2 (PLD2) helps restore endothelial barrier integrity by promoting VE-cadherin [407]
microvascular dephosphorylation through a PTPN14-dependent mechanism. Additionally, phosphatidic acid (PA),
endothelial cells produced by PLD activity, regulates VE-cadherin recycling and supports barrier repair by enhancing
(MLMVECs) its dephosphorylation.

GSTpi (Phase II HUVEC Glutathione S-transferase pi (GSTpi) prevents the dissociation of the VE-cadherin/catenin complex [422]

metabolic enzyme) and stops VE-cadherin internalization, helping maintain endothelial barrier function. It also blocks

TNF-a-induced VE-cadherin internalization and the resulting T in permeability in human
endothelial cells.

Intraflagellar HDLECs IFT20 is crucial for recycling VE-cadherin to adherens junctions by regulating its vesicular [423]

transport proteins trafficking, which helps maintain endothelial cell-cell adhesion

(IFT20)

Table 1.2: Various factors lead to the recycling of VE-cadherin.




1.7 Blood-Brain Barrier Dysfunction

BBB dysfunction is linked to multiple sclerosis, hypoxic and ischemic insult, Parkinson's and
Alzheimer's disease, epilepsy, brain tumours, glaucoma, and lysosomal storage diseases.
Barrier dysfunction can range from minor changes in BBB permeability caused by tight
junction opening to chronic barrier breakdown, as well as changes in transport systems and
enzymes. Barrier dysfunction is also linked to basement membrane breakdown. Under normal
conditions, the BBB is relatively impermeable, but under pathological conditions, several
factors, such as vasoactive agents, cytokines, and chemical mediators, result in BBB
dysfunction and increased BBB permeability [14]. Interestingly, proinflammatory stimuli, such
as lipopolysaccharide (LPS, aka endotoxin), reduce vascular integrity by disrupting VE-
cadherin adhesion in endothelial cells [424].

1.7.1 VE-cadherin in BBB Dysfunction

VE-cadherin is an important target of BBB breakdown because it is a structural component of
vascular integrity in the brain [425]. The integrity of the BBB is crucial for preserving cerebral
homeostasis and supporting optimal neurological function [426]. When the BBB is
compromised, it facilitates the infiltration of toxins, plasma proteins, and immune cells from
the bloodstream into the brain, which can induce inflammatory responses. This disruption is
implicated in the pathogenesis of various cerebrovascular and neurological conditions,
including ischemia/reperfusion stroke, hypertension, cerebral cavernous malformation,
amyotrophic lateral sclerosis, Alzheimer's disease, Parkinson's disease, multiple sclerosis, and
depression [412, 427-430]. Consequently, strategies aimed at restoring BBB integrity have
become a critical focus for therapeutic intervention in these disorders [427, 431-434]. Evidence
suggests that reduced expression of VE-cadherin at endothelial junctions contributes to
compromised vascular integrity, leading to conditions such as cerebral cavernous
malformation, oedema, diabetic retinopathy, and solid tumours. Conversely, the restoration of
VE-cadherin expression at cell junctions is associated with endothelial barrier repair and disease
regression [435-440]. Laboratory studies further indicate that targeting VE-cadherin function
may offer an effective strategy for normalising vascular structures in cancer therapy [441].
Research on acute lung injury has shown that elevated levels of VE-cadherin and enhanced
cadherin binding at adherens junctions can improve pulmonary barrier function, both in vitro

and in vivo, when the novel endosomal adaptor protein p18 is overexpressed [442].

Various therapeutic strategies are being investigated to enhance BBB integrity by targeting tight

junction proteins, reducing permeability, and stabilising the barrier [54, 443, 444]. Studies on



stroke have shown that inhibitors of RhoA and ROCK effectively reverse oxygen-glucose
deprivation/reperfusion (OGD/R)-induced hyperpermeability of human brain microvascular
endothelial cell monolayers and prevent the internalisation of VE-cadherin [445]. Another
study demonstrated that overexpression of NTN4 increased VE-cadherin expression and
decreased permeability in human umbilical vein endothelial cells (HUVECs). This effect was
mediated through the activation of the NF-«xB signalling pathway, revealing a novel regulatory
mechanism for VE-cadherin expression and providing new directions for research on NTN4 in
endothelial barrier-related diseases [446]. Research has demonstrated that microRNA miR-27a
directly downregulates VE-cadherin expression [447]. The use of CD5-2, a blocker that
selectively inhibits the interaction between miR-27a and VE-cadherin, has been shown to
enhance VE-cadherin expression [437]. In a mouse model of cerebral cavernous malformation,
which is characterised by a disrupted BBB, treatment with CD5-2 significantly decreased BBB

permeability which stabilised the vasculature and therefore lessened lesion severity [440].

Glucocorticoids, steroids primarily used for their anti-inflammatory effects, represent another
approach for restoring BBB integrity and function. These agents have been tested in various
preclinical models and as therapies for brain tumours and multiple sclerosis (MS). They act
through glucocorticoid receptors to reduce the expression of inflammatory molecules and
increase the expression of endothelial junction proteins, such as occludin, claudin-5, and VE-

cadherin, which are critical for maintaining BBB integrity [448].

In addition, FTY 720 has been shown to effectively prevent the movement of junction proteins
within endothelial cells, thereby preserving BBB integrity, reducing ischemia/reperfusion-
induced damage, and decreasing neuroinflammation [449]. This compound is especially
noteworthy as it was the first oral medication approved for the treatment of relapsing-remitting
MS due to its ability to rapidly cross the BBB and accumulate in the CNS [450-452]. Research
suggests that FTY 720 does not facilitate the translocation of adherens or tight junction proteins
across the membrane [453]. In a different study, Sarai et al. (2009) observed that prolonged
exposure to FTY720 (for 3 hours) resulted in enhanced peripheral localisation of both VE-
cadherin and B-catenin in human microvascular endothelial cells (HMVEC) [454]. Conversely,
other research suggests that FTY720 may have potential therapeutic applications in protecting
against endothelial barrier dysfunction associated with severe Plasmodium falciparum malaria

[455].

Under pathological conditions, the expression levels, phosphorylation states, or localisation of

junctional molecules alter, leading to the disruption of junction integrity. By either limiting or
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reversing these changes, it is possible to inhibit the paracellular permeability of the BBB and

restore its integrity, thereby improving disease outcomes [456].

1.7.2 PP2A in BBB Dysfunction

The PP2A family plays a critical role in regulating essential cellular functions. The BBB is
altered in certain pathological conditions, such as neurodegenerative disorders, causing
upregulated PP2A subunits, which lead to BBB dysfunction [457]. PP2A regulates the
phosphorylation status of tight junction and adherens junction proteins [458]. Many junctional
proteins contain multiple phosphorylation sites, which can regulate protein-protein interactions
during the assembly and disassembly of junction complexes. Modifications in the
phosphorylation status of tight junction (TJ) proteins play a crucial role in regulating BBB
permeability. Most studies on phosphorylation/dephosphorylation processes focus on three key
TJ proteins: the transmembrane proteins occludin and claudin-5, and the scaffolding protein
Z0-1[18]. In epithelial cells, phosphorylation of tyrosine residues in occludin is associated with
TJ complex assembly, although specific sites, Tyr**® and Tyr*®?, have been linked to barrier
dysfunction [459]. Blocking PP2A with okadaic acid enhances the phosphorylation and
integration of ZO-1, occludin, and claudin-1 into tight junctions as they form [458]. Disrupted
regulation of PP2A influences various Ser/Thr protein kinases implicated in Alzheimer’s
disease (AD) pathogenesis [457]. In AD brains, reduced PP2A activity contributes to Tau and
APP hyperphosphorylation, promoting the formation of neurofibrillary tangles (NFTs) and
excessive production of B-amyloid (AB) [190].

1.8 Metformin

PP2A has been linked to insulin resistance and type 2 diabetes [460]. Metformin has been
widely used to treat type 2 diabetes and other metabolic syndromes since the 1960s [461]. It
was first isolated from the extracts of the plant Galega officinalis (French lilac) in the 1920s
[462], and was subsequently approved for the treatment of diabetes mellitus in Europe and
Canada in 1957, and in the United States in 1995 [463]. Chemically, metformin (N, N-dimethyl-
biguanide) is synthesised from dimethylamine hydrochloride and 2-cyanoguanidine (Figure
1.20) [463, 464]. Having been prescribed for over six decades, metformin is recognised for its

strong safety profile and high efficacy in blood glucose management [462].
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Figure 1.20: Chemical structure of Metformin [465].

1.8.1 Mechanism of Action -Diabetes

Metformin lowers blood glucose primarily by activating adenosine monophosphate-activated
protein kinase (AMPK) through lysosomal or mitochondrial pathways. This activation
improves insulin sensitivity by inhibiting acetyl-CoA carboxylase (ACC), promoting CREB-
binding protein (CBP) coactivator activity to reduce gluconeogenesis gene expression,
suppressing mTORCI1 to limit anabolic processes, and reducing cAMP levels to further inhibit
glucose production (Figure 1.21). In addition to its AMPK-dependent pathway, metformin can
also function independently of AMPK by inhibiting complex I of the mitochondrial electron
transport chain in liver, muscle, and skeletal muscle cells [466], which in turn alters the AMP:

ATP and NADH: NAD" ratios, or by directly inhibiting fructose-1,6-bisphosphatase [467].
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Figure 1.21: The mechanism through which metformin exerts its hypoglycaemic effects.
AMPK enhances insulin sensitivity by inhibiting acetyl-CoA carboxylase (ACC), activating
CREB-binding protein (CBP) to suppress the expression of gluconeogenesis genes, and
inhibiting mechanistic target of rapamycin complex 1 (mTORC1) to limit cellular anabolic
processes. Additionally, metformin reduces gluconeogenesis by lowering cyclic AMP (cAMP)
levels. Metformin's glucose-lowering effect can also occur independently of AMPK activation,
through alterations in the AMP: ATP and NADH: NAD" ratios via mitochondrial mechanisms
or by directly targeting fructose-1,6-bisphosphatase (FBP). Key regulatory components
involved include REDD1 (regulated in development and DNA damage response 1), Rag family
GTPases (Rag), presenilin enhancer 2 (PEN2), organic cation transporters (OCT), ATP, AMP,
NADH, and NAD+ [467].

In addition to its hypoglycaemic effects, metformin enhances cognitive and mood functions in
some patients with type 2 diabetes mellitus (T2DM). Furthermore, it has been reported to exert
beneficial effects in various neurological disorders, including major depressive disorder
(MDD), Alzheimer's disease (AD), and Fragile X syndrome (FXS) [467]. Clinical and animal
studies have demonstrated that metformin provides neuroprotective benefits in a range of
neurological conditions [468-470]. Importantly, metformin increases PP2A activity and
decreases tau phosphorylation at PP2A-dependent epitopes in vitro and in vivo in Alzheimer’s

disease [185]. Moreover, protein phosphatase 2A (PP2A) plays a role in cellular processes such
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as insulin signalling, cell proliferation, and apoptosis by dephosphorylating key signalling
molecules, including AKT, AMPK, p53, and c-Myc, all of which are involved in metformin
signalling pathways [471].

1.8.2 Pleiomeric Actions

Metformin has gained significant attention for its broad therapeutic applications across
numerous diseases [472]. It has proven effective not only in treating type 2 diabetes mellitus
(T2DM) but also in managing conditions like obesity, cancer, cardiovascular diseases,
inflammatory disease and neurological disorders [473]. In the context of breast cancer,
metformin interferes with the mTOR signalling pathway by enhancing phosphorylation at the
inhibitory Ser789 site of IRS-1, an effect that depends on AMPK activation. It also suppresses
the expression of IGF-1R and insulin receptor (IR) genes. The co-expression of IGF-1R with
the drug-resistance protein MRP1 has been linked to reduced responsiveness to cancer therapies

[474].

It also shows promise as an anti-ageing, antiviral, and anti-inflammatory agent [475]. Regarding
the latter metformin influences inflammatory pathways by modulating NF-xB signalling,
affecting immune cell differentiation, and lowering the secretion of inflammatory cytokines
[476, 477]. Remarkably, it reduces levels of several cytokines in the bloodstream even in non-
diabetic individuals, including CCL11 a molecule associated with aging and tissue degeneration
[461, 478]. The anti-inflammatory properties of metformin are largely attributed to its action
on the AMPK-mTOR pathway. Yet, evidence suggests it can also suppress inflammation
through alternative mTOR-related mechanisms independent of AMPK. For instance, metformin
has been shown to directly inhibit mMTORC1 via a Rag GTPase-dependent route, bypassing the
typical TSC1/2 or AMPK pathways [479].

Although long-term use of metformin has been associated with impaired absorption of vitamin
Bi2 in the small intestine, potentially resulting in neuropathy, anaemia, or cognitive deficits if
left unrecognised, metformin has also demonstrated neuroprotective effects in various
neurodegenerative disorders, including Alzheimer’s disease, Parkinson’s disease, Huntington’s
disease, and multiple sclerosis [473]. In Alzheimer’s disease, metformin activates AMPK,
which contributes to lowering amyloid-beta levels and reducing brain inflammation. It also
enhances the Nrf2 pathway, boosting antioxidant activity, decreasing neuronal death, and
improving mitochondrial function factors that may help combat memory decline. In

Parkinson’s disease, metformin protects dopamine-producing neurons by stimulating AMPK,
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encouraging mitochondrial biogenesis through PGC-1a, and reducing oxidative stress. It also
limits inflammation by inhibiting microglial activation and reducing pro-inflammatory
cytokines like TNF-a, I[L-1pB, and IL-6. Additionally, metformin enhances autophagy, helping
remove damaged proteins and organelles, and further supports antioxidant defences by
modulating Nrf2-regulated genes. In Huntington disease, metformin has shown promise by
activating AMPK and inhibiting the MID1/PP2A/mTOR complex, leading to reduced
translation of mutant huntingtin protein [480, 481]. This decreases its harmful buildup. The
drug also improves cognition, reduces behavioural symptoms, enhances mitochondrial health
and autophagy, increases brain-derived neurotrophic factor (BDNF), and lessens glial-driven
inflammation [482]. Finally, emerging studies suggest it may also benefit individuals with
multiple sclerosis by reducing inflammation and oxidative damage in the central nervous

system [483, 484].

1.9 Immortalized Cell lines

Cell lines are vital assets for biomedical studies, diagnostic tests, and clinical applications [485].
An immortalised cell line refers to a culture of cells that has been derived from a primary cell
culture, typically used to increase the cell population and extend their lifespan. Immortalised
cells are those that have surpassed the Hayflick limit through genetic modifications, allowing
for a theoretically unlimited number of divisions [486]. The process of immortalisation involves
artificially bypassing the restriction on cell divisions by altering the expression of genes
associated with cellular aging. First experiments aimed at artificially immortalising cells took
place in the 1960s, where researchers obtained immortalised cell lines from rats and hamsters
using polyomaviruses [487] and chemical carcinogens [488]. Immortalised cell lines of rats and
hamsters were obtained. Immortalisation is a complex process consisting of multiple stages,
during which cells undergo various selection processes after being transfected with the required
genetic material [489]. These manipulations can alter the characteristics of the resulting cell
line compared to the primary culture, potentially restricting its application in biomedical
research [490]. The first publication documenting altered cell properties following

immortalisation was published in early 2013[491].

That said, immortalised cell lines are commonly utilised instead of primary cells to examine
biological mechanisms as they have multiple benefits over primary cells [492]. They not only
serve as convenient tools in fundamental research but are also finding increasing application in
translational and preclinical studies. This trend is attributed to their advantages over primary
cells, including the ability to generate larger quantities of cells and maintain them for extended
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durations, the ease of genetic alterations, and the elimination of donor-to-donor variability when
comparing results across different experiments [493]. This makes them particularly important
in understanding the pathophysiology of disease, including neurodegeneration and also
valuable tools in drug discovery [493]. The most well-defined cell line to study the human BBB
is hCMEC/D3.

1.9.1 hCMEC/D3

The hCMEC/D3 cell line was derived from human temporal lobe microvessels isolated during
surgery for epilepsy control. The primary isolate was enriched for cerebral endothelial cells
(CECQ). Cells were sequentially immortalised by lentiviral vector transduction with the catalytic
subunit of human telomerase (hTERT) and SV40 large T antigen in the first passage, after
which CEC were selectively isolated by limited dilution cloning and clones were extensively

characterised for brain endothelial phenotype [494].

The hCMEC/D3 cell line preserves a consistent and physiologically normal endothelial
phenotype, which includes the ability to swiftly develop networks of capillary-like vascular
structures within a three-dimensional extracellular matrix [495, 496]. This cell line displays a
spindle-like, elongated shape comparable to primary brain endothelial cell cultures.
Additionally, it demonstrates contact inhibition when it reaches confluence while cultured on
collagen types I or IV, expressing brain endothelial/epithelial markers alongside adherence and

tight junction proteins, as well as functional ABC transporters.

The hCMEC/D3 cell line is the first extensively characterised human brain endothelial cell line,
which embodies many of the distinctive features of the blood-brain barrier, even in the absence
of coculture with glial cells. This cell line serves as a valuable model for investigating the
biology of human brain endothelium concerning neuroinflammatory or infectious diseases, as
well as for large-scale screening of CNS drug candidates [497], as well as an in vitro model of
BBB function [498-504]. These adherent cells were grown in endothelial cell-specific medium

with 5% FBS.

1.9.2 EAHY926

A widely utilised and well-defined permanent human endothelial cell line is EA.hy926 [505].
This cell line was established in 1983 through the fusion of human umbilical vein endothelial
cells (HUVEC) with a human lung cancer cell line, A549 [506]. EA.hy926 cells exhibit several
endothelial characteristics akin to those of HUVECs and are regarded as the immortal

equivalent of primary HUVECs [507]. Similar to primary HUVECs, EA.hy926 cells display
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comparable permeability, alteration of tight junction proteins, and modifications in structural
proteins after thrombin treatment [508], along with a reduction in angiogenesis due to high-
glucose exposure under hypoxic circumstances [509]. Additionally, both HUVECs and
EAhy926 cells exhibit a comparable senescence phenotype after receiving doxorubicin
treatment [510]. This is an adherent cell line that is cultured in Dulbecco’s Modified Eagle
Medium (DMEM) supplemented with 10% foetal bovine serum.

1.9.3 bEND3

bEnd3 cells are an immortalised mouse brain endothelial cell line originally generated in 1990
[511]. They represent a promising option for studying the blood-brain barrier because they
grow quickly, preserve blood-brain barrier traits throughout multiple passages, create
functional barriers, and are easy to manipulate with various molecular techniques [512]. bEnd.3
cells develop monolayers in culture and exhibit essential features of the blood-brain barrier
phenotype, including the expression of crucial tight junction proteins like zonula occludens
(Z0O), claudins, and occludin, along with key endothelial cell markers such as endothelial NOS
(eNOS) and von Willebrand Factor (vWF) [512, 513]. This is an adherent cell line that is
cultured in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% foetal

bovine serum.

58



1.10 Aims

The overall scope of this thesis is to examine the role of PP2A in the regulation of VE-cadherin
in human brain microvascular endothelial cells. It specifically examines whether okadaic acid,
a PP2A inhibitor, affects the expression and abundance of VE-cadherin in hCMEC/D3 cells,
and assesses the resulting impact on blood-brain barrier (BBB) integrity using an in vitro model.
Additionally, the study seeks to identify proteins influenced by protein phosphatase inhibition,
investigate those involved in VE-cadherin trafficking, and evaluate whether increasing PP2A

activity through metformin can help restore BBB function.

Protein phosphatases remain relatively underexplored and are not yet comprehensively
characterized [514]. Existing studies indicate that protein phosphatase 2A (PP2A) contributes
to the regulation of epithelial tight junction formation and the preservation of barrier integrity
[515]. Nevertheless, its specific role in modulating adherens junction components particularly
vascular endothelial (VE)-cadherin at the blood-brain barrier (BBB) is not well understood.
Given the essential function of VE-cadherin in endothelial cell cohesion and BBB integrity, this
study aimed to investigate the effects of okadaic acid (OA), a known PP2A inhibitor, on VE-
cadherin abundance and expression, alongside PP2A activity and protein levels. Furthermore,
the mechanism underlying VE-cadherin reduction upon PP2A inhibition was examined,
focusing on whether this process occurs via proteasomal or lysosomal degradation. The
potential of proteasome inhibition to counteract OA-induced effects was also assessed.
Consequently, this study evaluated the influence of OA on BBB integrity by determining

whether OA disrupts endothelial barrier function.

Wuerger et al. recently employed an integrative transcriptomic, proteomic, and
phosphoproteomic strategy to demonstrate that okadaic acid, a known inhibitor of protein
phosphatase 2A (PP2A), influences key cellular processes such as energy metabolism,
inflammatory signalling, cytoskeletal organisation, and signal transduction in human HepaRG
liver [516, 517]. Similarly, in primary rat neuronal cultures, okadaic acid was shown to
differentially regulate 320 proteins involved in anatomical structure development, cellular
transport, differentiation, and signalling pathways [518]. Despite these findings, a comparable
comprehensive or even targeted proteomic investigation into the effects of okadaic acid in
human brain microvascular endothelial cells has yet to be conducted. Addressing this gap is
crucial for advancing our understanding of PP2A’s role in modulating blood-brain barrier
(BBB) function under both physiological and pathological conditions. Accordingly, this study
explored the global proteomic alterations in hCMEC/D3 cells following PP2A inhibition via
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okadaic acid treatment. Differentially expressed proteins were identified, and subsequent
enrichment analysis of Kyoto Encyclopaedia of Genes and Genomes (KEGG) pathways and
associated biological processes were performed using the ShinyGO platform. Additionally, the
STRING database was utilised to examine potential direct (physical) and indirect (functional)
protein-protein interactions. The involvement of Rab5a and Rabl1A in VE-cadherin

internalisation and recycling was also investigated.

Given that okadaic acid functions as an inhibitor of PP2A activity, strategies aimed at
modulating and restoring PP2A function may offer therapeutic potential in counteracting its
deleterious effects. Previous studies have demonstrated that metformin can activate PP2A
across a range of cell types, including human skeletal muscle cells, macrophages, primary
cortical neurons, and in various animal models. However, whether metformin exerts similar
effects on PP2A activity in human brain microvascular endothelial cells (hCMEC/D3) remains
unconfirmed. Therefore, this study investigated the impact of metformin on PP2A activity,
expression, and protein abundance in hCMEC/D3 cells. In addition, given reports that
metformin can enhance tight junction integrity, evidenced by its ability to reverse
hydrocephalus and increase VE-cadherin expression in the choroid plexus of a rat model of
intraventricular haemorrhage [519]. The potential of metformin to reverse okadaic acid-induced

reductions in VE-cadherin abundance was evaluated in a time-dependent manner.

Overall, this thesis aims to examine whether okadaic acid influences VE-cadherin expression
and abundance in human brain microvascular endothelial cells (h\CMEC/D3), to uncover the
underlying molecular mechanisms, and to assess potential impacts on blood-brain barrier
(BBB) function using an in vitro model. A proteomic analysis was conducted to identify key
pathways and protein interactions affected by okadaic acid, with a focus on understanding its
regulatory effect on VE-cadherin. Selected differentially expressed proteins were further
investigated to determine their role in mediating this effect. Additionally, the study evaluated
whether metformin modulates PP2A catalytic subunit (PP2Ac) activity and expression in
hCMEC/D3 and explored its capacity to reverse okadaic acid-induced changes, particularly in

relation to VE-cadherin abundance.
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Chapter 2

Materials
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2.1 Consumables

6-well plate Sarstedt
12-well plate Sarstedt
24-well plate Sarstedt
96-well plate Sarstedt
Cell scrapper Sarstedt
PCR 8 tube strip and caps Applied Biosciences
Serological pipettes Sarstedt

12-well transwell inserts

Stem Cell™ Technologies

T75-cell culture (filtered cap)

VWR

Filtered pipette tips Fisher Brand
(2, 10, 20, 200, 1000 pL)

Pipette tips Sarstedt

(2, 10, 20, 200, 1000 pL)

50 mL tubes Sarstedt

15 mL tubes Sarstedt
T25-cell culture (filtered cap) VWR
Serological pipettes Sarstedt

Table 2.1: List of consumables
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2.2 Equipment

MX3000p, Real Time PCR machine Applied Biosystem

Analytical balance Mettler, AE240

Autoclave Dixon

Fluorescence microscope EVOS fl

Automated pipettes Gilson, Inc. (2 pL, 10 pL, 100 pL, 200 pL, 1000
pL, 5000 pL, 300 pL Pipetman Ultra 8-channel)

Centrifuge Hettich Zentrfugen, EBA 12R/mikro 22R

Digital imaging Fusion Fx imaging system, Vilber Lourmat

Freezer (-80 °C) ThermoFisher Scientific

Gel electrophoresis system Bio-Rad, Mini-Protean

Incubator (37C, 5% CO2, 95% rh) HERACcell 2401

Laminar flow hood Mason Technology, BioBan 48

Luminometer ThermoFisher Scientific, Fluoroskan AscentFL

Microplate reader BioTek EL 808

pH meter Mettler-Toledo Inc., MP320

Thermocycler MJ Research Inc, PTC-100

Heat Block Thermoscientific

Table 2.2: List of Equipment
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Chapter 3

The Mechanism of VE-cadherin Degradation in the
Blood-Brain Barrier Post Protein Phosphatase 2A
Inhibition Using Okadaic Acid
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3.1 Introduction

The BBB is a distinctive cellular barrier, the structural integrity of which protects the central
nervous system from pathogen infiltration. Structurally, it is a monolayer of endothelial cells
connected through a tight junction and adherent junction, lining the cerebrovascular system.
While tight and adherent junctions involve a multitude of protein-protein interactions, a crucial
component of adherent junctions and BBB architecture is vascular endothelial cadherin (VE-
cadherin) [520]. VE-cadherin is a transmembrane protein unique to endothelial cells and is
recognised for its role in supporting the initial phases of vascular connection and fusion [75].
Research indicates that VE-cadherin plays a crucial role in the stabilisation of cell-cell junctions
and the regulation of vascular barrier integrity [521, 522]. VE-cadherin is a highly dynamic
adhesion molecule, and its presence at the plasma membrane correlates with cell-cell adhesion
and the functioning of the junctional complex [378]. The internalisation of VE-cadherin is
believed to reduce VE-cadherin levels at junctions, hence impacting endothelial barrier function
[415]. The disruption of VE-cadherin may result from tyrosine phosphorylation, internalisation,

endocytosis, and/or lysosomal degradation [424].

VE-cadherin internalisation is linked to the loosening of cell-cell junctions, which influences
endothelial behaviours, including cell migration and permeability [523]. The internalisation of
VE-cadherin can occur in a clathrin-dependent or clathrin-independent mechanism [387].
Moreover, Le, Yap & Stow, J. (1999) showed that some pools of E-cadherin on the cell surface
undergo endocytosis and recycling back to the plasma membrane [524]. These observations
suggest that cadherin endocytosis is an important regulatory mechanism controlling cell surface
levels and perhaps regulates overall levels of VE-cadherin expression [387]. This has been
observed across several mammalian cell types and tissues [393] and regulates the stability of
endothelial cell junctions [397]. Additionally, the reorganisation of adherens junctions is
essential for collective migration during angiogenesis [525-527]. Certain findings suggest that
controlled cadherin endocytosis is crucial for both dynamic cell movement and the formation
of a stable tissue architecture [397]. Endocytosis may facilitate the degradation of contacts that
result in decreased cadherin expression in epithelial cells, which is linked to various diseases,
including tumour metastasis [202] and contributes to various disease mechanisms. For example,
in an experimental model of acute pancreatitis, the internalisation of E-cadherin by pancreatic

acinar cells is increased [528].

Phosphorylation and dephosphorylation because of the coordinated action of protein kinases

and phosphatases are critical in regulating junctional protein-protein interactions and function.
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Changes in the phosphorylation state of tight junction proteins is an important regulator of BBB
permeability [17]. VE-cadherin has an important role in the control of vascular permeability in
vitro and in vivo [529-531]. VE-cadherin phosphorylation on serine and tyrosine residues has
been shown to provoke its internalisation both in vifro and in vivo, leading to an increase in
vascular permeability [378, 390, 411, 532]. The cytosolic tail of VE-cadherin contains nine

733 These sites

putative phospho-tyrosine sites, including Tyr%, Tyr%8, Tyr®, Tyr3!, and Tyr
may be involved in barrier integrity. Indeed, many vasculopromoting agents, such as VEGF
and histamine, increase the phosphorylation of VE-cadherin and associated catenin, resulting
in a loosening of VE-cadherin/catenin binding [523]. In addition to tyrosine phosphorylation,
serine phosphorylation of VE-cadherin is reported to be involved in the regulation of
endothelial barrier function [150]. One study demonstrated that phosphorylation of VE-
cadherin at a serine residue triggers its internalisation by recruiting PB-arrestin 2, which
facilitates clathrin-dependent endocytosis of VE-cadherin [533]. Another study showed that

Sema3A promotes VE-cadherin serine phosphorylation and internalisation, leading to the

disruption of cell-cell junctions and a loss of barrier integrity in brain endothelial cells [411].

Serine/threonine phosphorylation represents more than 98% of all protein phosphorylation in
mammalian cells [534]. PP2A is the major phosphatase responsible for dephosphorylation of
Ser and Thr residues [145]. It was also the first phosphatase found to associate with tight
junction complexes [458]. The inhibition of protein phosphatases by various protein
phosphatase inhibitors is a strategy for understanding the role of these enzymes in numerous
cellular processes [165]. Diarrhetic Shellfish Poisoning (DSP) was documented in humans in
the late 1970s [535]. The infection resulted from shellfish contaminated with okadaic acid and
its derivatives, dinophysistoxin 1(DTX-1), DTX-2, DTX-4, 7-O-palmitoyl-OA and 7-O-
docosahexaenoyl-O [536]. In laboratory animals, these toxins caused epithelial damage and
fluid accumulation in the gastrointestinal tract, and at elevated levels cell death. OA and its
derivatives have been shown to function as tumour promoters, and when injected into the brains
of animals, okadaic acid induces neuronal damage similar to that seen in Alzheimer’s disease
[536]. Reports show that neuronal damage induced by okadaic acid corresponds with the
hyperphosphorylation of tau protein, the development of neurofibrillary tangles, and an
accumulation of B-amyloid [537]. In 1988, Bialojan and Takai [538] discovered that okadaic
acid inhibited a particular protein phosphatase, type 2 phosphatase, in vitro at nanomolar
concentrations. Consequently, it was proposed that intracerebral injection of okadaic acid, due

to its ability to block protein phosphatases, would serve as a valuable model for Alzheimer’s
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disease [539]. Moreover, numerous investigations indicate that pharmacological inhibition of
PP2A enhances the paracellular permeability of the endothelial barrier [540-542]. However, the
mechanism underlying PP2A inhibition using okadaic acid in the blood-brain barrier remains

inadequately explored.

Okadaic acid, a protein phosphatase 2A inhibitor, stimulates caveolae-dependent internalisation
[543]. The okadaic acid-induced phosphatase inhibition causes severe alterations in the
phosphorylation states of many cellular proteins that can eventually lead to the collapse of
regulatory processes and a variety of cellular disruptions [165]. With regard to junctional
proteins, okadaic acid-mediated inhibition of PP2A enhances the phosphorylation and targeting
of ZO-1, occludin, and claudin-1 to tight junctions during junctional biogenesis [515]. The
functional modifications include abnormalities in the expression of tight junctional proteins,
their distribution, and the local microenvironment that may facilitate the opening of tight
junctions [544]. A study showed that okadaic acid, which inhibits PP2A, disrupts cell-to-cell
adhesion in human mammary epithelial cells, resulting in the internalization of E-cadherin
[150]. Decreased cadherin expression or cadherin loss has been noted in stroke, traumatic brain

injury, and brain tumours, and is accompanied by a loss of blood-brain barrier integrity [544].

Protein phosphatases are inadequately researched and insufficiently characterised [514].
Evidence suggests that PP2A plays a role in regulating epithelial tight junction assembly and
maintaining barrier integrity [515]. However, its involvement in controlling adherent junctional
proteins, particularly VE-cadherin at the BBB, remains unclear. The present study aims to: 1)
investigate if okadaic acid alters VE-cadherin expression and abundance in human brain
microvascular endothelial cells and elucidate its underlying mechanisms and 2) assess any

functional consequence on BBB function using a surrogate in vitro model.
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3.2 Materials and Methods

3.2.1 Cell Culture

Human cerebral microvascular endothelial cells (h\CMEC/D3) were purchased from American
Type Culture Collection (ATCC; cat No SCC066), while bEnd.3 cells and EAhy926 were
obtained from Professor Matt Campbell (Department of Genetics, TCD) and Dr Mark Ward
(Department of Histopathology, TCD), respectively. hCMEC/D3 cells were removed from
liquid nitrogen and rapidly thawed at 37°C in preparation for culturing in EndoGRO-MV
culture medium (Merck, Cat. #SCME-BM) containing 5% foetal bovine serum (FBS),
supplemented with 100 U/mL penicillin, 100 mg/mL streptomycin and the supplements
provided with the kit (Merck, Cat. #SCME004-S). All plasticware in which hCMEC/D3 were
cultured was pre-coated with a 5% (w/v) solution of rat tail collagen type I (08115, EMD
Millipore Corp, USA) in Dulbecco’s phosphate-buffered saline (DPBS) containing Ca?" and
Mg?* (D8662, Sigma-Aldrich). The collagen solution was added to the culture and incubated
for one hour at 37°C in an incubator. The solution was then aspirated, and the culture surface
rinsed with Dulbecco’s phosphate-buffered saline (DPBS) containing Ca?" and Mg** (D8662,
Sigma-Aldrich) before cell seeding. Cells were plated at a density of 2x10° per T-75 flask. The
culture medium was changed every 3 to 4 days until the cells reached ~80% confluence. The

hCMEC/D3 cells were used up to passage 45.

bEND.3 and EAhy926 cells were cultured in Dulbecco’s Eagle's medium (Sigma D5796)
supplemented with 10% foetal bovine serum (FBS Sigma F9665), 100 U/mL
penicillin/streptomycin (Sigma P0781), and L-glutamine. The culture medium was changed
every 2-3 days. The bEND.3 and EAhy926 cells were used at passages 5-20 and 32-38,

respectively.

All cells were maintained in a humidified atmosphere at 37°C and 5% CO», and experiments
were performed under serum-free conditions. hCMEC/D3 cells were preserved by freezing in
hCMEC/D3 medium supplemented with 10% DMSO. bEND3 and EAHY926 cell lines were
frozen in Complete growth medium, supplemented with 5% (v/v) DMSO. Cells were frozen at

a controlled rate (1°C/h) utilising a Mr Frosty container in a -80°C freezer.

3.2.2 Cell Trypsinisation and Counting

To trypsinise the cells, the culture medium was aspirated, and the cells were washed with
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Dulbecco’s phosphate buffered saline,1xPBS (D8662, Sigma-Aldrich) before the addition of a
0.25% trypsin-EDTA solution (T4049, Sigma-Aldrich). The cells were incubated for 2-3
minutes at 37°C to release the cells, before stopping the reaction by the addition of full serum
medium. The cell suspension was centrifuged at 300 x g for 5 minutes to harvest the cell pellet.
The cell pellet was reconstituted in 8-10 mL of full growth medium. From this, a 50 pL aliquot
was removed and an equal volume of a 0.4% solution of trypan blue (Gibco, USA) added, and
the cells incubated for 2 minutes. An aliquot (10 pL) of the cell suspension was added to both
chambers of the haemocytometer and observed using light microscopy under a 10x
magnification. The number of unstained cells (viable) was determined from four areas
consisting of 16 squares designated by gridlines on the haemocytometer, and the average was
determined. The viable cell count per millilitre was calculated by multiplying the average

number of cells by the trypan blue dilution factor.

3.2.3 Protein Cell Extraction

The cell culture medium was removed, and the cells were washed in sterile ice-cold PBS
(D8662, Sigma-Aldrich) with gentle swirling before being aspirated. RIPA buffer (110 pL/well
for a 6-well plate; Trizma Base 50 mM, NaCl 150 mM, EDTA 2 mM, NP-40 0.5% v/v) was
supplemented with 100x protease inhibitor cocktail Set I (539131-EMD Millipore Corp,
Germany) and the cells detached using a cell scraper. The cell suspension was transferred to a
1.5 mL Eppendorf tube and incubated on ice for approximately 15 minutes. The cell suspension
then underwent three freeze-thaw cycles at -80°C to ensure complete lysis. Cell debris was
removed by centrifugation at 400xg for 10 minutes, and the supernatant transferred to a clean
sterile 1.5 mL Eppendorf tube. Protein samples were stored at -80°C for protein quantification

and downstream analysis.

3.2.4 Bradford Assay

Protein content in the cell lysates was quantified using a Bradford assay. A protein standard
curve was generated using the method of serial dilution to cover a concentration range of 0-
1500 pg/mL based upon bovine serum albumen (BSA, Cat # A7888) as the reference standard.
The protein standards, blank control, and unknown protein samples (5 pL) were added in
duplicate to a 96-well plate and mixed with 250 pL of Bradford reagent (B6916; Sigma,
Dublin). The colour was allowed to develop for 15 minutes at room temperature in the dark
before the absorbance was determined at a wavelength of 595 nm using a spectrophotometer
(BIO-TEK ELS808). The absorbance from the duplicates was averaged, the background

subtracted, and the standard curve constructed. The protein concentration in the unknown
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samples was interpolated from the standard curve (Graphpad Prism v10) and adjusted to
account for dilution. The protein samples were then standardised to 1 mg/mL using distilled

water as the diluent.

3.2.5 Immunoblotting /Western blot

3.2.5.1 SDS-PAGE and Dry Transfer

Protein samples (20 pg) were heated for 30 seconds in a sample loading buffer consisting of
lithium dodecyl sulphate (LDS) 5% v/v, glycerol 50% v/v, Tris-HCI 1 M, bromophenol blue
2.5 mg, phenol red 2.5 mg, and ficoll 400 5% v/v, and cooled on ice for 3 minutes. The
denatured samples were subjected to sodium dodecyl sulphate-polyacrylamide gel
electrophoresis (SDS-PAGE) using an 8% stacking gel and 12% resolving gel (Table 3.1). A
molecular weight ladder (Fisher BioReagent, EZ-Run™ Prestained Protein Ladder, 10-170
kDa) was included on the gel to establish the relative molecular sizes of the proteins. Gels were
run at 120 V for 1 h with 25 mM Tris Base, 192 mM glycine, and 0.1% (v/v) SDS as the running
buffer.

An iBlot 2 system was used to dry-transfer the proteins from the gel to a PVDF membrane. In
brief, the iBlot 2 transfer stack was separated into the bottom and top stacks. The SDS-PAGE
gel was sandwiched between the bottom and top stacks and compressed with a ruler to eliminate
air bubbles. The sandwich was then placed in the apparatus, and the following program was run
for either 7 min (PO) or 6 min (P1) for large-sized (kDa) or small proteins (kDa), respectively.
Following transfer, if the membranes were not used straight away, they were labelled and stored

dry between sheets of filter paper at 4 °C.
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Resolving gel Stacking gel

12% 5%
dH20 4.6 mL 3.3 mL 1.4 mL
30%(W/v) 2.7mL 4.0 mL 0.33 mL
Acrylamide
/Bisacrylamide
Tris (1.5 M, pH 8.8) 2.5mL 2.5mL -
Tris (1 M, pH 6.8) - - 0.25mL
10% (w/v) SDS 0.lmL 0.1 mL 0.02 mL
10% (wiv) 0.ImL 0.1 mL 0.02 mL
ammonium
persulfate
TEMED 0.006 mL 0.004 mL 0.002 mL

Table 3.1: Composition of the resolving and stacking gel used for PAGE.

3.2.5.2 Immunodetection of Proteins

The PVDF membrane was blocked in TBS-T (Tris 10 mM, NaCl 100 mM, HCl 1 M, and
Tween-20 0.1 % v/v) containing 5% milk or 2% BSA for 1 h. The blocking solution was then
removed and the membranes probed overnight at 4°C with, anti-VE-cadherin mouse (BV9, cat.
# sc-52751), anti-VE-cadherin rabbit (Abcam, cat. # AB205336), anti-PP2Ac (1D6, cat. # sc-
80665), anti-Ub (A-5, cat. # sc-166553), anti-pan-cadherin (E-11, cat. # sc-515872), anti-
HSP90 (AC-16, cat. # sc-101494), Rab5A (E-11, cat. # sc-166600) or Rabl 1A (Abcam, cat.
#AB128913) as appropriate. Primary antibodies were used at either a 1:500 or 1:3000 dilution
in blocking buffer. The next day, the membrane was rinsed with TBS-T and then incubated at
room temperature for 1 hour with TBS-T + 5% milk containing an HRP-conjugated anti-mouse
or anti-rabbit secondary antibody at a 1:1000 and 1:5000 dilution, respectively. Following
washing with TBS-T for 15 min and twice for 5 min at room, the membrane was exposed to the
chemiluminescence reagents (3.2 pL of 30% hydrogen peroxide and 6 mL of 250 mM luminol,
90 mM 4-iodophenylboronic acid, and 100 mM Tris-HCI), for 2 minutes before being
sandwiched between acetate sheets. The protein bands were visualised and recorded using a
Fusion Fx imaging system (Vilber Lourmat) and underwent densitometric analysis using BiolD
software. The membranes were then stripped in a solution consisting of 62.5 mM, pH 6.8 Tris-
HCI, 2% (v/v) SDS, and 0.83 uL B-mercaptoethanol (M7154; Sigma Aldrich), before being re-
probed with a 1:2000 dilution of an HRP-conjugated actin antibody (C4, cat # sc-47778).
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3.2.6 Semi-Quantitative Real-Time PCR

3.2.6.1 RNA extraction and Quantification

hCMEC/D3 cells were cultured in 6-well plates at a density of 4 x 10° cells per well or in 12-
well plates at a density of 2 x 10° cells per well. The cells were subsequently lysed in Tri
Reagent™ on ice (1 mL per 4 x 10° cells; Sigma Aldrich). Chloroform was then added (200
uL/mL of TriReagent), shaken vigorously and incubated at room temperature for 10 minutes.
To separate the organic and aqueous phases, the samples were centrifuged at 12,000 g for 15
minutes at 4°C. The upper aqueous phase containing RNA was carefully removed to avoid the
interphase and transferred to a new Eppendorf tube. The RNA was precipitated by the addition
of isopropanol (500 uL/mL of TriReagent) and collected by centrifugation at 12,000 g for 10
minutes at 4°C. The supernatant was discarded, and the RNA pellet was washed with 75% and
100% ethanol consecutively. Following air drying, the RNA pellet was reconstituted in

nuclease-free water (Promega, P119E) and heated at 65°C for 5 minutes to aid dissolution.

RNA quantification and purity were determined spectrophotometrically using a NanoDrop
(Thermofisher Scientific, NanoDrop ND 8000). In brief, the nucleic acid option of the
Nanodrop software (ND1000) was selected, the upper and lower pedestal cleaned with Nano
Pure water (2 pL) and the machine blanked against the sample elution buffer. The upper and
lower pedestals were cleaned again, and 2 pL of the experimental sample was added.
Absorbance was then determined at a wavelength of 260 nm, while purity was assessed by
measuring the ratio of the sample absorbance at 260 and 280nm; a ratio of approximately 2.0

was considered acceptable RNA purity.

3.2.6.2 Validation of mRNA Quality

The RNA quality was examined using agarose gel electrophoresis. Agarose gels of 1% (w/v)
were prepared by dissolving 0.5 g of agarose (A9539) in 100 mL IxTAE buffer (Tris base,
glacial acetic acid and 0.5 M EDTA pH 8.0), followed by heating in a microwave oven. The
agarose solution was cooled to hand-hot, 3uL of Gel Red Nucleic Acid stain was added
(SCT122, Millipore), and the gel was cast in a 10 cm x 6.2 cm Bio-Rad Mini Sub-Cell GT gel
casting tray to form a 6.5 mm thick gel. An 8-tooth well-forming comb was set at a height of 1
mm from the bottom. The gel was allowed to set for 20 min, then covered with 100 mL 1xTAE
running buffer. Before electrophoresis, the comb was removed from the gel, and the gel with
its supporting plate was transferred to a Bio-Rad Mini Sub-Cell GT electrophoresis unit. The
RNA sample was prepared using 1-2 pug with 4 uLL of 6x RNA loading dye (15% w/v Ficoll
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400, 0.15% w/v xylene cyanol and 0.2% w/v orange G) before loading the wells. The gels were
then run at 100 V until the marker dye was 2/3 down the gel. Gel images were captured using

UV detection in a Fusion Fx imaging system (Vilber Lourmat).

Intact RNA is depicted by two clear bands corresponding to 28s rRNA and 18 rRNA in a ratio
of approximately 2:1, respectively, with minimal smearing as can be seen in Figure 3.1. A third

minor band corresponding to 5S rRNA was also noted (Figure 3.1).

Untx DMSO OA

28S rRNA

—

e 18SIRNA

5S rRNA

e

Figure 3.1: Assessment of the integrity of the RNA samples isolated using TRI reagent.
A typical midi gel (1% w/v agarose) showing 28S rRNA,18S rRNA and 5S rRNA bands. The
image is presented as a negative for clarity. DMSO was used at a concentration of 0.01%, and

OA was used at a concentration of 10 nM.

3.2.6.3 DNase Treatment and cDNA Synthesis

To remove potential DNA contamination, RNA samples (1 pg) were DNase-treated by adding
1 uL of a 10X DNase I Reaction Buffer, 1 pL of DNase I Amp Grade, and molecular-grade
water to give a total volume of 10 pL. The reaction was incubated for 15 minutes at room
temperature, and the reaction was stopped by adding 1 pL of a 25 mM EDTA solution and
heating to 65°C for 10 min. The RNA was then reverse transcribed to complementary DNA
(cDNA) as follows. To each DNase-treated sample (11 pL), random hexamer primers (1 pL;
Thermo Fisher Scientific, SO142) were added and the mixture incubated at 65°C for 5 minutes
in a thermocycler. To this, 4 pL of 5X Reaction Buffer from the RevertAid Reverse
Transcriptase kit (EP0442), 0.5 puL (20 U) of RiboLock RNase Inhibitor (Thermo Fisher
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Scientific), 0.2 uL of 100 mM dNTP Mix (Thermo Fisher Scientific, R0191), and 1 pL (200 U)
of RevertAid Reverse Transcriptase were added, and the volume brought to 20 pL. After a brief
spin, the samples were placed in a thermocycler, and the following cycling conditions were run:
25°C for 10 minutes and then 42°C for 60 minutes. The reaction was terminated by heating at

70°C for 10 minutes.

3.2.6.4 Semi-Quantitative Real-Time PCR and Validation of RT-PCR

mRNA expression was determined using semi-quantitative RT-PCR with target-specific
primers (Table 3.2) and SYBR Green GoTaq DNA polymerase (Promega, A6002). Lyophilised
primers were reconstituted in molecular grade PCR water to create 100 uM master stocks, from
which 10 uM working primer stocks were prepared by diluting the master stock 1:10 with
molecular grade water. The RT-PCR reaction mix consisted of 10 pL of 2X SYBR Green mix,
50 ng of cDNA template, 500 nM of each forward and reverse primer, and brought to 20 puL.
with molecular grade water. Each PCR run included a non-template control, and all samples
were processed in triplicate. The samples were placed in the thermocycler (Mx3000P QPCR
System) programmed as follows: 1 cycle at (95°C for 2 min), followed by 40 cycles at (95°C
for 15 sec, 62°C for 1 min, 72°C for 15 sec), with a final hold step at 4°C. Gene expression was
quantified using the comparative Ct method 2"44CY To optimise each primer, the validity of
the primer sequences was confirmed through nucleotide search (Primer-BLAST; NCBI), while
specificity and amplicon size were assessed using a dissociation curve added to the end of the
PCR run. Reference housekeeping genes, such as glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) and glycosylphosphatidylinositol (GPI), were employed for normalisation of the

gene of interest.

Gene ‘ NMID ‘ Forward Sequence Reverse Sequence

VE-cadherin | NM_001795.4 ATACCAAGGTCCACTTC GTGAGGATGCAGAGTAA
GPI NM 001329911.2 | TCTATGCTCCCTCTGTGTTAGA | CTCCTCCGTGGCATCTTTATT
GAPDH NM_002046.5 CTCTGCTCCTCCTGTTCGAC GCGCCCAATACGACCAAATC

Table 3.2: List of primers including gene identification numbers and sequence.
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The dissociation curve results were utilised to evaluate the amplification of non-specific
products and to check for DNA contamination. Nevertheless, if specific amplification was

observed in the NTC samples, the experiment's results were deemed invalid.
A (5

/['s +—— VE-cadherin

Figure 3.2: Representative dissociation curves for VE-cadherin, GPI and GAPDH mRNA
using SYBR green. Dissociation curve of real-time SYBR Green PCR products of VE-
cadherin (A), housekeeping gene GPI (B) and GAPDH (C). Temperature is plotted on the x-
axis with the derivative of the fluorescence level on the y-axis. A single melt peak at 83, 85,
and 82 C indicates a single PCR product is being amplified in these samples (A, B and C),
whilst No Template Control samples have low melting temperatures and non-specific

amplification.

3.2.7 Permeability Assay

hCMEC/D3 cells were cultured on collagen-coated inserts with a pore size of 0.4 um at a
density of 4 x 10° cells per/ 12 well until a confluent layer of cells developed. The monolayer
was rinsed with Dulbecco’s Phosphate Buffered Saline,1xPBS (D8662, Sigma-Aldrich), and
the culture medium was changed to serum-free medium for 2 h. The cells were then exposed to
DMSO (0.01%) or okadaic acid (10 nM) for 24 h. The medium was then removed from the
insert, and FITC-labelled dextran (200 puL) prepared in serum-free medium was added. The

insert was then placed in a new plate containing 500 puL of serum-free medium. Following a
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30-minute incubation period at room temperature, 100 uL of the medium in the bottom chamber
was reserved and added to a 96-well plate for the determination of fluorescence. The
fluorescence was measured using a fluorimeter (Thermofisher Scientific, Fluroskan Ascent FL)

at an excitation wavelength of 485 nm and an emission wavelength of 530 nm (Figure 3.3).

Seed appropiate cell @ Treat cells with DMSO / FITC-labelled
density OA dextran

ol | l o l

®
% 0'°__Collagen layer 2008000900 o

Fluorimeter @ 30mmlg

(wave length 100p =
485nm , emission
530nm) RN L]

g ‘

g

FITC-labelled dextran

Figure 3.3.: An illustrative diagram of the permeability assay protocol.

3.2.8 PP2Ac Phosphatase Activity Assay

A commercially available PP2A immunoprecipitation assay (17-313RF, Merck Millipore) was
used to determine PP2Ac activity following extraction in RIPA buffer. The PP2A
immunoprecipitation phosphatase assay kit is used to detect purified PP2A or PP2A from a
cellular lysate. It utilises the malachite green and contains components that have been matched to
optimise sensitivity and range of detection. Protein (100 pg) was incubated for 2 h at 4°C with
4 ng of anti-PP2A (C subunit, clone 1D6) and protein-A-agarose. The mixture was centrifuged
five times (Microcentrifuge Technico mini, 50 sec), during which beads were washed three
times with 700 uL TBS and once with 500 pL. Ser/Thr assay buffer. Then, beads were incubated
with 60 pL diluted phosphopeptide and 20 pL. Ser/Thr assay buffer at 30°C for 10 min in a
constant temperature shaker. Finally, the mixture was centrifuged briefly (I min), and the
supernatant (25 pL) transferred to another 96-well plate (122 volume microtiter plate). A
standard curve for phosphate was prepared by serial dilution of a 0.1 mM working solution of
the phosphate standard in distilled water. The working solution was made by adding 125 pL of
Phosphate Standard (Solution C Catalogue # 20-103) to 1125 pL of distilled water. As with the
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samples, 25 pL of each phosphate standard was added to the microtiter plate along with distilled
water as a blank. The working solution of malachite green was prepared by adding 10 pL of
solution B to each millilitre of solution A. This working solution (100 puL) was added to each
well and carefully mixed to avoid creating bubbles (Figure 3.4). The colour was allowed to
develop for 15 minutes at room temperature, and the absorbance was read at a wavelength of

650 nm on a microtiter plate reader (VARIOSKAN LUX, Thermo Scientific).

Anti-PP2Ac  Protein A-agarose Phosphopeptide Ser/Thr assay

bead TBS Set/Thr assay A
e
\ / / wash beads 3x / \ /
with TBS and wash beads 1x with Ser/
e ] centrifuge in Thr assay buffer and
X 2h atac between for 50sec centrifuge for 50sec @
v
Protein sample @ v @ v @
@®
E 10 min

serial dilution of 0.1 at30°C, @
mM of working solution cntrifuge

of phosphate standard for 1 min

in H,0

' ' | supernatant
@y
\ Malachite green @ \ /
| ——m < —
i ) &.15 min 96-well plat
Read absorbance at 650 nm @ e
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Figure 3.4: An illustrative diagram of the PP2A phosphatase activity assay protocol.

3.2.9 VE-Cadherin Immunoprecipitation Assay (Pull-down assay)

hCMEC/D3 cells were plated at a density of 600,000 cells in a T-25 flask and exposed to
okadaic acid (10 nM) or DMSO (0.01%; solvent control) in a serum-free medium for 24 h.
Cells were lysed in RIPA buffer containing 100x protease inhibitor Cocktail Set I (EMD
Millipore Corp, USA) for 30 minutes with gentle rotation. The samples were then centrifuged
at 12,000 rpm for 5 minutes at 4°C, and the supernatant was reserved for immunoprecipitation
following quantification of protein concentration using a Bradford assay section (3.2.4). To the
protein samples (100 ug), 1 pg of mouse control m-IgG* antibody and 20 pL of protein A/G-
agarose conjugated agarose beads were added (Calbiochem, USA) and allowed to incubate for
30 minutes. The supernatant was mixed with 2 pg of anti-VE-cadherin antibody or 1 pg of
mouse control m-IgGX (negative control) after centrifuging at 12000 rpm for 5 minutes and
incubating for 1h at 4 °C with rotation. Following the incubation period, 20 uL of A/G-agarose
conjugated agarose beads were added (Calbiochem, USA) and incubated overnight with
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rotation at 4°C. Following an overnight incubation period, the mixture was centrifuged at 8,000
rpm for 2 minutes at a temperature of 4°C. After centrifugation, the beads were rinsed 5 times
with PBS to remove unspecific binding. To the supernatant, 50 pL of 2x SDS without (3-
mercaptoethanol was added. The samples were then heated at 100°C for 5 minutes and
centrifuged. Finally, 5% B-mercaptoethanol was added to the mixture and heated again. The
mixture was then loaded onto an 8% SDS gel, and VE-cadherin abundance was quantified using

Western Blot. The total amount of VE-Cadherin was adjusted to the level of a-actin protein.

3.2.10 Immunofluorescence Microscopy

hCMEC/D3 cells were cultured to confluence on collagen type I-coated 96 well plate (10,000
/well). After five days, the medium was removed and the cells washed once with prewarmed
PBS before being fixed for 10 minutes with 4% p-formaldehyde in PBS pH 7.4 at room
temperature. Cells were blocked with 5% BSA in PBS for one hour at room temperature to
prevent unspecific binding of antibodies. Following this, the cells were incubated overnight at
4°C with anti-VE-cadherin rabbit (primary antibody 1:50; cell signalling cat. #2158S) dissolved
in 5% BSA in PBS. Cells were washed three time with PBS and incubated for 1 h at room
temperature with a secondary goat anti-rabbit Alexa Fluor 488 antibody (1:200, Abcam cat.
#AB 150077) dissolved in 5% BSA in PBS, and the plate was covered in aluminium foil and
kept in the dark. Following this, the cells were washed with PBS three times for five minutes
each. The cell nuclei were counterstained with 4',6-diamidino-2-phenylindole (DAPI) and

images captured using an EVOS cell imaging system at 20x magnification.

3.2.11 Cell viability: MTT Assay

hCMEC/D3 cells were cultured on collagen-type I-coated 96-well plates at a density of 10,000
cells per well and cultured until they reached 75-80% confluence. The cells were washed with
PBS and incubated in serum-free medium for 2 h before being exposed to okadaic acid (10
nM), dimethylsulphoxide (DMSO; 0.1% v/v, solvent control for okadaic acid, Triton X-100
(1%, positive control), or serum-free media for a further 24 h. After 22 h, MTT [3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; 5 mg/mL in serum-free medium] was
added. The plates were covered with aluminium foil and incubated at 37°C, 5% CO», and 95%
humidified air for the remaining 2 h. The liquid was then removed from the plates, and 600 uL
of DMSO was added to each well. The plates were then incubated for 2 minutes at 37°C to aid

solubilisation of the purple formazan crystals. The purple colour was quantified by measuring
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the absorbance at a wavelength of 540 nm using a spectrophotometer (BioTek, EL 808,
Bedfordshire, UK). The absorbance of each well was adjusted for background by subtracting
the absorbance of the blank (no cells) wells. Cell viability was expressed as a percentage of the

average absorbance value from the vehicle-treated control cells (serum-free medium).

3.2.12 Whole Cell Lysate and Membrane/Cytosolic Fractionation

hCMEC/D3 cells were seeded on collagen-coated (section 3.2.1) Petri dishes (Thermo
Scientific, USA) at a density of 4x10° cells per dish and allowed to attach overnight.
Following attachment, the cells were pretreated with MG132 (5 uM; proteasomal inhibitor)
for 30 minutes before being exposed to DMSO (0.01%, v/v), okadaic acid (10 nM) or medium
alone for 8 h. Whole-cell lysates were obtained by lysing the cells in M-PER reagent
containing a Halt protease and phosphatase inhibitor cocktail (100x; 78440,
ThermoScientific, USA). The dishes were agitated gently for 5 minutes, and the lysate was
transferred to a microcentrifuge tube. Cell debris was removed by centrifugation (14000 x g
for 10 minutes at 4°C), and the supernatant was transferred to a sterile 1.5 ml sample tube
and stored at -80°C for protein quantification and Western blot analysis. The cells for the

whole cell lysate and membrane fraction were taken from different petri dishes.

Membrane and cytosolic fractions were obtained using the Mem-PER™ Plus kit (Thermo
Scientific, USA). Following aspiration of the culture medium, cells were resuspended in 1x
PBS, released from the petri dish by scraping and collected by centrifugation at 400 x g for
20 minutes. The cell pellet was washed twice with the cell wash solution and re-pelleted each
time by centrifugation (400 x g for 20 minutes). For isolation of the cytosolic protein fraction,
cells were suspended in permeabilisation buffer containing a Halt protease and phosphatase
inhibitor cocktail (100x; 78440, ThermoScientific, USA), vortexed and incubated at 4°C for
10 minutes with continuous mixing. Cellular debris was removed by centrifugation at 16000
x g for 15 minutes, and the supernatant containing the cytosolic proteins was transferred to a
separate tube. The pellet was retained for the extraction of membrane proteins.

The reserved pellet was resuspended in solubilisation buffer containing a Halt protease and
phosphatase inhibitor cocktail (100x; 78440, ThermoScientific, USA) by pipetting, incubated
at 4°C for 30 minutes under continuous mixing. After 30 minutes, the mixture was
centrifuged at 16000 x g for 15 minutes at 4°C, and the supernatant (membrane fraction) was

transferred to a fresh tube and stored at -80 °C for downstream analysis.
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The purity of subcellular fractions obtained from the identical starting sample was assessed by
testing for the presence of pan-cadherin protein (membrane fraction) and Hsp90 protein
(cytosolic fraction) using Western blot analysis (section 3.2.5). Quantitative analysis of the
blots was not performed because the primary purpose of this experiment was to verify the
purity of the fractions rather than to compare protein abundance between samples, in

accordance with the instructions provided in the kit used.

3.2.13 Data and Statistical Analysis

All data were normalised to the appropriate control and expressed as either an absolute value,
a percentage or a ratio. Protein concentration was interpolated from standard curves using non-
linear regression (Graphpad Prism version 10). Data were analysed by one-way ANOVA with
post hoc analysis (Dunnett’s, Bonferroni) as appropriate (Graphpad Prism version 10). Protein
abundance was normalised relative to B-actin, and mRNA expression was normalised to the
geometric mean of GAPDH and GPI. Sample sizes (3-5) were determined based on power
calculations to ensure at least 80% power to detect biologically meaningful differences at a
significance level of P < 0.05. Increasing the sample size improves the statistical power of the
study, enhancing the reliability of the results and supporting their suitability for publication in
high-impact journals. Data are expressed as mean + S.E.M., and a value of P < 0.05 was taken

to indicate statistical significance.
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3.3 Result
3.3.1 Effect of Okadaic Acid on VE-cadherin Abundance in hCMEC/D3 Cells

As okadaic acid has been used as a model of memory impairment in rats [545], I wanted to
establish if it could be used as a model to alter VE-cadherin abundance in hCMEC/D3. To this
end, I exposed hCMEC/D3 cells to increasing concentrations of okadaic acid (1-20 nM) for 24
h and investigated its effect on VE-cadherin abundance using Western blot. At the lower end
of the concentration range of (1 and 5 nM), okadaic acid did not alter VE-cadherin abundance
compared to the untreated group (medium alone; Figure 3.5A, B). In contrast, at a concentration
of 10 and 20 nM, okadaic acid decreased VE-cadherin abundance by approximately 50 and
70% (Figure 3.5A, B; P<0.05), respectively, compared to the untreated group. DMSO (0.01%
v/v; solvent control) did not change VE-cadherin abundance in hCMEC/D3 cells. From the
immunoblots presented in Figure 3.5B and C, single bands were detected with a molecular
weight of 130 kDa (Figure 3.5B) and 43 kDa (Figure 3.5C), consistent with the expected

molecular weight for VE-cadherin and -actin.
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Figure 3.5: Concentration-dependent effect of okadaic acid on VE-cadherin abundance.

3.3.2 Effect of Okadaic Acid on VE-cadherin Abundance in bEND3 and
EAhy926 Cell Lines

To determine if the effect of okadaic acid on VE-cadherin abundance was translatable to other
endothelial cell lines, I also investigated its effect in bEND3 (mouse brain endothelial) and
EAhy926 (immortalised human umbilical endothelial) cells. Okadaic acid did not appear to
alter VE-cadherin abundance in bEND3 cells at any concentration studied (20-50 nM, Figure
3.5A, C, exploratory data; n=2) compared to the untreated group (Untx). Similarly, okadaic
acid (10-40 nM) did not alter VE-cadherin abundance in EAhy926 cells compared to the control
group (Untx; Figure 3.6B, D; n=2). DMSO had not altered VE-cadherin abundance in either
cell line compared to the medium alone (Untx; Figure 3.6A-D). Based on this, I focused

subsequent work on the hCMEC/D3 cell line.
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Figure 3.6: Effect of okadaic acid on VE 1VE-cadherin abundance in bEND3 and

EAhy926. Mouse brain endothelial cells (bEND3; A, C) and immortalised human umbilical
endothelial cells (Eahy926; B, D) were exposed to okadaic acid (OA; 10-50 nM), DMSO (0.01-

0.05 % v/v; solvent control) or medium only (Untx) for 24 h. VE-cadherin abundance was

determined in cell lysates using Western blot. Data were normalised to -actin and expressed

relative to the untreated group and presented as mean + S.E.M. (n=2). Data are analysed using

a one-way ANOVA with post hoc analysis (Dunnett’s test, relative to Untx at each

concentration). Representative blots are presented in C (bEND3) and D (Eahy926).
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3.3.3 Effect of Okadaic Acid on hCMEC/D3 Cell Viability

To confirm that the okadaic acid-mediated reduction in VE-cadherin was not due to effects on
cell viability, an MTT assay was utilised. Okadaic acid at concentrations of 10 and 20 nM
(Figure 3.7A, B) did not alter the viability of hCMEC/D3 cells following 24 h exposure
compared to medium alone (Untx) or DMSO (0.01 and 0.02% v/v). Similarly, DMSO did not
alter cell viability at any concentration studied (Figure 3.7A, B). As expected, Triton X100 (1%
v/v; positive control) decreased cell viability by 80-90% compared to the untreated group

(Figure 3.7A, B).
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Figure 3.7: Effect of okadaic acid on cell viability. h\(CMEC/D3 cells were exposed to DMSO
(A:0.01% v/v; B 0.02% v/v), okadaic acid (A: 10nM; B: 20nM), medium alone Untx (A, B) or
Triton X-100 (1% v/v; positive control; A, B) for 24h and the effect on cell viability using an
MTT assay. Data were analysed using one-way ANOV A with post hoc analysis (Dunnett’s test)
and presented as mean + S.E.M. Horizontal bars indicate statistical significance at P<0.05

(n=5).

3.3.4 Effect of Okadaic Acid on VE-cadherin Abundance and mRNA
Expression

To confirm and extend the data from the okadaic acid dose-response relationship, the effect of
okadaic acid (10 nM and 20 nM) on VE-cadherin abundance and mRNA expression was
investigated in hCMEC/D3 cells. Consistent with the earlier experiment, exposure to okadaic
acid (10 and 20 nM) for 24 h decreased VE-cadherin abundance by 50% and 70% (P<0.05),
respectively, compared to medium alone (Untx; Figure 3.8A, B). DMSO (0.01% and 0.02%
v/v) did not alter VE-cadherin abundance compared to Untx (Figure 3.8A, B). Interestingly,
okadaic acid at a concentration of 10 nM increased (P<0.05, Figure 3.7C) VE-cadherin mRNA
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expression by 1.5-fold, while at the higher concentration of 20 nM VE-cadherin mRNA
expression was decreased by 77% (P<0.05; Figure 3.8D). DMSO (0.01 and 0.02% v/v) did not

affect VE-cadherin mRNA expression compared to the Untx group (Figure 3.8C, D). Based

upon these data, okadaic acid was used at a concentration of 10 nM in all further experiments.
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Figure 3.8: Effect of okadaic acid on VE-cadherin abundance (A, B) and mRNA
expression (C, D) in hCMECD3 cells. Cells were exposed to 10 nM (A and C) or 20 nM (B
and D) okadaic acid (OA) for 24 h. DMSO (0.01% A, C; 0.02% v/v B, D) was included as the

solvent control. VE-cadherin abundance was determined in cell lysates using Western blot (A,

B), while mRNA expression was determined using semi-quantitative PCR (C, D). Data were

normalised to B-actin or the geometric mean of GAPDH and GPI and expressed relative to the

untreated group as appropriate. Data were analysed using a one-way ANOVA with post hoc

analysis (Dunnett’s test) and presented as mean + S.E.M. Horizontal bars indicate statistical

significance at P<0.05 (n=5, C /D or n=6, A/B).
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3.3.5 Effect of Okadaic Acid on Protein Phosphatase 2Ac (PP2Ac) Activity

and Abundance

Exposure of hCMEC/D3 cells to okadaic acid (10 nM) for 24 h decreased PP2Ac activity by
60% compared to the untreated group (Figure 3.9A; P<0.05). When the effect of okadaic acid
on PP2Ac abundance was investigated, it was found to be unaltered compared to the control
group (Figure 3.9B). DMSO (0.01% v/v) did not affect PP2Ac activity or abundance compared
to those exposed to medium alone (Untx; Figure 3.9A, B). These data indicate that OA inhibits

PP2Ac activity independently of a change in PP2Ac abundance.
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Figure 3.9: Effect of okadaic acid on PP2Ac activity and abundance. hCMEC/D3 cells were
exposed to okadaic acid (OA; 10 nM) and its effect on PP2Ac activity was determined using a
PP2Ac immunoprecipitation activity assay (A), while abundance was measured using Western
blot (B). PP2Ac activity was expressed relative to the control group (Untx), while abundance
was normalised to B-actin and expressed relative to the untreated group (B). Data were analysed
using a one-way ANOVA with post hoc analysis (Dunnett’s test) and presented as mean +

S.E.M. Horizontal bars indicate statistical significance at P<0.05 (n=5).

3.3.6 Effect of Proteasomal and Lysosomal Inhibition on Okadaic Acid-
Mediated Downregulation of VE-cadherin

To investigate if proteasomal or lysosomal degradation could underpin the mechanism by
which okadaic acid reduces VE-cadherin abundance, hCMEC/D3 cells were exposed to MG132
(proteasomal inhibitor) or chloroquine (lysosomal inhibitor). The initial MG132 experiments
were conducted with a limited set of conditions to establish the baseline response of VE-
cadherin to proteasomal inhibition. Based on these results, additional conditions were included

in the chloroquine experiments to allow a more comprehensive comparison and interpretation
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of lysosomal inhibition effects. In the presence of MG132 (5 uM), okadaic acid (10 nM) did
not reduce VE-cadherin abundance compared to the untreated group with MG132 (Figure
3.10A). In contrast, okadaic acid, in the presence of chloroquine (100 M), still reduced VE-
cadherin abundance by approximately 70% compared to the untreated (Untx with chloroquine)
group (Figure 3.10B; P<0.05). DMSO did not affect the abundance of VE-cadherin in the
presence of either MG132 or chloroquine (Figure 3.10A, B).

To extend the data obtained in the presence of MG132, I investigated if okadaic acid increased
the ubiquitination of VE-cadherin using a pull-down assay. In hCMEC/D3 cells okadaic acid
increased ubiquitination of VE-cadherin by 70% compared to medium alone (Untx; Figure
3.9C; P< 0.05). DMSO had no effect (Figure 3.10C). Negative control (Isotype control) was

mouse [gG mk.
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Figure 3.10: Effect of proteasomal and lysosomal inhibition on VE-cadherin abundance
and ubiquitination following exposure to okadaic acid in hCMECD3 cells. Proteasomal
degradation was investigated using MG132 (5 uM) after exposure of cells to OA and DMSO
for 8 hours (A), lysosomal degradation was assessed using chloroquine (100 pM) after exposure
of cells to OA and DMSO for 24 hours (B), and VE-cadherin was immunoprecipitated from
whole cell lysate (C). The abundance of VE-cadherin and Ubiquitin-VE-cadherin was assessed
via Western blot (A, B, C), normalised to B-actin, and expressed relative to the untreated group
as mean = S.E.M. (n=5 or 8). Data were analysed using a one-way ANOVA with post-hoc

analysis (Dunnett's test). Horizontal bars denote statistical significance at P<0.05.

3.3.7 Effect of Okadaic Acid on Membrane and Cytosolic Location of VE-
cadherin in hCMEC/D3 Cells

Membrane and cytosolic fractionation were used to determine if the reduction of VE-cadherin
in whole-cell lysate is associated with loss from the plasma membrane. Okadaic acid (10 nM)
reduced VE-cadherin abundance in the whole cell lysate by approximately 60% and by around
50% in the membrane fraction compared to the untreated group (Figure 3.11A-D; P <0.05). In

the cytosolic fraction, VE-cadherin was undetected in all groups (Figure 3.11E); B-actin
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abundance in all figures (Figure 3.11B, D and E). DMSO (0.01% v/v) did not affect the
abundance of VE-cadherin in either the whole cell or membrane fractions compared to the

untreated group (Figure 3.11A-D).
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Figure 3.11: VE-cadherin abundance by cellular compartment following exposure to
okadaic acid. The effect of okadaic acid (OA; 10nM), media alone or DMSO (0.01%) on VE-
cadherin abundance in Whole-cell lysate (A, B), membrane fraction (C, D) and cytosolic
fraction (E) was determined using Western Blot. VE-cadherin abundance was normalised to [3-
actin and expressed relative to the untreated group (Untx). Data were analysed using a one-way
ANOVA with a post hoc analysis (Dunnett's test). Horizontal bars indicate statistical

significance at P<0.05 (n=5). Representative blots are presented in B and D.

3.3.8 Effect of Okadaic Acid on Whole Cell Lysate, Membrane and Cytosolic
Location of Pan-cadherin and HSP90 in hCMEC/D3 Cells

The purity of the whole cell lysate, cytosolic, and membrane fractions was assessed by probing
for Pan-cadherin (membrane fraction; Figure 3.10A, B and C) and HSP-90 (cytosolic fraction;

Figure 3.12A, B and C). The presence of pan-cadherin was detected in both whole-cell lysate

(Figure 3.12A) and membrane fractions (Figure 3.12C) but was undetectable in the cytosolic
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fraction (Figure 3.12B). Additionally, the abundance of HSP90 was much higher in the
cytosolic rather than whole cell lysate or membrane fractions. Together, these data demonstrate

the intensity of the fractionation process.
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Figure 3.12: Pan-cadherin and HSP90 abundance by cellular compartment following
exposure to okadaic acid. The effect of okadaic acid (OA; 10nM), media alone or DMSO
(0.01%) on Pan abundance in Whole-cell lysate (A), membrane fraction (C) and cytosolic
fraction (B) was determined using Western Blot. Representative blots are presented in A, B and

C.

3.3.9 Effect of Proteosome Inhibitor (MG132) in Combination with Okadaic
Acid on VE-cadherin Abundance in h(CMEC/D3

To expand the subcellular fraction and earlier data, I investigated if proteasomal inhibition by
MG132 could restore VE-cadherin and increase it in the cytosolic fraction. In the presence of
MGI132 (5 uM), okadaic acid did not alter VE-cadherin abundance in whole cell lysate
compared to the Untx or DMSO groups (Figure 3.13A, B). Likewise, okadaic acid did not affect
VE-cadherin abundance in the membrane fraction compared to Untx or DMSO groups in the
presence of MG132 (Figure 3.13C, D). Interestingly, in the presence of MG132 alone or in
combination with okadaic acid or DMSO, VE-cadherin was not detected in the cytosolic
fraction (Figure 3.13E). In the presence of MG132, DMSO (0.01% v/v) did not alter VE-
cadherin abundance in whole cell lysate or membrane fractions compared to the Untx plus
MG132 group (Figure 3.13A-E). Figures 3.11 and 3.13 are conceptually connected and should
be interpreted together, as both examine VE-cadherin distribution across subcellular fractions.
Figure 3.11 shows the effect of okadaic acid alone, whereas Figure 3.13 extends this analysis
by assessing okadaic acid in combination with MG132, although these experiments were
conducted using separate sample sets. Together, Figures 3.11 and 3.13 show that okadaic acid

reduces membrane-associated VE-cadherin and that this loss is prevented by proteasomal
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inhibition with MG132, indicating that the reduction in VE-cadherin occurs via a proteasome-

dependent degradation pathway rather than redistribution to the cytosol.
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Figure 3.13: VE-cadherin abundance in whole cell lysate, cytosolic and membrane

fractions following exposure to okadaic acid in combination with MG132. Exposing
hCMEC/D3 cells to the proteasome inhibitor MG132 (5 uM) in combination with okadaic acid
(OA; 10 nM) for 8 hours. Subsequently, the fractions were obtained with M-PER mammalian
protein extraction reagent and Mem-PER plus membrane protein extraction kit. VE-cadherin
abundance in whole cell lysate, cytosolic and membrane fractions was assessed via Western
blot, normalised to B-actin, expressed relative to the untreated group, and reported as mean +
S.E.M. (n=5). A representative Western blot (C-E) display for data obtained from whole cell
lysate, cytosolic and membrane fractions obtained from cells treated with okadaic acid
combined with the proteasome inhibitor MG132. Data were analysed with a one-way ANOVA

with a post hoc analysis (Dunnett's test).
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3.3.10 Effect of Proteosome Inhibitor (MG132) in Combination with Okadaic
Acid on Pan-cadherin and HSP90 Abundance in hCMEC/D3

To read out any possible confounding influence of MG132 on subcellular fraction, the purity
of the whole cell lysate, cytosolic, and membrane fractions was evaluated using Pan-cadherin
(membrane fraction) and HSP-90 (cytosolic fraction) as specific markers (Figure 3.14A-C).
Pan-cadherin was detected in both the whole-cell lysate (Figure 3.14A) and membrane fractions
(Figure 3.14C) but was undetectable in the cytosolic extracted fraction (Figure 3.14 B),
verifying the quality of the fractionation protocol of HSP90 was as expected the abundance of
HSP90 (cytosolic marker) was enriched in the cytosolic fraction compared to either the whole
cell or membrane fractions (Figure 3.14A and C).

A B C

Whole cell lysate protein Cytosolic protein Membrane protein
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Figure 3.14: Pan-cadherin and HSP90 abundance in whole cell lysate, cytosolic and
membrane fractions following exposure to okadaic acid in combination with MG132.
Exposing hCMEC/D3 cells to the proteasome inhibitor MG132 (5 uM) in combination with
okadaic acid (OA) (10 nM) for 8 hours. Subsequently, the fractions were obtained with M-PER
mammalian protein extraction reagent and Mem-PER plus membrane protein extraction kit.
Pan-cadherin and HSP90 abundance in whole cell lysate (A), cytosolic (B) and membrane
fractions (C) was assessed via western blot. A representative Western blot (C-E) displays data
obtained from whole cell lysate, cytosolic and membrane fractions obtained from cells treated

with okadaic acid combined with the proteasome inhibitor MG132 (A-C).

3.3.11 Effect of Okadaic Acid on VE-cadherin Localisation in hCMEC/D3

An immunofluorescence approach was used to visualise VE-cadherin localisation in
hCMEC/D3 before and after exposure to okadaic acid (10 nM). In the absence of okadaic acid,
VE-cadherin was predominantly localised at the plasma membrane (Figure 3.15). Following
exposure to okadaic acid, VE-cadherin can be seen to redistribute to the cytoplasm (Figure
3.15). Annotations (arrows) have been added to the images to indicate the regions of positive

VE-cadherin immunoreactivity, including membrane-associated and cytoplasmic staining.
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Untreated Okadaic acid(10nM

VE-cadherin

DAPI

Figure 3.15: VE-cadherin localisation in hCMEC/D3 cells following exposure to okadaic
acid. A representative image from one experiment showing VE-cadherin localisation in the
absence (Untx) and presence of okadaic acid OA (10 nM B, D and F). VE-cadherin staining
(green), DAPI nuclear staining (blue), Scale bar (200 pm, 20X). White arrows indicate
membrane-localised VE-cadherin in the control condition, and yellow arrows indicate

cytoplasmic VE-cadherin following okadaic acid treatment.
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3.3.12 Effect of Okadaic Acid on Permeability of hCMEC/D3 Monolayers

To investigate the functional effect of okadaic acid on a surrogate marker of blood-brain barrier
permeability, a transwell permeability assay was used. Okadaic acid at a concentration of 10
nM enhanced the permeability of hCMEC/D3 cells to FITC-labelled dextran by 187.1%
compared to the untreated group (Figure 3.16; P < 0.05). Lipopolysaccharide (positive control)
increased the permeability of hCMEC/D3 by 67% compared to control (Figure 3.16; P <0.05),
while DMSO (0.01%) did not affect cell permeability.
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Figure 3.16: Impact of okadaic acid on h ThCMECD3 permeability. Cell permeability was
assessed using a FITC-labelled dextran-based transwell assay. hCMEC/D3 cells were exposed
to okadaic acid (OA, 10 nM), Lipopolysaccharide (LPS, 50 pg/ml; positive control), DMSO
(0.01% v/v) or medium (Untx) for 24 h, and the translocation of FITC-labelled dextran
measured. Data were analysed using a one-way ANOVA with a post hoc analysis (Dunnett's

test). Horizontal bars indicate statistical significance at P<0.05 (n=5).
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3.4 Discussion
In my study, I developed a model using okadaic acid to study the role of PP2A in modulating

BBB function. Specifically, I examine the impact of protein phosphatase inhibition on the
adherens junction protein VE-cadherin, a key component of BBB integrity. VE-cadherin's
function in preserving blood-brain barrier integrity is well documented [70]. In this study, I
show that okadaic acid decreases the abundance of VE-cadherin in hCMEC/D3 cells at a
concentration of 10 nM and 20 nM. This is attributed to selective inhibition of PP2A as OA has
a higher affinity toward PP2A than PP1 (Ki=0.032 nM for PP2A vs 147 nM for PP1) [546].
Despite this, it is worth considering that even a modest inhibition of protein phosphatase 1 (PP1)
may influence cellular signalling, as PP1 and PP2A share multiple substrates and signalling
pathways. To definitively attribute the observed effect to PP2A inhibition, a targeted genetic
approach using siRNA or overexpression of endogenous inhibitors would need to be used. The
decrease in VE-cadherin abundance observed in this study is consistent with previous reports
demonstrating that PP2A activity contributes to the stabilisation of endothelial junctional
complexes. Inhibition of PP2A has been shown to impair adherens and tight junction
organisation in endothelial cells through increased phosphorylation and internalisation of
junctional proteins [411]. Thus, the reduction in VE-cadherin following OA treatment aligns
with the known consequences of PP2A inhibition within endothelial barriers. Hence, a
concentration of 10 nM of okadaic acid was used in subsequent experiments to minimise the

possibility of inhibiting PP1 [538], PP4, PP5 and PP2B [547].

To determine if the impact of okadaic acid on VE-cadherin is applicable to other endothelial
cell lines and across species, I examined its effects on immortalised human umbilical vein
endothelial cells (EAhy926) and mouse brain microvascular endothelial cells (bEND3). In these
cell lines, okadaic acid did not alter VE-cadherin abundance at concentrations up to 50 nM.
There may be several factors contributing to this: 1) variations in tissue source; hCMEC/D3 are
human microvascular endothelial cells immortalised via a lentivirus including hTERT and
SV40 large T antigen, whereas EAhy926 are human umbilical vein endothelial cells fused with
A549 epithelial cells from a human adenocarcinoma, and bEND3 cells are brain endothelial
cells derived from a mouse with endothelium [494], 2) Difference in cell type: immortalised
cells (bEND3, EAhy926). Immortalisation is a complex process that involves multiple stages
where cells are subjected to different selection criteria after being introduced to the required
genetic material [489]. These modifications can alter the characteristics of the resulting cell line
when compared to the original culture [490], and 3) Species difference, human (hCMEC/D3,
EAhy926) and mouse (bEND3).
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Then I examined the impact of okadaic acid on cell viability to determine a concentration range
devoid of cytotoxicity and to improve the assays [548]. The MTT cytotoxicity experiment
revealed that okadaic acid at concentrations of 10 and 20 nM did not affect cell viability in
hCMEC/D3 cells. Our findings support research indicating that treatment of NRK-52E cells
with 10 nM okadaic acid is not cytotoxic [549]. Additionally, the dose-dependent effect of
DMSO, the solvent for okadaic acid, was examined and determined to be non-toxic at
concentrations of 0.01% and 0.02%. This is consistent with previous work indicating that

DMSO (0.5%) does not impact cell viability in human dermal fibroblast cells [550].

The current investigation demonstrated that okadaic acid, at concentrations of 10 nM and 20
nM, reduced the abundance of VE-cadherin in hCMEC/D3 cells. The impact of okadaic acid
on VE-cadherin abundance correlates with a study indicating that okadaic acid lowers E-
cadherin abundance in MCF-7 breast cancer cells [551]. Conversely, halcone—semicarbazone
hybrid molecule CS-11, a small molecule that inhibits PP2A-B-catenin signalling, has been
found to increase E-cadherin abundance. It demonstrates that CS-11 significantly upregulates
E-cadherin on the cell membrane, thereby facilitating the further recruitment of excess f-
catenin to the cell surface. This process ultimately results in a decrease in the availability of
active B-catenin in the nucleus and strengthens adhesion junctions, which may help to prevent

the early spread of metastatic cancer cells [552].

Interestingly, our results demonstrate that the effect of okadaic acid (OA) on VE-cadherin
expression is concentration-dependent. At 10 nM OA, VE-cadherin mRNA expression
increased, while protein abundance was reduced; at 20 nM, both mRNA and protein levels were
decreased. This apparent discrepancy between mRNA and protein levels at the lower OA
concentration, although surprising, is not unusual. It is generally accepted that mRNA
expression and protein abundance are often correlated [553]; however, transcription and
translation are highly regulated processes, and protein levels can be modulated independently
of mRNA. For example, VE-cadherin translation may be reduced despite elevated mRNA levels
due to translational repression, which can occur under cellular stress, limited energy
availability, or via regulatory mechanisms such as microRNAs or repressor proteins binding to
the mRNA [554]. Additionally, this effect could reflect concentration-dependent differences in
protein degradation. In line with these observations, OA has been shown to influence the
transcription of other genes in a concentration-dependent manner: low OA concentrations (e.g.,
10 nM) can elevate cell cycle genes such as cyclin D, whereas moderate to high OA levels can

upregulate apoptotic pathways [555-557]
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Our findings indicate that okadaic acid reduces PP2Ac activity in endothelial cells, as
demonstrated by p62 immunostaining [558]. Interestingly, OA treatment did not alter PP2Ac
protein abundance, consistent with previous reports in Hep3B and Huh-7 cell lines [559]. These
results align with the known role of PP2A in maintaining endothelial barrier integrity [560].
Furthermore, OA has been shown to promote the relocation of VE-cadherin and B-catenin from
the cell membrane to the cytoplasm or nucleus, leading to disruption of cell-cell junctions

[561].

In the present study, I examined the processes of adherent junction destabilisation mediated by
okadaic acid. Our results indicate increased ubiquitination of VE-cadherin mediated by the
ubiquitin—proteasome pathway, which is supported by the elevated abundance of ubiquitinated
VE-cadherin. This is consistent with other studies demonstrating the necessity of the ubiquitin
E3 ligase, CHFR (checkpoint with forkhead and ring finger), as an essential component in
ubiquitin-dependent degradation of VE-cadherin [562]. Conversely, lysosomal activity was not
implicated in the decrease of VE-cadherin mediated by okadaic acid, as chloroquine did not
prevent okadaic acid-induced VE-cadherin reduction. It is possible that chloroquine may not
have prevented OA-mediated loss of VE-cadherin if used at a suboptimal concentration for
lysosomal inhibition. However, this is unlikely to be the case as chloroquine at a concentration
of 100 uM inhibits autophagy-associated lysosomal degradation at 50-100 uM in multiple
mammalian cell types, including endothelial cells [372, 563, 564]. While other studies use
chloroquine with a concentration range of 10-50 uM, multiple reports indicate that up to 100
uM is required in some cell types to produce strong LC3-II accumulation and clear blockage of
autophagosome-lysosome fusion [372, 565]. My data is inconsistent with one study, showing
that internalised VE-cadherin co-localises with early endosomes and that chloroquine
significantly impedes the downregulation of VE-cadherin in cells expressing the VE-cadherin
mutant [L-2R-VE-cadcyto mutant [368]. Nevertheless, my data indicate that VE-cadherin is
degraded following exposure to OA through a mechanism involving ubiquitination of VE-

cadherin, proteasomal degradation, and this process is not related to lysosomal degradation.

The modulation of VE-cadherin localisation and integrity is essential for endothelial barrier
function [17]. I investigated whether VE-cadherin may be localised from the membrane to the
cytoplasm or nucleus in hCMEC/D3 cells. We focused on the expression of VE-cadherin in the
regions of intracellular connections to visualise its localisation in endothelial cells. Through
Western blotting and immunostaining, our findings show that VE-cadherin translocate from the
membrane after exposure to okadaic acid, as evidenced by a reduction in the abundance of VE-

cadherin in both whole cell and membrane fractions. This could be explained by the degradation
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of VE-cadherin following internalisation, which supports my previous data that showed
enhanced ubiquitination of VE-cadherin via the ubiquitin-proteasome system. In the absence
of okadaic acid, VE-cadherin was concentrated at the membrane, but not in the cytosolic
fraction. This contrasts with one study that has shown okadaic acid prompts the movement of
VE-cadherin from the membrane to the cytoplasm in human keratinocytes [56]. Fluorescence
microscopy results reveal alterations in cell morphology, with VE-cadherin being internalised
and redistributed throughout the cytoplasm, and a small amount found in the nucleus,
correlating with changes in cell interaction. Additional investigation utilising confocal
immunostaining is necessary to confirm the presence of VE-cadherin in the nucleus. That said,
research indicates that E-cadherin is localised within the nucleus in colorectal cancer samples
and cell lines [57], along with findings that okadaic acid promotes the translocation of E-
cadherin from the membrane in untreated cells to the cytoplasm in cells exposed to okadaic acid

[58].

Significantly, in my study, the investigation examines whether the proteasome inhibitor MG132
may reduce the impact of okadaic acid on VE-cadherin abundance. According to the literature,
the concentration of MG132 was limited to 5 uM for 8h, as higher doses were reported to reduce
cell viability in 293T cells [566]. This dose falls within the widely accepted low-micromolar
range (1-10 uM) that has been shown to effectively inhibit proteasome activity while
maintaining acceptable cell viability. MG132 exhibits well-established time- and dose-
dependent cytotoxicity; therefore, the use of a mid-range concentration such as 5 uM provides
a balance between achieving robust proteasomal inhibition and avoiding excessive, non-
specific apoptosis. Several studies have demonstrated that treatment with 5 uM MG132 for 6—
12 hours is sufficient to block proteasome function and induce accumulation of ubiquitinated
proteins [567, 568]. In addition, an exposure time of 8 hours was chosen rather than 24 hours,
following findings in human pulmonary fibroblast (HPF) cells, where prolonged MG132
treatment induced growth inhibition and cell death, accompanied by elevated reactive oxygen
species (ROS) levels and depletion of glutathione (GSH). For instance, treatment with 30 uM
MG132 for 24 hours resulted in substantial cytotoxicity in HPF cells [569]. Thus, the chosen
dose (5 uM, 8 h) lies within the widely validated experimental range. Our findings showed that
MG132 inhibits the degradation of VE-cadherin, as evidenced by the abundance of VE-
cadherin in the presence of the proteasome inhibitor. This finding is consistent with previous
studies showing that treatment with okadaic acid completely reverses the dephosphorylation of
eNOS-associated Akt (threonine 308/serine 473) in MG132-treated cells [29]. This confirmed

that the proteasome is involved in the degradation of VE-cadherin. Our findings verified the
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potential of proteasome inhibitors to restore VE-cadherin abundance. Based on the existing
literature, we hypothesised that the proteasome inhibitor would mitigate the impact of okadaic
acid on VE-cadherin abundance, as MG132 inhibits protein degradation, as shown in several
studies [570, 571]. VE-cadherin, a component of endothelial adherens junctions that
coordinates the paracellular pathway, has its protein production partially regulated through the

transcellular route.

Considering the critical function of VE-cadherin in preserving the integrity of the blood-brain
barrier and the finding that okadaic acid elevates blood-brain barrier permeability, our data
suggest that okadaic acid enhances BBB permeability via PP2A-mediated degradation of VE-
cadherin. Our results align with previous research demonstrating that okadaic acid (100 nM)

increases the permeability of rat pulmonary microvascular endothelial cells (RPMVECs) [572].

In conclusion, the present data show that okadaic acid facilitates the breakdown of VE-cadherin
via a sequence of transcellular processes, initiating disassembly from endothelial adherens
junctions and subsequent degradation by the proteasome. This leads to the breakdown of
endogenous VE-cadherin, ultimately resulting in the rupture of adherens junctions and
endothelial hyperpermeability. The breakdown of VE-cadherin can be inhibited by the
proteasome inhibitor MG132, which can restore the damage to VE-cadherin caused by okadaic
acid in endothelial cells. Our findings indicate that the permeability of the endothelial barrier
increased and was associated with the internalisation and translocation of VE-cadherin from

the membrane.
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Chapter 4

Proteomic Microarray Analysis of Okadaic Acid-
Treated hCMEC/D3 Cells Reveals Differentially
Expressed Proteins Involved in VE-Cadherin

Recycling and Degradation
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4.1 Introduction

The blood-brain barrier (BBB) plays a crucial role in maintaining normal central nervous
system function by carefully controlling the exchange of materials between the bloodstream
and the brain [573]. The preservation of the BBB largely depends on the expression of tight
junctions and adherens junctions that connect neighbouring endothelial cells [574]. Within the
family of proteins that make up the adherens junction, vascular endothelial (VE)-cadherin plays
a key role in regulating endothelial cell-cell adhesion and hence normal endothelial barrier
function [378]. In addition, VE-cadherin is also coupled to several intracellular signalling
pathways associated with VEGF and TGF that modulate endothelial development and
morphogenesis [75, 575, 576]. Unsurprisingly, dysregulation of VE-cadherin is linked with the
pathophysiology of several diseases, including cancer [577], atherosclerosis [578], Alzheimer’s
[579] [579] and inflammation [399]. Many of these diseases/conditions are associated with the
loss of VE-cadherin, primarily mediated through enhanced degradation. For example,
Tiruppathi et al., recently showed an increase in degradation of VE-cadherin in lung samples
from patients with sepsis/Acute Respiratory Distress Syndrome(ARDS) and in human

microvascular lung endothelial cells following exposure to lipopolysaccharide [562].

Endocytic trafficking of VE-cadherin is an early step in the pathway to degradation. It facilitates
the dynamic remodelling of the adherens junctions and is crucial for endothelial cells to sprout,
migrate and restore a compromised BBB following vascular injury [415, 416]. This is a
complex process involving internalisation, early endosomal sorting, endocytic recycling and
late endosomal sorting, leading to lysosomal or proteasomal degradation [580]. While multiple
proteins are involved in these processes, monomeric small GTPases known as Rabs play a
significant role in vesicular formation, the movement/delivery of vesicles along cytoskeletal
structures, and targeted docking/fusion at specific sites through recruitment of effector proteins
[581]. The Rab GTPase family has around 70 members, the majority of which are involved in
endocytic trafficking [582]. At the expense of GTP, they facilitate the development of
multiprotein complexes on the cytoplasmic surfaces of intracellular membranes. These protein
assemblies are reversible and under spatial and temporal regulation. This allows fine-tuning of
where intracellular vesicles are trafficked [582]. For example, Rab5A is involved in the
internalisation and trafficking of membrane receptors to early endosomes by directing vesicle
fusion and receptor sorting [421]. This has been shown for VE-cadherin in human pulmonary
microvascular endothelial cells [176] but not brain microvascular endothelial cells. In another

study using human lung microvascular endothelial cells, Rabl1A was found to facilitate

102



trafficking of VE-cadherin from the endosomal recycling compartment back to the plasma
membrane, which maintained endothelial function [324]. Despite these two studies, further
insight into the role of Rabl11A and Rab5A in VE-cadherin trafficking is sparse regarding

human brain microvascular endothelial cells.

In chapter 3, I showed that okadaic acid (PP2A inhibitor) decreased VE-cadherin abundance in
brain microvascular endothelial cells because of proteasomal degradation rather than lysosomal
degradation. This extends earlier studies showing that inhibition of PP2A by semaphorin 3A or
okadaic acid internalises VE-cadherin and redistributes it to either the cytoplasm or nucleus
[411, 560]. While this is important for our understanding of the regulation of adherens
junctions, it is worth noting that PP2A accounts for approximately 50% of the serine and
threonine phosphatase activity in the cell [112] . When this is taken into consideration with the
fact that serine and threonine phosphorylation account for more than 75% of the
phosphoproteome [583], the impact of inhibiting PP2A is likely far-reaching. Indeed, using a
combined transcriptomic, proteomic, and phosphoproteomic approach, Wuerger ef al. recently
showed that okadaic acid (PP2A inhibitor) impacts energy homeostasis, inflammation, signal
transduction and cytoskeletal rearrangement in human HepaRG liver cells [516, 517].
Similarly, in rat primary neurone cultures, okadaic acid differentially regulated 320 proteins
associated with anatomical structural development, transport, cell differentiation and signal
transduction [518]. However, a similar comprehensive or limited proteomic analysis has not
been established for okadaic acid in human brain microvascular endothelial cells. Addressing
this deficit will enhance our understanding of how okadaic acid/PP2A modulates blood-brain

barrier function under physiological and pathophysiological conditions.

Therefore, the current chapter aimed to investigate in human brain microvascular endothelial

cells:

1) The effect of okadaic acid on the cellular proteome using a microarray approach to
establish key functional networks and protein-protein interrelationships

2) Interrogate the dataset to identify further mechanistic insight into how okadaic acid may
modulate VE-cadherin, and

3) Investigate targets of interest from the list of differentially expressed proteins to see if

they modulate the effect of okadaic acid on VE-cadherin abundance.
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4.2 Materials and Methods

4.2.1 Cell Culture

hCMEC/D3 cells were plated onto surfaces coated with rat tail collagen (08225, EMD Millipore
Corp, USA) and cultured in EndoGRO-MV medium (Merck, Cat. #SCME-BM) supplemented
with 5% foetal bovine serum (FBS), growth factors, 100 U/mL of penicillin, and 100 mg/mL
of streptomycin. The cells were maintained in a humidified environment at 37°C with 5% CO-,
and the culture medium was refreshed every 3 to 4 days. Following trypsinisation, cells were
counted after being stained with trypan blue. Comprehensive details regarding the cell culture

methods can be found in Chapter 3, section 3.2.1.

4.2.2 High Content Proteomic Screening (Immuno-Based Microarray)

A limited proteomic screening assay was undertaken in collaboration with Sciomics
(Heidelberg, Germany) using the scioDiscover 2.0 assay. This is a high-content immune-based
microarray assay targeting 1438 proteins covering fundamental pathways associated with
cancer, neurological disorders and organ failure. The array is spotted with 1,929 antibodies,
with each antibody present in quadruplets. The assay has a sensitivity comparable to that of an

ELISA with a fM-pM range and a high dynamic range (0.5 - 5000-fold).

hCMEC/D3 were plated at a density of 300,000 cells per well in 6-well plates and exposed to
DMSO (0.01% v/v; control) or okadaic acid (10 nM) in serum-free medium. After 24 h, the
medium was removed and the cells washed in ice-cold PBS (phosphate-buffered saline).
Following washing, the PBS was completely removed and the plates snap-frozen and stored at

-80°C until shipping. Plates were sealed and shipped overnight on dry ice.

Proteins were extracted using scioExtract buffer (Sciomics) and quantified using a BCA
(bicinchoninic acid) assay and standardised to a uniform protein concentration following in-
house protocols. A reference sample was generated by pooling an identical volume from each
sample. The experimental samples and reference sample were labelled with scioDye 2 and
scioDye 1, respectively. The labelling reaction was quenched after 2 h, and the buffer was
replaced by PBS; all labelled samples were stored at -20°C until required. Samples were
analysed using a reference-based design. In brief, the arrays were blocked using scioBlock on
a Hybstation HS 4800 (Tecan, Austria) before being competitively incubated with the labelled
reference. After 3 h, the slides were washed with PBSTT (1x), rinsed with 0.1x PBS and again

with water, before being dried under nitrogen. Slides were scanned on a Powerscanner (Tecan,
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Austria) at constant laser power and PMT settings. Spot segmentation was performed using
GenePix Pro 6.0 (Molecular Devices, Union City, CA, USA). The raw data (median signal
intensities) were analysed using LIMMA (linear models for the microarray), an R package from
Bioconductor. Rabl1a, cadherin 5 (VE-cadherin), and UBP4 were the three proteins verified

through Western blot analysis.

4.2.3 Protein Extraction and Quantification

Following removal of the culture medium, the cells were rinsed with sterile ice-cold PBS
(D8662, Sigma-Aldrich). The cells were then lysed using RIPA buffer supplemented with a
100x protease inhibitor cocktail Set I (539131-EMD Millipore Corp, Germany) and collected
with the aid of a cell scraper. The resulting cellular suspension was placed in an Eppendorf tube
and left on ice for 15 minutes before being subjected to three freeze-thaw cycles at -80°C to
ensure complete cell lysis. After centrifugation (400 x g for 10 minutes), the cell debris was
discarded, and the supernatant transferred to a sterile 1.5 mL sampling tube, which was then

stored at -80°C for protein quantification and subsequent Western blot analysis.

Protein concentration in the cell lysate was determined using a Bradford assay, with absorbance
readings taken at 595 nm using a spectrophotometer (BIO-TEK EL808). The absorbance values
were converted to concentrations using a standard curve established with bovine serum albumin
as the reference protein. Unless indicated otherwise, all samples were adjusted to a
concentration of 1 mg/mL. Detailed protocols for the isolation and quantification of proteins

can be found in chapter 3, sections 3.2.3 and 3.2.4, respectively.

4.2.4 SDS-PAGE and Western Blotting

Protein samples (20 pg) were combined with a 5x loading buffer, heated at 95°C for 30 s, and
subsequently cooled on ice for 3 minutes. SDS-PAGE was performed using 8% gels, with a
molecular weight marker included. Following electrophoresis, proteins were transferred to a
PVDF membrane via the iBlot 2 Dry Blotting System. The membranes were blocked for 1 h
(4°C) in TBS-T containing either 5% milk or 2% BSA and then incubated overnight at 4°C
with a primary antibody. The following day, the membranes were washed and then exposed to
HRP-conjugated secondary antibody (specific to either mouse or rabbit) in TBS-T with 5%
milk for 1 h at room temperature in the dark under rotation. Protein bands were detected using
chemiluminescence, with images captured on a Fusion Fx imaging system. The membranes
were then stripped and re-probed with an HRP-conjugated B-actin antibody. Comprehensive

protocols can be found in chapter 3, sections 3.2.5.1. and 3.2.5.2. respectively.
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4.2.5 RNA Cell Extraction and ¢cDNA Synthesis

Cells were lysed in Tri Reagent™ (Sigma Aldrich), and the aqueous phase separated following
the addition of chloroform and centrifugation. The aqueous phase containing RNA was
transferred to a new tube and the RNA was precipitated upon addition of isopropanol. The RNA
was further purified by washing with 75% and 100% ethanol, air-dried, and reconstituted in
nuclease-free water. RNA quantity and purity were assessed by measuring the 260/280

absorbance ratio using a spectrophotometer (NanoDrop).

To remove any potential DNA contamination, the RNA samples were treated with DNase 1
(Invitrogen). cDNA was synthesised using the RevertAid Reverse Transcriptase kit (Thermo
Fisher) with random hexamer primers. Detailed protocols for RNA isolation, clean-up, and

reverse transcription can be found in Chapter 3, sections 3.2.5.1 and 3.2.5.2. respectively.

4.2.6 Semi-Quantitative Real-Time PCR

mRNA expression was assessed using semi-quantitative reverse transcription PCR (RT-PCR)
with primers specific to the targets and SYBR Green GoTaq DNA polymerase. The reactions
were run on the Mx3000P QPCR System. Primers were prepared at a stock concentration of
100 uM and diluted to a working concentration of 10 uM for use. The reaction mix contained
10 pL of 2X SYBR Green mix, 50 ng of cDNA, 500 nM of each primer (forward and reverse,
IDT), and molecular-grade water, resulting in a total volume of 20 pL. A non-template control
was included in the setup. The PCR conditions consisted of an initial denaturation at 95°C for
2 minutes, followed by 40 cycles of 95°C for 15 s, 62°C for 1 minute and 72°C for 15 s. mRNA
expression was quantified using the comparative Ct method, full details are available in Chapter

3, section 3.2.6.3.
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Gene ‘ NMID ‘ Forward Sequence Reverse Sequence

Rab11A NM_004663 GCAACAAGAAGCATCCAGG GCACCTACTGCTCCACGAT
GPI NM_001329911.2 | TCTATGCTCCCTCTGTGTTAGA | CTCCTCCGTGGCATCTTTATT
GAPDH NM_002046.5 CTCTGCTCCTCCTGTTCGAC GCGCCCAATACGACCAAATC

Table 4.1: List of primers detailing gene name, NMID number and sequence.
Abbreviations: GPI, glucose-6-phosphate isomerase; GAPDH, glyceraldehyde-3-phosphate
dehydrogenase.

4.2.7 Rab11A or Rab5A siRNA knockdown (Cell Transfection)

hCMEC/D3 cells were plated at a density of 6 x 10* in 24-well plates so that they would be 70—
90% confluent 24 h before the start of the transfection protocol. On the day of transfection, the
growth medium containing FBS was removed and the cells rinsed once with 1xPBS before
being replaced with a serum-free growth medium. The cells were maintained in a humidified
environment at 37°C with 5% CO> for 2 h. Meanwhile, 2 pL of Lipofectamine 2000 (Thermo
Fisher Scientific) was diluted in 48 pL of Opti-MEM and mixed gently. The Rab5A and
Rab11A siRNA probes were purchased from Thermo Fisher based on sequences published in
the literature [176, 324]. The siRNA probes were diluted in Gibco™ Opti-MEM™ [ reduced
serum medium to a final siRNA concentration of 20 nM. The diluted siRNA was combined
with the diluted Lipofectamine 2000, mixed gently, and incubated at room temperature for 30
minutes. Following this, 400 pL of the serum-free medium was added to the siRNA-
Lipofectamine 2000 complexes, mixed gently, and transferred to each well containing the cells.
The cells were then incubated at 37°C in a CO» incubator, and mRNA or protein was isolated

24, 48, and 72 h post-transfection.

4.2.8 Data and Statistical Analysis

Microarray data was normalised using a specialised invariant Lowess method. For analysis of
the samples, a one-factorial linear model was fitted via least squares regression with LIMMA,
resulting in a two-sided t-test or F-test based on moderated statistics. All presented P values
were adjusted for multiple testing by controlling the false discovery rate according to Benjamini
and Hochberg. Differences in protein abundance between different samples or sample groups
are presented as log-fold changes (logF'C) calculated for base 2. Proteins with a (logFC) > 0.5
and an adjusted P < 0.05 were defined as differentially expressed and displayed in blue in the
volcano plot. The differentially expressed proteins were ascribed to functional networks using

the KEGG hierarchy classification system (https:/www.genome.jp/kegg/) and ShinyGO
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(https://bioinformatics.sdstate.edu/go/), while protein-protein interactions and cluster analysis

were interrogated through string analysis (https://string-db.org).

All other data were normalised to the appropriate control and expressed as either an absolute
value, a percentage or a ratio. Protein abundance was normalised relative to 3-actin, and mRNA
expression was normalised to the geometric mean of GAPDH and GPI. Protein concentration
was interpolated from standard curves using non-linear regression (Graphpad Prism version
10). Data were analysed by one-way ANOV A with post hoc analysis (Dunnett’s or Bonferroni)
as appropriate (Graphpad Prism version 10).
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4.3 Result
4.3.1 Proteomic Screening: Effect of Okadaic Acid on hCMEC/D3 Cells

Hierarchical cluster analysis and principal component analysis of the complete dataset indicated
that sample FZ007 (okadaic acid group) was an outlier (Figure 4.1A and B). This sample
consistently showed abnormal expression patterns compared to the other samples, including
unusually high background noise, low signal-to-noise ratio, and failure to cluster with its
experimental group. Because such deviations can distort downstream statistical analyses, it was
removed from all subsequent analyses to maintain the reliability and biological validity of the
results. Of the 1438 proteins screened, okadaic acid differentially altered the abundance of 104
proteins compared to the control group (DMSO) in the filtered data set. For visualisation
purposes, these are presented in the volcano plot (Figure 4.2) and listed in Tables 4.2 and 4.3.
Okadaic acid increased the abundance of 64 proteins (positive LogFC value; Table 4.2), while
40 were downregulated (negative LogFC value; Table 4.3) compared to the control group. The
relative expression levels of the differentially regulated proteins are summarised in a heatmap

(Figure 4.3).

When the list of differentially expressed proteins was interrogated further, KEGG analysis
mapped them to 216 known biological pathways and networks. From this list, key ones related
directly to the broad theme of the thesis were selected (Table 4.4). This included 7 proteins
implicated in neurodegeneration (hsa05022), 8 were associated with membrane trafficking
(hsa04131), 2 were associated with the ubiquitin system (hsa04121), 4 were cell adhesion
molecules (hsa04514), and 2 were tight junction proteins (hsa04530). Interestingly, ubiquitin
carboxyl-terminal hydrolase 4 (UBP4), cadherin 1 (CADHI), Rab11A and cathepsin (CATH)
were upregulated, while cadherin 5 (CADHS5), ubiquitintl (UBB) and RablA were

downregulated in the okadaic acid group.

Based on the proteomic results and KEGG pathway analysis, genes for the microarray study
were selected using a systematic and objective process to ensure biological relevance and
technical feasibility. Genes corresponding to the key proteins and pathways identified (e.g.,
neurodegeneration, membrane trafficking, ubiquitin system, cell adhesion, tight junctions) were
first identified using literature searches, pathway databases (e.g., KEGG, Reactome), and prior
experimental evidence. The technical team then evaluated which genes could be reliably
measured on the microarray platform, considering probe availability and hybridisation

efficiency. Genes were excluded if they lacked validated probes, showed extremely low or
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highly variable baseline expression, or were not directly related to the pathways of interest. This
approach ensured that the final gene panel was scientifically meaningful, technically robust,

and capable of detecting genuine changes in gene expression.
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Figure 4.1: Hierarchical clustering and principal component analysis of all differentially
expressed proteins in hCMEC/D3 cells following exposure to okadaic acid. h\CMEC/D3
cells were exposed to okadaic acid (10 nM; blue) or DMSO (0.01% v/v, control; red) for 24 h
and protein abundance determined using a high content immune-based microarray (Sciomics,
Germany). (A) A dendrogram representing hierarchical clustering of differentially expressed
proteins, with the y-axis representing dissimilarity between clusters. (B) A scatter plot
representing principal component analysis of differentially expressed proteins. The percentages
on the axis labels describe the ratio of total variance explained by the respective principal
component. In this plot, the location of a sample is defined by its first two principal components,
i.e. linear combinations of protein features with the largest variance across the samples. Samples

with a similar profile are close.
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Figure 4.2: Volcano plot visualising differential protein abundance following exposure to
okadaic acid in hCMEC/D3 cells. \CMEC/D3 cells were exposed to okadaic acid (10 nM) or
DMSO (0.01% v/v, control) for 24 h, and protein abundance was determined using a high-
content immune-based microarray (Sciomics, Germany). The proteins are plotted as their
corresponding adjusted P values against their corresponding Log»-fold change (logFC) in
abundance. The horizontal red line indicates an adjusted P value of 0.05, while the blue vertical
lines indicate the logFC cutoff at + 0.5. Proteins that are differentially expressed (logFC > 0.5
and adjusted P value < 0.05) are displayed with their names in blue. A positive logFC value

indicates higher abundance in the okadaic samples compared to the control and vice versa.
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Figure 4.3: Heatmap displaying the relative abundance of proteins identified as being
differentially expressed following exposure to okadaic acid (10 nM). Values were centred
and scaled by proteins (P<0.05). The y-axis displays proteins with similar expression levels,

and the x-axis represents similar samples.
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Protein Antibody Uniprot Name Uniprot- Aver Exp Adj. p Val
ID Entry
TAUpS396 ab3555 P10636 MAPT 2.27 11.14 2.4e-14
SDF1 ab2491 SDF1 HUMAN P48061 CXCL12 1.66 14.00 7.1e-06
MTMRE ab3143 MTMRE-HUMAN Q8NCE2 | MTMR14 1.60 13.78 8.7e-07
MUC5B Ab055 MUCSB-HUMAN QI9HC84 | MUCS5B 1.47 12.09 1.1e-11
MUC5B ab2914 MUCSB-HUMAN QI9HC84 | MUC5B 1.38 12.48 1.3e-10
IL18 abl1734 IL18-HUMAN Q14116 IL18 1.37 14.36 1.2e-05
VIME abl164 VIME-HUMAN P08670 VIM 1.26 13.95 2.4e-05
RL18 ab1280 RL18-HUMAN Q07020 RPL18 1.22 12.45 1.6e-05
K12L2 abl134 KI2L2-HUMAN P43627 KIR2DL2 1.13 12.33 1.2¢-03
FABPS ab1246 FABP5-HUMAN Q01469 FABP5 1.12 14.26 1.0e-04
K167 ab2136 K167-HUMAN P46013 MK167 1.12 12.64 2.9¢-09
SEM3E ab1913 SEM3E-HUMAN 015041 SEMA3E 1.12 13.87 6.0e-03
MICB ab1762 MICB-HUMAN Q29980 MICB 1.12 13.13 1.1e-03
K2C7 ab1333 K2C7-HUMAN P08729 KRT7 1.06 13.40 1.2e-03
F13A ab2903 FI13A-HUMAN P00488 FI3A1 1.06 11.57 4.2e-06
Cytokeratin 8+18 ab1334 P05787 KRT8 1.05 11.20 3.2e-04
FA12 ab2852 FA12-HUMAN P00748 F12 1.03 11.31 1.5e-03
K1C18 ab1606 KIC18-HUMAN P05783 KRTI18 1.00 12.78 1.5¢-03
CP3AS ab0893 CP3A5-HUMAN P20815 CYP3AS 0.99 13.10 1.3e-03
MTMRC ab3142 MTMRC-HUMAN Q9C0I1 MTMR12 0.97 14.03 3.5e-04
K1C18 ab1607 K1C18-HUMAN P05783 KRTI18 0.95 11.25 1.4e-03
PACA ab2913 PACA-HUMAN P18509 ADCYAPI 0.94 12.22 4.9¢-05
FGF2 ab2374 FGF2-HUMAN P09038 FGF2 0.90 14.03 2.0e-03
MKO08 ab2867 MKO08-HUMAN P45983 MAPKS 0.90 12.96 2.0e-03
CADH1 ab1340 CADHI-HUMAN P12830 CDH1 0.89 13.71 5.7¢-03
IL1A ab2263 ILIA-HUMAN PO1583 IL1A 0.88 11.85 5.1e-04
IBP3 ab1881 IBP3-HUMAN P17936 IGFBP3 0.86 12.54 1.5e-02
IL19 ab1221 IL19-HUMAN Q9UHDO | IL19 0.86 13.24 1.5¢-03
CCNB1 ab1233 CCNBI-HUMAN P14635 CCNBI 0.86 13.22 1.5e-13
PK3CD ab3163 PK3CD-HUMAN 000329 PIK3CD 0.85 11.33 8.6e-06
CD20 ab1594 CD20-HUMAN P11836 MS4A1 0.85 13.43 6.2¢-04
UBP4 abll16 UBP4-HUMAN Q13107 USP4 0.84 12.04 4.0e-12
IL15 abl510 IL15-HUMAN P40933 IL15 0.83 12.61 8.5¢-03
AURKB ab1071 AURKB-HUMAN Q96GD4 | AURKB 0.83 10.75 5.2e-12
TAUpT231 ab3554 P10636 MAPT 0.81 8.48 6.2e-08
PD1L1 ab0983 PD1L1-HUMAN QINZQ7 | CD274 0.80 13.85 1.1e-03
PD1L1 ab1823 PD1L1-HUMAN QINZQ7 | CD274 0.80 13.48 4.7¢-03
IL8 ab2312 IL§-HUMAN P10145 CXCLS8 0.76 8.57 6.8e-07
CD83 ab3502 CD83-HUMAN Q01151 CD83 0.75 14.15 2.6e-04
MK ab2370 MK-HUMAN P21741 MDK 0.74 9.80 4.7e-12
SERC ab1293 SERC-HUMAN QI9Y617 PSATI 0.73 13.85 3.5e-10
MTOR ab0648 MTOR-HUMAN P42345 MTOR 0.71 11.51 8.3e-03
K2C8 ab2907 K2C8-HUMAN P05787 KET8 0.70 10.01 3.3e-02
PTCA ab0862 PTCA-HUMAN Q14761 PTPRCAP 0.68 9.62 6.0e-07
FA10 ab2850 FA10-HUMAN P00742 F10 0.67 7.89 3.6e-04
IL8 ab0996 IL§-HUMAN P10145 CXCLS8 0.66 8.72 3.6e-05
HBEGF ab2031 HBEGF-HUMAN Q99075 HBEGF 0.66 9.07 2.2e-11
CDN2B ab2922 CDN2B-HUMAN P42772 CDKN2B 0.65 12.23 4.6e-02
RGMC ab2819 RGMC-HUMAN Q6ZVNSE | HIV 0.64 13.50 2.2e-02
TEX2 ab3220 TEX2-HUMAN Q8IWB9 | TEX2 0.64 13.30 2.8e-08
F13A ab2849 FI3A-HUMAN P00488 FI3A1 0.63 13.52 2.3e-02
OSBP1 ab3213 OSBP1-HUMAN P22059 OSBP 0.61 13.38 1.9¢-07
PLK2 ab3542 PLK2-HUMAN QINYY3 | PLK2 0.60 11.60 2.1e-04
HMGA1 ab1081 HMGA1-HUMAN P17096 HMGAI1 0.60 9.96 1.0e-03
TR10B ab1299 TR10B-HUMAN 014763 TNFRSF10B | 0.57 10.59 2.1e-02
JAK2 ab0978 JAK2-HUMAN 060674 JAK2 0.56 12.69 7.5e-07
RB11A ab3202 RB11A-HUMAN P62491 RABIIA 0.56 8.49 6.3e-03
A2AP ab1935 A2AP-HUMAN P08697 SERPINF2 0.55 10.67 3.3e-02
HEMO ab2858 HEMO-HUMAN P02790 HPX 0.55 12.99 3.4e-03
MDHC ab0325 MDHC-HUMAN P40925 MDH1 0.55 13.86 8.4e-04
FABP1 abl145 FABPI-HUMAN P12104 FABP2 0.53 12.50 2.5e-03
LGMN ab2408 LGMN-HUMAN Q99538 LGMN 0.52 9.47 8.6e-07
TGBR3 ab2244 TGBR3-HUMAN Q03167 TGFBR3 0.51 11.15 1.8e-02
CATH ab2698 CATH-HUMAN P09668 CTSH 0.51 12.66 1.0e-05

Table 4.2: List of proteins upregulated following exposure to okadaic acid. Included in the

table are the protein name, targeting antibody, Uniprot-Identifier, HGNC code, logFC value,

average expression and adjusted P value.
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Protein Antibody Uniprot Name Uniprot- Aver Exp Adj. p Val

ID Entry
MP2K4 Ab1265 MP2K4-HUMAN P45985 MAP2K4 -0.53 15.08 3.2e-03
POSTN Ab1329 POSTN-HUMAN Q15063 POSTN -0.53 14.11 1.7e-06
PCNA Ab1060 PCNA-HUMAN P12004 PCNA -0.53 13.27 6.0e-03
CALBI1 Abl911 CALB1-HUMAN P05937 CALBI1 -0.54 10.14 2.1e-05
MIS Ab2816 MIS-HUMAN P03971 AMH -0.55 11.96 6.8e-07
CATB Abl172 CATB-HUMAN P07858 CTSB -0.55 14.88 1.1e-04
P3C2B ADb3158 P3C2B-HUMAN 000750 PIK3C2B -0.57 13.50 1.4e-03
PYRGI1 Ab3543 PYRG1-HUMAN P17812 CTPS1 -0.58 13.33 5.1e-06
K1C18 Ab0581 K1C18-HUMAN P05783 KRTI18 -0.58 13.68 3.6e-04
IL1B Ab1687 IL1B-HUMAN P01584 IL1B -0.58 14.51 2.1e-03
PDGFD Ab2732 PDGFD-HUMAN Q9GZPO PDGFD -0.59 10.04 7.2e-03
Ubiquitin+1 Ab2225 POCG47 UBB -0.59 12.64 2.7e-05
CCL28 Ab1878 CCL28-HUMAN QI9NRJ3 CCL28 -0.59 14.99 4.0e-06
STASA Ab1150 STA5SA-HUMAN P42229 STATSA -0.62 12.10 9.5e-04
INSL4 Ab2746 INSL4-HUMAN Q14641 INSL4 -0.62 12.02 5.4e-04
CD53 Abl453 CD53-HUMAN P19397 CDs3 -0.62 15.08 9.1e-06
TNR11 Ab1857 TNR11-HUMAN Q9Y6Q6 | TNFRSFI1A | -0.65 15.43 2.7e-06
I36RA Ab2687 I3BRA-HUMAN Q9UBHO | IL36RM -0.68 15.17 3.5e-06
ONCM ADb1885 ONCM-HUMAN P13725 OSM -0.68 12.20 5.1e-06
METERL Ab2766 METRL-HUMAN Q641Q3 METRNL -0.69 10.90 1.4e-02
GSTP1 Abl1091 GSTP1-HUMAN P09211 GSTP1 -0.69 14.21 2.4e-03
VEGFC Ab2946 VEGFC-HUMAN P49767 VEGFS -0.70 13.07 1.2e-05
IL34-MOUSE Abl1224 IL34-MOUSE Q8RLR4 | 1134 -0.71 15.58 1.2e-06
MLKL Ab1349 MLKL--HUMAN Q8NB16 MLKL -0.72 15.13 1.3e-07
CD53 Abl544 CD53-HUMAN P19397 CDs3 -0.74 14.45 3.2e-06
LYAM2 Ab1569 LYAM2A-HUMAN P16581 SELE -0.75 13.19 3.8e-03
PCH2 Abl1274 PCH2-HUMAN Q15645 TRIP13 -0.78 12.40 1.3e-03
XCL1 Ab1909 XCL1-HUMAN P47992 XCL1 -0.80 12.17 3.0e-05
PACA Ab0617 PACA-HUMAN P18509 ADCYAPI -0.82 13.94 1.2e-08
CO5 Ab2011 CO5-HUMAN P01031 C5 -0.82 12.64 1.lee-04
S10A9 Ab2739 S10A9-HUMAN P06702 S100A9 14.47 1.1e-06
CTGF ADb0995 CTGF-HUMAN P29279 CTGF -0.86 14.71 2.6e-07
CADHS5 ADb2818 CADHS5-HUMAN P33151 CADHS -0.90 14.45 8.7e-07
RABI1A ADb3188 RABIA-HUMAN P62820 RABIA -0.92 13.21 3.7e-06
RSPO1 Ab2675 RSPO1-HUMAN Q2MKA7 | RSPO1 -0.94 13.43 1.6e-05
ANGT Ab2292 ANG1-HUMAN P01019 AGT -0.96 13.52 1.8e-06
PROS Ab2873 RSPO1-HUMAN P07225 PROS1 -0.98 15.14 2.0e-06
TNF11 Ab2674 TNF11-HUMAN 014788 TNFSF11 -0.99 14.90 1.2e-06
CCL15 Ab1789 CCL15-HUMAN Q16663 CCL15 -1.02 12.65 8.6e-04
CDK1 Ab0870 CDK1-HUMAN P06493 CDK1 -1.04 12.88 3.8e-06

Table 4.3: List of proteins downregulated following exposure to okadaic acid. Included in
the table are the protein name, targeting antibody, Uniprot-Identifier, HGNC code, logFC value,

average expression and adjusted P value.
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Pathway

Pathway Description

Protein

Protein

Protein Name

1)) Count  Abbreviation

ihsa05022 Neurodegeneration 7 IL1A interleukin 1 alpha
IL1B interleukin 1 beta
MAPT microtubule associated protein tau
MTOR mechanistic target of rapamycin kinase
MAPKS mitogen-activated protein kinase 8
RABIA RABIA, member RAS oncogene family
UBB ubiquitin B

hsa04514 Cell Adhesion 4 CADH1 cadherin 1
CADHS cadherin 5
SELE selectin E
CD274 CD274 molecule

hsa04530 Tight junction 2 PCNA proliferating cell nuclear antigen
MAPKS mitogen-activated protein kinase 8

hsa04131 Membrane trafficking 8 PIK3CD phosphatidylinositol-4,5-bisphosphate3-

(KEGG kinase catalytic subunit delta

Brite) IGFBP3 insulin like growth factor binding protein 3
RABI11A RABI11A, member RAS oncogene family
RABIA RABIA, member RAS oncogene family
OSBP oxysterol binding protein
MAPT microtubule associated protein tau
MTOR mechanistic target of rapamycin kinase
MUCSB mucin 5B, oligomeric mucus/gel-forming

hsa04121 Ubiquitin system 2 UBB ubiquitin B

(KEGG USP4 ubiquitin specific peptidase 4

Brite)

Table 4.4: KEGG Pathway Enrichment Analysis of proteins differentially modulated by
okadaic acid. This table summarises the significantly enriched Kyoto Encyclopaedia of Genes
and Genomes (KEGG) pathways identified in the differentially expressed protein set following
exposure to okadaic acid (10 nM) compared to solvent control (DMSO; 0.01%). Each row
corresponds to a KEGG pathway identification number with associated details: pathway
descriptor, number of proteins in the set, protein abbreviation and name. Upregulated and

downregulated proteins are highlighted in blue and red, respectively.

4.3.2 Biological and Functional Protein Associations

The list of proteins differentially regulated by okadaic acid was assigned to different biological
processes (Figure 4.4) using ShinyGO (version 0.82)[584-586], which is based upon Ensembl
Release 104. It was found that 26.2% of all proteins differentially regulated were related to
cellular processes, 21.8% were associated with biological regulation, 16.3% were linked with
a response to stimulus, and 9.9% were involved in metabolic processes. It should be noted that

several of the differentially regulated proteins contribute to more than one biological process.

The data set was further interrogated to investigate physical (direct) and functional (indirect)

protein associations using the STRING database (http://string-db.org), following the addition

of the catalytic subunit of protein phosphatase 2A (PPP2CA) to the list. The network presented
in Figure 4.5 was generated from multiple lines of evidence (medium confidence = 0.400),
which included experimental data, curated database entries, text mining, co-expression,
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neighbour, gene fusion and co-occurrence. The mode for network presentation was interactive
SVG (scalable vector graphics). Within this protein interactome, UBB was found to be directly
linked to USP4 (ubiquitin carboxyl-terminal hydrolase 4), CDH1 (cadherin 1), Vim (vimentin),
PPP2CA (catalytic subunit of PP2Ac) and, indirectly, to CDHS5 (VE-cadherin), RAB1A and
RABI11A (Figure 4.5). Importantly, PPP2CA was directly linked to Rab11A, AURKB (aurora
kinase B), MTOR (mechanistic target of rapamycin), CDK1 (cyclin-dependent kinase 1),
CCNBI (cyclin B1) and MAPT (microtubule-associated protein tau). Multiple direct protein-
protein interactions can be seen around JAK?2 (Janus kinase 2), CXCLS (interleukin 8), IL-1,
IL-15, and IL-18. To explore clustering from this network, the data set underwent Markow
cluster analysis MCL). This resulted in 16 clusters being identified (Figure 4.6). The top 5
clusters were around cytokine receptor binding (33 proteins), transcriptional regulation of the
cell cycle (13 proteins), intermediate filaments (6 proteins), complement and coagulation
cascades (6 proteins) and short-term memory (4 proteins). Together, these data highlight the
pleiotropic effect of okadaic acid on a cell at a fundamental level through protein degradation
(e.g. USP4 and UBB), kinase signalling (e.g. MAPK8 and MAP2K4), control of the cell cycle
(e.g. PCNA, RAB11A and PPP2CA) and inflammation (e.g. IL-19, IL-15 and IL-18).
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Figure 4.4: Grouping of differentially expressed proteins following exposure to okadaic
acid (10 nM) according to their biological process. Distribution of the proteins between
biological processes was based on Ensembl release 104. The data set was filtered for

unclassified associations.
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Figure 4.5: Protein Interactome Network Constructed via STRING Analysis. This graphic
depicts the protein—protein interaction network of differentially expressed proteins following
exposure to okadaic acid (10 nM), upon STRING analysis. Each node represents an individual
protein included in the dataset, while the connecting lines denote predicted functional
associations derived from multiple lines of evidence, including experimental data, curated
database entries, text mining, co-expression, and computational predictions. The abbreviated
protein name is centralised on the node, while line thickness reflects the confidence score of
each interaction, with thicker edges indicating higher confidence based on the integrated data
sources. The network was generated using STRING (v12.0), applying a high-confidence
interaction score threshold (e.g., >0.4 to minimise false positives. The abbreviated protein

names are defined in Tables 2 and 3.
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Figure 4.6: MCL cluster analysis. Nodes represent proteins, and lines represent edge
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4.3.3 Rab11A knockdown: Design and Assay validation in hCMEC/D3 cells

Based on the microarray data showing upregulation of Rab11A following exposure to okadaic
acid and its known role in VE-cadherin recycling [324], I went on to investigate if knockdown
of Rablla would modify okadaic acid-mediated loss of VE-cadherin. Before this could be
addressed, the assay had to be optimised and validated.

As the first step in this process, a series of experiments were designed to compare the
knockdown efficiency of four different transfection reagents at a constant siRNA concentration
(20nM) and transfection time. The four transfection reagents tested were Nanocin (Tecrea),
PolyFect (Qiagen), Lipofectamine 2000 (Thermo Fisher Scientific) and TransIX-X2® system
(Mirus Bio), and knockdown was assessed for Rab1 1A mRNA expression. In hCMEC/D3 cells,
Lipofectamine 2000, PolyFect and TransIX-X2 decreased Rabl 1A mRNA expression by 88%,
63% and 73%, respectively, compared to medium alone (Untx; Figure 4.7; P<0.05). Nanocin
tended to decrease Rab11A expression, but this failed to reach significance compared to Untx

(Figure 4.7). Based on these data, Lipofectamine 2000 was used in all further experiments.

Having settled on Lipofectamine 2000 as the transfection reagent, the next step was to
investigate the effect of transfection time on Rabl1a knockdown. Cells were transfected with
Lipofectamine 2000/siRNA complexes for 24, 48 and 72 h and knockdown was determined at
the protein level using Western blot analysis. In these screening experiments, RabllA
abundance was decreased at all time points, but greatest at the 24 h time point (85% reduction)
compared to mock-transfected cells (Figure 4.8). Over the same period, transfection with the
negative control siRNA did not affect Rab11A abundance compared to mock-transfected cells.
Based on this, all subsequent transfection experiments assessed Rabl1A knockdown at 24

hours.
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Figure 4.7: Effect of different transfection reagents on Rabl11A mRNA expression.
hCMEC/D3 cells were transfected using either Nanocin, Lipofectamine 2000, PolyFect or
TransIX-X2 transfection reagents for 24 h, and Rab11A knockdown was determined at the level
of transcription using semi-quantitative PCR (qPCR). Data were normalised to the geometric
mean of GAPDH and GPI and expressed relative to the untreated group. Data were analysed
using a one-way ANOVA with post hoc analysis (Dunnett’s test) and presented as mean +

S.E.M. (n=3). Horizontal bars indicate statistical significance at P<0.05.
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Figure 4.8: Effect of Rab11A Knockdown on Rab11A abundance over time. h\CMEC/D3

cells were transfected with Rabl1la siRNA, negative control siRNA or transfection reagent

(mock) for 24, 48 and 72 h (A). At each time point, cells were lysed and Rab11A abundance

was determined using Western blot (n=1). Representative immunoblots are presented in B.

4.3.4 Effect of Okadaic Acid on Rab11A Abundance in hCMEC/D3

As microarray analysis of the proteome showed that okadaic acid caused a moderate

upregulation of Rab11A abundance (LogFC 0.56; cutoff >0.05), this finding was re-evaluated
using a Western blot approach. In hCMEC/D3, exposure to okadaic acid (10 nM) for 24 h did

not affect Rab11A abundance compared to cells exposed to medium alone (Untx; Figure 4.9A,

B). Similarly, DMSO (0.01% v/v; solvent control) did not alter Rab11A abundance compared

to Untx (Figure 4.9 A, B).
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Figure 4.9: Effect of okadaic acid on Rabl11A abundance in hCMEC/D3. Cells were
exposed to okadaic acid (10 nM), DMSO (0.01%) or medium alone (Untx) for 24 h, and
Rabl1A abundance was determined in cell lysates using Western blot (A and B). Data were
normalised to B-actin and expressed relative to the untreated group (Untx). Data were analysed
using a one-way ANOVA with post hoc analysis (Dunnett’s test) and presented as mean +

S.E.M. (n=5). A representative immunoblot is presented in B.

4.3.5 Effect of Rab11A knockdown on Rab11A Abundance in the Absence and
Presence of Okadaic Acid

Rabl1A knockdown decreased the abundance of Rabl1A in hCMEC/D3 cells by 60%
compared to mock-transfected cells (Figure 4.10 A, C; P<0.05). Transfection with negative
control siRNA did not alter Rabl1A abundance compared to the mock-transfected control
group (Figure 4.10 A, C). Importantly, Rab11A knockdown decreased Rab11A abundance by
66% following exposure to okadaic acid (10 nM), compared to the mock-transfected group
exposed to okadaic acid (Figure 4.10 B, D; P<0.05). Transfection with the negative control
siRNA exposed to okadaic acid did not alter Rabl1A abundance compared to the mock-
transfected group exposed to okadaic acid (Figure 4.10 B, D).
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4.3.6 Effect of Rab11A knockdown on VE-cadherin Abundance in the

Absence and Presence of Okadaic Acid

In hCMEC/D3 cells, knockdown of Rab11A did not alter VE-cadherin abundance compared to
mock-transfected cells (Figure 4.11 A, C). Similarly, transfection with negative control siRNA
did not alter VE-cadherin abundance relative to mock-transfected cells (Figure 4.11 A, C).
Rab11A siRNA did not change VE-cadherin abundance in the presence of okadaic acid (10
nM) compared to mock-transfected cells exposed to okadaic acid (Figure 4.11 B, D). Negative
control transfected cells did not alter VE-cadherin abundance compared to mock-transfected
cells exposed to okadaic acid (Figure 4.11 B, D). In the negative control transfected group,
okadaic acid did not affect VE-cadherin abundance compared to the mock transfected group in

the presence of okadaic acid (Figure 4.11 B, D).
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Figure 4.10: Effect of Rab11A knockdown on Rab11A abundance in the absence or
presence of okadaic acid. Cells were transfected with either Rab11A siRNA, negative control
siRNA or transfection reagent (mock) for 24 h in the absence (A and C) or presence of okadaic
acid (OA; B and D). Rabl1A abundance was determined in cell lysates using Western blot.
Data were normalised to B-actin and expressed relative to mock-transfected cells exposed to
medium alone or okadaic acid as appropriate. Data were analysed using a one-way ANOVA
with post hoc analysis (Dunnett’s test) and presented as mean = S.E.M. Horizontal bars indicate
statistical significance at P<0.05 (n=3 or 5). Representative immunoblots are presented in C

and D.
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Figure 4.11: Effect of Rab11A knockdown on VE-cadherin abundance in the absence or

presence of okadaic acid. h\(CMEC/D3 Cells were transfected with Rab11A siRNA, negative
control siRNA or transfection reagent (mock) for 24 h in the absence (A and C) or presence of
okadaic acid (OA; B and D), and Rab11A abundance was determined using Western blot. Data
were normalised to -actin and expressed relative to mock-transfected cells exposed to medium
alone or okadaic acid as appropriate. Data were analysed using a one-way ANOVA with post
hoc analysis (Dunnett’s test) and presented as mean £ S.E.M. (n=3 or 5). Representative

immunoblots are presented in C and D.
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4.3.7 Effect of Rab11A knockdown on PP2Ac Abundance

As Rab11A knockdown did not prevent OA-mediated downregulation of VE-cadherin, and the
micro-array screen showed an indirect association between PP2Ac and Rab11A, I wanted to
investigate if knockdown of RabllA affects PP2Ac abundance. In hCMEC/D3 cells,
knockdown of Rab11A decreased PP2Ac abundance of approximately 30% compared to mock-
transfected cells (Figure 4.12 A, C; P<0.05), while transfection with negative control siRNA
had no effect compared to mock-transfected cells (Figure 4.12 A, C). This raised the possibility
that okadaic acid may affect Rab11A-dependent downregulation of PP2Ac. In cells transfected
with Rab11A siRNA, okadaic acid did not alter PP2Ac abundance compared to mock-
transfected cells in the presence of okadaic acid (Figure 4.12 B, D). Similarly, okadaic acid did
not change PP2Ac abundance in the negative control siRNA group compared to the mock-

transfected group in the presence of okadaic acid (Figure 4.12 B, D).
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Figure 4.12: Effect of Rab11A knockdown on PP2Ac abundance in the absence or

presence of okadaic acid. h\CMEC/D3 cells were transfected with Rab11A siRNA, negative

control siRNA or transfection reagent (mock) for 24 h in the absence (A, C) or presence of

okadaic acid (OA, 10 nM; B, D). PP2Ac abundance was determined in cell lysates using

Western blot. Data were normalised to 3-actin and expressed relative to mock-transfected cells

exposed to medium alone or okadaic acid as appropriate. Data were analysed using a one-way

ANOVA with post hoc analysis (Dunnett’s test) and presented as mean + S.E.M. Horizontal

bars indicate statistical significance at P<0.05 (n=3 or 5). Representative immunoblots are

presented in C and D.
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4.3.8 Effect of Okadaic Acid on Rab5A Abundance

As the data indicated that Rabl1a was not involved in VE-cadherin trafficking, I was curious
to investigate if an alternative Rab GTPases may be involved. While the Rab family comprises
over 60 members with diverse functions, I decided to focus on Rab5a, which was not part of
the microarray, as it is a key regulator of early endocytosis and has been shown to promote
LPS-induced internalisation of VE-cadherin in human pulmonary microvascular endothelial
cells [176]. On this basis, I explored whether Rab5A could be involved in okadaic acid-
mediated VE-cadherin abundance in hCMEC/D3. Exposure to okadaic acid (10 nM) or DMSO
(0.01% v/v) for 24 h did not alter Rab5a abundance compared to the Untx group (Figure 4.13
A, B).
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Figure 4.13: Effect of Okadaic acid on Rab5SA abundance in hCMEC/D3. Cells were
exposed to okadaic acid (OA, 10 nM), DMSO (0.01% v/v) or medium (Untx) for 24 h, and
Rab5A abundance was determined in cell lysates using Western blot (A, B). Data were
normalised to B-actin and expressed relative to the untreated group. Data were analysed using
a one-way ANOVA with post hoc analysis (Dunnett’s test) and presented as mean + S.E.M.

(n=4). A representative immunoblot is presented in B.
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4.3.9 Effect of Rab5SA Knockdown on Rab5A Abundance in the Absence and
Presence of Okadaic Acid

Transfection of hCMEC/D3 cells with Rab5A siRNA decreased Rab5A abundance by 66%
compared to mock-transfected cells (Figure 4.14 A, C; P<0.05). Transfection with negative
control siRNA did not alter Rab5A abundance compared to mock-transfected cells (Figure 4.14
A, C). In the presence of okadaic acid (10 nM), transfection with Rab5A siRNA reduced Rab5A
abundance by 47% compared to the mock+OA group (Figure 4.14 B, D). Okadaic acid did not
change Rab5A abundance in the negative control siRNA group compared to the mock-
transfected group in the presence of okadaic acid (Figure 4.14 B, D).
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Figure 4.14: Effect of RabSA knockdown on Rab5A abundance in the absence or presence

of okadaic acid. Cells were transfected with either Rab5SA siRNA, negative control siRNA or
transfection reagent (mock) for 24 h in the absence (A and C) or presence of okadaic acid (OA,
10 nM; B and D). Rab5A abundance was determined in cell lysates using Western blot. Data
were normalised to -actin and expressed relative to mock-transfected cells exposed to medium
alone or okadaic acid as appropriate. Data were analysed using a one-way ANOVA with post
hoc analysis (Dunnett’s test) and presented as mean + S.E.M. Horizontal bars indicate statistical

significance at P<0.05 (n=4 or 5). Representative immunoblots are presented in C and D.
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4.3.10 Effect of RabSA Knockdown on VE-cadherin Abundance in the
Absence or Presence of Okadaic Acid

Transfection with either Rab5A siRNA or negative control siRNA did not alter VE-cadherin
abundance in hCMEC/D3 cells compared to mock-transfected cells (Figure 4.15 A, C). In the
presence of okadaic acid (10 nM), VE-cadherin abundance was unchanged following Rab5A
siRNA transfection compared to those mock-transfected (Mock+OA; Figure 4.15 B, D).
Similarly, okadaic acid did not change VE-cadherin abundance in the negative control siRNA
group compared to the mock-transfected group in the presence of okadaic acid (Figure 4.15 B,

D).
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Figure 4.15: Effect of RabSA knockdown on VE-cadherin abundance in the absence or
presence of okadaic acid. h\CMEC/D3 cells were transfected with siRNA targeting Rab5A or
negative control siRNA and exposed to medium alone or okadaic acid (10 nM; B and D) for 24
h. VE-cadherin abundance was determined in cell lysates using Western blot. Data were
normalised to B-actin and expressed relative to mock-transfected cells exposed to medium alone
or okadaic acid as appropriate. Data were analysed using a one-way ANOVA with post hoc
analysis (Dunnett’s test) and presented as mean = S.E.M. (n=4 or 5). Representative

immunoblots are presented in C and D.
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4.3.11 Effect of RabSA Knockdown on PP2Ac¢ Abundance Following

Exposure to Okadaic Acid

Okadaic acid (10 nM) did not alter PP2Ac abundance in cells transfected with Rab5A siRNA
compared to mock-transfected cells (Figure 4.16 A, B). Likewise, okadaic acid did not change
PP2Ac abundance in the negative control siRNA group compared to the mock-transfected

group in the presence of okadaic acid (Figure 4.16 A, B).

A B
1.5,
[ J [ J

_

c [ J
[T e
g3 0A
°
c 2 ° r 1
3 [ ] ) Mock / siRNA Negative Control / siRNA Rab5A
23 o ®
<18 °
§ g 0.5 b —— — +<— PP2Ac
o =
oo

£

I S | < B-actin

0.0 T T T
mock+0A siRNA Negative Control+OA  siRNARab5A+0OA

Figure 4.16: Effect of RabSA knockdown on PP2Ac¢ abundance in hCMEC/D3 following
exposure to okadaic acid. h(CMEC/D3 cells were transfected with RabSA siRNA or negative
control siRNA for 24 h and exposed to okadaic acid (OA, 10 nM), and the effect on PP2Ac
abundance was determined using Western blot (A, B). Data were analysed using one-way
ANOVA with post hoc analysis (Dunnett’s test) and presented as mean = S.E.M. (n=6). A

representative immunoblot is presented in B.

133



4.4 Discussion

The present study shows that okadaic acid (10 nM) differentially regulates the expression of
104 proteins (64 upregulated and 40 downregulated) mapping to fundamental cellular,
biological, stress and metabolic biological processes. Importantly, 60 of the proteins formed a
protein interactome network, with UBB (ubiquitin B) being directly linked to USP4 (ubiquitin
carboxyl-terminal hydrolase 4), PPP2CA (PP2A catalytic subunit), CADH1 (cadherin 1), VIM
(vimentin) and indirectly to CDHS (VE-cadherin), RablA and Rab11A. Similarly, PPP2CA
interacts directly with Rab11A, AURKB (aurora kinase B), MTOR (mechanistic target of
rapamycin), CDK1 (cyclin-dependent kinase 1), CCNB (cyclin B) and MAPT (microtubule-
associated protein tau). Regarding protein clustering, the top clusters were around cytokine
receptor binding, regulation of the cell cycle, intermediate filaments and
complement/coagulation cascades. Within the context of this thesis, many of these differentially
regulated proteins confirm and extend our earlier finding that okadaic acid decreased VE-
cadherin abundance through proteasomal degradation. When the role of RabllA was
investigated further, along with Rab5A (not covered in the microarray profile), they were not

found to affect okadaic acid-mediated loss of VE-cadherin or PP2Ac abundance directly.

Although several studies have investigated the effects of okadaic acid on the cellular proteome,
these have focused on murine [587] and human liver [516, 517], mouse intestine [588], human
cancer cells [589, 590] and embryonic rat cortical neurones [518]. Despite this, there is a paucity
of data regarding endothelial cells and in particular human brain microvascular endothelial
cells. While important, most of the above studies are limited as they use okadaic acid within a
concentration range 33-500 nM, which far exceeds the ICso for PP2Ac (7 nM), but encompasses
the ICso (126 nM) for inhibition of PP1 [163]. However, Swingle ef al. report an ICso for PP2A
inhibition of okadaic acid of around 0.1-0.3 nM and an ICso for PP1 of 15-50 nM [162]. The
differences in ICso values between these studies likely reflect the assay conditions used, for
example, the amount of both enzyme and substrate employed in an assay. Notwithstanding this,
the ICso for PP2A is approximately 50-500-fold lower than that for PP1 [162, 164]. Hence, the
data obtained in the present study more likely represent effects associated with the inhibition of

PP2A.

Using a mass spectrometry-based approach, okadaic acid was shown to differentially regulate

46 proteins in murine liver [587], 58 in murine intestine [588], 104 and 947 in human HepaRG
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cells [516, 517], 67 in lipid rafts from SH-SY5Y neuroblastoma cells [590], 39 in MCF-7 breast
cancer cells [589] and 320 phosphoproteins in rat embryonic cortical neurones [518]. Our data,
obtained using an immune-based microarray approach, is in broad agreement with these studies
as okadaic acid differentially regulated 104 proteins. There were major protein clusters around
cytoskeleton (e.g. CDK1, Taups396 and Taupt231), stress responses (oxidative/inflammatory),
e.g. IL1B, IL1A and MKO8, cell differentiation e.g. JAK2, MKO8 and STASA and signal
transduction (e.g. PCNA, CDKI1 and MK). As this thesis focuses on how okadaic acid
modulates VE-cadherin and BBB function, subsets of proteins were extracted from the dataset
based on KEGG pathway enrichment. The pathways of particular interest were
neurodegeneration (Hsa05022), cell adhesion (Hsa04514), tight junctions (Hsa04530),
membrane trafficking (Hsa04131) and the ubiquitin system (Hsa04121; Table 4).

4.4.1 Neurodegeneration

Hallmarks of neurodegenerative diseases include pathological protein aggregation, cytoskeletal
abnormalities, dysregulated cellular phosphorylation and inflammation. For example, in
Alzheimer’s disease hyperphosphorylation of Tau is a key feature noted in human brain [591,
592] and experimental models of Alzheimer’s disease [593, 594]. This may be a consequence
of dysregulated kinase or phosphatase activity. In an early study, the phosphatase angle was
investigated by Harris et al. [595]. They showed that okadaic acid increased phosphorylation
of Tau in human brain slices [595]. With hindsight, this is not surprising as PP2A is the main
phosphatase responsible for dephosphorylation of Tau, accounting for approximately 70% of
the dephosphorylation of phospho-Tau [596]. This correlates well with other studies showing
PP2A activity to be decreased in patients with Alzheimer’s disease [597, 598], Parkinsonism,
dementia of Guan [591], and dementia with Lewy bodies [599]. The current study supports
these observations to show that okadaic acid increases levels of microtubule-associated protein
Tau (MAPT; aka Tau-pS396), mutations of which are associated with misfolding and
aggregation of Tau protein [600]. In addition, bioinformatic analysis of the current dataset
extends these studies to show that okadaic acid reduces RablA abundance. This is interesting
as RablA increases Tau secretion by neurons and HeLa cells [601]. Therefore, a reduction in
RablA would decrease Tau secretion and contribute to the increase in Tau and p-Tau levels
found in the CSF of patients with Alzheimer’s disease [601]. I also show that the expression
of two kinases, MTOR and MAPKS, were upregulated by okadaic acid in the current study,
both of which play key roles in the development of Alzheimer’s disease. MTOR has a dual
function in Alzheimer’s disease as it inhibits insulin signalling and reduces autophagic removal
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of B-amyloid and phosphor-Tau [602] which contribute to disease progression. Interestingly,
B-amyloid monomers activate the MAPKS8/JNKI-MAPK9/INK2 pathway in Alzheimer’s

disease [603], leading to amyloid plaque formation.

Inflammation is also a key driver in the pathophysiology of neurodegenerative diseases,
including Alzheimer’s disease [604], and causes BBB dysfunction [605]. In brain tissue from
patients with Alzheimer’s disease, interleukin-1 (IL-1) abundance is up-regulated around
amyloid plaques [606]. Mechanistically, this may be due to IL-1-mediated activation of the (3-
amyloid precursor protein promoter [607]. Consistent with these data, I show that
pharmacological inhibition of PP2A by okadaic acid increased IL-1A abundance, tying PP2A
to neurodegeneration and Alzheimer’s disease. Surprisingly, okadaic acid reduced IL-1B
abundance. This was unexpected, as a meta-analysis shows IL-1B to be increased in
Alzheimer’s disease [608]. However, in neuroblastoma cells and primary cultured neurons, IL-
1B up-regulates a-cleavage but down-regulates B-cleavage of amyloid precursor protein (APP),
which increases SAPPa production but decreases sAPPB and AP production [609]. Therefore,
the okadaic acid mediated decrease in IL-13 observed in the present study would be consistent
with increased sAPPB and AP, and thus plaque formation. Still, it is worth noting that
Alzheimer’s disease is associated with either an increase in o-secretase or a decrease in [3-

secretase or both in brain tissue from 80% of patients with the disease [610].

4.4.2 Ubiquitin system

As alluded to above, misfolded protein aggregation is also a hallmark of neurodegenerative
diseases, which can manifest as amyloid-p (Af) aggregates in Alzheimer’s disease [611]. This
may be due to altered synthesis and processing of amyloid 3 or disrupted proteolysis, because
reduced proteasomal function is observed in brain tissues from patients with Alzheimer’s
disease [612]. Notably, protein aggregates themselves can inhibit proteasomal function [613].
Proteasomal degradation is a multi-step process involving tagging of proteins for destruction
by ubiquitin, followed by their degradation by the 26S proteasome. In Alzheimer’s disease, a
growing body of evidence has focused on the ubiquitin+1 (UBB*!) frameshift mutant as it
associates with the formation of amyloid B plaques and neurofibrillary tangles [614]. In the
latter study, UBB'! was found in the brain of all patients at postmortem [615]. UBB*!is a
modified ubiquitin with a 19-amino-acid C-terminal extension [614] which interferes with

normal proteasomal function, favouring the accumulation of abnormal proteins [616]. Recent
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work by Maniv et al. shows that UBB*! caused extracellular deposition of amyloid-B (AB) and
insoluble hyperphosphorylated Tau aggregates under in vitro conditions [615]. Mechanistically,
this was attributed to competition between UBB™! and ubiquitin for UCHLI, a deubiquitinating
enzyme, which manifests as increased levels of amyloid precursor protein (APP), secreted A
peptides, and ultimately AP build-up [615]. Our proteomic data would be at variance with this,
as UBB (ubiquitin+1) was reduced following exposure to okadaic acid. However, the
expression of USP4, a deubiquitinating enzyme that removes conjugated ubiquitin from target
proteins, was increased by okadaic acid. Hence, the net effect may depend on the relative
contribution of UBB and USP4 on amyloid 3 homeostasis in a particular situation. Either way,
these data contribute to our understanding of okadaic acid and UBB in neurodegeneration and
Alzheimer’s disease. However, proteolysis of amyloid  and its precursors is likely more
complicated, as ubiquitinated APP can undergo lysosomal rather than proteasomal degradation

[617].

4.4.3 Membrane trafficking

Not surprisingly, KEGG pathway enrichment analysis showed overlap between the
neurodegeneration and membrane trafficking pathways following exposure of brain
microvascular endothelial cells to okadaic acid. Commonalities within the dataset were MAPT,
MTOR, and RablA. As in Alzheimer’s disease, another neurodegenerative disease known as
frontotemporal lobar degeneration with tau (FTLD-Tau), is associated with abnormal
accumulation of Tau protein in nerve cells, leading to their damage and death [618].
Interestingly, approximately 5-20% of patients with familial frontotemporal dementia have
genetic mutations in the microtubule-associated protein tau (MAPT) [619, 620] and defective
trafficking of organelles [621, 622]. The latter can impact cellular clearance pathways, leading

to protein aggregation and neurodegeneration [623].

As stated earlier, MTOR has a dual function in Alzheimer’s disease as it inhibits insulin
signalling and reduces clearance of B-amyloid and phosphor-Tau [602]. While there is little
evidence to support a direct interaction between mTOR and insulin growth factor binding
protein-3 (IGFBP3), there is crosstalk with the IGF signalling pathway. Dysregulation of
which is a key contributor to the pathology of Alzheimer’s disease. For example, levels of
IGFBP-3 are noted in ageing plaques and neurofibromin complexes in human brain [624] and
that B-amyloid increases expression of IGFBP-3 protein in brain pericytes [625]. How this is

directly linked to membrane trafficking in the brain is unclear. However, in corneal epithelial
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cells, the secretion of IGFBP-3 mediates intracellular trafficking of IGF-1R receptor in response

to stress [626].

MTOR is part of a well-established signal transduction pathway (PI3K/AKT/mTOR pathway)
whereby PI3K activation leads to AKT activation, which in turn, activates mTOR
[627]. Therefore, it is not surprising that okadaic acid increased PI3KCD (phosphatidyl
inositol-4,5-bisphosphate 3-kinase catalytic subunit delta; aka, PI3Ko or p110delta isoform of
PI3K) levels in the present study and was highlighted in the protein interactome and following
cluster analysis. In the context of Alzheimer’s disease PI3Kd influences the trafficking of APP
and formation of amyloid plaques [628] and contributes to the neuroinflammatory component
of Alzheimer’s disease through increased trafficking and secretion of TNFa [629].
Interestingly, PI3Kd is involved in the regulation of Rab5 GTPase, and hence endocytic
trafficking [630].

Interestingly, I found okadaic acid increased the abundance of mucin-5B in brain microvascular
endothelial cells with pathway enrichment analysis linking this to membrane trafficking. To the
best of my knowledge, there has been no published work linking mucin-5 B to okadaic acid,
PP2A, neurodegeneration or Alzheimer’s disease. This is therefore a novel finding and difficult
to explain within the context of this thesis. However, perturbations of mucin trafficking are well

established in the pathophysiology associated with breast and colorectal cancer [631].

The current study showed that okadaic acid increased the abundance of oxysterol binding
protein (OSBP) in brain microvascular endothelial cells. This corroborates earlier work
showing okadaic acid to increase phosphorylation of OSBP [632]. Functionally, this may
impact cholesterol trafficking within cells [633] as OSBP facilitates the trafficking of
cholesterol from the endoplasmic reticulum to the trans-Golgi network [634]. However, the
facilitated trafficking of cholesterol is unlikely to impact the development of Alzheimer’s
disease for several reasons. Firstly, reduced trafficking and biosynthesis of brain cholesterol
is a notable feature in patients with Alzheimer’s disease and in animal models. Secondly, the
binding of amyloid precursor protein to cholesterol can lead to the production of amyloid-3
and downregulation of ApoE-mediated cholesterol uptake [635], which may influence the
onset of amyloid deposition. Interestingly, a confocal study indicates that ApoE colocalises
with Rab11A, implicating the latter in endosomal recycling of cholesterol in CHO cells [636].

This ties in with our microarray data showing that okadaic acid increases Rab11A abundance.
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The Rab GTPases are a family of small proteins that play a central role in Alzheimer's disease
by regulating membrane trafficking within neurons, the dysregulation of which results in the
abnormal trafficking of proteins like amyloid-f3 and tau [637]. In the current study, okadaic acid
decreased the abundance of RablA but increased Rabl1A. RablA is associated with both
endoplasmic to Golgi and post-endosomal transcytosis of vesicles [638], and is implicated in
regulating amyloid-f generation [639]. While few if any studies have investigated the role of
RablA in Alzheimer’s disease per se, its overexpression potentiates mTORCI signalling in
normal and cancer cells [640, 641]. This could represent a pathway through which it may
contribute to the pathophysiology of Alzheimer’s disease, as MTOR reduces autophagic
removal of B-amyloid and phosphor-Tau, [602] as RablA was downregulated in the present
study. Additionally, RablA also affects actin polymerisation and cell morphology through
inhibition of mTOR signalling [642]. While RablA plays a general role in endocytic vesicle

processing, it is also involved in the trafficking of EGF and transferrin [643].

In Alzheimer’s disease, Rabl1 controls endosomal recycling of B-secretase to the plasma
membrane and hence increased production of AP [644]. Our microarray data would be
consistent with an increase in membrane trafficking of B-secretases, as okadaic acid increases
the abundance of Rab11A in brain microvascular endothelial cells. However, the increase in
Rab11A abundance was not confirmed using a Western blot approach. It is difficult to reconcile
the disparity between the microarray data and that obtained using Western blot. This might
simply reflect the enhanced sensitivity of micro-immunoassays, such as those using
microfluidic devices or surface-based assays for detection of low-abundance proteins over the
standard Western blot approach [645]. Despite this, there is no existing literature that directly
examines the effect of okadaic acid on Rab11A, although some studies have explored its impact
on vesicle trafficking. For example, in goldfish bipolar cells, okadaic acid modulated the
mobility and transport of recently internalised vesicles within ribbon-containing synaptic
terminals [646]. However, the present study found that Rab11A knockdown did not alter the
effect of okadaic acid on VE-cadherin abundance or PP2Ac abundance following a 24 h
exposure. In contrast, Yan et al. report that Rabl 1A knockdown in endothelial cells reduces
VE-cadherin abundance within 48 to 72 hours, followed by a gradual return to baseline levels,
paralleling the expression pattern of Rab11A [412]. Importantly, in the latter study no effect
was noted at the 24 h time point, which is consistent with our findings, but it would be worth
extending our study to look at later time points in any future experiments. My data would
indicate that Rabl1A is not involved in recycling of VE-cadherin back to the plasma

membrane following exposure to okadaic acid in brain microvascular endothelial cells.
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Although Rab5A was not included on the immune-microarray, I decided to investigate if RabSA
was involved in okadaic-acid-mediated loss of VE-cadherin on the premise that Rab5 is a key
regulator of endocytosis, mediating the fusion of endocytic vesicles with early endosomes
[647]. siRNA silencing reduced Rab5A abundance by 66% and was unaffected by exposure to
okadaic acid. In addition, Rab5A knockdown did not alter VE-cadherin or PP2Ac abundance
under control conditions or in the presence of okadaic acid. Together, these data indicate that
Rab5A is not involved in VE-cadherin internalisation in brain microvascular endothelial cells.
However, in human pulmonary microvascular endothelial cells, lipopolysaccharide increases
Rab5A abundance and internalisation, an effect which was reversed following knockdown of
Rab5A [176]. The disparity with our data could be due to the use of different stimuli
(lipopolysaccharide vs okadaic acid) or tissue selectivity of the response (lung vs brain).
Alternatively, it may simply reflect a multitude of mechanisms by which VE-cadherin can be
regulated, which include phosphorylation and management of localisation at the cell surface,
regulated endocytosis and transcriptional regulation [648]. However, this requires further

investigation to gain consensus.

4.4.4 Cell Adhesion

Neurodegenerative diseases are also associated with dysregulation of molecules involved in
mediating cell-cell contacts. In the present study, pathway analysis linked several differentially
regulated proteins to the cell adhesion (hsa04514) and tight junction (hsa04530) pathway
descriptors. Cell adhesion molecules (CAMs) are key mediators of interactions between cells
and their environment, essential for cell survival, movement, activation, and adaptability [649].
There are four main families of CAMs: cadherins, immunoglobulin superfamily members,
selectins, and integrins that facilitate adhesion among vascular cells. Among these, E-cadherin
is the most extensively studied and is predominantly found in adherens junctions of mature
epithelial cells, where it links the actin cytoskeletons of neighbouring cells [650]. Our findings
align with previous research indicating that okadaic acid alters the expression of EMT-related
adhesion molecules such as Cadherin-6B (Cad6B) and E-cadherin (Cadherin 1). Another study
also found that the formation of the E-cadherin/catenin complex is regulated by protein

phosphatases [84].

VE-cadherin (also known as cadherin 5 or CD144) plays a key role in forming adherens
junctions (AJs) and maintaining the barrier function of endothelial cells [72]. In our study, we

found decreased VE-cadherin levels, consistent with other studies suggesting it may serve as
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an early indicator of endothelial damage in the preclinical phase of Alzheimer’s disease, based
on cerebrospinal fluid and gene expression data [651]. E-selectin, a member of the selectin
family and expressed on activated endothelial cells, facilitates the initial rolling and eventual
stable adhesion of leukocytes at inflammatory sites [652-654]. Recent evidence suggests that
E-selectin not only mediates adhesion but also interacts with the actin cytoskeleton via proteins
like a-actinin, vinculin, filamin, and signalling molecules such as focal adhesion kinase (FAK)
and paxillin, indicating a signalling function previously unrecognized [652, 655]. In our study,
E-selectin expression decreased following exposure to okadaic acid. This is consistent with
prior work showing that okadaic acid prevents leukocyte-induced E-selectin dephosphorylation
in activated HUVECs [652]. Another adhesion-related protein impacted by okadaic acid is
CD274 (also known as PD-L1 or B7-H1), which is relevant in various cancers [656]. PD-L1 is
expressed on multiple immune and endothelial cells, including dendritic cells, lymphocytes,
and, under certain conditions, epithelial cells, especially during inflammation [657, 658]. In our
findings, PD-L1 expression was upregulated after okadaic acid treatment, consistent with other

studies reporting that OA can enhance PD-L1 expression [659].
4.4.5 Tight junction

One research study showed that okadaic acid impacts tight junction proteins in intestinal Caco-
2 cells at concentrations relevant to food exposure [660]. c-Jun N-terminal kinase (JNK) is part
of the mitogen-activated protein kinase (MAPK) family [661]. MAPKSs are known to contribute
to the abnormal hyperphosphorylation of tau proteins in Alzheimer's disease (AD) brains with
reduced PP2A activity [662]. In our study, okadaic acid increased the expression of MAPKS,
which is consistent with other research reporting JNK activation in neurofibrillary degeneration
in neurons of Alzheimer’s disease [663, 664]. The activation of several kinases, including
Ser/Thr kinases, MAPK, ERK, PKA, JNK, PKC, CaMKII, Calpain, and GSK3p, has been
linked to AD pathology [665]. Additional studies have demonstrated that kinases such as Raf-
1, MEK, and MAPKs (including ERK) become hyperphosphorylated in response to okadaic
acid [666, 667]. MAPKs like JNK, p38, and ERK have also been reported to be upregulated in

neurodegenerative diseases such as Alzheimer’s disease and Parkinson’s disease [668].

In the present study, okadaic acid also affected the expression of PCNA (proliferating cell
nuclear antigen), a protein involved in tight junction signalling. PCNA plays a crucial role in
DNA replication and repair [669]. While it is typically absent in adult neurons, PCNA is found
in the nuclei of vulnerable neurons in patients with Parkinson’s disease and in dopaminergic

neurons of MPTP-treated mice [670]. PCNA expression was also upregulated in HepaRG cells
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exposed to 33 nM okadaic acid [516]. Furthermore, studies have observed increased expression
of PCNA, along with markers like Mcm?2 and Ki67, in glial cells and neurons, correlating with
greater Alzheimer-type pathology [671]. The significance of PCNA in Alzheimer’s disease is
further supported by autopsy-based immunohistochemical studies showing the presence of cell
cycle-related proteins such as Ki67, PCNA, cdc2, cdc25A, cdk4, and various cyclins in
Alzheimer’s disease-affected brains [672-677].

In conclusion, the present study provides novel insights into how okadaic acid (10 nM), a potent
PP2A inhibitor, disrupts the proteomic landscape of human brain microvascular endothelial
cells, with implications for neurodegeneration and blood-brain barrier dysfunction. Through a
detailed proteomic and bioinformatic analysis, okadaic acid was shown to differentially
regulate 104 proteins, with functional clustering highlighting roles in cytoskeletal integrity, cell
adhesion, inflammation, membrane trafficking, and protein degradation, processes central to
Alzheimer’s disease pathology. Notably, key molecules such as MAPT, MTOR, RablA,
Rabl1A, and UBB were differentially expressed, reinforcing connections to Tau pathology,
impaired autophagy, and amyloid-f accumulation. Despite Rab11A’s increased abundance in
the microarray data, functional studies indicated it is not directly involved in VE-cadherin
recycling at the 24-hour mark, suggesting time-dependent effects or alternate trafficking routes.
Additionally, the upregulation of MAPKS8, PCNA, and PD-L1 supports a broader inflammatory
and stress response, while the novel finding of increased mucin-5B introduces a potentially
unexplored mechanism in neurovascular dysfunction. Overall, these findings expand our
understanding of okadaic acid’s molecular effects and underscore the importance of
phosphatase regulation in endothelial health and neurodegenerative disease progression. To
fully elucidate the mechanism by which okadaic acid reduces VE-cadherin levels, additional
experiments are needed to explore the roles of other candidate proteins that may contribute to

its trafficking or transcriptional regulation.
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Figure 4.17: A schematic summary of the Proteomic Microarray data from hCMEC/D3 cells
following exposure to okadaic acid, revealing a protein network of differentially expressed proteins

implicated in numerous biological processes, including VE-Cadherin recycling and degradation
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Chapter 5

Investigation of the Effect of Metformin on Protein
Phosphatase 2A and VE-cadherin in Brain

Microvascular Endothelial Cells
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5.1 Introduction

The blood-brain barrier is crucial for sustaining brain homeostasis and safeguarding the central
nervous system (CNS). Disruption of the BBB has been noted following traumatic head
injuries, strokes, oedema, and inflammation, as well as in Alzheimer's and Parkinson's diseases
[678]. In research on neurodevelopmental disorders, the role of PP2A has been extensively
investigated as PP2A accounts for about 71% of the total tau phosphatase activity in the human
brain [596]. For example, in Alzheimer’s disease, it is well documented that Tau protein is
hyperphosphorylated [594] and has been associated with a diminished activity of PP2A in both
grey and white matter [679]. Additionally, a study by Sontag et al. showed that levels of the

PP2ABaC heterotrimeric complex, which is the primary isoform of neuronal PP2A that

interacts with tau, are reduced [147].

As such, the activation of PP2A presents a promising strategy to prevent and treat Alzheimer's
disease and related tauopathies [680]. Intriguingly, there is also a strong relationship between
Alzheimer's disease and type 2 diabetes mellitus [681-684]. It is interesting to speculate that
protein phosphatase 2A may represent a commonality between these two conditions, as it is
also dysregulated in type II diabetes mellitus and is involved in the development of insulin
resistance [685, 686]. Similarly, type 2 diabetes mellitus is associated with Parkinson's disease
(PD) [158, 385] , which is also associated with dysregulation of PP2A. This raised the
possibility that therapeutic agent used for diabetes, such as metformin, may serve as potential
treatments for neurological disorders, offering new perspectives on their management [687,

688].

One such drug, metformin, has been used since the 1960s in the treatment of type 2 diabetes
and other metabolic disorders is of particular interest as it can cross the blood-brain barrier and
is neuroprotective [460]. Metformin also reduces tau phosphorylation at PP2A-dependent sites
in both experimental and animal models related to Alzheimer’s disease [185, 471, 689-691].
This is in keeping with other studies, which demonstrate that metformin activates PP2A activity
in human skeletal muscle cells, macrophages, primary cortical neurons, and in mice. However,
this remains to be established for brain microvascular endothelial cells. Metformin also
improves memory function in the senescence-accelerated mouse-prone 8 (SAMP8) model of
spontaneous Alzheimer's disease by reducing amyloid precursor protein c99 (APPc99) and tau
phosphorylation [682]. Within the context of this thesis, which focuses on PP2A-mediated

regulation of VE-cadherin, metformin offsets hypoxia and VEGF-induced endothelial barrier
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permeability in murine endothelial monolayers by enhancing expression of tight junction
proteins such as occludin, claudin-3, claudin-5, zonal occludin-1 (ZO-1), and zonal occludin-2
(ZO-2) [685, 692]. Interestingly, in a recent study, metformin reversed hydrocephalus and
upregulated VE-cadherin expression in choroid plexus in a rat model of intraventricular
haemorrhage [421]. Based on these studies, metformin may be considered an option for
addressing BBB dysfunction induced by okadaic acid through maintenance of adherent

junctions via upregulation of VE-cadherin abundance. However, this remains to be established.

It is important to emphasise that the primary aim of this chapter is to investigate the potential
cellular mechanisms of action of metformin, including its interaction with PP2A and effects on
VE-cadherin in brain microvascular endothelial cells. While type 2 diabetes mellitus is
associated with blood-brain barrier dysfunction, this study does not aim to model the chronic
effects of diabetes or tight glycaemic control. Addressing such long-term effects would require
experimental approaches involving varied glucose concentrations and comparisons with other

antidiabetic agents, which are beyond the scope of the present work.

Therefore, the aims of this chapter were to:

1. Investigate if metformin directly modulates PP2Ac activity and abundance in brain
microvascular endothelial cells and whether it can reverse the inhibitory effect of
okadaic acid.

2. Determine if metformin in the absence or presence of okadaic acid can modify VE

cadherin abundance in human brain microvascular endothelial cells.
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5.2 Method

5.2.1 Cell Culture

Full details of the cell culture protocols can be found in Chapter 3, section 3.2.1. In brief,
hCMEC/D3 cells were seeded onto collagen type 1 coated plates (rat tail collagen, 08225, EMD
Millipore Corp, USA) and cultured in EndoGRO-MV medium (Merck, Cat. #SCME-BM)
containing 5% foetal bovine serum (FBS), growth factors (Merck, Cat. #SCME004-S), 100
U/mL penicillin, and 100 mg/mL streptomycin. The cells were kept in a humidified atmosphere
at 37°C and 5% CO., and the medium was changed every 3 to 4 days until the cells reached
approximately 80% confluence. To subculture confluent cells, they were treated with 0.25%
trypsin-EDTA solution (Sigma-Aldrich) and subsequently counted using a haemocytometer
after trypan blue staining. The hCMEC/D3 cells were used up to passage number 45.

5.2.2 Cell Viability: LDH Assay

hCMEC/D3 cells were seeded in 96-well plates at a density of 10,000 cells per well and exposed
to increasing concentrations of metformin (10 uM - 50 mM), dimethylsulphoxide (DMSO;
0.0001% to 1% v/v) or Triton-X100 (1% v/v; positive control). DMSO was used as the solvent
control for okadaic acid. The cells were exposed to metformin or DMSO for 24 hours. The
plates were then centrifuged at 250 x g for 10 minutes, and the supernatants were transferred to
a new 96-well plate. The LDH Cytotoxicity Assay reagent mixture (Roche, Cat. #11644793)
was prepared according to the manufacturer's instructions by mixing 250 pL from the blue cap
bottle with 11.25 mL from the red cap bottle, which is sufficient for 100 samples at each. This
reagent mix (100 pL) was added to each well and incubated for 30 minutes at room temperature
in the dark. Absorbance was measured at 490 nm using a BioTek EL 808-plate reader
(Bedfordshire, UK). Cell death was quantified based on the kit protocol and expressed as a
percentage relative to the LDH release induced by 1% Triton X-100, representing 100% cell
death.

5.2.3 Protein Extraction and Quantification

Before cell lysis, the culture medium was removed, and the cells were washed in sterile ice-
cold PBS (D8662, Sigma-Aldrich). Cells were then lysed in RIPA buffer supplemented with
100x protease inhibitor cocktail Set I (539131-EMD Millipore Corp, Germany) and harvested
using a cell scraper. The cell suspension was then placed in an Eppendorf tube and incubated
on ice for approximately 15 minutes before undergoing three freeze-thaw cycles at -80°C. Cell

debris was removed by centrifugation (400 x g, 10 min) and the supernatant was transferred to
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a sterile 1.5 mL sampling tube and stored at -80°C for protein quantification and downstream

Western blot analysis.

Protein content in the cell lysate was quantified using a Bradford assay. Absorbance was
determined at a wavelength of 595 nm using a spectrophotometer (BIO-TEK ELSO0S).
Absorbance of the unknown samples was interpolated from a standard curve using bovine
serum albumin as the reference protein. The protein content in all samples was standardised to
1 mg/mL unless otherwise stated. Full details of the protocols for protein isolation and

quantification can be found in chapter 3, section 3.2.3. and 3.2.4. respectively.
5.2.4 SDS-PAGE and Western Blotting

Protein samples (20 pg) were mixed with sample loading buffer (x5) and heated at 95°C for 30
seconds before being cooled on ice for 3 minutes. Following denaturation, the samples were
subjected to sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) on
either an 8% or a 12% gel. To determine the relative molecular weight of the protein bands, a
molecular weight ladder (Thermo Fisher) was included on each gel. Following electrophoresis,
proteins were transferred to a Polyvinylidene fluoride (PVDF) membrane using the iBlot 2 Dry
Blotting System from Amersham. Membranes were blocked in TBS-T with 5% milk or 2%
BSA for one hour at 4°C, and probed with the primary antibody overnight at 4°C. The following
day, the membranes were washed with TBS-T, incubated with an HRP-conjugated secondary
antibody specific to mouse or rabbit at room temperature for 1 hour in TBS-T + 5% milk. The
protein bands were visualised using chemiluminescence detection and the image captured on a
Fusion FX imaging system (Vilber Lourmat). Densitometric analysis of the protein bands was
performed using BiolD software. Membranes were stripped with a stripping solution and re-
probed with an HRP-conjugated Bactin antibody. A detailed description of the protocols can be
found in chapter 3, 3.2.5.1 and 3.2.5.2. respectively.

5.2.5 RNA Cell Extraction and cDNA Synthesis

hCMEC/D3 cells grown in 6-well or 12-well plates were lysed in Tri Reagent™ (Sigma
Aldrich). After the addition of 200 pL of chloroform and a 10-minute incubation at room
temperature, the mixture was centrifuged at 12,000 g for 15 minutes at 4°C. The upper aqueous
phase, which contained the RNA, was transferred to a new Eppendorf tube, and RNA
precipitated by the addition of isopropanol. Following centrifugation (12,000 g for 10 minutes
at 4°C), the supernatant was removed, and the RNA pellet was washed with increasing

concentrations of ethanol (75% and 100% v/v). The RNA pellet was air dried and reconstituted
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in nuclease-free water, with heat at 95°C for 5 minutes to aid in dissolving. RNA quantity and

purity were analysed by measuring the 260/280 ratio on a spectrophotometer (Nanodrop).

The RNA samples were treated with DNase I (Invitrogen) before undergoing reverse
transcription. cDNA synthesis was performed using the RevertAid Reverse Transcriptase kit
(Thermo Fisher) and random hexamer primers. Detailed protocols associated with RNA
isolation, clean-up and reverse transcription can be found in Chapter 3, sections 3.2.6.1 and

3.2.6.2.

5.2.6 Semi-Quantitative Real-Time PCR

mRNA expression was analysed using semi-quantitative reverse transcription polymerase chain
reaction (RT-PCR) with target-specific primers and SYBR Green GoTaq DNA polymerase
(Promega, A6002) on an Mx3000P QPCR System (Agilent Technologies). Lyophilised primers
were reconstituted to give a stock solution of 100 uM and further diluted to give a 10 uM
working concentration for RT-PCR. The reaction mix consisted of 10 pL of 2x SYBR Green
mix, 50 ng cDNA template, 500 nM of each forward and reverse primer, and molecular grade
water to a final volume of 20 pL. A non-template control was included for each primer set. The
PCR cycling conditions were as follows: an initial denaturation at 95°C for 2 minutes, followed
by 40 cycles of 95°C for 15 seconds, 62°C for 1 minute, 72°C for 15 seconds. Gene expression
was quantified using the comparative Ct method; detailed protocols are described in Chapter 3,

section 3.2.6.3.
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Gene NMID Forward Sequence Reverse Sequence

PPP2CA NM 00 2715.2 TGGAGCCTCAGCGAGCGG GGCTCTTGACCTGGGACT
VE-cadherin | NM_001795.4 ATACCAAGGTCCACTTC GTGAGGATGCAGAGTAA
GPI NM_001329911.2 | TCTATGCTCCCTCTGTGTTAGA | CTCCTCCGTGGCATCTTTATT
GAPDH NM_002046.5 CTCTGCTCCTCCTGTTCGAC GCGCCCAATACGACCAAATC

Table 5.1: List of primers including gene identification numbers and sequence

5.2.7 PP2A Phosphatase Activity Assay

PP2Ac activity was determined using a PP2A immunoprecipitation phosphatase assay kit from
Merck Millipore. In brief, 100 pg of protein was combined with 4 pg of anti-PP2A (C subunit,
clone 1D6) and protein-A-agarose. The immunoprecipitate was collected by centrifugation
(Microcentrifuge Technico mini, 50s) and washed three times with 700 uL. TBS and once with
500 pL of the Ser/Thr assay buffer. The immunoprecipitate was incubated with 60 pL of diluted
phosphopeptide and 20 puL Ser/Thr assay buffer at 30°C for 10 min in a constant temperature
shaker. Following this, malachite green was added, and the absorbance was determined at a
wavelength of 620 nm in a microtiter plate reader (Varioskan Lux, Thermo Scientific). A full

description of the protocol can be found in chapter 3, section 3.2.8.

5.2.8 Data and Statistical Analysis

Data were normalised to the appropriate control and presented as either an absolute value, a
percentage, or a ratio. Using non-linear regression (GraphPad Prism version 10), protein
concentration was determined from a standard curve. Statistical analysis was conducted using
one-way ANOVA with appropriate post hoc analysis (Dunnett’s) in GraphPad Prism version
10. The data are presented as mean + S.E.M., and a P value of less than 0.05 was considered

statistically significant.
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5.3 Result

5.3.1 Effect of Metformin and DMSO on Cell Viability

In preliminary experiments to optimise the LDH assay, the effect of cell number (781 to 50,000
cells / well) on Triton X100 (1% v/v; positive control) mediated LDH release was investigated
alone and in combination with DMSO (0.01% v/v) compared to medium alone. Exposure to
Triton X100 (1% v/v) for 24 h increased LDH release in a cell number-dependent manner
compared to medium alone (Untx; Figure 5.1A). This response was unaltered by co-exposure
to DMSO (0.01% v/v; Figure 5.1A). Based on this data, the effect of increasing concentrations
of DMSO (0.0001 - 1% v/v) and metformin (10 uM-50 mM) on LDH release using 25,000 cells
per assay well was investigated. DMSO and metformin had a minimal effect on LDH release
(less than 10% reduction) compared to those exposed to medium alone (Figure 5.1B). Although
these findings are preliminary and based on a single experiment, it was decided to use

metformin at a concentration of 15 mM in all subsequent experiments.
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Figure 5.1: Optimisation of the lactate dehydrogenase (LDH) cytotoxicity assay. The effect
of cell number on LDH release following exposure to Triton-X100 (1% v/v, positive control)
alone and in combination with DMSO (0.01% v/v) (A) or in response to increasing
concentrations of DMSO (0.0001-1%) or metformin (10 uM- 50 mM; B) were investigated in
hCMEC/D3 cells. LDH release in the culture medium was measured using a commercial kit
after 24 h (n=1).
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5.3.2. Does Metformin Affect PP2Ac Abundance and Activity?

The effect of metformin on PP2Ac abundance was determined using Western blot. When
hCMEC/D3 cells were exposed to metformin (15 mM) for 24 h, no effect on PP2Ac protein
abundance was observed compared to the untreated group (medium alone; Figure 5.2A, B). To
extend this finding, the effect of metformin on PP2Ac activity was investigated using a PP2Ac
immunoprecipitation activity assay. In hCMEC/D3 cells exposed to metformin (15 mM), there
was no observable effect on PP2Ac activity compared to the untreated group (medium alone;

Figure 5.2C).
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Figure 5.2: Effect of Metformin on PP2Ac abundance and activity. hCMEC/D3 cells were
exposed to metformin (Met; 15 mM) and its effect on PP2Ac abundance determined in cell
lysates using Western blot (A, B), while PP2Ac activity was determined using a PP2Ac
immunoprecipitation activity assay (C). A representative immunoblot is presented in B. PP2Ac
abundance was normalised to 3-actin and expressed relative to the untreated group (A, B), while
PP2Ac activity was expressed relative to the control group (Untx; C), Data were analysed using
an unpaired t-test and presented as mean + S.E.M. Horizontal bars indicate statistical

significance at P<0.05 (n=5).
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5.3.3 Does Metformin Alter the Effect of Okadaic Acid on PP2Ac Activity and
mRNA Expression?

As 1 showed in chapter 3 (section 3.3.5) that okadaic acid decreased PP2Ac activity, |
investigated if metformin could reverse this effect before looking at its effect on VE-cadherin.
In hCMEC/D3 cells, metformin (15 mM) did not affect PP2Ac activity compared to the
untreated group (Figure 5.3A). While okadaic acid (10 nM) decreased PP2Ac activity by 60%
compared to the control group (Untx; Figure 5.3A), as shown in earlier experiments.
Interestingly, exposure to metformin (15 mM) and okadaic acid (10 nM) PP2Ac activity was
decreased by 58% compared to the untreated group (P<0.05; Figure 5.3A). To extend this
finding and rule out possible effects at the level of transcription, I looked at the effect of
metformin and okadaic acid alone and in combination on PPP2Ac expression in hCMEC/D3
cells. Neither metformin (15 mM) nor okadaic acid (10 nM) alone or in combination affected
PPP2Ac expression compared to cells exposed to medium alone (Figure 5.3B). DMSO (0.01%
v/v; solvent control) did not alter the PP2Ac activity or PPP2Ac expression compared to the

control group (Figure 5.3 A, B).
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Figure 5.3: Effect of Metformin (Met, 15 mM) and Okadaic Acid (OA, 10 nM) alone and
in combination on PP2Ac activity and mRNA expression. PP2Ac activity was determined
using an immunoprecipitation assay kit (Millipore). The data were normalised to the Untx
control (medium alone) and expressed as a percentage (A). PPP2Ac mRNA expression was
determined by RT-PCR and normalised to the geometric mean of GAPDH and GPI and
expressed relative to the untreated group (B). DMSO (solvent control) was used at a
concentration of 0.01% (v/v) in both experiments (A, B). Data were analysed using a one-way
ANOVA with post hoc analysis (Dunnett’s test) and presented as mean + S.E.M. Horizontal

bars indicate statistical significance at P<0.05 (n=5).
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5.3.4 Effect of Metformin Alone and in Combination with Okadaic Acid on
VE-cadherin Abundance and mRNA Expression

The effect of metformin and okadaic acid alone and in combination on VE-cadherin abundance
and mRNA expression was investigated using Western blot and RT-PCR. Metformin had no
effect (Figure 5.4 A) on VE-cadherin abundance, while okadaic acid (10 nM) decreased it by
47% compared to the untreated group in hCMEC/D3 cells (medium alone; Figure 5.4 A;
P<0.05). Similarly, okadaic acid in combination with metformin (15 mM) also reduced VE-
cadherin abundance by 53% (Figure 5.4 A; P<0.05) compared to control (Untx). When the
effect on VE-cadherin expression was explored, okadaic acid (10 nM; P<0.05) increased VE-
cadherin expression while metformin (15 mM) had no effect (Figure B). In the presence of
okadaic acid and metformin, VE-cadherin expression was increased compared to the untreated
group (Figure 5.4 B; P<0.05). DMSO (0.01%) did not alter VE-cadherin abundance or
expression in hCMEC/D3 cells compared to control (Untreated, Figure A, B).
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Figure 5.4: Effect of Metformin (15mM) alone and in combination with Okadaic Acid

(10nM) on VE-cadherin abundance and mRNA expression. VE-cadherin abundance was
determined by Western blot and normalised to B-actin abundance (A). VE-cadherin mRNA
expression was determined by RT-PCR and normalised to the geometric mean of GAPDH and
GPI. DMSO was used at a concentration of 0.01% (v/v) in both experiments (A, B). Data are
analysed using a one-way ANOVA with post hoc analysis (Dunnett’s test) and presented as

mean £ S.E.M. Horizontal bars indicate statistical significance at P<0.05 (n=5).
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5.3.5 Temporal Effect of Metformin Alone and in Combination with Okadaic
Acid on VE-cadherin Abundance

As exposure to metformin for 24 h failed to alter okadaic acid-mediated attenuation of VE-
cadherin abundance, it raised the possibility of a transient response. To address this, the effect
of metformin (15 mM) and okadaic acid (10 nM) alone and in combination was studied at
several time points over 24 h. As expected, there was no change in VE-cadherin abundance in
any of the treatment groups at baseline (0 h; Figure 5.5A). Exposure of hCMEC/D3 cells to
metformin decreased VE-cadherin abundance at the 4 h time point compared to the DMSO
group (Figure 5.5 B; P<0.05, 40%). While a similar decrease was observed compared to the
control group, this failed to reach significance. However, at 8 hours, metformin decreased VE-
cadherin abundance by 57% compared to the untreated group (Figure 5.5C; P < 0.05). This
effect was gradually lost as no effect was noted at the 10 and 24 h time points (Figure 5.5).
Okadaic acid did not affect VE-cadherin abundance at the 4 h time point but decreased it from
8 h onwards (Figure 5.5C; P<0.05). At the 8 h timepoint, okadaic acid decreased VE-cadherin
abundance by 64%.

When cells were exposed to okadaic acid in combination with metformin, VE-cadherin
abundance was decreased at the 4 h time point compared to Untx and DMSO groups (Figure
5.5 B; P<0.05). This likely reflects the ability of metformin to decrease VE-cadherin abundance
at this time point as okadaic acid alone had no effect at this time point. Interestingly, when cells
were exposed to okadaic acid in combination with metformin at the 10 h timepoint, VE-
cadherin abundance was higher than in the corresponding okadaic acid group (Figure 5.5D;
P<0.05). This would indicate that at this time point, metformin can reverse okadaic acid-
mediated loss of VE-cadherin. A similar effect was observed at the earlier 8 h time point, but
this failed to reach significance (Figure 5.5C). In keeping with the earlier data, the combination
of metformin and okadaic acid did not affect VE-cadherin abundance at the 24 h time point
(Figure 5.5 E). DMSO (0.01% v/v) did not alter VE-cadherin abundance compared to the Untx

group at any time point studied.
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Figure 5.5: Temporal Effect of Metformin alone and in combination with Okadaic Acid
on VE-cadherin Abundance. hCMECD3 were exposed to okadaic acid (OA, 10 nM),
metformin (Met, 15mM) alone or in combination over 24 h. DMSO (0.01%) was used as a
solvent control. VE-cadherin abundance was determined using Western blot and normalised to
-actin abundance (loading control). Data are analysed using a one-way ANOV A with post hoc
analysis (Bonferroni) and are presented as mean + S.E.M. Horizontal bars indicate statistical

significance at P<0.05 (n=5).
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5.4 Discussion

In the present study, I show that metformin does not modulate PP2Ac activity in human brain
microvascular endothelial cells, but that it decreases VE-cadherin abundance and attenuates
okadaic acid-mediated loss of VE-cadherin in a transient time-dependent manner at a
concentration which does not affect cell viability. Moreover, metformin does not attenuate the

okadaic acid-mediated increase in VE-cadherin mRNA expression.

In preliminary experiments, the dose-dependent effect of metformin on cell viability (lactate
dehydrogenase) release was investigated, and it was found to have little effect up to a
concentration of 100 mM. A review of the literature surrounding the in vitro application of
metformin indicated that concentrations used are typically in the range of 1-100 mM [693].
Based upon this and the lack of toxicity in the preliminary experiments, I decided to use a
concentration of 15 mM in the current series of experiments. This aligns with other studies
using metformin (15 mM) in Pancl, Panc28, L3.6pL cells [688] and NSCLC cells [694].
However, it should be noted that many in vitro studies, including my own, use metformin at a
concentration which exceeds the peak plasma level of metformin reported in clinical trials,
which is 5 mg/mL or 30 uM [695]. In this study, metformin was applied directly to brain
microvascular endothelial cells, at concentrations in excess of those typical achieved clinically.
This approach allows direct assessment of cellular mechanisms, such as effects on PP2A
activity and VE-cadherin regulation, without interference of systemic metabolism, organ
interactions, or indirect effects that occur in vivo. However, it is important to acknowledge that
the concentrations used may not reflect pharmacological levels achievable in patients, and
therefore the effects observed may differ when other tissues, pharmacokinetics, and indirect
systemic influences are involved. Therefore, while my acute high-dose experiments are useful
for mechanistic insights, caution is needed when interpreting these findings for clinical

relevance, and complementary in vivo studies are required to confirm therapeutic potential.

In the present study, metformin (15 mM, 24 h) did not alter PP2Ac activity in hCMEC/D3 cells,
which is in agreement with data obtained in murine C2C12 microtubules, although using a
lower concentration (500 uM metformin) [696]. Conversely, other studies reported metformin-
induced activation of PP2A in A549 and H1651 lung cancer cell lines [697], and murine
primary neurons and human epithelial cells HeLa; 10mM ) [185], human skeletal muscle cells
from lean, insulin-sensitive individuals [471], human subcutaneous white adipose tissue (10
uM metformin) [698] and in myeloproliferative neoplasm (15 mM) cells [699]. Nevertheless,

there are several differences between these studies and the present work, which include the
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concentration of metformin used (15 mM vs 10 mM or 2.5 mM), time point (24 h vs 4 h) and
species (human vs murine). Interestingly, in the study by Kickstein ez a/., which used 2.5 mM
metformin and a time point of 4 h, metformin did not affect PP2Ac activity upon
immunoprecipitation of the catalytic subunit (PP2Ac) as in our study, but increased it when the
holoenzyme was pulled down via immunoprecipitation with an antibody directed against the
scaffolding subunit of PP2A (PP2A-A subunit-specific antibody) [185]. Hence, metformin does
not directly activate PP2Ac activity but mediates its activity via a component of the PP2A

holoenzyme. It would be interesting to use the latter approach in any follow-up work.

The effect of metformin on PP2Ac may be more complex. For example, in primary
cardiomyocytes, the proinflammatory response to high glucose is inhibited by metformin
through reduced phosphorylation of PP2Ac at Tyr*®’, which disrupts the interaction between
PP22Ac, A4 and MIDI1 [700]. To expand the findings of the current study, the effect of
metformin on PP2Ac abundance and mRNA expression was investigated to rule out any
confounding influence on PP2Ac activity. However, exposure to metformin (15 mM) for 24 h
did not alter either protein or mRNA expression of PP2Ac. This supports a recent paper showing
that metformin (4 mg/mL) does not affect PP2A protein abundance in PS19 mice [689]. While
there is a paucity of data regarding the effect of metformin on PPP2Ac expression, Hanawa et
al. show there is no effect on expression of the PPP2R4 regulatory subunit in endometrial cancer
cell lines (HEC265 and HEC1B) [460]. However, the present study raises the possibility that
PP2Ac activity may be too pronounced (saturated) to detect induction by metformin, so its
effect in the presence of okadaic acid was also investigated. While okadaic acid reduced PP2Ac
activity as reported in chapter 3 of this thesis and widely within the literature [558, 701, 702],
metformin did not attenuate or modify okadaic acid-mediated inhibition of PP2Ac activity. This
supports our finding that metformin does not modulate PP2Ac activity in hCMEC/D3 cells
under my experimental conditions, i.e. when assayed following immunoprecipitation of the

catalytic subunit.

Metformin is associated with a wide range of effects encompassing anti-inflammatory [703]
and preservation of cellular junctions [421, 704]. In the latter study, Shen et al. found that
metformin prevents internalisation and loss of VE-cadherin in choroid plexus in a rat model of
intraventricular haemorrhage [421]. However, in the present study, exposure to metformin for
24 h did not affect VE-cadherin abundance in brain microvascular endothelial cells. However,
when the temporal effect was investigated, metformin decreased VE-cadherin abundance at the
4 and 8 h time points, before returning towards baseline levels. The disparity between the study

by Shen and co-workers and the present study may reflect differences in the species used
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(human vs rat), physiological state (normal vs cancer) and/or the concentration of metformin
used (15 mM vs 50 mg/kg i.e. for 7 days). Although it likely reflects the experimental condition
used, as in the present study, cells were “physiological” (unstimulated conditions) while those
of Shen and co-workers were observed under “pathophysiological” (experimental model of
intraventricular haemorrhage) conditions. Outside of these two studies, there is a paucity of data
addressing the effect of metformin on VE-cadherin abundance. However, metformin does not
affect occludin, claudin-5, zonal occludin-1 (ZO-1) and zonal occludin-2 (ZO-2) abundance in
rat brain microvascular endothelial cells or bEnd3 cells [685, 705], or E-cadherin abundance in
airway epithelial cells [706] under “physiological” conditions. These studies are in keeping
with our finding that metformin has little effect on VE-cadherin under “physiological”
conditions, with the caveat that a temporal decrease is noted following short-term exposure.
However, under “pathophysiological” conditions, metformin reverses the downregulation of
Z0-1, claudin-1 and occludin in a dextran sulphate sodium model of colitis [707], and ZO-1,
occludin, claudin-1, claudin-3 and claudin-5 following exposure to lipopolysaccharide or in a

rat model of sepsis [692, 708].

In the present study, okadaic acid was used a pharmacological tool to represent a generalised
“pathophysiological” model of hyperphosphorylation, as occurs in Alzheimer’s disease [595]
and cancer [709]. Consistent with earlier data presented, okadaic acid decreased VE-cadherin
abundance while increasing VE-cadherin mRNA expression (chapter 3). The increase in VE-
cadherin mRNA levels does not always result in a corresponding increase in VE-cadherin
abundance because gene expression is a multi-step process with regulation occurring at the
transcriptional, post-transcriptional, translational, and post-translational levels. This means that
while more mRNA may be available, factors such as translation repression, protein degradation,

or feedback regulation could prevent a corresponding increase in protein abundance [710, 711].

When the effect of okadaic acid on VE-cadherin abundance was investigated over time, a
decrease was detected as early as 8 h. The temporal response to okadaic acid is extremely
variable ranging from minutes to hours depending on the endpoint being measured. For
example, in mouse peritoneal macrophages, an increase in phospholipase A2 activity is
detectable as early as 30 min after exposure to okadaic acid [712], while a decrease in collagen
synthesis in fibroblasts observed after 12 h [713]. The latter is in keeping with the current data,
and likely reflects the half-lives of VE-cadherin [~6 h; 401] and intracellular collagen [~7h;714]

compared to the kinetics around activation of phospholipase A2 [715].
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As in the earlier experiments, metformin failed to alter the effect of okadaic acid on VE-
cadherin abundance, apart from at the 10 h time point. At this time point, metformin attenuated
the okadaic acid-mediated loss of VE-cadherin. It is difficult to explain such a transient effect
of metformin on VE-cadherin abundance. However, metformin can temporarily increase VE-
cadherin expression and prevent its internalization, through modification of the VEGF
signalling [421]. For example, metformin through inhibition of VEGFR2 [421] could

counterbalance/offset the effect of increased VEGF as a consequence of okadaic acid [716].

In conclusion, metformin does not alter PP2Ac activity or modify VE-cadherin levels in brain
microvascular endothelial cells. Importantly, it does not offset downregulation of VE-cadherin
following pharmacological inhibition of PP2A by okadaic acid. However, there is a short-lived
transient effect which requires further investigation to ascertain the underlying mechanism.
These data contribute to our understanding of how okadaic acid and PP2Ac inhibition modulate
adherens junctional proteins but rule out any therapeutic benefit in targeting this system with

metformin due to the transient nature of any effects.
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Chapter 6

Conclusion and Future Work
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6.1 Conclusion

Protein phosphatases are critical enzymes in microvascular endothelial cells, with protein
phosphatase 2A (PP2A) being of particular importance. PP2A’s role is often explored using
okadaic acid, a potent and selective inhibitor. By inhibiting PP2A, okadaic acid allows
researchers to study its involvement in cell growth, development, and various signalling
pathways. In this thesis, I used human cerebral microvascular endothelial cells (hCMEC/D3)
as a model of the BBB. A key protein in maintaining BBB integrity is VE-cadherin, which
forms part of the adherens junctions that connect endothelial cells. My research centres on the
role of PP2A in regulating the BBB. In the initial phase of the study, I investigated how PP2A
affects the adherens junction protein VE-cadherin by using okadaic acid to inhibit its activity.
While PP2A’s role in regulating tight junctions and maintaining the blood-brain barrier has
been previously explored [560, 717-719]. Its involvement in controlling adherens junctions,
particularly VE-cadherin, remained unclear. The current research informs the mechanism

driving VE-cadherin degradation and its impact on a surrogate marker of BBB integrity.

Okadaic acid was shown to potently disrupt BBB integrity by targeting VE-cadherin. Exposure
of hCMEC/D3 cells to okadaic acid (10nM) led to a marked reduction in VE-cadherin protein
levels without inducing cellular toxicity, highlighting a specific, non-lethal mechanism of
barrier compromise. This effect was mediated through inhibition of PP2A, a serine/threonine
phosphatase that plays a crucial role in maintaining endothelial homeostasis. Mechanistically,
okadaic acid-induced degradation of VE-cadherin occurred through enhanced ubiquitination
and proteasomal processing rather than lysosomal proteolysis. This indicates that PP2A activity
directly or indirectly regulates the post-translational stability of VE-cadherin. The specificity
of this effect was observed in human brain endothelial cells but not in other endothelial cell
lines. These findings establish a foundational framework for understanding how molecular
toxins such as okadaic can compromise BBB integrity by targeting adherens junction proteins.
The disruption of adherens junctions, along with internalisation and translocation of VE-
cadherin, results in increased endothelial permeability. This underscores the importance
of PP2A activity in maintaining BBB stability and identifies VE-cadherin as a target of
phosphatase inhibition.

Then I expand these findings, noting that a previous study in rat primary neuron cultures showed
that okadaic acid altered the expression of 320 proteins linked to structural development,
cellular transport, differentiation, and signal transduction [518]. However, a comparable

proteomic analysis, either broad or focused, has not been conducted in human brain
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microvascular endothelial cells. Addressing this gap is essential to better understand how
okadaic acid and PP2A influence endothelial function, and with implications on BBB function

under normal and hyperphosphorylated pathological conditions.

In chapter 4, I demonstrate that okadaic acid alters the proteomic landscape of human brain
microvascular endothelial cells by regulating 104 proteins involved in critical biological
processes, including cell cycle control, stress response, cytoskeletal dynamics, and metabolism.
Key interaction networks were centred on ubiquitin B (UBB) and the catalytic subunit of PP2A
(PPP2CA), connecting proteins related to cell adhesion (e.g., VE-cadherin), signalling
pathways (e.g., mTOR, CDK1), and membrane trafficking (e.g., Rabl A, Rab11A). Proteomic
changes also highlighted upregulation of Alzheimer’s disease (AD)-related proteins, including
Tau (MAPT), phosphorylated Tau (Tau-pS396), and kinases such as MTOR and MAPKS
(JNK), as well as downregulation of RablA, which may contribute to intracellular Tau
accumulation. Additional pathways involving neurodegeneration, tight junction integrity,
membrane trafficking, and ubiquitin-mediated degradation were enriched, linking PP2A
inhibition to BBB dysfunction and neurodegenerative disease mechanisms. Furthermore, this
study showed that okadaic acid increased PI3Kd expression, which is part of the
PI3BK/AKT/mTOR pathway involved in amyloid precursor protein trafficking and
neuroinflammation. Okadaic acid also increased oxysterol binding protein (OSBP), which may
affect cholesterol trafficking, though cholesterol metabolism is typically reduced in AD. Rab
GTPases were differentially affected: Rabl A decreased while Rab11A increased, with Rab11A
implicated in B-secretase recycling and amyloid-f production, although its role in VE-cadherin
recycling was not supported within 24 hours. Similarly, RabSA knockdown did not influence
VE-cadherin or PP2A levels, indicating tissue or stimulus-specific regulation. Okadaic acid
reduced VE-cadherin via proteasomal degradation, although Rab5A and Rabl1A were not
directly implicated in this process. Okadaic acid altered expression of cell adhesion molecules,
including decreases in VE-cadherin and E-selectin and an increase in PD-L1, suggesting
impacts on cell adhesion, inflammation, and immune regulation. Elevated MAPKS (JNK) and
PCNA expression also supported links to Alzheimer's disease pathology through kinase
activation and cell cycle dysregulation. Together, these finding reveals that okadaic acid
disrupts multiple cellular pathways relevant to neurodegeneration and endothelial barrier
dysfunction, primarily through inhibition of PP2A. It highlights mechanistic links between
phosphatase inhibition, Tau accumulation, amyloidogenic processes, and VE-cadherin loss.
The findings underscore the complex regulation of endothelial integrity by phosphatases and

the need for further investigation into long-term effects and other regulatory proteins (e.g., Rab
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GTPases) involved in VE-cadherin dynamics. These insights enhance our understanding of how
okadaic acid and, by inference, PP2A contribute to Alzheimer ‘s-like pathology and support its

use as a tool for probing phosphatase-related mechanisms in neurovascular health.

Previous studies have shown that metformin can reduce Tau phosphorylation at PP2A-
dependent sites in both experimental and animal models of Alzheimer’s disease [185, 579, 720,
721]. Moreover, metformin has been shown to activate PP2A in various cell types, including
human skeletal muscle cells [471], macrophages [722], primary cortical neurons [723], and in
mice [185]. However, whether metformin has a similar effect on PP2A activity in brain
microvascular endothelial cells has yet to be determined. In the final chapter, I investigate the
impact of metformin on PP2Ac activity and VE-cadherin abundance in human brain
microvascular endothelial cells (hCMEC/D3), under normal conditions and in the presence of
okadaic acid, which mimics hyperphosphorylated pathophysiological states such as

Alzheimer’s disease and cancer.

In this study, metformin, at a concentration of 15 mM (non-toxic to cells), did not modulate
PP2Ac activity or its expression at either the protein or mRNA level. These findings are
consistent with some previous studies but contrast with others, potentially due to differences in
concentration, cell types, and/or experimental duration. Importantly, metformin did not
counteract the inhibition of PP2Ac by okadaic acid, suggesting no direct or indirect activation
of PP2Ac under the tested conditions. The study also explored the effect of metformin on VE-
cadherin, a key adherens junction protein involved in maintaining endothelial integrity. Under
physiological conditions, metformin showed a time-dependent, transient decrease in VE-
cadherin abundance at early time points (4—8 h), returning to baseline at 24 h. This suggests a
non-sustained regulatory effect, differing from prior studies in pathological models where
metformin preserved VE-cadherin levels. In the presence of okadaic acid, which reduced VE-
cadherin abundance while increasing its mRNA expression, metformin did not generally
mitigate this effect. However, a brief attenuation was observed at the 10 h time point only,
possibly due to interaction with VEGF signalling pathways. This study showed that metformin
does not modulate PP2Ac activity or provide sustained protection against okadaic acid-induced
loss of VE-cadherin in human brain endothelial cells. Although a short-term effect was
observed at one time point, the transient nature suggests limited therapeutic relevance in
targeting VE-cadherin regulation through metformin under these conditions. These findings
enhance our understanding of the molecular interactions governing endothelial junction
stability and clarify the limitations of metformin in modulating this axis under

pathophysiological stress.
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In summary, okadaic acid led to a reduction in VE-cadherin levels, an endothelial-specific
adhesion molecule critical for preserving the integrity of the endothelial barrier and regulating
vascular permeability. This decrease in VE-cadherin was attributed to ubiquitination and
subsequent proteasomal degradation, rather than lysosomal degradation, and did not involve
RAB5A-mediated internalisation. The loss of VE-cadherin correlated with increased
permeability of the BBB. PP2A inhibition not only compromises endothelial integrity but also
mimics Alzheimer's disease-like molecular pathology by affecting Tau homeostasis,
autophagy, and inflammatory signalling. My thesis provides new insights into how PP2A
dysfunction may contribute to neurovascular damage in disease contexts. Beyond VE-cadherin,
okadaic acid affected a broad spectrum of proteins. One such protein, Rab11A, a membrane
trafficking protein, was shown not to be involved in VE-cadherin recycling, a process crucial
for maintaining endothelial barrier function. Efforts to identify therapeutic strategies to
counteract VE-cadherin loss or enhance PP2A activity included the use of metformin. However,
metformin showed limited effectiveness, as it did not activate PP2A. Moreover, any restoration

of VE-cadherin levels appeared to be temporary.

These data establish PP2A as a key regulator of endothelial junction stability and implicate its
inhibition in both BBB disruption and AD-related proteomic changes. VE-cadherin emerges as
a vulnerable target of PP2A inhibition, and the findings emphasise the need for further studies
into phosphatase-regulated pathways in neurovascular health. While metformin showed a
limited impact in this model, the results underscore the value of OA as a tool for probing the

mechanisms underlying BBB dysfunction in neurodegenerative diseases.

165



Metformin

VE-cadherin

Pathways

Neurodegeneration
IL1A, IL1B, MAPT,
—> MTOR, MAPKS,

RAB1A, UBB
Ubiquitination
Cell adhesion
4% CADH1
%, {. - SELE
) RebSAZY ¥ ... / cD274
7 Sea
e Tt
%, S 2
( 8§ Early endosome )) Tight Junction
Oin——— PCNA
MAPK8
\
degradation
g
N / v Membrane trafficking
PIK3CD, IGFBP3
Lysosome Proteosome —> RAB11A. RABTA
Y 0SBP, MAPT
a0 MTOR, MUC5B
G
$ Ubiquitin system
1 VE-cadheri it

—> USP4

Red !, Blue 1
proteins expression

1 Permability

Figure 6.1: A graphical abstract depicting how pharmacological inhibition of PP2A by
okadaic acid modulates endothelial barrier function through alterations in the cellular
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6.2 Future direction

The findings presented in this thesis, which explored the role of protein phosphatase 2A (PP2A)
in regulating VE-cadherin dynamics in human cerebral microvascular endothelial cells

(hCMEC/D3), have led to several new research questions that merit further investigation.

Firstly, since primary human endothelial cells may respond differently to okadaic acid (OA)
compared to immortalised cell lines, it will be important to determine whether OA induces
comparable effects in primary endothelial cell lines. Additionally, the downstream effects of
OA on key VE-cadherin-associated proteins, particularly p120-catenin and pB-catenin, given the
critical roles these proteins play in maintaining endothelial barrier integrity and signal
transduction, elucidating these mechanisms is essential for understanding how OA influences
vascular function. This will be a key focus of future studies. The regulatory role of endogenous
PP2A inhibitors, specifically cancerous inhibitor of PP2A (CIP2A) and SET, also warrants
further exploration. Their influence on VE-cadherin expression and localisation, as well as their
broader impact on BBB integrity, is under investigation and would extend their physiological

and pathological relevance in neurological conditions.

Although the current study shows that Rabl1A and Rab5A do not mediate the okadaic-acid—
induced reduction of VE-cadherin, the precise trafficking mechanism remains unresolved,
highlighting the need to identify alternative regulators involved in VE-cadherin internalisation,
recycling, and degradation. One candidate of particular interest is FIP2, which has been reported
to form a ternary complex with Rabl1A and VE-cadherin; future work should therefore
examine the role of FIP2 and other potential interacting partners in this pathway. Chapter 3 has
already established that okadaic acid reduces VE-cadherin abundance in a concentration-
dependent manner without affecting cell viability, promotes its loss from the plasma membrane,
enhances its ubiquitination with degradation via the proteasome, and strongly inhibits PP2A
activity, suggesting a phosphorylation-driven mechanism. What remains unclear is how PP2A
inhibition is linked to VE-cadherin ubiquitination and proteasomal degradation, and which
trafficking regulators mediate this response. To address these gaps, future studies should
include direct trafficking assays (surface biotinylation or antibody internalisation),
investigation of additional Rab GTPases involved in degradative or fast-recycling pathways
(e.g., Rab7, Rab4, Rab35), assessment of clathrin- versus caveolin-mediated endocytosis, and
analysis of phosphorylation changes in VE-cadherin, B-catenin, and p120-catenin. Together,
these experiments will help define the specific trafficking and signalling pathways through

which okadaic acid regulates VE-cadherin stability and endothelial barrier integrity.
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Concerning metformin, subsequent work should assess its capacity to enhance PP2A activity
following immunoprecipitation of the PP2A holoenzyme complex, rather than solely its
catalytic subunit, as was done in the current thesis. This will provide more comprehensive
insights into how metformin modulates PP2A function. It would also be interesting to
investigate whether metformin can modulate the inhibitory effects of the endogenous PP2A
inhibitors CIP2A and SET in hCMEC/D3 cells, as this remains to be determined. To investigate
this possibility, future studies could assess the impact of metformin after targeted
overexpression of CIP2A or SET. This approach would help clarify whether metformin has the

potential to restore PP2A activity under conditions where its endogenous inhibitors are elevated

Collectively, these proposed investigations will extend the current understanding of PP2A-
mediated regulation of endothelial junctional integrity and may contribute to the development

of novel therapeutic strategies targeting the BBB.
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