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Aberrant vascularization is a hallmark of cancer progression and treatment resistance. Here, we have shown that
endothelial cell (EC) plasticity drives aberrant vascularization and chemoresistance in glioblastoma multiforme (GBM). By
utilizing human patient specimens, as well as allograft and genetic murine GBM models, we revealed that a robust
endothelial plasticity in GBM allows acquisition of fibroblast transformation (also known as endothelial mesenchymal
transition [Endo-MT]), which is characterized by EC expression of fibroblast markers, and determined that a prominent
population of GBM-associated fibroblast-like cells have EC origin. Tumor ECs acquired the mesenchymal gene signature
without the loss of EC functions, leading to enhanced cell proliferation and migration, as well as vessel permeability.
Furthermore, we identified a c-Met/ETS-1/matrix metalloproteinase–14 (MMP-14) axis that controls VE-cadherin
degradation, Endo-MT, and vascular abnormality. Pharmacological c-Met inhibition induced vessel normalization in
patient tumor–derived ECs. Finally, EC-specific KO of Met inhibited vascular transformation, normalized blood vessels,
and reduced intratumoral hypoxia, culminating in suppressed tumor growth and prolonged survival in GBM-bearing mice
after temozolomide treatment. Together, these findings illustrate a mechanism that controls aberrant tumor
vascularization and suggest that targeting Endo-MT may offer selective and efficient strategies for antivascular and
vessel normalization therapies in GBM, and possibly other malignant tumors.
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Introduction
Overgrown, abnormal vasculature characterizes the microenvi-
ronment that fuels cancer progression and induces therapeutic 
resistance in malignant solid tumors (1–3). Glioblastoma multi-
forme (GBM), the grade IV glioma, is among the most lethal of 
human malignancies, distinguished by prominent vascularity and 
extraordinary vascular abnormality of unknown etiology. GBM 
is the most common and most aggressive primary brain tumor in 
humans, with a current median survival of about 14 months (4). 
Most GBM tumors are refractory to conventional cytotoxic ther-
apies (5). Antiangiogenesis therapies, primarily targeting angio-
genic factors including VEGF-A and their receptors, have been 
developed and exploited in recent years; however, the therapeutic 
benefits have been small and transient (6, 7), due to compensatory 
activation of other angiogenic factors, acquired treatment resis-
tance, and other unidentified mechanisms.

Cell plasticity in vascular endothelial cells (ECs) has been 
well characterized in embryogenesis (8). Likewise, previous 
work has documented the robust ability of EC to transdifferenti-
ate and transition into hematopoietic cells and stem cells during 

embryonic development (9–13). In pathological settings including 
myocardial infarction, renal and liver fibrosis, ossifying myositis, 
vascular inflammation, and cerebral cavernous malformation, 
ECs undergo endothelial mesenchymal transition (Endo-MT) to 
de novo generate fibroblasts, stem-like cells, and smooth muscle 
cells (14–20). Recent data shows the existence of Endo-MT in 
melanoma and Kaposi sarcoma (21, 22). However, the role of EC 
plasticity in cancer progression, particularly in tumor-associated 
angiogenesis, remains elusive. Here, we identify robust Endo-MT 
in GBM. Interestingly, tumor-associated ECs acquire fibroblast 
phenotypes including high motility and invasiveness but retain 
key endothelial functions without cell fate transition, inducing 
abnormal vascularization and therapeutic resistance. Thus, Endo-
MT represents a previously unidentified cellular mechanism for 
aberrant vascularization, and targeting Endo-MT may serve as 
a novel therapeutic strategy for the treatment of GBM and other 
malignant solid tumors.

Results
Robust Endo-MT in GBM-associated vasculature. We investigated the 
role of EC plasticity in GBM, initially focusing on a possible mes-
enchymal transition. CD31+ ECs were isolated from GBM tumors 
in human patients, and no contamination with other cell types was 
validated by EC-specific acetylated LDL (Ac-LDL) absorption in 
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specific protein-1 (FSP-1), while the expression of VEGF receptor-2 
(VEGFR2) was diminished in tumor ECs (Figure 1, A and B), sug-
gesting that GBM-associated ECs have mesenchymal characteris-
tics. Likewise, flow cytometry analysis with single-cell suspension 
from surgical GBM specimens showed that over 40% of CD31+ 
ECs expressed FSP-1 (Figure 1C). Moreover, immunofluorescence 
studies of human GBM samples revealed a robust colocalization 

all cells and lack of expression of pericyte-specific marker NG-2 
(not shown). GBM tumor–derived ECs exhibited fibroblast-like 
elongated morphology when cultured (Supplemental Figure 1; sup-
plemental material available online with this article; doi:10.1172/
JCI84876DS1). Immunoblot analysis revealed that these cells 
expressed multiple mesenchymal genes including N-cadherin 
(4 in 5 patients), α–smooth muscle actin (α-SMA), and fibroblast- 

Figure 1. Mesenchymalization in human GBM-associated ECs. Single-cell suspensions were prepared from surgical specimens of GBM patient tumors  
(n = 15 patients). (A and B) ECs were isolated from the cell suspensions by CD31 antibody–based magnetic-activating cell sorting. (A) Cell lysates were 
resolved by SDS-PAGE, followed by immunoblot analysis. Representative data are shown from 3 independent experiments. (B) Cells were stained with 
anti–FSP-1 antibody and analyzed by flow cytometry. Representative data are shown from 6 patients. (C) Whole-tumor cell suspensions were stained with 
anti–FSP-1 and -CD31 or control IgGs and analyzed by flow cytometry. Representative data are shown from 3 patients. (D) Sections of surgical specimens 
from normal brain and GBM patients were probed with anti–FSP-1, -CD105, and -CD31 antibodies. Left, representative images. Right, quantitative analysis 
of colocalization of CD31+ ECs with FSP-1+ fibroblast–like cells (n = 5 patients, mean ± SEM, unpaired t test). Scale bar: 50 μm. 
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2A). Notably, the transgenic GBM mouse model recapitu lates the 
major features of human GBM, including prominent vascular-
ity and vascular abnormality (23, 24). Flow cytometry analysis 
showed FSP-1 coexpression in about 30% and 40% of CD31+ EC 
in the GL26 and RCAS-induced tumors, respectively (Figure 2B).

Non-ECs including cancer cells may express CD31 during GBM 
progression (25, 26), which may contribute to the coexpression of 

of FSP-1 with EC markers CD105 and CD31 (Figure 1D), verifying 
mesenchymalization in human GBM-associated ECs.

To characterize the possible Endo-MT in vivo, we took advan-
tage of 2 orthotopic, allogeneic murine glioma models with a 
native microenvironment, induced by RCAS/N-tva–mediated 
somatic PDGF gene transfer in Ink4a–/–Pten–/– neural stem/pro-
genitor cells and by injection of GL26 mouse glioma cells (Figure 

Figure 2. Robust Endo-MT in GBM vasculature. (A and B) GBM was induced by orthotopic injection of retrovirus or GL26 tumor cells. The GBM in Ntv-a 
Ink4a–/–Ptenfl/fl LSL-Luc mice is induced by PDGF overexpression and Cre-mediated Pten deletion in neural stem and progenitor cells through RCAS-medi-
ated somatic gene transfer. (A) Schematic approach. (B) Single-cell suspension from normal brain and tumors was stained with anti-CD31 and anti–FSP-1 
antibodies and analyzed by flow cytometry. Left, representative cell sorting. Right, quantitative analysis (mean ± SEM, n = 6–8, unpaired t test). (C–E) 
The primary GBM in Ntv-a Ink4a–/–Ptenfl/fl LSL-Luc donor mice is induced by RCAS-mediated somatic gene transfer. Recipient mice were WT and Tie2-Cre 
mice. (C) Schematic approach. (D) Single-cell suspensions derived from tumors were stained with anti-Cre and anti–FSP-1 antibodies and analyzed by flow 
cytometry. Left, representative cell sorting. Right, quantitative analysis (mean ± SEM, n = 6, unpaired t test). (E) Tumor sections were subjected to immu-
nofluorescence analyses. Right, enlarged images of left rectangles. Representative data are shown from 4–5 mice. Scale bars: 100 μm.
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on Matrigel (Figure 3F) — even when cultured back in normal 
medium — suggesting that the tumor ECs are transformed to irre-
versibly acquire fibroblast characteristics including high prolifer-
ation, motility, and invasiveness. Likewise, GBM tumor–derived 
ECs showed increased ability to proliferate (Figure 3G). To rule 
out the possibility of contamination of other fast-growing cell 
types including pericytes in the GBM tumor– and normal brain–
derived ECs, the cells were stained with anti–NG-2 antibody; 
however, no NG-2+ cells were detected (not shown). In addition, 
glioma-CM treatment reduced expression of tight junction protein 
complex ZO-1, ZO-2, and CD2AP in ECs (Supplemental Figure 8), 
consistent with its hyperpermeability effects on EC monolayers.

Importantly, in contrast with previously characterized cell fate 
transition by Endo-MT, our data revealed that the transformed 
cells retained key functions of vascular EC, as shown by tube 
formation (Figure 3F) and EC-specific absorption of acetylated 
low-density lipoprotein (1,1’-dioctadecyl–3,3,3’,3’-tetramethyl- 
indocarbocyanine perchlorate; Dil-Ac-LDL) (Figure 3H). These 
data suggest a major function of Endo-MT in vascular regulation 
during GBM progression, in contrast with its previously estab-
lished role in de novo generation of fibroblasts.

c-Met induces Endo-MT and vascular abnormality. We then 
explored the molecular mechanisms underlying Endo-MT. Mul-
tiplex phospho-proteomic analysis identified EGFR and c-Met 
phosphorylation in glioma-CM–treated ECs (Figure 4A). Consis-
tently, glioma-CM induced rapid phosphorylation of c-Met and 
EGFR at Tyr1234/1235 and Tyr1068, respectively, both essential for the 
kinase activation (Figure 4B). Pharmacological inhibitors of c-Met 
(SU11274) — and EGFR (erlotonib), to a lesser extent — remarkably 
suppressed glioma-CM–induced FSP-1 expression (Figure 4C). In 
addition, inhibition of TGF-β (by SB431542), a known mediator 
for EC differentiation and Endo-MT (14, 29), had a similar effect 
on FSP-1 expression. Moreover, HGF, the c-Met ligand, and TGF-β 
— but not EGF or VEGF-A — induced robust expression of FSP-1 
and α-SMA (Figure 4D), and HGF blockage in glioma-CM by anti-
body neutralization substantially inhibited glioma-CM–induced 
FSP-1 and N-cadherin expression (Figure 4, E and F), suggesting 
that c-Met is required for Endo-MT. Furthermore, shRNA-medi-
ated c-Met knockdown abrogated glioma-CM–induced FSP-1 and 
α-SMA expression (Figure 4G). Consistent with the critical role 
of c-Met in Endo-MT, HGF pretreatment, to a lesser extent than 
compared with glioma-CM, stimulates EC proliferation, migra-
tion, invasion, and tube formation (Supplemental Figure 9).

Further analyses indicated that c-Met is required for the 
enhanced abilities of ECs to proliferate and migrate (Figure 5, 
A and B), increased monolayer permeability (Figure 5C), and 
induced vessel abnormality on Matrigel including more dense 
tubes and sprout formation (Figure 5D), in response to glioma-CM 
pretreatment. Importantly, pharmacological c-Met inhibition nor-
malized abnormal vessel formation in GBM tumor–derived ECs 
(Figure 5E). These findings establish a critical in vitro role of c-Met 
in Endo-MT and the subsequent abnormal vascularization.

c-Met phosphorylation induces ETS-dependent MMP-14 expres-
sion and VE-cadherin cleavage. Matrix metalloproteinases (MMPs) 
are fundamental to epithelial mesenchymal transition (EMT) (30). 
We investigated the role of MMPs in c-Met–mediated Endo-MT 
with a focus on those known to be induced by c-Met in ECs includ-

mesenchymal genes. To rule out this possibility and to specifically 
dissect the lineages of FSP-1+ cells in the genetic GBM model, we 
utilized Tie2-Cre mice that express Cre under EC-specific promoter 
Tie2 for EC lineage analysis (Figure 2C). Flow cytometry analysis 
with tumor single-cell suspension showed that about 50% of FSP-1+  
cells expressed Cre (Figure 2D), and Cre immunofluorescence with 
brain sections confirmed over half tumor-associated FSP-1+ cells 
had EC origin (Figure 2E), suggesting a robust Endo-MT and its 
significant contribution to the generation of fibroblast-like cells in 
GBM. Database analysis of GBM gene expression reveals elevated 
FSP1 mRNA in tumors, and high mRNA expression predicts poor 
glioma patient survival (Supplemental Figure 2), implicating a pos-
sible role of Endo-MT in glioma aggressiveness.

Additionally, previous work has shown that non-EC myeloid 
cells also express FSP-1 and Tie2 (27, 28), which may contribute to 
the tumor-associated FSP-1+ cells derived from Tie2-Cre+ lineage; 
however, our data showed a minimal coexpression of FSP-1 with 
myeloid marker CD11b and macrophage marker CD68 in human 
GBM (Supplemental Figure 3), implicating a minor role of myeloid 
cells in the detected Endo-MT. Furthermore, tumor-associated 
pericytes can also express Tie2 (28) and therefore may be detected 
by the Tie2-Cre–mediated lineage tracing in our mouse model. 
However, our data show that there was almost no coexpression 
of Cre with pericyte markers NG-2 in GL26 cell line tumors (Sup-
plemental Figure 4), suggesting limited contributions of pericytes 
to Tie2-Cre+ cells in GBM. In a parallel study, similar results were 
observed in RCAS-PDGF GBM tumor–bearing Cdh5-CreERT2 mice 
that express Cre under another EC-specific promoter Cdh5 (not 
shown). These data confirm robust Endo-MT in GBM vasculature.

Endo-MT induces vascular abnormality in vitro. To verify GBM 
microenvironment–dependent Endo-MT, human brain microvas-
cular ECs were treated with glioma conditioned medium (glioma- 
CM; collected from U251 or U87 cells and primary GBM cells cul-
tured under hypoxia) in vitro. The treatment induced a cell mor-
phology shift from the characteristic cobblestone appearance to 
fibroblast-like, spindle-shaped cells with disrupted distribution 
and reduced expression of endothelial-specific marker VE-cad-
herin (Figure 3A). Glioma-CM increased expression of mes-
enchymal markers FSP-1, N-cadherin, and α-SMA and decreased 
expression of endothelial markers VEGFR2 (Figure 3B). Similarly, 
FSP-1 expression was also induced by glioma-CM collected from 
different GBM cells including patient-derived primary tumor cells 
(Supplemental Figure 5). Consistently, coculture of ECs with dif-
ferent glioma cells induced N-cadherin and α-SMA expression 
and reduced VEGFR2 expression in ECs (Supplemental Figure 6).  
Furthermore, glioma-CM increased the mRNA expression of key 
mesenchymal genes including HGF, N-cadherin, and FSP1, as 
well as SNAI2, a transcriptional factor critical for mesenchymal 
transition, while decreasing the expression of endothelial-specific 
genes including VEGFR2, CD146, and CD31 (Figure 3C). In addi-
tion, glioma-CM induced time-dependent expression of several 
transcriptional factors that may promote mesenchymal transition, 
including SNAI-2, ETS-1, and C/EBPβ (Supplemental Figure 7).

Strikingly, cells that were pretreated with the glioma-CM 
showed enhanced ability to proliferate, migrate, and invade (Fig-
ure 3D) with increased monolayer permeability (Figure 3E) and 
formed more abnormal vasculature with increased sprouting 
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Figure 3. Endo-MT induces vascular abnormality in vitro. (A–F, and H) Human brain microvascular ECs were treated with control ECM or U251 glioma-CM. 
(A) Twenty-four hours after treatment, cells were stained with anti–VE-cadherin antibody and costained with Alexa Fluoro 567–labeled phalloidin for 
visualization of F-actin. Representative data are shown from 2 independent experiments. Scale bars: 100 μm. (B) ECs were lysed. Cell lysates were resolved 
by SDS-PAGE and immunoblotted. Representative data are shown from 3 independent experiments. (C) mRNA was isolated from ECs 24 hours after 
treatment and analyzed by qPCR (mean ± SEM, n = 3). (D–F) ECs pretreated with control medium or glioma-CM for 24 hours were trypsinized and cultured 
in normal culture medium. (D) Cell proliferation was determined with MTT assay. Cell migration was determined with transwell assay. Cell invasion across 
Matrigel-coated membranes in tranwells was determined. Data expressed as the percentage of control (mean ± SEM, n = 5, paired t test). (E) EC monolayer 
permeability was analyzed by measuring the fluorescence of diffused FITC-dextran across transwell membrane (mean ± SEM, n = 6, paired t test). (F) Tube 
formation was induced on Matrigel. Left, representative images. Right, quantified total tube length (mean ± SEM, n = 6, paired t test). Scale bar: 200 μm. 
(G) ECs isolated from normal brain or patient GBM tumor were subjected to cell viability analysis (mean ± SEM, n = 4, unpaired t test). (H) Cells pretreated 
with control medium or glioma-CM for 48 hours were incubated with Dil-Ac-LDL and stained with anti–FSP-1 antibody. Representative data are shown 
from 3 independent experiments. Scale bar: 50 μm.
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ing MMP-1, -2, -14 (MT1-MMP) (31, 32). Glioma-CM selectively 
induced expression of MMP-14 but not MMP-1 and -2, while glioma- 
CM caused a slight, transient increased expression of MMP-2 at 
day 1 (Figure 6A). shRNA-mediated c-Met knockdown suppressed 
MMP-1, -2, and -14 expression in ECs with or without glioma-CM 
treatment (Figure 6B). However, shRNA targeting MMP-14, but 
not MMP-2, efficiently inhibited glioma-CM–induced FSP-1 and 
α-SMA expression (Figure 6, C and D), suggesting a critical role 
of c-Met–mediated MMP-14 expression in Endo-MT. To gain a 
molecular insight into the transcriptional regulation mechanism 
of MMP-14, we analyzed its promoter sequence and predicted 
that the transcriptional factors including activator protein-1 (AP-1), 
c-Jun, early growth response protein-1 (EGR-1), ETS-1, NF-κB, and 
serum response factor (SRF) may possibly bind to the region based 
on motif recognition pattern. Among this list of transcriptional reg-
ulators, NF-κB and ETS-1 are known to be activated by c-Met (31, 
33). Immunofluorescence analysis verified HGF-induced activa-
tion of ETS and NF-κB in brain ECs, as indicated by their translo-
cation from cytosol to nuclei (Supplemental Figure 10). Our data 
revealed that ETS-1 siRNA almost completely abolished HGF- 
induced expression of MMP-14 and FSP-1, while NF-κB siRNA 
only attenuated expression of FSP-1 but not MMP-14 (Figure 6E), 
suggesting that both transcriptional factors contribute to Endo-MT 
and that ETS-1 regulates Endo-MT through MMP-14 expression.

A hallmark of EMT is the downregulation of E-cadherin to 
reinforce the destabilization of adherent junctions (30). To exam-

ine the possibility that MMP-14 may cleave cell surface proteins 
that control adhesion and intercellular junctions, including VE-
cadherin, ECs were incubated in vitro with purified, activated 
MMP-14. Immunoblot analysis identified a cleaved form of VE-
cadherin (~100 kD) in the culture supernatant, accompanied by a 
decreased amount of its full-length form (~140 kD) in cells (Fig-
ure 6F); this suggested direct cleavage and degradation of VE-
cadherin by MMP-14. Likewise, MMP-14 induced VE-cadherin 
disorganization and downregulation and increased FSP-1 expres-
sion in ECs (Figure 6, G and H). Furthermore, MMP-14 partially 
rescued FSP-1 expression in c-Met knockdown cells treated with 
glioma-CM (Figure 6H), suggesting a critical role of MMP-14 in 
c-Met–mediated Endo-MT. Likewise, MMP-14 expression was 
upregulated in GBM tumor–derived ECs while VE-cadherin 
expression was downregulated, compared with ECs isolated from 
normal brain (Figure 6I). Interestingly, c-Met inhibitor SU11274 
increased VE-cadherin expression and decreased MMP-14 
expression in GBM-associated ECs (Figure 6I), consistent with 
its effects on vessel normalization (Figure 5E). Together, these 
findings identify a molecular mechanism for Endo-MT, by which 
HGF activates c-Met and, in turn, induces ETS-1–dependent 
MMP-14 expression, thereby inducing VE-cadherin degradation 
and initiating Endo-MT.

c-Met drives Endo-MT, aberrant vascularization, and GBM pro-
gression and chemoresistance. To rigorously determine the role of 
c-Met in Endo-MT and GBM progression in vivo, we generated 

Figure 4. c-Met is a key regulator of Endo-MT. (A–C) Human brain microvascular ECs were treated with control ECM medium or U251 glioma-CM. (A) Cells 
were treated for 8 hours, and cell lysates were analyzed with a phospho-receptor tyrosine kinase array. (B) Cells were treated with glioma-CM for different 
time periods and subjected to immunoblot analysis. (C) Cells were treated with 5 μM c-Met inhibitor SU11274, EGFR inhibitor erlotinib, and TGF-β1 inhibitor 
SB431542 or 0.1% DMSO (vehicle) in glioma-CM for 24 hours and subjected to immunoblot analysis. (D) Cells were treated with 25 ng/ml HGF, 100 ng/ml 
EGF, 10 ng/ml VEGF-A, or 10 ng/ml TGF-β1 for 6 days. Cell lysates were analyzed by immunoblot. (E and F) Cells were treated with glioma-CM that was 
harvested from U251 (E), U87 (F), and primary patient 5377 GBM cells, in the presence of 20 μg/ml control IgG or anti-HGF antibody. Cell lysates were sub-
jected to immunoblot analysis. (G) Cells transduced with control or c-Met shRNA were treated with control ECM medium and U251 glioma-CM for 24 hours. 
Cell lysates were analyzed by immunoblot. All representative blots are shown from 2–3 independent experiments.
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an EC-specific c-Met KO mouse line, Tie2-Cre Metfl/fl, by cross-
ing Metfl/fl mice with mice expressing Cre under EC-specific pro-
moter Tie2. Interestingly, Met deletion in ECs did not affect basal 
angiogenesis, as indicated by apparently normal embryos with 
unaltered vascular density in the brain (Figure 7A) — in contrast 
with a previously well-established role of c-Met in pathological 
angiogenesis (34–36) — suggesting a dispensable role of c-Met in 
developmental angiogenesis. Immunoblot analysis with the ECs 
isolated from the mice verifies that Met KO inhibited the FSP-1 
and MMP-14 expression induced by the glioma-CM (Figure 7B).

We then challenged these mice with an orthotopic injection 
of the tumor cells isolated from the RCAS-PDGF transgenic 
GBM model (Figure 7C). In the mice treated with saline, Met 
deletion in ECs did not alter animal survival (Figure 7D); sim-
ilarly, Met deletion did not affect tumor growth in these mice 
(Figure 7E). However, in the mice treated with temozolomide 
(TMZ), Met deletion in ECs remarkably sensitized GBM tumors 
to TMZ treatment, as indicated by improved (+18 days) median 
survival in Tie2-Cre Metfl/fl mice, compared with an increase of 
7.5 days in Metfl/fl mice (Figure 7D). Notably, about 20% of Tie2-
Cre Metfl/fl mice survived for at least 60 days when the experi-
ment was terminated, further suggesting the significance of this 
microenvironment-dependent mechanism of tumor resistance. 
Consistently, TMZ treatment robustly reduced tumor growth in 
Tie2-Cre Metfl/fl, as evidenced by about a 70% decease in tumor 
volume, while there was a slight effect on control Metfl/fl mice 
(Figure 7E). Thus, EC-specific deletion of Met significantly 

overcomes GBM chemoresistance; in contrast, conventional 
anti-VEGF treatment does not improve patient survival or affect 
tumor resistance to radiation and chemotherapy (6).

Tumors from Tie2-Cre Metfl/fl mice showed markedly reduced 
vascular abnormality (Figure 7F). Tumor vessels of control Metfl/fl 
mice exhibited typical morphological features of vascular abnor-
mality that is common in human GBM (i.e., they are tortuous and 
granular with extensive hemor rhage). Remarkably, the blood ves-
sels in Tie2-Cre Metfl/fl mice appeared essentially normalized, as 
evidenced by nontortuous vessels with minimal hemorrhage and 
necrosis (Figure 7F). In addition, Met deletion in ECs inhibited 
hemorrhagic necrosis, a defining pathological feature of GBM. 
These data suggest that endothelial c-Met is critical for aberrant 
vascularization and GBM progression.

Furthermore, Met deletion in ECs inhibited FSP-1 and CD31 
coexpression (Figure 8A), confirming its in vivo role in Endo-
MT. Abnormal tumor vasculature is also characterized by insuf-
ficient coverage of nascent endothelium by pericytes, associated 
with poor functionality of the vasculature; vessel abnormalities 
induce plasma leakage, insufficient drug delivery, and spatially 
heterogeneous hypoxia, eventually leading to tumorigenesis and 
therapy resistance (1). Met deletion in ECs substantially increased 
the extent of pericyte coverage on tumor blood vessels (Figure 
8B), inhibited the leakage of i.v. FITC-dex tran (Figure 8C), and 
reduced intratumoral hypoxia (Figure 8D). Together, these results 
suggest that c-Met–mediated EC plasticity is critical for aberrant 
vascularization and therapeutic resistance in GBM.

Figure 5. c-Met is required for glioma-CM–
induced vascular abnormalities. (A–D) 
Human brain microvascular ECs were trans-
duced with lentivirus that encodes control or 
c-Met shRNA and treated with control ECM 
medium and U251 glioma-CM for 24 hours. 
(A–C) After treatment, cells were trypsinized 
and cultured in normal medium. (A) Cell 
proliferation was determined by MTT-based 
assay (mean ± SEM, n = 6, paired t test). (B) 
Cells were seeded on transwell membranes 
and subjected to migration analysis (mean ± 
SEM, n = 6, paired t test). (C) EC monolayer 
permeability was analyzed by measuring the 
fluorescence of diffused FITC-dextran  
across transwell membrane (mean ± SEM,  
n = 6, paired t test). (D) Tube formation was 
induced on Matrigel. Representative data 
are shown from 3 independent experiments. 
Scale bar: 200 μm. (E) ECs isolated from nor-
mal human brain and GBM tumor of patient 
5377 were pretreated with 5 μM SU11274 or 
0.1% DMSO (vehicle). Tube formation was 
induced on Matrigel. Representative data are 
shown from 4 patients. Scale bar: 200 μm.
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genesis and vascular abnormality, by which tumor ECs acquire 
enhanced ability to sprout and outgrow, generating topologically 
and structurally abnormal vasculature that fuels tumor progres-
sion and induces chemoresistance in GBM. Additionally, our data 
reveal that GBM-associated ECs have diminished expression of 
VEGFR2, a major mediator of angiogenic VEGF signaling, pro-
viding a possible explanation for current ineffectiveness of anti-
VEGF treatment in GBM. Consistently, glioma-CM pretreatment 
reduced EC response to B20 anti-VEGF antibody in cell prolifer-
ation, implying that Endo-MT confers resistance to anti-VEGF 
treatment (Supplemental Figure 11). Thus, targeting Endo-MT 
and EC transformative aberrations may provide new, promising 
strategies for vasculature-targeting therapy.

Cancer cells undergo robust genetic and epigenetic transfor-
mation, driving tumor initiation and progression, while the stromal 
cells, working as the supportive tissue, are considered genetically 
stable. However, previous studies have shown that tumor vas-

Collectively, we show that HGF/c-Met activation induces  
Endo-MT in tumor-associated ECs, which in turn drives vascular 
abnormality by increasing cell proliferation, migration, and inva-
sion, thereby inducing heterogeneous hypoxia and tumor resistance 
to treatment (Figure 9). We also identify a c-Met/ETS-1/MMP-14 
axis, which induces VE-cadherin degradation and Endo-MT.

Discussion
Prominent vascularity and extreme vascular abnormality are hall-
marks of cancer progression and treatment resistance in malig-
nant tumors (3). However, conventional antiangiogenic thera-
pies that target proangiogenic factors including VEGF-A have 
encountered difficulties and failures in treating some malignant 
tumors, including GBM (6), due to compensatory activation of 
other angiogenic factors, acquired treatment resistance, and other 
unidentified mechanisms. Here, we reveal that vascular trans-
formation Endo-MT is a driving force for the excessive angio-

Figure 6. c-Met activation induces ETS-dependent MMP-14 expression, leading to VE-cadherin cleavage and Endo-MT. (A) Human brain microvascular 
ECs were treated with U251 glioma-CM and analyzed by immunoblot. (B) Cells were lentivirally transduced with c-Met or control shRNA and treated with 
glioma-CM. Cell lysates were subjected to immunoblot analysis. (C and D) Glioma-CM–induced FSP-1 or α-SMA expression is inhibited by knockdown of 
MMP-14 but not MMP-2. Cells transduced with MMP-14 (C), MMP-2 (D), or control shRNA were treated with glioma-CM and analyzed by immunoblot. (E) 
Cells were transfected with NF-κB, ETS-1, or control siRNA and treated with 100 ng/ml HGF. Cell lysates were subjected to immunoblot analysis. (F and G) 
Cells were incubated with active MMP-14 for 18 hours. (F) Culture medium and cell lysates were immunoblotted with anti–VE-cadherin antibody. (G) MMP-
14 induces VE-cadherin disorganization and downregulation. Cells were subjected to immunofluorescence analysis with an anti–VE-cadherin antibody. 
Scale bar: 20 μm. (H) Cells were lentivirally transduced with c-Met or control shRNA, treated with glioma-CM in the presence or absence of active MMP-14, 
and analyzed by immunoblot. (I) ECs isolated from normal brain and patient GBM tumors were treated with 5 μM SU11274 or 0.1% DMSO (vehicle) and 
subjected to immunoblot analysis. All representative data are shown from 2–3 independent experiments.
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formation that induces uncontrolled cell division, EC transforma-
tion, albeit not fully appreciated, is likely fundamental to vascular 
abnormality and tumorigenesis.

We characterize EC plasticity to acquire mesenchymal trans-
formation (i.e., Endo-MT) in GBM tumor microenvironment. 
In contrast to its previously identified function for de novo gen-
eration of mesenchymal cells, we reveal that Endo-MT drives 
aberrant vascularization, in which EC acquires fibroblast pheno-
types without the loss of endothelial functions. Importantly, the 

culature also carries genetic alterations including chromosomal 
abnormalities (37–39). Particularly in GBM, ECs harbor the same 
genomic alterations as tumor cells, including chromosomal mono-
somy of the centromere of chromosome 10 (Cep10) and ampli-
fication of EGFR and chromosome 7 (Chr7) (40, 41), suggesting 
the genomic reprogramming of EC in tumor microenvironment. 
Robust EC transdifferentiation in embryonic development and 
pathological inflammatory settings further suggests a dynamic, 
instable genome in ECs. Therefore, similar to the cancer cell trans-

Figure 7. c-Met is critical for cancer progression and chemoresistance in GBM. (A) Angiogenesis analysis using Metfl/fl mice with or without expression of 
Tie2–Cre. Mouse embryos (left) at E14.5 were imaged, and brain tissues (right) were probed with anti-vWF antibody. Representative data are shown from 
6 mouse embryos. Scale bar: 100 μm. (B) Aortic ECs were isolated from Metfl/fl and Tie2-Cre Metfl/fl mice and treated with GL26 glioma-CM. Cell lysates were 
immunoblotted. Representative data are shown from 2 independent experiments. (C–F) The genetic GBM model was induced. Metfl/fl and Tie2-Cre Metfl/fl 
mice were injected with primary GBM cells and treated with saline or 100 mg/kg TMZ 14 days after tumor transplantation. (C) Schematic model of exper-
imental approaches. (D) Met deletion in ECs increases mouse survival with TMZ chemotherapy. Survival was monitored for 60 days after injection (total 
n = 57 mice, pooled from 2 independent experiments). MST, median survival time. (E) Met deletion in ECs inhibits tumor growth with TMZ chemotherapy. 
Tumor growth was analyzed by whole-body bioluminescence imaging. Left, representative images. Right, quantitative analysis of integrated luminescence 
in tumors at day 20 (n = 8–13, mean ± SEM, unpaired t test). (F) Tumor sections were stained with H&E and imaged. Representative data are shown from 8 
mice/group. Scale bar: 100 μm.
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Figure 8. c-Met is critical for Endo-MT and aberrant vascularization in GBM. The genetic GBM model was induced in Metfl/fl and Tie2-Cre Metfl/fl mice and 
treated with saline or 100 mg/kg TMZ 14 days after tumor transplantation. (A) Tumor sections were probed with anti-CD31 and anti–FSP-1 antibodies. 
Representative data are shown from 5 mice/group. Scale bar: 100 μm. Right, FSP-1 fluorescence intensity in CD31+ cells was quantified and expressed as 
percentage of the intensity in Metfl/fl mice treated with saline (n = 5, unpaired t test). (B) Tumor sections were fixed, probed with anti-CD31 and anti–NG-2 
antibodies, and stained with Alexa Fluor 488– and 568–conjugated secondary IgGs (n = 3–5, representative data shown). Scale bar: 100 μm. (C) Mice were 
perfused i.v. with FITC-dextran. Tumors were excised, and the sections were imaged (n = 3–5, representative data shown). Scale bar: 50 μm. (D) Mice were 
injected with Hypoxyprobe-1 (pimonidazole HCl), and tumor sections were probed with antibody against pimonidazole adducts (n = 3–5, representative 
data shown). Scale bar: 100 μm.
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conjugated magnetic beads (Miltenyi Biotec, catalog 130-091-935). 
Sorted ECs were verified by Dil-Ac-LDL (Alfa Aesar, catalog J65597) 
absorption, and 99% of cells were Dil-Ac-LDL+.

Mice. Tie2-Cre Metfl/fl mice were generated by crossing Metfl/fl  
mice withTie2-Cre mice (both from the Jackson Laboratory). 
Mice were genotyped with primers including Tie2-Cre (FP: 5′- 
GCGGTCTGG CAGTAAAAACTATC, RP: 5′-GTGAAACAGCAT-
TGCTGTCACTT), Tie2-WT (FP: 5′-CTAGGCCACAGAATTGAAA-
GATCT, RP: 5′-GTAGGTGGAAATTCTAGCATCATCC), and Met 
(FP: 5′-TTAGGCAATGAGGTGTCCCAC, and RP: 5′-CCAGGTGG-
CTTCAAATTCTAAGG). Cdh5-CreERT2 mice were generated by Ralf 
Adams (Max Planck Institute for Molecular Biomedicine, Münster, 
Germany) and provided by Bisen Ding (Cornell University, New York 
City, New York, USA) (46). All animals were housed in the Association 
for the Assessment and Accreditation of Laboratory Animal Care–
accredited animal facility of the University of Pennsylvania.

GBM mouse model. GBM was induced in mice previously described 
(24, 47, 48). In brief, chicken DF-1 fibroblasts (ATCC) were transfected 
with RCAS-PDGF-B and RCAS-Cre plasmids to produce retrovirus and 
orthotopically injected into Ntv-a Ink4a−/−Ptenfl/fl LSL-luc mice (kindly 
provided by Eric Holland, Fred Hutchinson Cancer Research Center, 
Seattle, Washington) to induce GBM through RCAS/n-tva–mediated 
gene transfer. Tumors were isolated and subjected to mechanical dis-
sociation with a gentleMACS Dissociator (Miltenyi Biotec) and enzy-
matic digestion with collagenase II and dispase II to obtain single-cell 
suspensions. About 8-week-old Metfl/fl, Tie2-Cre Metfl/fl, and Tie2-Cre 
mice (half male and half female) were orthotopically, stereotactically 
injected with 105 GBM tumor cells or GL26 mouse glioma cells that 
expressed luciferase. Tumor growth was monitored by whole-body 
bioluminescence using an IVIS 200 Spectrum Imaging System after 
retro-orbital injection of luciferin (150 mg/kg, Gold Biotechnology). 
Mice were administrated with peritoneal injection of saline or 100 
mg/kg TMZ (SelleckChem) 2 weeks after GBM induction. Postinjec-
tion survival was monitored for 60 days. Mice were euthanized when 
exhibiting severe GBM symptoms including dome head, hemiparesis, 
or more than 20% body weight loss.

Tumor vessel perfusion assay. Tumor-bearing mice were retro-orbit-
ally injected with FITC-labeled dextran (100 mg/kg, Santa Cruz Bio-
technology Inc.). After 20 minutes, the mice were perfused through 
the left ventricle with PBS, and tumors were collected after mice 
were euthanized. Cryostat sections were mounted with DAPI and 
imaged with an Eclipse TE2000-U fluorescence microscope (Nikon) 
equipped with a Retiga 2000R CCD camera (QImaging).

Analysis of tumor hypoxia. Tumor hypoxia was determined with 
Hypoxyprobe-1 Plus Kit (Hypoxyprobe). Mice were i.v. injected with 
pimonidazole-HCl (60 mg/kg). Tumor-frozen sections were fixed with 
chilled acetone and stained with antipimonidazole adduct FITC-con-
jugated antibody following manufacture instructions. Images were 
acquired with the fluorescence microscope.

Immunofluorescence and histology. Human surgical and biopsy spec-
imens from subjects with GBM (US Biomax and BioChain), or normal 
brain tissues, were deparaffinized, rehydrated, and subjected to antigen 
retrieval in Target Retrieve Solution (Dako, catalog S1699) at 95°C for 
20 minutes. Sections were blocked with 5% horse serum for 1 hour at 
room temperature, incubated with anti-CD31 (1:100, Dako, catalog 
M0823), anti-CD105 (1:100, Dako, catalog M3527), anti-FSP-1 (1:100, 
Dako, catalog A5114), anti-CD11b (1:100, BioLegend, catalog 301311), 

expanded concept of EC transformation by our data probably pro-
vides a better explanation for the extensive vascularity observed 
in tumors, as previously characterized Endo-MT can theoretically 
decrease the EC population after complete cell transition.

Endo-MT is mediated through TGF-β, bone morphogenic 
protein (BMP), and Notch pathways (20, 42). Here we identify 
c-Met as a key regulator of EC plasticity and vessel abnormality. 
Consistently, c-Met inhibition significantly reduces tumor angio-
genesis (35, 36). Interestingly, c-Met plays a role in EMT in tumor 
cells (43–45), but the precise mechanism remains largely unclear. 
We show that c-Met induces activation of ETS-1/MMP-14 to drive 
EC transformation, leading to vascular malformation and ther-
apy resistance. Importantly, our data show that pharmacological 
inhibition of c-Met rescues MMP-14 and VE-cadherin dysex-
pression and abrogates vessel abnormalities in GBM-associated, 
patient-derived ECs, suggesting potential clinical application of 
c-Met inhibitors for vascular normalization.

In summary, our study reveals robust, c-Met–mediated EC 
plasticity to acquire mesenchymal transformation to promote EC 
proliferation and migration, causing aberrant vasculature and 
rendering chemoresistance in GBM. As such, targeted ablation of 
Met in ECs normalizes tumor vessels and significantly improves 
animal survival after chemotherapy, in contrast with ineffective-
ness by current anti-VEGF therapies in GBM patients (6). Thus, 
EC plasticity may serve as an alternative target in antivascular 
and vessel normalization therapies, compared with conventional 
proangiogenic signaling pathways. Vascular detransformation 
may offer exciting opportunities to treat malignant cancer.

Methods
EC isolation from patient tumors. All patient samples were collected at 
the Department of Neurosurgery of the Hospital of the University of 
Pennsylvania (Supplemental Table 1). Tumor-derived single-cell sus-
pensions were prepared by the tissue bank. Red cells were removed 
with ACK lysis buffer (Invitrogen). Cell suspension was subjected to 
magnetic activating cell sorting (MACS) with anti-CD31 antibody–

Figure 9. A schematic model. Cancer cell–derived HGF in the tumor 
microenvironment activates c-Met in EC, which in turn induces ETS-1–
dependent MMP-14 expression, thereby inducing VE-cadherin cleavage 
and Endo-MT. Endo-MT generates abnormal vasculature and induces 
aberrant angiogenesis, leading to tumor progression and hypoxia-depen-
dent tumor resistance.
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CTCCTCCTCCAG-3′), RUNX1 (FP: 5′-GGACGAATCACACT-
GAATGC-3′, RP: 5′-TGTGGGTACGAAGGAAATGA-3′), ETS1 (FP:  
5′-AGTGAGGTGCTGAGAGCAGA-3′, RP: 5′-GTGTTGCTAGGTC-
CTTGCCT-3′), and NFKB1 (FP: 5′-GTGCAGAGGAAACGTCAGAA-3′, 
RP: 5′-TGGGAAGCTATACCCTGGAC-3′).

Phospho-RTK array. ECs were treated with control medium and 
glioma-CM for 8 hours. Cell lysates were analyzed with a Proteome 
Profiler Human Phospho-RTK Array Kit (R&D Systems, catalog 
ARY001B) following manufacture instructions.

Isolation and culture of mouse ECs. Thoracic aorta was isolated 
from 3-week-old mice and cut into pieces. Aortic rings were embed-
ded in Matrigel-coated dishes incubated in culture medium with 5% 
FBS for 5 days. After rins ing with PBS, the rings were removed, and 
remaining cells incubated with 2 U/ml Dispase I (GIBCO, Thermo-
Fischer Scientific; catalog 17105-041) for 20 minutes at 37°C. After 
centrifugation at 500 × g for 10 minutes, the cell pellets were washed 
with PBS, and cells were cultured in DMEM/F-12 medium supple-
mented with 25 mg/ml EC growth supplement (Sigma-Aldrich) and 
5% FBS at 37°C in a humidified air atmo sphere with 5% CO2. All cells 
were used between passages 2 and 4.

Dil-Ac-LDL absorption assay. ECs cultured in 8-well chamber 
slides (Falcon, catalog 354108) at 70% confluence were treated with 
control medium or glioma-CM for 48 hours. After washing with PBS, 
cells were incubated with Dil-Ac-LDL (10 μg/ml, Alfa Aesar, catalog 
J65597) in serum-free medium containing 3% BSA for 5 hours at 37°C. 
Cells were washed, fixed with 3% paraformaldehyde, and stained with 
anti–FSP-1 antibody (1:100, Dako, catalog A5114) and Alexa Fluor 
488–conjugated IgG. The slides were mounted with DAPI-contain-
ing mounting medium (Vector Laboratories, catalog H-1200). Images 
were acquired with the fluorescence microscope.

In vitro tube formation assay. Growth factor–reduced Matrigel (120 
μl/chamber, Corning Inc., 356231) was added to 8-chamber culture 
slides, incubated at 37°C for 20 minutes, and washed with PBS. ECs 
were pretreated with glioma-CM or control medium for 24 hours and 
trypsinized and seeded on Matrigel at a density of 2 × 104 cells/cham-
ber. Cells were imaged with an Axiovert 40CFL inverted microscope 
(Zeiss) equipped with AxioCam MRM CCD camera (Zeiss).

Cell proliferation assay. EC pretreated with glioma-CM or control 
medium were trypsinized and seeded on 96-well plates at a density of 
7,500 cells/well, and allowed to attach for 4 hours. Cell proliferation 
was determined by MTT assay (24). Absorbance was measured at 570 
nm with a reference at 620 nm in a Spectramax 190 spectrophotome-
ter (Molecular Devices).

Cell viability assay. ECs pretreated with glioma-CM or control 
medium were trypsinized and seeded on 96-well plates at a density 
of 7,500 cells/well and allowed to attach for 4 hours. Cell viability was 
determined by Cell-Titer assay (Promega, catalog G7571) according to 
the manufacturer’s instruction. Luminescence was detected by using a 
luminescent plate reader (Synergy H4 Hybrid, BioTek).

In vitro vascular permeability assay. ECs pretreated with glioma- 
CM or control medium were seeded on Transwell inserts with 0.4 
μm pore membrane (CoStar, catalog 3412) in 6-well plates, allowed 
to attach for 4 hours, and cultured for 3 days to reach confluence. 
Cells were incubated with control medium or glioma-CM without 
Phenol Red. FITC-dextran (MW = 70,000 Da, 10 μg/ml, Santa Cruz 
Biotechnology Inc., catalog sc-263323) was added to the top cham-
ber. The medium from the lower chamber was collected, and fluo-

anti-CD68 (1:100, BD Biosciences, catalog 556059), anti–P-Met-
Tyr1234/1235 (1:100, Cell Signaling Technology, catalog 3077), and anti–P-
Met-Tyr1349 (1:100, Cell Signaling Technology, catalog 3133) antibodies 
overnight at 4°C. For mouse tissues, frozen sections were fixed with 
chilled acetone for 20 minutes and blocked with 2% horse serum for  
1 hour at room temperature. Paraffin sections were deparaffinized and 
rehydrated, subjected to antigen retrieval in Target Retrieve Solution 
at 95°C for 20 minutes, and blocked with 5% horse serum for 1 hour at 
room temperature. Sections were incubated with anti-Cre (1:100, Milli-
pore, catalog MAB3120), anti-vWF (1:100, Dako, catalog A0082), and 
anti–NG-2 (1:100, Millipore, catalog AB5320) antibodies overnight at 
4°C. For histological study, sections were stained with H&E and imaged 
with an AxioLab microscope (Zeiss) equipped with an AxioCam HRC 
CCD camera (Zeiss). Cultured cells were fixed with 4% paraformalde-
hyde for 20 minutes and incubated with anti–VE-cadherin (1:100, Cell 
Signaling Technology, catalog 2500) and anti–α-SMA (1:100, Abcam, 
catalog ab5694). Sections were stained with Alexa Fluor 488– and 568–
conjugated secondary IgGs (1:500, Invitrogen) for 1 hour at room tem-
perature. Images were acquired with the fluorescence microscope.

Preparation of glioma cell–conditioned medium. Human U251 and 
U87 glioma cells and primary patient glioma cells and mouse GL26 
glioma cells were cultured with DMEM medium supplemented with 
5% FBS. Cells at about 90% confluence were exposed to hypoxia 
(1% O2) in a humidified air atmosphere at 37°C for 24 hours. Culture 
medium were centrifuged at 5,000 × g for 30 minutes to remove cellu-
lar debris, and the supernatant collected.

Cell culture and treatment. Human brain microvascular ECs (Sci-
enCell Research Laboratories and PromoCell) were maintained in EC 
Medium (ECM, ScienCell Research Laboratories). All cells were used 
between passages 2 and 5. Cells were treated with recombinant human 
HGF (25 ng/ml, PeproTech, catalog 100-39), EGF (100 ng/ml, Pepro-
Tech, catalog AF-100-15), VEGF (10 ng/ml, PeproTech, catalog 100-
20), TGF-β1 (10 ng/ml, PeproTech, catalog 100-21C), c-Met inhibitor 
SU11274 (5 μM, SelleckChem, catalog S1080), EGFR inhibitor erlo-
tinib (5 μM, SelleckChem, catalog S1023), TGF-β1 inhibitor SB431542 
(5 μM, SelleckChem, catalog S1067), or glioma-CM neutralized with 
20 μg/ml control rabbit IgG (Cell Signaling Technology, catalog 2729), 
anti-HGF antibody (R&D Systems, catalog AB-294-NA), or anti-VEGF 
antibody (Genentech, catalog B20).

quantitative PCR analysis. mRNA was isolated with an RNeasy Mini 
Kit (QIAGEN) and subjected to quantitative PCR (qPCR) with Super-
Script III First-Strand Synthesis SuperMix (Invitrogen). qPCR was per-
formed in a 25-μl reaction volume using Fast SYBR Green Master Mix 
(Applied Biosystems) and primers: HGF (FP: 5′-TTCAAGTGCAAG-
GACCTACG-3′, RP: 5′-GTTTGGAATTTGGGAGCAGT-3′), SNAI2 (FP: 
5′-ACAGAGCATTTGCAGACAGG-3′, RP: 5′-GTGCTACACAGCAGC-
CAGAT-3′), N-cadherin (FP: 5′-CCTGCTTATCCTTGTGCTGA-3′, RP: 
5′-CCTGGTCTTCTTCTCCTCCA-3′), FSP1 (FP: 5′-TCTCTCCTCAG-
CGCTTCTTC-3′, RP: 5′-AACTTGTCACCCTCTTTGCC-3′), VEGFR2  
(FP: 5′-CTCGGGTCCATTTCAAATCT-3′, RP: 5′-GCTGTCCCAG-
GAAATTCTGT-3′), CD146 (FP: 5′-GAGGAGGTCGCTACCTGTGT-3′,  
RP: 5′-CCAGCTGTGCCTTCAGAATA-3′), CD31 (FP: 5′-ACTGTGC-
CTGCAGTCTTCAC-3′, RP: 5′-TGAACAGAGCAGAAGGGTCA-3′), 
CEBPB (FP: 5′-GCAACCCACGTGTAACTGTC-3′, RP: 5′-AACA-
AGCCCGTAGGAACATC-3′), STAT3 (FP: 5′-AGGAGGCGTC-
ACTTTCACTT-3′, RP: 5′-GCTGCTGCTTTGTGTATGGT-3′), FOSL2  
(FP: 5′-ATGAGCAGCTGTCTCCTGAA-3′, RP: 5′-CCTGACTT-
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anti–P-Met1234/1235 (Cell Signaling Technology, catalog 3077), anti–P-
EGFR-Tyr1068 (Cell Signaling Technology, catalog 3777), anti–MMP-1 
(Biomal, catalog SA-102), anti–MMP-2 (Cell Signaling Technology, cat-
alog 4022), anti–MMP-14 (Cell Signaling Technology, catalog 13130), 
anti–NF-κB (Cell Signaling Technology, catalog 8242), anti–ETS-1 (Cell 
Signaling Technology, catalog 6258), and anti-CD2AP (Cell Signaling 
Technology, catalog 2135), anti–ZO-1 (Cell Signaling Technology, cat-
alog 8193), and anti–ZO-2 (Cell Signaling Technology, catalog 2847) 
antibodies at 1:1,000 dilutions. Proteins were detected with HRP-con-
jugated antibodies specific for either rabbit or mouse IgG (Bio-Rad), 
followed by ECL development (GE Healthcare, catalog RPN2232).

Statistics. Student’s t test and LogRank analysis (Prism) were used 
for statistical analysis between groups, and P values less than 0.05 
were considered statistically significant.

Study approval. All experiments with mice were performed in 
accordance with a protocol approved by the Institutional Animal 
Care and Use Committee of the University of Pennsylvania and with 
the NIH Guide for the Care and Use of Laboratory Animals (8th ed. The 
National Academies Press. 2011). The collection of human tissues 
in compliance with the tissue banking protocol was approved by the 
University of Pennsylvania IRB, and written informed consent was 
obtained from each participant.
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rescence was measured with excitation wavelength at 485 nm and 
emission at 530 nm.

Cell migration and invasion assays. ECs were seeded 2 × 104 cells/
well on 8 μm–pore insert membranes (Falcon, catalog 353097) pre-
coated with (for invasion assay) or without (for migration assay) Matri-
gel in a 24-well plate and allowed to attach for 4 hours. Cell migration 
was induced by adding 5% FBS in the bottom chamber. After a 6-hour 
induction, cells on the top of membrane were swiped off with cotton 
swab. Cells were fixed in methanol for 5 minutes and stained with Tolu-
idine Blue O (Sigma-Aldrich, catalog 198161) for 5 minutes. Images 
were taken in 3–4 fields per well, and stained cells were counted.

siRNA and shRNA treatment. ECs at 50% confluence were trans-
fected with nontargeting control siRNA (QIAGEN, catalog 1027280) 
or siRNA targeting c-Met (Cell Signaling Technology, catalog 6618), 
MMP-2 (Invitrogen, catalog s8851), MMP-14 (Invitrogen, catalog 
s8877), NF-κB (Cell Signaling Technology, catalog 8242), and ETS-1 
(Cell Signaling Technology, catalog 6258) using Lipofectamine 2000 
(Invitrogen, catalog 11668-019) in serum-free Opti-MEM medium 
(GIBCO, ThermoFischer Scientific; catalog 31985-070) for 12 hours, 
followed by recovery with serum-supplemented medium for 24 hours. 
Alternatively, ECs were transduced with lentivirus encoding shRNA 
targeting c-Met (Sigma-Aldrich, catalog TRCN0000121248), MMP-2  
(Sigma-Aldrich, catalog TRCN0000290300), MMP-14 (Sigma- 
Aldrich, catalog TRCN0000429314), or scrambled sequence (Sigma- 
Aldrich, catalog SHC016V-1EA) with 8 μg/ml polybrene (Millipore, 
catalog TR-1003-G) for 24 hours, followed by recovery with serum-
supplemented medium for 24 hours.

MMP-14 activation and treatment. Recombinant human MMP-14 
(40 μg/ml, R&D Systems, catalog 918-MP-010) was activated with 
0.86 μg/ml rhFurin (R&D Systems, catalog 1503-SE-010) in activa-
tion buffer (50 mM Tris buffer [pH9.0], 1 mM CaCl2, and 0.5% Brij-
35) for 1.5 hours at 37°C. ECs were treated with active MMP-14 in ECM 
medium supplemented with 3 mM CaCl2 and 1 μM ZnCl2 for 18 hours 
at 37°C. Cell culture medium was collected and centrifuged at 5,000 
× g for 2 minutes at 4°C to remove cell debris. Cell lysates and medium 
supernatant were immunoblotted with anti–VE-cadherin (1:1,000, 
Enzo, catalog ALX-210-232-C100) and anti-GAPDH (1:1,000, Cell 
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