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Abstract
The cadherin/catenin complex regulates diverse signaling pathways through cell-cell interaction in development, differentiation, and ischemia and neurodegenerative 
disorders such as Alzheimer’s disease (AD). Several stimuli affecting cadherin-mediated signaling regulate the processing of membrane-spanning proteins, including 
amyloid precursor protein (APP), downregulate wnt-related signaling, or promote nuclear transcriptional program. Nuclear phosphoinositide signaling regulates stress-
mediated chromatin modification and contributes to the development of cell polarity or malignancy in cancers. Interestingly, the vascular endothelial (VE)-cadherin/
catenin complex can modulate the endothelial barrier function and blood vessel stability under inflammatory conditions provoked by hypoxia or stroke. Blood-brain 
barrier (BBB) permeability and the availability of nutrients are prerequisite for normal brain functions. Occurrence of stroke, hypoxia-ischemia encephalopathy 
disrupts the homeostasis regulated by VE-cadherin/vascular endothelial growth factor (VEGF) receptor signaling, a process that differs between adult and neonatal 
brains. N-cadherin and VEGF regulate the angiogenesis or vascular response and recruitment or migration of neural progenitor cells to demyelinated lesions. The 
hypoxia-inducible factor (HIF) signaling axis activates key molecules such as netrin-1 and wnt-mediated catenin signaling in endothelial cells and oligodendrocyte 
precursor cells (OPCs) in the subventricular zone (SVZ) or subcortical white matter tract, and spatiotemporal dysregulation of HIF signaling may be the primary 
cause of periventricular leukomalacia. In this review, we discuss the cadherin/catenin-mediated machinery and relevant associated pathological disorders, focusing on 
the organization of the complicated molecular framework as well as on several developmental functions mediated by cadherin/catenin complex. 

Introduction
Cadherin/catenin cell adhesion complexes are necessary 

for synaptogenesis, plasticity, endothelial survival, and vascular 
morphogenesis [1,2]. These cell adhesion machineries are regulated by 
several catenins, including α-, β-, and δ-, or p120 catenins possessing 
armadillo (Arm) repeats in their central domains. α-Catenin interacts 
with several actin-binding proteins such as α-actinin and modulates 
the dynamics of actin cytoskeletons. Its interacting partner, β-catenin, 
constitutes the cadherin-mediated adherens junctions through the 
interaction with classical E- or N-cadherins [3]. β-Catenin also 
regulates synaptic homeostasis through binding to PDZ-domain-
containing proteins, and modulates the neuronal activity or dendritic 
morphogenesis in neurons [4]. p120 catenin binds classical cadherins 
through their juxtamembrane (JMD) sequences and regulates their 
processing by presenilin-1 (PS1) [5,6]. Both p120 catenins and the 
armadillo repeat protein deleted in velo-cardio-facial syndrome 
(ARVCF) subfamily can exist as two major splicing isoforms that differ 
by the presence (isoform 1) or absence (isoform 3) of a coiled-coil 
region at the N-terminus, and regulate the classical cadherin transport 
and stability in the plasma membrane [7]. Interestingly, delta-
interacting protein A (DIPA) was identified as an isoform 1-specific 
p120 binding protein. Both knockdown and overexpression of DIPA 
cause phenotypes similar to those seen in N-cadherin mutants, 
referred to hydrocephalus and heterotopia, which are implicated in 
aberrant cadherin-mediated signaling during brain development [8]. 
Furthermore, p120 catenin is involved in PS1-mediated cadherin 
processing, which could compete with APP cleavage organized by the 
γ-secretase complex in a context-dependent manner [6]. In addition, 
nuclear phosphatidylinositol-4,5-bisphosphate PI(4,5)P2-mediated 
signaling is necessary for the regulation of transcription and promotes 

E-cadherin biogenesis or suppresses inhibitor of growth protein 2 
(ING2)-mediated chromatin remodeling in response to several stimuli 
[9]. 

Under hypoxic conditions, HIF-1 is stabilized by suppression of 
proteasomal degradation of its subunit HIF-1α, and both PS1 and PS2 
are known to regulate the HIF-1α turnover [10]. PS1 and PS2 promote 
hypoxia-dependent HIF-1α expression, which is dependent on APP or 
its intracellular domain (AICD) generation by γ-secretase. On the other 
hand, HIF-1 signaling is responsible for the upregulation of vascular 
endothelial growth factor (VEGF) detected in cerebral infarction 
after middle cerebral artery occlusion (MCAO) or neonatal stroke, 
and VE-cadherin is required for VEGF-mediated angiogenesis [1,11]. 
VEGF controls endothelial permeability by stimulating the β-arrestin-
dependent endocytosis of VE-cadherin [12]. Interestingly, disruption 
of BBB function after ischemic stroke differs among neonates and 
adults. In fact, expression of tight junction proteins is retained to a 
great extent in the immature brain than in the adult brain after the 
stroke, and several genes that increase vascular permeability, such as 
VEGF receptor 2, are overexpressed only in the adult brain [13,14].     

Glial fibrillary acidic protein (GFAP)-positive astrocytic cells 
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from the SVZ can give rise to neurons, NG2-positive oligodendrocyte 
progenitor cells (OPCs), and mature myelinating oligodendrocytes 
[15]. OPC-intrinsic HIF1/2α is required for postnatal myelination by 
coupling with white matter angiogenesis as shown by loss of white 
matter tracts in forebrain of the conditional HIF1/2α knockout mouse, 
which phenotype is reminiscent of periventricular leukomalacia 
(PVL) categorized as the disorder in preterm infants [16]. According 
to a model of subcortical white matter demyelination, expansion 
of neuronal progenitor cells (NPCs) in the SVZ, and activation of 
N-cadherin signaling by a disintegrin and metalloproteinase (ADAM) 
protease in NPCs are both necessary for enhanced migration of NPCs 
into demyelinated lesions [17]. OPC expansion due to white matter 
injury caused by hypoxic-ischemia and death of SVZ progenitors in 
the recovery phase seems to be common features in hypoxic-ischemic 
encephalopathy (HIE) or neonatal hypoxia [17-20]. In this review, we 
especially focus on recently unveiled signaling pathway for cadherin-
dependent cell/cell communication during the developmental 
disorders and neonatal hypoxia, including PVL.

Molecular organization of cadherin/catenin complex 
Cadherin family proteins are divided into several subgroups 

based on their structure and function. Classical cadherins are type I 
transmembrane proteins with an extracellular domain containing 
five EC subdomains (EC1–EC5), which mediate stabilization for 
homophilic interactions via Ca2+ binding [2]. Their cytoplasmic 
domain contains the juxtamembrane (JMD) sequence required for 
binding to p120 catenin and interacts with β-catenin at the C-terminal 
region. β-Catenin regulates the actin cytoskeleton through interaction 
with α-catenin, and EPLIN (epithelial protein lost in neoplasm) and 
Afadin mediates the linkage between F-actin and cadherin/catenin 
complex [21,22]. The p120 catenin family consists of p120 catenin, 
ARVCF, δ-catenin/NPRAP, plakophilins, and p0071. Both p120 
catenin and ARVCF exist prevalently as two splicing variants with or 
without an N-terminal regulatory coiled-coil domain (isoforms 1 and 
3). ARVCF, δ-catenin, and p0071 have partial overlapping functions 
in synapses or spines, and possess a PDZ domain at the C-terminal 
domain [7]. δ-Catenin knockdown affects the spine and synaptic 
density independently of cadherin binding, suggesting the biological 
importance of the PDZ domain. p120 catenin has coordinated function 
between cadherin and Rho family proteins and regulates spine and 
synaptic morphogenesis [23]. p120 catenin also plays a critical role 
in cadherin processing and competes with APP processing, which 
is mediated by limited amounts of γ-secretase complex containing 
presenilin-1 (PS1) [6].

p120 isoform 1 (p120-1), containing an N-terminal coiled-coil 
domain generated by splicing, is mainly expressed in mesenchymal 
lineages or neurons (Figure 1). In contrast, p120 isoform 3 (p120-
3) is predominantly expressed in epithelial cells. The epithelial-to-
mesenchymal transformation (EMT) is coordinated with p120-3 
or 4 to p120-1 alternative switching and classical E- to N-cadherin 
transition [24]. DIPA family proteins specifically bind p120-1, but 
not the p120-3, and colocalize with adherens junctions. Interestingly, 
knockdown or overexpression of DIPA causes a defect in neural tube 
closure and neuroepithelial disorganization similar that seen in a 
model of N-cadherin mutation in zebrafish [8]. Coiled-coil domain 
containing protein 85C (Ccdc85c), a DIPA family protein, is known 
to be disrupted in a hemorrhagic hydrocephalus (hhy) mutant mouse 
model [25]. Since Ccdc85c is recruited to the adherens junction via 
p120-1, it is suggested that a defect in Ccdc85c/p120 association causes 
subcortical heterotopia and hydrocephaly.

Cadherin/catenin function in pathological condition
 Ependymal precursors generate radial glia on the ventricular wall 

surface of the fetus and ciliated ependymal cells at birth; however, 
hhy mutant brains exhibit ependymal agenesis with inflammatory 
degeneration [25]. Disruption of N-cadherin-based adherens junction 
leads to ependymal apoptosis and denudation of brain ventricular 
walls [26]. During brain development, p120 catenin and N-cadherin 
colocalize in neuroblasts in proliferative SVZ. The defects in neuroblast 
migration caused by the dysfunction of molecular machinery involving 
E-cadherin/β-catenin can be detected in hyh mutants (hydocephalus 
with hop gait) carrying missense mutations in Napa, which encodes 
soluble N-ethylmaleimide sensitive factor attachment protein alpha 
(αSnap) and affects organization of the ventricular neuroepithelium 
[27]. 

p120 catenin is involved in the stabilization of classical cadherins at 
the plasma membranes by preventing endocytosis, and substantial loss 
of p120 catenin causes loss of E-cadherin during cancer progression 
to a metastatic stage [28]. In contrast, Numb binds the p120/E-
cadherin complex by directly interacting with the NVYYY motif 
and promotes E-cadherin endocytosis [29]. The motif in E-cadherin 
is phosphorylated by Src kinase and recruits a c-Cbl-related E3 
ubiquitin ligase, Hakai, which results in endocytosis and degradation 
[30-32]. On the other hand, E-cadherin biogenesis is regulated by 
several signaling mechanism related to intrinsic or exogenous stimuli 
[9,33]. The vitamin D receptor ligand, 1α,25-dihydroxyvitamin D3 
(1α,25(OH)2D3), activates RhoA and p38 mitogen-activated protein 
kinase (p38 MAPK) accompanied by Ca2+ influx, resulting in the 
promotion of differentiation with E-cadherin expression [33]. In 
contrast to the Ca2+-induced mechanism, nuclear PI(4,5)P2 generation 
catalyzed by phosphatidylinositol-5-phosphate 4-kinase type II beta 
(PIPKIIβ) was found to be critical for E-cadherin upregulation in 
colon cancer model, after treatment with the vitamin D receptor 
ligand, 1α,25-dihydroxyvitamin D3 (1α,25(OH)2D3) [9] (Figure 2). 
Phosphoinositide 5’-phosphate (PI(5)P) interacts with ING2, a tumor 
suppressor protein containing a plant homeodomain finger motif 
very common in chromatin-regulatory proteins and ING2 promotes 
stress-induced cell death via the p53 activation pathway [34]. ING2 
comprises part of a chromatin-regulatory complex through direct 
association with PI(5)P, in response to genotoxic stress. This ING2/
PI(5)P interaction is a prerequisite for stabilization of promoter 
occupancy, allowing regulation of cell cycle progression [35]. These 
results suggest that nuclear PI(4,5)P2 and PI(5)P might counteract to 
control the cell growth and adhesive properties through sensing several 
outside signals. 

Angiopoietin-like 4 (Angtpl4) is induced by hypoxia and exhibits 
a proangiogenic response independent of VEGF [36]. Angtpl4 induces 
significantly decrease in infarct region in ischemic stroke model 
presumably due to retained VE-cadherin integrity and increased 
PECAM stability protecting blood vessel integrity. miR-27a was 
identified as specifically targeting VE-cadherin, and downregulation 
of miR-27a is known to be required for angiogenesis consistent with 
the reduction of vascular permeability in response to VEGF by miR-27 
inhibitor, suggesting the importance of hypoxia-dependent regulation 
of VE-cadherin/VEGF signaling by transcriptional regulation [37].

Cadherin-mediated signaling in hypoxic/ischemic 
response

HIF-1 and HIF-2 are transcriptional heterodimers composed 
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of an O2-regulated HIF-1α or HIF-2α subunit and a constitutively 
stable HIF-1β [38]. In the presence of O2, both HIF-α subunits are 
subjected to hydroxylation by prolyl-4-hydroxylase domain (PHD) 
proteins, which results in their proteasomal degradation. However, 
during hypoxic conditions, the hydroxylation process is suppressed 
and HIFs form stable complexes that activate transcription of hypoxia-
responsive genes such as VEGF or BNIP3. Hypoxia-dependent HIF-1α 
expression is promoted by both PS1 and PS2, as well as tightly regulated 
PHD2 expression. HIF-1α induction is dependent on APP or AICD 

generation by γ-secreatse but not on the Notch intracellular domain 
(NICD) -mediated transactivation [10]. Interestingly, development 
of oligodendrocyte precursor cells (OPCs) requires extraordinary 
nutritive demands for wrapping numerous myelin segments to axons, 
and HIF1/2α activation tightly regulates wnt7a/b-mediated β-catenin 
signaling in vessel growth into developing white matter tracts [16].

VEGF is the main regulator of angiogenesis and blood vessels 
localized in adult SVZ regulate neurogenesis and neuroblast migration 

Figure 1. Schematic representation of p120 catenin family proteins.
p120 catenin gene contains four different translation initiation sites (isoform 1-4) and multiple protein variants are generated by alternative splicing occurring in the N-terminus and in the 
C-terminus. Most cells express multiple forms of p120 catenin, all possessing 9 central tandem repeats of Armadillo domains with L domain (L1-L3) and alternatively spliced exons in the 
middle and C-terminal regions (A-C). p120 catenin isoform 1 contains a coiled-coil domain and multiple phosphorylated regions at N-terminus. p120 catenin isoform 3 and 4, which lack 
the coiled-coil domain and most of N-terminal regulatory domain, are mainly expressed in epithelial cells. The N-terminal regulatory domain has phosphorylation sites and is necessary 
for receptor tyrosine kinase-induced cell motility in response to epidermal growth factor and hepatocyte growth factor. ARVCF has two major isoforms like p120 catenin, and ARVCF and 
δ-catenin contain a PDZ domain at the C-terminal tail, which mediates the interaction with PSD-95 [47]. Filled star symbols indicate the presence of an orthologue of the corresponding 
p120 catenin family protein in phylogenetic history, denoted as Ctenophores, Cnidarians, Protostomes, Chordates, and Vertebrates (7). Cadherin complexes are regulated under a dynamic 
equilibrium at the plasma membrane, dependent on association with p120 catenin family proteins. PS1 is also required for the cadherin turnover, through restrictive proteolysis in the balance 
of APP processing [6]. Conversion of N- to E-cadherin occurs during the epithelial-to-mesenchymal transformation (EMT), and p120 catenin-unbound cadherin is targeted to internalization 
and subjected to Hakai-mediated degradation [28, 30, 32]. α- and β-catenin have important roles in clustering cadherins and regulating cytoskeletal dynamics, but their effects on the surface 
cadherin levels are considered to be indirect. δ-catenin, which can be localized in dendrites or synapses, is involved in the regulation of PSD95 and N-cadherin levels, Interaction with the 
PDZ domain binding protein, but not cadherin binding, is necessary for activity-dependent δ-catenin-mediated signal [48].
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as vascular niche [39]. It has been reported that SVZ neuroblasts 
exhibit proliferative response to ischemic stress concomitant with loss 
of migrative property in middle cerebral artery occlusion (MCAO) 
model [40]. Ependymal cells after stroke induce glial fibrillary acidic 
proteins (GFAP) and vascular network. Expression of VEGF and VEGF 
receptors is upregulated in the ischemic border region with invading 
vessel growth by permanent occlusion of the middle cerebral artery 
[11]. Prolonged intraventricular VEGF supply promotes angiogenesis 
and pericyte coverage of brain endothelial cells with increase in cerebral 
blood flow via upregulation of N-cadherin on cerebral microvessels 
during focal cerebral ischemia [41]. 

A specific VEGF-dependent period of angiogenesis is important for 
the development and maintenance of the periventricular vessels and 
functional BBB, as was shown by expressing inducible secreted VEGF 
decoy receptors in the brain of transgenic mice [42]. An anti-VEGF 
therapy against vascular dysfunction at the acute phase of ischemia 
has been proposed to effectively block edema formation and tissue 
damage without change in regional blood flow [43]. Interestingly, 
significant delay in angiogenesis has been identified after stroke in a 
neonatal model of hypoxia-induced encephalopathy as was shown by 
no stimulation of endothelial proliferation in peri-ischemic regions 
after stroke [44]. Furthermore, increased vascular BBB and inhibition 
of neutrophil transmigration after stroke have been shown in neonates, 
and the different response is attributed to the preserved molecular 
components on the basal lamina components and to adhesion 
molecules such as laminin and zonula occludens protein 1 in injured 
regions of the neonates [13]. 

In a demyelination model, dietary cuprizone-fed mice exhibited 
chronic demyelination in subcortical white matter, while lysolecithin 
treatment induced acute focal demyelination in the corpus callosum 
[17]. In both animal models, upregulation of ADAM10 and 
N-cadherin, together with their binding proteins β-catenin and 
p120 catenin, were detected in quiescent GFAP-positive neural stem 
cells and EGFR-positive amplifying NPCs during the peak period. 
Migrating EGFR-positive NPCs from the SVZ niche possess high 
N-cadherin processing activity and are recruited to the lesion in an 
ADAM10-dependent manner. GFAP-positive primary progenitor 
(type B) cells, which penetrate the ependymal layer, also generate NG2-
positive OPCs and myelinating oligodendrocytes. In demyelinating 
lesions, migrating NG2+ cells are significantly increased with higher 

EGFR expression than cortical nonmigrating NG2+ cells [15,20]. The 
pathological response of progenitor recruitment seems to require the 
physical association with vascular reactivity, and both netrin-1 and 
VEGF have been identified as the key molecules in this process [19]. 
A similar underlying mechanism could regulate pathological processes 
in periventricular leukomalacia [45]. Embyonic VEGF blockade affects 
neurons migrating after damage in lateral ganglionic eminence but does 
not affect lamination of excitatory pyramidal neurons. This suggests 
that primary periventricular lesions caused by loss of periventricular 
vessels induces secondary neuropathology like the PVL phenotype 
[42,46]. 

Conclusions
 The cadherin/catenin system is modulated by numerous interacting 

proteins. The responses of this system to environmental stimuli control 
synaptic function, and vascular development and homeostasis, also 
establishing cell polarity through cell/cell communication. Expression 
and stability of cadherins are modulated by nuclear lipid signaling-
mediated PI(4,5)P2 and miRNA-mediated signaling in several 
pathological conditions. p120 catenins modulate several processes, 
including PS1-mediated APP processing through cadherin binding 
and proteolysis, and migration of neural progenitors in ischemic 
injury. HIFs mediates several hypoxic responses, including VEGF-
mediated angiogenesis during brain development. Several N- or VE-
cadherin and basal lamina component-mediated signaling processes 
are required for repair processes of neonatal hypoxia or periventricular 
pathogenesis. The molecular pathways seems to be different from adult 
pathogenesis, and elucidating the underlying mechanisms controlled 
by cadherins can create therapeutic tools to circumvent neuronal death 
and hypomyelination in neonates. 
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