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It is well recognized that a number of proteins present
within adhesion complexes perform discrete signaling
functions outside these adhesion complexes, including
transcriptional control. In this respect, p-catenin is a well-
known example of an adhesion protein present both in
cadherin complexes and in the nucleus where it regulates the
TCF transcription factor. Here we discuss nuclear functions of
adhesion complex proteins with a special focus on the CCM-1/
KRIT-1 protein, which may turn out to be yet another adhesion
complex protein with a second life.

Adherens Junctions and Tight Junctions Regulation

During embryonic development, endothelial cells form the
network of blood vessels essential for transport of nutrients,
fluids, circulating cells, gasses, and hormones to almost all
tissues in our body. A tight monolayer of endothelial cells
is lining the inner site of all vessel types and regulates the
exchange of solutes and fluids between blood and tissue
and controls entry of leukocytes in the surrounding tissue.
The ability of endothelial cells to properly regulate cell—cell
adhesions between themselves and neighboring cells is essential
for regulation of all these functions. Endothelial cells have two
specialized types of junctions to regulated cell-cell contacts,
called adherens junctions (A]) and tight junctions (T7J). In
general, adherens junctions confer cell-cell contacts and tight
junctions regulate the paracellular passage of ions and solutes.?
Proper formation of these junctions is important for tissue
integrity, leukocyte extravasation, vascular permeability, and
angiogenesis. In both types of junctions, adhesion is mediated
through transmembrane proteins, such as cadherins and
nectins in AJs and claudins, occludins, and JAMs (junction
adhesion molecules) in TJs. AJs are formed at the early stages
of intercellular contacts and are followed by the formation of
TJs. AJs are suggested to influence the formation of TTs, as in
some cases, in absence of AJs, TJs are not formed. Intracellular
signaling mediated by the transmembrane proteins in AJs
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and TJs is mediated by a diverse set of signaling proteins.
For example, in TJs, intracellular signaling can be mediated
by ZO-1, ZO-2, and ZO-3 (zonula occludens), and in AJs
this is mediated by the Catenins, in particular p120-catenin,
B-catenin, a-catenin, and plakoglobin (y-catenin). B-catenin
interacts directly with the cytoplasmic tail of the cadherins.
a-catenin can interact with B-catenin and the actin cytoskeleton,
although this interaction seems mutually exclusive (reviewed in
ref. 3) (depicted in Fig. 1). Cell-cell adhesion in endothelial
cells is mediated by Vascular Endothelial (VE)-cadherin. The
interaction between VE-cadherin and p120-catenin/f-catenin
is tightly regulated by (de-) phosphorylation and binding
of pl20-catenin to VE-cadherin inhibits the internalization
of VE-cadherin.® Tyrosine phosphorylation of VE-cadherin
reduces the interaction with p120-catenin and might therefore
induce its internalization, resulting in disruption of AJs. Next
to internalization, VE-cadherin is also regulated by cleavage’
and through up or downregulation of its expression.®”

Integrin Signaling

The interaction of cells to the extracellular matrix (ECM)
and the link with the ECM to the actin cytoskeleton at focal
adhesion sites is mediated by the transmembrane glycoprotein
called integrin (Fig. 1). Integrins consist of dimers containing
an o- and B-chain. There are 18 a- and eight B-integrins,
and the combination of those determines the interaction with
specific ECM proteins and the subsequent downstream signaling
event.® Activation of integrins occurs through both outside-in
and inside-out signaling. Outside-in activation is mediated by
extracellular stimulation, resulting in a conformational change
that allows interaction with several cytoplasmic proteins. Inside-
out activation is mediated by the interaction of intercellular
activators such as talin and kindlin (Fig. 1 [1]) and also results
in an open conformation. Inactive integrins adopt a closed
conformation, which inhibits recruitment of extracellular ligands
and intracellular proteins (reviewed in ref. 9). Several proteins are
reported to compete with intercellular activators for binding to
integrins, and thereby, inhibit integrin activation. For example,
ICAP1 can compete with talin and kindlin for binding to
Bl-integrins.”® Filamin is another inhibitory protein of integrins,
it interacts with the NXXY motif in (8 integrin tails, and thereby,
inhibits talin binding (Fig. 1 [2]; reviewed in ref. 9). Crosstalk
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Figure 1. A simplified representation of the important mediators of cell-cell and cell-matrix adhesion. The adherens junctions consist of the Claudin
and JAM families of transmembrane proteins, which are connected to the actin cytoskeleton via the ZO-family of proteins. Tight junctions consist of the
catenin and nectin families of transmembrane proteins, which are connected to the cytoskeleton via the f3-catenin interaction to a-catenin. Integrin-
mediated cell-cell or cell-matrix interactions at focal adhesion sites is established via interaction of talins and kindlins to actin bundles (1). This can be
inhibited by binding proteins such as filamin and ICAP1 to the -integrin tail (2). For further details, see text.

between adherens junctions and integrin signaling is postulated
to be important for proper development and tissue architecture;
however, the molecules and molecular mechanisms involved
are still ill defined. Mainly, engagement of integrins with ECM
proteins is reported to affect cadherin-containing adherens
junctions, whereas cadherins that regulate integrin function is
much less explored. Most of the crosstalk between cadherens and
integrins is mediated by small GTPases, non-receptor kinases,
cell surface receptors, and alterations of the actin network
(reviewed in ref. 11).

Regulation of Junctions by Small GTPases

Adherens junctions, tight junctions, and focal adhesions
are highly regulated by small GTPases belonging to the RAS
superfamily of small G proteins. These small GTPases act as
molecular switches by cycling between an active GTP-bound
and inactive GDP-bound form. They are tightly regulated by
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GTPase-activating proteins (GAPs), which stimulate hydrolysis
of GTP (inactivation) and guanine nucleotide exchange factors
(GEFs), which stimulate GTP loading (activation).’ The small
GTPase RAPI is a member of the RAS super family important
in the promotion of cell-cell adhesion through regulation of the
formation and maturation of cell—cell contacts via stimulation of
the adhesive function of VE-cadherin.”® In return, VE-cadherin
is necessary for the recruitment of MAGI-1, a scaffold for the
RAP1 guanine nucleotide-activating factor (GEF) PDZ-GEF. In
addition, RAPI activates the clustering of integrins to mediate
cell adhesion to the extracellular matrix and promotes cell
spreading. RAP1 is also suggested to mediate crosstalk between
adherens junctions and integrin signaling, in which RAP1 is
activated upon E-cadherin internalization and trafficking along
the endocytic pathway. This endocytosis-dependent activation
of RAP1 is required for the formation of integrin-based focal

adhesions.'*"

RALA, another small GTPase belonging to the RAS
super family, is important in tight junction regulation, via a
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Figure 2. Molecular details of CCM1 biological function. Loss of CCM1 results in release of $-catenin from VE-cadherin, and subsequent activation of
TCF/LEF-dependent transcription (1). Interaction of ICAP1 to B1-integrins disturbs focal adhesions by preventing binding of talin and kindlin. CCM1
inhibits binding of ICAP1 to 31-integrins and ICAP1 stabilizes CCM1 followed by nuclear translocation of the complex (2). CCM1 is located to the plasma

membrane through interaction with the HEG1 transmembrane receptor.

GTP-dependent interaction with ZONAB (ZO-1-associated
nucleic acid-binding protein). ZONAB is a Y-box transcription
factor that regulates expression of genes in a cell density-
dependent manner.” Upon increase in cell density, the amount
of the RALA-ZONAB complex increases, resulting in release of
transcriptional repression of the ErbB-2 promotor by ZONAB."”

RHO GTPases also belong to the RAS superfamily of
small GTPases and promote the formation of stress fibers
and increase endothelial permeability.”® RHO induces stress
fibers via activation of myosin light chain (MLC), which
interacts with actin and slides along actin filaments causing
contractility. MLC is regulated by myosin light chain kinases
(MLCKs) and RHO kinases. RHO can induce RHO kinase-
mediated phosphorylation of MLC,” and alternatively, RHO

www.landesbioscience.com

kinase can phosphorylate, and thereby, inactivate myosin light
chain phosphatase, which dephosphorylates MLC.?*?' The
effect of RHO activity on endothelial permeability is less clear
and is suggested to involve a fine balance between RHO and
RAC, another member of the RHO family of small GTPases.
Improvement of endothelial barrier function can be achieved
by low RHO, high RAC activity, whereas decreased barrier
function is accomplished by high RHO, low RAC activity.
Although low RHO activity is beneficial for the endothelial
barrier,”? long-term inactivation of RHO can also result in
increased permeability.? Similarly, RAC activity is required
for endothelial barrier function, whereas long-term activation
of RAC results in stress fiber formation and junction
breakdown'®
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Figure 3. Dual role of proteins in adhesion complexes and transcription regulation. In absence of wnt signaling, f-catenin is degraded by the APC-
destruction complex, whereas in presence of wnt signaling, degradation of -catenin by APC is prevented and 3-catenin activates TCF/LEF-mediated
transcription (Left panel). Disruption of E-cadherin signaling by, for example, ADAM10-mediated cleavage of E-cadherin, results in nuclear translocation
of B-catenin, and subsequent activation of the Wnt signaling pathway. However, following complete disintegration of the E-cadherin complex, the cyto-
plasmic domain of E-cadherin, derived after proteolytic cleavage and in addition p120<", may also translocate to the nucleus (Right panel). Combined or
in isolation this nuclear shuttling of E-cadherin complex proteins may have different biological outcome. Multiple signals, like stress signals can result in

nuclear localization of FAK, a key component of integrin signaling (left panel).

Cerebral Cavernous Malformations

Defects in formation of the various types of junctions
described above will cause major problems in various processes
and are implicated in many diseases. For example, Cerebral
Cavernous Malformations (CCM), a disease characterized by a
cluster of dilated blood vessels in which each individual vessel
is lined with a layer of endothelium.?** The cerebro-vascular
lesions are thought to be the result of defective endothelial cell
junctions.?>* Patients with Cerebral Cavernous Malformations
(CCM) have vascular malformations predominantly in the brain
and sometimes in the skin®® and retina.” This can cause a variety
of problems like severe neurological symptoms such as focal
defects (20-45%), migraine-like headaches (6-52%), seizures
(23-50%), and/or brain hemorrhages (9-56%); however, about
40% of the cases are asymptomatic. The prevalence of CCM
has been estimated to be 0.1-0.5%, based on cerebral magnetic
resonance imaging (MRI) and autopsy studies of large cohorts
of patients.’® Both sporadic (80%) and familial (20%) forms of
CCM have been identified. Due to studies investigating patients
with sporadic and familial CCM, it is found that familial CCM

patients develop larger numbers of lesions and suffer more
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frequently from symptoms like seizure and hemorrhage. From
these data, a two-hit hypothesis has been suggested for the
pathogenesis of CCM.?"%*

The first gene identified related to CCM patients is called
KRIT1 (Krev-interaction trapped 1) or CCM1.*34 Later on,
two other genes were found to be associated with CCM, CCM2/
OSM (osmosensing protein 1)/Malcavernin®3¢ and CCM3/
PDCDI10 (programmed cell death 10).7%® Over 150 different
germline mutations are identified in either one of these genes,
predominantly resulting in loss of function. To date, it has been
established that the three CCM proteins can form a complex.*-#!
How and whether disruption of this complex of CCM1, CCM2,
and CCM3 is involved in the pathogenesis of CCM is still highly

unknown.

CCM in Model Organisms

All three CCM genes are well conserved among both vertebrates
and non-vertebrates,” and subsequently, many attempts have
been made to mimic the CCM phenotype. Mice that lack Ceml
or Cem2 die in mid-gestation with vascular defects.** Ceml is
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Figure 4. (A) Loss of CCM1 (depicted with a red cross in the figure) results in activation of Rho signaling (1), inhibition of DLL4-Notch signaling (2), nuclear
localization of B-catenin (3), disruption of focal adhesions (indicated by red cross through integrins) as a result of ICAP binding (4), and decreased FOXO
protein levels, resulting in increased ROS levels (5). (B) Suggested model in a situation where cadherin signaling is disrupted (depicted by a red cross

ubiquitously expressed until E10.5, at which point the expression
becomes restricted to neural and epithelial tissues.*** Endothelial-
specific ablation of Cem2 results in lethality at mid-gestation
due to impaired embryonic angiogenesis and endothelial-specific
deletion of CCM]I produces hemorrhagic vascular lesions in the
cerebellum and retina that resemble CCMs.#%4 However,
neuronal and smooth muscle cell-specific deletion of Cem2 does
not affect vascular development.* Also for Cem3, both constitutive
and tissue-specific deletion gave similar phenotypes.’® Mice with
heterozygous knockout of Ceml or Cem?2 do not develop CCM-
like vascular lesions in the brain with any useful frequency, which
makes these mice unsuitable to stcudy CCM pathogenesis. Because
of the suggestions of a two-hit hypothesis for the disease phenotype
of CCM patients, other mice studies used mice lacking either p53°!
or Msh2°* in addition to heterozygosity of CCMI. These mice have
high-mutation frequencies and were therefore chosen to function
for second hit generation. Indeed, these mice develop CCM-like
lesions, indicating that these mice have a second mutation resulting
in CCM-like lesions. The combined data of the existing CCM
mice models all indicate an important role for CCM in endothelial
barrier function and vasculogenesis, but until now they do not
provide sufficient insight into the molecular function of the CCM
proteins in CCM pathogenesis.

Similar to mice, all three CCM proteins are expressed
in zebrafish. Depletion of zebrafish CCM1 (Santa), CCM2
(valentine), and CCM3 (ccm3a and ccm3b) results in a

www.landesbioscience.com

dilated heart phenotype combined with vascular defects.’®”°

Interestingly, this phenotype is similar to that of Heart of glass
(heg) mutations, suggesting that they are functioning in the
same molecular pathway.”® HEGI is a transmembrane protein
of unknown function that is expressed specifically in the
endothelium and endocardium. Also in mice, CCM2 and HEG1
were found to interact genetically. Hegl”~; Cem2h</ mice, |ike
Ccm27~ mice, have severe cardiovascular defects and die early
in development.”’” It is also shown that in human umbilical vein,
ECs (HUVECs) CCM1 needs HEGI to localize to endothelial
cell—cell junctions.® Recently, a novel gene with sequence identity
to cem2, cem2l, was described in zebrafish and mice. Whereas the
Ccm2L-knockout mice are viable with no gross cardiovascular
defects,” in zebrafish, injection of ccm2l morpholino results
in cardiac dilation.®® In both mice and zebrafish, knockdown
of cem?l in addition to mutations in the HEG-CCM pathway
enhances heart defects. Therefore, investigation of ccm2l might
provide further insight in the CCM disease phenotype.

Molecular details of CCM1

Of the three CCM proteins, KRIT1/CCM], is the first
protein identified related to CCM**% and is most extensively
studied compared with CCM2 and CCM3. Therefore, we will
predominantly focus on the molecular details described for
CCML1.

CCM1 was first identified in a yeast two-hybrid screen for
interaction partners of the small GTPase RAP1.® As RAPI
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plays an important role in cell-cell adhesion, cell-matrix

adhesion,*” and cell polarity,*® the interaction with CCM1 led
to the suggestion of a role of CCM1 in maintaining junction
integrity together with RAP1.%% In the past couple of years,
several groups indeed show a role for CCM1 in the junctions.
CCM1 is found in complex with B-catenin and RAPI at the
junctions and loss of CCMI1 results in release of 3-catenin from
VE-cadherin in AJs® (Fig. 2 [1]).

CCM1 in integrin signaling

Next to RAP1, an integrin binding protein was identified to
interact with CCM1, called ICAP1 (integrin cytoplasmic domain-
associated protein 1).%7' ICAPI binds to the cytoplasmic domain
of integrin B1, and thereby, prevents binding of talin™>”* and
kindlin."*”> Binding of talin and kindlin to integrin B1 is essential
for proper integrin-mediated cell adhesion and formation of focal
adhesions;” hence, inhibition of this binding disrupts proper cell
adhesion. Binding of ICAP1 to Bl-integrins is mutually exclusive
with its binding to CCM1.97° These data would fit a model
where CCM1 prevents binding of ICAP1 to Bl-integrins and
preserves proper talin- and kindlin-mediated integrin signaling’’
(Fig. 2 [2]). ICAP] mediates stability of CCM1 by binding
the first NPxY motif of CCM1 (CCM1 contains three NPxY
motifs'’), resulting in an open and more stable conformation.”®”
Furthermore, CCMI1 is shown to interact with microtubules,’®8
and from this, a model is suggested where CCM1 is brought
toward the plasma membrane via microtubules,®® where
subsequently RAP1 and ICAP1 can capture CCMI. Indeed, Liu
et al. show that RAPI binding to CCMI releases CCM1 from
microtubules, enabling the translocation to cell-cell junctions.®!

Inhibition of RHO signaling

As mentioned above, improvement of endothelial barrier
function can be achieved by low RHO, high RAC activity.
Recently, several groups have reported an inhibitory role of
CCM1 toward RHO signaling, which would improve the
endothelial barrier function.?>% Activation of RHO results in
ROCK-mediated phosphorylation of several substrates involved
in regulation of actin cytoskeletal dynamics, like myosin light
chain and LIM kinase. Furthermore, ROCK is described to
phosphorylate Occludin and Claudin-5 in brain endothelium,
and thereby, enhances leakiness.* Inhibition of RHO by CCM1
is beneficial to keep endothelial cells in a quiescent state and
maintain the endothelial monolayer. In addition, Nd1-L, an
actin binding protein that negatively regulates RHO activity, is
reported to induce cytoplasmic localization of CCM1, providing
an extra layer of CCM1-mediated RHO regulation.® Also, for
both CCM2 and CCM3, an inhibitory role toward RHO has
been described.®#% How inhibition of RHO/ROCK by the
CCM proteins is achieved is not known and it will be of interest
to further investigate whether CCM proteins might influence the
balance between RHO and RAC signaling.

Inhibition of angiogenesis

Loss of VE-cadherin signaling results in weakened cell
contacts, but it also results in initiation of angiogenesis.®” Loss
of CCMI1 results in release of B-catenin from VE-cadherin,
subsequent nuclear translocation and transcriptional activation,
ultimately resulting in cell cycle re-entry and potential

6 Cell Adhesion & Migration

activation of angiogenesis. The Notch signaling pathway
plays an important role in regulation of angiogenesis.®® In
mammals, there are four Notch receptors (Notchl-4) and
five ligands (DLL1, DLL3—4, and Jagged 1-2). DLL4-Notch
can inhibit endothelial sprouting by inhibition of excessive
tip-cell formation and is shown to inhibit sprouting in culture
cells, animal embryos, and during tumor angiogenesis.®*!
Interestingly, loss of CCMI1, CCM3, or ICAPl impairs
DLL4-Notch signaling, resulting in excessive angiogenesis.”*¢
Furthermore, induction of DLL4-NOTCH signaling by CCM1
results in increased PKB signaling and inhibition of ERK. Also,
protein lysates from human CCMI lesions show increased
phospho-ERK  levels,” indicating that CCMI1 suppresses
ERK activation. Altogether, this suggests that CCM proteins
activate DLL4-Notch signaling, and thereby, inhibit excessive
angiogenesis, but also here molecular details are lacking on how
CCM proteins activate DDL4-Notch signaling.

CCM in cell polarity

Next to maintaining the endothelial monolayer, adherens
junctions are important for cell polarization and lumen
formation. In various cell types and organisms, cell polarity is
established by a protein complex consisting of: the partitioning
defective (PAR) proteins PAR-3 and PAR-6 and atypical protein
kinase C (aPKC).”>? PAR-3 assembles PAR-6, aPKC, and the
RACI guanine nucleotide exchange factor TIAM1.”7%® PAR-6
can interact with proteins from other cell polarity complexes
like Crumbs and Palsl from the CRB3-Pals1-PAT] (Palsl-
associated tight junction protein) complex and Lgl (Lethal giant
larvae) from the Scribble-Disc large (Dlg)-Lgl complex.”'%? In
vertebrate epithelial cells, the PAR complex is localized to the
tight junctions and disruption of this complex result in defects
in tight junctions and polarity. VE-cadherin is co-distributed
with members of the Par polarity complex, like Par-3 and Par-
6.1 Integrin Bl-matrix interactions at the basal EC surface
regulate PAR-3 expression and junctional localization. Loss of
CCMI results in loss of apicobasal polarity and disturbance of
proper vascular lumen formation, indicating an important role
for CCML in polarity."” However, how CCM1 regulates polarity
is unknown. Because integrin Bl-matrix interactions regulate
PAR-3 expression, it is possible that ICAPIla, together with
CCM], plays a role polarity. Alternatively, serine threonine kinase
(STK) 24, STK25, and mammalian sterile 2like 4 (MST4), were
identified as interaction partners of CCM3 in a yeast-two-hybrid
screen.’ %1% Combined with the connection of MST4 with
LKBI1 function in cell polarity,'*
for CCM3 in cell polarity.

Endothelial to mesenchymal transition

Loss of apicobasal polarity and cell-cell contacts is also

this indicates a potential role

associated with the induction of endothelial to mesenchymal
transition (EndMT). EndMT is characterized by the acquisition
of mesenchymal- and stem cell-like characteristics by the
endothelium.'!° By use of an endothelial-specific tamoxifen-
inducible Cem1lossof function mice iCCM1), itwasdemonstrated
that the endothelial cells lining the vascular lesions associated
with CCM, showed highly disorganized VE-cadherin expression
and upregulated N-cadherin expression."! Furthermore, CCM1
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downregulation in lung and brain microvascular endothelial
cells showed increased proliferation and enhanced invasive/
sprouting capacitiy, which is mediated by Notch inhibition and
subsequent BMP6 (bone morphogenetic protein 6) upregulation.
Upregulation of BMP6 activates transforming growth factor-f3
(TGF-B) and BMP signaling pathways and results in increased
EndMT."! As Wnt/B-catenin signaling plays an important role
in EndMT in myocardial cells"? and loss of CCM1 enhances
B-catenin-dependent activation of the Whnt signaling pathway,®®
this might be another pathway that contributes the EndMT
phenotype.

Dual Role of Proteins in Adhesion
Complexes and Transcription

Signals from junctions are transmitted toward the cell interior
via two different mechanisms: by regulation of intercellular
signaling cascades or via shuttling of proteins between adhesions
sites at the plasma membrane and the nucleus. Proteins involved
in the latter type of signaling are called NACos; proteins that
can localize to the nucleus and adhesion complexes.!”® All of
the above described junction complexes contain proteins that
can fulfill such a dual function. For example, the transcription
factor ZONAB, which is found in tight junctions in high density,
confluent cells where it is retained by the tight junction protein
Z0O-1 and binds to the small GTPase RALA.""In proliferating
cells, ZONAB accumulates in the nucleus where it interacts with
the cell cycle regulator CDK4 and controls expression of cell
cycle regulators like cyclin D1 and PCNA.'®!"

In adherens junctions, the protein B-catenin is an extensively
studied example with dual localization. B-catenin stability is
predominantly regulated by Whnt signaling. In absence of Wnt
signaling, 3-catenin is targeted for degradation by a multi-protein
destruction complex consisting of the scaffold proteins Axin and
Adenoma Polyposis Coli (APC), the serine/threonine kinases
Casein Kinase 1 (CK1) and Glycogen Synthase-33 (GSK-38),
and the protein phosphatase 2A (PP2A). Phosphorylation of
B-catenin by CK1 and GSK-3f target B-catenin for 3-TRCP-
mediated ubiquitination and degradation by the proteasome.!®
Activation of Wnt signals result in inactivation of GSK3 activity
and stabilization of P-catenin, which subsequently mediates
transcription via the TCF (T cell factor)/LEF (lymphocyte
enhancer binding factor 1) family of transcription factors.
In absence of Wnt signaling, TCF/LEF transcription factors
bind groucho and act as transcriptional repressors. Whereas in
presence of Wnt signals, (3-catenin displaces groucho and binds
other co-factors to form a transcriptionally active complex with
TCF/LEF" (Fig. 3, left panel).

In absence of a Wnt stimulus, the majority of B-catenin is
located at the plasma membrane where it binds to the cytoplasmic
domain of type 1 cadherins. Association of E-cadherin to
B-catenin prevents proteosomal degradation of both proteins.
B-catenin shields a PEST sequence motif on E-cadherin, which
when available is recognized by an ubiquitin ligase that marks

E-cadherin for degradation,"® whereas E-cadherin prevents
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binding of APC and Axin to B-catenin, and thereby, prevents
degradation of B-catenin.

Interestingly, E-cadherin itself can also accumulate in the
nucleus (Fig. 3, right panel). Proteolytic cleavage of E-cadherin
results in the disassembly of the cadherin, a-catenin, B-catenin
complex, and may thus result in the release of the cytoplasmic
domain of E-cadherin into the cytosol. Here the cytoplasmic
domain may compete with APC for binding of -catenin, and
consequently, modulate Wnt signaling by determining (3-catenin
availability. Alternatively, cytoplasmic E-cadherin fragments
have been shown to translocate to the nucleus by an, at present
unknown, mechanism. Nuclear E-cadherin is detected in several
tumor types and serves as prognostic marker, but molecular details
with respect to its function within the nucleus are lacking.'”

Next to TCF/LEF-mediated transcription, B-catenin also
mediates transcription via other transcription factors, like the
Forkhead box O (FOXO) family. During reactive oxygen species
(ROS) signaling, B-catenin switches form TCF/LEF toward
FOXO-dependent transcription.'”®'?" Furthermore, in absence
of VE-cadherin signaling, B-catenin relocates to the nucleus,
and together with FOXO! mediates inhibition of Claudin-5
122 In this manner, FOXO acts as a mediator
between adherens and tight junctions.

The catenin pl120 (pl20<") is also an armadillo repeat-
containing member of the cadherin—catenin cell-cell adhesion

transcription.

complex.!” The structural homology between pl120“" and
B-catenin has led to the discovery that similar to B-catenin,
pl20<® binds to the E-cadherin complex, can translocate to
the nucleus, and binds to a specific transcription factor, named
Kaiso (Fig. 3, right panel)."* Kaiso belongs to the BTB/POZ
(Broad complex, Tramtrak, Bric a brac/POx virus and Zinc
finger) family of transcription factors. The POZ domain of these
transcription factors acts as a protein—protein interaction domain
and mediates homo-dimerization as well as binding of Kaiso to
other transcriptional regulators such as CTCF'® and the NCoR
repressor complex.'*® Kaiso also contains highly acidic regions
and these regions are associated with activation of transcription.
Thus, Kaiso can act both as an activator and repressor of
transcription.

Interestingly, nuclear localization of pl20°" was initially
difficult to detect, but treatment of cells with leptomycin B, a
specific inhibitor of CRMI-mediated nuclear export, results in
robust detection of nuclear p120°™.!% This indicates that nuclear
import is nullified by nuclear export, and that therefore nuclear
localization requires specific nuclear retention. Binding to
Kaiso may serve in this way as a nuclear anchor for p120°®. In
addition, Kaiso itself also displays nucleo-cytoplasmic shuttling
and cytoplasmic localization of Kaiso appears to correlate with
cytoplasmic localization of p120<".!28!% This correlation may
suggest that p120°® binding to Kaiso serves to facilitate export
of Kaiso out of the nucleus. In agreement, Kaiso does harbor a
classical basic Nuclear Localization Sequence (NLS) and binds
importin-a.”?® This suggests that Kaiso independently of p120<®
can re-enter the nucleus.

The protein tyrosine kinase (PTK), focal adhesion kinase
(FAK), is a key component in the signaling downstream of
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integrins. The presence of both a NLS"! and nuclear export signal
(NES),"%* suggest a role for FAK in the nucleus. Indeed, multiple
signals result in nuclear FAK localization (Fig. 3, left panel).'®
For example, stress signals (H,O,) induce nuclear localization
of FAK where it promotes muscle cell differentiation.”** Nuclear
localization of FAK does not appear to require its kinase activity,
but rather depends on its FERM (band 4.1,ezrin, radixin, moesin
homology) domain. In agreement, other FERM domain proteins
e.g., moesin, can also be found in the nucleus (reviewed in ref.
133). Mutational analysis has suggested that the FERM domain
harbors a NLS sequence,'” whereas a NES sequence is identified
within the kinase domain."”> The FERM domain of nuclear FAK
is suggested to facilitate the interaction between p53 and its E3
ligase mdm?2."" This will result in a reduction in p53 levels, and
thus, inhibition of p53 transcriptional activity. Other nuclear
interaction partners of FAK may include transcription complexes
containing the methyl CpG-binding protein MBD2 e.g., NuRD
complex.'®

Taken together, the examples described in brief above indicate
that a nuclear role for cell-cell adhesion or, for that matter
cell-matrix adhesion complex members such as FAK, is likely
to be more common than initially anticipated. Exploring such a
nuclear role for other adhesion complex members besides the ones
described above is therefore warranted.

Spatial Regulation of CCM1

Interestingly, CCMI1 harbors a putative NLS and NES,!3¢%
which suggests CCM1 might have a function in the nucleus
as well, next to its role in junction maintenance. Mutation of
the NLS sequence reduces the nuclear localization of CCM1
to ~10%."" Furthermore, a role for ICAPI in mediating
nuclear localization of CCM1 has been described. As described
above, the Bl-integrin binding protein ICAP1 affects CCM1
stabilization through binding to the first NPxY motive in
CCM1, which results in an open, more stable conformation of
CCM1.7® ICAPla binds to the cytoplasmic domain of integrin
B1, and thereby, prevents binding of talin”>”* and kindlin.!*”
This subsequently inhibits proper formation of focal adhesions.
ICAPla acts as a negative regulator of integrin function by
competing with kindlin for binding to the Bl-intergrin tail.
This suggests that integrin activation and concomitant release of
ICAPI1a results in CCM1 nuclear translocation. Next to ICAP1-
induced nuclear localization of CCM1, CCM1, and Nd1-L are
described to mediate cytoplasmic localization of CCM1. ICAP1-
mediated nuclear translocation of CCMI1 is dominant over the
cytoplasmic localization induced by CCM2.1%¥ What function
is mediated by nuclear CCMI is however at present completely
unknown.

What is the function of nuclear CCM1?

Nuclear localization of CCMI1 can be induced by
co-transfection of ICAP1; however, the mechanism behind this
translocation is still unknown. As described above, loss of CCM1
or VE-cadherin results in nuclear translocation of B-catenin
and subsequent increase of (-catenin-dependent transcription
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regulation. Whether loss of VE-cadherin or 3-catenin also results
in CCMI1 nuclear localization will be important to determine to
get more insight into the signals that mediate nuclear CCM1.

In C. elegans, it is shown that KRI-1 (C. elegans CCM1)
is important for nuclear localization of DAF16 (C. elegans
FOXO), which results in subsequent lifespan extension during
lack of germ-line signals."” Whether CCM1 is also important
in regulation of mammalian FOXO localization has not been
described yet. However, recently, a function for CCMI in
regulation of ROS homeostasis via FOXO is shown."** CCMI-
knockout MEFs (mouse embryonic fibroblasts) show increased
ROS levels and decreased levels of FOXOI1 and SOD2 (super
oxide dismutase 2). The authors suggest that CCM1 exerts
its effect on FOXO through regulation of FOXOLI stability.
However, they also show increased PKB-mediated FOXO
phosphorylation upon add-back of CCMI1. Phosphorylation
of FOXO by PKB results in ubiquitination and degradation of
FOXOs,"“"142 which contradicts the conclusions of the authors.
Also, others have shown increased PKB phosphorylation upon
CCM1 overexpression in HUVEC cells,”* whereas this is not
shown for CCM3.”* Based on these data, it is unclear what effect
CCML1 could have on FOXO function and if this involves the
nuclear localization of either FOXO or CCM1.

Interestingly, FOXO1 and FOXO3a also have an important
function in the regulation of angiogenesis. Foxol”~ mice die
from severe vascular defects'®'* and inducible Foxo 1-, 3-,
and 4-knockout mice show upregulation of Sprouty and PBX1,
among others, as FOXO-regulated mediators of endothelial cell
morphogenesis and vascular homeostasis."® Furthermore, in
endothelial cells, it is shown by microarray analysis that FOXOL1
induces many genes associated with vascular destabilization
and apoptosis."® For example, Angiopoietin-2 (Ang-2) is an
important FOXOL1 target.'

receptor tyrosine kinase Tie2 and its activating ligand Ang-1.
147-149

Ang-2 is an antagonist of the

Tie2 and Ang-1 are required for vascular development.
Ang-1 promotes survival of endothelial cells by activation of
PKB and subsequent inhibition of FOXO1."¢ Hence, regulation
of Ang-2 by FOXO inhibits its inhibition through Ang-1-
mediated PKB activation.

Concluding Remarks

Until now and discussed above, previous work on CCML is
predominantly focused on the role of CCMI1 in maintenance
of the endothelial monolayer. The experiments performed in
both tissue culture and model organisms have provided valuable
information on the potential function of the CCM1 protein.
Based on these experiments, the following conclusions can be
drawn (summarized in Fig. 4A):

(1) Loss of CCM1 results in increased RHO activity and
leakiness of the endothelial barrier.

(2) Next to induction of RHO activity, loss of CCM1 results
in decreased activity of the DLL4-Notch pathway, resulting
in increased proliferation. This is also indicated by increased
activity of ERK in CCM patient material.
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(3) Loss of CCM1 disturbs the adherens junctions due to
release of B-catenin from VE-cadherin. Release of B-catenin
from VE-cadherin stimulates its function as transcription
co-factor, and thereby, enhances activation of the Wnt pathway
and induction of proliferation.

(4) Loss of CCM1 results in increased binding of ICAPI to
the B1-integrin tail and subsequent disruption of focal adhesions.

(5) Loss of CCMI1 results in increased ROS due to decreased
FOXO levels and subsequent decreased SOD-mediated ROS
scavenging.

These data provide us with important information on the
potential role of CCM in maintaining the endothelial barrier;
however, they provide little molecular details on a potential
nuclear function of CCMLI. Based on the knowledge gained from
other junctional proteins and on the observed nuclear localization
of CCM1, we suggest a role of CCML in transcription regulation.
We propose a similar role as described for B-catenin, which

upon release of cadherins, translocates to the nucleus to mediate
transcription. Furthermore, ICAP1 shows a stabilizing function
toward CCM1 and induces its nuclear localization. Therefore,
examining the circumstances in which ICAP1 interacts with
CCM1 and mediates KRIT1 nuclear localization will provide
more clues on the nuclear function of CCM1 (suggested model
in Fig. 4B). In addition, experiments addressing directly a role
of CCML in nuclear functions, such as transcription regulation,
may shed light onto the possible nuclear function of CCM1. By
analogy to b-catenin and pl20-catenin binding of CCM1 to
transcriptional regulators appears the most likely nuclear role for
CCM]1, but by no means precludes other roles such as e.g., a role
in nuclear architecture or mRNA nuclear export. As for now this
second life of CCML1 is still largely unknown.
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