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(Bacl(ground: The malignancy of glioblastoma is characterized by strong vascularization, including vasculogenic mimicry

Results: Glioblastoma cells promote vasculogenic mimicry and tumor development via Flk-1 activation.
Conclusion: Glioblastoma cells display the ability to constitute vascular channels.
Significance: Identification of Flk-1 as a key factor regulating vasculogenic mimicry could offer a novel therapeutic target for
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Glioblastoma (GBM) is extremely aggressive and essentially
incurable. Its malignancy is characterized by vigorous microvas-
cular proliferations. Recent evidence has shown that tumor cells
display the ability to drive blood-perfused vasculogenic mimicry
(VM), an alternative microvascular circulation independent of
endothelial cell angiogenesis. However, molecular mechanisms
underlying this vascular pathogenesis are poorly understood.
Here, we found that vascular channels of VM in GBM were com-
posed of mural-like tumor cells that strongly express VEGF
receptor 2 (Flk-1). To explore a potential role of Flk-1 in the
vasculogenesis, we investigated two glioblastoma cell lines U87
and GSDC, both of which express Flk-1 and exhibit a vascular
phenotype on Matrigel. Treatment of both cell lines with either
Flk-1 gene knockdown or Flk-1 kinase inhibitor SU1498
abrogated Flk-1 activity and impaired vascular function. Fur-
thermore, inhibition of Flk-1 activity suppressed intracellular
signaling cascades, including focal adhesion kinase and mito-
gen-activated protein kinase ERK1/2. In contrast, blockade of
VEGEF activity by the neutralizing antibody Bevacizumab failed
to recapitulate the impact of SU1498, suggesting that Flk-1-me-
diated VM is independent of VEGF. Xenotransplantation of
SCID/Beige mice with U87 cells and GSDCs gave rise to tumors
harboring robust mural cell-associated vascular channels. FIk-1
shRNA restrained VM in tumors and subsequently inhibited
tumor development. Collectively, all the data demonstrate a
central role of Flk-1 in the formation of VM in GBM. This study
has shed light on molecular mechanisms mediating tumor
aggressiveness and also provided a therapeutic target for patient
treatment.
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Glioblastoma (GBM)? is an extremely aggressive brain tumor
with a median survival of ~12 months, irrespective of surgical
resection and post-operative adjuvant radio/chemotherapy (1).
More than 70% of patients with GBM succumb to the disease in
2 years, and fewer than 10% are alive 5 years following the initial
diagnosis (2). The aggressiveness of this disease is characterized
by strong vascular proliferation that is highly correlated with
the malignancy of GBM. Thus, most of the current chemother-
apies against GBM aim at vascular endothelial cells that orches-
trate a significant component of blood vessels (3). However, it
has been increasingly documented that an anti-angiogenic
monotherapy did not give rise to a promise for improvement of
patient overall survival, as drug resistance or angiogenic
rebound occurs once the treatment is terminated (4, 5). For
example, clinical trials using a neutralizing anti-VEGF antibody
(Bevacizumab, also named Avastin) in recurrent GBMs
revealed minimal benefit to patient survival (4, 6, 7). Consistent
with clinical evidence, the anti-angiogenic preclinical studies
using animal models reported conflicting outcomes in which
malignant tumors unexpectedly developed (8, 9), implicating
that escape mechanisms may account for the malignancy.

Recently, a number of research groups have demonstrated
that vasculogenic mimicry (VM), an alternative vascular mech-
anism, contributes a central role to the vascularization of GBM
in which tumor cells participate (10—12). Growing evidence
suggests that this matrix-embedded, blood-perfused microvas-
culature renders tumor progression independent of endothelial
cell angiogenesis (13, 14). In addition, this VM is believed to be
at least partially ascribed to the multipotency of glioblastoma
stem cells (GSCs) capable of transdifferentiation into vascular
nonendothelial cells (15, 16). Furthermore, these studies sug-
gest that transdifferentiation of GSCs into mural-like tumor

3 The abbreviations used are: GBM, glioblastoma; VM, vasculogenic mimicry;
Flk-1, VEGF receptor 2; Sma, smooth muscle a-actin; HMVEC, human micro-
vascular endothelial cells; FAK, focal adhesion kinase; IHC, immunohisto-
chemistry; PDGFR, platelet-derived growth factor receptor; PAS, periodic
acid-Schiff; GSC, glioblastoma stem cell; h, human; cad, cadherin.
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Flk-1-mediated Vasculogenic Mimicry

cells enables these vascular cells to constitute blood-perfused
channels, whereas endothelial cells induce angiogenesis in
GBM.

An angiogenic factor VEGF is appreciated to evoke vascular
endothelial cell angiogenesis mainly through binding its mem-
brane-bound receptors such as VEGF receptor 1/Flt-1 and
VEGF receptor 2/Fms-like tyrosine kinase-1 or kinase domain
receptor (Flk-1/KDR) (17, 18). Flk-1 is the earliest differentia-
tion marker for endothelial cells and blood cells (19, 20).
Expression of Flk-1 in the adult is restricted to endothelial cells
and is transiently up-regulated during angiogenesis (17). Dele-
tion of the Flk-1 gene in mice results in embryonic lethality
because of the lack of hematopoietic and endothelial lineage
development (20, 21). Once binding with VEGF, Flk-1 under-
goes autophosphorylation of tyrosine residues located in an
intracellular kinase domain and it subsequently activates mul-
tiple intracellular signaling cascades such as focal adhesion
kinase (FAK) and MAPK activation, leading to endothelial cell
angiogenesis (e.g. cell proliferation, migration, and tube forma-
tion) (22, 23). Interestingly, previous studies showed that trans-
differentiation of embryonic stem cells into vascular endothe-
lial cells and mural cells required expression of Flk-1 (24-26).
However, it is largely unknown whether Flk-1 plays an essential
role in the development of VM. Here, we take advantage of
GBM-derived tumor cell lines capable of developing VM to
investigate a role of Flk-1 in the vasculogenesis of GBM. Deci-
phering the molecular mechanisms will offer considerable
value for devising a novel therapeutic regimen targeting non-
endothelial vascular proliferation in concert with current anti-
angiogenic therapy.

EXPERIMENTAL PROCEDURES

Cell Culture—U87 cells were purchased from the ATCC.
GSDCs were established from a tumor sample of a patient with
GBM after the study was approved by Baystate Medical Center
Institutional Review Board. Briefly, a small fragment of a tumor
sample was digested with an enzymatic mixture containing 1.3
mg/ml trypsin (Sigma), 0.67 mg/ml type 1-S hyaluronidase
(Sigma), and 0.13 mg/ml kynurenic acid (Sigma). Following
extensive washing, cells were resuspended and cultured in
DMEM/F-12 supplemented with B27 (Invitrogen) and 20
ng/ml bFGF and EGF for 2 weeks. Then the cells were trans-
ferred to a new plate and grown in DMEM supplemented with
10% EBS as the same medium used for U87 cells. GSDCs at
passages between 10 and 20 were used for the study. Human
microvascular endothelial cells (HMVECs) established previ-
ously were grown in a medium from the EBM2 kit supple-
mented with hydrocortisone, EGF, and 10% FBS (Lonza Inc,
Allendale, NJ) (27).

Tube Formation—Tube formation was performed as de-
scribed previously (28). In brief, cells were plated on growth
factor-reduced Matrigel (10 mg/ml, BD Biosciences) overnight,
and tubules were fixed with 10% formalin and imaged followed
by quantification. Density of tubules was quantified from ran-
dom selection of three fields under a microscope.

Flk-1 Gene Knockdown—A PGPU6-GFP-neo shRNA
expression vector containing DNA oligonucleotides (21 bp)
(GenePharma, Shanghai, China) specifically targeting the C
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terminus (5'-GCTTGGCCCGGGATATTTATA-3') of Flk-1
or the vector with non-sense oligonucleotides as a control was
transfected into U87 cells using FUGENE 6. Cells were selected
in 800 ug/ml G418 starting 48 h after transfection, and GFP
expression was monitored to evaluate transfection efficiency.

Immunoprecipitation and Immunoblotting—Cell lysates
were processed as described previously (29). The lysates were
then incubated with an anti-pY20 antibody (ICN Biomedicals,
Aurora, OH) at 4 °C overnight followed by incubation with pro-
tein A-Sepharose beads at 4 °C for 4 h. The immunocomplex
was extensively washed, and the samples were run on SDS-
PAGE. Then proteins were transferred to a PVDF membrane
(VWR, Rockford, IL) and incubated with an anti-Flk-1 mono-
clonal antibody (Santa Cruz Biotechnology, Inc., Santa Cruz,
CA) or anti-FAK polyclonal antibody (BIOSOURCE). Mem-
branes were then incubated with a goat anti-mouse secondary
antibody (The Jackson Laboratory). Specific signals were
detected by enhanced chemiluminescence (VWR Scientific).
For immunoblotting only, blot membranes were incubated
with one of a series of primary antibodies against Flk-1, CD31,
Tiel, Tie2 (Santa Cruz Biotechnology), SMa (Abcam, Cam-
bridge, MA), VE-, N-cad (Invitrogen), FAK (BIOSOURCE),
pERK1/2, ERK1/2 (Santa Cruz Biotechnology), or actin
(Sigma).

Immunocytochemistry—Cells plated on 24-well plates were
fixed with 4% paraformaldehyde and permeabilized with 0.5%
Triton X-100 in PBS. The samples were incubated overnight
with antibodies specific for Flk-1 (rabbit), VE-cad (mouse), and
SMa (rabbit). Alexa Fluor 488 and 555 goat anti-mouse and
-rabbit antibodies (Invitrogen) were added for 1 h followed by
nuclear staining with 4',6-diamidino-2-phenylindole (DAPI)
(Invitrogen).

Live/Dead Assay—Live/Dead Assay kit (Invitrogen) was
employed to determine living versus dead cells as instructed by
the manufacturer. Briefly, living cells were stained with 2 um
calcein AM (green), and dead cells were stained with 4 um
ethidium homodimer (red) for 30 min. Cells were then imaged,
and live/dead cells were quantified.

Tumor Xenografts in Mice—All animal experiments were
performed with the approval of Institutional Animal Care and
Use Committee of the University of Massachusetts and Bay-
state Medical Center. SCID/Beige mice were injected subcuta-
neously with U87 cells (8 X 10°) or GSDCs (5 X 10°) in 0.2 ml of
PBS. Tumors arising from injected cells were monitored weekly
for 8 weeks, after which the animals were humanely sacrificed.
Mice were examined for expression of GFP using the Maestro
in vivo imaging system (CRI, Woburn, MA). The tumors were
measured, and volume was calculated as follows: volume =
length X width® X 0.52.

Immunohistochemistry and Immunofluorescence—Paraffin-
embedded or frozen tumor tissues were cut to 6 um thickness
and processed for immunohistochemical analysis. In brief,
samples were incubated with 3% H,O, for 30 min to block
endogenous peroxidase activity, followed by incubation with
blocking buffer containing 10% goat serum for 1 h. The samples
then were incubated at room temperature for 2 h with mouse
anti-Flk-1 (1:200) (Santa Cruz Biotechnology), anti-hCD31
(1:100), anti-hCD34 (1:200), anti-SMa (1:500) (Dako Inc., Car-
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FIGURE 1. Extensive tumor cell-associated, blood-perfused channels co-express SMa, PDGFR, and Flk-1 in GBMs. Tumor specimens were subjected to
staining of PAS (A), IHC of SMa (B), PDGFR (C), NG2 (D), SMa and CD31 (E), FIk-1 (F), and immunofluorescent co-staining of SMa with Flk-1 (G) and SMa with CD31
(H). A, arrows represent tumor cell-associated vascular channels in which blood cells are located (thick vessel walls), and arrowheads indicate endothelial
cell-associated vessels (thin vessel walls). E, arrowhead indicates CD31-positive vessels. G, vessels were strongly positive for Flk-1 and Sma; H, a few vessels

expressed CD31. Bars, 100 um.

pentaria, CA), rat anti-mCD31 (1:50, BD Biosciences) mono-
clonal antibodies, or rabbit anti-PDGFR (Santa Cruz Biotech-
nology), and anti-GFAP (1:5000, Dako) polyclonal antibodies.
Goat anti-mouse or anti-rabbit secondary antibodies (1:100)
conjugated to HRP were added for 1 h. Finally, 3,3’-diamino-
benzidine substrate (Dako) was introduced for several minutes,
and after washing, methyl green or PAS was used for counter-
staining. Dual immunohistochemistry labeling was performed
using one primary antibody at 4 °C overnight followed by appli-
cation of the secondary antibody conjugated to alkaline phos-
phatase and incubated with permanent red as a substrate (G2
kit, Dako). After extensive washing with TBST, the samples
were then incubated with another primary antibody at room
temperature for 2 h followed by application of a secondary anti-
body conjugated to HRP. Finally, 3,3’-diaminobenzidine sub-
strate and counterstaining were performed as described above.

Vasculature Quantification—Three to five specimens ran-
domly cut from each tumor block were processed for the IHC
staining. Following the double staining with SMa and CD31,
each sample was subjected to quantification of all the vessels
that were positively stained for SMa, CD31, or both SMa and
CD31 and that were negative staining but contained blood cells
in the lumens. Image] software (National Institutes of Health)
was used to quantify vessel density.

For dual immunofluorescent staining, tumor specimens
were incubated with a mouse anti-hCD31 or Flk-1 for 2 h fol-
lowed by incubation with a goat anti-mouse Alexa Fluor sec-
ondary antibody (1:250) for 1 h. Then the samples were simi-
larly incubated with a rabbit anti-SMa or GFAP antibody
followed by incubation with a goat anti-rabbit Alexa Fluor anti-
body. Finally, DAPI was added to stain nuclei.

Statistics—Data are expressed as mean = S.E., and # refers to
the numbers of individual experiments performed. Differences
among groups were determined using one-way analysis of vari-
ance followed by the Newman-Keuls test. The 0.05 level of
probability was used as the criterion of significance.

RESULTS

To determine whether VM is present in GBM, we examined
tumor samples from 11 patients with GBM. Hematoxylin and
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eosin (H&E) showed a vascular pattern spread throughout the
majority of the tumor sections in 7 of 11 tumors, and PAS stain-
ing of vascular basement membrane revealed extensive blood-
perfused channels, most of which harbored vascular cells that
displayed a torturous phenotype dissimilar to endothelial cells
(Fig. 1, A and B). Two of the other tumors contained a minimal
level of vascular channels, whereas the final two were avascular.
To determine whether these vascular channels are composed of
mural cells, we utilized an IHC approach by staining the sam-
ples with smooth muscle a-actin (SMa) and PDGFR, both of
which are vascular pericyte markers. A number of these vessels
exhibited strong staining of both SMa and PDGER (Fig. 1, Cand
D). In a dual staining analysis of SMa and CD31, a vascular
endothelial cell marker, we found that some vessels contained
endothelial cells and others consisted of SMa-positive cells (Fig.
1E). In addition, IHC analysis indicated that these mural cell-
associated vessels were positive for Flk-1 (Fig. 1F). To validate
that these mural-like tumor cells express Flk-1, we performed a
dual immunofluorescent assay and found that a significant
component of the vascular channels co-expressed SMa with
Flk-1 (Fig. 1G) but not with CD31 (Fig. 1H). These data dem-
onstrate that VM present in GBM is principally composed of
mural cells that express Flk-1.

To test our hypothesis that tumor cells act as vascular mural-
like cells to participate in VM, we investigated two glioblastoma
tumor cell lines as follows: U87 cells and GSDCs that were
established from patients with GBM. We performed immuno-
blotting to assess expression of mural and endothelial cell
markers. Both tumor lines U87 and GSDCs expressed stronger
Flk-1 than that observed in HMVECs (Fig. 24). Contrary to
HMVECs that express a barely detectable level of SMa, U87
cells and GSDCs expressed a higher level of SMa. Immunocy-
tochemistry analysis unveiled the same expression pattern of
Flk-1 and SMa as the immunoblotting results (Fig. 2, A and B).
However, it was notable that both U87 cells and GSDCs, in
contrast to HMVECs, did not express endothelial cell-specific
markers VE-cad, CD31, Tiel, or Tie2, demonstrating that
GSDCs are distinct from endothelial cells. U87 cells and GSDCs
expressed higher N-cad than did HMVECs, consistent with
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FIGURE 2. U87 cells and GSDCs express SMa and Flk-1 but not endothelial cell markers. A, cell lysates of U87 cells, GSDCs, MDA-MB-231 cells,and HMVECs
were analyzed by immunoblotting against FlIk-1, SMa, VE-cad, CD31, Tie1, Tie2, N-cad, and actin. MDA-MB-231 cells were used as a negative control. B, these
cells were also used for immunocytochemistry staining of SMa, Flk-1, and VE-cad. DAPI is nuclear staining. Bars, 50 wm.

previous reports that vascular endothelial cells also express
N-cad in addition to VE-cad (30, 31). To confirm that this mural
cell expression pattern was not just an artifact of one particular
patient-derived cell line, a second patient-derived cell line,
GSDC-2, was created. GSDC-2 also showed a nearly identical
expression pattern as GSDCs (supplemental Fig. 1, A and B),
suggesting that this mural marker expression is a common
characteristic of GBM cells.

Should U87 cells and GSDCs truly represent cells capable of
developing vascular channels, they might possess the vasculogenic
activity as do endothelial cells (27, 28). To test this hypothesis, we
performed a tube formation assay that commonly recapitulates
the ability of endothelial cells to develop vasculature in vitro. U87
cellsand GSDCs formed a capillary phenotype on Matrigel in a cell
number-dependent manner (Fig. 3, A and B). To evaluate if this
vascular event is dependent on Flk-1 as expressed by mural cells
(Fig. 1) in GBM, we employed a Flk-1 kinase inhibitor SU1498.
Treatment with SU1498 inhibited the ability of both cells to induce
a capillary-like structure by ~72—80% relative to controls (Fig. 3, C
and D). To provide additional genetic evidence that Flk-1 is
important for vasculogenic function, we used an Flk-1 shRNA
gene knockdown approach. Suppression of Flk-1 was associ-
ated with a corresponding reduction in SMa expression and
tube formation as tubules were decreased by 80% of control
tubules (Fig. 3E). These findings were also validated with the
GSDC-2 cell line derived from another patient (supplemental
Fig. 1C). In all the tube formation assays, treatment of either
SU1498 or Flk-1 gene knockdown did not result in cell growth
arrest or cell death (supplemental Fig. 2).

Next, we determined whether this Flk-1-mediated vascular
activity requires VEGF. We treated these tumor cells with the anti-
VEGF-neutralizing antibody Bevacizumab in the tube formation.
As tested earlier, both U87 cells and GSDCs decreased the ability
to develop tubules in the presence of SU1498. In contrast, they did
not display dysfunction of the vascular formation once Bevaci-
zumab was added (Fig. 44 and supplemental Fig. 1C). Accordingly,
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expression of SMa in these cells was reduced by SU1498 but not by
Bevacizumab, indicative of a VEGF-independent event. Regard-
less of higher expression of VEGF by U87 cells and GSDCs than
that by HMVECs, this vasculogenic capability of these tumor cells
was distinct from the angiogenic signature of vascular endothelial
cells that highly responded to Bevacizumab in the development of
tubules (Fig. 4C).

To further validate that Flk-1-mediated vasculogenesis does
not require VEGF, we stimulated U87 cells with VEGF in the
tube formation assay. Exposure of both U87 control cells and
the cells expressing Flk-1 shRNA to VEGF did not alter vascular
development, as VEGF neither enhanced vascularization in the
control cells nor rescued the impaired capability of tube forma-
tion in Flk-1 shRNA cells (Fig. 4D). These data support the
notion that Flk-1-mediated VM is independent of VEGF.

We then sought to determine whether Flk-1 kinase activity
plays a core role in signaling activation independent of VEGF.
Both U87 cells and GSDCs were treated with either SU1498 or
Bevacizumab overnight (Fig. 54). Consistent with earlier func-
tional analyses, treatment of these cells with SU1498 resulted in
80— 86% reduction of tyrosine-phosphorylated Flk-1 compared
with control levels (Fig. 5, A and B). In contrast, Bevacizumab
failed to alter pFlk-1 levels. To further identify intracellular sig-
naling pathways in response to Flk-1 activation, we focused on
FAK and downstream effector MAPK ERK1/2, as these intra-
cellular factors mediate Flk-1 signaling in vascular endothelial
cells (24, 29). We measured tyrosine-phosphorylated FAK and
ERK1/2 after treatment of U87 cells and GSDCs with Bevaci-
zumab and SU1498, and we found that activated levels of pFAK
in SU1498-treated cells were reduced by ~50-75% relative to
control or Bevacizumab-treated cells (Fig. 5, A and B). Accord-
ingly, pERK1/2 were significantly decreased in SU1498 but not
Bevacizumab-treated cells. As a result, SU1498 treatment led to
suppression of SMa expression by 67-75% compared with the
level in control or Bevacizumab-treated cells. All the data dem-
onstrate that Flk-1 activation in tumor cells leads to intracellu-
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lar signaling cascades FAK and ERK1/2 and SMa expression,
but this event does not require VEGF stimulation.

To further confirm the intracellular signaling pathway medi-
ating Flk-1 activation, we used a MAPK inhibitor, PD98059 (10
uM). Protein expression levels of both pERK1/2 and SMa were
reduced by the inhibitor by 35 and 60% for U87 cells and 33 and
50% for GSDCs relative to the DMSO control (Fig. 6, A and B).
Like Flk-1 inhibition, PD98059 reduced tube formation in both
U87 and GSDC cells by 68 and 79% respectively (Fig. 6C). All
the data support the notion that ERK1/2 participate in the vas-
cular signaling pathway.

In an attempt to determine whether these GBM-derived
tumor cell lines can develop VM in vivo, we utilized a tumor
xenograft model by transplantation of GSDCs into SCID/Beige
mice. Six of mice receiving GSDCs rapidly developed tumors in
the 8-week period, and removed tumors were analyzed for
tumor vasculogenesis. PAS staining revealed vigorous forma-
tion of vasculature in the tumors (Fig. 7A) reminiscent of its
original vascular phenotype in GBM (Fig. 1B). These extensive
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vascular channels expressed strong SMa (Fig. 7B), GFAP (Fig.
7C), and Flk-1 (Fig. 7D), in which blood cells were located. In
addition, these tumor cell-derived vessels did not express
mouse CD31 (Fig. 7, E and F), confirming that VM is divergent
from endothelial cell angiogenesis. To test the possibility that
GSDCs may undergo differentiation in vivo into endothelial
cells that participate in angiogenesis, we employed different
antibodies specific for recognizing human endothelial cells.
Neither using an anti-human CD31 antibody nor an anti-CD34
antibody showed positive staining in the tissue (Fig. 7, G and H),
which indicates the incapability of tumor cell transdifferentia-
tion into endothelial cells. To validate that these Flk-1-positive
vessels are derived from tumor cells and not from host endo-
thelial cells, we employed a co-immunofluorescent assay in
which GFAP and FIk-1 were stained with red and green fluo-
rescence, respectively. Indeed, Flk-1-positive vascular channels
co-expressed GFAP that is specific for glioblastoma cells (Fig. 7,
I-L). Finally, to demonstrate that these GBM-lined VM chan-
nels were functional in vivo, we utilized primary GBM cells
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FIGURE 6. Inhibition of downstream ERK signaling yields similar results to Flk-1 inhibition. A, U87 or GSDC cells were either untreated (CON) or treated
with DMSO or a MAPK inhibitor (PD98059, 10 um) overnight, and lysates were collected. Immunoblotting of the lysates for ERK1/2, pERK1/2, SMa, and actin
expression was performed. B, quantification of amounts of SMa and pERK1/2 shown in A. C, quantification of the functional analysis of the MAPK inhibitor on
tube formation of either U87 or GSDC cells on Matrigel. n = 3, *, p < 0.05 compared with corresponding control groups.

expressing GFP, together with an intravenously injected fluo-
rescent dye known as Evan’s blue, 30 min prior to sacrificing
(supplemental Fig. 3). Evan’s blue was detected in the lumen of
GFP™ vessels, highlighting that these vascular channels are
functional in vivo. These in vivo data suggest that transplanted
glioblastoma cells participate in VM, rather than endothelial
cell angiogenesis.

To establish a functional role for Flk-1 in the development of
VM and tumor formation, we utilized another tumor xenograft
model by transplantation of SCID/Beige mice with U87 cells
expressing either control vector or Flk-1 siRNA. All six animals
receiving control U87 cells developed palpable tumors within 3
weeks, and all could be imaged for green fluorescence by week 8
(Fig. 8, A and B). In contrast, tumorigenesis was significantly
delayed in mice receiving Flk-1 shRNA-expressing U87 cells,
and they did not develop palpable tumors until week 6. By
weeks 6 and 8, these tumors were ~70% smaller than those
observed in control counterparts, and the fluorescent images
were undetectable during this period (Fig. 8, A and B). Post-
mortem histological analyses of tumors revealed that the con-
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trol tumors harbored numerous tumor cell-derived channels,
as demonstrated by extensive arbors of GFP-positive ramified
channels throughout the entire tumor section (Fig. 8C), the
event that resembled mural-like cell-lined channels identified
in GBMs and above GSDC tumors (Figs. 1 and 7). In concert
with earlier findings, the concomitant expression of PAS, SMa,
and CD31 distinguished tumor cell-lined vasculature from
endothelial cell vessels. SMa-positive vessels in control tumors
were 7-fold greater than those found in shRNA tumors (Fig. 8,
G, panels cand d, and D). Although SMa-positive channels were
minimal in tumors expressing Flk-1 shRNA, a significant frac-
tion of vessels showed positive staining for mCD31, suggesting
that endothelial cells orchestrate blood vessels in the absence of
VM. In addition, IHC analysis using a single anti-hCD31 anti-
body revealed no detectable signal in either condition of
tumors, consistent with earlier findings (Fig. 7, G and H). These
results indicate lack of endothelial cell transdifferentiation
from tumor cells. Collectively, all the in vivo data demonstrate
that GBM cells promote VM, dependent on Flk-1, whereas host
endothelial cells contribute to tumor angiogenesis.
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image was displayed (L). Black arrows (B-F) indicate positive staining of VM vessel markers. Asterisks (C and D) specify the lumen of VM channels. White
arrowheads (E and F) indicate positive staining of endothelial cell vessel markers. White arrows (L) indicate VM channels. Inset shows a large image for the

channel. Bars, 100 um.

DISCUSSION

Tumor vasculature is traditionally assumed to arise from an
endothelial cell origin (32). However, mounting evidence sug-
gests that VM, the matrix-embedded, blood-perfused micro-
vasculature, is an alternative mechanism for the development
of tumor vessels, independent of endothelial cell angiogenesis
(13, 14). For example, highly aggressive melanoma cells gener-
ate numerous matrix-rich patterned channels containing blood
cells, and the formation of these channels positively correlates
with the tumor malignancy (33, 34). A mosaic model consisting
of both tumor cell- and endothelial cell-integrated networks
was also described in the development of colon cancer (35, 36).
Other recent reports suggest that mural-like tumor cells differ-
entiated from GSCs promote VM (37-39). Consistent with
these data, we identified that blood vessels of VM in GBM are
composed of mural cell-lined vasculature, whereas endothelial
cells contribute to angiogenesis, highlighting the different tar-
gets for clinical therapy. Furthermore, we demonstrate that
tumor cell lines developed from GBM possess mural cell prop-
erties capable of forming vascular channels, and this vasculo-
genesis is dependent on Flk-1 activity.

24828 JOURNAL OF BIOLOGICAL CHEMISTRY

VM has recently received considerable attention in the study
of tumor development in the clinic, because a simplistic vascu-
lature model focusing on endothelial cell angiogenesis merely is
deemed insufficient to describe the entity of sophisticated neo-
vascular networks in which tumor cells also participate (40, 41).
For example, clinical trials of recurrent GBMs with Bevaci-
zumab alone for inhibition of VEGF-induced angiogenesis did
not result in significant improvement of disease survival (4, 6,
7). Thus, it is conceivable that the evasive responses may be at
least in part attributed to VM. Indeed, our studies using Bevaci-
zumab in vitro found that this Flk-1-mediated vascularization is
VEGF-independent.

FIk-1 emerges as an essential angiogenic mediator to trigger
signaling cascades induced by VEGF because of the expression
of FIk-1 by endothelial cells. But this expression is not limited to
endothelial cells only; instead, a number of nonendothelial
cells, including stem cells and some tumor cells, also express
Flk-1. For example, expression of Flk-1 acquired by embryonic
stem cells confers differentiation into cardiac tissue and vascu-
lar cells such as endothelial cells and mural cells (24 —26). Flk-
1" -neural stem cells have the potential to give rise to vascular
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FIGURE 8. Flk-1 shRNA in U87 cells inhibits tumor growth and VM. A, Flk-1 gene knockdown results in suppression of tumor growth. U87 cells expressing
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compared with corresponding control tumors.

endothelial cells (42). In this study, we found that GBM-derived
tumor cell lines express Flk-1 that controls VM in a VEGE-
independent fashion. Furthermore, activation of Flk-1 triggers
intracellular signaling cascades from FAK to MAPK ERK1/2,
resembling angiogenic signaling in endothelial cells (24, 29).
Although molecular mechanisms that regulate Flk-1 activation
are currently still enigmatic in these cells, it is quite possible
that it can be activated indirectly by other factors present in the
tumor microenvironment such as extracellular matrix proteins.
Most of these proteins (e.g. fibronectin) can bind to membrane-
associated integrins and induce coordination of integrins with
Flk-1, leading to Flk-1 activation (43—45). It is also possible that
Flk-1 could be mutated to lose its binding affinity with VEGF or
become constitutively active in the cells. Animal tumor models
deficient of VEGF seem to be necessary to establish the notion
that Flk-1 is an indispensable receptor tyrosine kinase inde-
pendent of VEGF, which regulates mural cell-associated VM in
GBM.

An anti-VEGF therapy with Bevacizumab was approved for
the first-line treatment of a variety of advanced carcinomas,
including brain tumor (3), breast cancer (46), colorectal cancer
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(47), and non-small-cell lung cancer (48, 49). However, the out-
comes of this anti-angiogenic therapy in advanced tumors
are still controversial. For instance, long term monotherapy
with Bevacizumab in GBMs only receives transitory benefit
without significantly prolonging survival (2, 50). Once the
therapy stops, tumors undergo vascular recovery and rapidly
regrow. Analogous to these clinical reports, evidence from
animal studies using either anti-VEGF or VEGF receptor
therapy shows opposite results, including blood revascular-
ization, increased invasiveness, and distant metastasis (8, 51,
52). However, some interesting evidence from both clinical
and preclinical trials using Flk-1 kinase inhibitors AZD2171,
SU5416, or an anti-Flk-1 antibody show promising re-
sponses as these therapies ameliorate vascular normaliza-
tion and alleviate peritumoral edema in GBMs and other
cancers as well (53-57). In line with these data, our current
findings have supported the hypothesis that VEGF and
Flk-1 may independently regulate diverse vascularizations
through divergent vascular cells in GBM. Therefore, the
conjunct therapies against both VEGF and Flk-1 could be
taken into account for the treatment of patients with GBM.
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Our animal models derived from both U87 cells and GSDCs
exhibit extensive vascular channels formed by mural cells, reca-
pitulating the vascular phenotype of GBM in which mural-like
cell-associated vascular channels constitute a major compo-
nent of vasculature. Interestingly, using an anti-human CD31
antibody failed to identify vessels positive for hCD31, demon-
strating that tumor cells, unlike GSCs, are unable to undergo
differentiation into endothelial cells. However, it is noteworthy
that there is a significant population of mouse CD31-positive
endothelial cells that are associated with tumor angiogenesis.
This host-derived angiogenic response is plausibly ascribed to
the accumulation of angiogenic factors secreted from the xeno-
transplanted tumor cells. Nevertheless, the mural cell-associ-
ated Flk-1-dependent VM, but not endothelial cell angiogene-
sis, plays an essential role in the tumor development.

It is also important to note that we used DMEM supple-
mented with 10% FBS to grow both the U87 cell line and the
primary GBM cell line GSDC. In a separate study by Lee et al.
(58), they demonstrated that the cancer cell lines grown in
serum-free media supplemented with growth factors could
cause cells to have a phenotype and genotype more indicative of
primary tumors. Therefore, we cannot rule out a pheno/geno-
typic change in the U87s or GSDCs in the presence of serum.
Nonetheless, the vascular phenotype in vivo of our cell lines
resembles the observed vasculature in GBM patient tumors,
indicating the VM mechanism represents the human condition
to a certain extent.

In sum, our current findings provide mechanistic insights
into the development of VM by tumor cells, the vascularization
that occurs in a wide array of human cancers apart from GBM
such as melanoma (13), breast cancer (59), prostate cancer (60),
colorectal cancer (36), and ovarian cancer (61). Identification of
FIk-1 as a key factor regulating VM could offer a novel thera-
peutic target for patient treatment. As a result, multiple anti-
vascular approaches, including targeting VM and angiogenesis
together with chemotherapy, may represent the best possible
regimen in the fight against this devastating disease.
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