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Cover image: Pictured are endothelial cells (red) derived from a glioblastoma (green), an
aggressive form of brain cancer that deﬁes most treatments, including those that block the
formation of new blood vessels. Yasushi Soda et al. report that glioblastoma cells can transform into endothelial cells, which line blood vessel walls, sidestepping the need for normal
vasculature to obtain nutrients. The authors suggest that mixtures of drugs that block not only
the development of blood vessels but also the ability of tumor cells to transform into endothelial cells might help treat this often-fatal brain cancer. See the feature article by Soda et al.
on pages 4274–4280. Image courtesy of Yasushi Soda and Inder M. Verma.
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Glioblastoma (GBM) is the most malignant brain tumor and is
highly resistant to intensive combination therapies and anti-VEGF
therapies. To assess the resistance mechanism to anti-VEGF therapy, we examined the vessels of GBMs in tumors that were induced
by the transduction of p53+/− heterozygous mice with lentiviral
vectors containing oncogenes and the marker GFP in the hippocampus of GFAP-Cre recombinase (Cre) mice. We were surprised to
observe GFP+ vascular endothelial cells (ECs). Transplantation of
mouse GBM cells revealed that the tumor-derived endothelial cells
(TDECs) originated from tumor-initiating cells and did not result
from cell fusion of ECs and tumor cells. An in vitro differentiation
assay suggested that hypoxia is an important factor in the differentiation of tumor cells to ECs and is independent of VEGF. TDEC
formation was not only resistant to an anti-VEGF receptor inhibitor
in mouse GBMs but it led to an increase in their frequency. A xenograft model of human GBM spheres from clinical specimens and
direct clinical samples from patients with GBM also showed the
presence of TDECs. We suggest that the TDEC is an important
player in the resistance to anti-VEGF therapy, and hence a potential
target for GBM therapy.
mouse model

| glioma | angiogenesis | hypoxia-inducible factor 1
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lioblastoma multiforme (GBM) is the most common and
lethal form of brain cancer. Despite optimal treatment and
evolving standard of care, the median survival of patients diagnosed with GBM is only 12–15 mo (1). Because GBM is one of
the most vascular-rich tumors and VEGF is produced by tumor
cells, the anti-VEGF antibody bevacizumab (Avastin) is being
used in clinical trials (2). In a phase II clinical trial, more than
half of the patients with GBM responded to the combination
treatment of bevacizumab and irinotecan, but this effect was
transient in most patients (3). Mechanisms proposed to explain
resistance to anti-VEGF therapy include activation of other
proangiogenic signaling pathways, recruitment of bone marrow
(BM)-derived myeloid cells that protect and nurture vascular
cells, protection of blood vessels by increased pericyte coverage,
and increased tumor invasion (4, 5). In GBMs, the antitumor
effect of the antiangiogenic therapies is likely attributable to normalization of vasculature, which also decreases edema (3, 6).
Recent studies have shown that tumor cells become more aggressive after antiangiogenic therapy (7).
The tumor vessels in GBMs are different from normal blood
vessels morphologically and functionally. As with other tumors,
the tumor vessels in GBMs are tortuous; disorganized; highly permeable; and abnormal in the endothelial walls, pericyte coverage,
and basement membrane, resulting in loss of the blood–brain barrier (2). In addition, angiogenesis in GBMs has a unique feature,
so-called “glomeruloid tufts,” exhibiting aggressive proliferation of
endothelial cells (ECs) compared with those of anaplastic glioma
(grade III) (2). Recently, the possibility of EC differentiation of
tumor cells has been suggested in lymphoma, myeloma, chronic
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myeloid leukemia (CML), breast cancer, and neuroblastoma (8–
12). Therefore, we surmised that the mechanism of vascular formation in GBM may also be different from that of regular tumor
vascular formation.
To investigate angiogenesis in GBMs, we examined our recent
mouse GBM model in which tumors developed 2–6 mo after
injection with viral vectors. The tumors showed all the features
of GBM, including hypervascularity (13). Furthermore, tumors
were GFP+, because the vectors contained GFP in addition to
activated oncogenes and loss of p53. Interestingly, in these
tumors, we found many GFP+ cells with EC characteristics,
particularly in the deep area of the lesions, by confocal microscopy and ﬂow cytometry, indicating the presence of tumor-derived
endothelial cells (TDECs). Here, we demonstrate that the TDECs
originated from tumor-initiating cells but not from contaminated EC progenitors or cell-to-cell fusion between tumor
cells and ECs. The TDECs are functional because blood ﬂows
through them. Additionally, it has been suggested that hypoxiainducible factor 1 (HIF-1) is an important enhancer of EC differentiation of tumor cells and that the formation of TDECs
is independent of VEGF. Finally, direct clinical samples from
patients show EC cells with tumor markers. Our report shows
direct evidence of TDEC formation in GBMs, which may play
a role in the resistance to anti-VEGF therapy.
Results
ECs Express Tumor-Speciﬁc Marker in Mouse GBM Models. To in-

vestigate angiogenesis in GBMs, we used our recent mouse
GBM model (13). As previously reported, Cre recombinase
(Cre)-loxP–controlled lentiviral vectors encoding the activated
form of oncogenes H-Ras and Akt [pTomo vectors (13)] were
injected stereotaxically into the hippocampus of GFAP-Crep53+/− mice. In this model, the oncogenes were expressed speciﬁcally in GFAP+ cells and tumors expressed GFP, H-Ras, and
Akt and showed loss of p53. Additionally, they were positive
for the neural progenitor cell marker nestin, which is often
expressed in human GBMs (14). To investigate the tumor vasculature, we carried out immunoﬂuorescence by confocal microscopy using the endothelial antigens von Willebrand factor
(vWF), CD31, CD34, and vascular endothelium (VE)-cadherin
(CD144) as markers. Fig. 1A shows a normal EC, where the GFP
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Fig 1. TDECs. GFAP-Cre/p53+/− mouse brain was transduced by Tomo HRasV12 LVs and Tomo Akt LVs as described (13). A representative image of ECs
observed by confocal microscopy is shown. (A) Regular ECs lined the vessel
lumen and expressed EC marker vWF (ii) but not the tumor marker GFP (i).
DAPI was used as the nuclear marker, and the image was incorporated in the
merge panel (iii). (B) In contrast, TDECs expressed both the GFP marker (i, iv,
vii, and x) and EC markers vWF (ii), CD31 (v), CD34 (viii), and CD144 (xi). Some
GFP+ ECs formed vessels with GFP− regular ECs (vi, arrowheads). DAPI was
used as the nuclear marker, and the image was incorporated in the merge
panels (iii, vi, ix, and xii). (C) TDECs expressed Flag-tagged H-RasV12 in addition to GFP and CD31 (i–v, arrows). They also expressed nestin in addition to
GFP and vWF (vi–x, R and T indicate regular ECs and TDECs, respectively). (D)
Representative result of ﬂow cytometry for dissociated brain tumors. In the
CD45− population (Top), ECs were CD31+CD34+ and constituted 7.1% of the
whole tumor (Middle) and GFP+ ECs (TDECs) represented 24.4% of total ECs
(Bottom). The asterisk represents the percentage of cells in each quadrant. All
confocal pictures are single-slice images at an Airy factor of 1.0. [Magniﬁcation: all confocal images were taken at 63× with 3× (A and B) or 2× (C)
electrical zoom (total magniﬁcation: 189× or 126×).]
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Fig. 2. Hypoxia and expression of HIF-1α and receptors of angiogenic
growth factors. (A) Hypoxyprobe assay of the tumor. The hypoxic area (p02 <
10 mmHg) was detected by the anti-Hypoxyprobe antibody. The dotted line
shows the approximate border of the hypoxic area. (Scale bar: 1 mm.) (B)
Regular tumor ECs expressed VEGF-R2 (i–v), but GFP+ TDECs did not express
VEGF-R2 (vi–x). (C) GFP+ TDECs (T) expressed FGF-R1, as did regular ECs (R)
and surrounding tumor cells. All confocal pictures are single-slice images at
an Airy factor of 1.0. [Magniﬁcation: 63× with 3× electrical zoom (total
magniﬁcation: 189×) except A, which was 1.25×.]
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ening the notion that GFP+ ECs (TDECs) most likely originated
from the tumor cells (Fig. 1C vi–x). The TDECs were also observed when GBM was generated using lentivectors (LVs) containing only activated H-Ras and small interfering p53 (sip53).
To conﬁrm the presence of GFP+ ECs, we also examined dissociated tumors by ﬂow cytometry. Similar to the results of
confocal microscopy, 10–25% of ECs (CD45−CD31+CD34+)
were positive for GFP (Fig. 1D). The TDECs were mostly found
in the deep part of the tumor rather than on its surface, and the
frequency of vessels containing the GFP+ ECs was 6.4–37.8%
(average of 24.6 ± 12.7%) in the deep area, depending on
the size of the tumor. In the surface area, 2.0–12.7% (average of
8.33 ± 4.15%) of vessels contained the GFP+ ECs (Table S1). In
general, the frequency of the TDECs was higher in large tumors
than in smaller tumors. By injecting Hypoxyprobe-1 (Natural
Pharmacia International) into tail veins of tumor-harboring
mice, we showed that the deep area of the tumor was more
hypoxic than the surface area (Fig. 2A), suggesting that hypoxia
may be an important factor for TDEC formation. Hypoxia leads
to angiogenesis by induction of VEGF through increasing levels
of HIF-1. Furthermore, tumors produced VEGF (13, 15). We
are now pursuing HIF-1 expression by immunoﬂuorescence
studies. Interestingly, the majority of TDECs did not express
VEGF receptor 2 (R2) (Fig. 2B, vi–x), whereas most of the
regular ECs (GFP−) expressed VEGF-R2 (Fig. 2B, i–v). The
TDECs also did not show expression of VEGF-R1 and VEGFR3. Because FGF-2 is another important growth factor
expressed by the ECs and the GBM cells, we also examined the
expression of FGF receptor 1 (FGFR-1). In contrast to the
results of VEGF receptors, the FGFR-1 was expressed in both
TDECs (marked T) and regular ECs (marked R) as well as in
surrounding tumor cells (Fig. 2C).

CELL BIOLOGY

in tumor cells is completely distinct from vWF, the endothelial
antigen (Fig. 1A, i–iii). Surprisingly, we found that some ECs
expressed not only endothelial antigens but also GFP, which
most likely originated from tumor cells (Fig. 1B, i–iii, compare
with the merge in Fig. 1 A, iii, and B, iii, and Fig. S1A). Additionally some GFP+ ECs formed vessels with GFP− regular ECs,
exhibiting a mosaic pattern [Fig. 1B, iv–vi; a z-series assay further
conﬁrmed the mosaic pattern (Fig. S1A)]. Immunoﬂuorescence
with other EC-speciﬁc antigens like CD34 and CD144 also
showed EC cells containing GFP, further supporting the formation of TDECs (Fig. 1B, vii–xii). The GFP+ ECs expressed
the transduced oncogene Flag-tagged H-RasV12 (Fig. 1C, i–v).
Similar results were obtained with HA-tagged Akt. Nestin expressed in tumor cells can be detected in both GFP+ EC cells
(marked T) and GFP− EC cells (marked R), further strength-
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Fig. 3. Blood ﬂow in TDEC-forming vessels. Biotinylated lectin injection assay
showed that both regular vessels (A) and TDEC-forming vessels (B) are functional
and allowed blood ﬂow. (C) Nonfunctional TDEC-forming vessels were also
observed. All confocal pictures are single-slice images at an Airy factor of 1.0.
[Magniﬁcation: 63× with 3× electrical zoom (total magniﬁcation: 189×).]

visualize the blood ﬂow, tumor sections were stained with ﬂuorescence-labeled streptavidin, which binds to biotinylated lectinlabeled ECs. Just like regular ECs, lectin-bound TDECs were
observed in many tumors, indicating that the TDEC-forming
vessels are functional (Fig. 3 A and B). There were also nonfunctional TDEC-forming vessels (Fig. 3C).
TDECs in Transplanted Tumors. We next investigated the ability of
tumor cells to differentiate into ECs by transplanting mouse
GBM cell line 005, which is a tumor-initiating cell line established from our lentiviral vector-induced tumor model, into the
brain of a nonobese diabetic (NOD)-SCID mouse. On examination of the tumor vessels in the transplanted mice, GFP+ ECs
were observed (Fig. 4A, i–iv). We further established 14 subclones of the 005 cells and transplanted them into NOD-SCID
mouse brains. Most clones formed tumors in the same way as the
parental 005 cells and contained GFP+ ECs in these tumors.
Data from one such subclone are shown using CD34 as a marker
of ECs (Fig. 4B, i–iv). Because it has been reported that some
GFAP+ neural stem cells (NSCs) can transdifferentiate into ECs
(16), it is possible that 005 cells may contain transduced GFAP+
NSCs in addition to tumor-initiating cells and that these GFAP+
NSCs differentiate into the GFP+ ECs. We therefore generated
a cell line from another tumor (006) induced by pTomo vector.
Results from 006 cells also show GFP+ ECs (Fig. 4C, i–iv), thus
minimizing the possibility of the presence of GFAP+ NSCs in
tumor-initiating cells that differentiated into the ECs.
Fusion-Independent Mechanism in TDEC Formation. To exclude the
possibility that GFP+ ECs (TDECs) result from cell fusion of
tumor cells and ECs but are not derived from tumor cells, we
transplanted 005 tumor cells into the brains of DsRed-transgenic
nude mice and examined the expression of GFP, DsRed, and EC
markers in the transplanted tumors. In these transgenic mice, the
DsRed is driven by the CAG promoter and all cell types except
hair and red blood cells express DsRed (17). In tumors developed in these mice, many DsRed+ host cells, including ECs,
were inﬁltrating into the tumors (Fig. S1B). Confocal microscopy
revealed that GFP− ECs were expressing DsRed (Fig. 4D, i–iv),
whereas GFP+ ECs were not expressing DsRed (Fig. 4D, v–viii),
thus conﬁrming that the GFP+ TDECs were derived from a
fusion-independent mechanism. To conﬁrm these results, we also
examined dissociated tumors by ﬂow cytometry. Similar to the
results of confocal microscopy, most of the GFP+ ECs were
DsRed−, whereas DsRed+ ECs were GFP− (Fig. 4E). We further
examined the cell fusion in the NOD-SCID mouse transplantation
model by ﬂow cytometry. In this model, MHC class I H-2Kd
is expressed in the host cells but not in 005-derived tumor cells.
4276 | www.pnas.org/cgi/doi/10.1073/pnas.1016030108
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Fig. 4. TDECs in tumor-initiating cells transplanted into immunocompromised mice. Representative images of TDECs in brain tumors developed in
NOD-SCID mice transplanted with tumor-initiating cell line. Cell line 005 (A),
005 subclone cells (B), and another tumor-initiating cell line 006 (C). TDECs
expressed GFP and EC markers vWF and CD34. (D) Representative image of
regular ECs and TDECs in brain tumors developed in DsRed nude mice
transplanted with 005 cells by confocal microscopy. Regular tumor vessel ECs
expressed vWF and host marker DsRed but not tumor marker GFP (i–iv),
whereas GFP+ vWF+ TDECs did not express DsRed (v–viii). TDECs are indicated
by arrows, and regular ECs are indicated by arrowheads (v–viii). All confocal
pictures are single-slice images at an Airy factor of 1.0. [Magniﬁcation: 63×
with 3× electrical zoom (total magniﬁcation: 189×).] (E) Representative
results of ﬂow cytometry of dissociated tumors developed in DsRed nude
mice transplanted with 005 subclone cells. In the CD45−CD31+ EC fraction
(Left), DsRed-positive cells did not express GFP (Right). (F) Representative
results of ﬂow cytometry for dissociated tumors developed in NOD-SCID
mice. In the CD45−CD31+ EC fraction, cells expressing NOD-SCID mousespeciﬁc H-2Kd did not express GFP. The asterisk represents the percentage of
cells in each quadrant.

The majority of H-2Kd+ host-derived ECs were GFP−, whereas
GFP+ ECs were H-2Kd− (Fig. 4F), again suggesting a fusionindependent mechanism of TDEC formation.
In Vitro Differentiation of GBM Cells to ECs: Role of Hypoxia and HIF-1.

We next attempted to induce GBM initiating cells (005 cells) to
differentiate into ECs in vitro. Because HIF-1 is likely to be an
important factor for TDEC formation, we added an iron chelator,
deferoxamine (DFO), into the culture media to mimic hypoxic
conditions by blocking proline hydroxylase (18, 19), which stabilizes HIF-1α. Culturing 005 cells in DMEM/F-12 medium
supplemented with FBS (DFS) and endothelial cell growth medium (EGM; Lonza), which contains FBS, human VEGF, human
EGF, human FGF-2, insulin-like growth factor, cortisol, and
heparin, induced signiﬁcant morphological changes. DFO enSoda et al.

VEGF-Independent Transdifferentiation of Tumor Cells. Because
VEGF is a critical factor in tumor angiogenesis and is induced by
hypoxia through accumulation of HIF-1α (15), we investigated the
role of VEGF in the formation of TDECs. VEGF was released
constitutively from 005 cells in N2 medium at a low level (32.2 ±
8.8 pg/mL per 106 cells), and the amount of VEGF release increased about threefold in DFS medium and EGM. In the presence of DFO, however, secretion of VEGF in both DFS medium
(243 ± 22.2 pg/mL) and EGM (368 ± 32.6 pg/mL) was signiﬁcantly
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Fig. 5. Endothelial differentiation of tumor-initiating
cells in vitro. (A) Morphological changes of 005 cells cultured in N2 medium, DFS medium, and EGM with or
without DFO. (B) Expression of HIF-1α in 005 cells cultured
in the indicated conditions. Nuclear protein was extracted
from the cells and analyzed by Western blotting using
anti-HIF-1α antibody (Upper) or anti-lamin B1 antibody
(Lower). (C) Representative confocal microscopy images of
005 cells cultured in N2 medium without DFO (Upper) or in
EGM with DFO (Lower). The confocal microscopy images
are maximum projection images of consecutive single-slice
images at an Airy factor of 1.0. (Magniﬁcation: 40×.) (D)
Flow cytometry of CD31 and VEGF-R2 expression in 005
cells cultured in various conditions. (E) Tube formation
assay of 005 cells cultured in the indicated conditions and
seeded on Matrigel. The 005 cells were cultured in DFS
medium with DFO and in EGM with or without DFO under
normoxia-formed tube structure, and all these cells were
GFP+. The hypoxic condition (low O2) in DFS medium and
EGM without DFO also induced tube formation.
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increased. No effect was observed in N2 medium (Fig. 6A). These
results suggest that VEGF may play a role in endothelial differentiation of 005 cells. We therefore blocked autocrine VEGF
function with anti-mouse VEGF neutralization antibody (NAb) in
addition to using EGM devoid of human VEGF. Tube formation
of 005 cells cultured in DFS with DFO medium or in EGM with
or without DFO was not inhibited at all despite the addition of
1 μg/mL NAb (Fig. 6B), which completely inhibited activity of
100 ng/mL VEGF on growth of human umbilical vein endothelial
cells (HUVECs), whereas 10 ng/mL VEGF can enhance tube
formation of HUVECs (Fig. S2). We also added the anti-VEGF
receptor–speciﬁc small molecule inhibitor AG28262 (Pﬁzer),
which inhibits autophosphorylation of VEGF-R1, VEGF-R2, and
VEGF-R3 selectively at a subnanomolar concentration (20). There
was no inhibition of tube formation even at a 20-nM concentration
of the inhibitor (Fig. 6C). Because the TDECs were expressing
FGFR-1 in our mouse GBMs (Fig. 2D), we used a high concentration of the AG28262 (200 and 1,000 nM), which inhibits not only
VEGF receptors but FGFR-1. However, there was no signiﬁcant
inhibition of tube formation (Fig. 6C). These results reafﬁrm that
GBM-initiating cells are able to differentiate into ECs by a VEGFor FGF-independent mechanism.

CELL BIOLOGY

hanced the change to endothelial-like morphology in DFS medium
or EGM but not in N2 medium, which is used to maintain the
NSCs (Fig. 5A). In the DFS medium and EGM, DFO signiﬁcantly
enhanced the HIF-1α expression in the 005 cells (Fig. 5B) and
induced expression of endothelial antigens vWF and CD31 (Fig. 5
C and D). However, VEGF-R2 expression was induced only in
a small population of cells (Fig. 5D). Additionally, these differentiated cells formed a tube structure on Matrigel (Becton
Dickinson) (Fig. 5E). To conﬁrm that this endothelial differentiation results from HIF-1α accumulation but not from a nonspeciﬁc effect of DFO, we cultured the 005 cells in 2% O2
(hypoxia). Tubular structures could be observed in the absence of
DFO when these cells were cultured in DFS medium or EGM but
not in N2 medium (Fig. 5E), suggesting that hypoxia, presumably
through the activation of HIF-1 α (Fig. 5B), is playing an important role in the endothelial differentiation.
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TDECs were also found in human GBMs. We obtained three
lenti-GFP–transduced human GBM spheres (21) and transplanted them in the brains of NOD-SCID mice. The resulting
tumors examined by immunoﬂuorescence show that regular
vascular ECs express vWF but not human nestin or GFP (Fig.
7A). In contrast, some ECs express not only vWF but human
nestin and GFP (Fig. 7B). Fig. 7C further shows that regular
GFP− ECs were human CD31 (hCD31)-negative but mouse
CD31 (mCD31)-positive, whereas GFP+ EC cells expressed
hCD31 but not mCD31 (Fig. 7D). It thus appears that like the
mouse GBMs, human GBMs are also capable of forming
TDECs. The average ratio of TDECs in total ECs in three
transplanted GBMs was 15–44% in the deep area and 4–22% in
the border area (Fig. S3). Therefore, as in the mouse model,
hypoxia may also play an important role in TDEC formation in
human GBMs.
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border area of the tumor, which contains fewer TDECs than the
deep area in control mice (Fig. 6E). These results indicate that
TDEC formation is resistant to the anti-VEGF therapy and
strongly suggest the contribution of TDECs in the clinical resistance of GBM to anti-VEGF therapies.
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Fig. 6. Effect of inhibition of VEGF on TDEC formation. (A) Concentration
of mVEGF in culture supernatant of 005 cells in various conditions. VEGF was
released from 005 cells constitutively, and DFO treatment enhanced the
production of VEGF signiﬁcantly in DFS medium and EGM. Data represent
mean ± SD of triplicate assays. (B) Effect of anti-VEGF NAb on tube formation. The 005 cells cultured in the indicated conditions were seeded on
Matrigel, and tube formation was observed after 20 h. We omitted human
VEGF from the EGM in this assay and used 1 μg/mL anti-VEGF NAb. (C) Effect
of anti-VEGF receptor small molecule inhibitor AG28262 on tube formation
of 005 cells. We cultured cells and observed tube formation under the same
condition indicated in B, except for the addition of NAb. (D) Survival curve of
the GBM mice treated with AG28262. GFAP-Cre transgenic mice received
stereotaxic injection of LVs in the hippocampus of the brain. Mice were
administrated 100 mg·kg−1·d−1 AG28262 orally for 6 wk from the sixth week
after lentiviral injection. Control mice were administrated vehicle (0.5%
carboxyl methyl cellulose). The survival curve was obtained by the Kaplan–
Meier method, and the statistical difference was examined by the log-rank
test. (E) Frequency of TDEC-forming vessels in the mouse GBM. Tumors were
obtained from the mice that developed tumors and examined by immunoﬂuorescence assay using a confocal microscope. Data represent mean ± SD
from six (control) or ﬁve (AG28262) mice. *<0.5% by the Mann–Whitney U
test; **<0.5% by the Wilcoxon signed-rank test; NS, not signiﬁcant by the
Wilcoxon signed-rank test.

with GBM to anti-VEGF therapies, we have examined the effect
of VEGF receptor inhibitor on tumor development and TDEC
formation in vivo using our mouse GBM model. We have administrated the VEGF receptor inhibitor AG28262 from week
6–12 following LV transduction. As shown in Fig. 6D, there was
no signiﬁcant difference in survival between the control group
and AG28262 group (P = 0.3688), indicating that the VEGF
inhibitor had almost no effect on tumor growth as observed
in clinical studies. Examination of tumor vessels revealed that
TDECs increased in the treated mice compared with control
mice, however. Although the regular ECs decreased in the
treated mice, TDECs signiﬁcantly increased in ratio compared
with control mice (Fig. 6E). Furthermore, the increase of TDECs
in the AG28262-treated mice was particularly signiﬁcant in the
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samples from patients with GBM also contained TDECs. We
took advantage of the genetic abnormalities in the form of EGF
receptor (EGFR) ampliﬁcation in these tumors and asked if
some ECs contained both human vWF and EGFR. Fig. 7E shows
the ECs in the normal human brain by immunoﬂuorescence with
vWF antigen (Fig. 7E, i, iii, and iv) but no reactivity to antiEGFR antigen (Fig. 7E, ii, iii, and iv). In contrast, Fig. 7F shows
that some ECs in the clinical tumor sample express both vWF
and EGFR (Fig. 7F i–iv), offering strong evidence for the presence of TDECs in human GBMs.
Discussion
In tumor angiogenesis, BM-derived circulating endothelial precursors (CEPs) are known to be the main source of the vascular
ECs (22). A recent study suggested that the BM-derived CEPs
did not contribute to the vascular endothelium, however (23). To
date, the presence of TDECs has been suggested in several
neoplasias, such as CML, lymphoma, and myeloma, by analyzing
clinical samples (8–10). In these tumors, tumor-speciﬁc fusion
genes resulting from chromosomal translocation were used for
the tumor-speciﬁc markers. Here, we have demonstrated the
presence of blood vessel ECs expressing the tumor marker GFP
in our recently developed mouse GBM model, in human GBM
xenografts, and clinical samples from patients. In contrast to the
conventional theory of tumor angiogenesis in which the ECs are
derived from mesodermal BM progenitor cells (22), the presence
of TDECs in GBM suggests that the ECs transdifferentiated
from the neuroectoderm and that tumor cells can also be involved in tumor angiogenesis. The endothelial transdifferentiation of the tumor cells may result from the aberrant stem cell
character of the tumor progenitor cells. The other possible
mechanism is that the endothelial differentiation of GBM cells is
not the result of transdifferentiation but reﬂects the normal
differentiation pathway of the NSC, which has previously been
described to differentiate into ECs (16). If this is also observed in
the normal differentiation of human NSCs, perhaps the terminology of transdifferentiation needs reconsideration.
Vasculogenic mimicry (VM) has been reported in melanoma
as ﬂuid-conducting channels formed by the tumor cell itself. In
contrast to the regular blood vessels, VM lacks ECs; therefore,
VM was easily distinguishable from regular blood vessels. VM
was also reported in nonmelanoma tumors, including GBM (24–
26). The TDECs in this study are likely to be different from the
VM because the TDECs are indistinguishable from regular ECs,
except for the tumor-speciﬁc markers (e.g., GFP) or chromoSoda et al.
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Establishment of Mouse GBM Model by Lentiviral Vector Injection. The mouse
GBM model was established as described (13). Brieﬂy, we injected the Creinducible LVs Tomo H-RasV12 LV and Tomo AKT LV stereotaxically into the
hippocampus of GFAP-Cre/p53+/− transgenic mice. More recently, mouse
GBM models have also been generated in GFAP-Cre mice using a single
lentiviral vector containing activated H-Ras and sip53. We have killed mice
to take tumor samples when the mice show tumor-related signs, such as
a domed head, a hunched position, lethargy, and weight loss. In most cases,
it takes 3–4 mo after vector injection before tumor-related signs appear.
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Fig. 7. TDEC formation in a xenograft model using human GBM spheres and
patient samples. Representative images of regular ECs (A and C) and TDECs (B
and D) in brain tumors developed in NOD-SCID mice transplanted with human
GBM spheres. (A–D) (i) DAPI nuclear staining; (ii) GFP; (iii) and (iv) expression
of indicated antigens; (v) merging image. (A and B) Tumors were stained with
anti-vWF antibody, which reacts with both mouse and human vWF, and with
an antibody speciﬁc for human nestin. (A) Regular ECs expressed vWF (iii) but
not GFP (ii) or human nestin (iv). (B) TDECs expressed vWF (iii), GFP (ii), and
human Nestin (iv; v, showing the merge with an arrow). A regular EC is indicated by the arrowhead (v). (C and D) Tumors were also stained with
antibodies speciﬁc for mouse CD31 or human CD31. (C) Regular ECs expressed
mouse CD31 (iii) but not human CD31 (iv). (D) TDECs expressed human CD31
(iv) but not mouse CD31 (iii). (E and F) Representative images of blood vessels
of clinical samples of patients with GBM. (i) vWF; (ii) EGFR; (iii) merging image;
(iv) merging image with Hoechst 33258 nuclear staining. (E) Vessels of normal
brain expressed vWF (i) but not EGFR (ii). (F) vWF+ ECs (i) strongly expressed
EGFR (ii), and surrounding tumor cells expressed EGFR (ii).

somal rearrangements. There is another aberrant tumor vessel,
the “mosaic tumor vessel,” which was reported in colon cancer
(27). The mosaic blood vessels are lumens formed with both ECs
and tumor cells lacking EC markers. Because the TDECs are
expressing EC markers and behave as regular ECs, the TDECs
are likely to be different from the mosaic vessels.
The transdifferentiation of tumor cells into vessel formation in
GBM was not previously recognized, probably because of the lack
of a good tumor marker. We also suggest that hypoxia is an important factor of endothelial differentiation in addition to regular
tumor vessel formation. In the hypoxic condition, induction of
VEGF expression through the stabilization of HIF-1α is an important factor for tumor angiogenesis (15). In contrast to regular
endothelial differentiation, however, in vitro assays have suggested
that the formation of TDECs is independent of VEGF and FGF
(Fig. 6 B and C). In addition, administration of the anti-VEGF
receptor inhibitor AG28262 did not improve survival of the GBM
mice (Fig. 6D), and TDEC formation increased in contrast to
Soda et al.

Cell Culture. Mouse GBM-initiating cell lines 005 and 006 were established as
described (13). The 005 and 006 cells were maintained in N2 medium, which
contains DMEM/F-12 (Omega Scientiﬁc), 1% N2 supplement (Invitrogen), 20 ng/
mL human FGF-2 (Peprotech), 20 ng/mL human EGF (Promega), and 40 μg/mL
heparin (Sigma). In the differentiation-induction assay, cells were cultured in
DFS medium [10% (vol/vol) FBS] or EGM-2 (Lonza). To reproduce the hypoxic
condition, we added 100 μg/mL DFO mesylate (Sigma) into the above media.
The 005 cells were also cultured in the 2% O2 condition using an N2O2 incubator.
Mouse GBM-initiating 005 cells were transplanted into the hippocampus of
NOD-SCID mice or DsRed transgenic mice. HUVECs were cultured in the EGM-2.
Transplantation of Mouse GBM-Initiating Cells. Mouse GBM-initiating 005 and
006 cells were transplanted into brains of NOD-SCID mice or DsRed transgenic
mice. A total of 3 × 105 cells were suspended in 1–1.5 μL of PBS and injected
stereotaxically in the right hippocampus. These mice developed GBM about
1–2 mo after transplantation. In some cases, as few as 5,000 cells were
injected, except the tumors took longer to develop.
Immunoﬂuorescence Assay. Mouse brain tumors were processed as described
(13). The primary antibodies used in this study are as follows: rabbit anti-vWF
(Abcam), rat anti-mCD31 (MEC13.3; Becton Dickinson), rat anti-mCD34
(RAM34; Becton Dickinson), rat anti-mCD144 (11D4.1; Becton Dickinson),
chicken anti-nestin (Abcam), rabbit anti-DYKDDDK (Cell Signaling), goat
anti-VEGF-R2 (Abcam), and rabbit anti-FGF-R1 (Abcam). The secondary
antibodies used were as follows (all from Invitrogen): Alexa Fluor 568 antirabbit IgG, Alexa Fluor 568 anti-rat IgG, Alexa Fluor 647 anti-rabbit IgG,
Alexa Fluor 647 anti-rat IgG, Alexa Fluor 647 anti-chicken IgG, and Alexa
Fluor 647 anti-goat IgG. The nucleus was stained by DAPI. The images were
obtained by confocal laser scanning microscopy (TCS SP2 ABS; Leica or LSM 5
PASCAL; Carl Zeiss), and the obtained images were processed by Photoshop
software (Adobe).
Hypoxyprobe Assay. To detect hypoxic regions of the brain tumors, a Hypoxyprobe-1 Omni kit (Natural Pharmacia International) was used. We injected 45 mg of
Hypoxyprobe-1 into the tail veins of tumor-harboring mice 30 min before
euthanasia. Brain sections were stained with rabbit anti-Hypoxyprobe antibody, followed by staining with Alexa Fluor 647-labeled anti-rabbit IgG antibody (Invitrogen). The images were obtained by confocal laser scanning
microscopy.
Blood Flow Detection Assay. We injected 50 μg of biotinylated lectin (Vector
Laboratories) into the tail veins of tumor-harboring mice 15 min before euthanasia. Brain sections were stained with Alexa Fluor 647-labeled streptavidin
(Invitrogen). The images were obtained by confocal laser scanning microscopy.
Flow Cytometry. The brain tumors were dissociated using a Neural Tissue
Dissociation Kit (Miltenyi Biotec), and 005 cells were collected after differ-
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regular ECs (Fig. 6E). Therefore, the involvement of TDECs in
tumor angiogenesis might be one of the resistance mechanisms
against anti-VEGF therapies and may require novel combination therapies.
While this paper was under review, two articles (28, 29) were
published that further support the notion that a proportion of
ECs contributing to the formation of blood vessels in human
GBMs originate from tumor cells. The ﬁndings of these two
groups show that ECs (ranging from 20–90%) in the tumors
carry genetic abnormalities found in the tumor cells themselves.
Thus, together with the ﬁndings reported here, it is clear that
part of the vasculature in GBMs originates from tumor cells,
bypassing the normal mechanisms of angiogenesis, thus offering
an additional therapeutic opportunity to treat the disease.
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entiation induction. These cells were stained with the following ﬂuorescencelabeled antibodies: peridinin chlorophyll protein-Cy5.5 anti-mCD45 (30-F11;
Becton Dickinson), phycoerythrin (PE) anti-mCD34 (RAM34; Becton Dickinson), Alexa Fluor 647 anti-mCD31 (MEC13.3; BioLegend), and PE anti-mH2Kd (SF1-1.1; Becton Dickinson). They were then analyzed on a BD LSR I ﬂow
cytometer (Becton Dickinson).

Lentiviral Transduction. Lentiviral vector stocks of pLKO-GFP lentiviral vectors
were produced as previously described (31). For neurosphere transduction,
110 mL of virus was concentrated by ultracentrifugation using an SW-28
rotor (Beckman Coulter) and rotated at 19,500 rpm at 4 °C for 3 h. The pellet
was resuspended in 360 μL of serum-free DMEM overnight. Fifty microliters
of virus was used to infect 100,000 viable cells.

Western Blotting. Nuclear proteins from 005 cells cultured in various conditions were extracted and subjected to SDS/PAGE. Proteins were transferred
to a PVDF membrane and probed with mouse anti-HIF-1α antibody (Novus),
followed by probing with HRP-labeled anti-mouse IgG (Santa Cruz). The blot
was reprobed with rabbit anti-lamin B1 antibody (Abcam) and HRP-labeled
anti-rabbit IgG (GE Healthcare) after treatment with a ReBlot Plus kit (Millipore). A ﬂuorescence signal was generated using an ECL kit (GE Healthcare).

In Vivo Human Xenograft Model. Animal husbandry was performed according
to University of California at San Diego guidelines under Institutional Animal
Care and Use Committee-approved protocols. For orthotopic transplants, 2 ×
105 cells in 2 μL of HBSS were injected stereotaxically. Mice were killed when
morbid, and brain tumors were perfused with PBS and 4% paraformaldehyde (wt/vol), excised, and processed for histological studies.

ELISA. The VEGF concentration of culture supernatant of 005 cells was measured by ELISA using a Duo Set Mouse VEGF kit (R&D Systems). Optical density
at 450 nm was measured by an HTS 7000+ microplate reader (Perkin–Elmer).
Tube Formation Assay. The 005 cells cultured in various conditions were
seeded on Matrigel (Becton Dickinson). HUVECs were suspended in RPMI
1640 medium supplemented with 1% FBS and seeded on Matrigel in the
presence or absence of 10 ng/mL mouse VEGF (mVEGF) and 1 μg/mL antimVEGF NAb. After 20 h, images of the cells were taken using an inverted
ﬂuorescence microscope (Axiovert 100; Zeiss).

Human GBM Clinical Samples. We retrospectively reviewed the cases of
patients with GBM who were treated at Okayama University Hospital. All
tumor samples were ﬁxed with formalin and embedded in parafﬁn. These
samples were approved by the patients for research use. The primary antibodies used in this assay were anti-EGFR antibody (MS-378-P; NeoMarker) and
anti-human vWF (A0082; Dako). The secondary antibodies were anti-mouse
IgG Cy3 (c-2181; Sigma) and anti-rabbit IgG FITC (F-4890; Sigma). The nucleus
was stained by Hoechst 33258. The images were obtained by confocal laser
scanning microscopy (LSM510; Zeiss).

Human GBM Sphere Cultures. The human GBM sphere lines (BT37, BT70, and
BT74) were derived from GBM biopsies, implanted into NOD-SCID mice, and
passaged serially in mice to maintain authentic biology (30). Dissected
xenografts were washed in artiﬁcial cerebrospinal ﬂuid and manually dissociated into single cells. Red blood cells were removed using Lympholyte-M
(Cedarlane). The cells were cultured in DMEM/F12 (with L-glutamine; Invitrogen) medium containing glucose (0.3%), penicillin/streptomycin (50 μg/
mL), Apo-transferrin (0.1 mg/mL), progesterone (20 nM), sodium selenite (30
nM), putrescine (60 μM), insulin (25 μM/mL), sodium bicarbonate (3 mM),
Hepes (10 mM), 20 ng/mL EGF, 10 ng/mL leukemia inhibitory factor (LIF), and
20 ng/mL FGF. Live cells were counted using a hemocytometer and trypan
blue exclusion.
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lioblastoma is the most frequent primary brain tumor in
the adult, accounting for 53.8%
of all gliomas (http://www.
cbtrus.org), and it is one of the most
deadly among all human tumors. Despite
aggressive treatment at diagnosis, consisting of resection followed by radiation with
concurrent and subsequent adjuvant chemotherapy with temozolomide, the tumor
almost invariably recurs or progresses,
with a patient median survival of 14.6 mo
(1). The hallmark of glioblastoma that
distinguishes it from all of the other glial
tumors is microvascular proliferation in
conjunction with necrosis. Therefore,
treatment with antiangiogenic agents
holds great promise to block the growth of
this most vascularized tumor. The bestknown antiangiogenic agents are inhibitors
of VEGF-A, an indispensable angiogenic
factor during developmental organogenesis and growth of numerous tumors.
However, treatment with bevacizumab,
a neutralizing antibody to VEGF-A, at
relapse only confers transient beneﬁt and a
marginal increase in survival, indicating at
tumor progression a VEGF-independent
angiogenic mechanism of glioblastoma
resistance (2). Several mechanisms have
been implicated in angiogenesis. One is
the sprouting of capillaries from preexisting blood vessels by endothelial proliferation (3). Another is the cooption of
preexisting blood vessels by tumor cells,
leading to expression of angiopoietin-2 by
those vessels’ endothelial cells and tumor
cell proliferation, followed later by involution of preexisting vessels in the core
of the tumor, massive tumor cell apoptosis, organization of remaining tumor cells
into pseudopalisading that resides around
areas of necrosis, and tumor rescue at
the margins by angiogenesis (4, 5). Expression of HIF-1α and up-regulation of
VEGF-A have been identiﬁed in hypoxic
perinecrotic pseudopalisading tumor cells
(4–6). Hypoxia induces elevated levels
of VEGF-A (6) and VEGF-A receptors
that appear up-regulated in tumor endothelial cells but not in normal brain (7).
Another mechanism is the release of
angiogenic factors by the tumor that recruit bone marrow-derived endothelial
progenitors, hematopoietic stem and progenitor cells that participate in vessel formation (8–10). In PNAS, Soda, Verma,
www.pnas.org/cgi/doi/10.1073/pnas.1019656108

Fig. 1. Model of glioblastoma cells transdifferentiating into endothelial cells. Glioblastoma
are a source of TDECs. The formation of TDECs is
enhanced by HIF-1α induced by hypoxia and independent of VEGF and FGF inhibition. EC, endothelial cell; GBM, glioblastoma.

and colleagues reveal a new paradigm for
glioblastoma angiogenesis whose main
contribution is transdifferentiation of
glioblastoma cells into endothelial cells
(11) (Fig. 1). Notably, these tumor-derived
endothelial cells (TDECs) are refractory
to inhibition of both VEGF-A and basic
ﬁbroblast growth factor (bFGF, FGF-2)
pathways. By mapping GFP+ p53-deﬁcient
glioblastoma established in glial-speciﬁc
Cre mice (GFAP-Cre) (12), Soda et al.
ﬁnd that tumor cells can directly transdifferentiate into CD31+CD34+ endothelial cells that lack VEGF-A receptors
(VEGFR), constituting over 20% of total
CD31+CD34+ tumor endothelial population. These TDECs are capable of forming
patent vessels. Moreover, further analysis
by hypoxyprobe unraveled their preferential localization in deep hypoxic areas of
the tumors. The hypoxic-associated distribution of TDECs and elevated expression of HIF-1α, a hypoxia-induced transcription factor, indicate the role of hypoxia
as the key determinant in forcing putative glioma cells to differentiate into
endothelial-like cells.
Although TDECs share certain common endothelial markers such as CD31,
CD34, vWF, and CD144, their special
feature is demonstrated by the lacking
expression of VEGFR2, the major tyrosine kinase receptor of VEGF-A. The
absence of VEGFR is further illustrated
by the negligible effect conferred by inhibition of all VEGF receptors in either

EC-dependent tube formation in Matrigel
or in vivo tumor growth. Notably, although
TDECs exhibit high expression of FGFR1,
the main endothelial receptor of bFGF,
dual inhibition of both VEGFR and
FGFR1 failed to cause substantial effects
in inhibiting tube formation of TDECs.
Therefore, TDECs have a unique VEGFA, bFGF-independent angiogeneic mechanism that potentially accounts for the
resistance to anti-VEGF-A therapy in
glioblastoma treatment.
Furthermore, cord formation by TDECs
continues to occur under hypoxia conditions, when VEGF-A autocrine function
is blocked by neutralizing antibody or
when autophosphorylation of VEGFR tyrosine kinase is inhibited by an antagonist,
suggesting that transdifferentiation of tumor cells into endothelial cells is VEGFA-independent. This observation is conﬁrmed in vivo by showing that survival
does not change for the animals treated
with this antagonist. In the treated animals, TDECs increase, more at the tumor
margins than in deep areas, supporting
a role for TDECs in offering resistance to
anti-VEGF treatment of glioblastoma.
TDECs were also found in human glioblastoma specimens. These TDECs
express FGFR1 but do not express
VEGFR1, VEGFR2, or VEGFR3. The
lack of VEGF receptors is a plausible explanation for resistance of TDECs to
antiangiogenesis treatment. Are there
other alternate pathways of resistance to
anti-VEGF-A treatment that implicates
TDECs? Tumor stromal cells including
myeloid cells and bone marrow-derived
cells are known to contribute to tumor
angiogenesis by rendering the tumor refractory to antiangiogenic treatment (13).
We can speculate that glioblastomaderived endothelial cells participate in the
recruitment of stromal cells that generate
a VEGF-A-independent pathway of tumor resistance to antiangiogenic treatment. In fact, there is a growing concept
that endothelial cells are not merely
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COMMENTARY

A target for antiangiogenic therapy: Vascular endothelium
derived from glioblastoma

passive conduits but have an instructive
role, producing angiocrine factors, inﬂammatory and protumorigenic at the
vascular niche, leading to mobilization of
other cells, promoting tumor growth and
modulation of response to treatment (14).
The concept that tumor cells could
generate vascular channels was previously
introduced (15). Tube formation can be
produced by other nonendothelial cells,
in a process known as vasculogenic mimicry. Endothelial-like cells derived from
tumors such as melanoma lack the full
angiogenic repertoire of the endothelial
cells. Recently, a tubular form of vasculogenic mimicry was recognized for glioblastoma, as CD133+ glioblastoma stemlike cells were found capable of transdifferentiating into tubular vascular
smooth muscle-like cells forming structures deprived of endothelial cells, despite
immunoreactivity for collagen-IV, a component of vessel basement membrane
(16). In vitro, the CD133+ cells from
glioblastoma that contain tumor cell-lined
vessels were capable of expressing endothelium-associated genes, such as ephrin
receptor, neuropilin-2, and laminin5γ2, but
not CD31 and CD34 (16). However,
CD31, CD34, and vWF can also be expressed by hematopoietic cells. During
embryogenesis and brain development, the
VEGF receptors are present in endothelial cells and up-regulation of VEGFR1
and VEGFR2 is detected in glioblastoma
endothelial cells. It is also known that
VEGFR2 signaling is necessary for endothelial cell regeneration after myelosuppression (17). If these receptors are
fundamental to the vascular compartment
of the brain and glioblastoma tumors, and
absent on TDECs, can a true functional
endothelium be deﬁned without a major

endothelial marker? Strictly speaking
probably not, but rather refer to TDECs
that do not express either VEGFR1 or
VEGFR2 as vascular mimicry. The new
study also shows that in human glioblastoma, EGFR ampliﬁcation found in glioblastoma cells is also detected in some
endothelial cells in the tumor but is absent

in the endothelial cells in the normal
brain. One might consider that EGFR
ampliﬁcation is a characteristic of tumor
cells, and that it does not belong to the
molecular signature of endothelial cells.
Alternatively, they might give indirect evidence for a shared common lineage for
a subset of tumor-derived endothelial cells
and glioblastoma cells. Two other recent
studies showed that glioblastoma stemlike cells and a subset of tumor-derived
endothelial cells harbor the same genomic
mutations, and CD144+ or VE-cadherin
and VEGFR2 are expressed by the
emergent endothelium, suggesting a link
between the endothelium and neural
compartments of a glioblastoma (18, 19).
What are the signaling molecules that
participate in the production of TDECs?
What are the speciﬁc genes downstream
of HIF-1α that are up-regulated with
hypoxia and are responsible for transdifferentiation? Elucidating the inter-

mediates in this cell differentiation, the
angiocrine modulators between tumor
cells and endothelial cells, and whether
the canonical or noncanonical HIF-1
pathway leads to up-regulation of endothelial-speciﬁc genes under hypoxia will be
crucial to reveal mechanisms of tumor
resistance to antiangiogenic agents.
Are there other alternate pathways of
resistance to anti-VEGF-A treatment that
implicates TDECs? Tumor stromal cells
including myeloid cells and bone marrowderived cells are known to contribute to
tumor angiogenesis by rendering the tumor refractory to antiangiogenic treatment (13). In particular, upon activation of
the Id pathway, endothelial progenitor
cells (EPCs) mobilized from bone marrow
can initiate angiogenesis through release
of paracrine factors rather than structurally incorporating into vessel wall (20). In
addition, CXCR4 activation by stromalderived factor 1 has been shown to play an
essential role in the mobilization and recruitment of EPCs, which also might explain the VEGF-A, bFGF-independent
angiogenic effects in glioblastoma. We
can speculate that glioblastoma-derived
endothelial cells participate in the recruitment of bone marrow-derived EPCs
that generate a VEGF-A-independent
pathway of tumor resistance to antiangiogenic treatment. Is this mechanism of
VEGF-A resistance uniform to all glioblastoma or are there alternate pathways
used for different subsets of glioblastoma?
It is conceivable that combinations of antiangiogenic agents in conjunction with
other conventional therapies will provide
an ideal approach to improve progressionfree survival in glioblastoma patients while
diminishing toxicity.
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