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The Role of VE-cadherin in Blood-brain Barrier Integrity under Central
Nervous System Pathological Conditions

Wenlu Li'**, Zhigang Chen'”, Ian Chin®, Zhong Chen®" and Haibin Dai""

'Second Affiliated Hospital, Zhejiang University School of Medicine, Hangzhou 310009, Zhejiang, P.R. China;
’Department of Pharmacology, College of Pharmaceutical Sciences, Zhejiang University, Hangzhou 310058, Zhejiang,
P.R. China, *Metcalf Science Center, Boston University, Boston, MA 02215, USA

Abstract: The blood-brain barrier (BBB) is a layer between the blood circulation and neural tissue.
It plays a pivotal role in maintaining the vulnerable extracellular microenvironment in the neuronal
parenchyma. Neuroinflammatory events can result in BBB dysregulation by disturbing adherens
junctions (AJs) and tight junctions (TJs). VE-cadherin, as one of the most important components of
the vascular system, is specifically responsible for the assembly of AJs and BBB architecture. Here,
we present a review, which highlights recently available insights into the relationship between
the neuroinflammation and BBB dysregulation. We then explore the specific interaction between
VE-cadherin and BBB. Finally, we discuss the changes of VE-cadherin with different neurological
diseases from both experimental and clinical studies. An understanding of VE-cadherin in BBB
regulation may indicate that VE-cadherin can partially be a biomarker of neuroinflammation disease
and lead to novel approaches for abating BBB dysregulation under pathological conditions and the
opening of the BBB following central nervous system (CNS) drug delivery.
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1. INTRODUCTION

The blood-brain barrier (BBB), which plays a pivotal role
in creating a unique and stable microenvironment for neuron
activity, is one of the most important components for the
central nervous system (CNS) [1]. The BBB is composed of
a monolayer of endothelial cells (ECs), which line the capil-
laries that restrict the entry of proteins and inflammatory
cells into the brain for the protection of the brain microenvi-
ronment [2, 3]. A wide range of CNS pathologies, such as
cerebral ischemia, trauma, or multiple sclerosis can disrupt
BBB integrity, which can induce edema, inflammation, and
cell death. The occurrence of BBB integrity disruption, ac-
companied by the transmigration of numerous inflammation
molecules, leads to secondary injury to neurons [4].

On the cellular level, cell-cell junctional complexes, such
as tight junctions (TJs) and adherens junctions (AJs), located
in the apical region of ECs membranes, almost obliterate
paracellular space (Fig. 1) [5-7]. CNS pathologies-induced
down-regulation of the junctional complex will result in the
entrance of molecules into the brain parenchyma through the
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paracellular pathway and represent vital components in BBB
integrity. VE-cadherin, an endothelial-specific transmem-
brane protein, is well known for its function in promoting
early stages of vascular connection and fusion [8, 9]. In re-
cent years, growing evidence points to a role of VE-cadherin
in the maintenance of cell-cell junction stabilization and
regulation of vascular barrier integrity [10-13].

Considering the essential role that VE-cadherin plays in
vascular permeability, this review will focus on VE-cadherin
organization in BBB to highlight the functional activity of
this molecule. The role of VE-cadherin in regulating BBB
permeability will be elucidated, as well as the intracellular
signaling involved in CNS pathologies that result in BBB
leakage.

2. BBB STRUCTURE AND FUNCTION

The BBB, which is primarily composed of brain endothe-
lial cells, constitutes a “diffusion barrier” which prevents the
entry of a protein-rich exudate and thereby creates a vulner-
able extracellular microenvironment in the neuronal paren-
chyma [14]. Unlike the low density of junctional complexes
in ECs of other organs’ endothelial cells, cerebral endothelial
cells have a higher density of junctional complexes between
adjacent ECs, which restrict diffusion of most molecules. In
addition, cerebral endothelial cells have lower rates of tran-
scytosis and active transporters [15, 16]. Unlike other or-
gans’ capillary beds, brain parenchyma has the largest peri-
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Fig. (1). Cellular constituents of the blood-brain barrier. The blood brain barrier exists between the lumen of the cerebral blood vascular sys-
tem and brain parenchyma. Cerebral capillary endothelial cells are surrounded by basement membrane. Pericytes and the endfeet of astro-
cytic glial cells are enclosed within the endothelial basement membrane, which provides cellular communication to the endothelial cells.
Microglial cells and neurons interact with core elements of the BBB, which influences the barrier layer functions. Junctional complex exists
in the paracellular space. When neuroinflammatory events occur, which releases blood-borne molecules to the brain through paracellular

space, this causes the BBB to breakdown.

cytes coverage which surrounds the abluminal surfaces of
the cerebral vascular system [17]. Recent work suggests
pericytes, together with cerebral endothelial cells, present a
specific synergistic function in the regulation of vascular
integrity through releasing chemokines, pro-inflammatory
cytokines, reactive oxygen species, and matrix metalloprote-
inases (MMPs) [18]. The role of the endfeet of astrocytic
glial cells enwrapping the abluminal side of the cerebral vas-
cular system is outlined, which affects the BBB phenotype of
the cerebral endothelial cells [19]. The endfeet of astrocytic
glial cells has many functions, such as distributing energy
substrates to neurons, maintaining cerebral potassium bal-
ance, controlling immune responses, and regulating BBB
integrity by promoting the differentiation of ECs and forma-
tion of junctional complexes [20]. The basement membrane
is made up mostly of macromolecular components, such as
collagen, integrins, fibronectin, heparan sulfate, entactins,
laminin, and dystroglycans. Basement membrane existing in
the perivascular space can build up a cerebral micro-
architecture, which further regulates the intercellular cros-

stalk between members of a neurovascular unit [14, 21].
Taken together, ECs are essential for normal function of the
BBB, while other constituent cell types also contribute to the
BBB’s integrity (Fig. 1).

The functions of BBB are numerous, including: (1) dis-
tributing essential nutrients to the brain by specific transport
systems and mediating the release of many waste molecules;
(2) regulating the movement of ions and fluid between the
blood and cerebral parenchyma, which may otherwise dis-
rupt the vulnerable balance of the cerebral microenviron-
ment; and (3) keeping the pools of neurotransmitters and
neuroactive agents that act in the CNS and peripheral tissues
and blood separate, so that the same agent can be used in the
two systems without ‘crosstalk’ [22-24].

Although recent studies revealed the structural formation
of the BBB, the underlying molecular mechanisms of many
of the processes, as well as how different molecules cooper-
ate to assemble this vascular network, remains unclear.
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Fig. (2). The process of neuroinflammatory events. Neuroinflammatory events can induce many factors to increase, such as inflammatory
cytokines, angiogenic factors, ROS, and MMPs. These factors can disrupt the BBB integrity by reducing and reorganizing the junctional
complex, and increasing the cerebral endothelial permeability. BBB breakdown aggravates impairment of BBB functions, ranging from leak-
age of plasma proteins to intravascular coagulation. BBB breakdown can lead to secondary injury which, in turn, aggravates neuronal dys-

function and neurodegeneration.

3. BBB DYSREGULATION IN CNS PATHOLOGICAL
CONDITIONS

Brain microvascular endothelial cells act as an “immune
system barrier” to limit the entrance of pro-inflammatory
proteins and cells [4]. However, various pathological condi-
tions, such as cerebral ischemia, trauma, or multiple sclerosis
will lead to BBB dysregulation, which results in the transmi-
gration of numerous activated pro-inflammatory cells and
entry of protein-rich influx [15]. Chronic dysfunction of
BBB can enhance overall cerebral pathology and induce per-
sistent neurological deficits through activating the coagula-
tion pathway, which leads to thrombi formation in cerebral
venules and, to a lesser extent, arterioles [25]. Platelet aggre-
gation and pro-inflammatory cells extravasation observed in
cerebral venules exert their function in significantly decreas-
ing cerebral blood flow and further contribute to secondary
ischemic injury (Fig. 2) [26].

3.1. Inflammatory Response

Inflammation seems to play a critical role in neurodegen-
erative disorders, and occurs after disease onset and propa-
gates progression. Microglia, neurons, astrocytes, and endo-
thelial cells can release pro-inflammatory cytokines and
chemokines, such as interleukin (IL)-1p, tumor necrosis fact-
o (TNF-a), IL-6, or vascular endothelial growth factor
(VEGF) [27]. These major proinflammatory molecules have
been suggested to promote BBB permeability [28].

TNF binds to the extracellular domains of TNF receptor 1
(TNFR1) and collects TNFR1-associated death domain pro-
tein (TRADD) to the cytoplasm death domain of the TNFR1.
TRADD, in turn, recruits the serine/theonine kinase recep-
tor-interacting protein (RIP) 1 and TNFR-associated factor 2
(TRAF2). The complex initiates various kinase pathways
that activate activator protein 1 (AP1) and transcription fac-
tors nuclear factor-kB (NF-kB) [29]. IL-1 can bind with its
own receptor (IL-1R) which, in turn, activates myeloid-

differentiation factor 88 (MYD&8)-mediated, the same tran-
scription factors as TNF [30]. NF-xB and AP1 also mediate
new gene transcription and new protein translation. Disrup-
tion of BBB in response to TNF and IL-1 are triggered in an
NF-kB and protein-translation-dependent manner [31]. They
increase the permeability of the BBB by stimulating vascular
endothelial cells to reorganize their cytoskeletons, and
thereby form gaps between adjacent cells [32].

In the inflammatory infiltration of patients, who are in-
fected with bacterial meningitis, accumulated VEGF in brain
parenchyma has been detected, which suggests that pro-
inflammatory cells release VEGF during disease progression,
thus leading to BBB permeability [33]. VEGF can interact
with two plasma membrane receptors, kinase insert domain-
containing receptor (KDR) and fms-like tyrosine kinase
(FLT-1), which induce their autotyrosine phosphorylation
and downstream mediators. VEGF has been demonstrated to
disrupt the integrity of cultured brain microvascular endothe-
lium by altering junctional proteins occludin, ZO-1, and ac-
tin filament distribution in the cellular monolayers [34, 35].

3.2. Oxidative Stress

Oxidative stress plays a critical role in BBB breakdown
in neurological diseases [36, 37]. Oxidative stress activates
local migration of microglia, and upregulation of inflamma-
tory mediators and reactive oxygen species (ROS) that can
induce oxidation of proteins. It can also activate MMPs,
DNA and lipids, as well as reorganize AJ and cytoskeleton
[38, 39]. Depletion of the endogenous antioxidant glu-
tathione induced by oxidative stress will induce paracellular
permeability of BBB through leakage of small molecular-
weight markers and redistribution of occludin and ZO-1
[40]. Increased production of ROS can induce peroxidation
of membrane polyunsaturated fatty acids, which results in
BBB permeability [41]. In human studies, it was found that
the concentrations of MMP-9 in plasma were significantly
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Fig. (3). Molecular composition of cerebral endothelial cells junction complex. Claudin-5 and occludin are the main transmembrane mole-
cules of tight junctions mediating endothelial cell integrity. Occludin binds to the cytoskeleton via ZO-1. Contact in adherens junctions is
established mainly through VE-cadherin. VE-cadherin interacts with the cytoskeleton via cytoplasmic anchor proteins, f-catenin, plakoglo-
bin (y-catenin), and p120 that belong to the Armadillo family. B-catenin and plakoglobin bind to a-catenin, a-actinin, tubulin, eplin and vin-
culin, which links the cadherin/catenin complex to the F-actin-based cytoskeleton.

correlated with the outcome of cerebral ischemia patients
[42]. Using brain microvascular endothelium, MMP-9 treat-
ment significantly down-regulated the expression of tight
junction ZO-1, indicating an increase in permeability [43].
Interestingly, in vivo studies have demonstrated that MMP-9
gene knockout mice markedly decreased transient focal
cerebral ischemia-induced BBB permeability and edema
compared to wild-type mice [44].

The molecular basis of neuroinflammation is not com-
pletely understood, and pharmacological intervention to pre-
vent or rescue BBB dysfunction in neuroinflammation dis-
eases constitutes a challenging task. However, new prospects
for potential therapies may be discerned from studies of en-
dogenous mediators regulating BBB integrity.

4. VE-CADHERIN

Recent efforts to elucidate the molecular structure of
junctional complex on BBB function have mainly focused on
TJs. However, cadherin/catenin complex, as adherens junc-
tion proteins, regulate adhesion of the ECs, which contrib-
utes to the overall junction arrangement [45]. Cadherins, a
class of transmembrane proteins, are receptors dependent on
calcium, which form adherens junctions to bind with neigh-
boring cells [46-48]. Cadherins can act with the actin cy-
toskeleton via cytoplasmic intermediary proteins, B-catenins,
y-catenins (also known as plakoglobin), and p120 that be-
long to the Armadillo protein family [49-52]. Cadherin ex-
pression at the plasma membrane is associated with catenin
and pl120 through their binding to the cadherin/catenin-
binding domain and juxtamembrane domain, respectively.
With this binding, cadherins create zipper-like structures that
maintain stable adhesion between brain endothelial cells. In
the AJs, N-cadherin and VE-cadherin are both expressed in

endothelial cells. However, unlike N-cadherin expressed in
several other cell types, such as neural cells and mesenchy-
mal cells, VE-cadherin is exclusive to ECs and helps them to
communicate with other cells of the same type [53, 54]. VE-
cadherin can also bind to p120 via its short cytoplasmic tail,
which determines the distribution of VE-cadherin at AJs and
maintains endothelial integrity (Fig. 3) [6, 53]. Thus, the
location and structure of VE-cadherin make it susceptible to
inflammatory factors generated in neuroinflammatory events.

4.1. VE-cadherin Function

During the 7.5 embryonic day mark, VE-cadherin tran-
scripts have been detected in mesodermal cells of the yolk-
sac mesenchyme [55, 56]. Due to this, VE-cadherin contrib-
utes to the maturation and remodeling of embryonic angio-
genesis [8]. Using VE-cadherin knock-out mice, it was found
that there were obvious collapse and regression of the vascu-
lar system, which led to early embryonic lethality [57]. In a
zebrafish model, VE-cadherin was involved in vascular con-
nections and the inhibition of sprouting activity. Even an
incomplete deletion of VE-cadherin caused instability in the
vascular system [11]. In a fish model with no functional VE-
cadherin expression of the vessels, the early sprouting ves-
sels failed to anastomose correctly [58]. In adult mice, bind-
ing VE-cadherin’s extracellular domain with functional-
blocking antibodies resulted in impaired angiogenesis and
increased microvascular dysfunction [59, 60].

All of these findings indicate the importance of VE-
cadherin as a critical component of the vascular system.
However, VE-cadherin also plays an essential function in the
BBB. The deletion of VE-cadherin in mice disrupted TJ in-
tegrity and altered localization of ZO-1, claudin-1, and
claudin-4 by activating Rac and protein kinase C [61].
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4.2. Signaling of VE-cadherin

VE-cadherin can activate signal molecules with a role in
cytoskeleton organization. The signaling transduced by VE-
cadherin is complex and varies under different conditions
[62]. For vascular integrity, the Rho GTPase family has an
important function in mediating the permeability of the en-
dothelial barrier under both physiological and pathological
conditions [63]. It has been shown that Racl (Ras-related C3
botulinum toxin substrate 1) and Cdc42 (cell division control
protein 42 homolog) contribute to the formation of filopodia
and lamellipodia, which improves vascular barrier integrity.
However, the member A (RhoA) organizes the formation of
stress fibers when the cell contracts and can impair vascular
barrier integrity [64, 65]. By recruiting upstream effectors of
Rho GTPase to the sites of cell-to-cell adhesion, VE-
cadherin can make an essential space to maintain Rho
GTPase activities [66].

In addition to VE-cadherin function in cell-to-cell adhe-
sion, catenins have also been detected to mediate intracellu-
lar signaling. The complex of VE-cadherin-f-catenin is able
to enrich a-catenin, which reduces Arp 2/3 activity (Fig. 3)
[67, 68]. The reduction of Arp2/3 activity is associated with
actin branching and assembly, which affects cell-to-cell sta-
bility and contact [69]. VE-cadherin binding partners, [-
catenin and p120-catenin, can be dissociated under stimula-
tion and then regulate transcription by translocating to cell
nucleus [70]. B-catenin, an important component of Wnt sig-
naling, can transduce Wnt proteins to bind with frizzled fam-
ily receptors and enter the nucleus to form a complex with
transcription factors of TCF/LEF. This complex induces ac-
tivation of Wnt target genes transcription process [71, 72].
As previously discussed, VE-cadherin can recruit catenins to
the cell membrane to inhibit nuclear signaling. When p120-
catenin translocates the nucleus, it binds with the transcrip-
tional repressor Kaiso (a POZ/zinc-finger family member)
and activates Kaiso-mediated gene repression [73, 74].

5. VE-CADHERIN AND BBB DYSREGULATION

VE-cadherin is a structural component for brain vascular
integrity, and therefore is the primary target of BBB break-
down signaling events.

5.1. VE-cadherin Internalization

VE-cadherin is a highly dynamic adhesion molecule, and
its availability at the plasma membrane is associated with
cell-cell adhesion and junctional complex function. These
two results could both contribute to endothelial cell perme-
ability [75]. Internalization of VE-cadherin is believed to
reduce the amount of the protein at junctions, which affects
endothelial barrier function. Under neuroinflammatory con-
ditions, junctions are disrupted and vascular integrity is
compromised. This process, however, appears to be com-
plex. Several signal pathways have been demonstrated to
affect VE-cadherin internalization, such as PI3K signaling
that is related to the loss of vascular barrier. Class I PI3Ka
triggers TNFa signaling to cause VE-cadherin destabilization
[76]. Additionally, new findings showed that IL-1p binding
to its receptor can activate an MYD88-ARNO-ARF6 cas-

Current Neuropharmacology, 2018, Vol. 16, No. 9 1379

cade to disrupt VE-cadherin localization which, in turn, in-
creases vascular stability [13].

Recently, numerous studies have reported that the bind-
ing of pl20-catenin to VE-cadherin could inhibit induced
VE-cadherin endocytosis [77]. In addition, some amino acids
within the core p120-VE-cadherin binding region have also
been linked to VE-cadherin uptake [78]. A more thorough
understanding of the precise molecular mechanisms involved
in VE-cadherin internalization is urgently needed. However,
it is believed that this process occurs through the masking of
an endocytic signal sequence, thereby preventing VE-
cadherin internalization and degradation, and thus stabilizing
the junctional complex [78, 79].

5.2. VE-cadherin and Actin Cytoskeletal Remodeling

VE-cadherin includes two main domains: a transmem-
brane domain-N-terminal extracellular domain, and a short
cytoplasmic tail-C-terminal domain. The cytoplasmic tail of
VE-cadherin can bind with B-catenin and y-catenin. y-catenin
and B-catenin can be associated with a-catenin, which further
regulates the actin cytoskeleton [80]. As previously dis-
cussed, the VE-cadherin/catenin complex can activate signal
molecules with roles in cytoskeleton organization. The com-
plex interacts with actin filaments, which regulated initial
junction formation, maintenance of junction integrity, junc-
tion maturation, and junction remodeling in neurological
diseases [62]. Although interaction between actin cytoskele-
ton and cadherin-catenin complexes remains a topic of de-
bate, a recent study suggests that focal adherens junctions
(FAJs), junctions that are molecularly and phenotypically
distinct subsets of VE-cadherin adhesions, are connected
with radial F-actin bundles [81]. In the remodeling of endo-
thelial cell-cell adhesions, inflammatory cytokines and oxi-
dative stress-induced signals stimulate the separation of
FAJs from stable AJs. FAJs couple to radial F-actin bundles,
which are marked by the mechanosensory protein Vinculin,
to disrupt endothelial cell integrity [81].

5.3. VE-cadherin Phosphorylation

The cytosolic tail of VE-cadherin harbors various tyro-
sine residues regulating the in vitro transmigration of leuko-
cytes. This indicates that tyrosine phosphorylation is impor-
tant in the regulation of endothelial junctions [75]. Under
CNS pathological conditions, inflammatory cytokine and
oxidative stress components, such as histamine and VEGF,
were shown to enhance VE-cadherin phosphorylation. This
resulted in dissociation of the VE-cadherin/catenin complex
which, conversely, hampered vascular permeability [82]. The
vascular endothelial protein tyrosine phosphatase (VE-PTP),
an endothelial-specific transmembrane protein, can be asso-
ciated with the VE-cadherin extracellular domains support-
ing VE-cadherin adhesion in endothelial cells [83]. After
BBB breakdown, leukocytes binding to vascular endothelial
cells in the brain leads to the separation of VE-PTP from
VE-cadherin, which induces endothelial cell permeability
[84]. An in vivo study suggests that inhibition of the loosen-
ing of the VE-PTP/VE-cadherin complex attenuated VEGF-
induced vascular permeability [85]. Besides VE-PTP, several
other molecules that are associated with VE-cadherin phos-
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phorylation are essential for the regulation of brain vascular
endothelial cell integrity [86-88]. Recent studies have re-
ported that the five putative phosphor-tyrosine sites (Y645,
Y658, Y685, Y731, and Y733) are involved in decreasing
endothelial cell monolayer integrity [89, 90]. In addition,
serine phosphorylation (S665) of VE-cadherin has been re-
ported to regulate AJ assembly [91, 92]. However, the
mechanisms underlying VE-cadherin phosphorylation-
induced vascular permeability are not fully understood. Fur-
thermore, the level of importance of site phosphorylation,
and how to target it for therapy through dephosphorylation,
requires further investigation.

5.4. VE-cadherin in Clinical Neuroinflammation Disease

Aside from the experimental study of the function of VE-
cadherin in BBB dysregulation, our knowledge of the in-
volvement of VE-cadherin in human neuroinflammation
disease has also been improved. Ischemic stroke, as a major
disease related to BBB dysregulation, has an increased
amount of circulating endothelial microparticles in the acute
stage [93]. A recent clinical study found that 68 acute
ischemic stroke consecutive patients represented a much
higher level of VE-cadherin circulating endothelial cells
compared to 61 healthy controls (age- and gender-matched)
[94]. Tt is likely that levels of VE-cadherin microparticles
might be effectively regarded as a biomarker of cerebral
ischemia severity in clinical settings.

In this chronic and progressive CNS disorder, microvas-
cular inflammation and myelination have been identified as
central pathophysiological events [95]. Levels of pro-
inflammatory cytokines, such as IL-1 and TNF, increased in
experimental allergic encephalomyelitis (an animal model of
multiple sclerosis), which leads to alterations in BBB perme-
ability [96]. A recent clinical study that comprised 162 pa-
tients with chronic coronary artery disease (CAD), 63 pa-
tients with non-significant atherosclerosis patients, and 30
healthy controls demonstrated the presence of T-cadherin in
13.3% of healthy controls, in 42.9% of non-significant athe-
rosclerosis patients, and in 34.6% of chronic CAD patients.
Interestingly, this study also found that patients with ele-
vated T-cadherin had a lower RH-PAT, suggesting a de-
pendency of T-cadherin and a degree of ED [97]. Patients
with type 2 diabetes mellitus and coronary artery disease
were also detected with an elevated level of VE-cadherin-
positive endothelial microparticles [98].

The relationships between VE-cadherin and other neu-
roinflammatory diseases, such as Alzheimer’s disease or
Parkinson disease, have not been well understood. However,
increasing evidence demonstrates that VE-cadherin has a
instrumental function in neuroinflammatory event progres-
sion and BBB dysregulation.

CONCLUSION

Recent studies, described in this review, demonstrated
that VE-cadherin-mediated brain vascular endothelial cell
adhesion organizes the junctional complex and modulates
BBB function. In this regard, VE-cadherin can partially be a
biomarker of neuroinflammation disease. On the contrary,
VE-cadherin may be a specific molecular target to protect

Lietal.

BBB integrity in neurological diseases when junctional pro-
teins dissociate from each other. It also provides us with in-
sight to develop a novel method of modulating BBB function
in order to enhance therapeutic delivery into the brain.

ABBREVIATIONS

Als = Adherens Junctions

AP1 = Activator Protein 1

BBB =  Blood-Brain Barrier

CAD = Coronary Artery Disease

Cdc42 = Cell Division Control Protein 42 Homolog

CNS = Central Nervous System

ECs =  Endothelial Cells

FAJs = Focal Adherens Junctions

FLT-1 =  Fms-like Tyrosine Kinase

IL-1B = Interleukin-1f

KDR =  Kinase Insert Domain-containing Receptor

MMPs = Matrix Metalloproteinases

MYD88 = Myeloid-Differentiation Factor 88

NF-xB = Transcription Factors Nuclear Factor-kB

Racl = Ras-related C3 Botulinum Toxin Substrate 1

RIP1 = Serine/theonine Kinase Receptor-
interacting Protein 1

ROS = Reactive Oxygen Species

TJs = Tight Junctions

TNFR1 = TNF Receptor 1

TNF-a = Tumor Necrosis Fact-a

TRADD = Recruits TNFR-associated via Death Domain
Protein

TRAF2 =  TNFR-associated Factor 2

VEGF = Vascular Endothelial Growth Factor

VE-PTP = Vascular Endothelial Protein Tyrosine

Phosphatase

CONSENT FOR PUBLICATION
Not applicable.

CONFLICT OF INTEREST

The authors declare no conflict of interest, financial or
otherwise.

ACKNOWLEDGEMENTS

This study was supported by research grants from the
National Natural Science Foundation of China (81173040,
81302747, 81373391, 81471395, 81502564 and 81573402),
Natural Science Foundation of Zhejiang province
(LY15H310006, Y16H310002, LY16H160018 and



The Role of VE-cadherin in Blood-brain Barrier Integrity

LQ16H310001) and Science and Technology Department of
Zhejiang Province (2014C33185, 2016C33G2010098). The
funders had no role in the study design, data collection
and analysis, decision to publish, or preparation of the
manuscript.

REFERENCES

(1]

(2]

[13]

Pardridge, W.M. Molecular biology of the blood-brain barrier. Mol.
Biotechnol., 2005, 30(1), 57-70. [http://dx.doi.org/10.1385/MB:30:
1:057] [PMID: 15805577]

Reese, T.S.; Karnovsky, M.J. Fine structural localization of a
blood-brain barrier to exogenous peroxidase. J. Cell Biol., 1967,
34(1), 207-217. [http://dx.doi.org/10.1083/jcb.34.1.207] [PMID:
6033532]

Brightman, M.W.; Reese, T.S. Junctions between intimately ap-
posed cell membranes in the vertebrate brain. J. Cell Biol., 1969,
40(3), 648-677. [http://dx.doi.org/10.1083/jcb.40.3.648] [PMID:
5765759]

Perry, V.H.; Anthony, D.C.; Bolton, S.J.; Brown, H.C. The blood-
brain barrier and the inflammatory response. Mol. Med. Today,
1997, 3(8), 335-341. [http://dx.doi.org/10.1016/S1357-4310(97)
01077-0] [PMID: 9269686]

Paris, L.; Tonutti, L.; Vannini, C.; Bazzoni, G. Structural organiza-
tion of the tight junctions. Biochim. Biophys. Acta, 2008, 1778(3),
646-659. [http://dx.doi.org/10.1016/j.bbamem.2007.08.004] [PMID:
17945185]

Schulze, C.; Firth, J.A. Immunohistochemical localization of ad-
herens junction components in blood-brain barrier microvessels of
the rat. J. Cell Sci., 1993, 104(Pt 3), 773-782. [PMID: 8314872]
Kniesel, U.; Wolburg, H. Tight junctions of the blood-brain barrier.
Cell. Mol. Neurobiol., 2000, 20(1), 57-76. [http://dx.doi.org/10.
1023/A:1006995910836] [PMID: 10690502]

Carmeliet, P.; Lampugnani, M.G.; Moons, L.; Breviario, F.; Com-
pernolle, V.; Bono, F.; Balconi, G.; Spagnuolo, R.; Oosthuyse, B.;
Dewerchin, M.; Zanetti, A.; Angellilo, A.; Mattot, V.; Nuyens, D.;
Lutgens, E.; Clotman, F.; de Ruiter, M.C.; Gittenberger-de Groot,
A.; Poelmann, R.; Lupu, F.; Herbert, J.M.; Collen, D.; Dejana, E.
Targeted deficiency or cytosolic truncation of the VE-cadherin
gene in mice impairs VEGF-mediated endothelial survival and an-
giogenesis. Cell, 1999, 98(2), 147-157. [http://dx.doi.org/10.
1016/S0092-8674(00)81010-7] [PMID: 10428027]

Crosby, C.V.; Fleming, P.A.; Argraves, W.S.; Corada, M.; Zanetta,
L.; Dejana, E.; Drake, C.J. VE-cadherin is not required for the for-
mation of nascent blood vessels but acts to prevent their disassem-
bly. Blood, 2005, 105(7), 2771-2776. [http://dx.doi.org/10.1182/
blood-2004-06-2244] [PMID: 15604224]

Broman, M.T.; Kouklis, P.; Gao, X.; Ramchandran, R.; Neamu,
R.F.; Minshall, R.D.; Malik, A.B. Cdc42 regulates adherens junc-
tion stability and endothelial permeability by inducing alpha-
catenin interaction with the vascular endothelial cadherin complex.
Circ. Res., 2006, 98(1), 73-80. [http://dx.doi.org/10.1161/01.RES.
0000198387.44395.e9] [PMID: 16322481]

Montero-Balaguer, M.; Swirsding, K.; Orsenigo, F.; Cotelli, F.;
Mione, M.; Dejana, E. Stable vascular connections and remodeling
require full expression of VE-cadherin in zebrafish embryos. PLoS
One, 2009, 4(6), e5772. [http://dx.doi.org/10.1371/journal.pone.
0005772] [PMID: 19503615]

Vestweber, D. VE-cadherin: the major endothelial adhesion mole-
cule controlling cellular junctions and blood vessel formation.
Arterioscler. Thromb. Vasc. Biol., 2008, 28(2), 223-232. [http://dx.
doi.org/10.1161/ATVBAHA.107.158014] [PMID: 18162609]

Zhu, W.; London, N.R.; Gibson, C.C.; Davis, C.T.; Tong, Z.;
Sorensen, L.K.; Shi, D.S.; Guo, J.; Smith, M.C.; Grossmann, A.H.;
Thomas, K.R.; Li, D.Y. Interleukin receptor activates a MYD88-
ARNO-ARF6 cascade to disrupt vascular stability. Nature, 2012,
492(7428), 252-255. [http://dx.doi.org/10.1038/mature11603] [PMID:
23143332]

Obermeier, B.; Daneman, R.; Ransohoff, R.M. Development,
maintenance and disruption of the blood-brain barrier. Nat. Med.,

[15]

[16]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

Current Neuropharmacology, 2018, Vol. 16, No. 9 1381

2013, 79(12), 1584-1596. [http://dx.doi.org/10.1038/nm.3407] [PMID:
24309662]

Abbott, N.J.; Patabendige, A.A.; Dolman, D.E.; Yusof, S.R;
Begley, D.J. Structure and function of the blood-brain barrier. Neu-
robiol. Dis., 2010, 37(1), 13-25. [http://dx.doi.org/10.1016/
jnbd.2009.07.030] [PMID: 19664713]

Siegenthaler, J.A.; Sohet, F.; Daneman, R. ‘Sealing off the CNS’:
cellular and molecular regulation of blood-brain barriergenesis.
Curr. Opin. Neurobiol., 2013, 23(6), 1057-1064. [http://dx.doi.org/
10.1016/j.conb.2013.06.006] [PMID: 23867075]

Allt, G.; Lawrenson, J.G. Pericytes: cell biology and pathology.
Cells Tissues Organs, 2001, 169(1), 1-11. [http://dx.doi.org/10.1159/
000047855] [PMID: 11340256]

Hurtado-Alvarado, G.; Cabafias-Morales, A.M.; Gomez-Gonzalez,
B. Pericytes: brain-immune interface modulators. Front. Integr.
Nuerosci., 2014, 7, 80. [http://dx.doi.org/10.3389/fnint.2013.00080]
[PMID: 24454281]

Stewart, P.A.; Wiley, M.J. Developing nervous tissue induces
formation of blood-brain barrier characteristics in invading endo-
thelial cells: a study using quail-chick transplantation chimeras.
Dev. Biol., 1981, 84(1), 183-192. [http://dx.doi.org/10.1016/0012-
1606(81)90382-1] [PMID: 7250491]

Gee, J.R.; Keller, J.N. Astrocytes: regulation of brain homeostasis
via apolipoprotein E. Int. J. Biochem. Cell Biol., 2005, 37(6), 1145-
1150.  [http://dx.doi.org/10.1016/j.biocel.2004.10.004] [PMID:
15778078]

Carvey, P.M.; Hendey, B.; Monahan, A.J. The blood-brain barrier
in neurodegenerative disease: a rhetorical perspective. J. Neuro-
chem., 2009, 111(2), 291-314. [http://dx.doi.org/10.1111/j.1471-
4159.2009.06319.x] [PMID: 19659460]

Abbott, N.J.; Romero, I.A. Transporting therapeutics across the
blood-brain barrier. Mol. Med. Today, 1996, 2(3), 106-113. [http:/
dx.doi.org/10.1016/1357-4310(96)88720-X] [PMID: 8796867]
Begley, D.J.; Brightman, M.W. Structural and functional aspects of
the blood-brain barrier. Prog. Drug Res., 2003, 61, 39-78. [PMID:
14674608]

Abbott, N.J. Dynamics of CNS barriers: evolution, differentiation,
and modulation. Cell. Mol. Neurobiol., 2005, 25(1), 5-23. [http://
dx.doi.org/10.1007/s10571-004-1374-y] [PMID: 15962506]
Schwarzmaier, S.M.; Kim, S.W.; Trabold, R.; Plesnila, N. Tempo-
ral profile of thrombogenesis in the cerebral microcirculation after
traumatic brain injury in mice. J. Neurotrauma, 2010, 27(1), 121-
130. [http://dx.doi.org/10.1089/neu.2009.1114] [PMID: 19803784]
von Oettingen, G.; Bergholt, B.; Gyldensted, C.; Astrup, J. Blood
flow and ischemia within traumatic cerebral contusions. Neurosur-
gery, 2002, 50(4), 781-788. [http://dx.doi.org/10.1097/00006123-
200204000-00019] [PMID: 11904029]

Brown, G.C.; Neher, J.J. Inflammatory neurodegeneration and
mechanisms of microglial killing of neurons. Mol. Neurobiol.,
2010, 41(2-3), 242-247. [http://dx.doi.org/10.1007/s12035-010-
8105-9] [PMID: 20195798]

Ye, L.; Huang, Y.; Zhao, L.; Li, Y.; Sun, L.; Zhou, Y.; Qian, G.;
Zheng, J.C. IL-1B and TNF-a induce neurotoxicity through gluta-
mate production: a potential role for neuronal glutaminase. J. Neu-
rochem., 2013, 125(6), 897-908. [http://dx.doi.org/10.1111/jnc.12263]
[PMID: 23578284]

Pober, J.S.; Sessa, W.C. Evolving functions of endothelial cells in
inflammation. Nat. Rev. Immunol., 2007, 7(10), 803-815. [http://dx.
doi.org/10.1038/nri2171] [PMID: 17893694]

Collins, T.; Read, M.A.; Neish, A.S.; Whitley, M.Z.; Thanos, D.;
Maniatis, T. Transcriptional regulation of endothelial cell adhesion
molecules: NF-kappa B and cytokine-inducible enhancers. FASEB
J., 1995, 9(10), 899-909. [http://dx.doi.org/10.1096/fasebj.9.10.
7542214] [PMID: 7542214]

Clark, P.R.; Manes, T.D.; Pober, J.S.; Kluger, M.S. Increased
ICAM-1 expression causes endothelial cell leakiness, cytoskeletal
reorganization and junctional alterations. J. Invest. Dermatol.,
2007, 127(4), 762-774. [http://dx.doi.org/10.1038/sj.jid.5700670]
[PMID: 17195014]

Petrache, 1.; Birukova, A.; Ramirez, S.I.; Garcia, J.G.; Verin, A.D.
The role of the microtubules in tumor necrosis factor-alpha-induced



1382

[33]

[34]

[37]

[38]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

Current Neuropharmacology, 2018, Vol. 16, No. 9

endothelial cell permeability. Am. J. Respir. Cell Mol. Biol., 2003,
28(5), 574-581. [http://dx.doi.org/10.1165/rcmb.2002-00750C]
[PMID: 12707013]

van der Flier, M.; Stockhammer, G.; Vonk, G.J.; Nikkels, P.G.; van
Diemen-Steenvoorde, R.A.; van der Vlist, G.J.; Rupert, S.W.;
Schmutzhard, E.; Gunsilius, E.; Gastl, G.; Hoepelman, A.L; Kim-
pen, J.L.; Geelen, S.P. Vascular endothelial growth factor in bacte-
rial meningitis: detection in cerebrospinal fluid and localization in
postmortem brain. J. Infect. Dis., 2001, 183(1), 149-153. [http:/
dx.doi.org/10.1086/317643] [PMID: 11106541]

Wang, W.; Merrill, M.J.; Borchardt, R.T. Vascular endothelial
growth factor affects permeability of brain microvessel endothelial
cells in vitro. Am. J. Physiol., 1996, 271(6 Pt 1), C1973-C1980. [http:/
dx.doi.org/10.1152/ajpcell.1996.271.6.C1973] [PMID: 8997200]
Wang, W.; Dentler, W.L.; Borchardt, R.T. VEGF increases BMEC
monolayer permeability by affecting occludin expression and tight
junction assembly. Am. J. Physiol. Heart Circ. Physiol., 2001,
280(1), H434-H440. [http://dx.doi.org/10.1152/ajpheart.2001.280.
1.H434] [PMID: 11123261]

Robberecht, W. Oxidative stress in amyotrophic lateral sclerosis.
J. Neurol., 2000, 247(Suppl. 1), 11-16. [http://dx.doi.org/10.1007/
s004150050551] [PMID: 10795881]

Olmez, I.; Ozyurt, H. Reactive oxygen species and ischemic cere-
brovascular disease. Neurochem. Int., 2012, 60(2), 208-212. [http:/
dx.doi.org/10.1016/j.neuint.2011.11.009] [PMID: 22122807]

Pun, P.B.; Lu, J.; Moochhala, S. Involvement of ROS in BBB
dysfunction. Free Radic. Res., 2009, 43(4), 348-364. [http://dx.doi.
org/10.1080/10715760902751902] [PMID: 19241241]

Briones, T.L.; Rogozinska, M.; Woods, J. Modulation of ischemia-
induced NMDARI1 activation by environmental enrichment
decreases oxidative damage. J. Neurotrauma, 2011, 28(12), 2485-
2492. [http://dx.doi.org/10.1089/neu.2011.1842] [PMID: 21612313]
Fischer, S.; Wiesnet, M.; Renz, D.; Schaper, W. H,0, induces
paracellular permeability of porcine brain-derived microvascular
endothelial cells by activation of the p44/42 MAP kinase pathway.
Eur. J. Cell Biol., 2005, 84(7), 687-697. [http://dx.doi.org/10.1016/
j-€jcb.2005.03.002] [PMID: 16106912]

Chodobski, A.; Zink, B.J.; Szmydynger-Chodobska, J. Blood-brain
barrier pathophysiology in traumatic brain injury. Transi. Stroke
Res., 2011, 2(4), 492-516. [http://dx.doi.org/10.1007/s12975-011-
0125-x] [PMID: 22299022]

Montaner, J.; Molina, C.A.; Monasterio, J.; Abilleira, S.; Arenillas,
J.F.; Ribo, M.; Quintana, M.; Alvarez-Sabin, J. Matrix metallopro-
teinase-9 pretreatment level predicts intracranial hemorrhagic com-
plications after thrombolysis in human stroke. Circulation, 2003,
107(4), 598-603. [http://dx.doi.org/10.1161/01.CIR.0000046451.
38849.90] [PMID: 12566373]

Schulze, C.; Smales, C.; Rubin, L.L.; Staddon, J.M. Lysophos-
phatidic acid increases tight junction permeability in cultured brain
endothelial cells. J. Neurochem., 1997, 68(3), 991-1000. [http://dx.
doi.org/10.1046/j.1471-4159.1997.68030991 x] [PMID: 9048744]
Asahi, M.; Wang, X.; Mori, T.; Sumii, T.; Jung, J.C.; Moskowitz,
M.A.; Fini, M.E.; Lo, E.H. Effects of matrix metalloproteinase-9
gene knock-out on the proteolysis of blood-brain barrier and white
matter components after cerebral ischemia. J. Neurosci., 2001,
21(19), 7724-7732. [http://dx.doi.org/10.1523/JNEUROSCI.21-19-
07724.2001] [PMID: 11567062]

Hartsock, A.; Nelson, W.J. Adherens and tight junctions: structure,
function and connections to the actin cytoskeleton. Biochim. Bio-
phys. Acta, 2008, 1778(3), 660-669. [http://dx.doi.org/10.1016/
j-bbamem.2007.07.012] [PMID: 17854762]

Nagafuchi, A.; Takeichi, M.; Tsukita, S. The 102 kd cadherin-
associated protein: similarity to vinculin and posttranscriptional
regulation of expression. Cell, 1991, 65(5), 849-857. [http://dx.
doi.org/10.1016/0092-8674(91)90392-C] [PMID: 1904011]
Watabe, M.; Nagafuchi, A.; Tsukita, S.; Takeichi, M. Induction of
polarized cell-cell association and retardation of growth by activa-
tion of the E-cadherin-catenin adhesion system in a dispersed car-
cinoma line. J. Cell Biol., 1994, 127(1), 247-256. [http://dx.doi.
org/10.1083/jcb.127.1.247] [PMID: 7929567]

(48]

[49]

[50]

[55]

[56]

[57]

[61]

[62]

Lietal.

Takeichi, M. Morphogenetic roles of classic cadherins. Curr. Opin.
Cell Biol., 1995, 7(5), 619-627. [http://dx.doi.org/10.1016/0955-
0674(95)80102-2] [PMID: 8573335]

Suzuki, S.; Sano, K.; Tanihara, H. Diversity of the cadherin family:
evidence for eight new cadherins in nervous tissue. Cell Regul.,
1991, 2(4), 261-270. [http://dx.doi.org/10.1091/mbc.2.4.261] [PMID:
2059658]

Corada, M.; Mariotti, M.; Thurston, G.; Smith, K.; Kunkel, R.;
Brockhaus, M.; Lampugnani, M.G.; Martin-Padura, I.; Stoppacci-
aro, A.; Ruco, L.; McDonald, D.M.; Ward, P.A.; Dejana, E. Vascu-
lar endothelial-cadherin is an important determinant of microvascu-
lar integrity in vivo. Proc. Natl. Acad. Sci. USA, 1999, 96(17),
9815-9820. [http://dx.doi.org/10.1073/pnas.96.17.9815] [PMID:
10449777]

Venkiteswaran, K.; Xiao, K.; Summers, S.; Calkins, C.C.; Vincent,
P.A.; Pumiglia, K.; Kowalczyk, A.P. Regulation of endothelial bar-
rier function and growth by VE-cadherin, plakoglobin, and beta-
catenin. Am. J. Physiol. Cell Physiol., 2002, 283(3), C811-C821.
[http://dx.doi.org/10.1152/ajpcell.00417.2001] [PMID: 12176738]
Bazzoni, G.; Dejana, E. Endothelial cell-to-cell junctions: molecu-
lar organization and role in vascular homeostasis. Physiol. Rev.,
2004, 84(3), 869-901. [http://dx.doi.org/10.1152/physrev.00035.
2003] [PMID: 15269339]

Navarro, P.; Ruco, L.; Dejana, E. Differential localization of VE-
and N-cadherins in human endothelial cells: VE-cadherin competes
with N-cadherin for junctional localization. J. Cell Biol., 1998,
140(6), 1475-1484. [http://dx.doi.org/10.1083/jcb.140.6.1475] [PMID:
9508779]

Halbleib, J.M.; Nelson, W.J. Cadherins in development: cell
adhesion, sorting, and tissue morphogenesis. Genes Dev., 2006,
20(23), 3199-3214. [http://dx.doi.org/10.1101/gad.1486806] [PMID:
17158740]

Breier, G.; Breviario, F.; Caveda, L.; Berthier, R.; Schniirch, H.;
Gotsch, U.; Vestweber, D.; Risau, W.; Dejana, E. Molecular clon-
ing and expression of murine vascular endothelial-cadherin in early
stage development of cardiovascular system. Blood, 1996, 87(2),
630-641. [PMID: 8555485]

Vittet, D.; Prandini, M.H.; Berthier, R.; Schweitzer, A.; Martin-
Sisteron, H.; Uzan, G.; Dejana, E. Embryonic stem cells differenti-
ate in vitro to endothelial cells through successive maturation steps.
Blood, 1996, 88(9), 3424-3431. [PMID: 8896407]

Gory-Fauré¢, S.; Prandini, M.H.; Pointu, H.; Roullot, V.; Pignot-
Paintrand, 1.; Vernet, M.; Huber, P. Role of vascular endothelial-
cadherin in vascular morphogenesis. Development, 1999, 126(10),
2093-2102. [PMID: 10207135]

Lenard, A.; Ellertsdottir, E.; Herwig, L.; Krudewig, A.; Sauteur, L.;
Belting, H.G.; Affolter, M. In vivo analysis reveals a highly stereo-
typic morphogenetic pathway of vascular anastomosis. Dev. Cell,
2013, 25(5), 492-506. [http://dx.doi.org/10.1016/j.devcel.2013.05.
010] [PMID: 23763948]

Vittet, D.; Buchou, T.; Schweitzer, A.; Dejana, E.; Huber, P. Tar-
geted null-mutation in the vascular endothelial-cadherin gene im-
pairs the organization of vascular-like structures in embryoid bod-
ies. Proc. Natl. Acad. Sci. USA, 1997, 94(12), 6273-6278. [http://
dx.doi.org/10.1073/pnas.94.12.6273] [PMID: 9177207]

Corada, M.; Zanetta, L.; Orsenigo, F.; Breviario, F.; Lampugnani,
M.G.; Bernasconi, S.; Liao, F.; Hicklin, D.J.; Bohlen, P.; Dejana,
E. A monoclonal antibody to vascular endothelial-cadherin inhibits
tumor angiogenesis without side effects on endothelial permeabil-
ity. Blood, 2002, 100(3), 905-911. [http://dx.doi.org/10.1182/blood.
V100.3.905] [PMID: 12130501]

Tunggal, J.A.; Helfrich, I.; Schmitz, A.; Schwarz, H.; Giinzel, D.;
Fromm, M.; Kemler, R.; Krieg, T.; Niessen, C.M. E-cadherin is es-
sential for in vivo epidermal barrier function by regulating tight
junctions. EMBO J., 2005, 24(6), 1146-1156. [http://dx.doi.org/10.
1038/sj.emboj.7600605] [PMID: 15775979]

Giannotta, M.; Trani, M.; Dejana, E. VE-cadherin and endothelial
adherens junctions: active guardians of vascular integrity. Dev.
Cell, 2013, 26(5), 441-454. [http://dx.doi.org/10.1016/j.devcel.
2013.08.020] [PMID: 24044891]



The Role of VE-cadherin in Blood-brain Barrier Integrity

[63]

[64]

[65]

[66]

[67]

[69]

[70]

[71]

[72]

(73]

[74]

[75]

[76]

[77]

(78]

[79]

(80]

Spindler, V.; Schlegel, N.; Waschke, J. Role of GTPases in control
of microvascular permeability. Cardiovasc. Res., 2010, 87(2), 243-
253. [http://dx.doi.org/10.1093/cvr/cvq086] [PMID: 20299335]
Beckers, C.M.; van Hinsbergh, V.W.; van Nieuw, A.G.P. Driving
Rho GTPase activity in endothelial cells regulates barrier integrity.
Thromb. Haemost., 2010, 103(1), 40-55. [http://dx.doi.org/10.1160/
TH09-06-0403] [PMID: 20062930]

Goddard, L.M.; Iruela-Arispe, M.L. Cellular and molecular regula-
tion of vascular permeability. Thromb. Haemost., 2013, 109(3), 407-
415. [http://dx.doi.org/10.1160/TH12-09-0678] [PMID: 23389236]
Komarova, Y.; Malik, A.B. Regulation of endothelial permeability
via paracellular and transcellular transport pathways. Annu. Rev.
Physiol., 2010, 72, 463-493. [http://dx.doi.org/10.1146/annurev-
physiol-021909-135833] [PMID: 20148685]

Yamada, S.; Pokutta, S.; Drees, F.; Weis, W.1.; Nelson, W.J. De-
constructing the cadherin-catenin-actin complex. Cell, 2005,
123(5), 889-901. [http://dx.doi.org/10.1016/j.cell.2005.09.020]
[PMID: 16325582]

McCrea, P.D.; Gu, D.; Balda, M.S. Junctional music that the nu-
cleus hears: cell-cell contact signaling and the modulation of gene
activity. Cold Spring Harb. Perspect. Biol., 2009, 1(4), a002923.
[http://dx.doi.org/10.1101/cshperspect.a002923] [PMID: 20066098]
Yamada, S.; Nelson, W.J. Localized zones of Rho and Rac activi-
ties drive initiation and expansion of epithelial cell-cell adhesion. J.
Cell Biol., 2007, 178(3), 517-527. [http://dx.doi.org/10.1083/jcb.
200701058] [PMID: 17646397]

Dejana, E. The role of wnt signaling in physiological and patho-
logical angiogenesis. Circ. Res., 2010, 107(8), 943-952. [http://dx.
doi.org/10.1161/CIRCRESAHA.110.223750] [PMID: 20947863]
Petzelbauer, P.; Halama, T.; Groger, M. Endothelial adherens junc-
tions. J. Investig. Dermatol. Symp. Proc., 2000, 5(1), 10-13. [http:/
dx.doi.org/10.1046/j.1087-0024.2000.00002 x] [PMID: 11147668]
Behrens, J. Cross-regulation of the Wnt signalling pathway: a role
of MAP kinases. J. Cell Sci., 2000, /13(Pt 6), 911-919. [PMID:
10683140]

Daniel, J.M. Dancing in and out of the nucleus: p120(ctn) and the
transcription factor Kaiso. Biochim. Biophys. Acta, 2007, 1773(1),
59-68. [http://dx.doi.org/10.1016/j.bbamcr.2006.08.052] [PMID:
17050009]

Kelly, K.F.; Spring, C.M.; Otchere, A.A.; Daniel, J.M. NLS-
dependent nuclear localization of p120ctn is necessary to relieve
Kaiso-mediated transcriptional repression. J. Cell Sci., 2004, 117(Pt
13), 2675-2686. [http://dx.doi.org/10.1242/jcs.01101] [PMID:
15138284]

Orsenigo, F.; Giampietro, C.; Ferrari, A.; Corada, M.; Galaup, A.;
Sigismund, S.; Ristagno, G.; Maddaluno, L.; Koh, G.Y.; Franco,
D.; Kurtcuoglu, V.; Poulikakos, D.; Baluk, P.; McDonald, D.;
Grazia Lampugnani, M.; Dejana, E. Phosphorylation of VE-cadherin
is modulated by haemodynamic forces and contributes to the regu-
lation of vascular permeability in vivo. Nat. Commun., 2012, 3,
1208. [http://dx.doi.org/10.1038/ncomms2199] [PMID: 23169049]
Cain, R.J.; Vanhaesebroeck, B.; Ridley, A.J. The PI3K pl10alpha
isoform regulates endothelial adherens junctions via Pyk2 and
Racl. J. Cell Biol., 2010, 188(6), 863-876. [http://dx.doi.org/10.
1083/jcb.200907135] [PMID: 20308428]

Chiasson, C.M.; Wittich, K.B.; Vincent, P.A.; Faundez, V.; Kowal-
czyk, A.P. pl20-catenin inhibits VE-cadherin internalization
through a Rho-independent mechanism. Mol. Biol. Cell, 2009,
20(7), 1970-1980. [http://dx.doi.org/10.1091/mbc.e08-07-0735]
[PMID: 19211843]

Nanes, B.A.; Chiasson-MacKenzie, C.; Lowery, A.M.; Ishiyama,
N.; Faundez, V.; Ikura, M.; Vincent, P.A.; Kowalczyk, A.P. p120-
catenin binding masks an endocytic signal conserved in classical
cadherins. J. Cell Biol., 2012, 199(2), 365-380. [http://dx.doi.org/
10.1083/jcb.201205029] [PMID: 23071156]

Saito, M.; Tucker, D.K.; Kohlhorst, D.; Niessen, C.M.; Kowalczyk,
A.P. Classical and desmosomal cadherins at a glance. J. Cell Sci.,
2012, 125(Pt 11), 2547-2552. [http://dx.doi.org/10.1242/jcs.066654]
[PMID: 22833291]

Dejana, E.; Vestweber, D. The role of VE-cadherin in vascular
morphogenesis and permeability control. Prog. Mol. Biol. Transl.

(81]

(82]

(83]

(84]

(87]

(88]

[91]

(93]

Current Neuropharmacology, 2018, Vol. 16, No. 9 1383

Sci., 2013, 116, 119-144. [http://dx.doi.org/10.1016/B978-0-12-
394311-8.00006-6] [PMID: 23481193]

Huveneers, S.; Oldenburg, J.; Spanjaard, E.; van der Krogt, G.;
Grigoriev, I.; Akhmanova, A.; Rehmann, H.; de Rooij, J. Vinculin
associates with endothelial VE-cadherin junctions to control force-
dependent remodeling. J. Cell Biol., 2012, 196(5), 641-652. [http:/
dx.doi.org/10.1083/jcb.201108120] [PMID: 22391038]

Gavard, J. Breaking the VE-cadherin bonds. FEBS Lett., 2009,
583(1), 1-6. [http://dx.doi.org/10.1016/j.febslet.2008.11.032] [PMID:
19059243]

Nawroth, R.; Poell, G.; Ranft, A.; Kloep, S.; Samulowitz, U.; Fach-
inger, G.; Golding, M.; Shima, D.T.; Deutsch, U.; Vestweber, D.
VE-PTP and VE-cadherin ectodomains interact to facilitate regula-
tion of phosphorylation and cell contacts. EMBO J., 2002, 21(18),
4885-4895.  [http://dx.doi.org/10.1093/emboj/cdf497]  [PMID:
12234928]

Nottebaum, A.F.; Cagna, G.; Winderlich, M.; Gamp, A.C.; Lin-
nepe, R.; Polaschegg, C.; Filippova, K.; Lyck, R.; Engelhardt, B.;
Kamenyeva, O.; Bixel, M.G.; Butz, S.; Vestweber, D. VE-PTP
maintains the endothelial barrier via plakoglobin and becomes dis-
sociated from VE-cadherin by leukocytes and by VEGF. J. Exp.
Med., 2008, 205(12), 2929-2945. [http://dx.doi.org/10.1084/jem.
20080406] [PMID: 19015309]

Broermann, A.; Winderlich, M.; Block, H.; Frye, M.; Rossaint, J.;
Zarbock, A.; Cagna, G.; Linnepe, R.; Schulte, D.; Nottebaum, A F.;
Vestweber, D. Dissociation of VE-PTP from VE-cadherin is re-
quired for leukocyte extravasation and for VEGF-induced vascular
permeability in vivo. J. Exp. Med., 2011, 208(12), 2393-2401.
[http://dx.doi.org/10.1084/jem.20110525] [PMID: 22025303]

Sui, X.F.; Kiser, T.D.; Hyun, S.W.; Angelini, D.J.; Del Vecchio,
R.L.; Young, B.A.; Hasday, J.D.; Romer, L.H.; Passaniti, A.;
Tonks, N.K.; Goldblum, S.E. Receptor protein tyrosine phospha-
tase micro regulates the paracellular pathway in human lung mi-
crovascular endothelia. Am. J. Pathol., 2005, 166(4), 1247-1258. [http://
dx.doi.org/10.1016/S0002-9440(10)62343-7] [PMID: 15793303]
Grinnell, K.L.; Chichger, H.; Braza, J.; Duong, H.; Harrington,
E.O. Protection against LPS-induced pulmonary edema through the
attenuation of protein tyrosine phosphatase-1B oxidation. 4Am. J.
Respir. Cell Mol. Biol., 2012, 46(5), 623-632. [http://dx.doi.org/10.
1165/rcmb.2011-02710C] [PMID: 22180868]

Grinnell, K.L.; Casserly, B.; Harrington, E.O. Role of protein
tyrosine phosphatase SHP2 in barrier function of pulmonary endo-
thelium. Am. J. Physiol. Lung Cell. Mol. Physiol., 2010, 298(3),
L361-L370. [http://dx.doi.org/10.1152/ajplung.00374.2009] [PMID:
20023173]

Potter, M.D.; Barbero, S.; Cheresh, D.A. Tyrosine phosphorylation
of VE-cadherin prevents binding of p120- and beta-catenin and
maintains the cellular mesenchymal state. J. Biol. Chem., 2005,
280(36), 31906-31912. [http://dx.doi.org/10.1074/jbc.M505568200]
[PMID: 16027153]

Wallez, Y.; Cand, F.; Cruzalegui, F.; Wernstedt, C.; Souchel-
nytskyi, S.; Vilgrain, I.; Huber, P. Src kinase phosphorylates vascu-
lar endothelial-cadherin in response to vascular endothelial growth
factor: identification of tyrosine 685 as the unique target site. On-
cogene, 2007, 26(7), 1067-1077. [http://dx.doi.org/10.1038/sj.onc.
1209855] [PMID: 16909109]

Gavard, J.; Gutkind, J.S. VEGF controls endothelial-cell perme-
ability by promoting the beta-arrestin-dependent endocytosis of
VE-cadherin. Nat. Cell Biol., 2006, 8(11), 1223-1234. [http://dx.
doi.org/10.1038/ncb1486] [PMID: 17060906]

Spring, K.; Chabot, C.; Langlois, S.; Lapointe, L.; Trinh, N.T.; Caron,
C.; Hebda, J.K.; Gavard, J.; Elchebly, M.; Royal, I. Tyrosine
phosphorylation of DEP-1/CD148 as a mechanism controlling
Src kinase activation, endothelial cell permeability, invasion, and
capillary formation. Blood, 2012, 120(13), 2745-2756. [http://dx.
doi.org/10.1182/blood-2011-12-398040] [PMID: 22898603]

Jung, K.H.; Chu, K.; Lee, S.T.; Park, H.K.; Bahn, J.J.; Kim, D.H.;
Kim, J.H.; Kim, M.; Kun, L.S.; Roh, J.K. Circulating endothelial
microparticles as a marker of cerebrovascular disease. Ann. Neurol.,
2009, 66(2), 191-199. [http://dx.doi.org/10.1002/ana.21681] [PMID:
19743467]



1384 Current Neuropharmacology, 2018, Vol. 16, No. 9

[94]

[95]

[96]

Li, P.; Qin, C. Elevated circulating VE-cadherintCDI144+
endothelial microparticles in ischemic cerebrovascular disease.
Thromb. Res., 2015, 135(2), 375-381. [http://dx.doi.org/10.1016/].
thromres.2014.12.006] [PMID: 25523345]

Hemmer, B.; Archelos, J.J.; Hartung, H.P. New concepts in the
immunopathogenesis of multiple sclerosis. Nat. Rev. Neurosci., 2002,
3(4),291-301. [http://dx.doi.org/10.1038/nm784] [PMID: 11967559]
Gijbels, K.; Van Damme, J.; Proost, P.; Put, W.; Carton, H.; Bil-
liau, A. Interleukin 6 production in the central nervous system dur-
ing experimental autoimmune encephalomyelitis. Eur. J. Immunol.,
1990, 20(1), 233-235. [http://dx.doi.org/10.1002/eji.1830200134]
[PMID: 2307176]

[97]

(98]

Lietal.

Philippova, M.; Suter, Y.; Toggweiler, S.; Schoenenberger, A.W.;
Joshi, M.B.; Kyriakakis, E.; Erne, P.; Resink, T.J. T-cadherin is
present on endothelial microparticles and is elevated in plasma in
early atherosclerosis. Eur. Heart J., 2011, 32(6), 760-771. [http://
dx.doi.org/10.1093/eurheartj/ehq206] [PMID: 20584775]

Koga, H.; Sugiyama, S.; Kugiyama, K.; Watanabe, K.; Fukushima,
H.; Tanaka, T.; Sakamoto, T.; Yoshimura, M.; Jinnouchi, H.;
Ogawa, H. Elevated levels of VE-cadherin-positive endothelial mi-
croparticles in patients with type 2 diabetes mellitus and coronary
artery disease. J. Am. Coll. Cardiol., 2005, 45(10), 1622-1630.
[http://dx.doi.org/10.1016/j.jacc.2005.02.047] [PMID: 15893178]



