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Summary of Methods and Results  
 
Protein phosphatase 2A (PP2A) is a serine/threonine phosphatase which 

plays a key role in modulating signalling, metabolism and cell growth, and 

is implicated in various pathologies. There is conflicting evidence 

regarding the role of PP2A in regulating blood brain barrier function. This 

study investigates if okadaic acid and inflammation modulate VE-

cadherin and claudin-5 through PP2A, and whether this can be reversed 

by novel small molecule activators of PP2A as a possible therapeutic 

intervention.  

 

Human brain microvascular endothelial cells (hCMEC/d3) were exposed 

to IFNg/TNFa (10ng/mL each) or okadaic acid (OA, 10 nM; PP2A inhibitor) 

for 24 h. mRNA and protein abundance were determined using qPCR and 

western blotting, respectively. Data were analysed using one-way ANOVA 

(P < 0.05) with post hoc analysis. IFNg/TNFa decreased claudin-5 and VE-

cadherin mRNA expression by 68 ± 6 % and 54 ± 8 % respectively, and VE-

cadherin protein by 83 ± 6 %. Interestingly, OA decreased VE-cadherin 

mRNA and protein expression by 80 ± 5 % and 80 ± 3 %, respectively, but 

had no effect on claudin-5. PP2A activators FTY-720 (1 µM) and DBK-1154 

(1 µM) did not alter the responses to OA or IFNg/TNFa. Additionally, 

IFNg/TNFa decreased demethylated PP2Ac and potentially increased 

phosphorylated PP2Ac. Furthermore, transfection experiments were 

carried out in order to overexpress PP2Ac, SET or CIP2A in hCMEC/d3 

cells, however the protocol needs to be further optimized.  

 

In conclusion, this study has shown IFNg/TNFa and OA to differentially 

modulate claudin-5 mRNA expression but to have similar effects on VE-

cadherin. This indicates a role for PP2A in transcriptional regulation of VE-

cadherin but not claudin-5. Importantly, the VE-cadherin response was 

insensitive to DBK-1154. The role of PP2A in modulating junctional 

proteins requires further investigation. 
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1.1 Blood-Brain Barrier Physiology 
 
The blood-brain barrier (BBB) is a term used to describe the unique 

structure and properties of the vasculature of the central nervous system 

(CNS). The microvasculature of the CNS differs from that in other organs 

as the cells that make up the vascular bed are in extremely close 

proximity, forming a physical barrier between the blood and the 

interstitial fluid bathing the neurons. This barrier helps to maintain 

homeostasis of the cells within the CNS, protecting them from 

xenobiotics and imbalances of ions in the blood as a result of physical 

exercise or food intake [1].  

 

The discovery of a barrier which separates the brain and spinal cord from 

the rest of the body dates back over 100 years. The first experiments were 

performed by Paul Ehrlich, a German scientist who injected dyes such as 

Trypan blue into the peritoneum of animals and found that they did not 

reach the CNS [2]. Experiments by one of Ehrlich’s students, Edwin 

Goldman, provided further evidence for the presence of brain barrier. 

Goldman injected the dye directly into the cerebrospinal fluid of the 

brain, and showed that the staining did not spread to the rest of the body 

[3]. The concept of the blood-brain barrier has been extensively 

researched since.  

 

The blood-brain barrier is most evident at 1) the endothelium of 

parenchymal microvessels, 2) the epithelium of the choroid plexus and 3) 

the arachnoid epithelium (Figure 1). Endothelial cells forming the 

parenchymal microvessel barrier are the most important site for 

transport of molecules between the blood and the CNS, due to the vast 

surface area and their proximity to neurons (8-25 μm) [1, 4]. Tight 

junctions (TJs) are present at each of the three barrier locations, 

restricting ions and solutes circulating in the blood from moving into the 

brain. Maintaining the correct ionic microenvironment around the 
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neurons is critical for synaptic signalling, and hence for reliable neuronal 

function [5]. Because of tight junctions, only gaseous molecules such as 

oxygen and carbon dioxide and small lipophilic compounds, including 

some CNS drugs, can penetrate the barrier in absence of active transport 

[6].  

 

 
Figure 1: Cerebrovascular barriers. 

The brain is protected from the blood primarily at three sites; a) 

microvascular endothelial cells, which create a selective barrier due to 

the formation of tight junctions between neighbouring cells, b) the 

choroid plexuses in the brain’s ventricles and c) the arachnoid cells, a 

multi-layered epithelium which only allows for cerebrospinal fluid to 

move into the blood and out of the brain. Image taken from Abbot et al., 

2010 [1]. 

 
1.2. Structure and function of the BBB 
 
The neurovascular unit (NVU) is a unique structure in the brain composed 

of closely associated vascular and perivascular cells, which make up a 

functional and anatomical unit. It regulates blood flow through the 
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cerebral vasculature. The three main cell types which make up the NVU 

are endothelial cells, pericytes and astrocytes (Figure 2) [7]. Endothelial 

cells and pericytes are surrounded by a basement membrane, a 30 to 40 

nm thick matrix in close contact with the end-feet processes of 

astrocytes, which enclose cerebral microvessels [8]. Certain cells, such as 

microglia, as well as nerve terminals, are in close proximity to endothelial 

cells and release cytokines and vasoactive agents, which can regulate BBB 

permeability and tight junction assembly [6, 9].  

 
 

 
 
 
Figure 2: Cross-section of a capillary within the neurovascular unit. 

Endothelial cells form tight junctions creating a physical barrier between 

the blood and brain. Pericytes surround the endothelial cells. Astrocyte 

endfeet surround the capillaries and microglia are the immune cells 

resident in the brain. Image taken from Heye et al., 2014 [10]. 

 
1.2.1 Endothelial Cells 
 
A single layer of endothelial cells, called the endothelium, is found lining 

the interior surface of the heart chambers, blood vessels and lymphatic 

vessels. In humans, the endothelium covers a surface of about 6,000 
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square meters [11]. The cell surface markers originally used to 

characterise endothelial cells were angiotensin-converting enzyme, Von 

Willebrand factor and Weibel-Palade bodies [12]. This list has now been 

updated and includes nearly 60 proteins, which can be used to confirm 

the purity and authenticity of endothelial cell cultures [13]. Endothelial 

cells are flat, with an elongated nucleus at the centre of the cell. Brain 

microvascular endothelial cells can be distinguished from other types of 

endothelial cells by higher metabolic activity and thus more 

mitochondria, few or no pinocytotic vesicles, and polarized expression of 

peptide and ion transporters [14].  

 

Endothelial cells are the main anatomical unit of the vascular blood-brain 

barrier, as they limit paracellular and transcellular transport mechanisms, 

protecting the brain [15]. Brain microvascular endothelial cells (BMECs) 

are encased in a basement membrane, rich in extracellular matrix 

proteins, growth factors, cytokines and enzymes [16]. They interact with 

extracellular matrix proteins such as collagen, laminin and perlecan 

through integrin receptors, which links the basement membrane to the 

cytoskeleton of endothelial cells [17]. Adherens and tight junctions form 

between neighbouring endothelial cells and contribute to the physical 

barrier property of these cells. Endothelial cells also play a role in 

selective transport due to ion channels, transporters, receptors, and 

metabolite-degrading enzymes present in their membranes. These work 

together to deliver nutrients such as electrolytes, glucose, amino acids 

and nucleosides to the brain and efflux metabolite waste products and 

solutes from the brain to the blood [18, 19]. 

 

Brain microvascular endothelial cells are also involved in activation and 

adhesion of platelets. Platelets circulate throughout the body without 

interacting with the vasculature due to prostacyclin, nitric oxide and 

adenosine generated by the endothelium, which act as adhesion 

inhibitors [20]. These anti-adhesion molecules are downregulated during 
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periods of cellular stress, such as inflammation, enabling platelets to 

attach. Furthermore, platelet activation by chemical stimuli, vascular 

injury or altered blood flow allows them to directly interact with 

endothelial cells or leukocytes attached to the vessel wall [14, 20]. 

 

Brain microvascular endothelial cells appear to play a neuroprotective 

role through the secretion of neurotrophins, such as vascular endothelial 

growth factor (VEGF) necessary for angiogenesis, brain-derived 

neurotrophic factor (BDNF) essential for neuronal survival and insulin-like 

growth factor 1 (IGF-1), which plays a role in nervous system 

development and neurotransmission [21-24].  

 
1.2.2. Pericytes 
 
Pericytes are mural cells that surround small-diameter blood vessels. 

They are embedded within the vascular basement membrane and are 

situated between endothelial cells and astrocyte endfeet processes [25, 

26]. While no pericyte-specific markers have been identified to date, the 

markers characteristic for pericytes include platelet-derived growth 

factor receptor-b (PDGFR-b), neural/glial antigen 2 (NG2) and desmin [27-

29]. 

 

The vasculature of the CNS is particularly rich in pericytes, with an 

endothelial cell to pericyte ratio of between 1:1 and 1:3, which accounts 

for about 30 % of the endothelial cells’ abluminal surface [25, 30]. 

However, the percentage of pericyte coverage is organ specific, with 

most coverage in the brain, less in lungs and least in muscle, which is 

positively correlated with barrier properties [31]. Pericytes have key roles 

in the formation, maturation and maintenance of the blood-brain barrier 

[31-33]. The importance of pericytes has been illustrated by in vitro 

studies performed on mice deficient in pericytes. The mutant animals had 

increased brain vessel permeability as a result of upregulated endothelial 

transcytosis, demonstrating that pericyte deficiency influences 
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endothelium function [33, 34]. Interestingly, pericytes have 

multipotential neural stem cell capability, being able to differentiate into 

other cell types found in the neurovascular unit, such as neurons and glial 

cells [35, 36]. 

 

Pericytes communicate directly with other pericytes and endothelial cells 

through gap junction CX43 hemichannels and peg-and-socket contacts 

formed by N-cadherin [37, 38]. Several signalling pathways have been 

identified in pericyte-endothelial crosstalk. They include PDGF-b/PDGFR-

b signalling involved in pericyte recruitment, angiopoietin-tie receptor 

signalling, essential for blood vessel maturation and transforming growth 

factor-b (TGF-b) and Notch signalling, which plays a role in pericyte 

differentiation [39].  

 
1.2.3. Astrocytes 
 
Astrocytes are star-shaped glial cells, originating from radial glial cells 

[40]. Glial fibrillary acid protein (GFAP), N-myc downstream-regulated 

gene 2 (NDRG2) and S100 calcium-binding protein B (S100B) are used to 

identify astrocytes, however, not all of these proteins are expressed by 

all astrocyte subpopulations, making their identification somewhat 

difficult [41]. There are two main subtypes of astrocytes; fibrous and 

protoplastic. Fibrous astrocytes are made up of multiple long fibre-like 

processes and are found within the white matter. Protoplastic astrocytes 

are resident in the grey matter and resemble a sphere composed of 

branches extending from the centre [42, 43]. The processes of 

protoplastic astrocytes can surround synapses, whereas fibrous 

astrocytes make contact with the nodes of Ranvier of neurons. A single 

astrocyte’s processes can make contact with several neurons and up to 

140,000 synapses [44]. Both types of astrocytes interact with the 

vasculature, covering up to 99 % of a vessel’s abluminal surface [45, 46].  
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In the neurovascular unit, astrocytes are positioned between endothelial 

cells and neurons. Astrocytes play a role in the induction and 

maintenance of barrier properties, such as tight junction formation and 

expression of transporters by endothelial cells. This is supported by in 

vitro work showing that the formation of tight junctions between 

endothelial cells is induced upon co-culture with astrocytes and pericytes 

[47]. Furthermore, astrocytes secrete apolipoprotein E (APOE), which 

signals to pericytes and supresses their production of matrix 

metalloproteinase 9 (MMP-9), preventing blood-brain barrier breakdown 

[48].  

 

The position of astrocytes within the neurovascular unit enables them to 

recognise and dynamically respond to both vascular and neuronal 

activity. They release molecular mediators such as nitric oxide, 

prostaglandins and arachidonic acid that regulate the diameter of blood 

vessels in the CNS [49]. Astrocytes also release chemical factors, such as 

endothelin-1 and glutamate which regulate endothelial permeability 

[50].  

 

In response to injury and neuroinflammation, astrocytes are activated 

and become pro-inflammatory, termed A1 or trophic, termed A2. A1 

astrocytes release pro-inflammatory factors such as reactive oxygen 

species (ROS), TNF⍺ and IL-1b as well as toxic factors which damage 

neurons [51]. A2 astrocytes have the opposite effect on neurons as they 

aid synapse repair and neuron growth and survival, making their role very 

important following trauma or during ischemic conditions [52, 53]. 

 
1.2.4. Microglia  
 
Microglia are specialized macrophage-like cells found in the CNS. CD11b 

and ionized calcium-binding adapter molecule 1 (IBA1) are cell surface 

markers used to identify microglia; however, they are also expressed by 

macrophages [54]. Microglia are highly motile and plastic cells [55]. When 
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resting, they have a unique ramified shape, characterised by branching 

processes and a small cell body. Microglia become activated during 

disease, whereby their nucleus enlarges, the processes shorten, they 

become phagocytic and release various cytokines [56].  

 

Microglia are the first and main type of cell to provide immune defence 

in the brain and spinal cord. When active, they can take on different 

phenotypes. ‘Classical’ M1 microglia are induced following activation by 

TNF⍺ and IFNγ leading to the generation of a pro-inflammatory 

phenotype, whereas the ‘alternative’ M2 phenotype is induced upon 

activation via IL-4 and IL-13 contributing to an anti-inflammatory 

phenotype [57]. Microglia activation is now identified as an early 

indicator of neuroinflammation [56]. 

 
1.3. Tight & Adherens Junctions  
 
The organs of multicellular organisms are compartmentalized by 

endothelial and epithelial cell layers. Adherens junctions (AJs) maintain 

cell to cell contact, providing structural support to the monolayer and aid 

the formation of tight junctions [58]. Tight junctions generate polarity by 

regulating the movement of ions, water and proteins between cells at 

sites of cell-cell contact [59]. Degradation of junctional proteins is a major 

feature of physiological and pathological barrier remodelling, which leads 

to increased permeability [60]. Post-translational modifications of 

junctional proteins often contribute to blood-brain barrier dysfunctions 

as a result of protein degradation and redistribution/internalization. The 

post-translational modifications of junctional proteins include 

phosphorylation, glycosylation, acetylation, methylation and 

palmitoylation; with phosphorylation sites present on most junctional 

proteins making it the most important post-translational modification 

[60].  
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1.3.1 Tight Junctions 
 
Tight junctions are intramembrane multiprotein complexes that link 

adjacent cells in endothelial and epithelial monolayers. Tight junctions 

provide a highly selective barrier, limiting the transport of molecules, but 

they also play roles in cell proliferation, migration, differentiation, gene 

expression and signal transduction [61-63]. Dysregulation of the function 

and structure of tight junctions is linked to many diseases, including 

acquired and hereditary inflammatory diseases such as multiple sclerosis, 

cancer, cystic fibrosis and vision loss [64]. 

 

There are three distinct families of integral membrane proteins localizing 

at tight junctions; occludin [65], claudin [66] and junctional adhesion 

molecule (JAM) [67]. Other proteins which localize at tight junctions form 

a framework that connects transmembrane proteins to the actin 

cytoskeleton. These proteins include zonula occludens (ZO) -1, -2 and -3, 

proteins associated with lin seven 1 (Pals1) and multi-PDZ domain protein 

1 (MUPP1) [68].  

 

The integral membrane proteins form dimers with their counterparts 

present on the surface of neighbouring endothelial cells, while 

cytoplasmic proteins link them to the actin cytoskeleton (Figure 3) [18]. 

These dimers make up strands of tight junctions within a plasma 

membrane, completely blocking the intercellular space at each meeting 

point [69]. This blockade results in high trans endothelial electrical 

resistance (TEER) of the blood-brain barrier [70]. The amount and 

complexity of the tight junction strand network is cell type dependent, 

contributing to differences in permeability of different tissue types [71]. 

Tight junctions are dynamic structures: they are sensitive to factors 

circulating in the CNS that have the ability to regulate paracellular 

pathway properties on a minute-to-minute basis [1].  
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Figure 3: Structure of the BBB junctions. 

Occludin, claudin-3 and -5 and JAMs comprise the tight junctions, 

whereas VE-cadherin and PECAM make up the adherens junctions. Tight 

junction proteins are linked to the scaffolding proteins ZO-1, -2 and -3 

which are connected to the actin cytoskeleton via cingulin and other 

proteins. Catenins ß, α and γ link VE-cadherin to the actin cytoskeleton. 

Image taken from Abbot et al., 2010 [1]. 

 
1.3.1.1 Claudins  
 
Claudins are transmembrane proteins whose name is derived from the 

Latin claudere, meaning ‘to close’ [72]. Claudins are 20-27 kDa proteins 

that span the bilayer four times and have two extracellular loop domains 

with N- and C-terminal ends oriented towards the cytoplasm [73]. PDZ 

binding motifs at the C-terminal allow claudin to directly interact with 

cytoplasmic tight junction proteins such as ZO-1, -2 and -3, PALS-1 

associated TJ protein (PATJ) and MUPP-1. ZO-1 and ZO-2 stabilise and 

regulate the junction by indirectly linking claudin to the actin 

cytoskeleton via cingulin [74].  
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To date, 24 claudins have been identified [75]. They can be divided into 

groups. Claudins 1, 3, 5, 11, 14 and 19 are the barrier forming claudins, 

which reduce paracellular permeability. Other claudins have the opposite 

effect, as they form channels across the tight junctions, enhancing 

paracellular permeability. The channel forming claudins either allow the 

passage of cations (claudin 2, 10b and 15) or anions (claudin 10a and 17). 

The functions of other claudins are inconsistent or unknown [76]. Some 

claudins are also tissue-specific, for example claudin-11 has only been 

seen in oligodendrocytes and Sertoli cells [73], while claudin-5 is primarily 

expressed by vascular endothelial cells [77]. 

 

Claudin is now believed to be the main protein constituting the tight 

junction strands [69, 78]. A selective loss in claudin-3 from tight junctions 

is seen in glioblastoma multiforme and experimental allergic 

encephalomyelitis, and is associated with decreased barrier integrity 

[79]. Similarly, genetically modified mice lacking claudin-5 have a highly 

permeable blood-brain barrier and die shortly after birth [80]. These 

studies suggest that both claudin-3 and -5 are essential for normal blood-

brain barrier function. Importantly, the integrity of the barrier is not 

regulated solely by the expression of junctional proteins, but also by how 

these proteins are organized and interact with each other [81]. 

 

Paracellular permeability is also regulated through the phosphorylation 

of junctional proteins, including claudin. The cellular effect of claudin 

phosphorylation depends on whether the claudin belongs to the barrier 

forming or channel forming type. Generally, phosphorylation of channel 

forming claudins helps retain them at the tight junction, whereas 

phosphorylation of barrier forming claudins is detrimental for barrier 

function. For example, phosphorylation of claudin-16, a channel forming 

claudin, by protein kinase A (PKA) results in it localizing to the tight 

junction along with ZO-1 while its dephosphorylation leads to its 

translocation into the lysosome and degradation [82]. However, the 
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opposite effect is seen in regard to the barrier forming claudin-3, which, 

when phosphorylated by the same kinase, results in disruption of the 

tight junction [83]. Similarly, phosphorylation of claudin-5 by Rho kinase 

and claudin-1 by mitogen-activated protein kinase (MAPK) results in 

diminished barrier integrity [84, 85]. Following this logic, it could be 

assumed that dephosphorylation of the barrier forming claudins by a 

phosphatase such as the serine/threonine phosphatase PP2A, would be 

beneficial for barrier function. However, it remains to be determined if 

PP2A can regulate claudin-5 phosphorylation in brain microvascular 

endothelial cells.  

 
1.3.1.2 Occludins 
 
Occludin is a 65 kDa integral membrane protein associated with tight 

junctions. Occludin has four membrane-spanning segments, two 

intracellular domains and two extracellular loops. Each of these domains 

have different regulatory features and functions. For example, the C 

terminus is essential for occludin dimerization, binding to ZO-1 and 

signalling, while the transmembrane domain is essential for membrane 

apposition and fusion events [86]. Occludin was the first tight junction 

protein to be identified and was thought to be a crucial barrier-forming 

component of the tight junction. However, a number of studies including 

mutation and gene knockout analyses show that occludin is not essential 

for the development of tight junction strands, although its 

overexpression increases transendothelial resistance in epithelial cells 

[87-90]. Even though occludin is not necessary in tight junction barrier 

formation, mice lacking occludin demonstrated growth retardation, 

chronic inflammation, brain calcifications and other histological 

abnormalities [88]. This suggests a role for occludin in maintaining tight 

junction stability and barrier function.  

 

Occludin is regulated by post-translational modifications, including 

phosphorylation. However, there are conflicting data regarding the effect 
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of phosphorylation of occludin on barrier function. A study by Sakakibara 

et al., 1997 showed phosphorylation of serine and threonine residues to 

cause selective localization at tight junctions [91]. Consistent with this, 

another group showed that when occludin is dephosphorylated in 

response to inflammation, specifically in experimental autoimmune 

encephalomyelitis, the experimental mouse model of multiple sclerosis, 

this coincided with increased barrier permeability [92]. Contrary to these 

studies, Antonetti et al., 1999 showed that phosphorylation of occludin 

and ZO-1 is associated with increased endothelial permeability [93], while 

DeMaio et al., 2006 linked phosphorylation of occludin to disruption of 

tight junctions and barrier compromise [94].  

 
1.3.1.3 Junctional adhesion molecules (JAMs) 
 
JAMs belong to the immunoglobulin superfamily of cell adhesion 

receptors. To date, 3 JAM isoforms have been identified; JAM-A, -B and -

C. They all contain two extracellular immunoglobulin-like domains, a 

single membrane spanning domain and a 40-48 amino acid long 

cytoplasmic tail [95]. JAMs are found in endothelial and epithelial cells, in 

which they cluster at tight junctions; however, they are also present in 

cells lacking tight junctions, such as leukocytes and platelets [96]. 

 

JAMs can make homophilic interactions with other JAMs expressed on 

adjacent cells. They can also make heterophilic interactions with other 

membrane proteins, like ZO-1 and -2 expressed by the same cell, as well 

as neighbouring cells [97, 98]. JAMs present on the surface of vascular 

endothelial cells can interact with JAMs and lymphocyte function-

associated antigen 1 (LFA-1) on the surface of leukocytes circulating in 

the blood, which plays a role in diapedesis [99, 100].  

 
1.3.2 Adherens Junctions  
 
The formation of tight junctions requires the existence of adherens 

junctions. Adjacent cells establish adherens junctions by the homophilic 
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interactions between the transmembrane proteins vascular endothelial 

cadherin (VE-cadherin) and epithelial cadherin (E-Cadherin) present in 

CNS endothelial and choroid plexus epithelial cells [101]. 

 

1.3.2.1 Cadherins 
 
Cadherins belong to a family of calcium-dependent adhesion molecules, 

hence their name. The classical cadherins are grouped based on their 

localization; E-cadherin is found in the epithelium/endothelium, N-

cadherin in neurons, M-cadherin in skeletal muscle, P-cadherin in the 

placenta and R-cadherin is expressed in the retina. All of these cadherins 

weigh between 100 and 130 kDa and have a similar structure, containing 

an extracellular domain with five repeats of around 110 amino acids, 

which contain the calcium-binding motif [102]. VE-cadherin and N-

cadherin are both present on the surface of endothelial cells; however, 

only VE-cadherin clusters at adherens junctions [103]. 

 

VE-cadherin is the most important adhesive component of adherens 

junctions, with an essential role in the formation and regulation of 

endothelial cell junctions [104]. Cis and trans associations mediate 

homophilic adhesion of VE-cadherins. VE-cadherin molecules on the 

surface of the same cell interact laterally through cis-associations, 

forming cis-dimers, which can then form adhesive bonds with other VE-

cadherin cis-dimers on opposing cells through trans-associations, 

resulting in antiparallel tetramers. Importantly, VE-cadherin dimers 

dissociate into monomers in the absence of calcium [105, 106].  

 

The C-terminal cytoplasmic domain of VE-cadherin associates with p120-

catenin, β-catenin and plakoglobin (γ-catenin), providing the organization 

of adherens junctions [107]. It regulates cytoskeletal remodelling via 

indirect interactions with actin-binding proteins, such as vinculin, eplin, 

α-catenin and α-actinin. The clustering of VE-cadherin, and its association 
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with Tiam, vinculin and the cerebral cavernous malformations (CCM) 

proteins complex regulates the stability of adherens junctions [108].  

 

VE-cadherin is the earliest specific marker of endothelial cells, detectable 

at a very early stage of vascular development in the embryo [109]. It plays 

a role during embryogenesis, contributing to the maturation and 

remodelling of vessels [110]. VE-cadherin is also important for the 

maintenance of vascular homeostasis, as demonstrated in a study in 

which functional blocking antibodies raised against VE-cadherin led to a 

redistribution of VE-cadherin from intercellular junctions to the cell 

surface, resulting in increased permeability in lungs and heart [111]. 

Furthermore, mice lacking VE-cadherin are lethal at an early embryonic 

stage due to defective vascularization and impaired angiogenesis, 

highlighting VE-cadherin’s importance in vascular morphogenesis [112].  

 

N-cadherin doesn’t localize to adherens junctions; however, its deletion 

from endothelial cells also results in embryonic lethality because of 

severe vascular defects. Interestingly, VE-cadherin and p120 are 

downregulated in cells lacking N-cadherin, indicating that N-cadherin 

modulates angiogenesis through regulation of VE-cadherin expression 

[113]. Although the mechanism is poorly understood, N-cadherin might 

induce VE-cadherin expression through interaction with fibroblast 

growth factor receptor (FGFR), which reduces VE-cadherin internalization 

and increases cell-cell adhesion [114, 115]. Importantly, VE-cadherin can 

also regulate N-Cadherin’s expression, although in a different manner, by 

excluding it from cell-cell junctions [103].  

 

Crosstalk between VE-cadherin and other junctional proteins is essential 

for the proper functioning of cell-cell junctions. For example, VE-cadherin 

clustering at endothelial junctions, along with high cell confluency, have 

the ability to induce upregulated transcription of claudin-5, the principal 

claudin present at the blood-brain barrier. Mechanistically, VE-cadherin 
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clustering triggers phosphorylation of the FoxO1 transcription factor 

leading to transcriptional inhibition of claudin-5 [116]. This study 

demonstrates the link between adherens and tight junctions on 

endothelial cells, and the importance of VE-cadherin in regulating 

paracellular permeability. 

 

Post-translational modification of VE-cadherin and proteins which 

associate and interact with it can modulate the integrity of adherens 

junctions, and thus vascular permeability. For example, the association of 

vascular endothelial protein tyrosine phosphatase (VE-PTP) with VE-

cadherin increases barrier integrity and reduces the permeability of a cell 

monolayer [117]. In an in vivo study, phosphorylation of Tyr685 of VE-

cadherin led to impaired barrier function. Furthermore, TNFα increases 

barrier permeability via phosphorylation of tyrosine residues in VE-

cadherin [118, 119]. Tyrosine phosphorylation of VE-cadherin, although 

at a different residue (Tyr731) is needed for lymphocytes to migrate from 

blood into tissue. In this case, the phosphorylation event is initiated by 

lymphocyte binding, or activation of ICAM-1, an endothelial adhesion 

receptor [120]. Very little is known about phosphorylation of 

serine/threonine residues with respect to VE-cadherin, although a study 

by Yan et al., 2013 suggests it has a similar barrier-disruptive effect as 

tyrosine phosphorylation [121]. Nevertheless, our current knowledge on 

the role of serine/threonine phosphatase PP2A in VE-cadherin 

phosphorylation requires extending.  

 
1.3.3 Gap junctions 
 
Gap junctions are another type of junction associated with the blood-

brain barrier. They are formed by connexins and the connexin-like 

proteins, innexins and pannexins. Connexins are tetratransmembrane 

proteins which form hemichannels, also called connexons, composed of 

six connexin subunits [122]. Connexins 37, 40 and 43, named after their 

respective molecular weights, are specifically expressed in vascular 



 Page| 18 

endothelial cells [123, 124]. Gap junctions bring together connexons 

located on adjacent cells, while leaving a 2-nm gap, for which they were 

named ‘gap’ junctions [125]. These junctions help in communication 

between cells, and allow for the passage of ions, small molecules and 

second messengers [60]. Normal functioning of gap junctions is vital for 

tissue growth, development and homeostasis [126, 127]. 

 

1.4 Transmembrane movement  
 
The transport of regulatory molecules and nutrients into the brain across 

the endothelium is achieved through active and passive transport (Figure 

4). Two routes regulate the passage of fluid, solutes, and proteins across 

the endothelium; the transcellular route and paracellular route. 

Macromolecules are transported by transcytosis via transcellular 

transport, while small solutes (up to 3 nm radius) cross the endothelium 

by inter-endothelial junctions via the paracellular route [128, 129]. In the 

BBB, unlike all other endothelia, the physical barrier formed by tight 

junctions between endothelial cells forces most molecules to move via 

the transcellular route [58]. 

 
1.4.1 Transcellular transport route  
 
Macromolecules such as albumin, insulin, hormones, and lipids are 

transported across the endothelium via transcellular transport. This 

transport mechanism is usually unidirectional, with macromolecules 

travelling from the apical to basolateral surface of the cells. Types of 

transcellular transport routes present at the blood-brain barrier include 

diffusion (Figure 4a), vesicle-mediated transcytosis, carrier-mediated 

transport and energy-dependent transport [130]. 

 
1.4.1.1 Vesicle-mediated transcytosis 
 
Transcytosis is a bidirectional process of transport of cargo across the cell 

cytoplasm, which involves three distinct steps; endocytosis, intracellular 
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vesicle transport and exocytosis. Endocytosis may be receptor-mediated 

or charge dependent/adsorptive. The second step, intracellular vesicle 

trafficking, can be mediated via three distinct types of vesicles in brain 

endothelial cells: 1) macropinocytotic vesicles, 2) clathrin coated pits 

which facilitate receptor-mediated transcytosis, and 3) caveolae which 

participate in both receptor trafficking and adsorptive-mediated 

endocytosis [131]. In the final step of transcytosis, the vesicle fuses with 

the target membrane, releasing the cargo into the extracellular space.  

 

Charge dependent/adsorptive endocytosis (Figure 4e) is triggered 

through an electrostatic interaction between the negatively charged cell 

membrane surface and a positively charged protein or micro-molecule 

[132]. Cationic lipids, albumin, polymers and nanoparticles, which are 

positively charged, are internalized through adsorptive transcytosis [133, 

134]. Receptor-mediated endocytosis (Figure 4d) is initiated by the 

binding of a ligand to a specific receptor located on the luminal side of a 

cell, and is well documented for all endothelial cells. Some of the essential 

compounds that are taken into the cell by their specific receptors include 

transferrin, insulin, thiamine, biotin, folic acid and vitamin B12 [135, 136].  

 
1.4.1.2 Carrier-mediated transport 
 
Carrier-mediated transport (Figure 4c) utilizes transport proteins, also 

called transporters, which enable solutes such as amino acids, fatty acids, 

carbohydrates, nucleotides and vitamins to cross the blood-brain barrier 

[137]. Carrier-mediated transport can take place via diffusion facilitated 

by a transporter, or by active transport. Glucose is a great example, as it 

can be transported across the cell membrane by facilitated diffusion 

through glucose transporters (GLUT) but also by active transport via 

sodium dependent glucose transporters (SGLTs) [138].  
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1.4.1.3 Energy-dependent transport 
 
ATP-binding cassette (ABC) transporters use ATP as an energy source to 

transport substrates across the cell membrane [139]. ABC transporters 

are ubiquitously expressed, although they are most abundant at barriers 

and in excretory and absorption tissues [140]. In brain endothelial cells, 

they are primarily localized on the luminal side, extruding metabolic 

waste products, xenobiotics, drugs and nucleosides from the brain into 

the bloodstream (Figure 4f) [141]. P-glycoprotein, also known as 

multidrug resistance protein 1 (MDR1) or ABCB1, is the most important 

ABC transporter in the CNS, with a role in pharmacoresistance and 

neuroprotection. Studies have shown that dysfunction of P-glycoprotein 

or its downregulation contribute to Alzheimer’s disease through an 

accumulation of amyloid-β within the brain [142, 143]. 
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Figure 4: Transmembrane transport pathways of the BBB. 

The main routes of transport of molecules across endothelial cells of the 

brain are a) diffusion down a concentration gradient, b) paracellular 

transport of gases and small lipophilic molecules, c) carrier-mediated 

transport of substrates including glucose and amino acids , d) receptor-

mediated transcytosis of nutrients and signalling and regulatory 

molecules, e) adsorptive transcytosis of positively charged molecules and 

f) active efflux of drugs and waste products. Figure taken from Georgieva 

et al., 2014 [144]. 

 
1.4.2 Paracellular transport 

Paracellular permeability of the endothelium is controlled by the inter-

endothelial junctions; adherens, tight and gap junctions (Figure 4b) [145]. 

They allow the passage of small gaseous molecules such as oxygen and 

carbon dioxide, and small lipophilic agents such as ethanol and 

barbiturates [6]. The junction types present vary in different vascular 

beds. For example, tight and adherens junctions are intermingled in small 

arterioles, whereas in venules the inter-endothelial junctions present are 

mainly adherens junctions with only small areas of concentrated tight 

junctions on the apical side of the intercellular cleft (Figure 5). The 

architectural integrity of endothelial cells is primarily maintained by VE-
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cadherin at adherens junctions, while tight junctions provide a secondary 

line of support with the exception of the vasculature of the brain where 

they are enriched [146, 147]. The integrity of adherens junctions is critical 

for the maintenance of paracellular permeability and their disruption 

results in fluid accumulation in the interstitium, which is often seen in 

pathologies such as inflammation and cerebral cavernous malformation 

[148, 149].  

 
 

 
 

Figure 5: Inter-endothelial junctions localized at microvessels. 

Tight junctions and adherens junctions are intermingled in arterioles (a). 

In venules (b), the transport between blood and tissues is primarily 

limited by adherens junctions, with a small area at the apical side only 

occupied by tight junctions. Figure taken from Dejana et al., 2009 [146]. 

 
 
External stimuli can either increase or decrease paracellular permeability. 

The expression of certain mediators or cytokine secretion can weaken 

junctional adhesions, leading to leaking vessel walls. This can happen 

through the phosphorylation of junctional proteins, often leading to their 

internalization and junction destabilization [145]. The duration of the 

increase in permeability depends on the mediator responsible for the 

effect. For example, inflammatory cytokines and proangiogenic 

mediators such as kinin cleavage products and VEGF result in a sustained 

‘leaky’ barrier, whereas thrombin, histamine and bradykinin elicit a 

transient and reversible increase in permeability [150].  
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1.4.3 Diapedesis 
 
During an immune insult, immune cells are recruited to sites of 

inflammation. To do so, they travel from the blood across the 

endothelium and into the inflamed tissue, through a process named 

diapedesis [151]. Leukocytes traverse the endothelium of vessels by the 

paracellular and transcellular routes. There is conflicting data relating 

which route is predominantly used, and which is physiologically more 

important. However, transcellular diapedesis seems to be dominant in 

cells that possess very tight cell-cell junctions, such as those found at the 

blood-brain barrier [152, 153].  

 

During transcellular diapedesis, the membrane of endothelial cells and 

leukocytes fuses, creating a channel between the basal and apical sides 

of the endothelium. The leukocytes then use that channel to cross the 

endothelium, without disturbing cellular junctions [154]. Leukocytes 

travelling via the paracellular route need to destabilize endothelial cell 

contacts, which are mediated by VE-cadherin. In vivo, VE-cadherin 

blocking antibodies lead to an increase in vascular permeability and 

accelerated immune cell extravasation [155]. Furthermore, replacing VE-

cadherin by a fusion of VE-cadherin bound to the scaffolding protein, α-

catenin, resulted in an in vivo model resistant to the permeability-

inducing effect of VEGF and leukocyte extravasation [152].  

 
1.4.4. Traversing BBB for CNS drug delivery 
 
Poor CNS access of most drugs is a result of the highly selective barrier 

formed by the cells of the neurovascular unit, which isolates the brain 

and spinal cord from the blood vessels [156]. Tight junctions located in 

the endothelium, low endosomal and pinocytic transport and the lack of 

fenestrations makes the diffusion of water soluble molecules across the 

blood-brain barrier very difficult [58, 157]. For a drug to be able to gain 

access into the CNS it needs to be sufficiently lipid soluble and have a 
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molecular weight of no more than 180 Da [158, 159]. Lipid solubility is the 

most important property that decides a drug’s BBB permeability; 

however, other factors such as cerebral blood flow, plasma protein 

binding and the drug’s affinity for its transport protein also control their 

permeability [160]. Only a small number of molecules meet these criteria, 

but even the ones that do are not guaranteed entry into the CNS [161]. 

Additionally, efflux pumps, such as P-gp, actively expel harmful molecules 

and therapeutics back into the blood [162]. As a result of these obstacles 

imposed by the blood-brain barrier, 98 % of small molecules and all drugs 

with a large molecular weight are unable to enter the CNS [163].  

 

Due to the abovementioned limitations in drug delivery across the blood-

brain barrier, there are few effective therapies available for the 

treatment of CNS diseases. Approaches used to bypass the blood-brain 

barrier to increase drug delivery to the CNS are divided into the classes: 

surgical and pharmacological. Surgical strategies are mostly very invasive 

and include transcranial delivery, trans-nasal delivery, convection 

enhanced delivery and osmotic BBB disruption. Pharmacological 

approaches include synthesis of a pro-drug, drug modification and 

utilizing specific receptor or carrier-mediated transport systems [164].  

 
1.4.4.1 Osmotic BBB disruption 
 
The concept of osmotic blood-brain barrier disruption was started with a 

1972 study by Rapoport et al., in which concentrated solutions applied to 

the cerebral cortex of a rabbit led to blood-brain barrier opening, 

demonstrated by CNS tissue staining by a dye circulating in the 

bloodstream [165]. Shortly thereafter the authors published another 

study, showing that the increase in blood-brain barrier permeability 

caused by hypertonic solutions is due to the shrinkage of cerebrovascular 

endothelial cells which leads to opening of the tight junctions [166].  
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The procedure of osmotic BBB disruption has been used in preclinical and 

clinical studies for the treatment of brain tumours, although it’s not a 

standard practice due to the need for repeated hospitalization and often 

general anaesthesia [167]. Still, osmotic BBB disruption has gained the 

interest of many research groups as drug delivery increases 10 to 100 

times when using this method compared to delivering the drug without 

an osmotic agent [168]. Furthermore, neurocognitive function of patients 

who underwent the procedure is not declined, although adverse effects 

such as seizures and brain herniation have been documented [169].  

 
1.4.4.2. Receptor-mediated transcytosis 
 
Receptor-mediated transcytosis is a method of delivering drugs to the 

brain that requires the generation of a drug chemically linked to a ligand 

which targets a specific receptor. The ligand can be either an endogenous 

protein, a mimetic peptide ligand or an antibody which targets the 

receptor [170]. The targets located in brain endothelial cells which have 

gained the most interest are the insulin, transferrin and low-density 

lipoprotein (LDL) receptors [171]. 

 

Transferrin is the protein responsible for delivering iron into the brain. 

Multiple animal studies have shown that drugs conjugated to transferrin 

or to an anti-transferrin receptor antibody have a much higher ability to 

cross the blood-brain barrier [172-174]. Similar findings were reported 

for the insulin receptor. Furthermore, the insulin receptor was the first 

receptor to be used to deliver drugs to the brain via the receptor-

mediated transcytosis approach in a clinical study, aimed at patients with 

mucopolysaccharidosis type I (MPSI), a genetic disorder caused by a 

mutation in the gene encoding the α-L-iduronidase (IDUA) lysosomal 

enzyme. In that study, human IDUA was fused to an insulin receptor 

monoclonal antibody, enabling the insulin receptor to act as a Trojan 

horse to ferry the enzyme into the brain [175]. 11 MPSI pediatric patients 

with cognitive impairment were treated with the IgG-IDUA fusion protein 
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for 52 weeks. Some adverse effects such as transient hypoglycaemia and 

reactions at the infusion site were reported, however, the positive effects 

of the therapy which include cognitive and somatic stabilization or 

improvement, make this novel approach clinically significant [176].  

 
1.4.4.3 Carrier-mediated transcytosis 
 
Some drugs can gain access into the cell utilizing naturally occurring 

transport proteins. One such transporter is the large amino acid 

transporter 1 (LAT1), responsible for transporting large amino acids, 

neurotherapeutics and thyroid hormones in and out of the brain [177]. 

LAT1-mediated drug delivery is an enticing approach as LAT1 is 

overexpressed not only on brain capillary endothelial cells, but also in 

many cancers, including glioblastoma [178]. In a 2017 study, glioblastoma 

bearing mice treated with a LAT1-selective drug carrier had a 60 % 

increase in survival [179]. These findings demonstrate the enormous 

potential of carrier-mediated transcytosis as a drug delivery mechanism.  

 

1.5 Blood-Brain Barrier Pathophysiology  
 
Transient opening of the blood-brain barrier is a standard process, 

allowing factors essential for normal functioning of the CNS to reach it. 

The endothelium, astrocytes and nerve terminals tightly regulate barrier 

permeability through mediators such as glutamate, aspartate, 

endothelin-1, ATP, nitric oxide, IL-1β and TNF⍺. Agents circulating in the 

blood, such as serotonin, histamine, bradykinin and substance P can also 

modulate blood-brain barrier permeability [50, 180]. However, 

prolonged opening of the endothelial tight junctions at the blood-brain 

barrier, along with other pathological changes including enhanced 

transcytosis, pore formation, and changes in nutrient and water transport 

lead to loss of barrier integrity. This is a critical step in the development 

and progression of many CNS diseases [181] 
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Neuroinflammation is localized within the brain or spinal cord and is 

generally mediated through the production of cytokines (IL-1β, IL-6, 

TNF⍺), chemokines (CCL2, CCL5, CXCL1), ROS and other inflammatory 

mediators (nitric oxide and prostaglandins). These are released by 

microglia, astrocytes and endothelial cells, as well as peripherally derived 

immune cells [182, 183]. Pathological neuroinflammation coincides with 

microglia activation and cytokine and chemokine production, which can 

manifest edema, increased blood-brain barrier permeability and 

breakdown [8, 184].  

 
1.5.1 Junctional proteins in BBB pathologies  
 

The integrity of tight junctions and adherens junctions is essential for 

protection of the brain during inflammation and infection [185]. The 

structure and function of these junctions is modulated by many cytokines 

and chemokines. For example, increased production of CCL2 as a result 

of neuroinflammation induces VE-cadherin and β-catenin 

phosphorylation, leading to their dissociation from the adherens 

junctions and weakening of the blood-brain barrier [186]. Claudin-5 is 

also downregulated in neuroinflammation, although through a different 

a mechanism involving IL-1β-mediated inhibition of claudin-5 

transcription in brain endothelial cells [187]. TNFα and IFNγ also decrease 

trans endothelial electrical resistance, which is associated with increased 

internalisation of occludin, JAM-1, and claudin-1 and -4, all of which 

contribute to decreased BBB function [188, 189]. Interestingly, peripheral 

inflammation also appears to alter blood-brain barrier function as 

injection of formalin, λ-carrageenan and complete Freund’s adjuvant into 

a hind paw of a rat caused an increase in blood-brain barrier permeability 

and altered abundance of junctional proteins. More specifically, occludin 

was found downregulated, ZO-1 was upregulated, while the expression 

of claudin-1 remained unchanged compared to the control group. This 
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study shows that inflammation localized outside the CNS can have a 

detrimental effect on the blood-brain barrier [190].  

 
1.5.2 Blood-Brain Barrier Dysfunction in Disease 
 
The blood-brain barrier is a highly dynamic anatomical boundary, with 

the ability to quickly react to physiological stressors such as inflammation, 

trauma, hypoxia and pain [191]. Therapeutic targeting of the blood-brain 

barrier is crucial in many clinical settings, as a dysfunctional blood-brain 

barrier can not only aggravate, but also initiate a plethora of pathologies 

and diseases, including Alzheimer’s disease [192], multiple sclerosis 

[193], Parkinson’s disease [194], epilepsy [195] and cerebral malaria 

[196], many of which are covered in detail in several excellent reviews 

[137, 197, 198]. As such, this overview summarizes the effect of some 

CNS diseases on the blood-brain barrier and the junctional proteins 

localised at the BBB, and where possible, a link is made between the 

specific CNS disease and neuroinflammation and/or PP2A.  

 
1.5.2.1 Multiple Sclerosis 
 
Multiple sclerosis is the most common type of neurological autoimmune 

progressive condition in adults in Ireland [199]. In multiple sclerosis, auto-

reactive immune cells attack myelin sheath lining the nerve fibres, 

resulting in an array of symptoms including visual impairment due to 

optic nerve inflammation, fatigue, muscle spasms and weakness [200].  

 

Not surprisingly, increased blood-brain barrier permeability has been 

documented in patients with multiple sclerosis [193], with data from 

post-mortem samples showing abnormal localization of the tight junction 

proteins JAM-A, occludin and ZO-1 [201]. In keeping with this, when 

human brain microvascular endothelial cells are exposed to serum from 

patients with relapse-remitting multiple sclerosis, transendothelial 

electrical resistance and claudin-5 protein expression are decreased. 

[202]. The downregulation of junctional proteins seen in multiple 
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sclerosis is most likely mediated by IFNγ, TNF⍺ and IL-1β and the 

chemokine monocyte chemoattractant protein-1 [203, 204]. 

 
1.5.2.2 Alzheimer’s disease 
 

Alzheimer’s disease (AD) is the most prevalent neurodegenerative 

disorder in the world, affecting nearly 25 million people. It is 

characterised by a gradual decline in certain cognitive domains, such as 

memory, personality and language [205]. The main pathological 

characteristics of AD are 1) neurofibrillary tangles which form due to the 

accumulation of hyperphosphorylated tau (p-tau) protein, 2) deposition 

of β-amyloid plaques on the surface of neurons, and 3) a deficiency in 

acetylcholine (Ach) [206]. Interestingly, the PP2A inhibitor SET is 

responsible for tau hyperphosphorylation, suggesting a role for PP2A in 

AD [207]. Furthermore, a sustained immune response is now also 

recognised as a feature of AD pathogenesis, as amyloid and tau 

pathologies are aggravated when they coincide with chronic 

neuroinflammation brought about by activated microglia [208].  

 

Blood-brain barrier dysfunction plays a role in the pathogenesis of 

Alzheimer’s disease. The transport proteins RAGE (receptor for advanced 

glycation end products) and LRP-1 (low density lipoprotein receptor-

related protein 1) present on the cells of the neurovascular unit are 

responsible for the influx and efflux of β-amyloid to and from the brain, 

respectively [209]. Not surprisingly, increased expression of RAGE 

receptors on astrocytes and neurons, and a decreased expression of LRP-

1 receptors on endothelial cells has been reported in AD, leading to the 

formation of β-amyloid plaques [210, 211]. Furthermore, decreased 

abundance of claudin-5 and occludin has been documented in post-

mortem samples from patients with AD, highlighting the importance of 

junctional proteins in maintaining an intact blood-brain barrier [212].  
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1.5.2.3 Parkinson’s disease  
 

Parkinson’s disease (PD) is another progressive neurological disorder that 

mainly affects the motor system. The most common symptoms include 

tremors, muscle stiffness and slowness of movement; however, patients 

may also experience cognitive and psychological problems [213]. 

Pathophysiologically, the characteristic features of Parkinson’s disease 

are the loss of dopamine-containing neurons in the substantia nigra 

region of the brain and a widespread accumulation of α-synuclein into 

clumps termed Lewy bodies [214]. As with MS and AD, increased 

permeability of the blood-brain barrier has been documented in 

Parkinson’s disease. Although the mechanism is still unclear, a reduced 

expression of the tight junction proteins ZO-1 and occludin was 

discovered in animal models of Parkinson’s disease [194, 215].  

 

Neuroinflammation also plays a role in the pathogenesis of Parkinson’s 

disease. Microglia resident in the brain are found activated in PD. They 

take on the pro-inflammatory phenotype and produce TNFα, IL-16, ROS, 

reactive nitrogen species (RNS) and inducible nitric oxide synthase (iNOS) 

[216, 217]. Furthermore, a study utilizing an animal model of chronic PD 

found the number of anti-inflammatory microglia to diminish and pro-

inflammatory microglia to increase gradually as the disease progresses, 

which might play a role in the degeneration of dopaminergic neurons 

[218]. Other factors which contribute to the neuroinflammation 

recognized during Parkinson’s disease are the dysfunction of astrocytes 

and CNS infiltration of cytotoxic T cells [219, 220] 

 

1.5.2.4 Ischemic Stroke  
 
Stroke is the second top cause of death globally, and a primary cause of 

long-term disability [221]. Various factors including hypertension, 

diabetes mellitus and smoking can increase the risk of having a stroke 

[222]. The two types of brain stroke are haemorrhagic stroke, which 
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happens as a result of vessel rupture, and ischemic stroke which is due to 

vessel blockage or occlusion. Ischemic strokes are much more prevalent, 

accounting for over 80 % of all strokes [223]. An ischemic stroke is 

characterised by a reduced blood supply to the affected brain region that 

leads to reduced delivery of oxygen and essential nutrients such as 

glucose [224].  

 

Breakdown of the blood-brain barrier and increased paracellular 

permeability are a hallmark of ischemic stroke pathology. The 

characteristics of BBB disruption are activation of matrix 

metalloproteinases (MMPs), which are associated with barrier opening 

and edema formation, degradation of integrins, which bind cells to the 

extracellular matrix, and the disruption of cell-cell junctions [225]. 

Decreased expression of occludin, claudin-5, ZO-1 and VE-cadherin has 

been documented following ischemic stroke [226-228].  

 

1.5.2.5 Viral infections  
 
The functional and structural architecture of the CNS can be disrupted 

during viral infections.  

Viral infections usually downregulate the expression of junctional 

proteins, disrupting the blood-brain barrier and therefore facilitate viral 

entry into the CNS. For example, mouse adenovirus type 1 (MAV-1) 

targets brain endothelial cells, leading to reduced expression of claudin-

5, occludin and ZO-2, loss of transendothelial electrical resistance and 

barrier breakdown [229]. Similar alterations in the expression of tight 

junction proteins are seen in West Nile virus infections, where claudin-1 

and JAM-1 are downregulated or Human T-Lymphotropic Virus (HTLV-1) 

infected cells, where the expression of ZO-1 and occludin is reduced [230, 

231].  
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Interestingly, severe acute respiratory syndrome coronavirus 2 (SARS-

CoV-2), the virus responsible for the current outbreak of coronavirus 

infectious disease 2019 (COVID-19) might also be able to gain access into 

the CNS. Typical symptoms of COVID-19 include fever and cough, 

however some patients also suffer from gastrointestinal (GI) and 

neurologic symptoms [232, 233]. Although there is no consensus among 

the scientific community as to how this respiratory disease cause 

neurologic manifestations, a recent article suggests the mechanism 

involves the virus travelling to the CNS from an infected GI tract via the 

vasculature, vagal nerve or the lymphatic system [234]. Another article 

proposes seizures associated with a severe COVID-19 infection are due to 

blood-brain barrier breakdown as a result of pro-inflammatory cytokines 

and possible neurotropism of the virus [235]. This mechanism is highly 

probable, as early studies on human coronaviruses show they are 

neuroinvasive and neurotropic, with viral RNA present in post-mortem 

brain samples [236]. Additionally, in vitro studies show human 

coronaviruses can infect human microglia and astrocytes [237]; however 

this may not be true in relation to SARS-CoV-2 as analysis of cerebrospinal 

fluid and MRI testing of a patient with COVID-19-related encephalopathy 

showed the virus is unable to cross the blood-brain barrier [238]. 

Interestingly, PP2A, a hugely important member of the protein 

serine/threonine phosphatases family, has been suggested to play a role 

in SARS-CoV-2 pathogenesis. A surface coronavirus spike (S) glycoprotein 

responsible for membrane fusion and receptor-recognition has been 

shown to contain a PP2A-B56-binding motif which might recruit PP2A, 

disrupting the hosts’ PP2A-mediated pro-inflammatory responses. This 

interaction between SARS-CoV-2 and PP2A could be a potential target for 

the development of a new therapeutic approach against COVID-19 [239]. 
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1.6 Protein Phosphatases 
 

Proteins transiently shift from a dephosphorylated to a phosphorylated 

state and vice versa, depending on the cell’s physiological needs. Protein 

phosphorylation is coordinated by kinases, which add a phosphate group 

onto proteins and phosphatases, which remove the phosphate groups 

[240]. Human cells possess genes encoding around 500 different protein 

kinases, but only about 250 phosphatases to counterbalance their action 

[241, 242].  

 

Protein phosphatases are classified based upon their dephosphorylation 

sites into three major classes: tyrosine, serine-threonine and dual-

specificity phosphatases [243]. Most of the phosphorylation events 

within a cell happen on the serine residues (86.4 %), followed by 

threonine (11.8 %) and tyrosine (1.8 %) [244]. Protein serine/threonine 

phosphatases (PSP) are further broken down into phosphoprotein, metal 

dependent and aspartate-based phosphatases. Protein tyrosine 

phosphatases (PTP) are grouped into three classes based on their gene 

sequence and structure, with some classes further divided into sub-

families (Figure 6) [240].  
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Figure 6: Protein Phosphatases classification. 

Overview of the protein serine/threonine phosphatase (PSP) and protein 

tyrosine phosphatase (PTP) families. Image taken from Elgenaidi & Spiers, 

2019 [245]. 

 
 
Protein kinases have been studied much more extensively than protein 

phosphatases, especially regarding drug development and human 

diseases. For example, in 2016 there were 45 times more papers on 

PubMed that studied the role of serine/threonine protein kinases in 

cancer compared to serine/threonine phosphatases in cancer. The 

reason why phosphatases are less studied than kinases might have to do 

with their structure, making them more difficult to work with, as most 

phosphatases, including PP2A, are multimers, while many kinases, like 

Erk (extracellular signal regulated kinase) and PKC (protein kinase C) are 

monomers [246]. Despite this, protein phosphatases are starting to 

emerge as drug targets not only in cancer [247], but also in cardiovascular 

disease [248] and neurodegenerative disease [249]. 
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1.6.1 PP2A 
 
Within the Ser/Thr phosphatase subfamily, protein phosphatase 2A 

(PP2A) is a key member which accounts for over 50 % of protein Ser/Thr 

phosphatase activity and 1 % of total protein mass within most cells [250, 

251]. PP2A plays a prominent role in cell cycle, metabolism, growth, 

apoptosis, and signal transduction. It is also crucial for the regulation of a 

variety of targets in both non-excitable and excitable cell types, including 

regulatory enzymes, transcription factors, cytoskeletal proteins, ion 

channels and transporters [252-254]. Importantly, dysfunction of the 

PP2A system is linked to a plethora of human diseases, including heart 

disease [248], neurodegenerative disorders [255], asthma [256], cancer 

[257] and diabetes [258]. Interestingly, PP2A also limits inflammatory 

responses by negatively modulating signalling pathways, such as the NF-

κB and MAPK signalling pathways. For example, PP2A activates 

tristetraprolin (TTP), a zinc-finger mRNA binding protein, which 

negatively regulates inflammation by decreasing mRNA stability of many 

pro-inflammatory transcripts [259, 260]. This suggests that PP2A 

activation might be an effective treatment for inflammation-mediated 

disorders [261].  

 
1.6.2 Structural organization of PP2A  
 
The typical mammalian PP2A holoenzyme is a heterotrimer composed of 

a regulatory B subunit, a catalytic C subunit and a structural (aka 

scaffolding) A subunit (Figure 7). However, a third of all PP2A found inside 

the cell is only made up of the catalytic and scaffolding subunits, and is 

referred to as the ‘core dimer’ [262].  

 

The globe-shaped catalytic subunit (PP2Ac) is ubiquitously expressed, 

however its highest expression is documented in the brain and heart 

[240]. The catalytic subunit has two isoforms, Cα and Cβ. Both isoforms 

are 35 kDa in size and share 97 % sequence homology; however Cα is 10 
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times more abundant than Cβ in most cells [263, 264]. They are also 

differently localized within the cell, with Cα found mostly in the 

membrane and Cβ within the nucleus and cytoplasm. The α and β 

subunits are encoded by two different genes. Each gene is composed of 

six introns and seven exons, with exon 1 and 7 encoding the amino acid 

sequence which plays a role in regulation, and the sequence encoded by 

exons 2 to 6 encoding amino acids associated with catalysis and substrate 

binding [240]. Both isoforms have a conserved 304TPDYFL309 motif located 

in their C-terminal tail. Methylation and phosphorylation on Tyr and Thr 

residues of this motif regulate binding of the B subunit to the PP2A core 

dimer [265].  

 

The scaffolding subunit (PP2Aa) also has two isoforms, Aα and Aβ. They 

are both ~65 kDa, share 87 % sequence homology and are mostly found 

in the cytoplasm [266]. The Aα isoform is found within the core 

dimer/holoenzyme of 90 % of PP2A complexes within most cells, and 

binds to the catalytic and regulatory subunits stronger than Aβ isoform 

[267]. The scaffolding subunit is horseshoe-shaped due to 15 HEAT 

(Huntington/elongation/A-subunit/TOR) tandem repeats which interact 

with each other [268]. The HEAT repeats are also essential for 

holoenzyme assembly, as the catalytic subunit binds to 4 HEAT repeats, 

creating the core dimer, which then binds to a specific regulatory subunit 

(of which there are > 15 subunits), forming the heterotrimeric PP2A 

holoenzyme complex [266] (Figure 7).  

 

The regulatory subunit (PP2Ab) has four families: B (aka PR55/B55), B’ 

(PR61/B56), B’’ (PR130/PR72/PR48) and B’’’ (PR110/PR93), each of which 

has multiple isoforms and splice variants. The B’ family is the biggest, with 

at least eight isoforms, which share a core domain and have key roles in 

cell cycle and signalling, due to their ability to dephosphorylate Erk and 

Akt [266]. Although regulatory subunits are conserved within their 

respective families, there is little sequence overlap between families 
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[251]. Different regulatory subunit classes use different mechanisms to 

bind to the core dimer. For example, B’ family isoforms bind to both 

scaffolding and catalytic subunits, while the B family isoforms only bind 

to the HEAT repeats of the scaffolding subunit [245]. The regulatory 

subunit plays a crucial role in establishing substrate specificity and the 

subcellular localization of PP2A [269]. 

 

PP2A can form 96 unique holoenzyme complexes as a result of multiple 

isoforms of each of the catalytic, scaffolding and regulatory subunits 

[265]. The ability of PP2A to dephosphorylate a plethora of substrates 

and modulate a variety of cellular functions is due to this ability to form 

multiple holoenzymes, as well as being able to be regulated through the 

actions of activators, inhibitors and post-translational modifications [250, 

270].  

 

 

 
 
Figure 7: The structure of PP2A. 

PP2A holoenzyme consist of the scaffolding (A), catalytic (C) and 

regulatory (B) subunits, each of which has many possible isoforms. Figure 

taken from Thompson & Williams, 2018 [271]. 
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1.6.3 Post-translational modifications of PP2A  
 
As mentioned above, PP2A’s hetero-multimeric composition, substrate 

specificity and catalytic activity are regulated by post-translational 

modifications. The two major modifications are phosphorylation and 

methylation, which occur mostly on the catalytic subunit, although the 

regulatory subunit is also subject to post-translational modification [272]. 

 

1.6.3.1 PP2A phosphorylation  
 
Several tyrosine kinases including epidermal growth factor receptor 

(EGFR), insulin receptors, p60v-src and p56lck kinase can phosphorylate 

PP2Ac in vitro [273]. Tyrosine phosphorylation of PP2Ac occurs on Tyr307, 

which leads to a transient deactivation of phosphatase activity, possibly 

through enhanced binding of the endogenous inhibitors of PP2A – CIP2A 

and SET [274]. This phosphorylation event is enhanced in the presence of 

IL-1 and TNFα, insulin and epidermal growth factor, and the exogenous 

PP2A inhibitor, okadaic acid. PP2Ac can also be phosphorylated by an 

autophosphorylation-activated protein kinase on threonine residues 

[275]. As with tyrosine phosphorylation of PP2Ac, threonine 

phosphorylation leads to inactivation of phosphatase activity, which can 

be regained through auto-dephosphorylation [273, 276]. Furthermore, 

phosphorylation of PP2Ac on threonine residues plays a role in assembly 

of the trimeric holoenzyme. In a study by Longin et al., mutation of Thr304 

to a non-phosphorylatable mutant showed all possible PP2A complexes 

can still be formed, whereas binding of the B subunits was prevented in 

phosphorylation-mimicking mutants, showing that PP2A phosphorylation 

can regulate holoenzyme assembly and functional specificity [277].  

 

In contrast, less is known about the dephosphorylation of PP2A. In an 

early study by Chen et al., it was suggested that PP2A undergoes 

dephosphorylation through an auto-dephosphorylation mechanism [273, 

278]. This was based on data showing okadaic acid to prevent 
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dephosphorylation of PP2Ac; however, this should be viewed with 

caution as the concentration of okadaic acid used was sufficient to inhibit 

other Ser/Thr phosphatases [279].  

 

PP2Ac isn’t the only subunit that is subject to phosphorylation. There are 

three phosphorylation sites on the scaffolding subunit; Ser303, Ser314 and 

Thr268. PP2Aa phosphorylation results in inhibition of the interaction 

between the scaffolding and catalytic subunits and disruption of PP2A-

mediated signalling [280]. The regulatory subunit can also be 

phosphorylated, although with a different outcome than scaffolding 

subunit phosphorylation. In vitro and in vivo studies show that protein 

kinase R (PKR) and protein kinase A (PKA) phosphorylate B56α and B56δ, 

respectively, which manifests as an increase in PP2A activity [281, 282]. 

Likewise, the B” regulatory subunit family is also phosphorylated by PKA 

at Ser60 and Ser573, which broadens substrate specificity of the 

holoenzyme [283].  

 

1.6.3.2 PP2A methylation 
 
The catalytic subunit of PP2A is methylated and demethylated by 

methyltransferase and methylesterase enzymes, respectively [284]. PP2A 

methylation is believed to increase PP2A holoenzyme activity, although 

early studies showed it had no effect [285, 286]. PP2Ac methylation is 

carried out by leucine carboxyl methyltransferase 1 (LCMT1), an enzyme 

which exclusively catalyses the methylation of Leu309 on the 304TPDYFL309 

motif on the C-terminal tail of PP2Ac [286, 287]. PP2Ac methylation plays 

a role in holoenzyme assembly as it is necessary for B subunit binding 

[284]. This is supported by a study showing LCMT1 knockdown was 

associated with B subunit degradation and apoptotic cell death [277]. 

However, it should be pointed out that B’ and B’’ subunits can bind to 

unmethylated PP2Ac [284]. As a side note, LCMT1 deregulation and a 
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disturbance of PP2A methylation/demethylation is linked to the 

pathogenesis of Alzheimer’s disease [288].  

 

PP2A demethylation is carried out by protein phosphatase 

methylesterase 1 (PME1), which directly binds to the active site of the 

catalytic subunit and removes the methyl group as well as manganese 

ions, essential for phosphatase activity, thus rendering PP2A inactive 

[289]. Interestingly, PP2A’s phosphatase activity can be restored by 

phosphotyrosyl phosphatase activator (PTPA) via several different 

mechanisms. PTPA can facilitate the detachment of PME1 from PP2A, 

allowing the enzyme to function normally again [290]. PTPA can also 

promote PP2A activation by increasing its methylation by LCMT1 or by 

increasing its dephosphorylation by tyrosine phosphatase 1B [291, 292]. 

Alternatively, it has been proposed that PTPA facilitates re-binding of the 

regulatory subunit by inducing a conformational change in PP2Ac [293, 

294]. 

 
1.6.4 PP2A inhibitors  
 
The activity of PP2A can be hindered by several endogenous and 

exogenous inhibitors. An overexpression of the endogenous inhibitors is 

generally associated with cancer; however, some have been assigned a 

tumour suppressive function [295]. The exogenous inhibitors of PP2A are 

natural compounds mostly derived from aquatic invertebrates, insects, 

and microorganisms. PP2A inhibitors have generated much interest due 

to their potential use in cancer and as a tool for investigating PP2A’s 

function [296]. 

 

1.6.4.1 SET 
 
Inhibitor 2 of PP2A, also known as SET, is a 39 kDa protein principally 

located in the nucleus. It was first isolated from a patient with acute 

undifferentiated leukaemia [297] and it’s overexpression is now regarded 
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as a sign of aggressive disease [298]. Upregulated SET is also found in 

other human tumours, including breast, colorectal and head and neck 

squamous cell carcinoma, as well in Alzheimer’s disease [207, 299-301]. 

SET plays a key role in a variety of cellular processes, including 

transcriptional activation, cell differentiation and proliferation [301, 302].  

 

SET strongly and selectively inhibits PP2A, but has little, if any, effect on 

protein phosphatase 1, 2B and 2C [303]. SET directly binds to the catalytic 

subunit of PP2A through its amino and carboxy termini, leading to an 

inhibition of PP2A’s phosphatase activity [304]. A recent study showed 

SET can also bind to the scaffolding subunit of PP2A, although the 

mechanism remains enigmatic [305].  

 

SET’s activity is regulated through posttranslational modifications, for 

example, phosphorylation at Ser171 decreases SET’s inhibitory activity, 

while phosphorylation at Ser9 and Ser24 activates SET [297, 306]. 

Compounds that target PP2A inhibitors have recently gained a lot of 

interest. For example, the FDA approved drug Fingolimod (aka FTY-720) 

which causes SET to dissociate from PP2Ac through a mechanism which 

likely involves SET phosphorylation at Ser171 is used to treat multiple 

sclerosis and lately to treat cancer [307, 308]. A recent in vitro study has 

also shown that SET depletion increases the sensitivity of cancerous cells 

to drug treatment, highlighting the potential of therapies that target SET. 

Surprisingly, such drug response was not seen in cells lacking another 

inhibitor of PP2A, CIP2A [309]. 

 

1.6.4.2 CIP2A 
 
Cancerous inhibitor of PP2A (CIP2A) is a 90 kDa protein, whose 

overexpression is reported in many cancers including breast, lung and 

gastric cancers, and as with SET, it’s associated with disease aggressivity 

and poor prognosis [310-312]. CIP2A forms homodimers that can directly 
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interact with the B56 α and γ isoforms of the regulatory subunit of PP2A, 

which are believed to be the key tumour suppressors of the B subunit 

family. Interestingly, inhibiting the expression of these PP2Ab isoforms or 

inhibiting CIP2A dimer formation, destabilizes CIP2A in human HeLa cells 

[313].  

 

CIP2A can also indirectly inhibit PP2A’s function by interacting with other 

proteins. For example, CIP2A can interact with the oncogenic 

transcription factor c-Myc, inhibiting PP2A from dephosphorylating it. 

This in turn prevents proteolytic degradation of c-Myc, leading to 

malignant cellular growth [314]. CIP2A also supports tumour growth by 

indirectly inhibiting PP2A activity towards mTORC1. mTORC1 is a protein 

complex that negatively regulates autophagy, a process of degrading and 

recycling cytosolic components, which is important for the survival of 

cancer cells. By inhibiting PP2A activity in an allosteric manner, CIP2A aids 

phosphorylation and stabilization of mTORC1 substrates, inhibiting 

autophagy and therefore promoting malignant cell growth [315, 316].  

 

Interestingly, a recent study by Liu et al., has suggested a link between 

the two inhibitors of PP2A, CIP2A and SET. They identified a feedforward 

loop consisting of pErk/pElk-1/CIP2A/PP2A, and showed that inhibition of 

SET using TD19, a novel SET/PP2A interaction inhibitor interrupts this 

loop resulting in restoration of PP2A activity [317].  

 

1.6.4.3 Alpha-4 (α4) 
 
Alpha-4 is a 52 kDa phosphoprotein expressed in a variety of cell types, 

including immune cells such as B and T cells, but also non-immune cells 

such as those found in the brain and liver [318]. From a structural 

perspective, amino acids 94 to 202, which are in the middle region of the 

alpha-4 protein, directly bind to the catalytic subunit of PP2A. It is 

generally believed that this interaction inhibits PP2A activity [319, 320], 
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however, more recent studies suggest alpha-4 to have a regulatory rather 

than inhibitory effect on PP2A. For example, a 2007 study has shown an 

overexpression of alpha-4 resulting in increased PP2A activity [321] and 

another study demonstrated alpha-4 deletion resulting in loss of all PP2A 

complexes, as well as loss of PP4 and PP6. The mechanism here is related 

to the role of alpha-4 in modulating the assembly and maintenance of the 

PP2A holoenzyme by protecting it from proteasomal degradation during 

periods of cellular stress [322].  

 

1.6.4.4 Inhibitor 1 of PP2A (I1PP2A) 
 
I1PP2A is a 28 kDa protein, first purified and characterised along with the 

better known PP2A inhibitor I2PP2A/SET. Both of these proteins exhibit 

PP2A-specific inhibitory activity and have little, if any, effect on the other 

phosphatases [303]. I1PP2A is known by many names, including ANP32A, 

MAPM and PHAP1 [323]. Unlike SET, I1PP2A has been assigned a tumour 

suppressive role as its inactivation is associated with tumour evolution 

and progression [295]. Other functional roles have also been assigned to 

I1PP2A, such as participating in cell-mediated cytotoxicity and HLA class II-

mediated intracellular signalling [324, 325].  

 
1.6.4.5 Okadaic acid  
 
Pharmacological inhibition of PP2A has traditionally been achieved by 

utilizing naturally occurring compounds, which are often toxins. One such 

compound is okadaic acid (OA). This toxin strongly inhibits PP2A (IC50 0.1 

nM), as well as PP1 (IC50 15nM), 4, 5 and 2B to a lesser extent [326, 327]. 

OA is a cytotoxic polyether first isolated in 1981 from a black sponge 

[328]; however, it has since been shown that the sponge doesn’t produce 

it. Instead it acquires it through feeding on algal dinoflagellates in the 

genera Dinophysis and Prorocentrum [329]. Overgrowth of these algae is 

a major public health concern, as they accumulate in fish and shellfish 

that feed on them [330]. Ingestion of seafood contaminated with okadaic 
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acid leads to diarrhoeic shellfish poisoning, a syndrome characterised by 

diarrhoea, vomiting and nausea [331]. 

 

The toxic effects of okadaic acid have been extensively studied in the last 

few decades. OA administered orally can enter the bloodstream and is 

distributed to organs within minutes. OA can be found in intestinal tissue 

and organs 24 hours after oral administration, and in the intestines up to 

four weeks after oral exposure, demonstrating that it is slowly eliminated 

by the body [332]. When applied topically, OA acts as a potent tumour 

promoter [333]. On a cellular level, the most reported cytotoxic effect of 

OA is the induction of apoptosis and alterations of the cell cycle [334]. OA 

also targets the cytoskeleton and morphological changes such as actin 

microfilament reorganization, cell rounding and loss of focal adhesion are 

seen in cells exposed to OA [335].  

 

The effect of okadaic acid on junctional proteins has also gained interest 

recently. In intestinal epithelial cells, OA upregulates the channel-forming 

claudins, claudin-4 and -2, downregulates ZO-1 and therefore decreases 

barrier integrity [336]. E-cadherin-mediated cell-cell adhesion is also 

disrupted upon exposure of cells to OA [337]. However, there is some 

controversy regarding the effect of OA on junctional proteins, as a 2002 

study showed that OA induces the recruitment of occludin, claudin-1 and 

ZO-1 to tight junctions, positively regulating tight junction assembly 

[338].  

 
1.6.4.6 Other exogenous inhibitors  
 
Although PP2A is known to be a tumour suppressor, some studies utilize 

PP2A inhibitors as anti-cancer tools. Senescent tumour cells often 

contribute to treatment-resistant cancers as conventional anti-cancer 

treatments and radiotherapy are aimed at actively diving cells. In such a 

scenario, inhibition of PP2A induces mitosis and helps overcome cell 

senescence, making the tumour cells susceptible to treatment [339, 340].  
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For example, LB-100, a novel inhibitor of PP2A, inhibits the proliferation 

of human tumour cell lines and increases the anti-tumour effect of co-

administered drugs without increasing their toxicity [341, 342]. LB-100 

has been shown to effectively sensitize glioblastoma xenograft mouse 

models to the actions of chemotherapeutics and radiotherapeutics, by 

inducing aberrant cell cycle progression and decreasing cell’s ability to 

repair DNA breaks [339, 343]. These studies show that the role of PP2A 

in regulating the cell cycle is much more complex and multi-faceted than 

previously thought, as both PP2A inhibitors and activators can be used to 

treat cancer.  

 

1.6.5 Activators of PP2A 
 
Given the well-established role of PP2A as a tumour suppressor it is not 

surprising that re-activation of PP2A using natural and synthetic 

compounds is emerging as a therapeutic approach in cancer [344].  

 
1.6.5.1 FTY-720 
 
FTY-720, also known as fingolimod, is an oral sphingosine analogue with 

anticancer and immunosuppressive properties. FTY-720 is the synthetic 

version of a metabolite isolated from the fungus Isaria sinclairii [345]. The 

drug isn’t toxic or tumorigenic in animals and has high oral bioavailability 

[346]. FTY-720 is phosphorylated by sphingosine kinase 2 to its active 

form FTY-720-P and binds to sphingosine-1-phosphate receptors, 

regulating their role in lymphocyte trafficking and migration [347, 348]. 

FTY-720-P has the ability to prevent immune cells from leaving the lymph 

nodes, and this immunosuppressive activity is used in patients with 

relapsing multiple sclerosis [349].  

 

FTY-720-P’s anticancer activity is due to its ability to re-activate PP2A by 

disrupting the interaction between PP2A and its endogenous inhibitor, 



 Page| 46 

SET. By disrupting PP2A inhibition, FTY-720-P leads to an inhibition of 

survival factors mediated by Jak2, Akt and Erk1/2, resulting in apoptosis 

[350]. A study examining the effect of FTY-720 on two types of leukaemia 

has shown the drug induces apoptosis of CD34+/CD19+ leukaemia 

progenitor cells, but not normal or bone marrow CD34+/CD19+ cells, 

highlighting its therapeutic potential. Furthermore, in vivo FTY-720 

treatment decreased leukemogenesis and prolonged survival without 

causing toxicity [351].  

 
1.6.5.2 Small molecule activators of PP2A (SMAPs) 
 
SMAPs were developed by reengineering FDA-approved tricyclic 

neuroleptics used to treat multiple diseases of the nervous system, such 

as psychosis and depression [352]. Tricyclic neuroleptics are structurally 

similar to neurotransmitters and exert their anti-psychotic effect by 

binding to and blocking dopamine receptors in the brain. Due to weak 

affinity for other receptor, such as serotonin, a-adrenergic and 

muscarinic receptors, these drugs result in side-effects, including 

neurotropic and muscle movement disorders [353]. While developing 

SMAPs, the neurotropic side effects of tricyclic neuroleptics were 

abrogated, and their antiproliferative properties were enhanced [354]. 

This was done by modifying the drugs’ chemical structure, replacing a 

basic amine with a neutral polar functional group (Figure 8) [352]. A 2017 

mouse study showed administration of high doses of the SMAPs DT-061 

and DT-1154 for a week had no major adverse effects or impact on liver 

function, highlighting SMAPs’ safety and therapeutic potential [355]. 
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Figure 8: SMAPs’ chemical structure. 

The chemical structure of neurotransmitters (top) and tricyclic 

neuroleptics (bottom). While generating SMAPs, the CNS effects of 

tricyclic neuroleptics were eliminated by replacing the basic amine with a 

polar group. Figure taken from Kastrinsky et al., 2015 [352]. 

 
A recent study has shown that SMAPS mediate their effect via PP2A 

activation. In silico docking modelling, hydroxyl radical footprint studies, 

photo-affinity labelling experiments and binding studies utilizing a 

tritiated version of SMAPs show that the drugs bind to the PP2A 

scaffolding subunit at the regulatory subunit binding domain, specifically 

the flexible HEAT repeat domains 5-8, which alters the conformation of 

the scaffolding subunit. Importantly, SMAPs are the first molecules with 

anticancer properties that directly bind and activate a tumour-suppressor 

protein [355].  
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A couple of groups have used SMAPs in the treatment of cancer and 

documented promising results. For example, Sangodkar et al., used 

SMAPs in the treatment of KRAS-mutant lung cancer in murine models 

and showed that these drugs result in tumour growth inhibition and 

induction of apoptosis, possibly through a mechanism involving 

decreased MAPK signalling and pErk expression in the tumour [355]. 

SMAPs have also been used in the treatment of castration-resistant 

prostate cancer (CRPC), where they decreased tumour cell survival, 

inhibited colony formation and induced dephosphorylation of the 

androgen receptors, whose abnormal activation plays a key role in CRPC 

pathogenesis [356]. Dephosphorylation of the androgen receptor was 

shown to be PP2A-dependent, which is in agreement with previous 

studies showing PP2A to directly bind to and dephosphorylate androgen 

receptors [357].  

 
1.6.5.3 Forskolin 
 
Forskolin is a diterpene isolated from the roots of Coleus forskohlii, a 

tropical plant found in India and Asia. It is used in traditional Indian 

medicine to treat heart conditions, asthma and high blood pressure [358]. 

Forskolin activates adenylyl cyclase, the enzyme responsible for 

converting ATP to cAMP [359]. Forskolin can also activate PP2A, most 

likely by decreasing its phosphorylation. Additionally, forskolin inhibits 

cell proliferation and induces changes in Akt and Erk signalling pathways 

[360]. A study on chronic myelogenous leukaemia (CML) showed 

treatment with forskolin induced apoptosis, inhibited tumorigenesis, 

decreased proliferation and disrupted colony formation of patient-

derived leukemic cells. Furthermore, an animal study demonstrated that 

forskolin seriously impacted CML disease process, without causing 

toxicity [361]. 
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1.6.5.4 Erlotinib 
 
Erlotinib is a drug approved for the treatment of non-small cell lung 

cancer (NSCLC) and pancreatic cancer. It competes with ATP for binding 

to the kinase domain of the epidermal growth factor receptor (EGFR), 

thus inhibiting its activity [362]. However, erlotinib can also bind to and 

inhibit CIP2A, which leads to PP2A re-activation and decreased 

phosphorylation of Akt. This mechanism, and not EGFR binding, is the 

predominant mediator of apoptosis in hepatocellular carcinoma (HCC) 

cells exposed to erlotinib [363]. Erlotinib also inhibits tumour cell 

proliferation and induces cell-cycle arrest and mitochondrial-mediated 

apoptosis in HCC [364].  

 

1.7 Aims and Hypothesis of the Project  
 
Junctional proteins, such as those present at the blood-brain barrier, are 

highly regulated through phosphorylation, hence fluctuations in the level 

of the serine/threonine phosphatase PP2A could modulate the 

expression of junctional proteins. The overall aim of this study was to 

investigate the effect of pro-inflammatory cytokines, and modulation of 

PP2A activity (pharmacological or via overexpression) on selected 

adherens and tight junctional proteins in a model of the blood-brain 

barrier.  

 

The specific aims were to:  

1) explore if PP2A modulates the expression of junctional proteins, by 

examining how inhibition of PP2A with okadaic acid or exposure to pro-

inflammatory cytokines (IFNγ/TNF⍺) influences the expression of the 

adherens junction protein VE-cadherin and tight junction protein claudin-

5 in human microvascular endothelial cells,  

2) investigate if novel small molecule activators of PP2A can reverse any 

possible effects of okadaic acid or IFNγ/TNF⍺ have on VE-cadherin and 

claudin-5. This will establish if pharmacological activation of PP2A could 
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be developed as a therapeutic strategy to prevent/reverse the 

deleterious effects of inflammation on the blood brain barrier, 

3) determine if IFNγ/TNF⍺ can modulate either the expression of PP2Ac 

or its post-translational modification, to gain a better mechanistic 

understanding of how inflammation modulates VE-cadherin and claudin-

5 mRNA expression through PP2A,  

4) establish if PP2Ac overexpression might prevent or reverse the effect 

of OA and IFNγ/TNF⍺	on VE-cadherin and claudin-5, and  

5) determine if overexpression of the endogenous inhibitors of PP2Ac, 

SET or CIP2A, modulate VE-cadherin and claudin-5 expression in 

hCMEC/d3 cells. 
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Chapter 2 

2. Materials and Methods  
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2.1 List of Consumables  
 
 

Product Manufacturer 

6 well plates  Sarstedt 

12 well plates Sarstedt 

96 well plates Sarstedt 

T-25 cell culture flasks, filter cap  Nunc 

T-75 cell culture flasks, filter cap  Nunc 

15 mL tubes Sarstedt 

50 mL tubes Sarstedt 

Cell scraper Fisher Scientific 

Cryogenic vials Corning  

Serological pipettes Corning 

MicroAmp Optical 8-Cap strip/cap Applied Biosciences  

PVDF membrane GE Healthcare 

 

Table 1: Consumables 
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2.2 List of Equipment  
 

Equipment Company, Model 

Analytical balance Mettler, AE240 

Autoclave Dixon 

Fluorescence microscope EVOS fl 

Automated pipettes Gilson, Inc. (2 μL, 10 μL, 100 μL, 

200 μL, 1000 μL, 5000 μL, 

Pipetman Ultra 8-channel (20-

300 μL)) 

Centrifuge Hettich Zentrfugen, EBA 

12R/mikro 22R 

Digital imaging Fusion Fx imaging system, Vilber 

Lourmat  

Freezer (-80°C) Thermofischer Scientific , Revco 

Value Plus  

Gel electrophoresis system Bio-Rad, Mini-Protean 

Incubator (37°C, 5 % CO2, 95 % rh) HERAcell 240i 

Laminar flow hood Mason Technology, BioBan 48 

Luminometer Thermofischer Scientific, 

Fluoroskan AscentFL  

Microplate reader BioTek EL 808 

MX3000p, Real Time PCR machine Applied Biosystem 

Nanodrop 1000 

Spectrophotometer   

Thermo Scientific 

Neubauer 

haemocytometer, improved 

BRAND GMBH + CO KG, 

Blaubrand ® 

pH meter Mettler-Toledo Inc., MP320  

Thermocycler MJ Research Inc, PTC-100 

Heat Block ThermoScientific 

 

Table 2: Equipment 
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2.3 Materials 

Okadaic acid was purchased from Calbiochem (Carrigtwohill, Ireland) and 

FTY-720 was obtained from Cayman Chemical (Hamburg, Germany). 

SMAPs were obtained from Dr Michael Ohlmeyer (New York, USA). LDH 

Assay kit was purchased from Takara (cat. # MK401). TNF⍺ and IFNγ were 

purchased from Merck (Merck, Millipore). Anti-VE-cadherin (C-19, cat. # 

sc-6458), anti-PP2Ac (1D6, cat. # sc-80665), anti-CIP2A (4A9-1A2, cat. # 

sc-80662), anti-TTP (A8, cat. # sc-374305) and HRP-conjugated mouse 

anti-b-actin (C4, cat. # sc-47778) antibodies as well as TTP siRNA (cat. # 

sc-36760) were procured from Santa Cruz Biotechnology (Santa Cruz, CA 

95060, USA). Goat anti-mouse HRP-conjugated secondary antibody (cat. 

# P0447) was purchased from DAKO, Agilent Technologies (Cork, Ireland). 

The EZ-RunTM Pre-Stained Rec Protein Ladder was obtained from Fisher 

BioReagents (cat. # BP3603-500). DNA primers were obtained from IDT 

(Integrated DNA Technologies, Belgium), while ReverseAid (reverse 

transcription kit) and GoTaq (DNA polymerase) were purchased from 

Thermo Fisher (Dublin, Ireland) and Promega (Madison, USA) 

respectively. Actinomycin D was obtained from Sigma-Aldrich (cat. # 

A9415). One ShotTM TOP10 chemically competent E.coli cells (cat. # 

C4040-03) were bought from Invitrogen. Opti-mem reduced serum media 

(cat. # 31985062) was procured from Gibco. The 

pcDNA3.1_CIP2aflag_WT plasmid (pcCIP2A) was a gift from Prof J 

Westermarck (University of Turku, Finland). The pcDNA.3.1 empty vector 

was obtained from Dr Steven Grey (Trinity College Dublin, Ireland). The 

pCMV-6-PP2Acα expression plasmid (pcPP2Ac; cat. # SC321401) and 

pCMV6-AC (pCMV6; cat. # PS100020) were procured from Origene 

(Maryland, USA). The pEGFP-c£-PLCd1 plasmid (GFP) was a gift from Prof 

Stephen Ferguson (Ontario, Canada). The transfection reagents PolyFect, 

Lipofectamine 2000 and TransIT-X2 were purchased from Qiagen, 

Thermo Fisher Scientific and Mirus Bio, respectively. All other reagents 

were purchased from Sigma-Aldrich (Arklow, Ireland) unless otherwise 

specified. 
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2.4 Cell Culture 

Human brain microvascular endothelial cells (hCMEC/d3) were obtained 

from Dr Matthew Campbell (Trinity College Dublin). The cells were 

cultured in EndoGRO-MV culture media (Merck, cat. # scme004) 

containing 5 % foetal bovine serum (FBS), supplemented with 100 U/mL 

penicillin, 100 mg/mL streptomycin and the growth supplements 

provided with the kit. Cells were maintained in a humidified atmosphere 

at 37°C and 5 % CO2. All experiments were carried out in media lacking 

serum. The cells were used up to passage 45.  

 
2.5 Cell Viability: MTT Assay  

hCMEC/d3s were seeded in 96-well plates and exposed to SMAPs (0-33 

μM), dimethylsulphoxide (DMSO; 0.1 % v/v, solvent control for SMAPs), 

doxorubicin (DOX; 5 μM, positive control) or serum-free media for 24 h. 

After 22 h, MTT [3-(4,5-dimethylthiazol-2yl)-2,5-diphenyltetrazolium 

bromide] (5 mg/mL) was added, and the cells incubated for a further 2 h. 

The culture media was then removed, and the purple formazan crystals 

dissolved in DMSO. Formazan production was quantified using 

spectrophotometry at a wavelength of 540 nm (BioTek, EL 808, 

Bedfordshire, UK).  

 
2.6 Cell Viability: LDH Assay  

hCMEC/d3s were seeded in 96-well plates and exposed to SMAPs (0-33 

μM), DMSO (0.1 % v/v), DOX (5 μM) or serum-free media for 24 h. After 

24 h, the culture plates were centrifuged at 250g for 10 minutes and the 

supernatants transferred into a clean 96-well plate. Solution C from the 

Lactate Dehydrogenase (LDH) assay kit (Takara) was then added to each 

well and incubated for 30 minutes at RT in the dark. Absorbance was read 

at 490 nm (BioTek, EL 808, Bedfordshire, UK) and percentage cell viability 

calculated following the kit’s instructions. Triton-X100 (2 %) was used to 

determine maximum LDH release, which was defined as 100 % cell death. 
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2.7 Semi-Quantitative Real-Time PCR  

hCMEC/d3 cells were grown in 6-well plates (4 x 105 cells per well) or 12-

well plates (2 x 105 cells per well) and lysed in Tri ReagentTM (1 mL/ 4 x 

105 cells; Sigma Aldrich). Following the addition of chloroform (200 µL/1 

mL Tri Reagent), incubation at RT for 10 minutes and centrifugation at 

12,000 g for 15 minutes at 4°C, the mixture separated into three phases. 

The upper aqueous phase containing RNA was transferred to a fresh 

Eppendorf tube and isopropanol added to precipitate the RNA. The 

mixture was then centrifuged at 12,000 g for 10 minutes at 4°C, the 

supernatant discarded, and the RNA pellet sequentially washed with 75 

% and 100 % ethanol. The RNA pellet was then resuspended in nuclease-

free water and heated at 65°C for 5 minutes to dissolve. The RNA 

concentration was determined using a NanoDrop 1000 

Spectrophotometer (Thermo Scientific). RNA samples were treated with 

DNase I (Sigma Aldrich) and reverse transcribed using random hexamers 

or OligoDTs (Invitrogen) and RevertAid reverse transcriptase 

(Thermofisher, Dublin, Ireland). mRNA expression was analysed by semi-

quantitative PCR (qPCR) using target specific primers (Table 1) with Sybr 

green chemistry and GoTaq DNA polymerase (Promega) on a Mx3000P 

qPCR system (Agilent Technology). Gene expression was quantified using 

the comparative Ct method [2-ΔΔCt]. For each primer set, a no template 

control was included. The validity of the primer sequences was verified 

by nucleotide search (Primer-BLAST; NCBI), while the specificity and size 

of the amplicons were checked using a dissociation curve and gel 

electrophoresis followed by UV trans-illumination (Fusion Fx imaging 

system, Vilber Lourmat). 
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Gene NMID Forward Sequence Reverse Sequence 
PPP2CA NM_00

2715.2 
TGGAGCCTCAGCGAG
CGG 

GGCTCTTGACCTGGGAC
T 

VE-
cadherin 

NM_00
1795.4 

ATACCAAGGTCCACTT
C 

GTGAGGATGCAGAGTAA 

Claudin-
5 

NM_00
3277.4 

AAGTGGTGTCACCTGA
ACTG 

CTTCCCAGACCTCTCAAT
CTTC 

CIP2A NM_02
0890.2 

CACTCTGGGAAGCCAT
ACTAAA 

CCTTGAACAACTCCAATG
CTAAA 

SET NM_00
112282
1.1  

CTTGCCGAAGAAGGG
AGAAA 

CTCCTCACTGGCTTGTTC
ATTA 

TTP NM_00
3407.5 

GGATCCGACCCTGATG
AATATG 

GAAACAGAGATGCGATT
GAAGATG 

GAPDH NM_00
2046.5 

CTCTGCTCCTCCTGTTC
GAC 

GCGCCCAATACGACCAA
ATC 

GPI  NM_00
132991
1.2 

TCTATGCTCCCTCTGT
GTTAGA 

CTCCTCCGTGGCATCTTT
ATT 

 

Table 3: List of primers including gene identification numbers and 

sequence 

 
2.8 Western Blotting 

Cells were lifted from the culture plates using a cell scraper in the 

presence of a modified radioimmunoprecipitation assay (RIPA) buffer 

(Trizma Base 50 mM, NaCl 150 mM, EDTA 2 mM, and NP40 0.5 % v/v) 

supplemented with the protease inhibitor cocktail SIGMAFASTTM (Sigma-

Aldrich) alone, or in combination with the phosphatase inhibitors sodium 

orthovanadate (2 mM) and sodium fluoride (5 mM) for the analysis of 

phospho-proteins. The cells were then transferred to an Eppendorf tube 

and lysed by freeze-thawing. The lysate was clarified by centrifugation at 

400 g for 10 minutes and protein concentration quantified using the 

Bradford Assay [365]. Following standardisation, samples containing 15 

μg of protein were boiled in lithium dodecyl sulphate (LDS) sample 

loading buffer (LDS 5 % v/v, glycerol 50 % v/v, Tris-HCl 1 M, bromophenol 

blue 2.5 mg, phenol red 2.5 mg and ficoll 400 5 % v/v) supplemented with 

5 % v/v 2-β-mercaptoethanol (BME) for 30 seconds and chilled on ice for 
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3 minutes. The denatured samples were then subjected to sodium 

dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) using 

an 8 % gel; a molecular weight ladder was included to assess the relative 

molecular weight of the proteins. Following separation by 

electrophoresis, proteins were transferred onto a polyvinylidene fluoride 

(PVDF) membrane (Amersham) via semi-dry transfer (transfer buffer: Tris 

50 mM, glycine 40 mM, methanol 20 % v/v, SDS 0.037 % w/v). The 

membranes were blocked in TBS-T (Tris 10 mM, NaCl 100 mM, HCl 1 M, 

and Tween-20 0.1 % v/v) containing 5 % w/v marvel prior to being probed 

overnight with the primary antibody (1:1000 dilution) at 4oC. The next 

day, membranes were washed in TBS-T and incubated at RT for 1 h with 

TBS-T + marvel containing the HRP-conjugated anti-mouse secondary 

antibody (1:1000). The protein bands were visualised following 

chemiluminescent detection (3.2 mL of 30 % hydrogen peroxide/6 mL of 

250 mM Luminol, 90 mM 4-iodophenylboronic acid and 100 mM Tris-HCl) 

and captured on a Fusion Fx imaging system (Vilber Lourmat). Bio1D 

software was used for densitometric analysis of protein bands. 

Membranes were stripped (stripping buffer: 62.5 mM, pH 6.8 Tris-HCl, 2 

% SDS and 0.83 mL BME) and re-probed with an HRP-conjugated β-actin 

antibody (dilution 1:2000).  

 
2.9 Bradford Protein Assay 

The protein concentration in cleared cellular lysates was quantified using 

the Bradford assay. Bovine serum albumin (cat. # A7888) dissolved in 

RIPA buffer was used to prepare standards ranging in concentration from 

0 – 1500 µg/mL. Standards (5 µL) and unknown protein samples were 

added to a 96-well plate containing 250 µL of Bradford Reagent (Sigma). 

The plate was incubated at RT for 15 minutes and the absorbance read at 

595 nm. Protein concentration of the unknown samples was derived from 

the standard curve.  
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2.10 mRNA stability Assay 

hCMEC/d3s were seeded (2 × 105 cells per well) in 12-well plates and 

allowed to attach overnight. The cells were treated with 10 ng/mL of IFNγ 

and 10 ng/mL of TNF⍺. After 24 h, cells from one well (t=0) were lysed in 

Tri Reagent, and Actinomycin D (1mg/mL) was added to the remaining 

wells. Samples were collected at 1, 2, 4, 6 and 8 h time points following 

addition of Actinomycin D. RNA was isolated, reverse transcribed using 

Oligo dTs, and amplified by qPCR as described above, focussing on VE-

cadherin and claudin-5 as the target transcripts. The average Ct value of 

each time point was normalized to the Ct average value of t=0 (cells not 

exposed to Actinomycin D), giving the ∆Ct value. The relative abundance 

of each time point was calculated using the following formula 2(-∆CT). The 

mRNA decay rate was determined by a nonlinear regression curve fitting 

(one phase decay).  

 
2.11 TTP gene knockdown using siRNA  

hCMEC/d3s were seeded (3 × 105 cells per well) in 12-well plates in full 

cell culture media and allowed to attach overnight. The next day, full 

media was aspirated, and serum-free media was added to each well. TTP 

siRNA was mixed with TransIT-X2 transfection reagent (Mirus Bio) and 

opti-mem media (Gibco) and incubated for 30 minutes at RT to allow 

siRNA: transfection reagent complexes to develop. The mixture was 

added to the cells, which were cultured for 24 h before protein or mRNA 

was extracted as described above.  

 
2.12 Transformation of E. coli 

Competent TOP10 E. coli were thawed on ice for 30 minutes and mixed 

with either pcCIP2A, GFP, PP2A, DNA3.1 or CMV6 plasmids. The E. coli 

were heat-shocked for 30 s at 42°C and placed on ice. Brain heart infusion 

media (Sigma) was added to the mixture and incubated in a water bath 

at 37°C for 1 h. Transformed E. coli were plated onto Luria Broth (LB)-agar 

plates containing 50 µg/mL of ampicillin. The next day, a single colony 
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was lifted from the plate and spread onto a fresh plate. This procedure 

was repeated once more before inoculating LB broth supplemented with 

50 µg/mL of ampicillin. The culture was incubated in a water bath at 37°C 

for 4 h. After the incubation, a 500 µL aliquot of the culture was used to 

inoculate 40 mL of fresh LB broth in an Erlenmeyer flask, and incubated 

overnight at 37°C.  

 
2.13 Plasmid isolation  

The plasmids were isolated using the GenElute™ endotoxin-free plasmid 

midiprep kit (cat. # PLED35) following manufacturer’s guidelines. In brief, 

E. coli were pelleted by centrifugation at 5,000 g for 10 minutes and the 

bacterial pellet resuspended in buffer provided by the kit. The cells were 

lysed in cell lysis buffer for 5 minutes. The solution was neutralized and 

spun as before to remove cell debris. The supernatant was transferred to 

a fresh tube and the endotoxin removal solution added. The mixture was 

sequentially chilled on ice, warmed in a water bath at 37°C and 

centrifuged. The clear upper phase was transferred to a fresh tube, and 

the endotoxin removal step repeated. Next, a DNA binding solution was 

added to the endotoxin free lysate and the mixture loaded onto a 

GenElute Binding Column. The column containing the plasmid DNA was 

washed with an ethanol solution. The DNA was eluted by adding 

endotoxin-free water to the column. The DNA concentration in the eluate 

was quantified using a nanodrop spectrophotometer. The plasmid 

solutions were stored at -20°C until needed.  

 
2.14 Cell Transfection 

hCMEC/d3s were seeded (2 × 105 cells per well) in 6-well plates 24 h 

before being transfected. Plasmid DNA was mixed with PolyFect (Qiagen), 

Lipofectamine 2000 (Thermo Fisher Scientific) or TransIT-X2 (Mirus Bio) 

transfection reagents and opti-mem media (Gibco), and incubated at RT 

for 30 minutes to allow the DNA:transfection reagent complexes to 

develop. The mixture was then added to cells cultured in EndoGRO© 
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media (Millipore) and the cells cultured for 72 h before mRNA or protein 

was isolated as described above.  

 
2.15 Cell fixing and staining  

hCMEC/d3s were seeded (2 × 105 cells per well) in 6-well plates and 

transfected with varying volumes of PolyFect transfection reagent (7.5, 

10 or 12.5 µL) and GFP plasmid DNA (0.5, 1 or 1.5 µg), as described above. 

After being incubated with the transfection reagent:plasmid mixture for 

72 h, the cells were washed 3 times with PBS and fixed with 3 % 

paraformaldehyde (PFA) at 37°C for 30 minutes. Following 3 PBS washes, 

Hoechst 33342 (Thermo Fisher Scientific) at 1:1000 dilution was added to 

the cells. After a 1 h incubation at 37°C the cells were washed 3 times 

with PBS. Images of the cells were captured on a cell imaging system 

(EVOS® FL) fitted with a GFP light cube. 

 

2.16 Data and statistical analysis 

All samples were randomly assigned to their respective groups using an 

online randomizer (GraphPad QuickCalcs: 

https://www.graphpad.com/quickcalcs/randomize1.cfm). PCR data were 

normalized to the geometric mean of the house-keeping genes GPI and 

GAPDH. Data from western blots were normalized to β-actin from the 

same blot. Statistical analysis of the western blots was only carried out 

between bands from the same blot and within the dynamic range of the 

imaging system. All data were normalised to the values obtained from the 

appropriate untreated controls and expressed as either a fold or 

percentage in order to set the Y-axis to 1 or 100 %. Data were analysed in 

Prism GraphPad software (GraphPad Prism version 7.0c: 

RRID:SCR_002798) by global nonlinear regression, one-way ANOVA with 

post hoc analysis (Dunnett’s, Bonferroni) or student t-test as appropriate. 

Post hoc analysis was only performed when ANOVA showed a statistically 

significant difference between group means (achieved P < 0.05). Data are 

expressed as mean ± S.E.M.  
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Chapter 3 

3. Results 
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3.1 Effect of SMAPs on cell viability  
 
3.1.1 Cytotoxicity Screen 
 
In this study we aim to explore the concept of PP2A activation to prevent 

the effects of PP2A inhibition and inflammation. In order to establish a 

working concentration of the small molecule PP2A activators with 

minimal cytotoxicity, the effect of 0 - 33 µM of the SMAPs on hCMEC/d3 

cell viability was determined using an MTT assay (Figure 9). All of the 

active compounds caused a concentration dependent decrease in cell 

viability over the concentration range studied, with a similar maximum 

decrease in cell viability of ~ 85 % at the highest concentration (33 µM) 

compared to untreated cells. The drugs fell into 2 main populations, with 

DBK-1160 and DBK-1154 being the most cytotoxic, while FTY-720, NZ-

8061, DBK-1532, DBK-1537, NZ-8065, DBK-794 and DBK-382 were less 

cytotoxic (Figure 9). By comparison, DBK-766, a non-functional SMAP 

analogue of DBK-1154, decreased cell viability by 27 % at a concentration 

of 33 µM. 
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Figure 9: Effect of SMAP on cell viability. 

hCMEC/d3 cells were exposed to SMAPS over concentrations ranging 

from 0 to 33 µM for 24 h and the effect on cell viability determined using 

an MTT assay. Data are presented as mean ± SEM (n=5).  

 
As the SMAPs are insoluble in water, the polar aprotic solvent DMSO was 

used to reconstitute the drugs. Each SMAP was reconstituted at a 

concentration of 80 µg/mL, diluted in serum-free media to acquire the 

appropriate concentration, which resulted in a maximum final DMSO 

concentration of 0.1 %. To rule out any confounding influence of DMSO, 

the effect of 0.1 % DMSO on hCMEC/d3 cells’ viability was also tested and 

found to have no effect compared to cells exposed to culture media alone 

(Figure 10). Doxorubicin (5 µM) was used as a positive control and was 

found to decrease cell viability by approximately 25 % compared to the 

untreated (Untx) group.  
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Figure 10: Effect of DMSO and Dox on cell viability. 

hCMEC/d3 cells were exposed to DMSO (0.1 %, solvent control) and 

Doxorubicin (Dox, 5 µM, positive control) for 24 h and cell viability 

assessed using an MTT assay. Data are presented as mean ± SEM. Data 

were analysed using one-way ANOVA with post hoc analysis (Bonferroni). 

P < 0.05 is indicated by horizontal bars (n=5). 

 
3.1.2 Effect of DBK-1154 and DBK-766 on cell viability 
 

Through a collaboration with Dr Ohlmeyer we were provided a small 

library of novel SMAPs to investigate in our model, which were 

concurrently being investigated in cancer models by other groups. Based 

upon the cytotoxicity data above and communication from Dr Ohlmeyer 

relating to data from the cancer studies, all subsequent work focussed on 

DBK-1154 and its non-functional analogue DBK-766. To determine a 

working concentration of DBK-1154, MTT and LDH cytotoxicity assays 

were carried out over a more refined concentration range of 0 to 10 µM. 

As in the screen, DBK-1154 caused a concentration dependent decrease 

in cell viability with an EC50 value of ~ 1.7 µM based upon data from both 

an MTT and LDH assay (Figure 11 A, B). Based on this, a working 
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concentration of 1 µM was chosen for subsequent experiments. The 

inactive analogue DBK-766 had minimal effect on cell viability over this 

concentration range.  

 

 
 
 
Figure 11: Effect of DBK-1154 and DBK-766 and cell viability. 

hCMEC/d3 cells were exposed to DBK-1154 and DBK-766 at 

concentrations from 0 to 10 µM for 24 h and cell viability determined 

using an MTT (A) and LDH (B) assay. Data are presented as mean ± SEM 

(n=5). Data were fit to a global nonlinear regression model and the EC50 

value determined (GraphPad Prism, version 7.0c). 

 
3.2 Effect of okadaic acid on VE-cadherin and claudin-5 expression alone 
and in combination with SMAPs 
 
As previous work by our group (unpublished data) showed that OA 

decreased VE-cadherin protein abundance in brain microvascular 

endothelial cells, we chose to test if OA could also affect abundance of 

claudin-5 and whether the effect on VE-cadherin and claudin-5 could be 

altered by DBK-1154 or FTY-720 (PP2A activator). In hCMEC/d3 cells, OA 

(10 nM for 24 h) decreased VE-cadherin mRNA expression and protein 

abundance by 79.9 ± 4.8 % and 80.6 ± 3.4 % respectively, compared to 

untreated cells (Figure 12 A, B). However, OA had no effect on the 

expression of claudin-5 mRNA (Figure 12 C). Interestingly, DBK-1154 (1 

µM) and FTY-720 (1 µM) were unable to prevent the decrease in VE-

cadherin mRNA and protein caused by OA (Figure 12 A, B). DMSO (0.1 %) 
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did not alter VE-cadherin mRNA or protein expression, or claudin-5 mRNA 

levels (Figure 12 A-C). 

  

 

 
 
 
Figure 12: Effect of OA alone and in combination with DBK-1154 or FTY-

720 on VE-cadherin mRNa and protein expression and claudin-5 mRNA 

expression. 

hCMEC/d3 cells were exposed to DMSO (0.1 %, solvent control), OA (10 

nM) and OA (10 nM) in combination with DBK-1154 (1 µM) or FTY-720 (1 

µM) for 24 h. Relative mRNA expression of VE-cadherin (A) and Claudin-

5 (C) was determined using semi quantitative RT-PCR-based SYBR green 

chemistry, normalised to the geometric mean of GAPDH and GPI. Protein 

abundance of VE-cadherin was determined using Western blot, 

normalised to the loading control b-actin (B, D). Data are presented as 

mean ± SEM (n=5) and were analysed using one-way ANOVA with post 

hoc analysis (Bonferroni). P < 0.05 is indicated by horizontal bars.  
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3.3 Effect of inflammatory cytokines on VE-cadherin and claudin-5 

expression alone or in combination with SMAPs 

 
PP2A is known to be involved in inflammatory responses, leading us to 

gain interest in investigating if inflammation can alter VE-cadherin and 

claudin-5 expression in our cell line, and whether this was affected by 

DBK-1154 or FTY-720, which would show PP2A’s role in the mechanism. 

Exposure of hCMEC/d3 cells to IFNg/TNFa at 10ng/mL for 24 h decreased 

VE-cadherin mRNA and protein by 54.2 ± 7.5 % and 82.7 ± 5.7 % 

respectively, compared to untreated cells (Figure 13 A, B). A similar effect 

was seen on claudin-5, with a 67.8 ± 5.5 % decrease in mRNA expression 

(Figure 13 C). DBK-1154 (1 µM) and FTY-720 (1 µM) did not alter 

IFNg/TNFa-mediated attenuation of VE-cadherin or claudin-5 expression 

compared to those exposed to IFNg/TNFa alone.  
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Figure 13: Effect of IFNγ/TNF⍺ alone and in combination with DBK-1154 

or FTY-720 on VE-cadherin mRNA and protein expression and claudin-5 

mRNA expression. 

hCMEC/d3 cells were exposed to DMSO (0.1 %, solvent control), 

IFNγ/TNF⍺ (10 ng/mL each) alone and in combination with DBK-1154 (1 

µM) or FTY-720 (1 µM) for 24 h. Relative mRNA expression of VE-cadherin 

(A) and Claudin-5 (C) was determined using semi quantitative RT-PCR-

based SYBR green chemistry, normalised to the geometric mean of 

GAPDH and GPI. VE-cadherin protein abundance was determined using 

Western blot and normalised to the loading control b-actin (B, D). Data 

are presented as mean ± SEM (n=5) and were analysed using one-way 

ANOVA with post hoc analysis (Bonferroni). P < 0.05 is indicated by 

horizontal bars. 
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3.4 Investigation of the effect of IFNg/TNF⍺ on PP2Ac 
 
In order to further explore if PP2A is involved in the downregulation of 

VE-cadherin and claudin-5 caused by IFNg/TNFa treatment, hCMEC/d3 

cells were exposed to IFNg/TNFa at 10ng/mL for 24 h and the influence 

on PP2Ac expression and it’s methylation status examined. IFNg/TNFa 

did not affect the abundance of PP2Ac compared to untreated cells 

(Figure 14 A). However, IFNg/TNFa decreased the expression of 

demethylated PP2Ac (dmPP2Ac) by 20.5 ± 0.08 % (Figure 14 B) compared 

to the untreated group.  

 

 

 
 
Figure 14: Effect of IFNg/TNFa on PP2Ac and dmPP2Ac protein 

abundance. 

hCMEC/d3 cells were exposed to IFNg/TNFa, each at 10 ng/mL for 24 h. 

Protein abundance of PP2Ac (A, C) and dmPP2Ac (B, D) was determined 

using Western blot and normalised to the loading control β-actin. Data 

are presented as mean ± SEM, n=3 (A) and n=5 (B). Data were analysed 

using an unpaired Student t test. P < 0.05 is indicated by horizontal bars.  

 
Based on the above we decided to examine if IFNg/TNFa alters the 

expression of LCMT-1 and PME-1, which are responsible for methylation 
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and demethylation of PP2Ac, respectively. Unexpectedly, IFNg/TNFa did 

not alter the abundance of LCMT-1 (Figure 15 A) or PME-1 (Figure 15 B) 

compared to the untreated group.  

 

 
 
Figure 15: Effect of IFNg/TNFa on LCMT-1 and PME-1 protein 

abundance. 

hCMEC/d3 cells were exposed to IFNg/TNFa, each at 10 ng/mL for 24 h. 

Protein abundance of LCMT-1 (A, C) and PME-1 (B, D) was determined 

using Western blot and normalised to the loading control β-actin. Data 

are presented as mean ± SEM (n=5) and were analysed using an unpaired 

t test. 

 

Next, we investigated if phosphorylation of PP2Ac is altered by 

IFNg/TNFa. Preliminary data based on two biological replicates showed 

that exposure of hCMEC/d3 to IFNg/TNFa at 10 ng/mL each for 24 h 

appear to increase the abundance of phosphorylated PP2Ac (pPP2Ac) by 

approximately 3 fold (Figure 16).  
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Figure 16: Effect of IFNγ/TNF⍺ on pPP2Ac protein abundance. 

hCMEC/d3 cells were exposed to IFNγ/TNF⍺, each at 10 ng/mL for 24 h. 

Protein abundance was determined by Western blot, normalised to the 

loading control β-actin. PP2Ac protein abundance is represented as a 

graph (A) and blot (B). Data are presented as mean ± SEM (n=2). 

 

3.5 Effect of INFg/TNFa on VE-cadherin and claudin-5 mRNA stability in 

hCMEC/d3 cells 

Previous studies show that inhibition of PP2A can alter mRNA expression 

of inflammatory cytokines through tristetraprolin (TTP) [366], a key 

mRNA destabilising protein. Interestingly, TTP can bind to claudin-1 3’-

UTR and is associated with down regulation of claudin-1 mRNA [367]. 

Therefore, to better understand the mechanism involved in IFNg/TNFa-

mediated downregulation of VE-cadherin and claudin-5 mRNA 

expression, their effect on mRNA stability and the role of TTP was 

investigated. hCMEC/d3 cells were exposed to IFNg/TNFa in the presence 

of Actinomycin D (1 mg/mL, transcription inhibitor) and mRNA samples 
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collected over an 8 h period. Compared to the control group, IFNg/TNFa 

did not alter the degradation rate of VE-cadherin mRNA over the 8 h 

period (control vs IFNg/TNFa: t½, 2.1 vs 3.2 h; Figure 17 A). Similarly, 

IFNg/TNFa did not alter the half-life of claudin-5 mRNA (control vs 

IFNg/TNFa: t½, 0.9 vs 1.3 h; Figure 17 B).  

 

 
 

Figure 17: Effect of IFNg/TNFa on VE-cadherin and claudin-5 mRNA 

stability. 

hCMEC/d3 cells were exposed to full cell culture media (control) or 

IFNγ/TNF⍺ (10 ng/mL each) at baseline (t=0) and Actinomycin D (1 

mg/ml) was immediately added. Samples were reserved at baseline and 

over the next 8 h for isolation of mRNA. Relative VE-cadherin (A) and 

Claudin-5 (B) mRNA expression was determined using semi quantitative 

RT-PCR-based SYBR green chemistry. The curves were fitted by non-linear 

regression (one phase decay), n=4 (A) and n=2 (B).  

 
3.6 Optimization of tristetraprolin gene knockdown protocol using 

siRNA  

While the mRNA stability protocol using Actinomycin D was being 

optimized, work on establishing a TTP knockdown protocol began. TTP 

binds to mRNA of pro-inflammatory mediators, including IFNg and TNFa 

leading to a removal of their poly-(A) tail [368, 369]. This in turn decreases 

mRNA stability and results in degradation of the target transcripts [370]. 

We were interested in investigating the effect of TTP knockdown alone 
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and in conjunction with IFNg/TNFa or OA treatment on VE-cadherin and 

claudin-5 mRNA and protein expression. To do that, a TTP siRNA 

knockdown protocol using TransIT-X2 (Mirus, Bio) as the transfection 

reagent needed to be optimized.  

 

In a preliminary experiment, hCMEC/d3 cells were transfected with 10 or 

25 nM of TTP siRNA (siTTP) in combination with either 5, 7.5 or 10 µL of 

TransIT-X2 (TransIT) transfection reagent for 24 h. Transfection of the 

cells with 10 nM of TTP siRNA along with varying volumes of TransIT-X2 

appeared to cause a modest increase in TTP mRNA abundance (Figure 

18). In contrast, transfection of hCMEC/d3 cells with 25 nM of TTP siRNA 

appeared to decrease TTP abundance compared to mock transfected 

cells. This was most pronounced using 7.5 µL of transfection reagent 

(Figure 18). To validate the knockdown, hCMEC/d3 cells were transfected 

with 7.5 µL of transfection reagent alone (mock) or in combination with 

25 nM scrambled siRNA (negative control) or TTP siRNA. Unfortunately, 

in follow up experiments to validate TTP knockdown on TTP mRNA and 

protein abundance, the protocol based upon the preliminary data did not 

alter TTP mRNA or protein abundance (Figure 19), suggesting further 

optimization is required. 
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Figure 18: TTP knockdown protocol optimization. 

hCMEC/d3 cells were exposed to 10 or 25 nM of TTP siRNA and varying 

volumes (5, 7.5 or 10 µL) of TransIT-X2 transfection reagent for 24 h, as 

indicated. Protein abundance was determined by Western blot, 

normalised to the loading control β-actin (n=1). TTP protein abundance is 

presented as a graph (A) and representative blot shown (B).   
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Figure 19: Effect of TTP siRNA transfection on TTP mRNA expression and 

protein abundance. 

hCMEC/d3 cells were treated with 25 nM of TTP siRNA and 7.5 µL of 

TransIT-X2 for 24 h. Relative TTP mRNA expression was determined using 

semi quantitative RT-PCR-based SYBR green chemistry, normalised to the 

geometric mean of GAPDH and GPI (A). TTP protein abundance was 

determined by Western blot, normalised to the loading control β-actin 

(B, C). Data are presented as mean ± SEM (n=3). Data were analysed using 

one-way ANOVA.  

 
3.7 Optimization of the DNA transfection protocol 

To further investigate the idea that PP2A might be able to reverse the 

effect that OA and IFNg/TNFa have on VE-cadherin and claudin-5, PP2Ac 

was overexpressed by transfecting cells with a PP2Ac-containing plasmid. 

It would also be interesting to explore the effect of over expression of the 

endogenous inhibitors of PP2A, CIP2A and SET, on these junctional 

proteins. The first step towards overexpressing PP2Ac, CIP2A and SET was 

to establish a transfection protocol using a green fluorescent protein 

(GFP) plasmid. hCMEC/d3 cells were transfected with varying 

concentrations of the GFP plasmid (0.5, 1 or 1.5 µg) in the presence of 

increasing volumes of PolyFect transfection reagent (7.5, 10 or 12.5 µL) 

for 72 h. Following transfection, the cells were fixed with 3 % PFA and the 

nuclei stained with a Hoechst 33342 dye. The intensity of green 
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fluorescence was visually estimated with a fluorescence microscope 

(EVOS® FL) as a measure of transfection efficiency. It was found that 

transfection efficiency was highest using 12.5 µL of PolyFect (Figure 20), 

irrespective of the amount of plasmid used. Regarding the latter, 1.0 µg 

of plasmid gave an optimal fluorescence signal compared to either 0.5 or 

1.5 µg plasmid. Cells exposed to media only or mock transfected with 10 

µL of PolyFect alone showed no green fluorescence at 72 h. Based on 

these results 10 µL of PolyFect and 1.0 µg of plasmid DNA was chosen for 

subsequent work.  
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Figure 20: Transfection optimization using a GFP plasmid and PolyFect 

transfection reagent. 

hCMEC/d3 cells were treated with varying volumes of PolyFect 

transfection reagent (7.5, 10 or 12.5 µL) and GFP plasmid DNA (0.5, 1 or 

1.5 µg) for 72 h. Cells emitting green fluorescence were visualised using 

fluorescence microscopy (EVOS® FL) and deemed to have been 

successfully transfected with the GFP plasmid. Scale bar represents 1000 

µm. The nuclei were counter-stained with Hoechst (blue). 

 
Next, hCMEC/d3 cells were transfected with 10 µL of PolyFect and 1 µg 

of CIP2A plasmid (pcCIP2A) or empty vector plasmid (pcDNA3.1) for 72 h, 

which augmented CIP2A mRNA expression by ~ 7-fold compared to the 

mock and empty vector transfected groups (Figure 21 A). Importantly, 

transfection with the empty plasmid did not increase CIP2A mRNA 

expression compared to the mock-transfected group. However, protein 

7.5 µl PolyFect
Transfection 
Reagent  

10 µl PolyFect
Transfection 
Reagent  

12.5 µl PolyFect
Transfection 
Reagent  

0.5 µg GFP plasmid DNA 1.0 µg GFP plasmid DNA 1.5 µg GFP plasmid DNA 

Untreated Mock
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analysis using Western blotting showed no increase in CIP2A abundance 

in the pcCIP2A transfected group compared to untreated, mock or 

pcDNA3.1 transfected cells, leading us to think that the protocol needs 

further optimizing. Mock transfection and transfection with pcDNA3.1 

did not alter CIP2A expression in hCMEC/d3 cells compared to untreated 

cells. 

 

Following consultation with past lab members, it was decided to use a 

mixture of 10 µL of the PolyFect transfection reagent with 1 µg of CIP2A 

plasmid, which was isolated from overnight culture of E. coli grown in a 

shaking incubator. Previous cultures were grown in an incubator at 37°C 

without shaking, which could lead to slower bacterial growth and 

therefore poor plasmid yield. Unfortunately, growing the bacteria in a 

shaking incubator did not increase transfection efficiency of hCMEC/d3 

cells transfected with a CIP2A plasmid (Figure 21 B).  
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Figure 21: Transfection of hCMEC/d3 cells with a CIP2A plasmid 

(pcCIP2A). 

hCMEC/d3 cells were treated with 10 µL of PolyFect alone (mock) or in 

combination with 1 µg pcDNA3.1 (control, empty vector plasmid) or 

pcCIP2A plasmid for 72 h. The pcCIP2A plasmid used for the transfections 

was isolated from a bacterial culture grown overnight in either a static (A) 

or shaking (B) incubator. Relative mRNA expression was determined 

using semi quantitative RT-PCR-based SYBR green chemistry, normalised 

to the geometric mean of GAPDH and GPI. Data are represented as mean 

± SEM and were analysed using one-way ANOVA with post hoc analysis 

(Bonferroni) (A) or a student t-test (B). P < 0.05 is indicated by horizontal 

bars, n=4 (A) and n=3 (B). 

 

To check if low transfection efficiency was due to the transfection 

protocol and not the CIP2A plasmid, hCMEC/d3 cells were transfected 

with 1 µg of PP2Ac plasmid (pcPP2Ac) or empty vector plasmid (pcCMV6) 

for 72 h using 10 µL of PolyFect. Similar to the outcome of the previous 

transfections with the CIP2A plasmid, transfection with the pcPP2Ac 

plasmid increased mRNA expression by ~ 5 fold but had no effect on 

protein abundance (Figure 22).  

 

untx pcCIP2A
0

2

4

6

8

10

12

C
IP

2A
 m

R
N

A
 e

xp
re

ss
io

n
(n

o
rm

al
is

ed
)

10 µl Polyfect + 1 µg plasmid + 250 µl optimem 
added to cells in full medium for 24 h

*Bacterial cultures overnight in shaking incubator*

untx mock pcDNA3.1 pcCIP2A
0

2

4

6

8

10

12
C

IP
2A

 m
R

N
A

 e
xp

re
ss

io
n

(n
o

rm
al

is
ed

)

10 µl Polyfect + 1 µg plasmid + 250 µl optimem 
added to cells in serum free medium for 72 h

A B



 Page| 81 

 
 
Figure 22: Transfection using 10 µL PolyFect Transfection Reagent and 1 

µg PP2Ac plasmid (pcPP2Ac). 

hCMEC/d3 cells were treated with 10 µL of PolyFect alone (mock) or in 

combination with 1 µg pcCMV6 (control, empty vector plasmid) or PP2Ac 

plasmid for 72 h. Relative mRNA expression was determined using semi 

quantitative RT-PCR-based SYBR green chemistry, normalised to the 

geometric mean of GAPDH and GPI (A). Protein abundance was 

determined by Western blot, normalised to the loading control β-actin 

(B, C). Data are represented as mean ± SEM (n=2). P < 0.05 is indicated by 

horizontal bars. Data were analysed using one-way ANOVA with post hoc 

analysis (Bonferroni). 

 
As the data obtained using PolyFect were disappointing, an attempt was 

made to transfect hCMEC/d3 cells using alternative transfection 

reagents. Cells were transfected with 1 µg of PP2Ac plasmid and varying 

volumes of either Lipofectamine 2000 (0.5, 1, 2 or 3 µL) or TransIT-X2 (2, 

3, 4 or 5 µL) transfection reagents. As per the manufacturer’s protocols, 

the media containing the transfection reagent and plasmid DNA mixture 

was changed to fresh media after 6 h. mRNA was isolated after 72 h. No 

increase in PP2Ac mRNA was seen in any of the transfection groups using 

Lipofectamine 2000 (Figure 23 A) or TransIT-X2 (Figure 23 B) as the 

transfection reagent.  
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Figure 23: Transfection of hCMEC/d3 cells with a PP2Ac plasmid 

(pcPP2ac) using Lipofectamine 2000 or TransIT-X2. 

hCMEC/d3 cells were treated with 0.5, 1, 2 or 3 µL of Lipofectamine 2000 

(A) or 2, 3, 4 or 5 µL of TransIT-X2 (B) transfection reagents and 1 µg 

PP2Ac plasmid for 72 h. Relative mRNA expression was determined using 

semi quantitative RT-PCR-based SYBR green chemistry, normalised to the 

geometric mean of GAPDH and GPI (n-1). 

 
Based on the above results, showing that the best transfection efficiency 

was achieved using PolyFect transfection reagent, the transfection 

protocol was further optimized by increasing the concentration of 

plasmid DNA used in the transfection mix. hCMEC/d3 cells were 

transfected using 2 or 4 µg of PP2Ac plasmid DNA and 5 or 10 µL of 

PolyFect transfection reagent. PP2Ac mRNA was increased by ~ 80 fold in 
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cells transfected using 2 µg plasmid and 5 µL PolyFect, while cells 

transfected using 10 µL of PolyFect and 2 or 4 µg plasmid DNA had 

increased PP2Ac mRNA by ~ 2000 and ~ 1400 fold, respectively (Figure 

24). Importantly, mock transfected cells showed minimal increase in 

PP2Ac mRNA (0:5 and 0:10, Figure 24).  

 

 

 
 

Figure 24: Transfection using varying volumes of PP2Ac plasmid DNA 

and PolyFect Transfection Reagent. 

hCMEC/d3 cells were treated with 5 and 10 µL of PolyFect transfection 

reagent alone (mock, 0:5 and 0:10 columns) or in combination with 2 or 

4 µL of PP2Ac plasmid for 72 h. Relative mRNA expression was 

determined using semi quantitative RT-PCR-based SYBR green chemistry, 

normalised to the geometric mean of GAPDH and GPI (n=1). 
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Chapter 4 

4. Discussion and Conclusion 
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Understanding the regulation of junctional proteins present in the blood-

brain barrier and their association with barrier integrity is an essential 

component of designing novel treatment options for patients with 

diseases such as Alzheimer’s and Parkinson’s disease. To address this, the 

present study used human brain microvascular endothelial cells, which 

are a recognised model of the human BBB [371]. Tight and adherens 

junctions are a vital component of the BBB and are highly regulated 

through post-translational modifications, specifically phosphorylation. 

Protein kinases responsible for phosphorylating proteins have been 

studied much more extensively than the dephosphorylating 

phosphatases, especially in regards to drug development and human 

diseases [246]. However, protein phosphatases are starting to emerge as 

drug targets in cancer [247], cardiovascular disease [248] and 

neurodegenerative disease [249]. 

 

Endothelial cells present in the CNS microvasculature control the 

transport of molecules circulating in the blood to the brain and spinal 

cord. Opening and closing of adherens junctions regulates permeability 

of the CNS endothelium [118]. VE-cadherin is the most important protein 

of the adherens junctions, with a key role in junction formation, stability 

and regulation [372]. In the present study okadaic acid decreased both 

VE-cadherin mRNA expression and protein abundance in hCMEC/d3 cells 

(Figure 12 A, B). This is in agreement with previous work from our 

laboratory, which has shown okadaic acid to decrease VE-cadherin 

abundance, but is at variance with an increase in VE-cadherin mRNA 

expression reported before [373]. It is unclear why the effect of OA on 

VE-cadherin mRNA expression differs between studies, with previous 

data showing a ~ 2.7 fold increase and the current study reporting an 80 

% decrease in mRNA abundance. Nevertheless, the data presented here 

is consistent with the observed decrease in VE-cadherin protein 

abundance noted in both studies. Functionally, the loss of VE-cadherin is 

consistent with okadaic acid-mediated cell rounding, loss of cell-cell 
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contacts, and disruption of the blood-brain barrier [374]. The down 

regulation of VE-cadherin expression and abundance is most likely a 

result of PP2A and not PP1 inhibition, as OA is relatively selective for PP2A 

at the concentration used [243]. It was interesting to note that the small 

molecule activators DBK-1154 and FTY-720 did not reverse the effects of 

OA at the concentrations used (Figure 12 A, B). This might simply reflect 

the dose limiting effect of DBK-1154 on cell viability or the possibility that 

the concentration of OA used is unsurmountable at this concentration of 

DBK-1154 (1 µM). However, the role of PP2A in mediating these 

responses should be verified through siRNA silencing and over expression 

of PP2Ac.  

 

Tight junctions are another type of cell-to-cell adhesion present in the 

brain endothelium, with an essential function in limiting paracellular 

permeability [146]. The main proteins localizing at tight junctions are 

claudins, and the most enriched tight junction protein at the blood-brain 

barrier is claudin-5 [375]. Interestingly, OA had no effect on the 

expression of claudin-5 mRNA in hCMEC/d3 cells (Figure 12 C). Although 

the effect of okadaic acid on claudin-5 has not been investigated before, 

a recent study which exposed human epithelial cells to okadaic acid 

showed that it increased mRNA expression of the channel forming 

claudins -2 and -4, as well as deregulating the tight junction network 

[336].  

 

Although PP2A plays a role in inflammatory responses it remains to be 

established if inflammation modulates VE-cadherin and claudin-5 

through PP2A [261]. In keeping with this, exposure of hCMEC/d3 cells to 

IFNg/TNFa decreased abundance of VE-cadherin mRNA and protein as 

well as decreased claudin-5 mRNA expression (Figure 13). This is further 

supported by previous studies showing decreased expression of VE-

cadherin in BBB pathologies including ischemic stroke, and loss of 

claudin-5 from brain endothelial cells in neuroinflammatory conditions 
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such as multiple sclerosis and experimental autoimmune 

encephalomyelitis [227, 376, 377].  

 

To test the hypothesis that this effect is mediated through PP2A, we 

treated hCMEC/d3 cells with IFNg/TNFa in combination with PP2A 

activators. The effect of IFNg/TNFa on VE-cadherin and claudin-5 was not 

reversed by DBK-1154 or FTY-720 at a concentration of 1 µM (Figure 13), 

which is in accordance with the SMAPs’ inability to prevent VE-cadherin 

downregulation mediated by OA. This data complements a study on FTY-

720, where rat brain microvascular endothelial cells were exposed to IFNg 

and TNFa alone or in combination with FTY-720. While INFg and TNFa 

caused a decrease in trans endothelial electrical resistance this was not 

altered by addition of FTY-720 up to a concentration of 100 nM [378].  

 

Our lab has previously investigated the effect of OA on the post-

transcriptional modifications of PP2Ac, showing that OA increases PP2Ac 

phosphorylation and demethylation, while also decreasing the 

abundance of LCMT-1, the protein which catalyses PP2Ac methylation 

[373]. PP2Ac phosphorylation and demethylation have been shown to 

lead to inactivation of phosphatase activity [274, 285], which is in 

accordance with the decrease in PP2Ac activity following okadaic acid 

treatment. In the present study we were interested to see if IFNg/TNFa 

have an effect similar to that of OA on PP2Ac abundance and its post-

transcriptional modifications. There was no difference in the abundance 

of PP2Ac in hCMEC/d3 exposed to IFNg/TNFa (Figure 14 A), however, the 

expression of demethylated PP2Ac was downregulated (Figure 14 B), 

which would indicate an increase in phosphatase activity. Unexpectedly, 

this change was not accompanied by a change in the abundance of LCMT-

1 or PME-1 (Figure 15). Since demethylated PP2Ac was decreased, it can 

be assumed that methylated PP2Ac is increased, which would be in 

keeping with a study on inflammatory bowel disease showing 

hyperosmolarity-induced inflammation is mediated through the 
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methylation of PP2Ac, which in turn activate NF-κB and lead to 

inflammatory cytokine secretion [379]. However, contrary to this, 

demethylated PP2A is increased and methylated PP2A decreased in 

Alzheimer’s disease, a pathology which is characterised by a chronic 

neuroinflammation [380, 381].  

 

Although we were not able to perform statistical analysis to examine 

whether phosphorylated PP2Ac is significantly increased in cells exposed 

to IFNg/TNFa compared to the untreated control group, pPP2Ac 

abundance appeared to be higher in the IFNg/TNFa group (Figure 16). 

Currently only two biological repeats of this experiment were conducted, 

and therefore it’s possible that increasing this number and enabling 

analysis of the results will show their statistical significance. An increased 

pPP2Ac abundance following IFNg/TNFa treatment would be in keeping 

with the effect OA has on pPP2Ac [373]. However, PP2Ac phosphorylation 

leads to the deactivation of phosphatase activity [274], which is contrary 

to the increased PP2A methylation also found in this study, which is 

believed to indicate increased holoenzyme activity [285]. Therefore, the 

effect IFNg/TNFa on holoenzyme activity would need to be verified 

through a PP2A activity assay.  

 

Due to PP2A’s multi-faceted role in the regulation of cell cycle and 

signalling , re-activating this vital phosphatase is starting to emerge as a 

therapeutic approach for the treatment of human malignancies, 

including prostate and lung cancers, as well as inflammatory diseases, 

such as multiple sclerosis and Alzheimer’s disease [261]. Our lab has 

previously shown that the overexpression of PP2Ac in hBMEC cells can 

reverse the loss of VE-cadherin abundance as well as attenuate increased 

permeability induced by a co-culture with pro-inflammatory 

macrophages. Additionally, overexpression of CIP2A and SET in 

hCMEC/d3 cells decreased VE-cadherin mRNA expression and protein 

abundance, while increasing paracellular permeability [373].  



 Page| 89 

 

The current study aimed to examine whether overexpressing PP2Ac can 

reverse the loss of VE-cadherin mRNA and protein induced by exposing 

the cells to IFNg/TNFa and OA as well as the loss of claudin-5 mRNA 

caused by IFNg/TNFa. Unfortunately, optimization of the transfection 

protocol was quite challenging. While there was a significant increase in 

CIP2A and PP2Ac mRNA following 72 h transfection with CIP2A and PP2Ac 

plasmid DNA, respectively, there was no increase in protein 

concentration (Figures 21 and 22). The chemical methods of cell 

transfection that were availed of in this study work by inserting a gene 

encoding a protein of interest (the plasmid DNA) and a chemical 

(transfection reagent) into a cell. The transfection reagents used in this 

study are PolyFect which consists of activated-dendrimers, the polymer-

based TransIT-X2 and the cationic lipid-based Lipofectamine 2000 

transfection reagent. These positively charged chemicals interact with 

the negatively charged plasmid DNA, forming a positively charged 

complex, which can react with the cell membrane. The complex enters 

the cell by phagocytosis or endocytosis and the plasmid DNA is further 

transported into the nucleus, where it’s transcribed into mRNA which is 

subsequently translated into protein [382, 383]. Many research groups 

rely on mRNA assays in their studies, as mRNA data is more easily 

available than protein data, and because they assume that differential 

mRNA expression correlates with differential expression of the 

corresponding protein [384]. However, the expression of mRNA and 

protein is often discordant, as is seen in the overexpression experiments 

in this study. Such effect can be caused by post-transcriptional regulation 

of the mRNA, translation repression by miRNAs, low rate of translation or 

protein degradation [385-387].  

 

Although the expression level of mRNA doesn’t always correlate with the 

protein expression within a cell, mRNA abundance can act as a proxy for 

the presence, or more precisely, the detectability, of the corresponding 
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protein. Vogel and Marcotte (2012) [388] have proposed a model, in 

which there’s a stochastic ‘on’ and ‘off’ switch for transcription. 

According to this model, transcription is ‘off’ up to a certain level of mRNA 

concentration, and then when the mRNA concentration rises, the switch 

is flipped ‘on’ and protein production commences. We presumed this 

mechanism might be occurring during the CIP2A and PP2Ac 

overexpression study, as transfection with the respective plasmid DNA 

led to a ~ 7 fold CIP2A mRNA (Figure 21) and ~ 5 fold PP2Ac mRNA 

increase (Figure 22); however no change in the protein levels were 

detected. We expected to see an increase in protein expression once the 

mRNA levels reached the stochastic threshold, and for that reason we 

continued optimizing the transfection protocol. Finally, a profound 

overexpression of PP2Ac was achieved, with the mRNA level increasing 

by ~ 2,000 fold in the transfected group (Figure 24). While a 

corresponding differential expression in PP2Ac protein abundance was 

expected, this coincided with closure of the labs because of the SARS-

CoV-2 pandemic which made it impossible to repeat the transfection 

experiment and extract the protein for a Western blot.  

 

Post-transcriptional processes such as mRNA stability, translocation and 

translation are essential for cells to be able to rapidly respond to stimuli, 

such as inflammation [389]. mRNA stability is an important factor to 

consider when investigating mRNA and protein expression in a cell, as 

alterations in the half-life of mRNA can cause its abundance to fluctuate 

many fold [390]. Post-transcriptional regulation mediated by miRNAs and 

RNA-binding proteins can affect the mRNA stability of tight junction 

proteins, such as occludin, claudin-1 and -14 and JAM-1 [391]. A study by 

Ye et al., (2011) [392] showed that TNFa increased expression of the 

miRNA miR-122a, which binds to occludin mRNA leading to its 

degradation as well as having a negative effect on intestinal tight junction 

permeability. To the best of our knowledge, no such studies have been 

conducted on the mRNA stability of VE-cadherin and claudin-5. 
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Investigating the effect of IFNg/TNFa on the half-life of VE-cadherin and 

claudin-5 would help to understand the mechanism which leads to the 

decrease in their mRNA expression. Since  the half-life of VE-cadherin and 

claudin-5 mRNA was expected to decrease after exposure to IFNg/TNFa, 

this indicated that the assay needs further optimization (Figure 17). 

Unfortunately, due to closure of the laboratory, further optimization 

experiments were not conducted.  

 

While this study aimed to investigate the effect of IFNg/TNFa on the 

mRNA stability of VE-cadherin and claudin-5, we decided to also look at 

the role that tristetraprolin plays in the regulation of the expression of 

these junctional proteins. TTP is a zinc finger mRNA-binding protein, 

which binds to the mRNA of pro-inflammatory mediators and cell-cycle 

progression regulators [259]. TTP catalyses the removal of mRNA’s poly-

(A) tail, decreasing the molecules’ stability and enhancing the rate of its 

degradation [370]. Interestingly, phosphorylated TTP is inactive, and can 

be activated via dephosphorylation by PP2A [260, 393]. A study by 

Rahman et al., [394] showed that inhibition of PP2A by okadaic acid leads 

to increased production of the pro-inflammatory cytokines IL-6 and IL-8 

through a mechanism involving a build-up of inactive TTP. Moreover, the 

study demonstrated that this effect can be reversed by pre-treating cells 

with FTY-720 or by PP2Ac overexpression. The current study aimed to 

investigate the effect of TTP knockdown alone and in conjunction with 

OA or IFNg/TNFa treatment on the expression of VE-cadherin and 

claudin-5 (Figure 18). Furthermore, if the mRNA or protein abundance of 

VE-cadherin or claudin-5 was altered by TTP knockdown, it would be 

interesting to overexpress PP2Ac in the cells to definitively implicate 

PP2Ac in the process and ascertain if the effect can be reversed by SMAPs. 

Unfortunately, the lab was closed due to the coronavirus infectious 

disease 2019 pandemic before the TTP knockdown experiment was 

optimized.  
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In conclusion, this study shows that exposure of human microvascular 

endothelial cells to IFNg/TNFa decreased VE-cadherin mRNA and protein 

abundance as well as downregulated claudin-5 mRNA (Figure 13). 

Similarly, treating hCMEC/d3 cells with OA leads to a decrease in VE-

cadherin mRNA and protein, although no alteration in claudin-5 mRNA 

was noted (Figure 12). Importantly, the novel PP2A activator DBK-1154 

or FTY-720 were not able to prevent this effect. While the current study 

would indicate that PP2A may not be involved in the mechanism that 

leads to VE-cadherin and claudin-5 downregulation following exposure to 

IFNg/TNFa or VE-cadherin decrease mediated by OA, it could be a 

concentration dependent issue. Indeed, other groups investigating 

SMAPs as novel drug anti-cancer agents use concentrations between 5 

and 30 μM to achieve growth inhibitory effects [356, 395], whereas we 

used a concentration of 1μM to treat the cells, in order to minimise their 

effect on cell viability. The investigation of the mechanism through which 

IFNg/TNFa leads to a downregulation of VE-cadherin and claudin-5 mRNA 

was inconclusive, although the phosphorylation and methylation of 

PP2Ac might be involved.  

 
 
4.1 Future Directions  
 
The current work will most likely be divided into two studies going 

forward; study one will concentrate on the effect of inflammation on 

junctional proteins and study two will look at the effect of okadaic acid. 

To establish the role of post-transcriptional modification of PP2Ac in the 

downregulation of VE-cadherin and claudin-5 caused by IFNg/TNFa, the 

involvement of phosphorylation of PP2Ac should be confirmed. The 

stability of VE-cadherin and claudin-5 mRNA following treatment with 

IFNg/TNFa will also be validated, as the protocol has not been optimized 

in the current study. Additionally, to get a better understanding of the 

mechanism involved in downregulation of junctional proteins expression, 
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it would be interesting to progress the siRNA approach to knockdown 

tristetraprolin.  

 

As part of the second study, we would like to look at claudin-5 threonine 

phosphorylation in cells treated with OA alone or in combination with 

Rho kinase inhibitor. We would also like to use the TTP siRNA approach 

alone or in combination with OA to look at the expression of VE-cadherin 

and claudin-5. It will also be interesting to overexpress PP2Ac to 

investigate whether it can reverse the decrease in junctional proteins 

mediated by OA and by IFNg and TNFa. Furthermore, we are interested 

to employ immunofluorescence in order to visualize VE-cadherin 

internalization following OA and IFNg/TNFa treatment.  

 

As part of the second study, or potentially a third study, it would be 

interesting to investigate the effect of the endogenous PP2A inhibitors 

CIP2A and SET on VE-cadherin and claudin-5. Preliminary results have 

shown that the transfection protocol has worked, successfully 

overexpressing PP2Ac in hCMEC/d3 cells with PolyFect transfection 

reagent. Once this result is validated using Western blotting, we can use 

the same method to overexpress CIP2A and SET, which will allow for an 

array of experiments on the effect of PP2A inhibition on junctional 

proteins to be conducted. 
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