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The blood-brain barrier (BBB) is a highly complex and
dynamic barrier. It is formed by an interdependent network
of brain capillary endothelial cells, endowed with barrier
properties, and perivascular cells (astrocytes and pericytes)
responsible for inducing and maintaining those properties.
One of the primary properties of the BBB is a strict
regulation of paracellular permeability due to the presence
of junctional complexes (tight, adherens and gap junctions)
between the endothelial cells. Alterations in junction
assembly and function significantly affect BBB properties,
particularly barrier permeability. However, such alterations
are also involved in remodeling the brain endothelial cell
surface and regulating brain endothelial cell phenotype.
This review summarizes the characteristics of brain
endothelial tight, adherens and gap junctions and
highlights structural and functional alterations in junctional
proteins that may contribute to BBB dysfunction.

The blood-brain barrier (BBB) is a highly specialized struc-
tural and biochemical barrier that regulates the entry of
blood-borne molecules into brain and preserves ionic homeo-
stasis within the brain microenvironment. Situated at the
interface between blood and brain parenchyma, the BBB is
composed of a tightly sealed monolayer of brain endothelial
cells and adjacent perivascular cells, including astrocytes
(astrocytic endfeet) and pericytes that wrap the abluminal cap-
illary surface and provide physical support and stability to the
BBB.'

The restrictive angioarchitecture at the BBB reduces para-
cellular diffusion, while minimal vesicle transport activity in
brain endothelial cells limits transcellular transport. The prop-
erties of the BBB are primarily determined by junctional
complexes between the cerebral endothelial cells, comprised
of tight, adherens and gap junctions. Although there are
strong similarities to epithelia, brain endothelial junction
complexes have a specific structural organization and a unique
protein expression pattern. Thus, this review will particularly
focus on junction protein properties unique to brain endothe-
lial cells.
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Blood-brain barrier junctional complex

Tight junctions

The brain endothelial tight junction (TJ) complex is a highly
elaborated structure with parallel, anastomosing intramembra-
nous protein strands, arranged as a series of multiple barriers. It
is localized along the lateral membrane to completely seal the
interendothelial cleft. Structurally, the complex is composed of
transmembrane adhesion proteins, which physically interact with
their counterparts on the plasma membrane of adjacent cells,
cytoplasmic plaque proteins, that provide a link between trans-
membrane proteins and the actin cytoskeleton and participate in
intracellular signaling, and the actin cytoskeleton which delivers
essential physical support for the complex (Fig. 1).”

The TJ transmembrane proteins include the integral mem-
brane proteins, occludin and claudins (for example, claudin-5,
—3, —12, —1) and an IgG type of protein, junctional adhesion
molecule (JAM) -A, -B and -C.?> Claudins, the primary sealing
components of TJs, are a family of transmembrane proteins (20—
24 kDa), with more than 24 isoforms identified.* Most claudins
show tissue specific expression and their presence in cells is char-
acterized as constitutive and/or inducible. Claudin-5 is the major
constitutive claudin at the BBB.>” Thus, in brain microvessels,
claudin-5 mRNA levels are ~1000 fold higher compared with
claudin-1, 3 or 12.>” Claudin-5-deficient mice die in the first
10 hours after birth due to brain edema.® Claudin-3, claudin-1
and claudin-12 are not able to compensate for the claudin-5 defi-
cit and maintain BBB integrity.® As with other claudins, claudin-
5 has a tetraspan transmembrane topology, with a short N-termi-
nus, 2 extracellular loops, and a long C-terminus.® The first
extracellular loop (ECL) 1 is longer and is involved in barrier
function and may contribute to paracellular ion movement. The
second extracellular loop, ECL2, is shorter and is important for
narrowing the paracellular cleft and for regulating protein fold-
ing.g’9 Both ECL1 and ECL2 contribute to the formation of TJ
claudin backbones by homo- and heterophilic #zrans and cis-inter-
actions at cell—cell contacts. Claudin-5 has a conserved C-termi-
nus and that region is associated with PSD95/Disc Large and
Zonula occludens (PDZ) domain proteins such as ZO-2 and,
particularly, ZO-1."%""!

Claudin-3 (M.W. 23kDa) is the other claudin constitutively
expressed at the BBB.”” Expression of claudin-3 at the mRNA
and protein levels is rather low in adult brain endothelial cells.””
However, there is considerable expression of claudin-3 at cell-cell
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The third group of transmembrane
T] proteins comprises the junctional
adhesion molecules (JAMs) -A, -B, -C
and ESAM. JAMs are members of the
immunoglobulin superfamily structur-
ally composed of a single membrane
spanning domain, an IgG-like extracel-

lular domain, an extracellular N-termi-

Figure 1. Molecular architecture of brain endothelial junctional complex.

nus important for dimerization, and a
short cytoplasmic C-terminus impor-

contact during embryonic and postnatal development.'>'? The
localization and expression of claudin-3 expression during that
time is regulated by Wnt/B-catenin signaling, indicating its role
in maintenance of the BBB."?

Some other claudins, like claudin-1 and —12, are considered
to be inducible in brain endothelial cells."* Claudin-1 shares a
common 3D-structure with claudin-3 and 5, which involves
a B-sheet comprising both extracellular segments anchored to a
transmembranous 4-helix bundle.”'® For claudin-1, in particu-
lar, the presence of a 3-sheet and a redox-sensitive disulfide bond
in the ECLI has been demonstrated.”'” Claudin-1 exhibits high
affinity for cis- and trans- interaction with claudin-3 and claudin-
5, although such interaction has never been demonstrated in
brain endothelial cells.!® Claudin-12 (M.W., 27 kDa;) is an
atypical claudin with low levels of homology to other BBB clau-
dins.*!”'® Claudin-12 was unable to incorporate into the TJ
complex and form homophilic trans-interaction or heterophilic
cis- or trans-associations with other TJ proteins in brain endothe-
lial cells, including interaction with ZO-1.""" However clau-
din-12 was the only claudin that was upregulated in claudin-5
deficient mice and its expression is associated with co-localization
with ZO-1.°

Occludin was the first T] transmembrane protein described.
Structurally, occludin is a tetraspan protein with 2 equal extracellu-
lar loops, a short N-terminus and a long carboxyl (C-) terminus.
The latter is involved in interactions with scaffolding proteins and
the actin cytoskeleton.”>*" The 2nd extracellular loops of occludin
are involved in regulating adhesion properties between cells,
although occludin-deficient mice display well-developed TJ com-
plexes without blood brain barrier hyperpermeability. Moreover,
occludin does not have the ability to establish organized strands by
itself and it is predominantly associated with claudin-based
strands.”?** In this respect, the function of occludin in brain
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tant for interaction with the TJ scaffold

protein ZO-1 due to the existence of a
PDZ binding domain.>***” The extracellular region is com-
posed of JAM CI-, C2-, V- and I-type based on the variable and
2:26.27 JAM interactions are
defined as homophilic, forming dimers in a ¢/s- manner or con-
tributing to adhesion of 2 opposite cells in a z7ans- manner, and
heterophilic, occurring between different JAM family members

constant regions of Ig-like domain.

(both cis- and trans-) as well as with other adhesion molecules
(e.g. integrins).zg'31 JAM-A/-B/-C are indicated as key molecules
for tubule formation and establishing T] complexes via interac-
tion with Par3 as part of Par3/Par6/aPKC polarity complex, as
well as in regulating leukocyte adhesion and transmigration by
interaction of the JAM-A domain C2 with the LFA sequence on
monocytes and neutrophils.?*¢

Endothelial cell-selective adhesion molecule (ESAM) is a
newly identified transmembrane junction protein with a similar
structure to JAM proteins: extracellular region with variable type
Ig domain and constant C2 type of Ig domain that share similar-
ity with same domain of coxsackie and adenovirus receptor
(CAR).”"? ESAM is indicated to play role in endothelial cell-
cell interaction crucial for vascular development and extravasa-
tion of neutrophils during the early phase of inflammation.*

The TJ scaffolding proteins act as a core of a large protein net-
work which includes structural connection to transmembrane
proteins on one side and actin cytoskeleton proteins on the other
side and associated group of signaling molecules which directly
regulate the structural protein interactions. These scaffolding
proteins are subdivided into PDZ containing and PDZ lacking
proteins. The PDZ containing proteins have one or more PDZ
motifs (90-100 amino acids) which are involved in interactions
with the C-termini of transmembrane proteins, leading to their
clustering and anchoring, and other cytoplasmic TJ proteins and
actin filaments which have roles in bringing together the cytoskel-
eton, signaling and integral proteins at specific regions of the
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plasma membrane.***> The T] PDZ scaffolding proteins include
members of a family of membrane associated guanylate kinases
(MAGUK), zonula occludens —1, —2 and 3 (ZO-1, ZO-2 and
Z0-3). ZO proteins share 3 core regions: a SH3 domain impor-
tant for binding signaling proteins and cytoskeletal elements, a
guanylate cyclase, involved in catalyzing the ATP-dependent
transformation of GMP to GDP and PDZ domains that bind to
the C-terminal cytoplasmic ends of transmembrane proteins. ZO
protein localization and interactions are considered essential for
claudin strands, occludin and JAM-A assembly in TJs, and for

this
44,45

anchoring multi-molecular  complex to the actin
cytoskeleton.

Z0O-1 (225kDa) establishes interactions with transmembrane
proteins: claudins at PDZ1, JAM-A at PDZ3 and occludin on a
GUC domain. The PDZ2 domain is the place of ZO-1 dimeriza-
tion, interaction with ZO-2 (ZO-1/Z0O-2 heterodimer) and
Cx43 binding, establishing a link with gap junctions.*!*>44-4¢
The ZO-1 C-terminus contains the actin-binding region (ABR)
which is necessary and sufficient for interaction with F-actin,*>%
Adherens junction proteins, via a-catenin, bind to the N-termi-
nus of ZO-1.4%% 70-2 (160kDa) shares a similar structure and
pattern of interaction to ZO-1, while the presence of another
zonula occludens protein, ZO-3 (130kDa), in brain endothelial
cells is still not well documented. Among other MAGUK family
proteins present at brain endothelial cell TJs are membrane pro-
tein palmitoylated 1, 5 and 7 (MPP1, MPP5 and MPP7) and
disks large homolog 1 (DLG1). Their function and binding
domains are still undefined, although transcripts of these proteins
were recently identified in brain endothelial cells.”

Other TJ associated proteins with a single PDZ domain
include partitioning defective (Par)-3 and —6 proteins, afadin-6
(Af-6) and Scrib (Scribble) protein. Par-3 and Par-6, with several
others cell polarity proteins (for endothelial cells only aPKC and
the CAMs JAM-A, -B and -C are known), were indicated in
establishing cell polarity, establishing Ad] and TJs and vessel
tube formation.”>*® Their presence was ectopically present only
under pathological conditions (see below). Af-6, on the other
side, participates in regulating cell-cell adhesion, cell polarization,
migration, survival and differentiation, acting at the interface
between TJ and Ad] complexes.’ 749 Af6 directly binds to
Z0O-1, JAM-A and gap junction proteins as well actin- and cad-
herin-binding proteins. Af-6 acts cooperatively with Par3 and it
transiently interacts with ZO-1 to localize JAMs and claudins in
assembly of TJ and AdJ complexes.””** Scribl is indicated to
promote basolateral membrane identity and is identified at the
transcript level in endothelial cells although its function in brain
endothelial cells is still not established.”

Angiomotin belongs to the motin family of angiostatin bind-
ing proteins. It is characterized by conserved coiled coil domains
and C-terminal PDZ binding motifs and it is predominantly
expressed in capillary endothelial cells.”® Angiomotin has a role
in angiogenesis, stabilizing the tube formation and, via Rich1/
Amot complex, is involved in recruiting other RhoGTPase
Cdc42 to TJs and maintaining T] complex stability.”'

PDZ lacking plaque proteins identified in brain endothelial
cells include cingulin like protein 1, 7H6 antigen, Rab13, PKC,
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PKCA, heterotrimeric G protein and RhoA. The brain endothe-
lial TJ complex contains cingulin like proteins (CGNLLI) or junc-

protein  JACOP
7,47,52

tion-associated  coiled-coil involved in
modulating RhoA and Racl activity. 7H6 mostly plays a
role in TJ] maintenance and maturation, Rab proteins (Rab13,
Rab3b, Rab8, Rab5) have a role in docking and fusion of trans-
port vesicles at the T] complex (Rab13) or in remodeling of TJ
complex via endocytosis (Rab3, Rab11, Rab4).>>>” Other signal-
ing molecules, like PKC{ and PKCA), are localized at the T] and
directly interact with the TJ proteins regulating T] complex
assembly.”®>? Additional TJ-associated proteins are the heterotri-
meric G-proteins (Gai) that closely associate with ZO-1 and are
important for T] biogenesis and maintenance. In brain endothe-
lial cells, an important family in biogenesis and regulation of the
TJ complex is Rho GTPase.*”®" At the TJ complex are localized
Rho guanine exchange factors which, via a carboxyl terminus
PDZ-binding motif, physically associate with PDZ domain-con-
taining proteins.

Actin binding proteins and actin filaments

The third component of the T] complex is the junction-asso-
ciated cytoskeleton. This is composed of actin filaments, non-
muscular myosin, microtubules and actin binding proteins
directly associated with TJ scaffolding proteins. Cell actin is pres-
ent in one of 2 forms: globular monomeric actin (G-actin) and
filamentous polymeric actin (F-actin), also known as microfila-
ments, formed by assembly of G-actin into double helices.
Cross-linked microfilaments can be organized in actin bundles
and also meshed or merged in bundled networks.®®> Alterations
in actin organization by fast conversion between bundled and
branched, unbundled, or truncated networks change centripetal
cell tension which may directly affect the adhesive property of
TJs.% Actin dynamics are regulated by a large group of actin
binding proteins (more than 100) which modulate assembly,
polymerization, cross-linking, bundling, cleavage/defragmenta-
tion, organization and localization of microfilaments. They affect
the association of the actin cytoskeleton with TJ scaffolding pro-
teins, particularly ZO-1, representing a bridging structure
between scaffolding proteins and actin microfilaments.*>*’

Among the actin polymerizing proteins associated with T7Js
and expressed in brain endothelial cells are Arp2/3, cortactin and
VASP.%+%¢ The regulation of actin organization and trafficking
is mediated by RhoA GTPases (RhoA, Cdc42 and Rac) and the
Rab family of proteins and these proteins are closely associated
with T] complex acting via their exchanging factors as scaffolding
proteins.ss’%’w’68 Other actin binding proteins involved in link-
ing ZO-1 and actin filaments are actin-crosslinking protein,
a-actinin-4, vinculin, actin/spectrin interacting protein 4.1 and
anillin, but their expression in brain endothelial cells is still not
confirmed.'”" Non-muscle myosin is localized at the apical
junction of epithelial cells building sarcomere-like units arranged
in a belt structure that is important for maintaining normal junc-
tional tone.®” However, a similar structure has still not been
described in brain endothelial cells, although there is evidence
that non-muscle myosin is present at the brain endothelial TJ
complex.
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A second major element of the cytoskeletal structure of brain
endothelial cells is the microtubule system. Polymers of - and
B-tubulin form a lattice network of rigid hollow rods that span
cells in a polarized fashion from the nucleus to the periphery.
Microtubules participate in rapid assembly of actin filaments and
focal adhesion, isometric cellular contraction and increased trans-
endothelial leukocyte migration.>”® Some recent studies suggest
that these functions are realized via interactions of microtubules

with microfilaments.®®

Adherens junctions

Adherens junctions (AdJs) have a similar organization to T]Js.
They contain transmembrane proteins, cadherins, mostly respon-
sible for the adhesion between cells and cytoplasmic/scaffolding
proteins, catenins, involved in supporting cadherin association
and regulating out-in signaling processes.”'> Cadherins are Ca**
dependent transmembrane proteins with a primary role in cell-
cell adhesion through homotypic interaction.” In brain endothe-
lial cells, the major transmembrane Ad] protein is Ve-cadherin,
with low levels of N- and E-cadherins. (Fig. 1)./172

The cytoplasmic Ad]J proteins are a complex of p120, B-cate-
nin and plakoglobin which further bind to o-catenin, and AdJ
bridging proteins for Ad]J protein interaction with actin binding
proteins, ZO-1, and actin filaments.>”? Although the models by
which the cytoplasmic catenin complex associates with Ve-cad-
herin and the cytoskeleton are still controversial, catenin is
important for both the adhesive properties of V-cadherin and
actin bundling, controlling endothelial barrier permeability.'?

Gap junctions

Gap junctions (GJs) are formed by members of the connexin
(Cx) family that is composed of several transmembrane isomers
that exhibit tissue-specific expression. Brain endothelial cells
express Cx37, Cx40 and Cx43. Canonically, connexins function
as homo- or hetero- hexamers at the plasma membrane following
their oligomerization in the endoplasmic reticulum (ER)/Golgi.
At the plasma membrane, they can exist as hemichannels (HCs)
or GJs. The latter requires the alignment of 2 neighboring cell-
surface hexamers to oppose each other. Gap junctions are crucial
for intercellular communication as ions and small molecules can
pass through GJ plaques and transduce signals between neighbor-
ing cells. While the N-terminus of connexins regulates their olig-
omerization in the ER/Golgi, the C-terminal cytoplasmic tail
regulates GJ and HC function, contains several phosphorylation
sites and exhibits a pH-dependent structure.”*”> In addition to
regulating GJ and HC function, many studies (particularly on
Cx43) have demonstrated that the C-terminal cytoplasmic tail
also has GJ- and HC-independent roles such as in cell prolifera-
tion and migration.(Fig. 1).677

Junctional proteins in BBB dysfunction
Junctional proteins may contribute differently to BBB dys-

function. They may directly regulate BBB permeability (particu-
larly the paracellular route), alter transcellular exchange, affect
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the expression pattern of certain transporters, and modify endo-
thelial metabolic processes. Altered junctional protein function is
mirrored by changes protein expression and/or post-translational
modifications, which affect BBB integrity and function. This
review focuses on some of the not often described alterations in
junction proteins that may significantly contribute to BBB dys-
function rather than changes in expression/degradation.

Genetic defects in junctional proteins and BBB
dysfunction

Mutations in genes encoding junctional proteins are associ-
ated with several human genetic disorders. Outside the brain,
genetically modified TJs and barrier dysfunction has been
described in diseases including: familial hypercholanemia due to
mutation of ZO-2, familial hypomagnesemia with hypercalciuria
and nephrocalcinosis due to a rare missense mutation in claudin
16  (paracellin-1), autosomal-recessive deafness disorder,
DFNB29, due to mutations in claudin 14, and ichthyosis with
large scales, hypotrichosis, alopecia and hypodontia associated
with sclerosing cholangitis due to mutation in claudin-1.”%%!
For adherens junctions, a genetic mutation was reported in pla-
koglobin in individuals with Naxos disease characterized as an
autosomal-recessive disorder involving heart, skin and hair
abnormalities.®*

In brain, there is limited evidence regarding genetic disorders
and junction proteins. Some recent evidence suggests that a non-
sense mutation of MPDZ, which removes 12 of the 13 PDZ
domains, may affect the cell-cell adhesion function of L1
(encoded by L1CAM,). This allows uncontrolled secretion of CSF
within the ventricular system as an underlying mechanism of
infant hydrocephalus often associated with abnormalities of the
corpus callosum, hypoplasia or aplasia of the corticospinal tracts
and aqueductal stenosis.*> A rare mutation in the TJ gene JAM3
displays a unique autosomal-recessive syndrome with severe hem-
orrhagic destruction of the brain parenchyma, subependymal cal-
cification and congenital cataracts.** Among other pathological
findings in brain, it is important to highlight massive cystic
destruction of the cerebral white matter and basal ganglia, result-
ing in large ventricles porencephalic cyst centered in the left fron-
tal subcortical white matter, and reduced white matter volume.
The combination of hemorrhage and cystic changes is suggestive
of a disorder involving small vessels.®*

Reported mutations in the OCLN gene cause a band-like cal-
cification with simplified gyration and polymicrogyria (BLC-
PMG). Abnormal BBB function was proposed as an underlying
mechanism for the cortical malformation, although there no
direct evidence of BBB dysfunction and hemorrhage.®’

Another group of genetic defects that cause BBB dysfunction
are mutations in signaling molecules that regulate junction
assembly and junction protein expression. Examples are the
mutations in the CCM1-3 genes that lead to development of
cerebral cavernous malformations (CCMs).

The inherited types of CCM (multiple or isolated vascular
malformations in almost any region within the CNS) occur due
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to mutations in one of 3 genes which encode the proteins Kritl
(CCM1), MGC4607 (CCM2) and PDCD10 (CCM3).%¢ The
brain endothelial barrier is abnormal in CCM and characterized
by a discontinuous pattern of endothelial cell-cell protein con-
tacts despite a varying production of tight and adherens junction
proteins.?””®® These 3 proteins appear to interact with cytoskele-
tal and interendothelial cell junction proteins generating a typical
pathological substrate for CCMs: alterations in the permeability
of the microvasculature and the BBB. Based on experimental and
clinical data, CCM1-2 proteins are physically associated in a pro-
tein complex, which is required for correct protein localization at
endothelial cell-cell junctions. This may explain the microvascu-
lar permeability and overlapping pathological changes in CCM1
and CCM2 lesions.

The vascular hyperpermeability in CCM1 lesions is thought
to result from a dysfunctional Krit/Rapl axis, which leads to
inadequate AdJ and TJ assembly. CCM1 is part of the junctional
complex, being associated with B-catenin and afadin at AdJs.
CCM1 regulates Rapl activity and RhoGTPAse affects junc-
tional stabilization and endothelial cell polarity.*” Mutations in
the CCM1 gene and loss of CCMI results in dissociation of
B-catenin from VE-cadherin in AdJs and introduction to endo-
thelial to mesenchymal transformation leading to increased
permeability.”®?!

CCM2 mutations cause overactivity of the RhoA/ROCK sig-
naling axis responsible for cytoskeletal remodeling and endothe-
lial permeability.”> CCM2 function is also closely dependent on
Kritl, regulating Kritl trafficking by sequestering it in the cyto-
plasm and stabilizing endothelial cell-cell junction via Rap1.5”7
Loss of CCM2 directly affects Rapl and CCM1 localization at
the junctional complex which in turn could cause the loss of inhi-
bition of Rho kinase and steady activity/phosphorylation of
MLC2, actinomyosin contraction and disorganization of cell-cell
junctional complex.

CCM3 mutations, however, affect slightly different pathways.
While there is a physical association with CCM1 and CCM2,
some recent proteomic studies pinpoint that CCM3 is involved
in the so-called STRIPAK (striatin-interacting phosphatase and
kinase) complex, establishing close interactions with PIP2A,
germinal center kinases IIT (Stk24, Stk25, MSt4) and cortical
actin binding protein 2 (CTTNBP2).”> CCM3 may mostly reg-
ulate brain endothelial barrier permeability by regulating the
expression of the actin binding protein cortactin (increased Ser
phosphorylation and ubiquitination) which in turn alters pro-
tein-protein interactions with ZO-1 and ZO-1 interaction with
the actin cytoskeleton. This consequently induces disassembly
of the TJ complex by redistribution of claudin-5 and occludin
from the cell membrane.®®

Any of the CCM mutations cause increased BBB permeability
over time. Chronic hyperpermeability represents a solid base for
developing dilated vessels, accumulation of inflammatory cells
and, over time, hemorrhagic transformation.

In mice, genetic deletion of Serum Response Factor (SRF) or
its co-factors Myocardin related Transcription Factor (MRTEF-A/
B) result in loss of BBB integrity and intracerebral hemorrhaging.
SRF/MRTF target genes encode structural components of tight
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junctions (claudins and ZO proteins), adherens junctions (VE-
cadherin, o-actinin), and the basement membrane (collagen
IV).”* Thus SRF and MRTF appear major transcriptional regula-
tors of endothelial cell junctional stability, guaranteeing physio-
logical functions of the cerebral microvasculature. Mutations that
reduce SRF/MRTF activity may contribute to human small ves-
sels disease (SVD) pathology, an age- and hypertension-associ-
ated cerebral morbidity associated with microhemorrhage.”*

Germline mutations in the N-terminal region of Cx43 are
known to cause oculodentodigital dysplasia (ODDD) in
humans, a disease characterized by varying degrees of physical
deformity in eyes, teeth and limbs.”> Approximately 30% of
ODDD patients develop neuropathies. While it’s generally
accepted that these neuropathies arise from astrocyte-specific
Cx43 defects in neuron-coupling, it has not been described
whether the BBB is affected and contributes. Mutations or poly-
morphisms of Cx40 in humans are linked to various cardiac
anomalies.”® Additionally, Cx37 and Cx40 deficient mice exhibit
hypertensive phenotypes and cardiac anomalies.”” These pheno-
types are mostly attributed to Cx40 and Cx37 modulation of
endothelial nitric oxide synthase (eNOS) as well as changes in
Ca®" and electrical signaling.”® Studies looking specifically at
cerebral endothelial Cx40 or Cx37 and the BBB in disease are
lacking. Summary of mutations of junctional proteins mutation
and BBB dysfunction is present in Table 1.

Post-translational alterations in junctional proteins
and BBB dysfunction

Post-translational modifications in junctional proteins are
important contributors to BBB dysfunction. Such changes may
lead to diminish interactions inside the junctional complex fol-
lowed by junction protein redistribution or degradation. Several
processes are involved in post-translational modifications includ-
ing, phosphorylation, palmitoylation, glycosylation, acetylation
and methylation.

Phosphorylation

Most of the junction proteins have multiple phosphorylation
sites, which may regulate protein-protein interactions in junc-
tional complex assembly and disassembly. Alterations in the
phosphorylation state of TJs proteins are crucial regulators of
BBB permeability. Most available evidence on the role of phos-
phorylation/dephosphorylation is on three T] proteins, the trans-
membrane proteins, occludin and claudin-5, and the scaffolding
protein, ZO-1.

Occludin harbors several Ser, Thr and Tyr phosphorylation
sites on its C terminus. So far, data indicate that occludin phos-
phorylation on Thr-424/Thr-438 is required for T] assembly in
epithelial cells, while phosphorylation on Tyr (Tyr-398 and Tyr-
402) and Ser (Ser-490) residues attenuates occludin interaction
with ZO-1 and promotes dislocation from the lateral membrane
in oxidative stress-induced barrier alterations.***'%" A similar
effect was also described for occludin phosphorylation on Ser408
which ultimately induces dissociation from ZO-1 and increased
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Table 1. Junctional protein gene mutation and BBB dysfunction.

Gene Locus Mutation Type of inheritance Protein Phenotype
MPDZ 9p23 nonsense mutation Autosomal recessive Multiple PDZ Hydrocephalus, aqueductal stenosis,
domain abnormality of corpus callosum,
hypoplasia/aplasia corticospinal tracts
microvascular permeability (?)
JAM-C 11925 G-to-T transversion Autosomal recessive JAM-C Hemorrhagic destruction of the brain,
(74741G-T) subependymal calcification, and cataracts,
BBB permeability
OCLN 15913.2 171_193del22 F219S Autosomal recessive occludin Band-like calcification with simplified
gyration and polymicrogyria
Microvascular permeability (?)
CCM1(KRIT1) 7921.2 42 distinct mutations Autosomal dominant KRIT1 Cerebral cavernous malformations-1 multiple
cerebral capillary malformations in brain
and retina, vascular permeability,
hemorrhage
CCM2 (MGC4607) 7p13 8 different mutations Autosomal dominant malcavernin Cerebral cavernous malformations-2
PDCD10 (CCM3) 3q26.1 6 distinct mutations Autosomal dominant? PDCD10 Cerebral cavernous malformations-3,
capillary malformations in brain and
spinal cord
SRF/MRTF Claudins, ZO-1, Intracerebral hemorrhagic stroke, brain small
VEcadherin, vessels disease, BBB permeability
«-actinin,
collagen IV
GJA1 6q22.31 nonsense mutation Autosomal dominant Connexin 43 oculodentodigital dysplasia (ODDD) with

neuropathies

paracellular permeability.'” At the BBB, Ser/Thr phosphoryla-
tion of occludin and barrier dysfunction occurs in inflammatory
conditions, encephalitic human brain and exposure to the che-
mokine CCL2."%""'% In epithelial cells, occludin Tyr phosphor-
ylation is correlated with assembly in TJ complex although 2
sites Tyr-398 and Tyr-402 were described to lead to barrier dys-
function.” In brain endothelial cells, Tyr phosphorylation of
occludin was found during cerebral ischemia and glutamate treat-
ment causing BBB dysfunction/hyperpermeability.'*%'%>

There is still a general lack of detailed evidence regarding clau-
din-5 phosphorylation sites, although Ser/Thr phosphorylation
due to activation of some Ser/Thr kinases (i.e. nPKC-0, cPKC-«
cPKC-B, PI3Ky, p38MAPK, MLCK and ROCK) is associated
with altered claudin-5 localization and expression and ultimately
TJ complex disassembly and Tyr kinase activation correlates with
claudin-5 disassembly from the TJ complex,'0'-103106:107
Among the 23 predicted phosphorylation sites, 6 kinase-specific
phosphorylation sites Thr-189, Tyr-200, Thr-207, Thr-209,
Tyr-217 and Tyr-218 were observed to be present in the cyto-
plasmic tail region of human claudin-5. However, only one site,
Thr-207, has been experimentally verified so far (RhoK and
PKA) and it affects T7] integrity in murine brain endothelial cells
and increases permeability.'%*'%®

The role of JAM phosphorylation is not well characterized. In
epithelial cells, assembly of JAM-A in the junction complex and
its barrier function was dependent on Ser-285 phosphorylation,
mostly via activity of aPKC, facilitating cell-cell contact matura-
tion, TJ formation and single lumen specification.'” However,
alterations in JAM-A phosphorylation status may have opposite
effects depending on cell type and environment. For example,
increased dephosphorylation on the Tyr residues may facilitate
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integrin outside-in signaling and occurrence of thrombosis in
platelets while increased phosphorylation of JAM-A in mono-
cytes by P38MAPK kinase may increase monocyte migration.110
There is no solid evidence on how JAM-A phosphorylation
affects barrier function or the function of JAM-A as a leukocyte
adhesion molecule.

Z0-1 is a large phosphoprotein. It is regulated by phosphory-
lation of Ser, Thr and Tyr residues. This affects ZO-1 localiza-
tion, molecular associations and cell adhesion. Thus, enhanced
phosphorylation of Thr-770/772 residues leads to ZO-1 dissocia-
tion from the T] complex, phosphorylation at Ser-168 regulates
Z0O-1 subcellular localization and interaction with integrin a5,
and phosphorylation on Tyr-1164 and Tyr-1177 regulates cell
cycle and cell motility."'"!""* Regarding BBB dysfunction,
increased phosphorylation of ZO-1 on Tyr, Thr and Ser residues
is associated with decreased ZO-1 expression and dissociation
from the T] complex during inflammation (TNF-a, IL-6, CCL2
or LPS treatment), hypoxia or ischemia through activation of
PKC (cPKCa, nPKC-0 and aPKC-{), Rho kinase p44/42
MAPK or p38MAPK/JNK pathways.®'0103 113114 Gimilar o
Z0-1, ZO-2 is regulated by Ser/Thr kinase activity (PKC, p44/
42 MAPK or p38MAPK/JNK) and that phosphorylation may
increase dissociation from the junction complex and increase
permeability.

The functions of Ad] proteins, VE-cadherin and (-cate-
nin, also depend on phosphorylation status. Phosphorylation
of VE-cadherin on tyrosine residues regulate function with
Tyr-658, Tyr-685, and Tyr-731 phosphorylation being
important for maintaining barrier integrity.“s’“6 In brain
endothelial cells, activation of PYK2 (proline rich kinase 2)
and increased Tyr phosphorylation of VE-cadherin and
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B-catenin disrupt junction assembly in the presence of HIV
Tat-C.""7

Phosphorylation is also critical in modulating actin cytoskele-
tal components, particularly actin binding proteins. Several
recent studies indicate that VASP has a role in regulating BBB
integrity. In line with that, NO/cGMP-dependent phosphoryla-
tion of VASP is important for protein location at cell-cell con-
tacts and association with microfilaments, while in conditions of
hypoxia or hypertension BBB disruption is correlated with
decreased of VASP phosphorylation and expres-
sion.®>M® 11 Another actin binding protein where changes in

level

phosphorylation status may directly affect the BBB function is
cortactin. Tyr-phosphorylation of cortactin by Src kinase con-
tributes to remodeling of the brain endothelial surface during T-
cell transendothelial migration and meningococcal
sion."?*'*! Phosphorylation of cortactin on Ser-405 resides leads
to dissociation of cortactin from ZO-1 and contributes to disas-
sembly of T] complex in CCM3 lesions.®’

Changes in connexin phosphorylation status are closely associ-
ated with changes in GJ assembly, stability and channel proper-
ties. Both phosphorylation and dephosphorylation regulate
connexin function. Connexin 43 is phosphorylated on at least 14

inva-

of the 21 serine and 2 of the tyrosine residues in the cytoplasmic
tail region as well some threonine residues. Cx43 phosphoryla-
tion at Ser-364 and Ser-365 increases in response to stimuli that
enhance gap junction assembly, and phosphorylation at Ser-325/
328/330 via casein kinase 1 (CK1) regulates assembly into gap
junction channels.'**'** Cx43 can be sequentially phosphory-
lated by Akt, c-Src, mitogen activated protein kinases (MAPK)
and protein kinase (PKC) in response to growth factors, hypoxia
and other stimuli which induce acute increases in gap junction
size and gap junction turnover.'** However, there is no data
regarding phosphorylation modifications of Cx43 in brain endo-
thelial cells and other neurovascular components, although alter-
ations in Cx43 expression are indicated in BBB dysfunction
including vasogenic edema formation, alterations in transporters

. 125,126
expression and leukocyte migration.'*”>'2

Palmitoylation, methylation and glycosylation

Palmitoylation is the covalent modification of proteins with
lipids (fatty acids) via thioester linkage to Cys residues. This is a
reversible process and palmitoylation/depalmitoylation can regu-
late cellular functions including: membrane association of soluble
proteins, protein-protein interactions, protein trafficking, subcel-
lular targeting, partitioning of proteins into specific membrane
domains, and it changes protein structure and stability. Palmitoy-
lation has an important role in the localization of transmembrane
junctional proteins to specific subdomains within the membrane
(i.e., lipid raft). For junction proteins and particularly claudins,
palmitoylation is one potential mechanism regulating assembly
and function.'”” Claudins have conserved cysteine residues on
the second and fourth transmembrane domains (Cys-104, —107,
—182 and —183) that might be targets for acylation with pal-
mitic acid, and inhibition of palmitoylation is indicated to
decrease the association of claudins to membranes, reduce locali-
zation efficacy and impair their ability to form a paracellular
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barrier.'*”'*® For brain endothelial cell junction proteins, there
is only evidence of palmitoylation having an important role in
claudin-5 function, the exact mechanisms of which are still under
investigation. However, some data suggest that interplay between
palmitoylation on Cys-104 and —107 and phosphorylation on
Thr-105 could regulate claudin-5 function in the junctional

complex and BBB dysfunction in HIV-1
129

invasion and
infection.

Protein methylation typically takes place on Arg and Lys resi-
dues of proteins and it can modulate biological activity and other
pathways dependent on the location of the methylation site.
Claudin-5 has potential methylation sites: Arg-116 in close local-
ization to Lys-114, which is often modified via acetylation, and
Arg-191 is closely localized to a phosphorylation site 189 and
Pro-192."*” Thus, claudin-5 methylation may play an important
role in regulating phosphorylation, acetylation and protein-pro-
tein interactions pinpointing that Arg-191 and methylation may
regulate claudin-5 function in both maintaining and disrupting
the BBB.

Proteins can also be glycosylated by attachment of O-linked
glycans to the hydroxyl oxygen of Ser, Thr or Tyr residues by the
enzyme O-linked N-acetylglucosamine (O-GIcNAc) transferase
(OGT). Glycosylation affects signal transduction pathways and
modulates the activities of several critical signaling kinases.'**'*
With occludin and claudins (claudin-1, —2, —4), an interplay
between phosphorylation and glycosylation on the same or
neighboring Ser and Thr residues has been indicated as a func-
tional switch, and interruption of this process may modify the
protein to become either permanently “on” or “off” at both the
transcriptional and translational levels."”®'*® The O-glycosyla-
tion of junctional proteins is still largely unknown, although
structural analysis showed several sites which will be capable of
the Yin Yang switch between phosphorylation and O-glycosyla-
tion in regulating junction protein function/dysfunction at the
BBB.129147

Redistribution of junction proteins in BBB dysfunction

Junctions are dynamic structures. Junction proteins have the
ability to relocate/redistribute when established interactions are
diminished. In pathological conditions, this relocation/redistri-
bution may reduce the adhesive properties of transmembrane
proteins but may also be associated with those proteins gaining
new functions (i.e. as signaling molecules or adhesion molecules).
Redistribution of transmembrane junction proteins, particularly
claudin-5 and occludin as well Ve-cadherin, is closely associated
with loosening of adhesion at the T] complex, which ultimately
leads to paracellular gap formation.®*'**1%¢13! Cayeolae-medi-
ated internalization is the underlying mechanism of occludin and
claudin-5 redistribution during the BBB dysfunction found in
inflammation, infection (HIV-1), ischemic injury and with tox-
ins (methamphetamine).55’64’106 The destiny of the redistrib-
uted/internalized claudin-5 and occludin is still largely unknown.
Possible pathways are sorting through the vesicular system and
degradation, supported by several correlative studies, recycling
back to the junction complex or becoming involved in signaling
processes in the cells.
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An opposite behavior has been described for Cx43. Barrier
dysfunction is associated with increased accumulation of Cx43 at
the cell membrane and increased gap junction formation facilitat-
ing barrier leakage and activating signaling pathways, which sup-
port barrier permeability.'*?

Redistribution of junctional proteins can lead to new func-
tions. JAM-A redistribution via macropinocytosis and translo-
cation to the apical (luminal) membrane of brain endothelial
cells is associated with the role of JAM-A as a leukocyte adhe-
sion molecule governing leukocyte infiltration in inflamma-
and  stroke-induced BBB  dysfunction.’® JAM-A
redistribution might also be associated with JAM-A interaction

tion-

with integrin avP3 complex regulating the process of FGF-
induced angiogenesis.

An emerging new field is the role of redistributed junction
proteins in cell signaling during barrier dysfunction. Direct evi-
dence for junction proteins as signaling molecules during BBB
dysfunction is still lacking. However, intriguing new evidence
showed that occludin could largely control metabolic responses
of human pericytes infected with HIV-1."** Along with this
data, is preliminary proteomic analysis of occludin and claudin-4
in epithelial cells, which showed a close association of these pro-
teins with trafficking, signaling and endocytotic pathways.'?
Thus, the redistribution of junction proteins may not only affect
barrier physical properties directly but it may further modulate
ongoing signaling processes enhancing BBB dysfunction.

Degradation of junction proteins and BBB dysfunction

Proteolytic degradation of junction proteins is an important
regulatory feature in both physiological (e.g., barrier regulation,
angiogenesis) and pathological (e.g. inflammation, diapedesis)
barrier remodeling. It is important to highlight 2 processes: a)
cleavage of transmemebrane junction proteins via matrix metallo-
proteinases (MMPs) and b) proteolysis of junctional proteins via
lysosomes or the proteasome.

MMPs are a family of enzymes that cleave protein substrates
based on a conserved mechanism involving activation of a site-
bound water molecule by a Zn2+ ion. MMPs are robustly
involved in the proteolysis of junction proteins and regulation of
BBB permeability. Increased MMP activation is found in cere-
Parkinson disease,
Huntington’s disease and migraine along with the fragmentation

bral ischemia, brain trauma, glioma,

of junction proteins, decreased protein content and increased
BBB permeability.’**'*® This may lead to vasogenic brain
edema, hemorrhage, leukocyte infiltration and progressive
inflammatory reactions. Potential triggers of MMP activation
include oxidative stress and reactive oxygen species (ROS) cyto-
kines, hypoxia inducible factors —1 (HIF-1a), amyloid- and
gp120."9%138140 Tigh¢ junction proteins are indicated as MMP
substrates. Occludin is a substrate for gelatinases (MMP-2/9)
and, to a lesser degree, for stromelysin (MMP-3) and collagenase
(MMP-1), while claudin-5 is preferential substrate for MMP-2
and —9. The scaffolding protein ZO-1 is a substrate for MMP-2
and —9, and, to a lesser extent, MMP-1 and —3."*"%* Another
transmembrane T] protein, JAM-A, is not described as a sub-
strate for MMPs but is degraded by the A Disintegrin and
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Metalloprotease (ADAM) family of proteases and particularly
ADAM-10 and ADAM-17."*" Adherens junction proteins are
also 2ubject of MMP degradation, including by MMP-2 and
_g 142

Mechanistically, MMP- and ADAM-mediated proteolytic
degradation of the extracellular domains of junction proteins
affects their adhesion properties leading to increased permeabil-
ity. Cleaved fragments of junction proteins are in most cases inac-
tive and they may be recycled back into the brain endothelial cell
or found in the circulation where they may be a potential indica-
tor of the degree of endothelial dysfunction.

Two other processes that are involved in junction protein
degradation are the ubiquitin—proteasome system and lyso-
somal degradation. The ubiquitin—proteasome system is, in
general, a 2 step process with covalent attachment of a polyu-
biquitin chain to the target protein via enzymatic reactions
catalyzed by a ubiquitin activating enzyme (E1), ubiquitin
conjugating enzyme (E2), and ubiquitin ligase (E3), followed
by degradation in the proteasome complex. Junction proteins
undergo ubiquitination in conditions leading to BBB dysfunction/
breakdown. In ischemia reperfusion injury at the blood-
retinal barrier, occludin phosphorylation on Ser-490 is considered
a prerequisite for polyubiquitination and endocytosis leading to
proteasomal degradation.'*® The polyubiquitination of claudin-5
(Lys-199), ZO-1, Ve-cadherin, JAM-A, cortactin and particularly
connexins trigger junction protein proteasome-dependent degrada-
tion and serve as a mechanism of protein turnover and junction
complex remodeling.®>'*'% So far, the ubiquitination and pro-
teasomal degradation of occludin is the only one described as an
underlying mechanism of BBB dysfunction in permanent brain
ischemia.

Various stimuli (e.g., inflammation) cause endocytosis of
junction proteins causing barrier dysfunction. Depending on the
duration and severity of the stimulus, those proteins may be
recycled to the cell membrane, leading to return of barrier func-
tion, or the proteins may be directed to the lysosome and
degraded, leading to longer term barrier dysfunction. Increased
kinetics of lysosomes and autophagosomes and localization of
junctional proteins (i.e., claudin-2, Cx43, Ve-cadherin) to intra-
cellular compartments where they are targeted for lysosomal deg-
radation was found in the regulation of epithelial and endothelial
barriers exposed to Japanese encephalitis virus (JEV), nutrient
starvation or macrophage migration inhibitory factor (MIF).'**"
159 Similar processes may apply to the BBB, but direct proof is
still lacking.

Conclusion

Much exciting progress is being made in understanding the
organization and function of BBB junctional complexes at the
molecular level. Although some details remain obscure, the junc-
tional complexes are dynamic structures, which, while forming a
physical barrier, are also actively involved, in different aspects of
BBB function. Because of this, further intensive investigation is
needed to completely understand junction protein function. This
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could offer new avenues for targeting the BBB dysfunction that

occurs in many pathological conditions.
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