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The tyrosine phosphatase SHP2 regulates 
recovery of endothelial adherens junctions 
through control of β-catenin phosphorylation
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ABSTRACT Impaired endothelial barrier function results in a persistent increase in endothe-
lial permeability and vascular leakage. Repair of a dysfunctional endothelial barrier requires 
controlled restoration of adherens junctions, comprising vascular endothelial (VE)-cadherin 
and associated β-, γ-, α-, and p120-catenins. Little is known about the mechanisms by which 
recovery of VE-cadherin–mediated cell–cell junctions is regulated. Using the inflammatory 
mediator thrombin, we demonstrate an important role for the Src homology 2-domain con-
taining tyrosine phosphatase (SHP2) in mediating recovery of the VE-cadherin–controlled 
endothelial barrier. Using SHP2 substrate-trapping mutants and an in vitro phosphatase activ-
ity assay, we validate β-catenin as a bona fide SHP2 substrate. SHP2 silencing and SHP2 inhi-
bition both result in delayed recovery of endothelial barrier function after thrombin stimula-
tion. Moreover, on thrombin challenge, we find prolonged elevation in tyrosine 
phosphorylation levels of VE-cadherin–associated β-catenin in SHP2-depleted cells. No disas-
sembly of the VE-cadherin complex is observed throughout the thrombin response. Using 
fluorescence recovery after photobleaching, we show that loss of SHP2 reduces the mobility 
of VE-cadherin at recovered cell–cell junctions. In conclusion, our data show that the SHP2 
phosphatase plays an important role in the recovery of disrupted endothelial cell–cell junc-
tions by dephosphorylating VE-cadherin–associated β-catenin and promoting the mobility of 
VE-cadherin at the plasma membrane.

INTRODUCTION
The endothelium lines the vessel wall and serves as a selective 
barrier controlling the passage of fluids, macromolecules, and leu-
kocytes from blood to the underlying tissues. Loss of the specific 

barrier function leads to a persistent increase in endothelial perme-
ability and edema, which can result in chronic inflammation and or-
gan dysfunction (Weis and Cheresh, 2005). Endothelial permeability 
is controlled in part by the coordinated opening and closing of inter-
cellular junctions (Muller, 2001; Dejana et al., 2008).The adherens 
junction complex, comprising vascular endothelial (VE)-cadherin 
and catenins, is of central importance for the initiation and stabiliza-
tion of these cell–cell contacts (Breviario et al., 1995; Matsuyoshi 
et al., 1997; Crosby et al., 2005).

VE-cadherin mediates homophilic, calcium-dependent adhesion 
between adjacent cells (Breviario et al., 1995). VE-cadherin also 
binds to many cytoplasmic proteins, particularly members of the 
catenin family, which contribute to the anchoring of the cadherin to 
the actin cytoskeleton (Kemler, 1993). The cytoplasmic tail of 
VE-cadherin contains a proximal binding site for p120-catenin and 
a distal binding site for β-catenin and plakoglobin (also called 
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within 5 min (Figure 1A). The reduction in TER was maximal after 
30 min but was reversible and restored within 3 h (Figure 1A). Confo-
cal microscopy analysis showed that the thrombin-induced decrease 
in TER is accompanied by transiently enhanced tyrosine phosphory-
lation of junctional proteins (Figure 1B). Western blot analysis of a 
VE-cadherin immunoprecipitation revealed that specifically VE-cad-
herin–associated β-catenin was phosphorylated on tyrosine residues 
after 5 min of thrombin treatment (Figure 1C). In addition, increased 
tyrosine phosphorylation was observed when β-catenin was immu-
noprecipitated (Figure 1D). The rapid increase in tyrosine phospho-
rylation of VE-cadherin–associated β-catenin was confirmed by se-
quential immunoprecipitation in which tyrosine phosphorylated 
proteins were immunoprecipitated from a VE-cadherin immuno-
complex and analyzed for the presence of β-catenin (Figure 1E).

Tyrosine phosphorylation of VE-cadherin and the catenins has 
often been reported to lead to disassembly of the complex, result-
ing in uncoupling of VE-cadherin from the actin cytoskeleton 
(Rabiet et al., 1996; Potter et al., 2005; Monaghan-Benson and 
Burridge, 2009). However, the thrombin-induced phosphorylation 
events did not block the coimmunoprecipitation of VE-cadherin 
with p120-, α-, and β-catenin (Figure 1C). Moreover, no change was 
found in the colocalization of adherens junction proteins at the cell–
cell junctions after thrombin administration (Supplemental Figure 
S1). Taken together, these results show that the VE-cadherin com-
plex remained intact upon thrombin stimulation. Of interest, tyrosine 
phosphorylation levels are only briefly increased upon thrombin 
treatment. Prolonged analysis of tyrosine phosphorylation of β-
catenin showed a drop in tyrosine phosphorylation levels at time 
points that reflected the recovery of the endothelial monolayer 
(Figure 1, C–E). Thus thrombin rapidly disrupted cell–cell junctions 
and transiently increased tyrosine phosphorylation of VE-cadherin–
associated β-catenin.

SHP2 dephosphorylates VE-cadherin–associated β-catenin 
in response to thrombin
Dephosphorylation of β-catenin during the recovery phase of the 
thrombin response can be attributed to elevated tyrosine phos-
phatase activity. A possible candidate is the protein tyrosine phos-
phatase SHP2, which has been shown to bind β-catenin by far-
Western blotting (Ukropec et al., 2000). Confocal microscopy 
imaging revealed the presence of endogenous SHP2 at endothelial 
cell–cell junctions (Figure 2A). Tyrosine phosphorylation of SHP2 
was previously shown to be important for its signaling functions. We 
found that thrombin induced an increase in tyrosine phosphoryla-
tion of SHP2, especially after 30–60 min (Figure 2B and Supplemen-
tal Figure S2A). More specifically, thrombin stimulation resulted in 
phosphorylation of SHP2 at tyrosine residue 542 (Figure 2B), which 
has been described as promoting SHP2 activity (Lu et al., 2001; 
Araki et al., 2003). To further test whether thrombin stimulation re-
sults in activation of SHP2, we measured in vitro PTP activity. SHP2 
was immunoprecipitated from lysates of thrombin-treated endothe-
lial cells and incubated with phosphopeptides. Phosphate release 
into the supernatant was detected by addition of Malachite green. 
SHP2 activity levels were approximately twofold higher when en-
dothelial cells were stimulated for 30 or 45 min with thrombin, 
whereas no effect was observed after 5 min (Figure 2C). Similar to 
SHP2, phosphorylation of Src kinase was increased after 30–45 min 
of thrombin stimulation, specifically at tyrosine residue 418, indicat-
ing increased Src kinase activity (Figure 2D). Therefore we tested 
whether inhibition of Src kinases affected thrombin-induced SHP2 
activation. Src-family kinase inhibition by both PP2 and SU6656 pre-
vented the increase in SHP2 activity upon thrombin treatment 

γ-catenin). Both β-catenin and plakoglobin are linked to α-catenin, 
which further interacts with actin-binding proteins, thereby provid-
ing a physical link to the actin cytoskeleton (Vincent et al., 2004). 
p120-Catenin has been reported to influence cadherin function by a 
variety of mechanisms, including plasma membrane stability, recy-
cling, and cell surface targeting (Davis et al., 2003; Xiao et al., 2003, 
2005, 2007). Various studies have demonstrated that binding of 
these catenins is important for the optimal adhesive function of 
VE-cadherin (Kemler, 1993; Navarro et al., 1995; Ferber et al., 
2002).

Tyrosine phosphorylation of the VE-cadherin complex has often 
been proposed as a mechanism that controls the integrity of the 
adherens junction (Daniel and Reynolds, 1997). Several studies have 
shown a correlation between phosphorylation of the cadherin–
catenin complex and increased vascular permeability in response to 
inflammatory mediators and growth factors (Rabiet et al., 1996; Esser 
et al., 1998; Andriopoulou et al., 1999; Konstantoulaki et al., 2003; 
Hudry-Clergeon et al., 2005; Angelini et al., 2006; Monaghan-
Benson and Burridge, 2009). Although use of phosphomutants un-
derscored the importance of VE-cadherin tyrosine phosphorylation 
in the regulation of the endothelial barrier function (Potter et al., 
2005; Allingham et al., 2007; Turowski et al., 2008), the conse-
quences of catenin phosphorylation for vascular permeability have 
been less intensively studied. Nevertheless, data from studies using 
epithelial cells show that tyrosine phosphorylation of β-catenin is 
consistently correlated with loss of E-cadherin function (Roura et al., 
1999; Lilien and Balsamo, 2005; Winter et al., 2008), indicating that 
β-catenin may also play an important role in the regulation of VE-cad-
herin adhesiveness. The regulation of tyrosine phosphorylation re-
sults from a competing balance of protein tyrosine kinase and pro-
tein tyrosine phosphatase (PTP) activity. Whereas most studies in this 
area are focused on the tyrosine kinases and their targets within cell–
cell junctions, the critical role of PTPs that act on junctional proteins 
becomes more profound. Several PTPs have been shown to associ-
ate with components of the VE-cadherin complex, maintaining low 
levels of tyrosine phosphorylation and thereby promoting endothe-
lial barrier function. VE-cadherin–associated PTPs include PTP-μ, VE-
PTP, PTP1B, and Src homology 2-domain containing tyrosine phos-
phatase (SHP2; Ukropec et al., 2000; Nawroth et al., 2002; Sui et al., 
2005; Nakamura et al., 2008; Nottebaum et al., 2008).

SHP2 (previously called SH-PTP2, PT-P2C, PTP1D, or Syp) is a 
ubiquitously expressed nonreceptor PTP containing two N-terminal 
tandem SH2 domains followed by a catalytic phosphatase (PTP) do-
main and a C-terminal tail with two tyrosine residues (Neel et al., 
2003). Ukropec et al. (2000) reported that SHP2 associates with VE-
cadherin through β-catenin using far-Western blotting. In addition, 
they showed that thrombin treatment of endothelial cells induced 
SHP2 tyrosine phosphorylation. In the present study, we use the in-
flammatory mediator thrombin to study the mechanism by which 
the reassembly of VE-cadherin–mediated cell–cell junctions is regu-
lated. We show that SHP2 controls the recovery of endothelial bar-
rier function by dephosphorylating β-catenin and promoting the 
mobility of VE-cadherin at the plasma membrane.

RESULTS
The thrombin-induced decrease in endothelial monolayer 
resistance is accompanied by increased tyrosine 
phosphorylation of VE-cadherin–associated β-catenin
To study the process of endothelial cell–cell junction recovery, we 
used the inflammatory mediator thrombin. Using electrical cell-sub-
strate impedance sensing (ECIS), we observed that thrombin in-
duced a decrease in transendothelial electrical resistance (TER) 
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FIGURE 1: Thrombin induces a transient drop in the TER of endothelial monolayers and transiently increases tyrosine 
phosphorylation of VE-cadherin–associated β-catenin. (A) HUVECs were cultured to confluency on FN-coated electrode 
arrays. At time point 0, cells were incubated with (dashed line) or without (solid line) thrombin and electrical resistance was 
monitored in time by ECIS. Thrombin rapidly decreased the resistance of the endothelial monolayer, which was restored 
after 2–3 h. (B) HUVECs were cultured on FN-coated glass covers, grown to confluency, and stimulated with thrombin for 5 
or 30 min, as indicated. Immunostaining for VE-cadherin (green) and phosphotyrosine (pY, red) shows colocalization at 
cell–cell junctions after 5 min of thrombin stimulation (merged image, colocalization appears in yellow). Bar, 20 μm. 
(C) VE-cadherin was immunoprecipitated from control or thrombin-treated HUVECs, and phosphorylation levels were 
determined by Western blotting (WB) with an anti-phosphotyrosine antibody. Top, thrombin induces an increase in tyrosine 
phosphorylation (pY) of a ∼92-kDa cadherin-associating protein, likely β-catenin. Bottom, equal levels of VE-cadherin and 
catenins were immunoprecipitated. Top bar graph, fold increase in tyrosine phosphorylation relative to the levels of 
VE-cadherin–associating β-catenin. Bottom bar graph, relative binding of β-catenin to VE-cadherin during thrombin 
stimulation. Results are means ± SD of four independent experiments. (D) β-Catenin was immunoprecipitated from control 
or thrombin-treated HUVEC, and phosphorylation levels were determined by Western blotting. (E) HUVECs were stimulated 
with thrombin and lysed, and IP for VE-cadherin was performed (1st IP). The washed pellet was incubated with lysis buffer 
containing 1% SDS, and the supernatant was recovered and subjected to a second IP using pY antibodies to precipitate 
tyrosine-phosphorylated proteins from the dissociated VE-cadherin complex (2nd IP; pY). Blot shows increased tyrosine 
phosphorylation of VE-cadherin–bound β-catenin after 5 min of thrombin treatment, which was reduced after 30 min.
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(Figure 2E). Thus SHP2 activity increases af-
ter 30–45 min of thrombin stimulation, which 
is dependent on Src kinase.

To study whether β-catenin is a SHP2 
substrate, we sought to establish whether 
catalytic inactive substrate-trapping SHP2 
mutants complexed with β-catenin. To ac-
complish this, we treated Cos-7 cells with 
vanadate to inhibit tyrosine phosphatases 
and subjected lysates to affinity precipita-
tion with either glutathione S-transferase 
(GST)–SHP2 PTP domain (GST-SHP2–wild 
type [WT]) or the substrate-trapping mutant 
(GST-SHP2-DA). We found that β-catenin 
bound to GST-SHP2-DA to a greater extent 
than to GST-SHP2-WT (Figure 3A). To dem-
onstrate that SHP2 substrate-trapping inter-
actions are not limited to in vitro conditions, 
we tested whether the substrate-trapping 
mutants of SHP2 complexed with β-catenin 
in a cellular context. Cos-7 cells were trans-
fected with the vector control, pIRES–green 
fluorescent protein (GFP) myc-tagged wild-
type SHP2 (SHP2-WT), or the substrate-trap-
ping mutants of SHP2 (SHP2-DA and SHP2-
CS). SHP2 was immunoprecipitated from 
lysates with anti-myc antibodies and immu-
noblotted for the presence of β-catenin. 
We found that SHP2-DA and SHP2-CS both 
coprecipitated with β-catenin, whereas com-
plex formation was less evident with SHP2-
WT (Figure 3B). Of importance, the interac-
tion of β-catenin with SHP2-CS was disrupted 
by vanadate, an active-site PTP inhibitor 
(Huyer et al., 1997). Taken together, these 
data demonstrate that SHP2 forms an en-
zyme–substrate complex with β-catenin. To 
further characterize β-catenin as a substrate 
for SHP2, we tested whether SHP2 is able to 
dephosphorylate β-catenin in vitro. SHP2 
was immunoprecipitated from lysates of 
thrombin-stimulated endothelial cells, incu-
bated with tyrosine-phosphorylated β-
catenin, which was immunoprecipitated 
from vanadate-treated cells, and subjected 
to a tyrosine phosphatase activity assay. 
Addition of tyrosine-phosphorylated β-
catenin to the SHP2 immunocomplex re-
sulted in an increase in the amount of re-
leased phosphate (Figure 3C). This increase 
in phosphate release was less evident when 
β-catenin was immunoprecipitated from un-
treated cells or when SHP2 was immunopre-
cipitated from vanadate-treated cells, which 
inhibits SHP2 function. These data indicate 
that SHP2 is capable of dephosphorylating 
β-catenin.

To examine the involvement of SHP2 in 
dephosphorylation of VE-cadherin–associ-
ated β-catenin after thrombin stimulation, 
we used small interfering RNA (siRNA) to re-
duce SHP2 expression in endothelial cells. 

FIGURE 2: Thrombin induces Src-mediated activation of SHP2. (A) HUVECs were cultured on 
FN-coated glass covers, grown to confluency, and stained for SHP2 in red, VE-cadherin in green, 
and F-actin. SHP2 partially localizes at cell–cell contacts. Bar, 20 μm. (B) HUVECs were stimulated 
with thrombin as indicated and lysed, and SHP2 phosphorylation at tyrosine residue 542 was 
analyzed using a phosphospecific antibody. Bar graph at the right, fold increase in SHP2 tyrosine 
phosphorylation after thrombin stimulation. (C) SHP2 was immunoprecipitated from thrombin-
treated HUVEC and subjected to a tyrosine phosphatase activity assay as described in Materials 
and Methods. (D) HUVECs were stimulated with thrombin and lysed, and Src-family kinase 
phosphorylation at tyrosine residue 418 was analyzed using a phosphospecific antibody. Bar 
graph, fold increase in phosphorylation of Src at pY418 upon thrombin treatment. (E) HUVECs 
were pretreated with dimethyl sulfoxide or the Src-family kinase inhibitor PP2 or SU6656 and 
stimulated with thrombin for 45 min. PP2 and SU6656 inhibited the thrombin-induced increase 
in SHP2 activity. Data are mean ± SEM of three independent experiments. ns, not significant; 
*p < 0.05, **p < 0.01.
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VE-cadherin was immunoprecipitated from 
lysates of thrombin-treated endothelial cells 
that were transfected with siRNA against 
SHP2 or control siRNA. Subsequently the 
immunoprecipitates were processed for 
phosphotyrosine immunoblotting. In the 
control endothelial monolayers, an increase 
in tyrosine phosphorylation of the cadherin 
complex was observed after 5 min of throm-
bin stimulation, which declined at 30 min 
(Figure 4A). Of interest, SHP2-silenced en-
dothelial monolayers showed prolonged 
and elevated tyrosine phosphorylation upon 
thrombin stimulation of a cadherin-associat-
ing protein of ∼92 kDa, suggesting that 
phosphorylation of β-catenin was modu-
lated. Similarly, prolonged tyrosine phos-
phorylation was observed upon SHP2 in-
hibition, using the compound PHPS1, 
which acts as a competitive and selective 
inhibitor of SHP2 (Supplemental Figure S2, 
B and C; Hellmuth et al., 2008). To test 
whether tyrosine phosphorylation of 
VE-cadherin–bound β-catenin indeed was 
increased, we performed a sequential im-
munoprecipitation in which we first immu-
noprecipitated VE-cadherin, followed by a 
phosphotyrosine immunoprecipitation. The 
Western blot was analyzed for the presence 
of β-catenin and showed a marked increase 
in its tyrosine phosphorylation at 30 min af-
ter thrombin stimulation in SHP2-depleted 
cells compared with control endothelial cells 
(Figure 4B). Reconstitution of SHP2 in SHP2-
depleted cells, by infecting siRNA-treated 
endothelial cells with adenovirus containing 
pIRES-GFP-SHP2, reversed the prolonged 
tyrosine phosphorylation of β-catenin that 
was measured in SHP2-depleted cells 
(Figure 4C). In contrast, expression of a cata-
lytically inactive mutant of SHP2 (ΔP) failed 
to rescue β-catenin dephosphorylation in 
SHP2-depleted cells. These data indicate 
that SHP2 regulates the dephosphorylation 
of VE-cadherin–bound β-catenin upon stim-
ulation with thrombin.

SHP2 is required for efficient 
recovery of cell–cell junctions 
and for restoration of the endothelial 
barrier function
On the basis of the kinetics of thrombin-in-
duced SHP2 activation, we tested whether 
SHP2 contributes to the recovery of the en-
dothelial barrier function. Using ECIS, we 
determined the effect of SHP2 silencing by 
siRNA on the electrical resistance of the en-
dothelial monolayer upon thrombin stimu-
lation (Figure 5, A and B). Of interest, SHP2 
depletion using siRNA or short hairpin RNA 
(shRNA) did not affect the thrombin-in-
duced drop in resistance but did delay the 

FIGURE 3: In vitro dephosphorylation and substrate trapping of β-catenin by SHP2. 
(A) Lysates prepared from Cos-7 cells were incubated with GST, GST-fusion protein 
of SHP2 PTP domain (GST-SHP2-WT), or the substrate-trapping mutant (GST-SHP2-DA). 
GST affinity-purified complexes were immunoblotted for β-catenin. Bar graph, the relative 
binding of β-catenin to SHP2-WT and SHP2-DA. (B) Cos-7 cells were transfected with myc 
vector, myc-SHP2-WT, or the myc-tagged SHP2 substrate-trapping mutant DA or CS. 
Lysates were subjected to immunoprecipitation with anti-myc antibodies, and immune 
complexes were immunoblotted for β-catenin. The myc-SHP2-CS immunocomplexes were 
also pretreated with vanadate (van; 10 mM). Bar graph, the relative binding of β-catenin to 
myc-SHP2-WT, myc-SHP2-DA, and myc-SHP2-CS. (C) SHP2 was immunoprecipitated from 
lysates of thrombin-stimulated HUVEC, incubated with immunoprecipitated β-catenin, and 
subjected to a tyrosine phosphatase activity assay as described in Materials and Methods. 
β-Catenin was immunoprecipitated from untreated (–van) or vanadate-treated (+van) 
Cos-7 cells, preventing protein dephosphorylation. As a positive control, phosphopeptides 
were incubated with the SHP2 immunocomplex. As a negative control, SHP2 
immunocomplexes from vanadate-treated cells were included. Bar graph, fold increase in 
phosphate release.
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recovery of endothelial monolayer integrity. SHP2 inhibition, using 
the compound PHPS1, resulted in a similar delay in endothelial bar-
rier recovery after thrombin (Figure 5B). The basal resistance of the 
endothelial monolayer was unaltered upon SHP2 silencing (Figure 
5C), demonstrating that the assembly of endothelial cell–cell junc-
tions during monolayer formation was not impaired. This suggested 
that SHP2 silencing affects the specific ability of the endothelial 
cells to re-form cell–cell junctions after endothelial monolayer dis-
ruption. Impaired junction reassembly after thrombin stimulation of 
SHP2-depleted monolayers was also observed using fluorescence 
microscopy (Figure 5, D and E), as judged from the increased num-
ber of intercellular gaps 2 h after thrombin stimulation. To exclude 
the possibility that the delayed barrier recovery is mainly caused by 
impaired spreading of SHP2-depleted endothelial cells, we com-
pared spreading of control and SHP2 siRNA- or shRNA-treated 
cells using ECIS (Figure 5C and Supplemental Figure S3A). In both 
conditions, that is, control and SHP2 silencing, the electrical resis-
tance increased with a similar rate upon cell spreading. In addition, 
when analyzed by microscopy, no morphological difference was 
observed between control and SHP2-depleted endothelial cells 
upon spreading (Supplemental Figure S3B).

We further wished to determine whether the catalytic activity of 
SHP2 controls endothelial cell–cell junction recovery. To test this, we 
first transfected endothelial cells with siRNA against SHP2 or control 
siRNA, followed after 2 d by infection with adenovirus expressing 
pIRES-GFP-SHP2-WT or the catalytically inactive ΔP mutant. Again, 
the basal endothelial monolayer resistance was unaltered when 
SHP2 function was abrogated, in this case by expressing a catalyti-
cally inactive SHP2 mutant (Supplemental Figure S3C). In contrast, 
the delayed restoration of endothelial monolayer integrity after 
thrombin treatment in SHP2-depleted cells was partially rescued by 
reconstitution with SHP2-WT, whereas expression of SHP2-ΔP had 
no effect (Figure 5F). These data reveal that the PTP domain, and 
hence the catalytic activity of SHP2, is required to efficiently restore 
the endothelial barrier. Of interest, Src kinase inhibition, which pre-
vented thrombin-induced SHP2 activation (Figure 2E), also resulted 
in delayed endothelial barrier recovery upon thrombin challenge 
(Supplemental Figure S4). This suggests that Src kinases are involved 
in the SHP2-mediated restoration of thrombin-induced endothelial 
barrier disruption.

To further study whether the effect of SHP2 on endothelial bar-
rier recovery is dependent on adherens junctions, we combined VE-
cadherin and β-catenin silencing with SHP2 inhibition using PHPS1 
(Figure 5G). VE-cadherin and β-catenin depletion already compro-
mised endothelial barrier restoration upon thrombin treatment, and 
no additional effect of SHP2 inhibition was observed. These data 
suggest that SHP2 promotes endothelial barrier recovery through 
its direct effect on VE-cadherin–mediated cell–cell junctions.

Besides tyrosine phosphorylation of junctional proteins, thrombin 
also activates several other intracellular pathways that affect adhe-
rens junctions and contribute to endothelial hyperpermeability. 
Thrombin induced the activation of the small GTPases Rac1, RhoA, 
and Cdc42 (Figure 6, A–C), which are known to regulate actin cy-
toskeleton organization. Given that SHP2 has also been implicated 
in the regulation of Rac1, RhoA, and Cdc42 activity (Schoenwaelder 
et al., 2000; Lacalle et al., 2002; Kontaridis et al., 2004; Bregeon 
et al., 2009; Wang et al., 2009), we assessed the contribution of 
these small GTPases to the SHP2-mediated recovery of endothelial 
monolayer integrity in response to thrombin. Under control condi-
tions, thrombin stimulation resulted in a biphasic pattern of Rac1 
activation, with a maximum after 5 and 75 min, reflecting time points 
of intercellular junction disruption and junction recovery, respectively 

(Figure 6A). This pattern was also observed when SHP2 expression 
was reduced, indicating that Rac1 activation occurs independent of 
SHP2-regulated endothelial barrier recovery. In addition, thrombin 
stimulation resulted in a rapid increase in RhoA activation in both 
control and SHP2-depleted endothelial cells (Figure 6B). After 15 
and 45 min of thrombin treatment, RhoA-GTP levels declined to 
basal levels. This was observed in SHP2-depleted cells as well. More-
over, no significant difference in thrombin-induced Cdc42 activation 
was observed between control and SHP2-depleted endothelial cells 
(Figure 6C). Taken together, the findings indicate that SHP2 phos-
phatase activity is required to efficiently recover the endothelial bar-
rier function after vascular injury, independent of the small GTPases 
Rac1, RhoA, and Cdc42, but instead through modulating the ty-
rosine phosphorylation levels of VE-cadherin–bound β-catenin.

SHP2 controls VE-cadherin dynamics in order to recover 
cell–cell junctions
To further study the mechanism by which SHP2 regulates the resto-
ration of endothelial cell–cell junctions, we assessed whether SHP2 
depletion affected the mobility of VE-cadherin in the plasma mem-
brane. To this end, we transduced endothelial cells with adenovirus 
encoding GFP-tagged VE-cadherin and used fluorescence recovery 
after photobleaching (FRAP) analysis to study the dynamics of VE-
cadherin–GFP. We first tested whether nonselective inhibition of 
protein tyrosine phosphatase (PTP) activity using vanadate affected 
VE-cadherin dynamics. Treatment of endothelial cells with vanadate 
rapidly resulted in a disruption of intercellular junctions and in-
creased tyrosine phosphorylation of β-catenin and VE-cadherin 
within 15 min (Figure 7A and Supplemental Figure S5, A and B). In 
line with other studies (Lampugnani et al., 1997; Young et al., 2003), 
and similar to our findings with thrombin-treated cells, the vana-
date-induced increase in tyrosine phosphorylation of VE-cadherin 
and β-catenin did not result in disassembly of the VE-cadherin com-
plex (Figure 7A). However, FRAP analysis showed that vanadate-
mediated PTP inhibition resulted in reduced VE-cadherin mobility 
(Figure 7B). Vanadate treatment reduced the mobile fraction of 
VE-cadherin–GFP from 57.5% (±1.6) to 39.4% (±1.4) (Figure 7C).

Next we determined the effect of SHP2 on VE-cadherin motility 
specifically. FRAP analysis of VE-cadherin–GFP revealed no differ-
ence in the fluorescence recovery between SHP2 siRNA–treated 
cells and control cells under baseline conditions (Figure 7D). How-
ever, when endothelial cells were challenged with thrombin and re-
covered junctions were analyzed by FRAP, the mobility of VE-cad-
herin was reduced in SHP2-depleted cells (Figure 7D and 
Supplemental Figure S6). Detailed analysis of the data showed that 
SHP2 silencing significantly reduced the mobile fraction of VE-cad-
herin–GFP from 54.8% (±0.9) to 36.3% (±0.5; Figure 7E). The find-
ings indicate that tyrosine phosphorylation affected VE-cadherin 
dynamics and imply that SHP2 controls the recovery of cell–cell 
junctions by promoting the mobility of VE-cadherin in the plasma 
membrane.

DISCUSSION
Repair of the endothelial barrier after vascular injury is a crucial pro-
cess for maintaining vascular homeostasis. To address the process of 
cell–cell junction recovery, we used the model of thrombin-induced 
PAR-1 activation, which is known to rapidly disrupt cell–cell junctions 
and reduce endothelial monolayer resistance. This reduction in resis-
tance is followed by a recovery period to restore barrier integrity (van 
Hinsbergh and van Nieuw Amerongen, 2002; Mehta and Malik, 
2006). During the recovery phase, tyrosine phosphorylation levels 
of SHP2 were increased, specifically at tyrosine residue 542. SHP2 
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FIGURE 4: Silencing of SHP2 results in prolonged phosphorylation of VE-cadherin–associated β-catenin after thrombin. 
(A) HUVECs were transfected with control or SHP2 siRNA, grown to confluency, and stimulated with thrombin, as 
indicated. Cells were lysed, and an IP for VE-cadherin was performed. Phosphorylation levels of the VE-cadherin 
complex were determined by Western blotting with an anti-phosphotyrosine (pY) antibody. Blot shows prolonged and 
elevated tyrosine phosphorylation of a VE-cadherin–associating protein of ∼92 kDa (likely β-catenin) in SHP2-silenced 
endothelial monolayers compared with controls. Bar graph, fold increase in tyrosine phosphorylation relative to the 
levels of VE-cadherin–associating β-catenin. (B) VE-cadherin was immunoprecipitated from cells treated as indicated (top 
panel; 1st IP: VE-cadherin). From this IP, tyrosine-phosphorylated proteins were immunoprecipitated (third panel; 2nd IP: 
pY) and analyzed by Western blotting. Top two blots, IP for VE-cadherin with equal levels of β-catenin associating with 
VE-cadherin during thrombin stimulation. Middle blot, increased phosphorylation of VE-cadherin–associated β-catenin in 
SHP2-depleted endothelial cells after 30 min of thrombin stimulation compared with controls. Bottom two blots, the 
protein expression levels of SHP2 and actin in total cell lysates. (C) HUVECs were treated with SHP2 siRNA and 2 d later 
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Although SHP2 silencing or pharmacological inhibition of SHP2 
activity prolonged the thrombin-induced β-catenin phosphorylation 
and significantly delayed endothelial monolayer recovery, dephos-
phorylation of β-catenin did occur eventually, accompanied by res-
toration of the endothelial barrier. This indicates that other adherens 
junction–associating phosphatases might partially compensate for 
the absence of SHP2 to restore the restrictive endothelial barrier. 
Although several phosphatases, including PTP1B, PTPμ, and VE-
PTP, promote endothelial barrier function under basal conditions 
(Nawroth et al., 2002; Sui et al., 2005; Nakamura et al., 2008), the 
specific role of these phosphatases during junction recovery upon 
loss of junctional integrity has not been intensively studied. PTP1B 
associates with VE-cadherin, thereby reducing its tyrosine phospho-
rylation (Nakamura et al., 2008). In neuronal cells, PTP1B controls 
cadherin function by dephosphorylating β-catenin, indicating that 
β-catenin might also be a substrate for PTP1B in endothelial cells 
(Balsamo et al., 1996). The phosphatase VE-PTP is selectively ex-
pressed in endothelial cells and associates with VE-cadherin via its 
membrane-proximal extracellular domain (Nawroth et al., 2002). 
The influence of VE-PTP on VE-cadherin function is dependent on 
plakoglobin, not on β-catenin (Nottebaum et al., 2008). Because 
plakoglobin associates with VE-cadherin primarily in mature cell–cell 
junctions in confluent endothelial monolayers (Lampugnani et al., 
1995), dephosphorylation of plakoglobin may be less relevant dur-
ing junction recovery.

Besides dephosphorylation of junctional proteins, several other 
pathways are important to rapidly restore endothelial barrier func-
tion upon thrombin challenge. Activities of the Rho-GTPases Rac1, 
RhoA, and Cdc42 affect barrier restoration after thrombin (Kouklis 
et al., 2004; Beckers et al., 2010). Because several studies described 
a link between SHP2 and Rac1, RhoA, and Cdc42 (Schoenwaelder 
et al., 2000; Lacalle et al., 2002; Kontaridis et al., 2004; Bregeon 
et al., 2009; Wang et al., 2009), we tested whether SHP2 silencing 
affected Rho-GTPase activity upon thrombin stimulation. Our data 
indicate that SHP2 affects endothelial monolayer recovery indepen-
dent of Rac1, RhoA, and Cdc42. Nevertheless, the data do not ex-
clude that SHP2 can act downstream of these Rho-GTPases.

Of interest, we observed that SHP2-depleted endothelial 
monolayers exhibited a prolonged reduction in resistance when 
challenged by thrombin, whereas the monolayer resistance at 
baseline or the maximal reduction in resistance in response to 
thrombin was similar in SHP2-depleted and control monolayers. A 
possible explanation may be that the formation of new junctions 
and the reassembly of junctions are two differentially regulated 
processes. However, a recent study showed that under basal con-
ditions, interference with SHP2 function using the chemical inhibi-
tor NSC-87877 resulted in increased permeability of pulmonary 
artery endothelial cell monolayers and promoted edema formation 
in rat lungs (Grinnell et al., 2010). This suggests that SHP2 in pul-
monary artery endothelial cell is required for regulation of basal 
integrity. These discrepancies may be explained by different en-
dothelial cell types used.

Our data showed that β-catenin not only associates with SHP2, 
but is also a substrate for SHP2. Ukropec et al. (2000) demonstrated 
that thrombin stimulation induced the dissociation of SHP2 from the 

phosphorylation at C-terminal tyrosine residues 542 and 580 has 
been demonstrated to promote SHP2 activation (Lu et al., 2001; 
Araki et al., 2003) and to occur in an ordered manner, with Tyr-542 
phosphorylation preceding phosphorylation of Tyr-580 (Araki et al., 
2003). Based on the use of protein ligation techniques to introduce a 
phosphonate at either Tyr-542 or Tyr-580 of SHP2 and the use of 
phospho-mutants, phosphorylation of the C-terminal tyrosine resi-
dues of SHP2 was shown to be important for SHP2 activity (Lu et al., 
2001; Araki et al., 2003). Our data show that increased SHP2 phos-
phorylation upon thrombin stimulation was induced concomitant 
with Src-mediated SHP2 activation. Moreover, SHP2 activation oc-
curred in parallel with dephosphorylation of β-catenin. Silencing 
or inhibition of SHP2 prolonged tyrosine phosphorylation of VE-
cadherin–associated β-catenin upon thrombin stimulation, under-
scoring the specific role for SHP2 in this pathway.

Tyrosine phosphorylation of β-catenin was demonstrated in nu-
merous studies to correlate with a loss of cadherin-adhesive function 
(Roura et al., 1999; Lilien and Balsamo, 2005; Winter et al., 2008; 
Monaghan-Benson and Burridge, 2009). However, the molecular 
basis of this phenomenon is a matter of debate. Several studies de-
scribed the dissociation of β-catenin from the respective cadherin as 
a central step in regulating adhesion—for example, after VEGF-
induced increases in tyrosine phosphorylation (Monaghan-Benson 
and Burridge, 2009). This catenin–cadherin dissociation is believed 
to result in loss of the connection of the cadherin with the actin 
cytoskeleton, resulting in the disruption of cell–cell adhesion. How-
ever, our data show that upon thrombin stimulation, the phosphory-
lated cadherin–catenin complex remained intact during disruption 
and reassembly of endothelial cell–cell junctions. Even vanadate-
induced tyrosine phosphorylation of junctional proteins did not re-
sult in loss of the catenin–cadherin interaction, which is in line with a 
study of Lampugnani et al. (1997). Disassembly of the cadherin–
catenin complex was also not observed when increased tyrosine 
phosphorylation of junctional proteins was induced by leukocyte 
adhesion to the endothelium (Turowski et al., 2008). Thus complex 
disassembly does not always follow tyrosine phosphorylation. Differ-
ent mechanisms may be involved, depending on the stimulus and 
cell type used. However, tyrosine phosphorylation of junctional pro-
teins and adherens junction disassembly are clearly linked, indicat-
ing that dephosphorylation of junctional proteins is likely to be in-
volved in the reassembly of adherens junctions.

However, given that adherens junction composition is not altered 
upon thrombin stimulation, how does β-catenin dephosphorylation 
by SHP2 then affect VE-cadherin function? To further study the po-
tential mechanism, we examined whether SHP2 depletion affected 
the dynamics of VE-cadherin in the plasma membrane. We focused 
on VE-cadherin dynamics because VE-cadherin is critical for cell–cell 
adhesion. Of interest, our data showed that silencing of SHP2 re-
duced the mobility of VE-cadherin in recovering junctions but not in 
resting cell–cell junctions. In addition, in vanadate-treated cells, the 
mobile VE-cadherin fraction was reduced, although treatment with 
vanadate increases tyrosine phosphorylation levels of various pro-
teins besides β-catenin. However, these data indicate that increased 
tyrosine phosphorylation levels of the cadherin complex prevent 
proper dynamics that is required for recovery of cell–cell junctions.

infected with adenovirus containing pIRES-GFP-SHP2-WT or a phosphatase domain–deleted mutant (ΔP). HUVECs were 
stimulated for 30 min with thrombin, and VE-cadherin was immunoprecipitated and immunoblotted with a 
phosphotyrosine antibody. Reconstitution of SHP-WT rescued β-catenin dephosphorylation, whereas SHP2-ΔP did not. 
Because a pIRES-GFP vector is used, GFP is not fused to SHP2, and pIRES-GFP runs slightly higher than GFP.
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FIGURE 5: SHP2 silencing and inhibition results in delayed cell–cell junction recovery after thrombin stimulation. 
(A) HUVECs were transfected with control (dark line) or SHP2 (green line) siRNA and grown to confluency on FN-coated 
electrode arrays. At time point 0, cells were incubated with (dashed line) or without (solid line) thrombin, and the 
electrical resistance was monitored in time by ECIS. Reduced SHP2 expression resulted in a delayed restoration of the 
endothelial monolayer TER after thrombin treatment. Representative graph is shown from one of five separate 
experiments, which were performed in quadruplicate. (B) HUVECs treated with SHP2 siRNA, shRNA, or SHP2 inhibitor 
PHPS1 were cultured on FN-coated ECIS electrode arrays and stimulated with thrombin. Bar graph, the percentage 
recovery of the endothelial monolayer resistance after thrombin at time points when control monolayers were 
completely restored. Both SHP2 silencing and SHP2 inhibition reduced recovery of the endothelial monolayer 
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Src was from Cell Signaling Technology (Danvers, MA). The poly-
clonal phosphospecific (pY418) Ab to Src, mAb to myc, Alexa 
633–labeled phalloidin, and secondary Alexa-labeled antibodies 
were from Invitrogen (Bleiswijk, Netherlands). Secondary horserad-
ish peroxidase (HRP)–labeled antibodies for Western blotting were 
from Pierce (Rockford, IL).

Cell cultures, treatments, and transfections
Human umbilical vein endothelial cells (HUVECs), purchased from 
Lonza (Walkersville, MD), were cultured on fibronectin (FN)-coated 
dishes in EGM-2 medium supplemented with SingleQuots (Lonza). 
HEK293 and COS-7 cells were maintained in Iscove’s modified Dul-
becco’s medium (BioWhittaker, Verviers, Belgium) containing 10% 
(vol/vol) heat-inactivated fetal calf serum (Invitrogen, Breda, Nether-
lands), 300 μg/ml glutamine and 100 U/ml penicillin and streptomy-
cin. Cells were cultured at 37°C at 5% CO2. When indicated, cells 
were stimulated with 1 U/ml thrombin (Sigma-Aldrich). To inhibit 
SHP2 activity, cells were pretreated for 20 h at 37°C with the PTP 
inhibitor V, PHPS1 (15 μM; Hellmuth et al., 2008), purchased from 
Calbiochem EMD Biosciences (Darmstadt, Germany). To inhibit ac-
tivity of the Src-family kinases, cells were pretreated for 30 min with 
10 μM PP2 (Calbiochem) or SU6656 (Calbiochem).

SHP2 siRNA (sc-36488-SH) was obtained from Santa Cruz Bio-
technology. As a nonspecific control, a siRNA against a luciferase 
reporter gene was used: CGUACGCGGAAUACUUCGA (5′–3′; 
Eurogentec, Maastricht, Netherlands). Transfections of siRNA were 
performed with INTERFERin (Polyplus-transfection, Illkirch, France) 
according to the manufacturer’s recommendations. Cos-7 cells were 
transiently transfected with the expression vectors indicated in each 
experiment according to the manufacturer’s protocol with Trans IT-
LT1 reagent (Myrus, Madison, WI). Myc-tagged pIRES-GFP-SHP WT 
and catalytic inactive substrate-trapping variants of SHP2, C459S 
(CS), and D425A (DA) have been previously described (Kolli et al., 
2004). After 16–24 h, medium was replaced, and after 2–3 d, cells 
were used for assays.

Adenovirus containing the C-terminal GFP-tagged VE-cadherin 
construct was generated as described previously (Allingham et al., 
2007). pIRES-GFP-SHP2 WT and phosphatase domain–deleted (ΔP) 
adenoviruses were generated as described previously (Kontaridis 

VE-cadherin complex, an event that correlated with the increased 
tyrosine phosphorylation of catenins. Lee et al. (2011) suggested 
that the VE-cadherin complex/SHP2 interaction might be involved 
in junction restoration not only after thrombin stimulation. They 
demonstrated that under hypoxic/reoxygenation conditions (an in 
vitro condition mimicking in vivo ischemia/reperfusion injury), in-
creased endothelial permeability correlated with increased tyrosine 
phosphorylation levels of VE-cadherin. Angiopoietin-1 treatment 
then reversed the endothelial permeability increase induced by 
hypoxia/reoxygenation by restoring the binding of SHP2 to the 
VE-cadherin complex, possibly resulting in dephosphorylation of the 
complex. The interesting question remains of whether SHP2 is also 
involved in endothelial junction recovery after treatment with other 
permeability-increasing stimuli, such as histamine or bradykinin.

In conclusion, our data show that thrombin-induced loss of en-
dothelial integrity is accompanied by tyrosine phosphorylation but 
not dissociation of VE-cadherin–linked β-catenin. Subsequent re-
constitution of the endothelial barrier involves dephosphorylation of 
VE-cadherin–associated β-catenin by the tyrosine phosphatase 
SHP2. SHP2 also promotes the mobility of VE-cadherin in the plasma 
membrane, stimulating the reassembly of adherens junctions, the 
closure of intercellular gaps, and restoration of endothelial 
integrity.

MATERIALS AND METHODS
Antibodies
Monoclonal antibodies (mAbs) to β-catenin, p120-catenin, Cdc42 
(clone44), and Rac1 were from BD Transduction Laboratories 
(Amsterdam, Netherlands). mAbs to VE-cadherin (F8), SHP2, and 
RhoA and polyclonal Abs to β-catenin and α-catenin were purchased 
from Santa Cruz Biotechnology (Heidelberg, Germany). VE-cadherin 
mAb 7H1 was from PharMingen (San Diego, CA), and VE-cadherin 
mAb BV6 was from Millipore (Amsterdam, Netherlands). The poly-
clonal Ab to VE-cadherin was from Cayman (Ann Arbor, MI). Abs to 
phosphotyrosine (pY20) were obtained from Zymed Laboratories 
(San Francisco, CA) and Enzo Life Sciences (Antwerp, Belgium). 
SHP2 polyclonal and phosphospecific Abs were purchased from 
R&D (Las Vegas, NV). mAbs to α-tubulin (DM1A) and actin were 
purchased from Sigma-Aldrich (Zwijndrecht, Netherlands). mAb to 

resistance. Data are mean ± SD of at least two independent experiments, which were performed in duplicate. Blot 
shows efficient SHP2 protein expression reduction in HUVECs that are transfected or transduced with either siRNA or 
shRNA against SHP2. (C) Cell spreading and monolayer formation of control and SHP2-depleted endothelial cells, 
analyzed by ECIS. Experiment was performed as described in A, except that the electrical resistance was monitored 
directly after cell seeding in serum-free medium. No difference in the electrical resistance during cell spreading and 
monolayer formation was measured between control and SHP2-deficient endothelial cells. Representative image is 
shown from one of four separate experiments, which were performed in quadruplicate. (D) HUVECs were grown on 
FN-coated glass covers, stimulated with thrombin for 2 h or left untreated, processed, and stained for VE-cadherin 
(green in merged image), β-catenin (red in merged image), and F-actin. Analysis of confocal image shows more 
interendothelial gaps (asterisks) in SHP2-depleted endothelial monolayers after 2 h of thrombin stimulation. Bar, 20 μm. 
(E) Quantification of data in D. Analysis of the size of interendothelial gaps showed increased gaps in SHP2-deficient 
cells 2 h after thrombin treatment. Experiment was carried out three times. Data are mean ± SEM. (F) HUVECs were 
treated with control or SHP2 siRNA and 2 d later infected with adenovirus containing pIRES-GFP-SHP2-WT or a 
phosphatase domain–deleted mutant (ΔP). Percentage recovery of the endothelial monolayer resistance after thrombin 
stimulation was determined as described in B. Reconstitution of SHP2-WT partially rescued recovery of the endothelial 
monolayer upon thrombin challenge, whereas SHP2-ΔP did not. Data are mean ± SD of three independent experiments, 
which were performed in duplicate. (G) VE-cadherin and β-catenin expression was reduced by shRNA. Endothelial cells 
were grown on FN-coated ECIS electrode arrays and treated with (dashed bars) or without (open bars) the SHP2 
inhibitor PHPS1 for 20 h prior to thrombin stimulation. Bar graph shows that the effect of SHP2 inhibition on the 
restoration of the endothelial monolayer resistance is dependent on the expression of VE-cadherin and β-catenin. Blot 
shows reduction in VE-cadherin or β-catenin protein expression. Data are mean values of two independent experiments, 
which were performed in duplicate. ns, not significant; *p < 0.05, **p < 0.01, ***p < 0.001.
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third-generation HIV-1 packaging plasmids 
(Hope et al., 1990; Dull et al., 1998; ob-
tained from Addgene, Cambridge, MA), 
using Trans IT-LT1.Virus-containing medium 
was collected for 3 d posttransfection and 
cleaned up by filtration through a 0.45-μm 
polyvinylidene fluoride filter unit (Millipore). 
Virus was further purified and concentrated 
by centrifugation for 2 h at 20,000 rpm in a 
Beckman SW32.1 rotor (Beckman-Coulter, 
Mijdrecht, Netherlands). Target cells were 
infected, and 3 d after the addition of virus, 
cells were used for assays.

Immunoprecipitation and Western 
blot analysis
A confluent monolayer of cells in a 100-mm 
dish was washed with ice-cold phosphate-
buffered saline (PBS) containing 1 mM CaCl2 
and 0.5 mM MgCl2 and lysed in cold NP-40 
lysis buffer (25 mM Tris, 100 mM NaCl, 
10 mM MgCl2, 10% [vol/vol] glycerol, and 
1% [vol/vol] Nonidet P-40, pH 7.4) supple-
mented with a phosphatase inhibitor cock-
tail (Sigma-Aldrich) and fresh protease-in-
hibitor-mixture tablets (Roche, Indianapolis, 
IN). In some experiments, when studying 
the VE-cadherin/catenin interaction upon 
thrombin stimulation, cells were lysed in 
RIPA lysis buffer (50 mM Tris, 150 mM NaCl, 
10 mM MgCl2, 1% [vol/vol] Triton X-100, 
0.1% [wt/vol] SDS, and 0.25% [wt/vol] de-
oxycholic acid). After 10 min of incubation 
on ice, cell lysates were collected and cen-
trifuged at 10,000 rpm for 10 min at 4°C. 
The supernatant was incubated with 0.5 μg 
of mAb to VE-cadherin (BV6; Millipore), 1 μg 
of mAb to phosphotyrosine (Enzo Life 
Sciences), or 2 μg of mAb to SHP2 (Santa 
Cruz Biotechnology) and 50 μl of protein 
G–Sepharose for 1 h at 4°C under continu-
ous mixing. Subsequently beads were 
centrifuged at 5000 rpm for 20 s at 4°C, 
washed five times with lysis buffer, and 
boiled in SDS-sample buffer containing 4% 
β-mercaptoethanol. Sequential immunopre-
cipitations (IPs) for analysis of tyrosine phos-
phorylation of β-catenin associated with 
VE-cadherin were performed as described 
previously (Ukropec et al., 2002). After 

the first IP, the washed pellet was resuspended in lysis buffer con-
taining 1% SDS. These supernatants were recovered and subjected 
to a second immunoprecipitation using pY Abs to precipitate 
tyrosine-phosphorylated proteins from the dissociated VE-cadherin 
complex.

Samples were then analyzed by SDS–PAGE. Proteins were trans-
ferred to a 0.2-μm nitrocellulose membrane (Whatman, Dassel, 
Germany), which was subsequently blocked with blocking buffer 
containing 5% (wt/vol) milk powder in Tris-buffered saline with 
Tween 20 (TBST). When phosphospecific antibodies were used, 
blots were blocked with 5% (wt/vol) bovine serum albumin (BSA) in 
TBST. The nitrocellulose membrane was incubated with specific 

et al., 2004). One day after infection of cells with the adenovirus, 
medium was replaced, and after 1 or 2 d of infection, cells were 
used for assays.

Lentiviral shRNA constructs from the TRC and Sigma Mission li-
brary (Root et al., 2006) were obtained from Sigma-Aldrich. The hu-
man SHP2-, VE-cadherin-, and β-catenin-specific constructs PTPN11 
TRCN_5004, CDH5 TRCN_54090, and CTNNB1 TRCN_3845, re-
spectively, were used. The SHC002 scrambled shRNA construct was 
used as a negative control. All shRNA constructs were in the pLKO.1 
vector backbone. shRNA-expressing lentiviral particles were pre-
pared by transfection of HEK293T cells with the pLKO.1 shRNA 
plasmid, together with the pMD2.G, pMDLg/RRE, and pRSV-Rev 

FIGURE 6: Effect of SHP2 silencing on thrombin-induced Rac1, RhoA, and Cdc42 activation. 
HUVECs were transfected with SHP2 or control siRNA, grown to confluency, and stimulated 
with thrombin as indicated. (A) Rac1 activation was analyzed using a CRIB-peptide pull-down 
assay as described in Materials and Methods (top). (B) RhoA activation was analyzed using a 
GST-Rhotekin pull-down assay as described in Materials and Methods (top). (C) Cdc42 activation 
was analyzed using a CRIB-peptide pull-down assay as described in Materials and Methods 
(top). Bottom panels show efficient reduction of SHP2 expression by siRNA and that the 
expression of Rac1 (A), RhoA (B), Cdc42 (C), and actin or tubulin were equal in total cell lysates. 
No significant difference in Rac1, RhoA, and Cdc42 activation upon thrombin stimulation was 
measured in SHP2-deficient cells compared with control cells. Right, the quantification of 
RhoGTPase activity (GTP levels). Experiments were carried out at least three times.



Volume 23 November 1, 2012 SHP2 promotes junctional recovery | 4223 

lysis buffer and immunoprecipitated for 
SHP2 by using anti-myc antibodies. For va-
nadate competition experiments, 10 mM 
Na3VO4 was added. For in vitro substrate 
trapping, GST-fusion proteins of the SHP2 
PTP domain (amino acids 218–528) were 
used, which were generated as described 
previously (Kontaridis et al., 2004). The sub-
strate-trapping variant of SHP2, GST-SHP2-
DA, contains a mutation at Asp-425 to 
Ala-425. GST-fusion proteins were purified 
from BL21 Escherichia coli cells (Agilent 
Technologies, Amstelveen, Netherlands) 
with glutathione–Sepharose 4B as previously 
described (Ellerbroek et al., 2004). Cos-7 
cells were stimulated with 1 mM vanadate 
for 30 min and lysed in lysis buffer contain-
ing 20 mM Tris, pH 7.5, 100 mM NaCl, 1 mM 
EDTA, 10% (vol/vol) glycerol, 1% (vol/vol) 
Triton X-100, and 5 mM iodoacetic acid. 
After centrifugation at 10,000 rpm for 10 min 
at 4°C, supernatants were neutralized of io-
doacetic acid by incubation with 10 mM di-
thiothreitol (DTT) and then incubated with 
GST-empty vector, GST-SHP2-WT, or GST-
SHP2-DA for 3 h at 4°C. Finally, in both as-
says, affinity complexes were washed five 
times with lysis buffer, boiled at 95°C for 5 
min in SDS-sample buffer, and separated by 
SDS–PAGE as described.

Tyrosine phosphatase activity assay
Cells were lysed on ice for 10 min with 1 ml/
dish of lysis buffer (150 mm NaCl, 1 mm 
EDTA, 40 mm Tris-HCl, pH 7.6, 1% [vol/vol] 
Triton X-100) supplemented with fresh pro-
tease-inhibitor-mixture tablets (Roche). SHP2 
proteins were immunoprecipitated using 
magnetic Dynabeads (Invitrogen), and 
washed three times in lysis buffer and four 
times in phosphatase assay buffer (25 mM 
4-(2-hydroxyethyl)-1-piperazineethanesulfo-
nic acid, pH 7.2, 50 mM NaCl, 2.5 mM EDTA, 
2.5 mM DTT). Levels of immunoprecipitated 
SHP2 were analyzed by Western blotting. 
The phosphatase reaction was initiated by 
incubating the immunocomplexes for 15 min 
at 30°C in the presence of phosphopeptides 
END(pY)INASL (Daum et al., 1993) and 
DADE(pY)LIPQQG (Zhang et al., 1993), ac-
cording to the Promega protocol (Promega, 
Madison, WI). In some experiments, when in 
vitro dephosphorylation of β-catenin by 

SHP2 was studied, tyrosine-phosphorylated β-catenin was immuno-
precipitated from vanadate-treated Cos-7 cells and added to the 
SHP2 immunocomplex. Phosphate release into the supernatant was 
detected by addition of Malachite green to the supernatant and 
measurement of absorbance at 620 nm (Promega protocol).

GTPase activity assays
Rac1 and Cdc42 activation was determined by a Cdc42 and Rac1 in-
teracting binding (CRIB)-peptide pull-down approach, as previously 

primary antibodies overnight at 4°C, followed by incubation with 
secondary HRP-labeled antibodies for 1 h at room temperature. 
Between the incubation steps, blots were washed with TBST. Stain-
ing was visualized with an enhanced chemiluminescence detection 
system (Pierce, Rockford, IL).

SHP2 substrate trapping and GST affinity precipitations
Cos-7 cells transfected with β-catenin and pIRES-GFP-SHP2-myc WT 
or the substrate-trapping DA and CS mutants were lysed in NP40 

FIGURE 7: Silencing of SHP2 reduces the mobility of VE-cadherin at recovering junctions. 
(A) HUVECs were treated with 25 μM vanadate and lysed, and an IP for VE-cadherin was 
performed. Top left, increased tyrosine phosphorylation (pY) of the VE-cadherin complex after 
vanadate treatment. Bottom panels, staining for β-catenin and α-catenin. (B) FRAP analysis in 
combination with confocal imaging was used to study the dynamics of VE-cadherin–GFP in 
HUVECs treated with (red line) or without (dark line) vanadate. Prebleaching intensity was set at 
100%. FRAP of VE-cadherin–GFP was reduced when cells were treated with vanadate. 
(C) Mobile fractions of VE-cadherin–GFP in control and vanadate-treated cells. (D) FRAP analysis 
of HUVECs transfected with control or SHP2 siRNA, which were stimulated with or without 
thrombin. The fluorescence recovery of VE-cadherin–GFP in SHP2-depleted cells was only 
reduced at recovering junctions after thrombin treatment. (E) Mobile fractions are calculated 
and show that SHP2 depletion reduces the mobile fraction of VE-cadherin–GFP at recovering 
junctions after thrombin stimulation. Experiments are carried out at least six times, and data are 
mean ± SEM. ns, not significant; ***p < 0.001.
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described (Price et al., 2003). Briefly, cells were lysed and incubated 
with 30 μg of a biotinylated peptide corresponding to the CRIB do-
main of Pak. Subsequently lysates were cleared at 14,000 × g for 
10 min, and supernatants were rotated for 1 h in the presence of 
streptavidin-coated beads (Sigma-Aldrich) at 4°C. For RhoA activity 
assays, a C21-GST-Rhotekin fusion protein was used (Ren et al., 1999), 
which was added to the lysates after the centrifugation step. Superna-
tants were rotated for 30 min with 60 μg of GST-Rhotekin, which was 
precoupled to glutathione–Sepharose beads (GE Healthcare Bio-Sci-
ences AB, Chalfont St. Giles, United Kingdom). Finally, in both assays, 
the beads were washed five times with lysis buffer and boiled in SDS-
sample buffer. Samples were analyzed by SDS–PAGE as described.

Electric cell-substrate impedance sensing
Monolayer permeability was determined by measuring the electri-
cal resistance using ECIS. Electrode arrays (8W10E; Applied Bio-
Physics, Troy, NY) were pretreated with 10 mM l-cysteine (Sigma-
Aldrich) for 15 min at 37°C, after which they were washed twice with 
0.9% NaCl and subsequently were coated with FN (Sigma-Aldrich) 
in 0.9% NaCl for 1 h at 37°C. Cells were seeded at 100,000 cells per 
well (0.8 cm2) and grown to confluency. Electrical resistance was 
continuously measured at 37°C at 5% CO2 with ECIS Model 9600 
Controller (Applied BioPhysics). When the electrical resistance of 
the endothelial monolayer reached a plateau, 1 U/ml thrombin was 
added. For ECIS-based cell spreading experiments, the increase in 
resistance in the first hour directly after cell seeding was used as a 
measure of cell spreading in real time (ten Klooster et al., 2006).

Confocal laser scanning microscopy
For immunofluorescence, cells were cultured on FN-coated glass 
coverslips. After treatment, cells were washed in cold PBS containing 
1 mM CaCl2 and 0.5 mM MgCl2 and fixed in 4% formaldehyde for 
10 min. After fixation, cells were permeabilized in 0.2% (vol/vol) Triton 
X-100 for 10 min, followed by a blocking step in PBS supplemented 
with 2% (wt/vol) BSA. Cells were incubated with primary and second-
ary antibodies and, after each step, washed three times in PBS. Cov-
erslips were mounted with Vectashield (Vector Laboratories, Peter-
borough, United Kingdom) or Mowiol 4-88 reagent (Calbiochem) on 
microscope slides. Images were recorded with a Zeiss LSM 510 con-
focal laser scanning microscope (Carl Zeiss, Jena, Germany).

For live-cell imaging, cells were seeded on 30-mm coverslips 
and transfected as indicated. Cells were placed in a heating cham-
ber at 37°C and recorded with a confocal microscope (Zeiss LSM510). 
FRAP experiments were performed using 50 iterations with 488-nm 
laser illumination at maximum power (25 mW). Fluorescence recov-
ery was measured by time-lapse imaging. Prism 4 (GraphPad Soft-
ware, La Jolla, CA) was used for statistical analysis and nonlinear 
regression. A single-exponential association was used for curve fit-
ting: Y = Ymax(1 − exp(−KX)), which starts at zero and ascends to Ymax 
with a rate constant K, where Ymax represents the mobile fraction 
and K represents the time characteristic of the curve.

Statistical analysis
Statistical comparisons between experimental groups were per-
formed by Student’s t test. A two-tailed p value of ≤0.05 was consid-
ered significant.
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