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A B S T R A C T

The uPA/uPAR system is known to play a critical role in angiogenesis of glioblastoma. Pre-

viously, we have shown that shRNA against uPA and uPAR attenuates angiogenesis by

blocking nuclear translocation of angiogenin, inhibition of angiopoietin/Tie2 signaling,

and regulating several other pro-angiogenic, angiostatic and anti-angiogenic molecules.

Further analysis revealed that GM-CSF, a pleiotropic cytokine, was significantly inhibited

in U87MG and 4910 co-cultures with endothelial cells transfected with shRNA against

uPA and uPAR. The role of the uPA/uPAR system in this process is not completely under-

stood. Analysis of tumor conditioned medium of U87MG, 4910 and HMECs transfected with

shRNA against uPA or uPAR alone or in combination (pU2) revealed inhibition of GM-CSF-

enhanced secretion of SVEGFR1 as shown by Western blotting and ELISA. Moreover, phos-

phorylation of JAK2 and STAT5, the downstream effectors of GM-CSF signaling, was also

inhibited in all three cell lines. Phosphorylation at Tyr 166 position of the GM-CSFRb sub-

unit, the signal activating subunit of the GM-CSF receptor, was inhibited in HMEC, U87MG

and 4910 cells. Further analysis revealed that shRNA against uPA and/or uPAR increased

secretion of TIMP-1, which is known to enhance SVEGFR1 secretion in endothelial cells.

Moreover, addition of purified uPA (with and without GM-CSF) activated JAK2/STAT5 sig-

naling in HMEC. Exogenous addition of SVEGFR1 to pU2 tumor conditioned medium en-

hanced inhibition of VEGF-induced endothelial capillary tube formation as assessed by

an in vitro angiogenesis assay. To determine the significance of these events in vivo,

nude mice with pre-established tumors treated with shRNA against uPA and/or uPAR

showed decreased levels of GM-CSF and increased levels of SVEGFR1 and TIMP-1 when

compared with controls. Enhanced secretion of SVEGFR1 by puPA, puPAR and pU2 in en-

dothelial and GBM cells was mediated indirectly by MMP-7 and augmented by ectodomain

shedding of VEGFr1 by tyrosine phosphorylation at the 1213 position. Taken together,
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these results suggest that the uPA/uPAR system could prove beneficial as an indirect target

for inhibition of angiogenesis in glioblastoma.

ª 2011 Federation of European Biochemical Societies.

Published by Elsevier B.V. All rights reserved.
1. Introduction
 by the stimulation through TIMP-1. This study also shows that
Glioblastomamultiforme is characterized by abnormal angio-

genesis, leaky vasculature and highly invasive nature

(Andersonetal., 2008;Nordenetal., 2008). Thus far,manystud-

ies have implicated the role of the uPA/uPAR system in differ-

ent aspects of tumor progression including tumor cell

proliferation, adhesion, migration, invasion, metastasis and

angiogenesis (Bene et al., 2004; Blasi and Carmeliet, 2002;

Choong and Nadesapillai, 2003; Duffy and Duggan, 2004;

Irigoyen et al., 1999; Pepper, 2001; Raghu et al., 2010; Ulisse

et al., 2009). It is now understood that the roles of uPA and

uPAR in angiogenesis are multi-faceted, and simultaneous

transcriptional inactivation of uPA and uPAR in glioblastoma

cells and tumor endothelial cells have significant deleterious

effects on inhibition and enhancement in secretion of several

pro-angiogenic and anti-angiogenicmolecules in glioblastoma

cells (Raghu et al., 2010).

Degradation by proteolysis of the extracellular matrix is the

initial step in glioblastoma progression, and the uPA/uPAR sys-

tem is important formigration and invasion of endothelial cells

during angiogenesis (Lakka et al., 2005). Angiogenesis is a com-

plex process that affects proteolysis, migration, proliferation,

ECM degradation, and invasion and involves several pro-

angiogenic factors, such as VEGF (Park et al., 1993). Previously,

we have demonstrated that uPA/uPAR downregulation in glio-

blastoma (GBM) inhibits a key pro-angiogenic factor, VEGF

(Gondi et al., 2007). Several studies have implicated uPA and

uPAR in regulation of angiogenin, angiopoeitin/Tie2 signaling

(Raghu et al., 2010), and Notch signaling (unpublished observa-

tions), and thus, GBM pathogenesis.

GM-CSF is a pleiotropic cytokine known to play important

roles in the differentiation of hematopoietic precursor cells to

mature granulocytes, macrophages or dendritic cells

(Wognum et al., 1994). Studies by Eubank et al. (2004, 2009)

have shown GM-CSF as an anti-tumor agent in breast cancer

both in vitro and in vivo. The function of GM-CSF in the non-

hematopoietic environment, particularly in relevance to can-

cer, has not been studied in detail. The role of the uPA/uPAR

system, particularly uPA, in mediating GM-CSF signaling and

function is not known.

Tumor endothelial cells express VEGFr1 (Flt1) and VEGFr2

(KDR), and it also known that VEGF-A signals through VEGFr1

(Matsumoto and Claesson-Welsh, 2001). Our studies have

shown that VEGF is inhibited in pU2-transfected glioblastoma

tumors; however, the exact mechanism is not known. A rela-

tionship between SVEGFR1, a known scavenger for VEGF and

uPA, is yet to be elucidated. VEGF-mediated metastasis has

also been established in breast tumors (Eubank et al., 2003).

In the present study, our results suggest that shRNA against

uPA/uPAR reduces GM-CSF and VEGF by inducing secretion

of SVEGFR1 by endothelial and glioblastoma cells, and thus,

reducing the VEGF available for angiogenesis. Our studies sug-

gest that increased secretion of SVEGFR1 is probablymediated
shRNA against uPA/uPAR inhibits GM-CSFRb subunit-

mediated JAK2/STAT5 activation. Our study has revealed

a novel mechanism by which shRNA against uPA/uPAR in-

hibits angiogenesis both in vitro and in vivo by enhancing se-

cretion of SVEGFR1 and TIMP-1 in endothelial cells. Our

model shows the inhibition of angiogenesis by blocking uPA/

uPAR in GBM is enhanced by secretion of SVEGFR1 dependent

on TIMP-1 but independent of GM-CSF.
2. Materials and methods

2.1. Ethics statement

The institutional Animal Care and Use Committee of the Uni-

versity of Illinois College of Medicine at Peoria (Peoria, IL) ap-

proved all surgical interventions and post-operative care.

The approved protocol number is 851 and is dated May 12,

2010. No de novo cell lines were used.

2.2. Cells and reagents

U87MG (obtained from ATCC, Manassas, VA), xenograft cell

lines (4910 cells kindly provided by Dr. David James at the Uni-

versity of California-San Francisco) were cultured as previ-

ously described (Kunigal et al., 2006). Human microvascular

endothelial cells (HMECs)were cultured as per standard proto-

cols established inour laboratory.Antibodies toGM-CSF, Flotil-

lin1, pJAK2 (pTyr 1007/1008), TJAK2, TSTAT5, pSTAT5 (pTyr

695/699), siGM-CSF, and TIMP-1 were obtained from Santa

Cruz Biotechnology (Santa Cruz, CA). The antibody for

SVEGFR1 was obtained from Abcam (Cambridge, MA). RhGM-

CSFwas obtained fromSigma (St. Louis,MO). Antibody against

pTyr 766 positions against the b subunit of GM-CSFR was ob-

tained from LSBIO (Seattle, WA). TIMP-1 ELISA was obtained

from Ray Biotech (Norcross, GA), and ELISA for mSVEGFR1,

msGM-CSF, hGM-CSF and hSVEGFR1 was obtained from R&D

Systems (Minneapolis, MN). Purified uPA was obtained from

American Diagnostica (Stanford, CT) and recombinant TIMP-

1 was obtained from Prospecbio (Rehovot, Israel).
2.3. uPA and uPAR shRNA constructs

shRNA sequences targeting uPAR and uPA were constructed

as described previously (Subramanian et al., 2006).

2.4. Transfection with shRNA constructs

1.5� 105 cells were plated in 100-mm dishes for each transfec-

tion experiment. The cells were transfected in serum-free L-15

media using 10 mg of Fugene reagent (Roche, Indianapolis, Indi-

ana) as per the manufacturer’s instructions. The following

http://dx.doi.org/10.1016/j.molonc.2011.11.008
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constructs were used for transfection: puPA, puPAR, pU2

(shRNA against uPA and uPAR), and pSV. No plasmids were in-

troduced in the control dishes. After 12 h of transfection, the

serum-free media were replaced with serum-containing me-

dia, and cells were left in the incubator at 37 �C for 48 h. The

media were then replaced with serum-free media, and condi-

tioned media were collected 12 h later. Cells were harvested

for isolation of total RNA or total cell lysate. Conditioned media

were used for ELISA.
Figure 1 e shRNA against uPA and uPAR inhibits secreted levels of GM

U87MG and 4910 cells were transfected as described earlier. Conditioned

ELISA as per the manufacturer’s instructions. Data represented were the a

HMEC, U87MG and 4910 cells were transfected with shRNA constructs,

equal quantity of conditioned medium was loaded and immunoblotted wit

antibodies. A representative blot of three independent experiments is show

standard protocols. Data represented were the average of three independen
2.5. In vitro angiogenesis assay

Angiogenesis assay was performed as described earlier (Gondi

et al., 2004). Briefly, human microvascular endothelial cells

(2� 104 cells per well) were grown in the presence of tumor con-

ditioned medium (TCM) of pU2-treated U87MG cells, left un-

treated, or treated with SVEGFR1, VEGF alone, VEGF with

SVEGFR1, or TIMP-1 in 48-well plates and incubated for 48 h at

37 �C. The formation of capillary-like structures was captured
-CSF in cancer cells and endothelial cells. (AeC) 1.53 105 HMEC,

medium was collected after 72 h and assayed for GM-CSF levels by

verage of three independent experiments. *p< 0.01; **p< 0.001. (D)

and conditioned medium was collected. After protein normalization,

h primary antibody for GM-CSF and corresponding secondary

n. (E) Quantitative analysis was done by optical densitometry as per

t experiments.
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with an Olympus 1� 71 digital fluorescent microscope after

staining with Hema-3 stain.

2.6. Western blotting

HMEC, U87MG, and 4910 cells were left untreated or

transfected with SV, puPA, puPAR, or pU2. siGM-CSF was

transfected in HMEC according to the manufacturer’s instruc-

tions. Cells were collected and whole cell lysates were
Figure 2 e shRNA against uPA and uPAR enhances SVEGFR1 in U87MG,

were transfected as described earlier. Conditioned medium was collected aft

manufacturer’s instructions. Data represented are the average of three indepe

4910 cells were transfected with shRNA constructs and conditioned medium

conditionedmediumwas loaded and immunoblotted with primary antibody fo

analysis was done by optical densitometry as per standard protocols. Data re
prepared by lysing cells in RIPA lysis buffer containing a prote-

ase inhibitor cocktail (Sigma, St. Louis, MO). Equal amounts of

protein fractions, immunoprecipitates or lysates were re-

solved by SDS PAGE and transferred to a polyvinylidene

difluoride membrane. Proteins were detected with appropri-

ate primary antibodies followed byHRP-conjugated secondary

antibodies. Comparable loading of proteins was verified by

reprobing the blots with an antibody specific for the house-

keeping gene product, GAPDH.
4910 and endothelial cells. (AeC) 1.53 105HMEC, U87MGand 4910

er 72 h and assayed for SVEGFR1 levels by ELISA as per the

ndent experiments. *p< 0.01; **p< 0.001. (D) HMEC, U87MG and

was collected. After protein normalization, equal quantity of

r SVEGFR1 and corresponding secondary antibodies. (E)Quantitative

presented were the average of three independent experiments.
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Figure 3 e shRNA against uPA and uPAR down regulates phosphorylation of JAK2/STAT5 in glioblastoma and endothelial cells and

phosphorylation of GM-CSFrb at Tyr 766 position in HMEC, U87MG and 4910 cells. (A) Western blot analysis of shRNA-transfected HMEC,

U87MG, and 4910 cells was carried out with primary antibodies against pJAK2 (Tyr1007/1008) and pSTAT5 (pTyr 695/699) and with total forms

of JAK2 and STAT5. A representative blot of three independent experiments is shown. (B and C) Quantitative analysis was done for pJAK2 and

pSTAT5 by optical densitometry as per standard protocols. (D) Western blot analysis of shRNA-transfected HMEC, U87MG, and 4910 cells was

carried out with primary antibody against pTyr766 position of the GM-CSFrb unit and appropriate secondary antibody. GM-CSFRb antibody

was also immunoblotted to demonstrate equal loading of lysates. A representative blot of three independent experiments is shown. (E)

Quantitative analysis was done by optical densitometry as per standard protocols.
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2.7. hGM-CSF, hSVEGFR1, hTIMP-1, mSVEGFR1, and
msGM-CSF quantification by ELISA

Conditionedmedium frommock, pSV-, puPA-, puPAR- or pU2-

transfected U87, 4910, and HMEC were subjected to ELISA for

hGM-CSF, hSVEGFR1, TIMP-1, and serum from animals, which

were left untreated or transfected with pSV, puPA, puPAR or

pU2, were subjected to ELISA for msGM-CSF and mSVEGFR1

(R&D Systems, Minneapolis, MN) as per the manufacturer’s

instructions.

2.8. Animal experiments

U87 MG cells (2� 106) were injected into the brains of nude

mice using a stereotactic frame. After 8e10 days, the mice

were treated with pSV, puPAR, puPA or pU2. The in vivo intra-

cranial delivery of the vectors was performed using Alzet

mini-osmotic pumps at the rate of 0.25 mL/h: mock (PBS),

150 mg of vector DNA, 150 mg of puPA, 150 mg of puPAR, and

150 mg of pU2. All experiments were performed in compliance

with institutional guidelines set by the University of Illinois

College of Medicine at Peoria. After five weeks, or when the

mice started showing symptoms, mice were euthanized by

cardiac perfusion with formaldehyde. The brains were then

removed and embedded in paraffin as per standard protocols.

1e2 mL of blood was collected near the region of the brain and

also by cardiac puncture. Blood was centrifuged, and the se-

rum was separated and processed to check for mSVEGFR1,

msTIMP-1 and msGM-CSF levels by ELISA.
Figure 4 e shRNA against uPA and uPAR enhances secretion of

TIMP-1 from HMEC, U87MG and 4910 cells by Western Blot and

ELISA. (A) (Upper panel) 1.53 105 HMEC, U87MG and 4910 cells

were transfected as described earlier. Conditioned medium was

collected after 72 h and TIMP-1 levels determined by Western

blotting. Equal amount of conditioned medium was loaded after

normalization of protein content. (B) Graph represents quantification

of Western blotting results using NIH Image J software. (C) 1.53 105

HMEC, U87MG and 4910 cells were transfected as described earlier.

Conditioned medium was collected after 72 h and TIMP-1 levels

determined by ELISA as per the manufacturer’s instructions. Data

represented are the average of three independent experiments.

*p< 0.01; **p< 0.001.
3. Results

3.1. shRNA against uPA and uPAR alone or in
combination inhibits secretion of GM-CSF

Previously, we reported that simultaneous downregulation of

uPA and uPAR inhibited angiogenesis in vitro and in vivo in glio-

blastoma cells and xenografts (Raghu et al., 2010). Among the

different molecules downregulated by pU2 (bicistronic con-

struct against uPA and uPAR) in conditioned medium of glio-

blastoma cell co-cultured with endothelial cells, we found

that GM-CSF was significantly inhibited in U87MG and 4910

co-cultures. To confirm inhibition of GM-CSF in monocultures

of U87MG, 4910 and HMEC, which were left untreated or trans-

fected with scrambled vector, puPA, puPAR or pU2, we per-

formed ELISA on the conditioned medium from the three cell

lines. As shown by ELISA, GM-CSF levels were downregulated

in puPA-, puPAR- and pU2-transfected cells. Down regulation

of GM-CSFwas enhancedupto three folds inpuPA- and 3.5 folds

in pU2-transfected cells and by two folds in puPAR-transfected

cells (Figure 1AeC) as compared tomock and scrambled vector-

transfected cells. Results from ELISA were confirmed by West-

ern blotting of the conditioned medium of all three cell lines

(Figure 1D and E). The conditioned medium samples were

loaded after normalization of protein content. As shown in

our previous studies (Raghu et al., 2010), puPA, puPAR and

pU2 inhibited the expression of uPA and uPAR at the protein

andmRNA levels in all the three cell lines examined. Taken to-

gether, these results suggest that shRNA against uPA and/or
uPAR inhibits the secretion of GM-CSF when compared with

controls in glioblastoma and endothelial cells.

3.2. shRNA against uPA and/or uPAR increases
secretion of SVEGFR1 in glioblastoma and endothelial cells

Studies have shown that GM-CSF induces the expression of

SVEGFR1 in human monocytes and inhibits angiogenesis in

mice (Eubank et al., 2004). To ascertain if shRNA against uPA

and/or uPAR induced the secretion of SVEGFR1, we checked

for SVEGFR1 levels in U87MG, 4910 and HMEC, which were

http://dx.doi.org/10.1016/j.molonc.2011.11.008
http://dx.doi.org/10.1016/j.molonc.2011.11.008
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left untreated or transfected with pSV, puPA, puPAR or pU2.

Surprisingly, ELISA results showed that SVEGFR1 levels in the

three examined cell lines were increased significantly in

puPA-, puPAR- and pU2-transfected cells when compared

with controls (Figure 2AeC). To confirm the ELISA results, con-

ditioned medium from HMEC, U87MG and 4910 cells were sub-

jected to Western blotting for SVEGFR1 expression; results

showed that SVEGFR1 levels were significantly increased in
Figure 5 e uPA activates JAK2/STAT5 independent of GM-CSF in HMEC

puPA, purified uPA, siGM-CSF, rhGM-CSF, siGM-CSF or uPA and imm

and with corresponding secondary antibodies. A representative blot of thre

untreated, control si, and siGM-CSF treated HMEC was immunoblotted

antibody. A representative blot of three independent experiments is shown

blotting results for three independent experiments, p< 0.05. (D) Lysates we

rh GM-CSF or both and immunoblotted for phospho and total forms of JAK

is shown. (E) Graph represents quantitative expression of the Western blo
puPA-, puPAR- and pU2-transfected cells when compared

with controls (Figure 2D). There was almost four fold increase

in SVEGFR1 levels in pU2-treated HMEC compared with con-

trols (Figure 2E). Taken together, these results show that shRNA

against uPA and/or uPAR enhances the secretion of SVEGFR1 in

U87MG, 4910 and HMEC as compared to controls, thereby sug-

gesting that uPA and/or uPAR play an important role in secre-

tion of SVEGFR1, which is a scavenger of VEGF.
. (A) Lysates were made from HMEC untreated or treated with pSV,

unoblotted for pJAK2, pSTA5, and total forms of JAK2 and STAT5

e independent experiments is shown. (B) Conditioned medium from

with primary antibody to GM-CSF and corresponding secondary

. (C) Graph represents quantitative representation of the Western

re made from HMEC left untreated or treated with purified uPA, with

2 and STAT5. A representative blot of three independent experiments

tting, p< 0.05.
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3.3. shRNA against uPA and/or uPAR inhibits
phosphorylation of JAK2 and STAT5 and phosphorylation of
GM-CSFRb at Tyr 766 in glioblastoma and endothelial cells

GM-CSF is known to bind to GM-CSFRa receptor and initiate

signaling via the GM-CSFRb subunit in endothelial cells and

phosphorylate JAK2 (Janus kinase), a member of the cyto-

solic tyrosine kinase family that is known to mediate sev-

eral non-tyrosine kinase receptors (Soldi et al., 1997). The

binding of GM-CSF to its receptor is also known to phos-

phorylate STAT5 at the pTyr 695/699 position. To ascertain

whether shRNA against uPA and/or uPAR inhibits phos-

phorylation of JAK2 and STAT5, both downstream effectors

of GM-CSF signaling, lysates from HMEC, U87MG and 4910

cells, which were left untreated or transfected with pSV,

puPA, puPAR and pU2, were probed for pJAK2 (Tyr 1007/

1008) and pSTAT5 (Tyr 695/699), respectively. Results

showed that in the three cell lines tested, down regulation

of uPA and/or uPAR by transfection with puPA, puPAR or

pU2 significantly inhibited the phosphorylation of JAK2

and STAT5 (Figure 3AeC). Overall, these results suggest

that uPA and/or uPAR down regulation inhibits JAK2/

STAT5 phosphorylation in glioblastoma and endothelial

cells. To further decipher whether down regulation of phos-

pho JAK2/STAT5 could be mediated by inhibition of GM-

CSFRbc phosphorylation, we checked for phosphorylation

of the GM-CSFRb subunit at the Tyr 766 position. As antici-

pated, we observed a reduction in the phosphorylation of

the b subunit of the GM-CSF receptor, in all the three cell

lines tested. Quantitative representation of the results in

Figure 3D is represented in Figure 3E. Overall, these results

suggest that shRNA against uPA and/or uPAR inhibits GM-

CSF-mediated signaling in endothelial and glioblastoma

cells.

3.4. shRNA against uPA and/or uPAR enhances
secretion of TIMP-1 in endothelial and glioblastoma cells

TIMP-1 is recognized as a multifunctional protein, and its role

in cancer is distinguished both as a tumor growth stimulator

and a tumor growth inhibitor (Ikenaka et al., 2003). TIMP-1 is

also known to enhance the secretion of SVEGFR1 from human

endothelial cells (Bruegmann et al., 2009). To determine

whether TIMP-1 is involved in SVEGFR1 secretion, we checked
Figure 6 e Enhanced secretion of SVEGFR1 by uPA/uPAR downregulation

tyrosine phosphorylation of VEGFr1 at 1213 position. (A) HMEC, U87M

concentrations of TIMP-1 and lysates were made at 24 and 48 h and immu

antibodies. Representative blots from each cell line are shown. The blots w

Graphs represent quantitative representation of the Western blotting results

from above-mentioned conditions were immunoblotted for SVEGFR1. A rep

Graphs represent quantitative representation of the Western blotting resul

from HMEC, U87MG and 4910 cells, which were left untreated or treated w

position primary antibody and with appropriate secondary antibodies. A rep

loading of lysates is shown by reprobing the blots and blotting for GAPDH.

blotting results. (K) Lysates made from HMEC, U87MG and 4910 cells w

immunoblotted for MMP-7 primary antibody and with appropriate second

experiments is shown. Equal loading of lysates is shown by reprobing the b

quantitative estimation of the Western blotting results is shown.
for TIMP-1 expression in the conditioned medium of shRNA-

transfected HMEC, U87MG and 4910 cells. Our results showed

that there was increased TIMP-1 (by 3-fold) expression in

HMEC, U87MG and 4910 cells in shRNA-transfected cells as

compared with pSV-treated and untreated cells

(Figure 4AeC). Western blot results showing increased TIMP-

1 secretion in conditioned medium of shRNA-treated cells

was confirmed by ELISA (Figure 4C). These results suggest

that downregulation of uPA and/or uPAR induced TIMP-1 in

GBM and HMECs.

3.5. uPA activates JAK2/STAT5 in HMEC in the
absence of GM-CSF

To further determine whether uPA alone activates JAK2 and

STAT5 in the absence of GM-CSF, HMECs were either left un-

treated treated with uPA or rhGM-CSF, or transfected with

pSV, puPA, or siGM-CSF with and without addition of uPA.

Next, we immunoblotted for pJAK2 and pSTAT5 expression.

Results showed that siGM-CSF and puPA resulted in similar

levels of pJAK2 and pSTAT5 inhibition in HMEC (Figure 5A).

Initially we have tested the efficiency of GM-CSF siRNA in

HMEC (Figure 5B). Addition of uPA to siGM-CSF treated cells

slightly increased expression levels of pJAK2 and pSTAT5

(Figure 5A and C). However, simultaneous addition of uPA

and rhGM-CSF together in HMEC did not increase phosphory-

lation of JAK2 and but showed increase in STAT5 phosphory-

lation as compared to addition of either uPA or rhGM-CSF

alone (Figure 5D and E). These results suggest that uPA inde-

pendently activates the GM-CSF receptor signaling pathway,

and our results are consistent with previous studies that

show GM-CSF regulates uPA (Pei et al., 1999).

3.6. Secretion of SVEGFR1 by uPA/uPAR downregulation
in HMEC/GBM cells is mediated by an indirect MMP-7-
dependent mechanism and by ectodomain shedding of
VEGFr1 due to increased tyrosine phosphorylation
at 1213 position

Previous reports (Ito et al., 2009; Rahimi et al., 2009) have sug-

gested that MMP-7 and phosphorylation of VEGFr1 could en-

hance SVEGFR1 secretion. To gain further insight into this

process, we checked for MMP-7 levels after addition of

rTIMP-1 in GBM and HMEC. The addition of TIMP-1 reduced
in GBM and HMEC cells is mediated by MMP-7 and augmented by

G and 4910 cells were left untreated or treated with different

noblotted for MMP-7 with appropriate primary and secondary

ere probed for GAPDH to verify equal loading of lysates. (BeD)

in HMEC, 4910 and U87MG, respectively. (E) Conditioned medium

resentative blot from three independent experiments is shown. (FeH)

ts in HMEC, U87MG and 4910 cells, respectively. (I) Lysates made

ith pSV, puPA and pU2 were immunoblotted for pVEGFr1 pTyr 1213

resentative blot from three independent experiments is shown. Equal

(J) Graphical representation of quantitative estimation of the Western

hich were left untreated or treated with pSV, puPA and pU2 were

ary antibodies. A representative blot from three independent

lots and blotting for GAPDH. (L) Graphical representation of
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the expression levels of MMP-7, suggesting that MMP-7 could

have an indirect role in SVEGFR1 secretion. Moreover we ob-

served the reduction in MMP-7 expression levels up to the

48-h time point, which suggests that downregulation of

MMP-7 by TIMP-1, is a stable process (Figure 6AeD). Exoge-

nous TIMP-1 also enhanced the secretion of SVEGFR1 as

shown byWestern blotting (Figure 6EeH). To rule out if shRNA

against uPA and uPAR results in ectodomain shedding of

VEGFr1, we checked for the phosphorylation of VEGFr1 in

HMEC, U87MG and 4910 cells. Notably, phosphorylation of

VEGFr1 at Y1213 position seems to be enhanced in GBM cells

and HMEC in shRNA treatments as compared to controls.

This suggests that uPA/uPAR downregulation (Figure 6I and

J) augments SVEGFR1 secretion by enhancing pTyr 1213 phos-

phorylation of VEGFr1 receptor and also indirectly by anMMP-

7-dependentmechanism. To confirm these results further, we

checked the expression of MMP-7 in HMEC, U87MG and 4910

cells before and after treatment with SV, puPA, puPAR and

pU2. Results showed the puPA, puPAR and pU2 inhibited ex-

pression of MMP-7 compared with controls (Figure 6K and L).

Taken together, our results suggest that shRNA against uPA

and uPAR enhance secretion of SVEGFR1 that is dependent

on TIMP-1 but independent of GM-CSF.

3.7. Exogenous addition of SVEGFR1 results in increased
inhibition of angiogenesis and inhibits VEGF-mediated
endothelial capillary tube formation

To assess the effect of enhanced secretion of SVEGFR1 on an-

giogenesis in glioblastoma, tumor conditioned medium (TCM)

from pSV-treated U87MG cells, VEGF alone, pU2-treated

U87MG cells, and pU2 TCM with exogenously added SVEGFR1

and rVEGF were co-cultured with endothelial cells and evalu-

ated for tube formation by an in vitro angiogenesis assay

(Figure 7A). Results show that pSV-treated cells and VEGF

alone treated cells had an increased number of branch points,

which led to endothelial tube formation (Figure 7A). In con-

trast, in the pU2 TCM and pU2 TCM with exogenous SVEGFR1

treatments, tube formation was inhibited (Figure 7A). Addi-

tion of rVEGF augmented this inhibition (Figure 7A). The quan-

titative representation of the percent of HMEC branch points

relative to controls is represented in Figure 7B. Taken together,

these results suggest that exogenous addition of SVEGFR1 in-

hibits VEGF-mediated angiogenesis in glioblastoma and endo-

thelial cells.

3.8. shRNA treatments against uPA and/or uPAR
inhibit secretion of GM-CSF and enhance TIMP-1, SVEGFR1
secretion in pre-established intracranial tumors
in nude mice

Wenext determined if our in vitro effectswould be seen in vivo,

sowe checked for SVEGFR1, GM-CSF and TIMP-1 levels in nude

mice with pre-established intracranial tumors as described

previously (Gondi et al., 2004). Mice were sacrificed on the

35th day, and blood was collected to check for levels of GM-

CSF, TIMP-1 and SVEGFR1. Mice which were given shRNA

against uPA and/or uPAR, showed decreased levels of GM-

CSF and increased levels of SVEGFR1 and TIMP-1 levels in se-

rum at the end of 35th day when compared with the controls.
Mice that received the bicistronic construct pU2 showed the

highest levels of GM-CSF inhibition by four folds and in-

creased levels of SVEGFR1 by ten and eight folds of sTIMP-1.

The graph shows the average values of GM-CSF, SVEGFR1

and TIMP-1 for each group analyzed (Figure 7CeE). The

in vivo results were in accordance with our in vitro results

and indicate that shRNA against uPA and/or uPAR could be

used as an effective anti-angiogenesis agent in glioblastoma.

The schematic representation of the mechanism by which

shRNA against uPA and uPAR inhibits angiogenesis in GBM

is described in Figure 8. In depth research to study the role

of TIMP-1, MMP-7 and sVEGFR1 and its regulation by uPA

and uPAR will be carried out in future studies.
4. Discussion

This study introduces a novel anti-angiogenic role for shRNA

against uPA and/or uPAR in HMEC, U87MG and 4910 cells. In

the present study, we show that the anti-angiogenic effects

of _upa, puPAR and pU2 are mediated by enhanced secretion

of SVEGFR1, which is regulated by TIMP-1. Using both in vitro

and in vivo methods, we demonstrate that, unlike in mono-

cytes (Eubank et al., 2004), SVEGFR1 secretion mediated by

shRNA against uPA/uPAR in GBM and endothelial cells is inde-

pendent of GM-CSF. The rationale for our study originates

from our previous study wherein simultaneous downregula-

tion of uPA and uPAR inhibited angiogenesis in GBMand endo-

thelial cells by blocking several factors including GM-CSF

(Raghu et al., 2010). The answer to our question as to whether

additionalmechanisms are involved in the anti-angiogenic ef-

fects of _upa, puPAR and pU2 led us to screen for SVEGFR1 in

tumor conditioned medium. Here, we report that SVEGFR1

levels increased in shRNA-treated HMEC, U87MG and 4910

cells when compared with untreated and pSV-treated con-

trols. These data are further supported by the observation of

a cumulative increase in SVEGFR1 levels when both uPA and

uPAR were downregulated simultaneously rather than

individually.

The function of SVEGFR1 as a biomarker in different cancers

has been shown inmany studies (Hu et al., 2004; Nagaoka et al.,

2010; Yamaguchi et al., 2007). A recent study byHarrington et al.

(2008) has shown that DLL4, a notch ligand, regulates multiple

angiogenic pathways in HUVEC cells, which includes SVEGFR1

that attenuates VEGF-mediated signaling.Moreover, studies re-

port increasedSVEGFR1 levels incoloncancerpatientsundergo-

ing laparotomy but significance of this finding has not been

evaluated (Kirman et al., 2007). Using orthotopic brain tumor

models of GBM, direct intracranial delivery of a recombinant

adeno-associated virus (rAAV) serotype 8 vector encoding

SVEGFR1/r2 significantly reduced overall tumor volume and in-

creased median survival time (Harding et al., 2006). In accor-

dance with the above-mentioned studies, our results show

that tumor conditionedmedium frompU2-treated U87MG cells

prevented the formation of endothelial tube-like structures and

the addition of exogenous SVEGFR1 augmented the inhibitory

effect. FurtheradditionofexogenousVEGFdidnot reverseendo-

thelial tube formation, but enhanced the inhibitory effect,

thereby suggesting that SVEGFR1 inhibits VEGF bioavailability.
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Figure 7 e Exogenous addition of SVEGFR1 enhances inhibition of capillary tube formation as shown by in vitro angiogenesis assay. (A) HMECs

treated with conditioned media from U87MG cells, which were left untreated or treated with pU2 and/or supplemented with sVEGFR1 and VEGF

alone were cultured with the collected conditioned medium in 48-well plates for 24 h. After the incubation period, the medium was removed, and

the cells stained with Hema-3 stain and examined under a microscope. (B) Quantification of angiogenesis in endothelial cells that were left

untreated, treated with pU2 conditioned medium, or treated with pU2 conditioned medium supplemented with SVEGFR1. Values are mean ± S.D.

from three different experiments. (CeE) shRNA against uPA/uPAR inhibits secretion of GM-CSF and enhances SVEGFR1 and TIMP-1

secretion in pre-established intracranial tumors in nude mice. U87MG cells in suspension (23 106 in 10 mL serum-free medium) were injected

intracranially in nude mice. One week later, the mice were injected with either pSV or shRNA-expressing vectors (puPA, puPAR and pU2) using

an Alzet mini-osmotic pump (constructs diluted to 1.5 mg/mL in PBS and injected at 0.25 mg/h, with 5 mice in each group). After a five-week

follow-up period, mice were sacrificed, and blood was collected and serum was separated to assay for the levels of mSVEGFR1 (C) and msGM-

CSF (D) and mTIMP-1 (E) by ELISA according to the manufacturer’s instructions.
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Figure 8 e Schematic diagram showing the mechanism by which uPA/uPAR shRNA inhibits angiogenesis in glioblastoma cells and xenografts.

Panel (A) Binding of uPA to uPAR co-ordinates with GM-CSF receptor to activate JAK2/STAT5 mediated angiogenic signaling pathway.

VEGF/VEGFR signaling is also well known to initiate angiogenesis. Panel (B) Knockdown of uPA and uPAR inhibits the angiogenesis signaling

induced by both GM-CSF and VEGF. uPA/uPAR down regulation decreased GM-CSF secretion resulting in inhibition of JAK2/STAT5

activation. Further knock down of uPA/uPAR increased sVEGFR1 secretion which binds to free bound VEGF and acts as a scavenger inhibiting

VEGF-mediated signaling. sVEGFR1 secretion was mediated by TIMP-1 and ectodomain shedding of VEGFR1 regulated by phosphorylation at

the Tyr1213 of the VEGFR1 receptor.
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Our in vitro results were similar to our in vivo results where we

noticedthat the invivotumormodel inmicetreatedwithshRNA

constructs showed reduced level of GM-CSF in serum and in-

creased levels of SVEGFR1 and sTIMP-1. Serum samples col-

lected prior to tumor induction did not show any changes in

the different levels of SVEGFR1, GM-CSF and TIMP-1. Overall,

the results of the present study confirm our previous study

andthoseofothers,whichdemonstrate thepotentialofutilizing

uPA and uPAR as indirect targets for inhibition of angiogenesis

(Behzadian et al., 2003; Kaneko et al., 2003; Kargiotis et al.,

2008a; Mohan et al., 1999; Nagaoka et al., 2010; Subramanian

et al., 2006).

So far, many studies have shown that GM-CSF is known to

activate the JAK2/STAT5 pathway in chronic myeloid leuke-

mia and human eosinophils (Stout et al., 2004; Wang et al.,

2007). uPAR is known to be associated with the components
of the JAK1/STAT1 signaling in human kidney epithelial tumor

cell line TCL-598 (Hampson et al., 1997). Dumler et al. (1998)

have shown that uPAR activates the JAK/STAT pathway in hu-

man aortic vascular smooth muscle cells. Another study by

the same group has shown that urokinase activates JAK1/

STAT1 signaling in human vascular endothelial cells

(Dumler et al., 1999). As our studies demonstrated the inhibi-

tion of GM-CSFrb phosphorylation in shRNA-treated GBM

and endothelial cells, our observation that uPA activates

JAK2/STAT5 phosphorylation in HMEC in the absence of GM-

CSF suggests an additional novel role for uPA. The exact

mechanisms involved in this process are under further inves-

tigation aswell as whethermTOR (Busch et al., 2009) has a role

in this process.

Further analysis of SVEGFR1 secretion by puPA, puPAR

and pU2 led us to TIMP-1 (tissue inhibitor of matrix

http://dx.doi.org/10.1016/j.molonc.2011.11.008
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metalloproteinase-1), which was increased in shRNA-

treated cells. Previous reports have shown that TIMP-1 reg-

ulates SVEGFR1 in endothelial cells (Bruegmann et al.,

2009). These findings led us to hypothesize that puPA,

puPAR and pU2 induced TIMP-1 might be involved in

SVEGFR1 secretion in endothelial and glioblastoma cells.

Our hypothesis was further confirmed when exogenous

rhTIMP-1 added to serum-starved HMEC, U87MG and 4910

cells resulted in enhanced secretion of SVEGFR1 at the 24-

h and 48-h time points.

Tissue inhibitors of metalloproteinases (TIMPs) are de-

scribed as negative regulators of matrix metalloproteinases

(MMPs) that degrade the components of the extracellular ma-

trix and are known to play important roles in invasion, angio-

genesis, proliferation, migration and apoptosis (Groft et al.,

2001; Mohanam et al., 1995; Nakagawa et al., 1994, 1995). A

study by Nasser et al. (2006) has shown that TIMP-1 is an in-

hibitor of high-grade glioma invasion. These studies further

reinforce our observation that puPA/pU2-induced TIMP-1 me-

diates SVEGFR1-induced VEGF inhibition and angiogenesis in

GBM and endothelial cells.

Confirmation of the observed results led us to analyze dif-

ferent mechanisms by which upa/puPAR-induced TIMP-1

enhances the secretion of SVEGFR1 in endothelial and glio-

blastoma cells. MMP-7, which is involved in cancer invasive-

ness (Stamenkovic, 2003; Vihinen and Kahari, 2002), degrades

SVEGFR1 (Ito et al., 2009). In accordance with previous stud-

ies, we observed pU2 TCM-induced TIMP-1 inhibited MMP-7

in HMEC, U87MG and 4910 cells. It may be possible that

SVEGFR1 is enhanced by an MMP-7-dependent mechanism

in GBM and endothelial cells. We plan to carry out an in

depth analysis of this mechanism in future studies.

Rahimi et al. (2009) has reported that pro-angiogenic fac-

tors PIGF andVEGF phosphorylate VEGFr1 at Tyr 1213 position,

and this tyrosine phosphorylation induces ectodomain shed-

ding resulting in extracellular SVEGFR1 fragment and an intra-

cellular cytoplasmic fragment. In accordance with the present

study, shRNA against uPA and uPAR enhanced the phosphor-

ylation of VEGFr1 at Tyr 1213 position suggesting that shRNA

against uPA/uPAR could result in ectodomain shedding of

VEGFr1.

Growing evidences have shown the importance of uPA/

uPAR in regulating angiogenesis both by extracellular proteo-

lytic activity as well as by activation of several intracellular

signaling pathways (Binder et al., 2007; D’Alessio and Blasi,

2009; Lakka et al., 2005; Ulisse et al., 2009). The potential of us-

ing transcriptional inactivation of uPA and uPAR in the treat-

ment of glioblastoma has been proved in many studies

(Behzadian et al., 2003; Gondi et al., 2007; Kaneko et al., 2003;

Kargiotis et al., 2008b; Raghu et al., 2010, 2011). In our previous

study Raghu et al. (2010) were able to demonstrate that simul-

taneous down regulation of uPA and uPAR inhibits angiogen-

esis in co-cultures of GBM cells with endothelial cells by

inhibition of nuclear localization of angiogenin and angpt1

signaling. uPA/uPAR down regulation in U87 co-cultures

inhibited IL-6, GM-CSF, GRO, VEGF, Ang-1, VEGFR2 and

MMP-2 while in U87SPARC co-cultures with HMEC, pU2

inhibited ANG, EGF, GRO, IL-6, MCP-1, PDGFBB, VEGF, Ang-1

and VEGFR2. The significance ofmany of these pro-angiogenic

factors in uPA/uPAR down regulation is being studied in detail
in our laboratory. uPA/uPAR down regulation also has an in-

hibitory effect on invasion of GBM cells and xenografts by

a Notch1mediatedmechanism (Raghu et al., 2011). Functional

inhibition of uPAR has also been shown to decrease the inva-

sive potential of endothelial cells (Min et al., 1996; Ossowski,

1996). uPA/uPAR down regulation plays important roles in in-

hibition and angiogenesis of glioblastoma cells and endothe-

lial cells by multiple mechanisms and understanding them

will gives us further insight into the potential of this multi-

functional proteolytic system.

To the best of our knowledge, this is the first report showing

uPA/uPAR shRNA induces SVEGFR1 in GBM and endothelial

cells where SVEGFR1 ismediated by TIMP-1 but is independent

of GM-CSF. At present, we are investigating the involvement of

other signaling molecules in this process.
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