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As the endothelial-to-mesenchymal transition (EndMT) supports the pro-angiogenic and invasive characteristics
of glioblastoma multiforme (GBM), blocking this process would be a promising approach to inhibit tumor
progression and recurrence. Here, we demonstrate that glioma stem cells (GSC) induce EndMT in brain en-
dothelial cells (BEC). TGF-f} signaling is necessary, but not sufficient to induce this EndMT process. Cell-to-cell
contact and the contribution of Notch signaling are also required. NEO212, a conjugate of temozolomide and

perillyl alcohol, blocks EndMT induction and reverts the mesenchymal phenotype of tumor-associated BEC
(TuBEC) by blocking TGF-B and Notch pathways. Consequently, NEO212 reduces the invasiveness and pro-
angiogenic properties associated with TuBEC, without affecting control BEC. Intracranial co-implantation of BEC
and GSC in athymic mice showed that EndMT occurs in vivo, and can be blocked by NEO212, supporting the
potential clinical value of NEO212 for the treatment of GBM.

1. Introduction

Glioblastoma multiforme (GBM) is a highly vascularized brain
tumor, exhibiting blood vessels that are disorganized, leaky, dilated and
tortuous. Tumor-associated brain endothelial cells (TuBEC) from tumor
vasculature are phenotypically and functionally different from control
BEC [1-3].

Epithelial-to-mesenchymal transition (EMT) is a reversible process
where epithelial cells acquire the phenotypic and functional char-
acteristics of mesenchymal cells [4], and is associated with tumor-
igenesis and metastasis [5]. A similar process was described for en-
dothelial cells (EC), called endothelial-to-mesenchymal transition
(EndMT) [6]. EndMT implies a progressive loss of endothelial markers
like CD31 and von Willebrand factor (VWF), and of cell-to-cell adhesion
proteins like E-cadherin; and transition towards a mesenchymal phe-
notype showing high expression of markers like N-cadherin, a-smooth
muscle actin (a-SMA) and smooth muscle protein 22-alpha (SM22-a),
and increased cell migration and invasion. As EndMT is critical for
tumor angiogenesis and progression [7], its blockade would have direct

anti-tumor effects.

The changes in morphology and function that occur during the
transition from BEC to TuBEC follow a pattern that resembles EndMT.
TuBEC are resistant to chemotherapy, including temozolomide (TMZ)
[8], and are highly invasive and migratory, characteristics of me-
senchymal cells [2]. We hypothesized that EndMT may be involved in
the development of tumor vasculature, characterized by increased cell
proliferation, migration, vessel permeability and angiogenesis [9].

Our previous results showed that NEO212, a conjugate of TMZ and
perillyl alcohol (POH), blocks glioma stem cell (GSC) migration and
invasion [10]. As focal adhesion kinase (FAK) is essential for migration
and metastasis in cells undergoing EMT or EndMT [5,11], we hy-
pothesized that NEO212 could block this EndMT.

Here we show that NEO212 not only blocks the GSC-induced
EndMT in BEC, but also reverts TuBEC from their mesenchymal to a
endothelial phenotype, causing a ‘mesenchymal-to-endothelial transi-
tion’ (MEndT). Transforming growth factor-f (TGF-f) is required for
EndMT induction, but is not enough to activate this process alone.
Secreted factors do not trigger EndMT, as evidenced by conditioned
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media experiments. Cell-to-cell contact and Notch signaling are neces-
sary for a complete EndMT induction. Nevertheless, co-activation of
Notch and TGF-p pathways has an additive effect on EndMT induction.
NEO212 reduces TGF-f secretion by TuBEC, GSC and GSC + BEC co-
cultures, but not by BEC cultured alone. The compound also decreases
the activation of the TGF-f downstream effector Smad3. Besides,
NEO212 inhibits Notch signaling, and the EndMT induced by DLL1,
alone or in combination with TGF-f.

NEO212 reduces the invasiveness of TuBEC, and of BEC co-cultured
with GSC. Correspondingly, it decreases the production of matrix me-
talloproteinases MMP2 and MMP9. Furthermore, NEO212 specifically
blocks tubule formation of the abnormal vessels produced by TuBEC,
without affecting those derived from BEC. Intracranial co-implantation
of BEC and GSC in athymic mice showed that the GSC-driven EndMT in
BEC occurs in vivo, and is blocked by NEO212.

2. Materials and methods
2.1. Cell isolation

Human tissues were obtained following written informed consent
from patients in accordance with Declaration of Helsinki and the
Institutional Review Board (HS-09-00520), at Keck School of Medicine,
USC. Isolation of cells was described elsewhere [3,12]. Data regarding
culture conditions and treatment with inhibitors was included as Supp.
Material.

2.2. Protein expression analysis

The detailed protocol for western blot was published [13]. Protein
bands were visualized in an ImageQuant LAS4000 (GE Healthcare), and
quantified using ImageJ (NIH). Data from three independent experi-
ments were presented.

Immunostaining was performed as previously described [14]. Pic-
tures were taken in an Eclipse 80i microscope (Nikon) or an Olympus
BH-2 for biotinylated antibodies, and in a Zeiss LSM 510 confocal mi-
croscope (Carl Zeiss Inc.). Images are representative of three-five in-
dependent experiments performed in triplicates.

Data regarding antibodies used were included as S. Table 1.

2.3. ELISA

Supernatants were analyzed for TGF-f content using a commercially
available ELISA kit (Proteintech). Absorbance was measured in a
Fluostar Omega microplate reader (BMG Labtech). Data were normal-
ized to kit controls, and to the number of producing cells. Data from at
least three independent experiments in triplicates were presented.

2.4. RNA expression studies

RNA was isolated using the RNeasy Plus Mini Kit (Quiagen). cDNA
was obtained with iScript Advanced cDNA Synthesis kit (Bio-Rad).
gPCR was performed using the primer sequences indicated in S.
Table 2, or the Human Notch Signaling Pathway Plus RT Profiler PCR
Array, with SsoAdvanced Universal SYBR Green Supermix (Bio-Rad).
Amplifications were run in a StepOnePlus cycler (Applied Biosystems).

2.5. Invasion assays

The protocol was published [10]. Photos were taken in an Eclipse
80i microscope or an Eclipse TE300 Inverted Microscope (Nikon), and
cells counted with ImageJ. Data from three independent experiments
performed in triplicate were presented.
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2.6. Tubule formation assays

Tubule formation was performed as described by Arnaoutova and
Kleinman [15]. CalceinAM-labeled cells were photographed with an
Eclipse TE300 Inverted Microscope (Nikon). Relative branch/tubule
length and number were quantified using ImageJ and the Angiogenesis
Analyzer plugin [16]. Data presented were from three independent
experiments performed in triplicate.

2.7. In vivo studies

Animal protocols were approved by the USC Institutional Animal
Care and Use Committee (IACUC), and strictly adhered to their guide-
lines. A mixture of 10° GSC (USC02) and 3.3 x 10* BEC in PBS was
implanted into the subcortical brain parenchyma of 8-week-old female
athymic nude mice (Charles River Laboratories). The implantation co-
ordinates were 1.0 mm posterior, 1.0 mm lateral (right) with respect to
bregma, and 2.5 mm ventral depth. Implantation volume was 3 pL, and
a 24G 5.0 pL glass syringe (Hamilton) was used. Daily treatment started
7 days post-implantation. NEO212 was dissolved in ethanol:glycerol 1:1
with a final DMSO concentration of 5%, and a 100 uL dose of 50 mg/kg
or vehicle (5% DMSO in ethanol:glycerol 1:1) were administered sub-
cutaneously. Mice were euthanized 10 or 20 days post-treatment in
compliance with USC IACUC's SOP for Rodent Euthanasia. Brains were
frozen in VWR Frozen Section Compound for histological analysis.

2.8. Statistical analysis

Statistical analysis was performed using GraphPad Prism 5.0.
P < 0.05 was considered significant using paired two-tailed t-test or 1-
way ANOVA followed by Dunnet's multiple comparison test.

3. Results
3.1. Co-culture with GSC induces EndMT in BEC

GSC are closely associated with EC in GBM [17]. A subpopulation of
TuBEC displays mesenchymal features like the cytoskeletal marker of
mesenchymal cells a-SMA [4], and enhanced migration and invasion
[2]. We hypothesized that GSC may be responsible for this transition
from BEC to TuBEC. To test this GSC-BEC interaction, we established an
in vitro co-culture system where patient-derived GSC (USCO02 [12]) and
BEC were co-cultured for 120 h, then analyzed for a-SMA expression
[4]. When cultured separately, GSC and BEC showed few, if any, a-
SMA-positive cells. Co-culturing GSC + BEC significantly upregulated
a-SMA expression (Fig. 1A). To determine which population was un-
dergoing EndMT, GFP-labeled BEC were co-cultured with GSC. Im-
munofluorescence analysis demonstrated that a-SMA was expressed by
GFP-positive BEC only in co-culture with GSC, and not by GSC, pro-
viding evidence that GSC trigger EndMT in BEC (Fig. 1B).

To investigate the kinetics of this process, GSC + BEC co-cultures
were fixed at different time-points and immunostained for the en-
dothelial markers endoglin and VWF, and the mesenchymal markers a-
SMA and SM22-a. a-SMA and SM22-a expression increased with time
of co-culture, suggesting a progressive phenotypic transformation to
mesenchymal-like cells. Correspondingly, the expression of the en-
dothelial markers endoglin and VWF decreased in a time-dependent
manner, with the positive staining almost gone after 72 h of co-culture
(Fig. 1C).

To determine whether EndMT induction is specific to this GSC po-
pulation or can be caused by other GSC subtypes or non-stem GBM
cells, we performed co-cultures of another patient-derived GSC (USC04
[12]), and of U251 cells with BEC. Both USC04 + BEC and
U251 + BEC co-cultures exhibited increased o-SMA expression
(S.Fig. 1), suggesting that EndMT can be induced by different GSC and
non-stem glioma cells.
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Fig. 1. GSC induce EndMT in BEC in a time-dependent manner. (A) Representative images of a-SMA immunostaining in GSC, BEC and GSC + BEC co-cultures
after 120 h. (B) Fluorescence staining for a-SMA (red) in GSC and GFP-BEC cultured alone, and in co-culture, after 120 h. DAPI was used to counterstain all nuclei.
(C) Representative images of a-SMA and SM22-a (mesenchymal markers), and endoglin and VWF (endothelial markers) after different co-culture times. Bars,
100 pm. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

3.2. NEO212 blocks GSC-driven EndMT progression by reducing GSC migration and invasion [10,12]. As these

characteristics are highly related to EndMT, we hypothesized that
Our previous studies showed that NEO212 inhibits tumor NEO212 may affect GSC-induced EndMT in BEC. To test this



N.I. Marin-Ramos et al.

A
GSC+BEC
vehicle NEO212
S F /,1 o
<
=
@
B
C GSC+BEC
- +
NEGEIE a~-SMA/tubulin
o-SMA | —| ..
e
] S 10
N-cadherin | “— ===~ G
© 0.5 *k%
kS
vimentin e e vehicle NEO212
GRat CD31fubulin
E-cadherin o &
s
endoglin S
=
o
tubulin vehicle NEO212
D
TuBEC
NEO212 - +
o-SMA/tubulin
o-SMA | ey e 2 15
% 1.0 *%
N-cadherinE S
—lm
S
vimentin | e em— 00 ehicle NEO212
= o=
Easl CD31/tubulin
E-cadherin = o 20 &
E 15
1.0
endoglin |~ -— ; e -
s 0
0.0 -
tubulin | e c— vehicle NEO212

TuBEC
vehicle NEO212
= S
.
< T "’% :
E - i) .
OI) ‘K' ‘V ﬁ/ -4
3 x\;ﬁ( ‘f‘ ¥
» &
o i

N-cadherin/tubulin

g *%
So08
(]
o 04
=]
0.0

vehicle NEO212

E-cadherin/tubulin

om

vehicle NEO212

fold change

N-cadherin/tubulin

31.2

*%

&
Sos
o

B 04
k=]

0.0
vehicle NEO212

E-cadherin/tubulin
*

fold change

vehicle NEO212

m

vehicle

Cell viability
(%, relative to vehicle)

hypothesis, GSC + BEC co-cultures were treated with 15 pM NEO212, a
concentration causing antitumor effects in GSC, with no significant

cytotoxicity [10]. a-SMA immunostaining showed a substantial de-

crease in the number of BEC that undergo EndMT with NEO212
(Fig. 2A). To determine whether NEO212 was only capable of pre-
venting EndMT induction or could also revert the mesenchymal char-
acteristics of TuBEC, we treated TuBEC with NEO212, and observed a
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decreased a-SMA expression,
(Fig. 2B).

We further studied the effects of NEO212 on several classical me-
senchymal (a-SMA, N-cadherin, vimentin) and endothelial (CD31, en-
doglin, E-cadherin) markers. After 72 h-treatment of GSC + BEC co-
cultures with NEO212, the protein levels of the mesenchymal markers
decreased, while the endothelial markers increased (Fig. 2C). BEC and
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Fig. 2. NEO212 impairs EndMT in-
duction. (A-B) 15 uM NEO212 de-
creases a-SMA expression in (A)
GSC + BEC co-cultures and (B)
TuBEC. Bars, 100 um. (C-D) NEO212
(15 uM) decreases the protein levels
of mesenchymal markers (a-SMA, N-
cadherin, vimentin) and increases the
endothelial markers (CD31, E-cad-
herin, endoglin) in (C) GSC + BEC
co-cultures and (D) TuBEC [n = 3,
mean * SEM. *, P < 0.05; **,
P < 0.01; ***, P < 0.001 (relative
to vehicle-treated cells)]. (E) NEO212
exerts its effects mainly through GSC.
Representative images of a-SMA im-
munostaining of GSC + BEC co-cul-
tures where cells received no pre-
treatment before co-culture (left),
BEC were pre-treated with 15 pM
NEO212 (middle), or GSC were pre-
treated with 15 pM NEO212 before
co-culture (right). Bars, 100 um. (F)
NEO212 is not cytotoxic for EC.
Graph represents the percentage of
cell viability of BEC (grey) or TuBEC
(black) relative to vehicle-treated
cells.

compared to vehicle-treated cells
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GSC cultured separately served as controls. Some of the markers were
not expressed in BEC and GSC when cultured individually, and when
expressed, NEO212 had no effect (S.Fig. 2). TuBEC treated with
NEO212 showed similar changes in their expression pattern to
GSC + BEC co-cultures (Fig. 2D), confirming that NEO212 reverts the
EndMT.

To test whether NEO212 blocked this GSC-BEC interaction through
GSC and/or BEC, we pre-treated these cell populations individually
with NEO212 for 72 h, and then co-cultured them with untreated BEC
or GSC, respectively. No treatment was added during co-culture. After
72 h-co-culture, in both cases the percentage of positive cells decreased
compared to vehicle-treated cells. However, the biggest a-SMA reduc-
tion was obtained when GSC were pre-incubated with NEO212
(Fig. 2E), suggesting that it exerts its anti-EndMT effects essentially on
GSC.

NEO212 does not significantly affect USC02-GSC viability at 15 pM
after 72h [10,12]. To exclude cytotoxic effects on EC, we performed
MTT assays and observed that viability of BEC and TuBEC was not af-
fected by NEO212 at these concentrations, even after 120 h (Fig. 2F).
This indicates that NEO212 is specifically blocking the GSC-induced
EndMT in BEC, not causing unspecific cytotoxicity.

3.3. TGF-f signaling is necessary but not sufficient to induce EndMT in BEC,
and is decreased by NEO212

To elucidate NEO212 mechanism of action to block EndMT, we
studied the pathways most likely related to EndMT in EC: TGF-f3, Notch,
and the downstream transcription factors ZEB, SNAIL and TWIST
[18-23].

The role of TGF-$1/p2 in EndMT has been described [24-26]. We
treated BEC with different concentrations of TGF-f1 and/or TGF-B2
(1-100 ng/mL), for 24, 48, 72, 96 and 120 h, and immunostained for a-
SMA. No differences between vehicle and treatments were assessed
(data not shown), although TFG-f} treatment effectively caused Smad3
phosphorylation in BEC (S.Fig. 3), suggesting that TGF-f3 alone is not
sufficient to induce EndMT in our patient-derived BEC. To test whether
TGF-B has any role in this EndMT, a TGF-BRI/II dual inhibitor,
LY2109761 [27], was used. When GSC + BEC co-cultures were treated
with 10 uM LY2109761, no a-SMA expression was observed (Fig. 3A).
This suggests that, although TGF-f is not the only driving force in
EndMT, the activation of this pathway is necessary to induce EndMT in
BEC. Western blot analysis showed a significant decrease in mature
TGF-f levels only when GSC were treated with NEO212, but not with
any of its components, TMZ and/or POH (Fig. 3B). ELISA analysis
showed that NEO212 significantly decreased TGF-f secretion by
TuBEC, and by GSC alone or in co-culture with BEC, but not by BEC
cultures (Fig. 3C). Additionally, NEO212 decreased the phosphoryla-
tion of Smad3, a downstream effector TGF-3R [28], in GSC + BEC co-
cultures and TuBEC cultures, indicating that NEO212 impairs TGF-f
signaling (Fig. 3D).

Bone morphogenetic protein (BMP) signaling occurs in parallel with
TGF-f3, each one triggering the phosphorylation of a different subset of
Smad proteins, and it was related to EndMT [6]. We studied the effects
of NEO212 in the phosphorylation of the BMP intracellular effectors
Smadl and Smad5 [29]. There was no difference in their activation
levels with NEO212 (Fig. 3D), suggesting that BMP signaling is not
likely involved in the EndMT blockade caused by NEO212.

To determine whether other GSC-secreted factors were involved, we
tested the effects of conditioned media (CM). CM was collected from
GSC and BEC cultured separately, and from GSC + BEC co-cultures,
and added to BEC alone at a ratio of 1:1 CM:EC medium. After 96 h-
treatment with CM, a-SMA immunostaining showed that CM from GSC,
BEC or GSC + BEC cultures do not induce EndMT in BEC (S.Fig. 4A).

To confirm that no secreted factors were involved, GSC were seeded
in the upper chamber of a 0.4 um-pore-size Boyden chamber, and BEC
on gelatin-coated coverslips in the bottom chamber. This pore size is
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small enough to impede cell migration across the membrane. However,
GSC and BEC were in close proximity, assuring factor-cell interaction.
No positive a-SMA staining was observed in BEC after 96 h (S.Fig. 4B),
confirming that soluble factors do not trigger EndMT.

3.4. Notch signaling is required for EndMT induction and is blocked by
NEO212

The data presented thus far suggested that GSC-induced EndMT in
BEC requires cell-to-cell contact. Since Notch signaling is known to play
a role in EMT and EndMT [19,20,30,31], we investigated its potential
role in our system. Treatment of BEC with the Notch inhibitor DAPT
[32] (10 uM), decreased EndMT induction in GSC + BEC co-cultures, as
evidenced by reduced a-SMA staining (Fig. 4A). This suggests that
Notch is involved in GSC-mediated EndMT induction.

To determine how NEO212 affects Notch signaling, we studied its
effects in the expression pattern of 84 Notch-related genes, in
GSC + BEC co-cultures and in TuBEC. Treatment of GSC + BEC co-
cultures with NEO212 significantly affected (fold change=2) the ex-
pression of 6 genes: it downregulated WISP1, HOXB4 and the Notch
ligands DLL1 and DLL4; and upregulated SCGB1Al and PTCRA
(Fig. 4B). In TuBEC, NEO212 significantly changed the expression
pattern of 16 genes: it downregulated H19, HR, UBD, HOXB4, NRARP,
LMO2, DLL1, NOTCH4, PSEN2, CBL, and Hes4; and upregulated LOR,
AFAP112, CDKN1A, HeyL, and DLL3 (Fig. 4C).

Since NEO212 downregulated DLL1 in GSC + BEC and TuBEC, we
treated BEC with DLL1 recombinant protein (1 pg/mL) alone or in
combination with NEO212, and stained for a-SMA. Treating BEC with
DLL1 increased 4-fold the expression of the Notch target gene HES1
(S.Fig. 5) and was sufficient to induce EndMT, effect that was blocked
by NEO212 (Fig. 4D). These results confirmed the role of Notch in
EndMT, and the mechanism of action of NEO212 through Notch sig-
naling, and namely, the DLL1 ligand.

To test whether TGF-f supported the EndMT triggered by Notch, we
performed these experiments in the presence of TFG-$ recombinant
protein (10 ng/mL). While TGF-$ alone was not able to induce EndMT,
in combination with DLL1 it triggered a more robust induction than
DLL1 alone, suggesting an additive effect of both pathways. NEO212
blocked this stronger EndMT induction caused by co-activation of
Notch and TGF-f pathways (Fig. 4D).

Finally, we analyzed the expression levels of the transcriptional
regulators related to EndMT and EMT [22,23,33], ZEB1/2, SNAI1 and
TWIST, in BEC and U251 glioma cells treated with vehicle or NEO212
(15 uM) for 72 h. We observed no significant changes in BEC, and more
relevant but opposite effects of NEO212 in the regulation of ZEB1 and
ZEB2 (S.Fig. 6).

3.5. NEO212 impairs invasion and tubule formation of mesenchymal-like
cells

EndMT promotes angiogenesis and invasion [7], critical for GBM
progression and recurrence. To evaluate the biological relevance of the
effects of NEO212 on EndMT, we analyzed how it affected EC invasion
and tubule formation.

For invasion studies, EC were seeded in Matrigel-coated 8 um-pore-
size Boyden chambers and treated with vehicle or NEO212 for 16 h.
NEO212 significantly decreased the invasiveness of TuBEC, without
affecting BEC (Fig. 5A). To analyze this effect in GSC + BEC co-cul-
tures, GFP-labeled BEC were co-seeded with unlabeled GSC. DAPI was
used to identify total number of cells. NEO212-treated BEC were less
invasive than vehicle-treated cells (Fig. 5B). Our previous studies
showed that NEO212 reduces MMP2 and MMP9, enzymes that degrade
the extracellular matrix and are critical for cell invasion and metastasis
[34]. Here we show that NEO212 also decreases their protein levels in
EC (Fig. 5C).

To study potential effects of NEO212 on the pro-angiogenic
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Bar, 100 pm. (B-C) NEO212 reduces Notch signaling in co-cultures of GSC + BEC and in TuBEC. A Notch signaling PCR array was performed in (B) GSC + BEC co-
cultures and (C) cultures of TuBEC. The graphs show the genes regulated by 15 uM NEO212 (threshold = 2-fold change). (D) NEO212 impairs the EndMT induction
caused by Notch signaling alone and in combination with TGF-( signaling. Representative images of a-SMA immunostaining of BEC treated with vehicle, DLL1, or

DLL1 + 15 uM NEO212, in the absence (upper panels) or presence (lower panels) of TGF-f, for 72 h. Bars, 100 pm.
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Fig. 5. NEO212 decreases the invasive-
ness and tubule formation of mesench-
ymal cells. (A) Representative images of
invasion through a Matrigel-coated Boyden
Chamber, of BEC and TuBEC cultured alone.
Bar, 200 pm. After 16 h-treatments with
15 uM NEO212, the number of invaded cells
per field was counted [n = 3 in triplicate,
mean = SEM. Ns, not-significant; **,
P < 0.01 (relative to vehicle-treated cells)].
(B) Representative images of invasion assay
through a Matrigel-coated Boyden chamber,
performed with co-cultures of GSC and GFP-
BEC [n = 3in triplicate, mean *= SEM. ***,
P < 0.001 (relative to vehicle-treated
cells)]. DAPI staining was used to detect all
nuclei. Bar, 100 pym (C) Western blot ana-
lysis of MMP2 and MMP9 in GSC + BEC co-
cultures and in TuBEC treated with 15 uM
NEO212 or vehicle [n = 3, mean *= SEM.
** P < 0.01 (relative to vehicle-treated
cells)]. (D) Representative images of tubule
formation assay of BEC (upper panels) and
TuBEC (lower panels) treated with vehicle
or 15 uM NEO212. Bar, 100 ym. Tubule
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bars). NEO212 selectively impaired tubule
formation in TuBEC, decreasing branch and
tubule number and length, without affecting
BEC [n = 3, mean =+ SEM. Ns, not-sig-
nificant. *, P < 0.05; **, P < 0.01; ***,
P < 0.001 (relative to vehicle-treated BEC).
##,P < 0.01; ###, P < 0.001 (relative to
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properties of EC, we performed the tubule formation assay with BEC
and TuBEC. The tubules formed by TuBEC were thicker, tortuous and
abnormal; and NEO212 treatment specifically inhibited the tubule
formation of TuBEC, without causing significant changes in BEC
(Fig. 5D).
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TUBEC

3.6. NEO212 impairs EndMT induction in an in vivo co-implantation GBM
model

We demonstrated in an in vivo orthotopic glioma model that
NEO212 decreased tumor progression by reducing GSC invasion,
thereby increasing survival time [10]. To investigate the effects of
NEO212 in EndMT in vivo, GSC + BEC were co-implanted intracranially
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Fig. 6. NEO212 blocks EndMT induction in vivo. (A) NEO212 decreases the expression of mesenchymal markers and increases that of the endothelial markers in
vivo. A mixture of GSC:BEC 3:1 were implanted intracranially in athymic mice. Treatment with 50 mg/kg NEO212 (n = 4) or vehicle (n = 4) was initiated 7 days
post-implantation, and mice were euthanized at 10 and 20 days post-treatment. Representative images of brain sections stained for the mesenchymal markers a-SMA
and vimentin, and the endothelial markers endoglin and E-cadherin. Bar, 100 pm.

into athymic mice. After euthanization at early (10 days post-treat-
ment) and late (20 days post-treatment) time-points, tumors were
analyzed for expression of the mesenchymal markers a-SMA and vi-
mentin, and the endothelial markers endoglin and E-cadherin. NEO212
treatment decreased the mesenchymal markers while the endothelial
markers increased, compared to vehicle-treated mice. This effect is
observed at the early time-point and is consistent after 20 days of
treatment (Fig. 6).
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4. Discussion

EndMT occurs in several types of cancer [21,35,36], but we have yet
to understand its importance in GBM [1,37]. GSC are associated with
vascular niches [17], where EC secrete factors that stimulate GSC self-
renewal. There are several studies regarding the effects of the vascu-
lature on CSC and tumorigenesis [1,38], but little is known about how
GSC affects the vasculature. Resistance to therapies and tumor recur-
rence greatly rely on the pro-angiogenic nature and aberrant
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vasculature of GBM [39]. Here we examine the dynamic cross-talk
between GSC and EC during EndMT. We demonstrate that GSC induce
EndMT in BEC (Fig. 1), through a collaboration between TGF-f and
Notch pathways (Figs. 3 and 4).

Although GBMs rarely metastasize outside the central nervous
system, there is significant infiltration of tumor cells within the brain
[40]. Since transformation of cells from endothelial to mesenchymal
phenotype supports GBM angiogenesis and invasiveness [1,7], blocking
or reverting EndMT would contribute to avoid tumor recurrence. The
tumor vasculature is resistant to the standard of care chemotherapy in
GBM, TMZ [41]. We show here that NEO212, a conjugate of TMZ and
POH, blocks this GSC-induced EndMT by regulating TGF- and Notch
pathways (Figs. 2-4).

TGF-f is not sufficient to trigger EndMT in BEC, but its activation is
required, since its blockade by a TGF-BRI/II dual inhibitor impeded the
EndMT induction in GSC + BEC co-cultures. Additionally, NEO212
decreased TGF-f levels, and the activation of its downstream effector
Smad3 (Fig. 3).

Notch signaling is required for EndMT, as evidenced by the im-
paired EndMT upon treatment with the Notch inhibitor DAPT. NEO212
downregulated several genes related to Notch, including DLL1, HOXB4,
HR, LMO2, NOTCH4, PSEN2 and CBL, as well as Notch target genes,
like Hes4 (Fig. 4). In GSC + BEC co-cultures, NEO212 upregulated
SCGB1A1, which inhibits the adhesion and migration of EC [42], likely
contributing to the decreased BEC invasion in GSC + BEC co-cultures
(Fig. 5). In TuBEC, the overexpression of DLL3 caused by NEO212 is
important, since it is a Notch antagonist [43]. H19 knockdown with
CDKN1A overexpression in HUVEC decreased cell proliferation and
capillary-like structures [44]. Hence, the CDKN1A upregulation and
H19 downregulation in TuBEC caused by NEO212 may contribute to
their impaired tubule formation (Fig. 5D). In both cases, NEO212
downregulated HOXB4 and DLL1 (Fig. 4). Human embryonic stem cells
overexpressing HOXB4 differentiate into mesenchymal stem cells [45].
In GBM, DLL1 promotes GSC self-renewal and is expressed in most
tumor cells, whereas DLL4 is exclusively expressed in EC. This corre-
lates with our results in the co-culture, where the decrease in DLL1
(expressed in GSC and BEC) is greater than in DLL4 (expressed only in
BEC) [46].

To determine whether NEO212 acted through DLL1 down-
regulation, we treated BEC with vehicle, DLL1, or NEO212 + DLL1; in
the absence/presence of TGF-B. DLL1 alone was sufficient to induce
EndMT in BEC, although in combination with TGF-f3 the EndMT in-
duction was stronger, suggesting an additive effect of both pathways. In
all cases, NEO212 impaired this EndMT induction. DLL1 did not rescue
the EndMT blockade caused by NEO212, suggesting that it not only
decreases the expression of DLL1, but also blocks its activity (Fig. 4D).

The transcriptional factors ZEB, SNAI and TWIST are known to be
critical for EMT/EndMT induction, especially in the context of hypoxic
tumor microenvironments [22,23,33,47]. In GBM, increased cell pro-
liferation, aberrant neovascularization, poor permeability and necrosis
can interfere with oxygen perfusion causing hypoxia [33,48]. The in-
creased levels of hypoxia inducible factor 1a (HIF-1a) upregulate ZEB,
SNAIL and TWIST expression [22,23,33,49,50], which in turn promote
cell invasion, metastasis and EMT/EndMT [51,52]. However, when we
treated BEC and U251 glioma cells with NEO212, the levels of SNAI1
and TWIST were minimally altered. Surprisingly, NEO212 caused in-
creased ZEB1 and decreased ZEB2 expression (S.Fig. 6). Although these
transcriptional factors are crucial for the EMT/EndMT induction, the
lack of overall downregulation suggest that they do not play a major
role in the anti-EndMT effects of NEO212.

The biological relevance of this blockade is reflected in the impaired
invasiveness of TuBEC, and of BEC in co-culture with GSC, after ac-
quiring mesenchymal features. This correlated with a decrease in
MMP2 and MMP9 caused by NEO212. Additionally, the compound
specifically blocked the aberrant tubule formation of TUBEC, without
affecting BEC (Fig. 5). In the tumor microenvironment, EC are exposed
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to an amount and number of cytokines and growth factors different
from those present in normal brain tissues, which will likely affect re-
ceptor expression and signaling pathways. High levels of TGF-f# and
Notch ligands in gliomas may result in different expression of TGF-3
and Notch receptors on TuBEC versus normal BEC [53-56]. This dif-
ferential regulation of receptor expression due to the microenvironment
could explain the selective action of NEO212 on TuBEC versus BEC.

Most GBM preclinical studies use cell lines to model the human
disease in mice, which fail to recapitulate many crucial aspects of GBM
including invasion and heterogeneity. Most importantly, they fail to
consider the critical role of the tumor microenvironment, especially the
tumor vasculature. The co-implantation model we use addresses the
GSC-BEC interaction, both isolated from human specimens, which in-
creases its clinical significance. This model will be valuable for pan-
angiogenesis studies and preclinical screening strategies to better pre-
dict clinical response of GBM to novel therapeutics. Here, intracranial
co-implantation of GSC + BEC in athymic mice demonstrated that
EndMT occurs in vivo. NEO212 decreased the expression of mesench-
ymal markers, and increased the endothelial markers, indicating that it
blocks EndMT in vivo. This process starts at early point, and remains
constant with time of treatment, supporting the clinical value of
NEO212 for GBM treatment (Fig. 6). These studies confirm that lower
concentrations of NEO212 have effects independent of the cytotoxicity
caused by higher doses [10]. This is very unusual in chemotherapy and
suggests that lower concentrations of NEO212 may be used for treating
other manifestations of GBM, including invasion and EndMT.
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