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Abstract

Presenilin-1 (PS1) gene encodes the catalytic component of γ-secretase which proteolytically 

process several type I transmembrane proteins. We here present evidence that cytosolic peptide 

efnB2/CTF2 produced by the PS1/γ-secretase cleavage of efnB2 ligand promotes EphB4 receptor-

dependent angiogenesis in vitro. EfnB2/CTF2 increases endothelial cell sprouting and tube 

formation, stimulates the formation of angiogenic complexes that include VE-cadherin, Raf-1 and 

Rok-α and increases MLC2 phosphorylation. These functions are mediated by the PDZ-binding 

domain of efnB2. Acute downregulation of PS1 or inhibition of γ-secretase, inhibit the angiogenic 

functions of EphB4 while absence of PS1 decreases the VE-cadherin angiogenic complexes of 

mouse brain. Our data reveal a mechanism by which PS1/γ-secretase regulates efnB2/EphB4 

mediated angiogenesis.
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INTRODUCTION

The generation of new capillaries from pre-existing vessels, a process known as 

angiogenesis, is an essential part of growth, development, and wound healing for both 

embryonic and adult organisms. Insufficient blood vessel branching would impair the 

transport of oxygen and nutrients to the brain.

Presenilin1 (PS1) is a transmembrane protein that serves as the proteolytic component of the 

γ-secretase complex that cleaves several type I transmembrane proteins close to the 

transmembrane/cytoplasm interface [1]. There is evidence that PS1 is essential to vascular 

integrity [2–4] however the mechanisms via which this regulation is achieved are unknown.
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The EphB4 receptor/ephrinB2 (efnB2) ligand signaling mediates angiogenesis and 

angiogenic remodeling. Deletion of efnB2 leads to vascular abnormalities and embryonic 

lethality in mice [5] and removal of the cytoplasmic domain of efnB2, the only known ligand 

of the EphB4 receptor, shows the same abnormal phenotype as the EphB4 KO mice [6] 

indicating that the cytoplasmic domain of efnB2 is a key component of this process.

We found that EphB4 stimulates angiogenic complex formation between Vascular 

Endothelial cadherin (VE-cadherin), Raf-1 and Rok-α kinases and that EphB4 increases 

phosphorylation of Myosin Light Chain 2 (MLC2). Both functions of EphB4 depend on 

PS1/γ-secretase. The VE-cadherin complexes are known to mediate angiogenic function of 

other factors such as FGF-2 and cAMP-inducible Rap1 GEF (guaninenucleotide exchange 

factor) EPAC. Recruitment of Rok-α to VE-cadherin phosphorylates and activates MLC2 

and the actomyosin contractile apparatus leading to maturation of adherens junctions, a step 

essential for cell cohesion during sprouting angiogenesis [7,8].

We found that PS1/γ-secretase promotes the EphB4/efnB2-mediated angiogenesis by 

cleaving efnB2 ligand in endothelial cells to produce cytoplasmic peptide efnB2/CTF2 

which has angiogenic functions. This peptide increases sprouting, tube and VE-cadherin 

angiogenic complex formation and promotes the phosphorylation of MLC2 at VE-cadherin 

cell-cell contact sites in vitro raising the possibility that it has similar angiogenic activity in 
vivo. Consistent with these findings, absence of PS1 in PS1 knockout (KO) mice inhibits the 

VE-cadherin angiogenic complexes of the brain. Our findings identify a molecular 

mechanism via which the efnB2/EphB4 system promotes angiogenesis and show that this 

mechanism is regulated by PS1/γ-secretase.

RESULTS

EphB4-Fc stimulates γ-secretase cleavage of efnB2 and production of peptide efnB2/CTF2 
that regulates endothelial cell sprouting and tube formation

We showed that in mouse fibroblasts and HEK293 cells EphB2 receptor induces cleavage of 

efnB2 ligands by metalloproteinases to generate a transmembrane peptide efnB2/CTF1 

which is further processed by PS1/γ-secretase to generate cytosolic efnB2/CTF2 [9]. Here 

we tested whether EphB4 receptor stimulates the PS1/γ-secretase processing of efnB2 in 

primary endothelial BAMEC cells. Fig. 1 shows that EphB4-Fc stimulates the accumulation 

of fragment efnB2/CTF1 at ~21kDa (bottom panel, arrow) known to be produced by the 

EphB-stimulated MP cleavage of efnB2. This fragment is then cleaved by PS1/γ-secretase 

to produce peptide efnB2/CTF2 at ~18kDa (bottom panel, arrow). As expected, efnB2/CTF2 

accumulation is inhibited by γ-secretase inhibitors (lanes. D).

To test whether efnB2/CTF2 peptide has angiogenic activity, we examined whether it 

stimulates endothelial cell sprouting in vitro. To this end, BAMEC cells were transduced 

with efnB2/CTF2-myc3 and sprouting was measured with the microcarrier bead-based 

sprouting assay [10]. Fig. 1B shows that BAMEC overexpressing efnB2/CTF2 sprout 

significantly more than cells overexpressing vector (pMX) alone. EfnB2/CTF2 non-tagged 

with myc tag significantly induces sprouting of cells on beads (Additional file 1: Fig. S1) 

ruling out the possibility that this effect is mediated by the myc tag of efnB2/CTF2-myc3.
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We then tested whether the efnB2/CTF2 peptide promotes tube formation of endothelial 

cells. This is the next biological process that endothelial cells undergo in order to ultimately 

form a complete microvessel [11]. BAMECs overexpressing efnB2/CTF2-myc3 or pMX 

were seeded on Matrigel as previously described [12,13]. As shown in Fig. 1C, cells 

expressing efnB2/CTF2-myc3 form significantly more tubes than the cells expressing vector 

alone and this induction is not inhibited by γ-secretase inhibitor L685,458 indicating that 

cleavage of other γ-secretase substrates does not significantly contribute to this angiogenic 

function of efnB2/CTF2. In support of the above γ-secretase inhibitor does not inhibit the 

efnB2/CTF2-induced sprouting (Fig. S1).

Sequences of efnB2/CTF2 that mediate its angiogenic activity

The angiogenic function of efnB2/CTF2 may be mediated by its C-terminal PDZ binding 

motif. It has been shown that this motif of efnB2 mediates neovascularization in adult mice 

as mice expressing mutant efnB2 that lacks the PDZ-binding domain have decreased 

angiogenesis in vivo [14,15]. In addition tyrosine residues of the cytoplasmic domain of 

efnB ligands are phosphorylated by Src-family kinases and mediate sprouting angiogenesis 

[16]. To this end, we created a mutant efnB2/CTF2 in which the PDZ binding motif of 

efnB2 (YYKV) was deleted (ΔPDZ) and a mutant efnB2/CTF2 in which the five conserved 

tyrosine residues were mutated to phenylalanines (Tyr:Phe). A diagram of the mutants is 

illustrated in Fig. 2A and expression of these constructs in BAMEC cells is shown in Fig. 

2B. In contrast to WT efnB2/CTF2, BAMECs expressing 5Tyr:Phe-myc3 or ΔPDZ-myc3 

mutants were unable to sprout more or form more tubes in a Matrigel™ tube formation assay 

compared to cells transduced with vector alone (Fig. 2C, D, E) These results show that the in 
vitro angiogenic activity of efnB2/CTF2 peptide is mediated by its PDZ-binding domain and 

its tyrosine residues.

Interestingly, mutant ΔPDZ-myc3 migrated at ~20kDa (lane 5), at a higher apparent 

molecular weight than the WT efnB2/CTF2-myc3. This could be due to conformational 

changes in this peptide or even dimerization, which in the case of other proteins has been 

shown to be SDS resistant [17,18].

EphB4- and efnB2/CTF2-induced sprouting depend on Rap1 activity

Angiogenic activity of FGF-2, EPAC and VEGF depends on small GTPase Rap1 activity 

[7,19]. We examined whether EphB4-Fc-induced sprouting also depends on Rap1 activity. 

We used a chemical inhibitor of Rap1 activity, GGTi-298 that functions as a selective 

inhibitor of Rap1 prenylation [20]. GGTi-298 significantly decreases EphB4-Fc-induced 

BAMEC sprouting on beads Fig. 3A. Similarly to EphB4-Fc, GGTi-298 significantly 

decreases efnB2/CTF2-myc3-induced sprouting showing that peptide-induced sprouting 

depends on Rap1 activity as well (Fig. 3B).

To test whether EphB4-Fc or efnB2/CTF2-myc3 affect Rap1 activity, we treated BAMEC 

cells with Fc or EphB4-Fc and measured Rap1 activity in cell extracts. Rap1 activity was 

also measured in BAMEC extracts overexpressing efnB2/CTF2-myc3 and was compared to 

vector expressing cells. We found that neither EphB4-Fc nor efnB2/CTF2-myc3 affect Rap1 

activity (Fig. S3). To test whether inhibition of Rap1 activity affects the γ-secretase 
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processing of efnB2 and the EphB4-induced accumulation of efnB2/CTF2, we treated cells 

with Fc or EphB4-Fc in the presence or absence of GGTi-298 and we detected efnB2/CTF2 

as in Fig. 1. We found that GGTi-298 does not affect the EphB4-induced accumulation of 

efnB2/CTF2 (not shown).

EphB4 stimulates Raf-1/VE-cadherin and Rok-α/VE-cadherin complexes in a γ-secretase- 
and Rap1-dependent manner

Since endothelial cell sprouting requires formation of Raf-1/VE-cadherin and Rok-α/VE-

cadherin complexes [7], we asked whether EphB4-Fc stimulates these complexes. BAMEC 

cells were treated with Fc or EphB4-Fc and cell extracts were immunoprecipitated (IPed) 

with anti-Raf-1 or anti-Rok-α antibodies. VE-cadherin was detected in the IPs. As shown in 

Fig. 4A and D, EphB4-Fc significantly increases the complexes between VE-cadherin and 

Raf-1 and between VE-cadherin and Rok-α. In addition, since the EphB4-Fc-induced 

sprouting of BAMECs depends on γ-secretase activity [9], we asked whether the EphB4-

induced complexes depend on γ-secretase using γ-secretase inhibitors L685,458 and 

Compound E. As shown in Fig. 4B and E both inhibitors block the EphB4-Fc-induced 

complexes between VE-cadherin and Raf-1 and between VE-cadherin and Rok-α suggesting 

that γ-secretase activity promotes the EphB4-induced complexes. The result was confirmed 

with a third γ-secretase inhibitor DAPT (not shown). Rap1 activity is necessary for the 

induction of these complexes by EphB4-Fc as the specific Rap1 inhibitor GGTi-298 strongly 

inhibits this induction (Fig. 4C and F).

The PDZ-binding domain of efnB2/CTF2 interacts with VE-cadherin and stimulates its 
angiogenic complexes with Raf-1 and Rok-α

As peptide efnB2/CTF2 promotes sprouting of endothelial cells (Figs 1, 2) we asked 

whether it also affects the complexes between VE-cadherin, Raf-1 and Rok-α. We 

overexpressed efnB2/CTF2 in BAMEC cells and analyzed the VE-cadherin/Raf-1 and the 

VE-cadherin/Rok-α complexes in cell extracts as in Fig. 4. Transient overexpression of 

efnB2/CTF2 significantly increases the complexes between Raf-1 and VE-cadherin and 

between Rok-α and VE-cadherin compared to vector alone (Fig. 5A). A similar effect of 

efnB2/CTF2 on these complexes is observed in cells stably expressing this peptide (not 

shown). The effect is specific since the product of the cleavage of N-cadherin by γ-secretase 

(N-cad/CTF2) [21] did not affect the complexes (Fig. 5B). These data suggest that EphB4-

Fc promotes the VE-cadherin/Raf-1 and VE-cadherin/Rok-α complexes by increasing the γ-

secretase cleavage of efnB2 producing cytoplasmic efnB2/CTF2 peptide which stimulates 

these complexes.

To identify sequences of efnB2/CTF2 that mediate its effect on VE-cadherin complexes, we 

tested whether mutants that inhibit its angiogenic function (Fig. 2) affect these complexes. 

As shown in Fig. 5C and D, although WT efnB2/CTF2 increases the VE-cadherin/Raf-1 and 

VE-cadherin/Rok-α complexes, mutant peptides fail to do so. These data indicate that PDZ-

binding domain and tyrosine residues of efnB2/CTF2 mediate its effect on VE-cadherin 

complexes.
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To examine whether efnB2/CTF2 associates with VE-cadherin, Raf-1 and Rok-α, we 

overexpressed efnB2/CTF2-myc3 or vector alone in BAMECs and we performed co-IP 

experiments. We found that efnB2/CTF2-myc3 forms complexes with all members of the 

VE-cadherin angiogenic complex (Fig. 5E) while both ΔPDZ and 5Tyr:Phe mutants form 

complexes to a lesser extent compared to WT peptide (Fig. 5E). EfnB2/CTF2 stimulates 

sprouting in a Rap1-dependent manner (Fig. 3B) however the peptide does not affect Rap1 

activity (Fig. S3). We tested whether efnB2/CTF2 forms complexes with Rap1. We did not 

detect any such complexes (not shown). The above indicate that efnB2/CTF2 exerts its 

angiogenic effects by associating with members of VE-cadherin angiogenic complex, 

possibly acting as a scaffolding protein.

EphB4-Fc-induced sprouting and angiogenic complex formation depends on PS1

EphB4-Fc-induced sprouting and tube formation depend on γ-secretase activity (9, see also 

Figure S2). To determine whether PS1 promotes EphB4-Fc-induced sprouting and tube 

formation, PS1 was downregulated in BAMEC cells using siRNA and in vitro angiogenesis 

assays were performed as described in Fig. 1. Downregulation of PS1 is maintained for 7 

days, which accounts for the duration of both tube formation and sprouting assays (Fig. 6A). 

EphB4-Fc-induced sprouting is abolished in the presence of PS1 siRNA (Fig. 6B). 

Interestingly, downregulation of PS1 by siRNA reduces also basal (unstimulated) sprouting 

(Fc + DMSO compared to Fc + PS1 siRNA). This could be due to the inhibition of 

accumulation of constitutive low amounts of efnB2/CTF2 (Fig. 1A) in the absence of PS1. 

Furthermore these data suggest that in addition to efnB2/EphB4 system, absence of PS1 may 

affect other angiogenic pathways as well. EphB4-induced sprouting depends on Rap1 (Fig. 

3A). To test whether downregulation of PS1 affects Rap1 expression, we examined the effect 

of PS1 siRNA on Rap1 expression. We found that downregulation of PS1 did not affect 

Rap1 expression (Figure S4).

We next tested whether the increase of VE-cadherin angiogenic complexes by EphB4-Fc 

depends on PS1. We found that downregulation of PS1 inhibits the EphB4-Fc-induced 

complex of Raf-1 with VE-cadherin (Fig. 6C, lanes 3, 4) and of Rok-α with VE-cadherin 

(Fig. 6D, lanes 3, 4). Therefore PS1 is necessary for the induction of these complexes by 

EphB4-Fc. Consistent with the above findings in vitro is our observation that Rok-α/VE-

cadherin complexes are inhibited in vivo in brain extracts of mice lacking PS1 expression 

(PS1 KO) supporting the role of PS1 in the VE-cadherin angiogenic complexes (Fig. 6E)

EphB4-Fc induces phosphorylation of Myosin Light Chain 2 in a γ-secretase dependent 
manner

Angiogenic factor-induced recruitment of Raf-1/Rok-α complex to VE-cadherin results in 

phosphorylation of Myosin Light Chain 2 (MLC2) [7]. Activated MLC2 has to be tightly 

controlled in order for adherens junctions to be plastic and stable enough to allow sprouting 

[8,22]. To test whether EphB4-Fc induces phosphorylation of MLC2 BAMEC cells were 

treated with EphB4-Fc or Fc and phosphorylated MLC2 was detected on WB using specific 

antibodies. We found that EphB4-Fc increases p-MLC2 (Fig. 7A, B). This increase was 

inhibited by two different γ-secretase inhibitors (Fig. 7A, B) showing that this function of 

EphB4 is mediated by γ-secretase activity. Then we tested whether phosphorylated MLC2 is 
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present in the VE-cadherin containing junctions. Intensity of p-MLC2 localizing at VE-

cadheirn containing cell-cell contact sites was quantified as described (see Materials and 

Methods and Fig. S5). We found that EphB4-Fc significantly increases levels of p-MLC2, at 

VE-cadherin-containing cell-cell contact sites in a γ-secretase-dependent manner (Fig. 7C). 

MLC2 intensity at cell-cell contact sites was not affected by EphB4-Fc or γ-secretase 

inhibitors showing that increase in p-MLC2 was not due to increase of total MLC2 at cell-

cell contact sites (not shown). Combined our data show that EphB4-Fc stimulates 

phosphorylation of p-MLC2 which in close proximity with junctional VE-cadherin is known 

to promote junction growth and stabilization allowing angiogenic sprouting. Cadherins 

associate with actomyosin, however there is no conclusive evidence for direct binding 

between the two [23]. We tested whether EphB4-Fc affects the association of VE-cadherin 

with MLC2. Using co-IP experiments we saw that EphB4-Fc does not affect VE-cadherin/

MLC2 complexes (not shown).

WT but not mutant efnB2/CTF2 induces Myosin Light Chain 2 phosphorylation

We next tested whether efnB2/CTF2 affects phosphorylation of MLC2. CTF2-myc3 was 

overexpressed in BAMECs and p-MLC2 was detected in cell extracts as described in Fig. 

7A. We found that efnB2/CTF2-myc3 significantly increases p-MLC2 and this is specific 

since the product of γ-secretase cleavage of N-cadherin (N-cad/CTF2) did not affect this 

phosphorylation (Fig. 7D and E). Furthermore using immunocytochemistry as described in 

Fig. 7C we found that overexpression of WT but not mutant efnB2/CTF2 significantly 

increases p-MLC2 at VE-cadherin cell-cell contact sites (Fig. 7F).

DISCUSSION

We show that EphB4 receptor increases specific angiogenic complexes between VE-

cadherin and kinases Raf-1 and Rok-α. This is a novel function of EphB4 which we found 

to be inhibited by both acute downregulation of PS1 and γ-secretase inhibitors, indicating 

that PS1/γ-secretase system regulates the EphB4-induced angiogenesis. Consistent with the 

above in vitro findings, we observed that absence of PS1 in KO mice inhibits the VE-

cadherin angiogenic complexes in the brain. The VE-cadherin/Rok-α complexes in brain 

extracts (Fig. 6E) may exist in cell types other than endothelial however, since VE-cadherin 

is mainly expressed in endothelial cells, it is more likely that the complexes that we detect 

are from brain endothelial cells. BAMEC microvessel endothelial cells derive from 

capillaries supporting that the PS1/efnB2/EphB4 system affects angiogenesis by targeting 

capillaries.

We also found that stimulation of sprouting and angiogenic complex formation by EphB4-Fc 

requires Rap1 activity. Since binding of EphB1 receptor to efnB1 ligand promotes Rap1 

activation and platelet adhesion [24] we tested whether EphB4-Fc affects Rap1 activity. 

Using an in vitro activity assay we found that EphB4-Fc has no effect on Rap1 activity. In 

addition we found that Rap1 inhibitor does not affect the EphB4-Fc-induced processing of 

efnB2 by γ-secretase and the accumulation of proteolytic fragment efnB2/CTF2. The above 

show that both Rap1 and γ-secretase activities are independently necessary for the in vitro 
angiogenic function of the EphB4/efnB2 system.
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Our finding that EphB4-Fc increases phosphorylation of MLC2 suggests that EphB4-Fc-

induced assembly of VE-cadherin angiogenic complexes results in phosphorylation of 

MLC2, a step known to result in activation of the actinomysin contractile apparatus. We also 

found that the EphB4-Fc-induced phosphorylation of MLC2 is regulated by PS1/γ-

secretase. This phosphorylation has been shown to allow VE-cadherin to be connected to the 

apparatus and to be positioned at the cell surface to cluster together and form tight adherens 

junctions with neighboring cells [7].

Since EphB4-Fc-induced sprouting, tube formation, angiogenic complex formation and 

MLC2 phosphorylation depend on PS1/γ-secretase we examined whether the product of 

PS1/γ-secretase processing of efnB2, cytoplasmic peptide efnB2/CTF2, affects the above 

angiogenic functions of endothelial cells. This peptide is produced after treatment of cells 

with EphB4-Fc which increases both degradation of full length ephrinB2 and accumulation 

of proteolytic fragment efnB2/CTF2 (Fig. 1A).

We found that efnB2/CTF2 significantly promotes endothelial cell sprouting and tube 

formation. Interestingly γ-secretase inhibitors did not inhibit the efnB2/CTF2-induced 

sprouting or tube formation indicating that cleavage of other substrates by γ-secretase does 

not affect angiogenic activity of efnB2/CTF2. We also show that efnB2/CTF2 increases 

formation of VE-cadherin/Raf-1/Rok-α complexes. This indicates that this peptide exerts its 

angiogenic function via the assembly of these angiogenic complexes to VE-cadherin 

adherens junctions. EfnB2/CTF2-induced sprouting requires active Rap1 and it also 

increases phosphorylation of junctional MLC2 further supporting our theory that this peptide 

promotes assembly and maturation of adherens junctions to stimulate angiogenesis.

To identify the residues that mediate efnB2/CTF2 angiogenic function we examined whether 

the PDZ binding domain and tyrosine residues of this peptide are necessary for these 

functions. This was based on previous observations that efnB-induced sprouting is mediated 

by phosphorylation of efnB by Src kinase on tyrosine residues [16] and that the PDZ-

binding domain of efnB2 is critical for its angiogenic activity [14,15]. BAMEC cells 

expressing efnB2/CTF2 mutants either lacking the PDZ-binding domain or having all 

tyrosine residues mutated to phenylalanine were unable to sprout or form tubes.

Mutation of the five conserved tyrosine residues on efnB2/CTF2 inhibits the ability of this 

peptide to promote sprouting and tube formation, indicating that one, if not all, of these 

tyrosine residues are required for these functions. However, two of the five tyrosine residues 

are located within the PDZ-binding motif of efnB2 (YYKV), therefore, it is possible that 

this mutant is unable to promote sprouting and tube formation due to alteration of its PDZ-

binding domain. Site-directed mutagenesis of individual tyrosine residues will help identify 

the specific residues responsible for the peptide’s angiogenic function.

Mutant efnB2/CTF2 failed to increase VE-cadherin/Raf-1/Rok-α angiogenic complexes 

indicating that the inability of these mutants to promote sprouting is due to their inability to 

stimulate the VE-cadherin angiogenic complexes. To test whether efnB2/CTF2 acts as a 

scaffold that brings together components of the VE-cadherin complex we tested its 

association with all three members of this complex. We found that the peptide co-IPs with 
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all three proteins (VE-cadherin, Raf-1 and Rok-α) while ΔPDZ and 5Tyr:Phe mutants 

associate to a much lesser extent. This indicates that efnB2/CTF2 interacts with VE-

cadherin, Raf-1 and Rok-α promoting their association and this function is mediated by its 

PDZ-binding domain. It will be interesting to identify additional protein components of this 

interaction to understand the role of efnB2/CTF2 in the assembly of this angiogenic 

complex. Identifying the minimal sequence of efnB2/CTF2 that mediates its angiogenic 

function can be used to design peptides that modulate these complexes and eventually the 

angiogenic function of endothelial cells.

EfnB2/CTF2 promotes Src phosphorylation and activation [25]. This peptide was recently 

found to increase Src and FAK phosphorylation and activation in microglia promoting cell 

migration [26]. EphB4-induced sprouting depends on Src activity [16] so it is possible that 

efnB2/CTF2 regulates angiogenesis by targeting various cellular pathways including Src 

activation and assembly of VE-cadherin complexes. It will be interesting to explore the 

interplay between pathways affected by efnB2/CTF2 to fine tune these cellular functions.

Other ligand-receptor systems such as VEGF/VEGFR and DLL4/Notch1 that regulate 

angiogenesis are also processed by PS1/γ-secretase [27]. Interestingly VEGFR function in 

angiogenesis has been shown to be regulated by efnB2 [28, 29], therefore the effect of PS1/

γ-secretase on EphB4/efnB2 system may be affecting VEGFR angiogenic functions. Notch1 

is also processed by γ-secretase producing cytoplasmic fragment Notch1 ICD however 

Notch1 ICD, when overexpressed in ECs, decreases sprouting on beads [30] and it has been 

established that activation of Notch signaling inhibits angiogenesis [31–33].

There has been a large amount of evidence suggesting that EphB4 plays a critical role in 

angiogenesis [6,16,34], however the mechanisms of this function of EphB4 have yet to be 

understood. Here we identify a mechanism via which EphB4 exerts its proangiogenic 

function and in addition we show that this function of EphB4 is regulated by PS1/γ-

secretase which cleaves efnB2 ligand to produce cytoplasmic peptide efnB2/CTF2. This 

peptide potently stimulates sprouting and tube formation of endothelial cells, angiogenic 

complex formation and phosphorylation of MLC2. A schematic representation of this model 

is shown in Fig. 8. Mutations in PS1 have been implicated in Familial Alzheimer’s Disease 

(FAD) it will therefore be interesting to examine the effects of PS1 FAD mutants in 

endothelial cell function as it may shed light in the mechanisms leading to vascular 

impairment observed in AD brains.

MATERIALS AND METHODS

Chemicals and antibodies

Cytodex® microcarrier (MC) beads, fibrinogen (type I-S from bovine plasma), aprotinin, 

thrombin (from bovine plasma), Hoechst 33258 and hexadimethrine bromide solution were 

from Sigma-Aldrich Inc. Recombinant mouse EphB4-Fc chimera and recombinant human 

IgG1 Fc were from R&D Systems. Rabbit anti-human Fc and peroxidase-conjugated 

AffiniPure goat anti-mouse IgG light chain specific were from Jackson Immunoresearch 

Laboratories Inc. L685,458 and lactacystin were from VWR Scientific. Compound E (γ-

secretase inhibitor XXI) and rabbit anti-Rap1 polyclonal antibody were from EMD 
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Millipore Corp. DAPT and RO4929097 were from Selleck Chemicals LLC. GGTi-298 was 

from Fisher Scientific. Rabbit polyclonal antibodies against c-myc (A-14) and efnB (C-18) 

were from Santa Cruz. Rabbit monoclonal antibodies against VE-cadherin (D87F2) and 

Rok-α (D1B1), rabbit polyclonal antibodies against Raf-1 (c-Raf antibody), myosin light 

chain 2 and phospho-myosin light chain 2 (Thr18/Ser19) and mouse monoclonal antibody 

against myc-tag (9B11) were from Cell Signaling Technology. Mouse monoclonal antibody 

33B10 against PS1/CTF has been previously described [9]. Alexa Fluor 488 goat anti-rabbit 

IgG and Alexa Fluor 568 goat anti-mouse IgG were from Thermo Fisher Scientific.

Cell culture, transfection, retroviral transduction and HSV infection

The pMX retroviral-based expression system pMXs-IG [35] was used for stable expression 

of Mus musculus efnB2, WT or mutant efnB2/CTF2 conjugated with a triple myc tag at the 

C-terminus. The same vector was used for stable expression of untagged efnB2/CTF2 and 

N-cad/CTF2. Bovine adrenal microvessel endothelial cells (BAMEC; VEC Technologies) 

were cultured according to company instructions. Transduction and sorting of cells was done 

as previously described [25]. For HSV infection, Herpes Simplex Virus (HSV) particles 

expressing efnB2/CTF2-myc3 or N-cad/CTF2 were obtained from MIT Viral Gene Transfer 

Core. BAMEC cells were infected with particles expressing the above constructs or control 

vector at 1 multiplicity of infection (MOI 1) for 48 hours before experiments were 

performed.

Western Blot (WB) and Immunoprecipitation (IP)

Western blot (WB), immunopreciptation (IP), densitometric scanning and quantification of 

the X-ray films were done as described [9,25]. WT and PS1 KO mouse embryos were 

collected at E14.5. Brains were homogenized and extracted as described [9] and extracts 

were IPed as above.

Microcarrier bead-based sprouting assay

The assay has been previously described [9]. Briefly, BAMEC cells were cultured with pre-

swollen microcarrier beads at 37°C/5% CO2 for 2–4 days to allow cells to sprout from the 

beads. Dishes were fixed with 4% PFA in PBS pH 7.4 and cell nuclei were stained with 

20μg/ml Hoechst 33258 in DPBS for 1hr at room temperature. 50 beads were chosen at 

random and the total number of sprouts that exceeded the diameter of the bead (~175μm) 

was manually counted. Representative phase contrast and Hoechst-stained florescent images 

were taken on an inverted Olymous IX-50 microscope.

Tube formation assay

BD Matrigel™ LDEV-free matrix was prepared on a 24-well plate according to 

manufacturer’s instructions (BD Biosciences). Briefly, BAMECs suspended in MCDB-131 

complete medium were added to the matrigel at a density of 12×104 cells per 300μl medium. 

Each experimental condition was assigned 3 wells for plating at random. The plate was 

placed in a LiveCell incubation chamber (37°C, 5% CO2, and 95% humidity) and InVivo 

software was used to mark 5 random positions within each well. Phase-contrast pictures 

were taken from each marked position every 10 minutes for up to 9 hours using the Olympus 
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IX-70 inverted microscope with the Evolution QEi CCD monochrome digital camera 

attachment. A time point was arbitrarily chosen for the purposes of counting tubes. The 

number of tubes from each marked positions for each well was manually determined using 

the ImageJ Angiogenesis Analyser plugin.

Immunofluorescence and quantification of colocalization

For detection of VE-cadherin and p-MLC2 BAMEC cells grown on glass coverslips were 

fixed with −20°C cold methanol for 10min, blocked with SuperBlock® Blocking Buffer in 

TBS (Thermo Fisher Scientific) for 1h and stained with antibodies against VE-cadherin, p-

MLC2 or MLC2 overnight. Fluorescently labeled secondary antibodies (Alexa Fluor 488 

and Alexa Fluor 568) were added for 1 hour, cells were washed with TBS, mounted with 

Vectashield (Vector Laboratories Inc), and photographed on a Leica SP5 DMI confocal laser 

scanning microscope. For quantification of co-localization between VE-cadherin and p-

MLC2 at cell-cell contact sites Cell Profiler was used (see Fig. S5).

Downregulation of PS1 with siRNA

To downregulate PS1 in BAMEC cells, three specific siRNA sequences targeting bovine PS1 

were designed (GE Healthcare Dharmacon Inc). A non-tergeting siRNA sequence was used 

as control (D-001210-02-05). Sequences were nucleofected into BAMEC cells following the 

manufacturer’s protocol (Lonza Walkersville). To test the efficiency of siRNA tansfection 

siGLO Green transfection indicator was used (Thermo Fisher Scientific). Different amounts 

of siRNA were nucleofected for different time points using the DharmaFECT 4 Transfection 

Reagent. Out of the three PS1 siRNA sequences the one that most efficiently downregulated 

PS1 expression was used for experiments.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABREVIATIONS

efnB2 ephrinB2

CTF2 carboxy terminal fragment 2

CTF1 carboxy terminal fragment 1

PS1 Presenilin1

WT wild type

KO knockout

VE-cadherin Vascular Endothelial cadherin
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N-cad Neuronal cadherin

Rap1 Ras-proximate-1 or Ras-related protein 1

Rok-α Rho-Associated, Coiled-Coil-Containing Protein Kinase 2

BAMEC Bovine adrenal microvessel endothelial cells

MLC2 Myosin Light Chain 2

FAD Familial Alzheimer’s Disease

AD Alzheimer’s Disease
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Fig. 1. EphB4-Fc stimulates efnB2 cleavage by γ-secretase producing peptide efnB2/CTF2 that 
regulates sprouting and tube formation
(A). Upper: BAMECs transduced with efnB2 triple myc tagged (myc3) for detection 

purposes in pMX retroviral vector were stimulated with 2μg/ml pre-clustered Fc or EphB4-

Fc for the indicated time points in the presence or absence of the γ-secretase inhibitor DAPT 

(D; 1μM). All samples were treated with the proteasomal inhibitor lactacystin (10μM). The 

extracts were IPed with a rabbit polyclonal antibody against c-myc to isolate exogenous 

myc-tagged efnB2. Cell extracts were immunoblotted with a rabbit polyclonal antibody 

against the C-terminus of efnB. Arrows indicate full-length efnB2-myc3 (FL) as well as the 

fragments produced by metalloproteinase and PS1/γ-secretase cleavage of efnB2-myc3 

(CTF1 and CTF2, respectively). Lower: Quantification of full length efnB2 and efnB2/

CTF2. N=3.

(B). BAMECs were transduced with pMX alone or vector expressing the cytoplasmic 

domain of efnB2 triple myc tagged (CTF2-myc3). Cells were grown on collagen-coated 

Cytodex® microcarrier beads, transferred to fibrinogen solution, and solidified with 

thrombin to form fibrin gels. Upper panel: Phase-contrast image of BAMEC cells sprouting 

from a microcarrier bead. Lower panel: Hoechst nuclear staining shows the number of 

endothelial cells that make up individual sprouts. The percentage of sprouts exceeding the 

diameter of the bead (~175μm) relative to control vector (pMX) was determined. Wilkoxon 

matched-pairs signed-rank (n=6, *p < 0.05, error bars = S.E.M.).

(C). BAMECs transduced with pMX alone or vector expressing CTF2-myc3 were seeded on 

a 24-well plate pre-coated with Matrigel™ Basement Membrane Matrix and left at 37°C/5% 

CO2 for 8–12hrs to spontaneously form tubes in the presence or absence of L685,458 

(1μM). The plate was observed under a light microscope and the number of tubes formed 

was determined as a percentage relative to CTF2-myc3. Paired t-test (n=3, ***p < 0.001, 

error bars = S.E.M.).

Warren et al. Page 14

Cell Mol Life Sci. Author manuscript; available in PMC 2019 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 2. Mutant efnB2/CTF2 peptides do not promote sprouting and tube formation
(A). WT and mutant efnB2/CTF2-myc3 peptides.

(B). BAMECs expressing efnB2/CTF2-myc3 constructs were pre-treated with the 

proteasomal inhibitor lactacystin (10μM) and cell extracts were probed on western blot with 

a rabbit polyclonal antibody against the C-terminus of efnB. The immunoblot shows the 

expression of wild-type efnB2/CTF2 and mutants 5Tyr:Phe and ΔPDZ all tagged with myc3 

(CTF2-myc3, 5Tyr:Phe-myc3, ΔPDZ-myc3 ) at ~18kDa while mutant ΔPDZ-myc3 

interestingly migrates at ~20kDa. NT: non-transduced.

(C). Cells were grown on collagen-coated Cytodex® microcarrier beads, transferred to 

fibrinogen solution, and solidified with thrombin to form fibrin gels. Upper panel: Phase-

contrast image of BAMEC cells sprouting from a microcarrier bead. Lower panel: Hoechst 

nuclear staining shows the number of endothelial cells that make up individual sprouts.

(D). The number of sprouts exceeding the diameter of the bead (~175μm) was determined 

and analyzed as a percentage relative to control vector (pMX). Paired t-test (n=5, **p < 0.01, 

error bars = S.E.M.). ns =non-significant.

(E). Cells were seeded in random wells on a 24-well plate pre-coated with Matrigel™ 

Basement Membrane Matrix and placed in a stage top incubation chamber controlled at 

37°C/5% CO2. The number of tubes formed per construct was determined and analyzed as a 

percentage relative to CTF2-myc3. Paired t-test (n=3, **p < 0.01, error bars = S.E.M.). ns 

=non-significant.
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Fig. 3. Rap1 activity is required for EphB4-Fc- and efnB2/CTF2-induced sprouting
(A). BAMECs were grown on collagen-coated Cytodex® microcarrier beads and transferred 

to fibrinogen solution. Pre-clustered Fc or EphB4-Fc (4μg/ml) was added to the fibrinogen 

solution as well as DMSO or GGTi-298 (0.5μM) then solidified with thrombin to form fibrin 

gels. (Left) Phase-contrast images show BAMEC cells sprouting from a microcarrier bead. 

(Right) The percentage of sprouts exceeding the diameter of the bead relative to control (Fc) 

was determined. Paired t-test (n=3, *p < 0.05, error bars = S.E.M.).

(B). Cells were transduced with pMX or pMX expressing efnB2/CTF2-myc3. Cells were 

grown on collagen-coated Cytodex® microcarrier beads and allowed to sprout in the 

presence of DMSO (vehicle) or GGTi-298 (0.5μM). (Left) Phase-contrast image of BAMEC 

cells sprouting from a microcarrier bead. (Right) The percentage of sprouts exceeding the 

diameter of the bead relative to control (pMX) was determined. Unpaired t-test (*p < 0.05, 

error bars = S.E.M.) and paired t-test (*p < 0.05, error bars = S.E.M.) n=4
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Fig. 4. EphB4-Fc increases the Raf-1/VE-cadherin and Rok-α/VE-cadherin complexes in a γ-
secretase-and Rap1-dependent manner
(A). Left: BAMECs were treated with 2 μg/ml EphB4-Fc or Fc for the indicated times. Cells 

were lysed in 1%(v/v) TX-100 in the presence of protease inhibitors and extracts were IPed 

with anti-Raf-1 antibodies. IPs were probed on WB with anti-VE-cadherin (upper panel) or 

anti-Raf-1 (lower panel) antibodies. EphB4-Fc increases the Raf-1/VE-cadherin complexes 

(lanes 3, 6). Right: Bar graph shows quantification of results. Paired t-test, n=4, **p < 0.01, 

error bars = S.E.M.

(B). Left: Cells were treated with 2 μg/ml EphB4-Fc or Fc for 1h in the presence or absence 

of γ-secretase inhibitors L685,458 (1μM) or Compound E (1μM) added three hours prior to 

EphB4-Fc. Cells were lysed and IPed as in (A). EphB4-Fc-induced increase in Raf-1/VE-

cadherin complexes (lane 2) was inhibited by both γ-secretase inhibitors (lanes 4,6). Right: 
Bar graph shows quantification of results. Paired t-test, n=4, **p < 0.01, error bars = S.E.M.

(C). Left: Cells were treated with 2μg/ml Fc or EphB4-Fc in the presence or absence of 

0.5μM Rap1 inhibitor GGTi-298 as indicated in the figure. Cell extracts were IPed as in (A). 

Rap1 inhibitor strongly inhibits EphB4-Fc-induced complexes between Raf-1 and VE-

cadherin. Right: Bar graph shows quantification of results. Paired t-test, n=4, ***p < 0.001, 

error bars = S.E.M.

(D). Left: Cells were treated with 2 μg/ml EphB4-Fc or Fc for the indicated times. Cells 

were lysed in TX-100 and extracts were IPed with anti-Rok-α antibodies. IPs were probed 

on WB with anti-VE-cadherin (upper panel) or anti-Rok-α (middle panel) antibodies. 

EphB4-Fc increases the VE-cadherin/Rok-α complexes (lanes 3 and 6) compared to Fc 

(lanes 2 and 5). Right: Bar graph shows quantification of results. Paired t-test, n=4, 

*p<0.05, **p < 0.01, error bars = S.E.M.
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(E). Left: Cells were treated with γ-secretase inhibitors L685,458 (1μM) or Compound E 

(1μM) as above or DMSO for three hours and then treated with 2 μg/ml EphB4-Fc or Fc for 

1h. Cell extracts were lysed and IPed as in (D). EphB4-Fc-induced Rok-α/VE-cadherin 

complexes (lane 2) were inhibited by both inhibitors (lanes 4,6). Right: Bar graph shows 

quantification of results. Paired t-test, n=4, *p < 0.05, error bars = S.E.M.

(F). Left: Cells were treated as in (C) and cell extracts were IPed as in (D). Rap1 inhibitor 

strongly inhibits EphB4-Fc-induced complexes between Rok-α and VE-cadherin. Right: 
Bar graph shows quantification of results. Paired t-test, n=4, **p < 0.01, error bars = S.E.M.
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Fig. 5. WT but not mutant efnB2/CTF2 forms complexes with VE-cadherin, Raf1 and Rok-α and 
increases angiogenic complexes
(A). Left: BAMECs were infected with HSV particles expressing efnB2/CTF2-myc3 or 

vector at 1MOI. 24h later cells were lysed, extracts were IPed with anti-Raf-1 antibodies and 

IPs were probed on WB for VE-cadherin (upper panel) or Raf-1 (middle panel). Extracts 

were also IPed with anti-myc antibody and efnB2/CTF2-myc3 was detected on WB with 

anti-ephrinB antibody (lower panel, lane 3). efnB2/CTF2-myc3 increases the Raf-1/VE-

cadherin complexes (upper panel, lane 3). Right: Quantification of results. Paired t-test, 

n=4, **p < 0.01, error bars = S.E.M.

(B). Left: BAMECs were infected as in (A). Cell extracts were IPed with anti-Rok-α 
antibodies and IPs were probed on WB for VE-cadherin (upper panel) or Rok-α (middle 

panel). efnB2/CTF2-myc3 increases the Rok-α/VE-cadherin complexes (upper panel, lane 

3) while N-cadherin/CTF2 (N-cad/CTF2) had no effect on these complexes (lane 4). Right: 
Quantification of results. Paired t-test, n=4, *p < 0.05, error bars = S.E.M.

(C). Left: Cells were transduced with pMX vectors expressing WT efnB2/CTF2-myc3 or 

mutants 5Tyr:Phe-myc3 or ΔPDZ-myc3. Cell extracts were IPed with anti-Raf-1 antibodies 

and obtained IPs were probed on WBs for VE-cadherin (upper panel) or Raf-1 (lower 

panel). WT efnB2/CTF2 increases the Raf-1/VE-cadherin complexes compared to vector 

pMX (lanes 4 and 5). Mutant efnB2/CTF2 peptides showed no increase (lanes 2, 3). 

Quantification of results. Paired t-test, n=4, **p < 0.01, error bars = S.E.M. Right: Extracts 

from the above cells were IPed with anti-VE-cadherin antibodies and IPs were probed for 

Raf-1 (upper panel) or VE-cadherin (lower panel) on WB. WT but not mutant efnB2/CTF2 

increases the amount of Raf-1/VE-cadherin complexes (lanes 1–4). Quantification of results. 

Paired t-test, n=4, **p < 0.01, error bars = S.E.M.
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(D). Left: Cells were transduced with WT efnB2/CTF2-myc3 or mutant ΔPDZ-myc3. Cell 

extracts were IPed with anti-Rok-α and IPs were probed on WBs for VE-cadherin (upper 

panel) or Rok-α (lower panel). WT but not mutant efnB2/CTF2 increases the Rok-α/VE-

cadherin complexes. Right: Quantification of results. Paired t-test, n=4, *p < 0.05, **p < 

0.01, error bars = S.E.M.

(E). Left: Cells were transduced with WT efnB2/CTF2-myc3 (CTF2-myc3) or mutants 

5Tyr:Phe-myc3 or ΔPDZ-myc3. Cells were extracted and IPed as described in Figs 4 and 5. 

All three proteins, VE-cadherin, Raf-1 and Rok-α co-IPed with WT efnB2/CTF2 and to a 

much lesser extent with mutant peptides. Right: Quantification of results. Paired t-test, n=4, 

*p < 0.05, **p < 0.01, error bars = S.E.M.
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Fig. 6. EphB4-Fc-induced sprouting and angiogenic complex formation depends on PS1. PS1 
promotes angiogenic complexes in vivo
(A). Cells were nucleofected with various concentrations of PS1 siRNA or buffer alone. 

After the indicated days, cells were lysed in 1% SDS lysis buffer and immunobloted with 

33B10 mouse monoclonal antibodies against PS1/CTF and actin. Cortical neuronal extracts 

from PS1 WT and KO embryonic mice were used as a positive control for PS1.

(B). Cells were nucleofected with 7.5μM of bovine-specific PS1 siRNA or non-targeting 

siRNA. Cells were then used for the microcarrier bead assay in the presence of pre-clustered 

Fc or EphB4-Fc as described. The percentage of sprouts exceeding the diameter of the bead 

relative to control (Fc + non-targeting siRNA) was determined. Paired t-test (n=4, *p < 0.05, 

error bars = S.E.M.).

(C). Left: Cells were nucleofected with PS1 siRNA or control non targeting sequences as 

described in (B) and treated with 2μg/ml Fc or EphB4-Fc as indicated. Cell extracts were 

IPed with anti-Raf1 antibody and IPs were probed on WB for VE-cadherin (upper panel) or 

Raf-1 (middle panel). Input panel shows expression of VE-cadherin. Right: Quantification 

of results. Paired t-test, n=3, *p < 0.05, error bars = S.E.M.

(D). Left: Cell extracts from (C) were IPed with anti-Rok-α antbody and IPs were probed 

on WB for VE-cadherin (upper panel) or Rok-α (middle panel). Input panel shows 
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expression of VE-cadherin. Right: Quantification of results. Paired t-test, n=3, *p < 0.05, 

error bars = S.E.M.

(E). Left: Brain extracts from WT or PS1 KO mouse embryos were IPed with anti-VE-

cadherin antibodies and IPs were probed on WB for Rok-α (first panel) or VE-cadherin 

(second panel). Input shows Rok-α and VE-cadherin expression. Right: Quantification of 

results. Paired t-test, n=3, *p < 0.05, error bars = S.E.M.
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Fig. 7. EphB4-Fc increases phosphorylation of p-MLC2 at VE-cadherin-containing cell-cell 
contact sites in a γ-secretase-dependent manner
(A). BAMECs were treated with 2μg/ml Fc or EphB4-Fc for 10min in the presence or 

absence of 1μM L685,458 or 100 nM RO 4929097. Cells were extracted in 1% SDS buffer 

and p-MLC2 and MLC2 were detected in cell extracts with WB using anti-p-MLC (Thr18/

Ser19) and anti-MLC2 antibodies respectively.

(B). Densitometric quantification of the WB bands showed statistically significant increase 

in p-MLC2 after EphB4-Fc treatment, an increase that was inhibited by both γ-secretase 

inhibitors. Paired t-test, n=3, ***p < 0.001, error bars = S.E.M.

(C). Cells were grown on glass coverslips and treated with Fc, EphB4-Fc and γ-secretase 

inhibitors as above. VE-cadherin and p-MLC2 were detected by immunostaining with 

specific antibodies. Intensity of p-MLC2 colocalizing with VE-cadherin at cell-cell contact 

sites was measured in images obtained with a Zeiss confocal laser scanning microscope (see 

Fig. S5). EphB4-Fc significantly increases p-MLC2 at VE-cadherin cell-cell contact sites 

and γ-secretase inhibitors inhibit that function of EphB4-Fc. Paired t-test, n=3, *p < 0.05, 

**p < 0.01, error bars = S.E.M.

WT but not mutant efnB2/CTF2 increases phosphorylation of p-MLC2 at VE-cadherin-

containing cell-cell contact sites.

(D). BAMECs were transduced with efnB2/CTF2-myc3 or N-cad/CTF2 or vector alone. 

Cells were extracted in 1% SDS buffer and p-MLC2 and MLC2 were detected in cell 

extracts with WB using anti-p-MLC (Thr18/Ser19) and anti-MLC2 antibodies respectively.

(E). Densitometric quantification of the WB bands showed statistically significant increase 

in p-MLC2 in efnB2/CTF2-myc3 expressing cells but not in N-cad/CTF2 expressing cells. 

Paired t-test, n=3, **p < 0.01, error bars = S.E.M.

(F). Cells transduced with WT or mutant efnB2/CTF2 were grown on glass coverslips. VE-

cadherin and p-MLC2 were detected by immunostaining with specific antibodies. Intensity 

of p-MLC2 colocalizing with VE-cadherin at cell-cell contact sites was measured as 

described (Fig. S5). efnB2/CTF2-myc3 but not mutant CTF2 overexpression significantly 

increases p-MLC2 at VE-cadherin cell-cell contact sites. Paired t-test, n=3, *p < 0.05, error 

bars = S.E.M.
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Fig. 8. PS1/γ-secretase prtomote EphB4-induced sprouting via processing of efnB2
EphB4 binding to efnB2 induces cleavage of the latter by PS1/γ-secretase producing 

cytoplasmic peptide efnB2/CTF2. This peptide acts as a scaffolding protein promoting the 

assembly of angiogenic complexes including VE-cadherin, Raf-1 and Rok-α in a Rap1-

dependent manner and increasing phosphorylation of MLC2 at VE-cadherin-containing cell-

cell contact sites. Peptide efnB2/CTF2 potently increases endothelial cell sprouting and tube 

formation and all above functions are mediated by its PDZ-binding domain. All functions 

are inhibited by downregulation of PS1 or presence of γ-secretase inhibitors.
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