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Abstract

Vessel abnormalities are among the most important features in malignant glioma. Vascular endothelial (VE)-cadherin
is of major importance for vascular integrity. Upon cytokine challenge, VE-cadherin structural modifications have
been described including tyrosine phosphorylation and cleavage. The goal of this study was to examine whether
these events occurred in human glioma vessels. We demonstrated that VE-cadherin is highly expressed in human
glioma tissue and tyrosine phosphorylated at site Y685, a site previously found phosphorylated upon VEGF challenge,
via Src activation. In vitro experiments showed that VEGF-induced VE-cadherin phosphorylation, preceded the
cleavage of its extracellular adhesive domain (sVE, 90 kDa). Interestingly, metalloproteases (MMPs) secreted by
glioma cell lines were responsible for sVE release. Because VEGF and MMPs are important components of tumor
microenvironment, we hypothesized that VE-cadherin proteolysis might occur in human brain tumors. Analysis of
glioma patient sera prior treatment confirmed the presence of sVE in bloodstream. Furthermore, sVE levels studied in
a cohort of 53 glioma patients were significantly predictive of the overall survival at three years (HR 0.13 [0.04; 0.40]
p≤0.001), irrespective to histopathological grade of tumors. Altogether, these results suggest that VE-cadherin
structural modifications should be examined as candidate biomarkers of tumor vessel abnormalities, with promising
applications in oncology.
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Introduction

Primary brain tumors are one of the most aggressive forms
of human cancer [1]. While combination of radiotherapy and

Temodar chemotherapy significantly improved survival [2],
glioblastomas are still associated with a very poor prognosis.

Neovascularization is one of the most important morphologic
features in malignant glioma. It is part of the histologic
diagnostic criteria in the current WHO classification scheme
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and is associated with poor prognosis [3]. Tumor vasculature
[4] is highly aberrant, incomplete, and tortuous, thereby
creating some areas of hypoxia, acidosis, and peritumor
edema [5]. Several studies have shown that increased vascular
permeability was correlated with higher grades of tumors and
with elevated mitotic index of tumor cells [6]. However, it seems
that the contrast enhancement observed in tumors by magnetic
resonance imaging (MRI) should not be considered as the
unique factor reflecting the tumor malignancy. Indeed, the high
grade gliomas that account for 30% of all gliomas have no
contrast enhancement in MRI, whereas 16% of low grade
gliomas also present the contrast enhancement [7]. Thus it is of
major importance to improve the characterization of capillary
network in these tumors. Vascular endothelial (VE)-cadherin is
an endothelial specific cadherin localized at adherens
intercellular junctions of vascular endothelial cells [8]. Unlike
most endothelial markers, VE-cadherin is not found in blood
cells nor in hematopoietic precursors. VE-cadherin has been
shown to play important roles in the establishment and
maintenance of endothelium integrity. The importance of the
extracellular domain of VE-cadherin in the control of
permeability was shown in mice injected with antibodies
directed against this domain. Within 24 hours, the mice died
due disassembly of the vasculature, and hemorrhage [9]. The
cytoplasmic domain of VE-cadherin is also involved in
increased permeability when subjected to tyrosine (Y)
phosphorylation. Indeed, Vascular Endothelial Growth Factor
(VEGF)[10], as well as inflammatory mediators [11,12], induced
VE-cadherin tyrosine phosphorylation and endothelial cell-cell
dissociation. The first observation of VE-cadherin tyrosine
phosphorylation in vivo was reported in two endocrine glands
expressing VEGF upon hormonal control in the ovary and
uterus, [13,14]. In the same study, VE-cadherin was found to
be associated in vivo with the tyrosine kinase Src and
VEGFR-2 in these organs [13]. In vitro, our group
demonstrated that Src kinase was responsible for VE-cadherin
tyrosine phosphorylation at site tyrosine 685 (Y685) in HUVECs
upon VEGF challenge; a process associated with VEGF-
induced endothelial cell migration [15]. Recently, we
demonstrated Tumor Necrosis Factor alpha (TNF-α), and
Bradykinin, respectively involved in rheumatoid arthritis and
hereditary angioedema induced the cleavage of VE-cadherin
ecto-domain (named soluble VE-cadherin or sVE, 90 kDa) in a
Src dependent manner, [16,17]. Of importance, sVE was
detected in patient serum and found to be a marker of HAE
attack and RA disease activity [16,17]. This data indicate that
VE-cadherin modifications (ie: phosphorylation and cleavage)
are of major interest in vascular permeability, angiogenesis and
inflammation.

In tumor angiogenesis, these structural modifications of VE-
cadherin have never been explored. However, it is known that
blood vessels in tumors are unusually shaped and present
cellular abnormalities, in particular at cell-cell junctions [18].
Because discovering new biomarkers is a main challenge in
malignant glioma, and given the well-known role of VE-
cadherin in stabilizing endothelial cell junctions, the goal of the
present study was to characterize the post-translational
processing of the protein in human brain tumors.

Materials and Methods

Reagents
Leupeptin, pepstatin A, Triton X-100 were purchased from

Sigma-Aldrich (Saint Louis, Missouri) and sodium
orthovanadate, H2O2, the MMP inhibitor GM6001 from Sigma-
Aldrich, and Src inhibitor PP2 from Calbiochem. Enhanced
chemiluminescence (ECL) detection reagents were purchased
from Perkin-Elmer (Courtaboeuf, France), nitrocellulose from
Schleicher and Schuell (Ecquevilly, France).

Antibodies
The polyclonal anti-humanVE-cadherin cytoplamic domain

(C19) was from Santa Cruz Biotechnology (Santa Cruz, USA),
the monoclonal anti-human VE-cadherin extracellular fragment
(clone BV9) from Abcam, the monoclonal anti-phosphotyrosine
4G10 from Millipore, the polyclonal anti-Cad3 antibody against
Cad3 domain of human VE-cadherin [19]. The anti-p658 and
anti-p731 VE-cadherin antibodies were from Biosources (CA-
USA), and antibodies to Src, p418Src, Csk were from Invitrogen
(USA). Horseradish peroxidase-conjugated secondary
antibodies were from Bio-Rad Laboratories.

Ethics
All patients enrolled in this trial provided written informed

consent. Brain tumor patients enrolled in the Protocol#010960
at Grenoble University Hospital between March 2001 and
December 2004 had blood sampling at their first radiological
investigation, in accordance with the French legislation. Tumor
samples were collected during curative resectional surgery in
the Neurosurgery division of Grenoble hospital and frozen
(-80°C) after surgery. Tissue and blood samples were stored
for scientific research in a biological resources repository
(Centre de Ressources Biologiques, Grenoble Hospital),
according to national ethical guidelines. Tissue banking and
research conduct was approved by the Ministry of Research
(approval AC-2010-1129).

Patients for tissue analysis
The pathological classification of tumor tissues and the stage

of cancer were determined according to the WHO classification
[3]. Non-tumor human brain tissues (N) were surgically
obtained from a patient presenting epilepsy of the right frontal
region that had been evolving for several years. Analyzed
tissues corresponded to grade IV (n=7), grade III (n=4) and
cortectomy (n=1).

Tumor tissue extraction
All procedures were performed at 0-4°C. The frozen tissues

( 200 mg) were homogenized in ice-cold lysis buffer (1:20 w/
vol) containing 0.5% Triton X-100, using a Potter-Elvehjem
apparatus with a Teflon pestle. The homogenate was
centrifuged at 15,000 rpm for 45 min. Protein determination
was performed using the bicinchoninic acid protein assay kit
(Fischer-Scientific, France) with bovine serum albumin as the
standard.

VE-cadherin Cleavage in Cancer
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Figure 1.  VE-cadherin expression and phosphorylation in human glioma tissues.  (A,B) Representative (n=10 samples)
micrographs of primary human glioma stained for VE-cadherin (in red; nuclei are stained in blue). Images were processed using
Adobe Photoshop Scale bar: 25 μm. A capillary network positive for VE-cadherin was detected in all the tumors. (C) A 125 kDa
fragment of VE-cadherin was highly detectable in glioblastoma (GBM) extract and not in non-tumor brain tissue (N). (D) Protein
lysates from N and GBM were analyzed by SDS-PAGE and western blotting with the antiphophotyrosine antibody (clone 4G10).
Several proteins with apparent molecular masses (indicated by filled arrowheads) ranging from 220 to 25 kDa displayed clearly
strong tyrosine phosphorylation in GBM but not in non-tumor tissue. (E) 500 μg of GBM tissue lysate protein were
immunoprecipitated with an anti-human VE-Cadherin antibody directed to C-term of the protein and blotted with the indicated
antibodies (Ptyr or VE-cad). Immunoprecipitation of VE-cadherin from glioma extracts allowed to detect a tyrosine phosphorylated
form of VE-cadherin. Sample loading was controlled using actin detection. (F) Active Src (phosphoY418) was highly detectable in
GBM but not in non-tumor (N) brain extract. (G) Orthovanadate treated-HUVECs lysates (control: CTL) and GBM extracts (50 µg)
were analyzed by western blot using antiphosphosite antibodies directed against Y658 and Y731, and the antibody directed against
pY685 VE-cadherin raised in our laboratories. Only pY685 was detected in GBM as in HUVECs upon VEGF stimulation (50 ng/mL).
(H) Same experiment as described in (E), and immunoblotting with anti-Csk antibody and anti-pY685 VE-cadherin antibody. The
association of Csk with VE-cadherin in GBM confirmed the phosphorylation at the site Y685 also detected with the antiphosphosite
antibody. Filled arrowhead indicates the position of the IgG heavy chains of the crosslinking antibody. In all blots the position of size
markers (in kDa) is indicated on the left. These experiments were repeated at least three times in a similar configuration.
doi: 10.1371/journal.pone.0080056.g001
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Figure 2.  VEGF induced-VE-cadherin extracellular domain cleavage is preceded by a Src-dependent VE-cadherin tyrosine
phosphorylation.  (A,B) HUVECs treated with VEGF (50 ng/mL) were analyzed for phosphotyrosinated-VE-cadherin in cell extracts
(A) and VE-cadherin extracellular domain in conditioned medium (B): (A) VE-cadherin was immunoprecipitated from 200 µg of
protein lysates and analyzed by SDS-PAGE and western blotting with the anti-phosphotyrosine antibody. VEGF induced a time-
dependent tyrosine phosphorylation of VE-cadherin detectable after 2 min of stimulation. (B) Conditioned media from VEGF-
stimulated HUVECs were concentrated and analyzed by SDS-PAGE and western blotting with human VE-cadherin antibody
directed against VE-cadherin extracellular domain (BV9). A 90 kDa fragment corresponding to the full length VE-cadherin
extracellular domain was already detectable after 10 min of VEGF stimulation. (C) HUVECs were pretreated with increasing
concentrations of Src inhibitor PP2 (2.5 to 20 µM) for 15 min, prior to treatment with VEGF for 15 min. VE-cadherin was
immunoprecipitated from 200 µg of protein lysates. PP2 concentrations higher than 2.5 µM completely inhibited VEGF-induced VE-
cadherin tyrosine phosphorylation. (D) Analysis of conditioned media from an identical number of HUVECs pre-treated for 15 min
with PP2 (5 µM) before VEGF stimulation for 15 min: the inhibitor decreased VEGF-induced VE-cadherin cleavage. (E,F) Src
expression was inhibited by Src-siRNA in HUVECs 24 hours before VEGF stimulation (15min). Analysis of conditioned media
showed that the knock-down of Src (controlled in F) decreased the level of soluble VE-cadherin in the media. (D,E,F) The signals
were quantified using ImageJ software, error bars in graphs indicate S.D. and experiments were repeated at least three times in a
similar configuration.
doi: 10.1371/journal.pone.0080056.g002
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Immunofluorescence
Tissue sections (10 μm thick) were processed as previously

described [13].

Cell culture
Human Umbilical Vein ECs (HUVECs) were grown to

confluence in M199 medium supplemented with 10% fetal calf
serum (FCS) and 2% low serum growth supplement (Cascade
Biologics) as previously described ([20]) They were transfected
with siRNAs as previously described [17]. LN229 and U87 were
obtained from the ATCC. The cells were grown in 10% SVF
Dubelcco’s Modified Eagle medium 4.5 g/L glucose. The
medium were collected after serum starvation for the analysis
of their content in metalloproteinases activities.

Extraction, immunoprecipitation and western blotting
Protein extraction and analysis were performed as previously

described [17].

Soluble VE-cadherin analysis in conditioned media
The HUVECs conditioned media were concentrated

approximately ten-fold using Centriprep Centrifugal Filter Units
with an Ultracel YM-50membrane (Millipore). Western blotting
was performed for protein analysis in each sample.The volume
of conditioned media analyzed were adjusted according to the
corresponding cell number. The relative amounts of
extracellular VE-cadherin were measured by densitometry of
autoradiographs using the NIH Image J software program.

Figure 3.  Metalloproteinases are secreted by glioma cell line and induced VE-cadherin cleavage.  (A) Conditioned media
from Astrocytoma grade IV (LN229, LN) and Astrocytoma grade III (U87, U) cells lines were tested for protease activities using a
zymography assay. Inhibition of protease activities by EDTA identified MMPs. (B) U87 (U) cell line media induced VE-cadherin
cleavage from HUVECs (90 kDa fragment). Glioma cell line conditioned media was added to HUVEC confluent monolayer during
two hours and HUVEC (H) conditioned media was analyzed for sVE content by western blot. The effect was impaired by broad
spectrum MMPs inhibitor (GM6001, I). (C) Western blot analysis of glioma patient sera at dilution 1:50, 1:100, 1:500 revealed the
presence of the 90 kDa fragment of VE-cadherin (sVE). (D) Deglycosylation Assay of sVE in serum shows, using two different
antibodies to sVE that the soluble fragment is glycosylated.
doi: 10.1371/journal.pone.0080056.g003
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Detection of MMPs using gelatin zymography
After three washes, the LN229 and U87 cells were cultured

without serum and collected after 24 h. After centrifugation at
15,000 rpm, 3 mL of conditioned media was concentrated to 50
μL using centriprep tubes. An aliquot (5 μL) of the concentrated
culture medium was subjected to SDS-PAGE in a gel
containing 1 mg/mL gelatin. The gels were then incubated in
2.5% Triton X-100 and rinsed in distilled H2O. Gels were further
incubated at 37 °C for 20 hours in 20 mM NaCl, 5 mM CaCl2,
0.02% Brij-35, 50 mM Tris-HCl buffer, pH 7.6, then stained with
0.1% Coomassie Brilliant blue R-250 and destained in 10%
acetic acid, 30% methanol in H2O.

Deglycosylation Assay
20 μl of serum diluted 1 to 40 in PBS-containing 0.5% Triton

X-100 and 20 μg/ml leupeptin were resuspended in 80 μl of
PGNase buffer. After addition of 5 μl of denaturation solution
(2% SDS and 1M 2ß-Mercaptoethanol), the mixture was
incubated at 100°C for 5 min followed by addition of 5 μl of
detergent solution (15% solution of IGEPAL CA 630). 35 μl of
this mixture were then incubated overnight at 37°C with 0.15
units/ml PGNase F (Sigma). Control samples were similarly
treated in the absence of enzyme.

ELISA for soluble VE-cadherin detection in human
serum

The assay is a sandwich enzyme immunoassay using a
monoclonal antibody and an enzyme-linked polyclonal antibody
specific for sVE-cadherin, as described in supplementary
information (see Tables S1, S2, S3, and S4 and Figure S1 in
Methods S1 file). The calculations were performed
independently. Raw data (OD) measured by the plate reader
were plotted against nominal standard concentrations to
construct the standard calibration curves. Concentration values
of unknown samples were interpolated from these curves using
an unweighted linear regression of the data. A typical standard
curve is presented in Figure S1D in Methods S1 file.
Throughout the study, the percent of coefficients of variation
(%CV) of standards were from 1.26 to 9.54%. The patients
sera (5 µL) were diluted 1:100 dilution in 0.5% Triton X100-
containing PBS. Individual serum concentrations for VE-
cadherin are reported in ng/mL.

Glioma Patients for Serum analysis
Brain tumor patients had blood sampling at their first

radiological investigation. Fifty three patients diagnosed with a
primary brain tumor glioma were classified by the following

Figure 4.  Kaplan-Meier estimates overall survival at 3 years according to baseline soluble VE-cadherin.  Patients with sVE<
840 ng/ml had a median time to progression of 220 days. Patients with 840 < sVE <1,247 ng/ml had a median time to progression of
365 days whereas patients with sVE >1,247 ng/ml had a median time to progression of three years, irrespective to histopathological
grade of tumors.
doi: 10.1371/journal.pone.0080056.g004
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inclusion criteria: histopatologically proven oligodendroglioma,
or mixed tumor; no history of brain tumor; magnetic resonance
imaging (MRI) prior to any surgery (stereotactic biopsy or
resection); no chemotherapy or radiotherapy prior to MRI, and
survival time of at least 3 months after MRI. Data collected
included standard demographics and disease characteristics;
first date of treatment; best response to treatment and date of
progression, date of death, or last follow up. Patients were
treated with Temodal® alone, or by Temodal® with
radiotherapy following the Stupp protocol [2]. Response to
therapy was investigated using MRI following Cairncross
criteria. After initial diagnosis, follow up was both clinical and
radiological, systematically including a MRI control every 4 to 6
months.

Statistical analysis
For cell analysis and ex vivo analysis.  All of the

experiments were repeated at least three times. Values
represent the mean ± standard deviation of three
determinations from three different wells or dishes in the same
experiment. All western blot bands have been subjected to
densitometry; data are expressed in arbitrary units as the mean
+/- SD of at least 3 identical experiments and were compared
using Student’s t-test. For all tests, P values less than or equal
to 0.05 were considered significant.

For glioma patients analysis.  Patient characteristics data
were summarized in terms of size and frequency for categorical
data and by mean ± standard deviation for quantitative data.
Independence between qualitative parameters was assessed
using either the t-test or chi-square test. Taking into account

Figure 5.  Illustrative cases.  All MRI examinations were performed using a 1.5 Tesla scanner (Philips Medical System). Standard
MRI work-up systematically comprised at least one series of T2-weighted images (turbo spin echo, repetition time msec (RT)/echo
time msec (ET=0.625/120; numbers of signals averaged ((NAS)=2; turbo factor=15) and T1-weigthed images (spin echo, RT/ET=
500/10; NAS=2) obtained prior to and after gadolinium injection. Representative contrast-enhanced images from low (a,b,c) and
high (d,e,f) levels of sVE patients. (A,B,C) 36 years old man, oligodendroglioma grade III, in the left posterior temporal region (6 cm
major axis): (A) Sagittal T1-weighted image after gadolinium injection shows diffuse and extensive contrast enhancement, (B) axial
T2-weighted image shows heterogeneous aspect and few perilesional edema of the same lesion with (C) T2/fluid attenuated
inversion recovery (FLAIR) shows infiltrative lesion with mass effect on ventricular junction. On all panels, the tumor area is
indicated using a dotted white line. For this patient, sVE=296 ng/mL and overall survival was 12 months. (D,E,F) 60 years old
women, glioblastoma in the left parietal region (3.5 cm major axis): (D) Sagittal T1-weighted image after gadolinium injection shows
a ring of contrast enhancement around an area of hypointensity (necrosis). (E) axial T2-weighted image (T2) shows irregular
contours and significative perilesional edema. (F) T2/fluid attenuated inversion recovery (FLAIR) shows few mass effect. For this
patient, sVE=1.843 µg/mL and overall survival was 36 months.
doi: 10.1371/journal.pone.0080056.g005
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the non-normal distribution of the sVE in the patient population
data, the Mann-Whitney’s U-test, a non-parametric method,
was conducted to compare sVE by death and survival groups.
Survival time was defined as the time period between the
initial radiological investigation including the blood collection
and the date of death or last follow-up, taking into account that
the follow-up period for surviving patients was at least 3 years
at the end of the study (July 31st 2009). Several clinical and
MRI factors were tested for their prognostic value relating to
survival time, including age, sex (male/female), tumor grade (II
versus III-IV), contrast agent uptake (present) and sVE value.
Univariate analyses were performed using Cox proportional
hazard models and presented as Hazard Ratio with 95%
confidence intervals. Overall survival curves were assessed
using Kaplan-Meier’s method presented as a function of
baseline sVE levels. Survival time was summarized by tercile
group with 95% confidence intervals and compared using Cox
model. For Cox model, proportional hazards assumption was
validated on the basis of Schoenfeld residuals [21]. All data
analyses were performed using Stata release 11.0 (StataCorp,
College Station, TX) - PC software. P-values <0.05 were
considered statistically significant. In figures, asterisks identify
significantly different values.

Results

VE-cadherin expression in glioblastoma tissue samples
A first series of experiments were designed to visualize VE-

cadherin expression in frozen tissue sections of human
glioblastoma (GBM) by immunohistochemistry staining using
an antibody raised against the VE-cadherin C-terminal domain.
All the surgical resections exhibited a tumor vasculature,
positive for VE-cadherin indicating that VE-cadherin represents
a marker of glioma capillary network (Figure 1A and B (n=10),
grade III-IV). VE-cadherin expression in human glioma tissue
extracts were further confirmed by western blotting (Figure 1C).
VE-cadherin is a 784 amino acids (AA) polypeptide whose
cytoplasmic domain contains 164AA. As VE-cadherin is a
glycosylated protein, in SDS-PAGE it migrates with an
apparent molecular weight of 125 kDa. One major species of
125 kDa corresponding to VE-cadherin was detected in the
brain tumor tissue, while the protein was barely detectable in
non-tumor brain tissue (Figure 1C). This high expression level
of VE-cadherin in malignant gliomas is consistent with their
reported extensive neovascularization [22,23].

Characterization of VE-cadherin tyrosine
phosphorylation status in glioblastoma tissue

Receptor tyrosine kinase (RTK) signaling pathways regulate
many aspects of tumorigenesis, including cell growth and
proliferation [24]. We thus examined the panel of tyrosine
phosphorylated proteins in human non-tumor (N) and tumor
brain (glioblastoma, GBM) tissues. As shown in Figure 1D, no
phosphotyrosine containing proteins were detected in non-
tumor brain tissue, while several proteins with apparent
molecular weight ranging from 25 to 250 kDa clearly displayed
enhanced tyrosine phosphorylation in tumor (filled
arrowheads). To prove the existence of endogenous

phosphorylation of VE-cadherin in GBM tissue, VE-cadherin
immunoprecipitation was performed and its phosphorylation
status was analyzed with a specific monoclonal antibody
recognizing tyrosine phosphorylated residues (Figure 1E).
Tyrosine-phosphorylated VE-cadherin was detected in all GBM
tissue samples but not in non-tumor brain samples. This data is
consistent with the abnormal activation of RTK signaling
pathways reported in malignant glioma [25].

Src family tyrosine kinase expression in human brain
tumor tissues

As we have previously shown that VE-cadherin was a
substrate for Src kinase [15], we next analyzed the activation
status of Src kinase in brain tumor tissue extracts. Kinases of
Src family are involved in VEGFR-2 signaling known to
regulate vascular permeability, angiogenesis [26,27], cell
motility and apoptosis [28]. Autophosphorylation at Y418 causes
an increase in the activity of Src towards exogenous
substrates. Phosphorylation at Y527 by C-terminal Src kinase
(Csk) results in inhibition of Src tyrosine kinase activity [29,30].
As illustrated in Figure 1F, the activated form of Src
(phosphoY418) was highly detectable in brain tumor extracts,
while it was barely detectable in non-tumor brain. The
enhanced Src kinase activity was also measured by exogenous
substrate phosphorylation (data not shown).

VE-cadherin tyrosine phosphorylation at Y685 residue
in human glioblastomas tissues

We have previously shown that VEGF induced VE-cadherin
tyrosine phosphorylation at site Y685 upon Src kinase activation
[15]. Other VE-cadherin tyrosine phosphorylation sites have
been reported elsewhere, including Y658 and Y731 sites which
are involved in increased permeability in vitro [31]. As VE-
cadherin tyrosine phosphorylation sites have never been
explored in human tumor tissues, we analyzed phospho-VE-
cadherin tyrosine sites in GBM extracts, using two commercial
anti-VE-cadherin phosphosites directed against sites Y658 and
Y731 and an antibody anti-phosphoY685 raised in our
laboratories. The phosphosites Y658 and Y731 were not detected
in human glioblastoma tissue extracts (Figure 1G, GBM), while
they were in HUVECs (Figure 1G, CTL). Using antibody raised
in our laboratories that recognized phospho-VE-cadherin in
VEGF-stimulated HUVECs (positive control; Figure 1G-
HUVECs), phosphorylation on Y685 VE-cadherin was detected
in all human glioblastoma tissues tested in this study (Figure
1G, GBM). The phosphorylated Y685 was reported to be a
binding site for the SH2 domain of the tyrosine kinase Csk, a
negative regulator of Src [32]. Thus, to further confirm the
presence of phosphorylation on pY685, VE-cadherin was
immunoprecipitated from human GBM extracts and probed with
anti-Csk and anti-phospho-Y685VE-cadherin antibodies. As
shown in Figure 1H, Csk was found to be associated with VE-
cadherin immunoprecipitates and VE-cadherin was
phosphorylated on Y685. Altogether, these results for the first
time provide evidence for VE-cadherin tyrosine phosphorylation
in human brain tumors and at a tyrosine site previously
identified in the VEGF signaling pathway, which is consistent
with the high expression of VEGF in malignant glioma [33].
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VEGF induced-VE-cadherin tyrosine phosphorylation
preceded N-terminal ectodomain shedding of the
protein

Because VEGF is a major compound of tumor
microenvironment, involved in tumor angiogenesis, tumor
aggressiveness and disease prognosis in patients [34], we next
examined whether VEGF was involved in VE-cadherin
ectodomain shedding in a concomitant manner with tyrosine
phosphorylation of the protein. To that purpose, confluent
HUVECs monolayer was submitted to VEGF challenge (50
ng/mL) in a kinetic study for up to 45 min. The culture media
were collected and analyzed by SDS-PAGE and western
blotting for soluble VE-cadherin content. In parallel, the
HUVECs monolayer was scrapped and lysed for further
analysis of VE-cadherin tyrosine phosphorylation status by
immunoprecipitation. As shown in Figure 2A, the exposure of
the endothelial cells to VEGF induced an early VE-cadherin
tyrosine phosphorylation detected within 1-2 min of stimulation
which increased up to 30 min. Analysis of cells conditioned
medium showed that a 90 kDa immunoreactive fragment (sVE)
corresponding to the full ectodomain of the protein was
detectable within 10 min of VEGF stimulation and increased in
a time-dependent manner up to 90 min (Figure 2B). This result
suggests that VE-cadherin tyrosine phosphorylation in its
cytoplasmic domain preceded the cleavage of extracellular
domain probably by increasing VE-cadherin susceptibility to
proteolysis. Consistent with this, HUVECs pretreatment with

the Src family kinase inhibitor PP2 prior to VEGF stimulation
decreased VEGF induce VE-cadherin phosphorylation (Figure
2 C) and cleavage (Figure 2 D). To confirm the specific function
of Src in this process, we knocked Src expression down in
HUVECs using cSrc-specific siRNA (siSrc) which efficiently
impaired VEGF-induced sVE release in cell medium (Figure 2
E), while control siRNA (si-CTL) had no effect (Figure 2 F).
This result demonstrates that VEGF-induced cleavage of VE-
cadherin adhesive ectodomain is Src-dependent, suggesting a
similar pathway to the previously observed effect of TNFα and
confirmed a critical role for Src in this process [17].

Matrix Metalloproteinases (MMPs) from Glioma cell
lines induced VE-cadherin extracellular domain
cleavage

Several MMPs have been implicated in modifying the
extracellular matrix (ECM) in the tumor microenvironment to
promote invasion [35]. We thus examined whether glioma cell
lines secreted MMPs and whether these proteases could
induce VE-cadherin cleavage. Using the zymography
technique, we analyzed the presence of gelatinase activities in
the conditioned media from two glioma cell lines, LN229 and
U87 (LN, U). Two gelatinase activities were detected and their
activity was abolished in the presence of EDTA, suggesting
that these enzymes belong to the MMP family (Figure 3A).
Based on their molecular weight, we concluded that MMP-2
and MMP-9 were present in the conditioned media under their

Figure 6.  Scheme for hypothetical mechanism of a link between VE-cadherin phosphorylation and cleavage.  In tumours,
VEGF secreted by tumoral cells bind to VEGFR2 which leads to src activation. Activated src rapidly phosphorylates VE-cadherin on
Y685. This covalent modification of the protein is followed by the cleavage of its extracellular domain upon MMP2,9.
doi: 10.1371/journal.pone.0080056.g006
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activated forms. This result is in agreement with the previously
demonstrated invasive potential of glioma with increased
extracellular matrix disruption in part by the action of MMPs
[35,36]. When conditioned media from LN229 cell line was
applied onto HUVECs monolayers (H), the release of the sVE
was observed (H+L). This effect was blocked by GM6001
pretreatment (I), a potent inhibitor of MMP activities,
demonstrating the involvement of these proteinase activities in
VE-cadherin extracellular domain cleavage (Figure 3B). These
findings, together with the previous demonstration of VE-
cadherin tyrosine phosphorylation in tumors, suggest that such
modifications of VE-cadherin might occur in response to tumor
microenvironment in human brain tumors.

Soluble VE-cadherin (sVE) was detected in glioma
patient serum

To determine whether VE-cadherin cleavage would also
occur in glioma patients, we first analyzed a serum obtained
from a glioma patient by SDS-PAGE and western blotting. A
single soluble 90 kDa fragment of VE-cadherin (sVE) was
detected (Figure 3C). This soluble fragment was found to be
glycosylated as PGNase treatment of the serum prior to SDS-
PAGE induced a shift in the apparent protein molecular weight
(Figure 3D). This data is consistent with the presence of
several glycosylation sites in the extracellular domain of VE-
cadherin [37]. To quantify sVE in patient sera, we could not use
commercially available kit because the standard used for
calibration curve was not glycosylated. We thus designed an
ELISA to quantify sVE in glioma patient sera using a
recombinant human glycosylated VE-cadherin of 90 kDa as a
standard for the internal calibration curve (See Figure S1 in
Methods S1 file).

Pathological and clinical data
sVE was quantified in a cohort of 53 glioma patients from

Grenoble University Hospital. We investigated whether the
levels of sVE measured in newly diagnosed glioma patients
and the clinical features were associated with the overall
survival from the time of initial diagnosis. The time to
progression or patient death was defined as the time elapsed
between the date of the initial radiological investigation and
baseline blood draw, and the date of clinical progression or
death or, if neither progression nor death was observed during
the follow-up period, the date of the last follow-up visit. The
follow-up period for surviving patients was up to 3 years (that is
1,095 days) at the end of the study (July 31st 2009). Baseline
characteristics of all brain tumor patients included in this study
are summarized in Table 1 (n=53).

Description of patient outcome at 3 years
Of the 53 patients analyzed, 28 were still alive at the end of

the study (July 31st 2009), all presenting survival time of 1095
days. The median survival was 930 days for the entire group.
Tumors were classified after histological analysis according to
the WHO classification [3], as grade II (n=25; 47.2%), grade III-
IV (n= 28; 52.8%). The average size of the tumors was 44.3 ±
15.3 mm with variable locations. Conventional imaging (MRI)
was performed in conjunction with physical examination at

regular time intervals for all patients throughout the study to
monitor disease status. In MRI, contrast agent uptake by the
tumor was present in 34 patients (64%), and absent for 19
patients (36%), images were not recorded for 2 patients. With
respect to clinical findings, prognostic factors identified in
univariate analysis are listed in Table 2. These factors are age
(p=0.002), sex (p=0.0260), tumor grade (p<0.001), contrast
uptake by the tumor (p=0.008) and sVE (p<0.001). In the entire
population studied here, the baseline sVE level varied from 236
to 2,000 ng/ml. Stratification of the patient population according
to sVE is presented as Kaplan–Meier curves in Figure 4. P
values from univariate Cox modelindicate that sVE was
significantly predictive of the overall survival (HR 0.13
[0.04;0.40] P≤0.001). Patients with sVE< 840 ng/ml had a
median time to progression of 220 days. Patients with 840 <
sVE <1,247 ng/ml had a median time to progression of 365
days whereas patients with sVE >1,247 ng/ml had a median
time to progression of three years, irrespective to
histopathological grade of tumors. Of major interest, the low
sVE level was associated with a shorter time to progression.
Several series of MRI images were acquired for all the patients
before starting the treatment. Two illustrative cases with
opposite sVE concentrations are presented in Figure 5. The
low sVE (296 ng/mL, overall survival: 12 months) patient
(A,B,C) was a 36 years old man presenting an
oligodendroglioma grade III in the left posterior temporal region
(6 cm major axis): This tumor presented diffuse and extensive
contrast enhancement (A) and few perilesional edema (B), and
was infiltrative with mass effect on ventricular junction (C). The
high sVE (1.843 ng/mL, overall survival: 36 months) patient (D,
E, F) was a 60 years old women presenting a glioblastoma in
the left parietal region (3.5 cm major axis): This tumor
presented a ring of contrast enhancement around an area of
hypointensity (necrosis) (D), with irregular contours and

Table 1. Description of patients characteristics (n=53) at
initial diagnosis.

Characteristic  Value
Age Median – year 48
 Range – year 19-73
 <65 year – no. (%) 47 (88)

Sexe – no. (%) Male 34 (64)
 Female 19 (36)

Diagnosis – no. (%) Astrocytoma 25 (47)
 Oligodendroglioma 26 (49)
 Nd 2 (4)

WHO classification at initial diagnosis – no. (%)
Astrocytoma All 25 (47)
 Grade II 7 (11)
 Grade III 2 (4)
 Grade IV 15 (28)

Oligodendroglioma All 26 (49)
 Grade II 18 (34)
 Grade III 8 (15)
 Nd 2 (4)

doi: 10.1371/journal.pone.0080056.t001

VE-cadherin Cleavage in Cancer

PLOS ONE | www.plosone.org 10 December 2013 | Volume 8 | Issue 12 | e80056



significative perilesional edema (T2, E), and few mass effect
(F).

Discussion

Angiogenesis in brain tumors has been extensively
characterized over the last two decades using several
experimental approaches including extensive genomic,
transcriptomic and proteomic screening [7,38,39].
Nevertheless, VE-cadherin, which represents a specific
endothelial marker, has never been explored in terms of post-
translational modifications in this context. We demonstrate for
the first time the strong expression of the protein in human
glioma tissues, and its phosphorylation on tyrosine Y685 that
might represent the identity card of Src action upon VEGF
secreted by tumor cells. Finding this site in human brain tumors
might reflect a major role for phospho-Y685 in angiogenesis
and/or permeability driven by VEGF as Src was also reported
to be involved in VEGF-induced permeability [26].

In addition to active Src in these tumors, we observed high
level of tyrosine-phosphorylated proteins in agreement with the
abnormal activation of multiple RTK signaling pathways in
glioblastoma [40]. It was recently shown that coexpression of
phosphorylated Dock180 (Y1811), phosphorylated Src (Y418) and
PDGFRα was predictive for extremely poor prognosis in
patients with gliomas [41]. As we have analyzed human
samples prior patient treatment, and because the baseline
characteristic of the tumors indicate a high level of tyrosine-
phosphorylated proteins including VE-cadherin, this data also
re-inforced the interest for tyrosine kinase inhibitors in therapy
[42]. Genomic approaches applied to clinically characterized
patient cohorts now clearly show that combined molecular and
histological classification offers great opportunities to
significantly improve clinical predictive power over the use of
histology only [43]. Currently, three molecular markers, related
to a better outcome, are particularly useful and complement the
histological classification: the 1p/19q codeletion, the O(6)-
methylguanine-DNA methyltransferase promoter methylation
and the substitutions in the isocitrate dehydrogenase (IDH1)
gene [44]. Further work is needed to assess whether
phosphoY685VE-cadherin can be considered as a tissue marker
of angiogenic activated capillary network in human glioma
correlated with histological grade in order to improve
histological classification of brain tumors.

We demonstrated that compounds of the tumor
microenvironment, such as VEGF and MMPs secreted by
glioma cell lines, can induce VE-cadherin extracellular domain
cleavage, which is consistent with the involvement of the
stroma and associated matrix proteins in cancer cell invasion
and proliferation [45]. For VEGF, the mechanism involves Src
kinase activity, confirming the requirement of this tyrosine
kinase in VE-cadherin cleavage as we previously reported for
TNFα, and then indicating a common pathway for both
cytokines. The kinetic study of VEGF-induced sVE shedding
showed that sVE became detectable in cell media 10 min after
VE-cadherin tyrosine phosphorylation in its cytoplasmic tail.
This result strongly suggests that VE-cadherin tyrosine
phosphorylation is required for the cleavage of its extracellular

domain. Thus, activation of Src in response to VEGF in the
brain tumors is a potential mechanism that could explain the
presence of soluble VE-cadherin in the blood from glioma
patients (Figure 6). On the other hand, glioma cells secrete
MMPs which might also act on glioma vasculature, thus
participating in the release of sVE in blood, and then partly
account for highly aberrant, tortuous and hyper-permeable
intratumor vasculature [5,46]. In addition, such abnormal
endothelial cells from these vessels might also secrete MMPs
in response to VEGF as already observed [47]. MMPs from
both origins might be involved in VE-cadherin cleavage.
Several reports demonstrated that changes in cerebrovascular
parameter measurement are of importance in the diagnosis
and the follow-up for glioma patients [48–50]. Indeed, the
techniques used for that measurement are based on the
modification of permeability of the blood brain barrier and
gadolinium-diethylenetriamine pentaacetic acid extravasation.
It remains to be established whether sVE is correlated with
analysis of magnetic resonance perfusion images, and whether
it could be a potential parameter in addition to size, mean of
relative cerebral blood volume (rCBV), mean of leakage
coefficient and hyperperfusion volume, to optimize rCVB maps
in predicting glioma grade. In addition, because VEGF induced
VE-cadherin cleavage, sVE levels quantification might be an
interesting companion tool for MRI to follow the patient
responsiveness to antiangiogenic therapies, as MRI
assessments may be misleading in that potent anti-VEGF
agents can decrease permeability and may lessen contrast
enhancement with or without a true underlying antitumor effect.

Interestingly, we described for the first time the presence of
sVE (90 kDa) in sera from glioma patients. The western blot
analysis technique demonstrated that sVE in serum exhibited
the same molecular weight as sVE found in EC upon VEGF
challenge, and that the sVE found was glycosylated. The
design of a new ELISA using the human recombinant
glycosylated VE-cadherin extracellular domain as calibration
standard allowed an easy quantification of sVE in glioma
patient sera prior treatment. As the commercially available kit
displayed the non-glycosylated VE-cadherin recombinant for
the standard curve, it could not be used in this study due to the
potential differences in antibodies affinities. The analysis of the

Table 2. Prognostic factors and clinical outcome at 3 years.

Prognostic factors All patients Death Survival P value
  n=53 n=25 n=28  
Age (year)  48 ± 13.5 53.9 ± 11 42.6 ± 13 0.002 (1)

Sex Male 34 (64%) 18 (52%) 16 (47%) 0.260 (3)

 Female 19 (35%) 17 (36%) 12 (63%)  
 Grade II 25 (47%) 5 (20%) 20 (32%) 0.001 (3)

Histology Grade III 13 (24%) 8 (61%) 5 (38%) 0.232 (3)

 Grade IV 15 (28%) 12 (80%) 3 (20%) 0.003 (3)

Contrast enhancement     
(present) 32 (62%) 18 (56%) 14 (43%) 0.088 (3)

sVE (µg/mL)  1.06 ± 0.40 0.85 ± 0.31 1.24 ± 0.39 0.001 (2)

t-test (1) ; Mann-Whitney’s U-test (2); Chi2 test (3).
doi: 10.1371/journal.pone.0080056.t002
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glioma cohort demonstrated a correlation between baseline
sVE level and overall survival (p<0.001) independently of
histological grade. The low sVE level was associated with a
shorter time to progression indicating that the most refractory
patients to therapies had low levels of sVE. Consistent with
this, Sitohy et al. reported recently that the tumor blood vessel
heterogeneity is accountable for the difference between vessel
subpopulations in their requirements for tumor cell–secreted
VEGF [50]. The most resistant tumors to therapies in their
model presented vessels with low levels of VEGFR2. In the
same way, patients who were most refractory to therapies may
have some major tumor vessels with low level of VEGFR2, and
thus explanation of the low level of sVE as VEGFR2 is required
for VEGF signal transduction. Even if the incidence of brain
tumors is lower than other cancers, a larger prospective series
of patients with malignant brain tumor is needed to further
explore sVE.

During the last decade, many proteomics studies, using
mass spectrometry-assisted analysis of tissue or blood,
reported protein fragments as potential biomarkers associated
with a large panel of cancerous pathologies [51]. The protein
cleavage process was rarely investigated and these fragments
were usually not validated and did not move from bench to
bedside. Our dual experimental and bioclinical approach
allowed us to associate biomarker candidates (comprising a
systemic one) and a potential responsible molecular
mechanism that reinforces robustness of our findings.

The key role of VEGF in tumor progression has been largely
demonstrated for several decades. Unexpectedely, large
discrepancies concerning VEGF as a potential biomarker did
not allow the clinical validation of its quantification. Indeed,
VEGF has a high affinity for extracellular matrix components
and can be stored in tumor microenvironment. In addition,
secreted VEGF can bind to its soluble receptors leading to a
decrease in its bioavailability and modifiy quantification [52].
Furthermore, during blood sampling platelets can release
VEGF in serum, leading to an overestimation of its

concentration. Thus, these phenomenons prevent reliable
evaluation of soluble VEGF produced by the tumor.
Considering VE-Cadherin, as it is a specific component of the
endothelial cells and because it has not been reported to be
traped by ECM, soluble VE-cadherin in blood might reflect
VEGF activity at tumor site.

Taken together, these results indicate that VE-cadherin, a
protein exclusively expressed in endothelial cells, is subjected
to structural modifications in the tumor microenvironment.
These modifications should be examined as candidate
biomarkers in brain tumors because of the major roles of this
protein in angiogenesis as well as in vascular permeability.
Indeed, similar data were obtained in several diseases
associated with vascular disorders (hereditary angioedema,
rheumatoid arthritis). Thus, in further studies sVE which has a
prognosis value might be associated with typical clinical or
biological information to improve patient clinical management..
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